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Beyond the Icosahedron: A Density Functional Theory Study of 14-Atom
Germanium Clusters
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Density functional theory (DFT) at the hybrid B3LYP level
has been applied to the germanium clusters Ge,,* (z = -8, -6,
-4, -2, 0, +2, +4) starting from seven different initial configu-
rations. An O, omnicapped cube structure is the most stable
for Gey4% followed by a hexagonal antiprism structure with
a relative energy of 42.7 kcal/mol. The lowest-energy struc-
ture for neutral Ge,, is a triplet omnicapped cube with full
Oy, symmetry followed by a singlet omnicapped cube com-
pressed to D4, symmetry through Jahn-Teller distortion. The
lowest energy Gey,42* structure is also an Oy, structure derived
from the omnicapped cube through elongation of the 12
edges of the underlying cube to give a rhomboidal dodecahe-
dron with 12 rhombus faces. The lowest-energy Ge;,** struc-

ture is a bicapped icosahedron. Some Dg;, hexagonal wheel
structures at higher energies are also found for the hypoelec-
tronic systems Geyy, Gey,2*, and Geyy**. The lowest-energy
structures for the hyperelectronic Gey,*", Ge,%, and Ge 4
are relatively unsymmetrical not readily recognizable open
structures typically with some pentagonal or hexagonal
faces. The Dgq bicapped hexagonal antiprism found in 14-
vertex C,B;, carborane and M,C,B;, dimetallacarborane
structures is not the lowest-energy structure for any of the
Ge4? clusters.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

In recent years the chemistry of supraicosahedral bo-
ranes has received considerable attention.[':?] Such sup-
raicosahedral boranes are based on polyhedra having more
than the 12 vertices of the icosahedron. For the closo-bo-
ranes B,H,>" and isoelectronic carboranes with 2n + 2 skel-
etal electrons the Wade-Mingos rulesi* % suggest structures
based on the most spherical deltahedra with all triangular
faces and vertex degrees as nearly similar as possible. How-
ever, the smallest supraicosahedral boranes and particularly
carboranes with 13 vertices do not always follow such rules.
Thus, three different polyhedra are found in closo-carbor-
anes R,C,B;;H;; with the 28 skeletal electrons (= 2n + 2
for n = 13) predicted by the Wade-Mingos rules and their
metallacarborane analogues. In some cases the expected do-
cosahedron with all triangular faces (22 of them)” is found,
e.g. in several 13-vertex (n°-CsHs5)CoC,B;oH;, isomers.
However, the docosahedron has two degree 6 vertices
(starred in Figure 1), which are unfavorable structural fea-
tures in polyhedral borane chemistry. Removal of one of
the degree 6 vertices by breaking one of the edges from it
leads to the henicosahedron with a single quadrilateral face
(f4) as well as 20 triangular faces. The henicosahedron is
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found in the metal-free carboranel® 1,2-p-C¢H,(CH,),-3-
C¢Hs-1,2-C,B1H(. The remaining degree 6 vertex in the
henicosahedron can also be removed by breaking a second
edge to give a ditrapezoidal icosahedron with two trapezoi-
dal faces as well as 18 of the original triangular faces. Such
a ditrapezoidal icosahedron is found® in 1,2-p-(CH,);-3-
Ce¢Hs-1,2-C,BHo. None of these 13-vertex polyhedra has
a particularly symmetrical structure.

A

Docosahedron Henicosahedron Ditrapezoidal
22 f. (20 f3 +11y) Icosahedron
(22 f5) 3+ 11, (18 hazh)

Figure 1. The three 13-vertex polyhedra found in the closo-carbor-
anes R>C,BH;; and their transition metal derivatives. Degree 6,
4, and 3 vertices in Figures 1 and 2 are indicated by stars, squares,
and triangles, respectively.

