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Polyhedral Structures with Three-, Four-, and Five Fold Symmetry in Metal-
Centered Ten-Vertex Germanium Clusters
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Abstract: Studies using density func-
tional theory (DFT) at the hybrid
B3LYP level indicate that the relative
energies of structures with three-fold,
four-fold, and five-fold symmetry for
centered 10-vertex bare germanium
clusters of the general type M@Ge,;
depend on the central metal atom M
and the skeletal electron count. For
M@Ge,, clusters with 20 skeletal elec-
trons the DFT results agree with exper-
imental data on the isoelectronic cen-
tered 10-vertex bare metal clusters.
Thus the lowest energy structure for

a D, bicapped square antiprism. For
the clusters Ni@Ge,,>~, Cu@Ge,,”, and
Zn@Ge,, that have 22 skeletal elec-
trons the lowest energy structures are
the D,, bicapped square antiprism pre-
dicted by the Wade-Mingos rules. For
the clusters Ni@Ge,,*", Cu@Ge,;",
and Zn@Ge,,>~ that have 24 skeletal
electrons the lowest energy structures
are C;, polyhedra with 10 triangular
faces and 3 quadrilateral faces derived
from a tetracapped trigonal prism by
extreme lengthening of the edges of
the capped triangular face of the un-

derlying trigonal prism. For the clusters
Cu@Ge,,’~ and Zn@Ge,,'~ that have
26 skeletal electrons the lowest energy
structures are the Ds, pentagonal anti-
prisms predicted by the Wade-Mingos
rules and the C;, tetracapped trigonal
prism as a somewhat higher energy
structure. However, for the isoelectron-
ic Ni@Ge,,"" the relative energies of
these two structure types are reversed
so that the C;, tetracapped trigonal
prism becomes the global minimum.
The effects of electron count on the ge-
ometries of the Ds; pentagonal prism

Ni@Ge,,, isoelectronic with the known
Ni@In,,'*, is a C;, polyhedron derived
from the tetracapped trigonal prism.
However, Zn@Ge,,’* is isoelectronic
with the known cluster Zn@In,*",
which has the lowest energy structure,

copper

rules - zinc

Introduction

Ten-vertex Zintl cluster ions are of interest because of their
ability to accommodate interstitial transition metal and
post-transition metal atoms.?) However, the centered ten-
vertex polyhedra in such Zintl cluster ions are known to
have different shapes depending on the central metal atom
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and D,, bicapped square antiprism cen-
tered metal cluster structures are con-
sistent with the bonding/antibonding
characteristics of the corresponding
HOMO and LUMO frontier molecular
orbitals.

compounds
clusters

and the skeletal electron count. Thus for the ions M@In,,'*~
(M=Ni, Pd, Pt) found in the intermetallics K;jIn;(M the
In,, polyhedron is a Cj;, tetracapped trigonal prism
(Figure 1).”! However, for the isoelectronic ion Zn@In,,*
found in the intermetallic KgIn;;Zn the In;, polyhedron is a
D,, bicapped square antiprism (Figure 1).1 Furthermore the
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Cs, tetracapped Dyq bicapped D54 pentagonal
trigonal prism square antiprism antiprism
Ni@lny,'%- Zn@Inq® Pd@Bij**

Figure 1. Ten-vertex polyhedra exhibiting three-, four-, and five-fold sym-
metry found in centered bare post-transition metal clusters. For clarity
the caps are depicted in green and the underlying polyhedra in black.
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Bi,, polyhedron in the 26 skeletal electron Pd@Bi,,** found
in Bi,,PdBr,s (=[Pd@Bi,|[BiBr,],)" is different from either
of these polyhedra, but instead is a D5, pentagonal antiprism
(Figure 1). Thus polyhedra of three-, four-, and five-fold
symmetry are found in metal-centered ten-vertex post-tran-
sition metal clusters.