The situation with 14-vertex polyhedra is considerably
less complicated than that with the 13-vertex polyhedra, at
least partially because of possibilities for more symmetrical
structures. The 14-vertex deltahedron found in closo-borane
and carborane derivatives with the 30 skeletal electrons (=
2n + 2 for n = 14) predicted by the Wade-Mingos rules®>©
is always the Dg, bicapped hexagonal antiprism with 12 de-
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gree 5 vertices at the vertices of two hexagonal “belts” and
two degree 6 vertices on the C4 axis (Figure 2). Examples
of bicapped hexagonal antiprismatic boranes include the di-
metallacarboranel”! (n°-CsHs),Co,C,B,oH;, and the metal-
free carborane!'” (u-CH,);C,B5H 5.

| asy
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Bicapped Hexagonal Omnicapped
Hexagonal Wheel (Dgq) Cube (Op)

Antiprism (Dgq)
Figure 2. 14-Vertex deltahedra and related structures.

Bicapped hexagonal antiprismatic 14-vertex clusters do
not appear to be found outside borane chemistry. However,
moving the two axial (capping) vertices of the bicapped
hexagonal antiprism towards the center and forming a
bond between them inside the hexagonal prismatic cavity
leads to a “hexagonal wheel” structure where the bond be-
tween the two axial vertices is the axle and the hexagons
are the rims (Figure 2). An example of a hexagonal wheel
structure is the cluster [Alj4[N(SiMes),]slsLi(OEt,),] [Li-
(OEt,)4]" reported by Schndckel and co-workers.'!] A sim-
ilar hexagonal wheel structure for the Al4l;;” cluster ob-
served experimentally by Castleman et al.l'>!3] has been
predicted by Han and Jungl'¥ using density functional
theory.

Another highly symmetrical 14-vertex deltahedron is the
omnicapped cube (Figure2) with eight degree 6 vertices
and six degree 4 vertices and O, symmetry. A relatively
early example of a 14-vertex omnicapped cube cluster is the
carbonylnickel complex (ps-CsHsP)sNig(CO)g, in which the
phosphorus vertices cap the faces of an underlying Nig
cube.['3] The omnicapped cube is also found in a variety of
14-vertex aluminum clusters with various skeletal electron
counts!'® including carbalane clusters of the general for-
mula (AIX)g(us-CR)g> with 36 skeletal electrons with the
carbon atoms capping the faces of an Alg cubel'”-!81 as well
as the silicon-centered cluster!!®! Alg(ug-Si)(ps-AlCp*)e with
24 skeletal electrons according to the Wade-Mingosl®-©!
electron-counting rules. However, if the otherwise external
lone pairs of the underlying Alg cube in Alg(pg-Si)(py-
AlICp*)g are also counted, then the omnicapped cube in this
cluster becomes a 24 + (8)(2) = 40-electron system, which is
a favored number using the jellium model.[2%->!]

The research discussed in this paper extends our DFT
studies to clusters with more than 12 vertices in order to
study effects of electron count on supraicosahedral cluster
geometry. The 14-vertex systems were chosen in preference
to the 13-vertex systems because of their higher symmetry
and greater variety outside polyhedral borane and carbor-
ane chemistry. The germanium clusters Gey4~ (z = -8, -6,
-4, -2, 0, +2, +4) without interstitial atoms were chosen as
tractable systems having vertices isolobal to either the BH
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vertices in borane structures or the AIX and CR vertices in
carbalane structures. In addition, the study of germanium
clusters provide reasonable models for clusters of other
group 14 elements except carbon, particularly silicon and
tin. The range of charges on Ge4* chosen for this work
spans the 36 skeletal electrons found in the carbalane clus-
ters (AIX)g(ps-CR)e> to the 24 skeletal electrons found in
the silicon-centered cluster Alg(pg-Si)(ps-AlCp*)g and the
carbonylmetal derivative (py-CgHsP)gNig(CO)s. Isoelec-
tronic and isolobal relationships provide analogies of our
DFT results on Ge4~ clusters to experimentally known
structures. The DFT methods used in this work are well
established having previously been used by our group to
study bare germanium clusters having five to twelve germa-
nium atoms.[?>27]

2. Theoretical Methods

Computations were carried out at the hybrid DFT
B3LYP level?® 31 with the 6-31G(d) (valence) double zeta
quality basis functions extended by adding one set of polar-
ization (d) functions. The Gaussian 98 package of pro-
grams®? was used in which the fine grid (75, 302) is the
default for numerically evaluating the integrals, and the
tight (10~®) hartree stands as default for the self-consistent
field convergence. Optimizations were carried out starting
with seven structures including examples of 14-vertex poly-
hedra exhibiting octahedral, sevenfold and sixfold sym-
metry, as well as two structures of D3, and Dy, symmetry
derived from the omnicapped octahedron (Figure 3).