The objective of the research is to study the effects of in-
terstitial atoms and electron count on cluster geometry
using density functional theory (DFT) methods. Germanium
clusters with interstitial Ni, Cu, and Zn atoms were chosen
as tractable systems with minimum charges, but having verti-
ces isolobal to the Group 13 to 15 metal atom vertices
found in the known ten-atom inorganic clusters with intersti-
tial atoms. The range of charges on M@Ge,,° chosen for this
work spans the 20 skeletal electrons found in the known de-
rivatives®¥ Ni@In,,'°~ and Zn@In,,*" to the 26 skeletal elec-
trons required for an arachno ten-vertex cluster (26 =2n+6
for n=10) such as the known” Pd@Bi,,'*. Note that in
counting the skeletal electrons in these systems the filled d'
shell of the interstitial atom is formally considered to be un-
available for skeletal bonding so that interstitial Ni, Cu, and
Zn atoms contribute 0, 1, and 2 skeletal electrons, respec-
tively. The choice of germanium as the vertex atom for this
study of the centered ten-vertex clusters minimizes the max-
imum charge required for the range of skeletal electrons of
interest thereby facilitating the calculations. Although no
ten-vertex germanium clusters are known experimentally,
the related ten-vertex clusters Pby*~ (ref. [6]) and Ni@Pb,
(ref. [7]) are known and contain the heavier Group 14 ele-
ment lead.

Isoelectronic and isolobal relationships provide analogies
of our DFT results on M@Ge,° clusters (M =Ni, Cu, Zn) to
experimentally known related metal centered clusters with
group 13 vertices (indium) or group 15 vertices (bismuth).

Computational Methods

Geometry optimizations were carried out at the hybrid DFT B3LYP
level® 111 with the 6-31G(d) (valence) double zeta quality basis func-
tions extended by adding one set of polarization (d) functions. The Gaus-
sian 98 package of programs!'? 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. Com-
putations were carried out using four initial geometries including ten-
vertex polyhedra with three-fold, four-fold, and five-fold symmetry
(Figure 2). The symmetries were maintained during the geometry optimi-
zation processes. In addition, symmetry breaking by using modes defined
by imaginary vibrational frequencies was used to determine optimized
structures with minimum energies. Vibrational analyses show that all of
the final optimized structures discussed in this paper are genuine minima
at the B3LYP/6-31G(d) level without any significant imaginary frequen-
cies (Nim,,=0). In a few cases the calculations ended with acceptable
small imaginary frequencies!'” and these values are indicated in the cor-
responding figures.

The optimized structures found for the M@Ge," clusters are labeled by
the number of skeletal electrons, the order of the principal rotation axis,
and the central metal atom with significant distortions from ideal symme-
try indicated by D, for example 24-4D(Cu). Thus the C;, isomer of neu-
tral Ni@Ge,, is labeled 20-3(Ni). Additional details of all of the opti-
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C,, tetracapped
trigonal prism

alternative Cs,
starting structure

VTS

D59
]

D54 pentagonal
antiprism

Dyq bicapped
square antiprism

Figure 2. The starting structures used for the M@Ge,, optimizations.

mized structures, including all interatomic distances and the initial geo-
metries leading to a given optimized structure, are provided in the Sup-
porting Information. In assigning polyhedra to the optimized structures,
the Ge—Ge distances less than ~3.2 A were normally considered as poly-
hedral edges; significant exceptions are discussed in the text.

Metal-cluster molecular orbital interaction diagrams have been drawn
with the aid of the ADF-2007.01 package of programs."*!

Results

Structures with 20 skeletal electrons: The structures that
have 20 skeletal electrons are of particular interest because
the isoelectronic Ni@In,,'*~ and Zn@In,,*" are found experi-
mentally to have different structures, namely the C;, tetra-
capped trigonal prism® for Ni@In,,'"~ and the D,, bicapped
square antiprism for Zn@In,,*". Our calculations on the
isoelectronic Ni@Ge,, and Zn@Ge,,** are consistent with
this experimental observation (Figure 3). For all three inter-

20-3(Ni): 0.0 20-4(Ni): 4.6
20-3(Cu): 0.0 20-4(Cu): 1.2 20-5(Cu): 22.7
20-3(Zn): 1.0 20-4(Zn): 0.0

Figure 3. The three types of optimized structures for the 20 skeletal elec-
tron systems Ni@Ge,,, Cu@Ge,,*, and Zn@Ge,,’* with the relative ener-
gies indicated in kcalmol .