The symmetries were maintained during the geometry
optimization processes. In addition, symmetry breaking
using modes defined by imaginary vibrational frequencies
was used to determine optimized structures with minimum
energies. Vibrational analyses show that all of the final opti-
mized structures discussed in this paper are genuine minima
at the B3LYP/6-31G(d) level without any significant imagi-
nary frequencies. In a few cases, particularly for some of
the hypoelectronic structures, the calculations ended with
acceptable small imaginary frequencies,'*3! and these values
are indicated in the corresponding figures.

The optimized structures found for the Ge 4~ clusters are
labeled by the number of skeletal electrons and relative en-
ergies. Thus, the lowest-energy structure with 30 skeletal
electrons (i.e., Ge 4>) is designated as 30-1. Triplet struc-
tures are indicated by a T after the structure label. More
details of all of the optimized structures, including all in-
teratomic distances and the initial geometries leading to a
given optimized structure, are provided in the Supporting
Information. In assigning polyhedra to the optimized struc-
tures, the Ge-Ge distances less than 3.2 A were normally
considered as polyhedral edges.

In most cases only structures within 20 kcal/mol of the
global minima are discussed in this paper. More compre-
hensive information including the higher energy structures
is presented in the Supporting Information.
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Figure 3. The seven initial 14-vertex polyhedra used as starting
points.

30-1 (Op): 0.0 kcal/mol
Omnicapped cube

30-2T (Dgp): 42.7 keal/mol
Hexagonal wheel (57i)

30-3 (Dgg): 42.8 kcal/mol
Bicapped hexagonal
antiprism (34/)

Figure 4. The lowest-energy structures found for Ge 4>

3. Results and Discussion

3.1 The 30 Skeletal Electron Ge 4>~

The 30 skeletal electron Ge; 4> is the 2n + 2 skeletal elec-
tron system for a 14-atom cluster and thus is expected by
the Wade-Mingos rules® ¢ to have a deltahedral structure.
The lowest-energy structure 30-1 found for Ge 4> (Fig-
ure 4) is indeed a deltahedron, but the O;, omnicapped cube
rather than the Dg, bicapped hexagonal prism found for the
isoelectronic boranes!”-!% such as (n3-CsHs),Co,C,B oH >
and (u-CH,)3C,B,H>. The two unique Ge-Ge edge
lengths in structure 30-1 are 2.963 A for the underlying
cube edges and 2.537 A from a capping vertex to an under-
lying cube vertex.

The Dg, triplet hexagonal wheel 30-2T (Figure 4) is also
found for Ge;4>, but at a very high relative energy of
42.7 kcal/mol above the lowest-energy structure 30-1. A Dy,
bicapped hexagonal antiprism structure 30-3 is also found
for Ge4> at essentially the same energy as the triplet hex-
agonal wheel.

3.2 Hyperelectronic Structures

None of the structures found within 30 kcal/mol of the
lowest-energy structure 32-1 of Ge4* (Figure 5) are recog-
nizable as nido polyhedra having all triangular faces except
for a single non-triangular face in accord with expectations
from the Wade-Mingos rules.>¢! The lowest-energy struc-
ture 32-1 for Ge4* is an unusual polyhedron with six pen-
tagonal faces and three pairs of triangular faces with each
pair sharing an edge. The symmetry point group looks like
D5, but actually this symmetry is broken upon optimiza-
tion. Thus, the three edges Ge7-Ge8, Ge9-Gel3, and
Gell-Gel2, which would be equivalent under D;;, sym-
metry, instead are 2.68 A, 2.64 A, and 2.68 A, respectively,
in 32-1. Furthermore, the three edges Gel-Ge2, Ge4-GeS5,
and Ge6-Ge3 (equivalent under Ds;, symmetry) are 2.84 A,
2.76 A, and 2.76 A, respectively, in 32-1.

The other two structures for Ge,,* within ca. 10 kcal/
mol of 32-1 are completely unsymmetrical and not obvi-
ously recognizable. Structure 32-3 at 10.1 kcal/mol above
32-1 is a highly flattened (oblate) structure.

32-1 (C4): 0.0 kcal/mol

Figure 5. The lowest-energy structures found for Ge4* .
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32-2 (C4): 0.3 kcal/mol
(20i)
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32-3 (Cy): 10.1 keal/mol
(19i)
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The lowest-energy structure for Ge;4%, namely 34-1 (Fig-
ure 6) is an open non-polyhedral structure with four de-
gree 3 vertices and three hexagonal faces. No other Ge;,*
structure was found within 38 kcal/mol of this rather un-
usual structure.

34-1 (C,): 0.0 kcal/mol

Figure 6. The lowest-energy structure found for Ge4%". No other
Ge, 4 structure was found within 38 kcal/mol of this lowest-energy
structure.

Three structures were found for Ge,,® within 50 kcal/
mol of the lowest-energy structure 36-1 (Figure 7). The two
lowest-lying structures 36-1 and 36-2 are not obviously rec-
ognizable and are very different from the omnicapped cube
structures found for carbalanes of the type (AIX)g(py-
CR)¢> with 36 apparent skeletal electrons. A triplet hepta-
gonal prismatic structure 36-3T is found for Ge;,% at
20.4 kcal/mol above the lowest-energy structure 36-1.

3.3 The Neutral Ge, 4

The neutral Gey4 cluster is certainly unstable with respect
to polymerization to bulk germanium metal. However,
computations on neutral Ge4 are of interest in order to
characterize the relative stabilities of various 14-vertex poly-
hedra in 28 skeletal electron systems.

The lowest-energy structure 28-1T for Geyy is a triplet
omnicapped cube within 0.01 A of having ideal O, sym-
metry (Figure 8). The lowest-lying singlet structure for neu-

36-1 (C,,): 0.0 kcal/mol
(88i)

Figure 7. The lowest-energy structures found for Ge 4%

28-1T (Op): 0.0 kcal/mol
Omnicapped cube

36-2 (C4): 9.6 kcal/mol
(470

28-2 (Dy4p): 5.2 keal/mol
Compressed

European Journal
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tral Ge4, namely 28-2 (Figure 8), is also based on an om-
nicapped cube, but compressed so that the ideal O, sym-
metry is reduced to Dy, symmetry. The final structure for
Ge 4 within 25 kcal/mol of the lowest-energy structure 28-
1 is the singlet Dy, hexagonal wheel structure 28-3 (Fig-
ure 8) at 10.0 kcal/mol above 28-1.

3.4 Other Hypoelectronic Structures

The highly symmetrical (O,) lowest-energy structure 26-
1 for Ge,,>* (Figure 9) is a rhomboidal dodecahedron with
12 equivalent rhombus faces and 24 equivalent edges of
length 2.562 A. Six of the vertices have degree 4 vertices,
whereas the remaining eight vertices have degree 3. The
other structure for Ge;,>* within 25 kcal/mol above the
lowest-energy structure 26-1 is the triplet hexagonal wheel
26-2T at 17.0 kcal/mol above 26-1.

26-1 (Op): 0.0 kcal/mol
Dual of cuboctahedron

26-2T (Dgp): 17.0 kcal/mol
Hexagonal wheel

Figure 9. The lowest-energy structures for Ge,4>*.

The lowest energy structure 24-1 for Ge,,** (Figure 10)
is a bicapped icosahedron. Three other Ge4*" structures
are found within 20 kcal/mol of this lowest-energy struc-
ture. The next higher lying Ge,** structure 24-2 is a highly
unsymmetrical (clearly C;) rather flat (oblate) structure at

36-3T (D7p): 20.4 kcal/mol
Heptagonal prism

28-3 (Dgp): 10.0 kcal/mol
Hexagonal wheel (84i)

omnicapped cube

Figure 8. The lowest-energy structures found for Ge,4.
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5.2 kcal/mol above 24-1. In addition, two hexagonal wheel
structures are found for Ge;,** at energies of 11.9 kcal/mol
for 24-3 and 13.7 kcal/mol for 24-4 (Figure 10).