stitial metals the C;, and D,, isomers (20-3 and 20-4, re-
spectively) are seen to be very close to each other in energy
with a maximum of 4.6 kcalmol ' difference for the nickel
derivatives. Furthermore, the D,, isomer is increasingly fa-
vored in going from Ni to Zn so that for Ni@Ge,, and
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Cu@Ge,,* the C;, isomers are the global minima whereas
for Zn@Ge,,’* the relative energies are interchanged so
that the D,, isomer is the global minimum. A Ds, pentago-
nal prismatic isomer 20-5(Cu) is also found for Cu@Ge,,*
at 22.7 kcalmol™' above the global minimum 20-3(Cu)
(Figure 3). No Dy, or Ds, isomer was found for the Ni deriv-
ative Ni@Ge,,,

Structures with 22 skeletal electrons: The D,, bicapped
square antiprismatic structure dominates for the M@Ge,,
derivatives with 22 skeletal electrons (Figure 4). This is con-

22-5(Cu): 12.7
22-5(Zn): 22.7

Aps<=10 0
2 vawt
{27

22-5(Ni): 38.0

22-4(Ni): 0.0 22-3(Ni): 14.1
22-4(Cu): 0.0 22-3(Cu): 22.7
22-4(Zn): 0.0 22.3(Zn): 28.2

Figure 4. The optimized structures for the 22 skeletal electron systems
Ni@Ge,;~, Cu@Ge,, , and Zn@Ge,, with the relative energies indicated
in kcalmol .

sistent with the Wade-Mingos rules!>!17%¥ predicting this
most spherical deltahedron for a closo 22 skeletal electron
system as exemplified by the well-known B,gH,;,*" in borane
chemistry."”) In addition the bicapped square antiprismatic
cluster structure is found for the closely related lead cluster
Ni@Pb,,*", which has been isolated and characterized by X-
ray diffraction.”! Attempted optimization from a Ds, pen-
tagonal antiprism starting point (Figure 2) for these systems
with 22 skeletal electrons leads to distorted pentagonal pris-
matic rather than antiprismatic stationary states for
Cu@Ge,,” and Zn@Ge,, at 12.7 and 22.7 kcalmol *, respec-
tively, above the 22-4 D,, global minima, apparently by ro-
tation of one pentagonal face relative to the other one in
the original antiprism. However, a true Ds, pentagonal anti-
prismatic stationary state is obtained for Ni@Ge,,*", but at
the relatively high energy of 38.0 kcalmol™! above the 224
global minimum (Figure 4). In addition, Cj;, tetracapped
trigonal prism stationary states are found for all three deriv-
atives, but at 14 to 28 kcalmol ™' above the global minima
(Figure 4).

Structures with 24 skeletal electrons: The Wade-Mingos
rules!™>1%7 38 predict a polyhedron with one non-triangular
face for a ten-vertex polyhedral cluster with a 24 skeletal
electron count. For example, the nido borane B;yH;, has a
polyhedral structure with one large hexagonal face.””! How-
ever, the lowest energy structure for all three of the 24 skel-
etal electron systems Ni@Ge,*", Cu@Ge,’, and
Zn@Ge,>” is a C,, polyhedron with three quadrilateral
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24-3(Ni): 0.0
24-3(Cu): 0.0
24-3(Zn): 0.0

24-5D(Zn): 12.0

24-4(Zn): 5.1

Figure 5. The optimized structures for the 24-skeletal electron systems
Ni@Ge,,'~, Cu@Ge,,’", and Zn@Ge,,>~ with the relative energies indicat-
ed in kcalmol .

faces (Figure5) in contradiction to the Wade-Mingos
rules [15:16.17.18]

No other structures were found for Ni@Ge,,*". For the
copper derivative Cu@Ge,,"~ optimization of the D,, bicap-
ped square antiprism led to a highly distorted structure
24-4D(Cu) at 6.9 kcalmol™' above the global minimum
24-3(Cu) (Figure 5). For the isoelectronic zinc derivative
Zn@Ge,,>~ an analogous optimization from the D, bicap-
ped square antiprism retained the general shape, but result-
ed in significant elongation to give structure 24-4(Zn) at
5.1 kcalmol ! above the global minimum 24-3(Zn).