///mf

= /‘9!6’5/@

24-1 (C4): 0.0 kcal/mol 24-2 (C4): 5.2 kcal/mol

Bicapped icosahedron

24-4 (Dgp): 13.7 kcal/mol
Hexagonal wheel

24-3 (D,): 11.9 kcal/mol
Hexagonal wheel

Figure 10. The lowest-energy structures for Ge ,**.

4. Discussion

4.1 Geometries

The two geometries found for Ge 4~ with several different
skeletal electron counts are the omnicapped cube and the
hexagonal wheel (Figure 11). The variations in their de-
tailed geometries as a function of skeletal electron count
have been examined as discussed below. The D¢, bicapped
hexagonal antiprism found in 14-vertex borane deriva-
tives!!® such as (u-CH,);C,B1,H 5 is found only in Gey,>
and then only at a very high energy (42.7 kcal/mol) relative
to the omnicapped cube lowest-energy structure (Figure 4).

Omnicapped cube (Op)

Hexagonal wheel (Dgp)

Figure 11. The different types of edges in the omnicapped cube and
the hexagonal wheel.

4.1.1 The O,, Omnicapped Cube

This deltahedral geometry with only degree 4 and 6 verti-
ces and ideal O, symmetry is the lowest-energy structure for
singlet Ge 4> (30-1) and triplet Ge,4 (28-1T). In addition, a
compressed omnicapped cube with Dy, symmetry is found
in singlet Ge4 (28-2). This distortion arises from the Jahn—
Teller effect. The O;, rhomboid dodecahedron (cuboctahed-
4000
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ron dual) found to be the lowest-energy structure 26-1 for
Ge 4" can be derived from the omnicapped cube by length-
ening the edges of the underlying cube beyond the maxi-
mum bonding distance, considered here to be 3.2 A.

Table 1 summarizes the geometrical features of the om-
nicapped cube and related structures for the Ge,4* clusters
in terms of the two independent edge lengths, namely the
edge lengths, w, of the underlying cube and the lengths, c,
of the edges to the capping vertices (Figure 11). Removal
of electron pairs from Ge4> to give first Ge;4 and then
Ge,4>" is seen to increase significantly the edge lengths of
the underlying cube while having very little effect on the
lengths of the edges to the capping vertices. When Ge 4> is
reached, the “edge length” of the underlying cube becomes
3.451 A, which is considered too long to be an actual edge.
The omnicapped cube in 26-1 thus has effectively under-
gone a dodecuple (12-fold) “diamond-square” processi*#
(actually a “diamond-rhombus” process) retaining the O,
symmetry. The resulting new polyhedron has 12 equivalent
rhombus faces and is the dual of the cuboctahedron.

Table 1. Dimensions of the structures derived from the omnicapped
cube for Ge4” (z = -2, 0, +2). The numbers of equivalent distances
are given in parentheses.

Structure Symmetry Cube edge, w [A] Capping edge, ¢ [A]
Ge4> (30-1) 0, 2983 (12) 2.537 (24)
Geyy (28-1T) 0, 3.112 (6), 3.117 (6) 2.509 (24)

Gey4 (28-2) Dy, 3.025 (4), 3.155 (8) 2.540 (16), 2.455 (8)
Ge,2* (26-1) O, 3451 (12) 2.526 (24)

The structures of the different Ge,4° clusters with geome-
tries derived from the omnicapped cube can be related to
their frontier molecular orbitals (Figure 12). In the om-
nicapped cube lowest-energy structure of Ge;4> (30-1 in
Figure 4) the HOMO is a fully occupied pair of degenerate
e, orbitals. There are two possibilities for a two-electron
oxidation of Ge 4> (30-1) to neutral Ge,;,. Removal of one
electron from each component of the e, HOMO of 30-1
gives the triplet 28-1T (Figure 8), which is the lowest-energy
structure of Geyy. The O, symmetry of 30-1 is retained in
this process. The second alternative is to remove two elec-
trons from one of the components of the e, HOMO of 30-
1 to give singlet Ge 4. This, however, lifts the degeneracy of
the e, HOMO leading to a filled a, HOMO and an empty
b, LUMO resulting in a Jahn-Teller distortion, thereby re-
ducing the symmetry from O,, to Dg4;,. The existence of both
0, triplet Gey4 and Dy, singlet Gey4 structures (at least in
silico) with the topology of the original omnicapped cube
is analogous to cyclobutadiene being either a square Dy,
triplet or a rectangular D, singlet.[33-3¢]

The doubly degenerate HOMO of Ge4> (30-1) is seen
to be bonding in the underlying cube (Figure 12). Removal
of all four electrons from this HOMO to convert Ge 4> to
Ge 4" is therefore expected to increase significantly the
edge lengths of the underlying cube (w in Table 1) while
retaining the original O, symmetry of the omnicapped cube.
This is consistent with the lowest-energy structure 26-1
(Figure 9) in which the original edges of the underlying

Eur. J. Inorg. Chem. 2008, 3996-4003
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Figure 12. The effect on the doubly degenerate e, HOMO upon
two-electron oxidation of Ge 4> (30-1 in Figure 4) to Ge .

cube in Ge4> have been lengthened to a “non-bonding”
distance of 3.451 A while retaining the O), symmetry. Thus,
the polyhedron of Ge 4" (26-1) is best described as a rhom-
boidal dodecahedron with 12 rhombus faces. Note that the
global minima for Ge 4>, Ge4, and Ge;4>* are all derived
from the omnicapped cube.

4.1.2 The Dy, Hexagonal Wheel

The D¢, hexagonal wheel structure is found for energeti-
cally competitive structures for Ges>~, Geys, Ges>", and
Ge4**, although never as a lowest-energy structure. The
geometrical details of these hexagonal wheel structures in
terms of the lengths of the four distinct types of edges (Fig-
ure 11) are given in Table 2, and their frontier orbitals are
depicted in Figure 13.

The HOMO for the most highly reduced member of this
series of hexagonal wheel structures, namely Ge4> (30-2T),
is a pair of half-filled doubly degenerate e,, orbitals consis-
tent with its triplet spin multiplicity (Figure 13). Two-elec-
tron oxidation of 30-2T to the hexagonal wheel neutral
Gey4 (28-3) empties these e,, orbitals, which are antibond-
ing along the vertical edges of the cluster (v in Figure 11).
This is consistent with the predicted shortening of the verti-
cal distances from 2.589 A in 30-2T to 2.532 A in 28-3
(Table 2).

European Journal
of Inorganic Chemistry

Gew?™ %5 Geyy 25.Ge? 7% Geyy
(302T)  (28-3)  (26-2T)

Figure 13. The frontier molecular orbitals for the series of hexago-
nal wheels Ge4* (z = -2 — 0 — +2 — +4).

The HOMO in Ge4 (28-3) is a doubly degenerate pair
of e,, orbitals, which are bonding along the vertical edges
of the cluster (Figure 13). Further two-electron oxidation of
28-3 to Ge; 4" removes half of the electrons from this pair
of e,, orbitals (Figure 13) leading to a triplet hexagonal
wheel Ge, 4" structure, still with the full Dg;, symmetry. The
vertical edges of the hexagonal wheel (v in Figure 11) now
lengthen from 2.532 A in 28-3 to 2.580 A in 26-2T. An ad-
ditional two-electron oxidation of the triplet hexagonal
wheel Gej4>* (26-2T) to give the singlet hexagonal wheel
Gey4** (24-4) completely empties the pair of degenerate e,
orbitals. This leads to a further increase in the vertical edge
lengths of the hexagonal wheel from 2.580 A to 2.623 A
(Table 2).

4.2 Comparison of Analogous Ge,> and B,H,* Clusters

The Ge,4> system is interesting because its lowest-energy
structure, namely the O, omnicapped cube 30-1 (Figure 4),
is different from the Dg, bicapped hexagonal antiprism
(Figure 2) found experimentally in isoelectronic carborane
derivatives of the general type R,C>Bi,H>, among which
(u1-CH»);C,B|,H, has been synthesized and structurally
characterized by X-ray diffraction.'”) The Ge 4> /B;sH 4>
system (n = 14) is the third example of a Ge,>/B,H,> sys-
tem where the lowest-energy structure for a Ge,> cluster is
different from that of the corresponding B,H,> cluster. The
other examples are the eight-vertex?>Y! (n = 8) and eleven-
vertex!?! (n = 11) systems (Figure 14). In all three cases
the lowest-energy polyhedra for both the Ge,>~ and B,H, >
systems are deltahedra, i.e. polyhedra with all triangular
faces, in accord with expectations from the Wade-Mingos
rules.l*-%! However, the lowest-energy deltahedral structures
for B,H,”> (n = 8, 11, 14) contain the maximum number of

Table 2. Dimensions of the structures derived from the hexagonal wheel for Ge4* (z = -2, 0, +2, +4). The numbers of equivalent distances

are given in parentheses.