Still higher energy structures are found for Cu@Ge,,*
and Zn@Ge,,>~ starting with the Ds, pentagonal antiprism
(Figure 5). For the copper derivative the five-fold symmetry
is retained to give structure 24-5(Cu) at 26.9 kcalmol™!
above the global minimum 24-3(Cu). However, an analo-
gous optimization of the zinc derivative leads to considera-
ble distortion of the pentagonal antiprism to give the “Lean-
ing Tower of Pisa” distorted pentagonal prismatic structure
24-5D(Zn) at 12.0 kcalmol™' above the global minimum
24-3(Zn).

Structures with 26 skeletal electrons: The Wade-Mingos
rules™ 11718 guggest an arachno structure with two open
(non-triangular) faces for a 10-vertex cluster and 2n+ 6 skel-
etal electrons. The most obvious possibility is the pentagonal
antiprism found experimentally® in the 26 skeletal electron
system Pd@Bi,,'* in [Pd@Bi,|[BiCl,],. The global minima
for the isoelectronic Cu@Ge,,’~ and Zn@Ge,,'~ are also the
Ds,; pentagonal antiprisms 26-5(Cu) and 26-5(Zn). Howev-
er, for the isoelectronic Ni@Ge,,*~, which would be a more
direct analogue of the known Pd@Bi,,'*, the analogous pen-
tagonal antiprismatic structure 26-5(Ni) lies 17.6 kcalmol™
above the global minimum 26-3(Ni).

The global minimum for Ni@Ge,,"" is a C;, structure
26-3(Ni), which has similar topology to the C;, structure of
the 20 skeletal electron Ni@Ge,,, but elongated significantly
(Figure 6). The analogous Cs, structure for the isoelectronic
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26-3(Ni): 0.0 26-5(Ni): 17.6
26-3(Cu): 1.0 26-5(Cu): 0.0 26-2(Zn): 18.3
26-3(Zn): 16.6 26-5(Zn): 0.0

Figure 6. The optimized structures for the 26 skeletal electron systems
Ni@Ge,,’", Cu@Ge,,’ ", and Zn@Ge,,*~ with the relative energies indicat-
ed in kcalmol .

Cu@Ge,,’~ isomer, namely 26-3(Cu), lies only 1.0 kcalmol ™
above the pentagonal antiprismatic global minimum
26-5(Cu). However, the corresponding Zn@Ge,,'~ isomer
26-3(Zn) lies 16.6 kcalmol ! above the Ds, global minimum
26-1(Zn). In addition, an even higher energy distorted
Zn@Ge,,*” isomer 26-2(Zn) at 18.3 kcalmol™' above 26—
2(Zn) is found starting from the D, bicapped square
antiprism.

Discussion

Pentagonal antiprismatic structures—structures with a C;
axis: The pentagonal antiprismatic structure of fivefold sym-
metry (Ds,) predicted by the Wade-Mingos rules!'>16-17:1
for ten-vertex systems with 26 skeletal electrons is found ex-
perimentally® in Pd@Bi,** and is predicted here by DFT
for the isoelectronic systems Ni@Ge,,", Cu@Ge,,’", and
Zn@Ge,,*". In our previous DFT studies®!! a similar pentag-
onal antiprismatic structure was also found for the empty
cluster Ge,,~ with 26 skeletal electrons. For other skeletal
electron counts an undistorted pentagonal antiprismatic
structure is found only for Ni@Ge,,>~ with 22 skeletal elec-
trons. Attempts to optimize pentagonal antiprismatic struc-
tures for the isoelectronic Cu@Ge,,” and Zn@Ge,, also
with 22 skeletal electrons, led to rotation of one pentagonal
face relative to the other to give pentagonal prismatic struc-
tures (Figure 4).

A pentagonal antiprism of Ds; symmetry has two different
edge lengths, namely the lengths of the ten equivalent sides
of the two pentagonal faces (the “horizontal” edge length,
h) and those of the ten edges connecting a vertex of one
pentagonal face with the other pentagonal face (the “verti-
cal” edge length, v). The ratio v/h between these two edge
lengths can be used to characterize the amount of elonga-
tion of the pentagonal antiprism. High v/h ratios correspond
to elongated (prolate) structures and relatively low v/h
ratios indicate compressed (oblate) structures.

Table 1 summarizes the v/h ratios and related geometric
parameters for various computed pentagonal antiprismatic
structures as well as the experimental structure® for
Pd@Bi,,**. For all of the systems with 26 skeletal electrons
studied the v/h ratio falls in the narrow range from 0.93 for
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Table 1. Dimensions of pentagonal antiprismatic metal clusters [A].

r”‘ﬁ‘_’
Cluster v h vih MG@E,, distance
26 skeletal electrons
Ge,,"~ (empty) 2.67 2.74 0.97 -
Ni@Ge,,*~ 2.64 2.84 0.93 2.65
Cu@Ge,,’~ 2.66 2.81 0.95 2.64
Zn@Ge,,*~ 2.68 2.79 0.96 2.63
Pd@Bi,,** (exptl)®! 3.15 3.16 1.00 3.00
22 skeletal electrons
Ni@Ge, >~ 2.83 2.53 1.12 2.49
[a] Ref. [5]

Ni@Ge,,>~ to the experimental value of 1.00 for Pd@Bi,**.
The presence of the interstitial metal atom is seen to have
relatively little effect on the shape on the pentagonal anti-
prism since the v/h ratio of 0.97 for the empty Ge,,’" pen-
tagonal antiprism falls in the middle of this range. For the
single system with 22 skeletal electrons with pentagonal an-
tiprism geometry found in this work, namely Ni@Ge,,*", a
significantly higher v/h ratio of 1.12 was found (Table 1) in-
dicating significant elongation of the pentagonal antiprism
upon removal of four skeletal electrons from Ni@Ge,,’".
The geometries of the Ds; pentagonal antiprismatic
M@Ge,, clusters can be rationalized by consideration of the
frontier molecular orbitals. In this connection both the
HOMO and LUMO of Ni@Ge,,>~ with 22 skeletal electrons
are doubly degenerate, namely e,, and e, respectively
(Figure 7). This implies that similar Ds; pentagonal anti-

HOMO (e3,)

LUMO (e1g)

Figure 7. The frontier orbitals of the pentagonal antiprism cluster
Ni@Ge,,>~ with 22 skeletal electrons. Both the HOMO and LUMO de-
picted in this figures are one representative of a pair of degenerate e,
and e, orbitals, respectively.

prism centered 10-vertex metal clusters with either 20 or 24
skeletal electrons will have open shells, namely a half-filled
HOMO or a half-filled LUMO, respectively, and thus
should either be triplets or undergo Jahn-Teller distortion
from ideal Ds; symmetry.

Consider also the four-electron reduction of the Ds, pen-
tagonal antiprismatic Ni@Ge,,>~ to Ni@Ge,,*" thereby in-
creasing the number of skeletal electrons from 22 to 26. The
extra four electrons fill both orbitals of the e;, LUMO pair,
which is bonding between the two pentagonal faces of the
antiprism in the direction of the Cs axis (Figure 7). There-
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fore, four-electron reduction of pentagonal antiprismatic
Ni@Ge,,*” to Ni@Ge,,*~ should result in compression of the
antiprism to a more oblate structure. This is consistent with
the decrease of the v/h ratio from 1.12 in Ni@Ge,, > to 0.93
in Ni@Ge,,’~ (Table 1).

Bicapped square antiprismatic structures—structures with a
C, axis: The bicapped square antiprism structure with four-
fold symmetry (D,,) is found experimentally!*! in the 20 skel-
etal electron centered cluster Zn@In,,*~ as well as in a
number of 22 skeletal electron structures including B,oH,,>~
and its numerous substitution products and the phosphorus-
centered metal carbonyl cluster®™ P@Co,(CO),*". Our
DFT calculations find the bicapped square antiprism to be
the global minima for the 22 skeletal electron systems
Ni@Ge,,’~, Cu@Ge,,”, and Zn@Ge,, in accord with the
Wade-Mingos rules.'>!%17% [n addition, bicapped square
antiprismatic structures are found for the 20 skeletal elec-
tron systems Ni@Ge,,, Cu@Ge,,*, and Zn@Ge,,**, albeit
not as global minima. A distorted bicapped square antipris-
matic structure is also found for the 24-skeletal electron
Zn@Ge,*".