Structure Symmetry v [A] h[A] r [A] x [A]
Ge4> (30-2T) Dy, 2.589 (6) 2.613 (12) 2.618 (12) 2.261 (1)
Gey4 (28-3) Dy, 2.532 (6) 2.593 (12) 2.597 (12) 2.250 (1)
Ge 4>+ (26-2T) Dy, 2.580 (6) 2.597 (12) 2.602 (12) 2.257 (1)
Ge,** (24-3T7) D, 2.540 (4), 2.676 (4), 2.677 (4) 2.633 (4), 2.647 (2) 2.697 (8), 2.506 (4) 2.372 (1)
Ge,** (24-4) Dy, 2.623 (12) 2.657 (6) 2.630 (12) 2.272 (1)
Eur. J. Inorg. Chem. 2008, 3996-4003 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4001
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degree 5 vertices in accord with the previously recognized
special stability of degree 5 boron vertices.*”#%1 By con-
trast, none of the lowest-energy structures of the corre-
sponding Ge,> clusters (n = 8, 11, 14) contain any degree 5
vertices. This suggests that degree 5 vertices are much less
favorable for germanium clusters than for borane clusters.

B, H,2

n Ge, >
A
/1N

e
A
N

*

Bisdisphenoid (Dzq)
Tetracapped tetrahedron (Tg)

/‘\

11 ,/./

Omnicapped trigonal prism
(Dsn)

v AN,
\\¥ZaN 4
N

Edge-coalesced icosahedron
(CZV)

AN
B

£
Bicapped hexagonal
antiprism (Deq)

Omnicapped cube (Op)

Figure 14. The lowest-energy Ge,>~ and B,H,> structures for n =
8, 11, 14. Degree 6, 4, and 3 vertices are indicated by stars, squares,
and triangles, respectively.

Among the 8-, 11-, and 14-vertex Ge,>/B,H,> systems
(Figure 14), the 14-vertex system is particularly interesting,
because the Gey4,> 0, omnicapped cube lies a very large
42.7 kcal/mol below the Gey,> Dy, bicapped hexagonal
antiprism found to be the favored polyhedron for 14-vertex
carboranes of the type R,C,B,Hj5 [e.g., R, = -(CH,);—
1.9 By comparison, for the 11-vertex system the approxi-
mately Ds;, lowest-energy structure for Ge;> lies only
5.2 kcal/mol below the C,, edge-coalesced icosahedron
found in the chemistry of 1l-vertex boranes such as
B,;H;,>, C,ByH,, and their substitution products. Simi-
larly, for the 8-vertex system the T, tetracapped tetrahedron
lowest-energy structure for Geg> lies only 3.9 kcal/mol be-
low the D,,; bis(disphenoid) found in the chemistry of 8-
vertex boranes.

5. Summary

Simple application of the Wade-Mingos rules?-¢ sug-
gests a bicapped hexagonal antiprism for Ge 4> similar to
that found experimentally in the isoelectronic carborane (-
CH,»);C,B,H/, and related dimetallacarboranes. However,
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our DFT studies predict the more symmetrical O, om-
nicapped cube to lie approximately 43 kcal/mol below the
bicapped hexagonal antiprism for Gey4>~. The global min-
ima for the hypoelectronic Ge;, and Ge;4>* are also derived
from the omnicapped cube. Hexagonal wheel Dy, structures
are also found for Geys, Ge4>", and Ge4*" at competitive
energies. The lowest-energy structures for the hyperelec-
tronic Ge4*, Ge 4, and Ge, 43 are relatively unsymmetri-
cal not readily recognizable open structures, typically with
some pentagonal or hexagonal faces.

Supporting Information (see footnote on the first page of this arti-
cle): Optimized Ge,,4” structures and geometries listed according to
the starting structures.
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