A bicapped square antiprism of D,, symmetry has the fol-
lowing three different edge lengths (Table 1):

1) The lengths of the eight equivalent sides of the two
square faces of the underlying square antiprism (the
“horizontal” edge length, /).

2) The lengths of the eight edges connected a vertex of one
square face of the underlying square antiprism with the
other square face (the “vertical” edge length, v).

3) The eight equivalent edges connecting vertices of the
square faces of the underlying square antiprism with one
of the two caps (the “capping” edge length, c).

As is the case with the pentagonal antiprism discussed
above, the elongation of the bicapped square antiprism can
be measured by the v/h ratio as given in Table 1. Also the
antipodal distance between the two caps of the bicapped
square antiprism (a) is a good measure of the elongation or
compression. However, this distance, as it is obviously not a
bonding distance, is not easy to extract from published struc-
tural data. Also note that the designations here of 4, v, c,
and a for the horizontal, vertical, and capping edge lengths
and the antipodal distances, respectively, correspond to the
distances designated as £, d, ¢, and v in a previous paper.*!)
This change was made for consistency with the pentagonal
antiprismatic structures discussed above.

Consider first the bicapped square antiprismatic structures
with 22 skeletal electrons since they are the global minima
for both the empty and metal-centered structures in accord
with the Wade-Mingos rules.>!*""81 The shape of the bi-
capped square antiprism is seen to change very little upon
incorporation of a metal atom in the center as indicated by
the very small change in the v/h ratio from 0.90 in the
empty Ge,,>~ cluster to 0.88 in the filled M@Ge,, clusters
(Table 2). Furthermore, the antipodal distance a=5.33 A in

4546 —— www.chemeurj.org
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Table 2. Dimensions of bicapped square antiprismatic metal clusters [A].

s
&

Cluster v h c a vih ~ M@E, distances

24 skeletal electrons

Ge,,* (triplet) 263 276 272 596 095 -

Zn@Ge,,>~ 281 313 271 531 090 2.66(2),2.54(4),
2.43(4)

22 skeletal electrons

Gey®~ 254 282 259 533 090 -

Ni@Ge,,>~ 266 3.03 2.67 529 0.88 2.65(2),2.38(8)

Cu@Ge,,~ 2.69 3.05 269 536 0.88 2.68(2),2.40(8)

Zn@Ge, 273 3.09 273 541 0.88 2.70(2),2.43(8)

20 skeletal electrons

Ge,y (triplet) 260 276 261 561 094 -

Ni@Ge,, 261 313 260 473 0.83 2.37(2),2.43(8)

Cu@Ge,,* 267 316 262 478 0.84 2.39(2),2.46(8)

Zn@Ge, >t 274 322 266 4.87 0.85 2.44(2),2.51(8)

Zn@In,,* (expth™ 310 3.64 3.04 563 085 2.82(2),2.84(8)
[a] Ref. [4].

the empty Ge,>~ cluster is within the 5.29-541 A range
found in the filled M@Ge,, clusters. However, the size of
the Gey, cluster is seen to expand when a metal atom is
placed as indicated by expansions of the v distances from
2.54 A to 2.66-2.73 A, the h distances from 2.82 A to 3.03—
3.09 A, and the ¢ distances from 2.59 A to 2.67-2.73 A upon
going from the empty cluster to the filled M@Ge,, clusters.
In the bicapped square antiprismatic M@Ge,, clusters with
22 skeletal electrons the distances from the central metal
atom M to the two capping Ge vertices fall in the range
2.65-2.70 A, which is approximately 0.27 A longer than the
distances in the range 2.38-2.43 A from M to the remaining
eight Ge vertices, namely those of the underlying square an-
tiprism (Table 2). This suggests stronger bonding of the cen-
tral metal atom to the vertices of the underlying square anti-
prism than to the remaining two capping vertices. This is
consistent with the fact that from the sp’d® manifold of the
central metal atom a set of eight sp>d* orbitals can be gener-
ated pointing to the vertices of a square antiprism. The
metal d orbital not used for the square antiprismatic hybrid
orbitals is the d_. orbital, which is suitably situated to form
longer three-center bonds with the two antipodal vertex
atoms.

The complete set of three centered bicapped square anti-
prismatic M@Ge,, derivatives with 20 skeletal electrons is
also found in this work, although not as global minima. The
deltahedra in the derivatives with 20 skeletal electrons are
significantly compressed over those in the derivatives with
22 skeletal electrons as indicated by a reduction of the anti-
podal distance a=5.29-5.41 A in the 22-skeletal electron de-
rivatives Ni@Ge,,’, Cu@Ge,,", and Zn@Ge,, to 4.73-

Chem. Eur. J. 2008, 14, 4542 —4550
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487 A in the 20-skeletal electron derivatives Ni@Ge,,
Cu@Ge,,", and Zn@Ge,,’* (Table 2). As a result of this
compression the two distances of the central metal atom to
the capping vertices (2.37-2.44 A) are slightly smaller than
eight distances of the central metal atom to the vertices of
the underlying square antiprism (2.43-2.51 A) so that the in-
teractions of the central metal atoms with all ten vertices of
the bicapped square antiprism are nearly equal.

One example of a centered bicapped square antiprismatic
derivative with 24 skeletal electrons is found, namely the
zinc derivative Zn@Ge,>~. In this structure the ideal D,,
structure of the bicapped square antiprism is distorted to a
lower symmetry structure (averages of the 4, v, and ¢ distan-
ces are listed in Table 2). Other than this distortion the bi-
capped square antiprism in the 24 skeletal electron
Zn@Ge,,* is fairly similar to that in its 22 skeletal electron
analogue Zn@Ge,, as indicated by an antipodal distance of
531 A versus 5.41 A and v, h, and ¢ edge lengths of 2.81,
3.13, and 2.71 A versus 2.73, 3.09, and 2.73 A, respectively.

The geometries of the D,, bicapped square antiprismatic
M@Ge,, clusters can be rationalized by consideration of the
frontier molecular orbitals. Thus for the 22 skeletal electron
cluster Ni@Ge,;>~ the HOMO is antibonding in the direc-
tion of the C, axis (Figure 8). Removal of the two HOMO

HOMO (a4) LUMO (b)

Figure 8. The frontier orbitals of the D,,; bicapped square antiprism clus-
ter Ni@Ge,,>~ with 22 skeletal electrons relative to the indicated orienta-
tion of the bicapped square antiprism.

electrons in oxidizing Ni@Ge,,*~ to Ni@Ge,, should increase
the bonding in the direction of the C, axis thereby decreas-
ing the antipodal distance a. This is consistent with our cal-
culations (Table 2) indicating that a decreases from 5.29-
5.41 A in the bicapped square antiprismatic clusters with 22
skeletal electrons to 4.73—4.78 A in such clusters with only
20 skeletal electrons.

Consider now the two-electron reduction of Ni@Ge, >~ to
the centered cluster Ni@Ge,,*~ with 24 skeletal electrons.
The added two electrons go into a LUMO, which has a
node along the C, axis of the bicapped square antiprism and
thus is non-bonding along the C, axis (Figure 8). This sug-
gests that reduction from Ni@Ge,>~ to Ni@Ge,,*" should
lead to relatively little change in the antipodal distance a.
This again is consistent with our calculations indicating that
the a of 5.31 A for the cluster Zn@Ge,,>~ with 24 skeletal
electrons is relatively close to the a of 5.41 A for the corre-
sponding cluster with 22 skeletal electrons.

Chem. Eur. J. 2008, 14, 4542 -4550

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Structures with a C; axis derived from the tetracapped trigo-
nal prism: Structures derived from the tetracapped trigonal
prism with C;, symmetry are found for the metal-centered
ten-vertex clusters with all even skeletal electron counts
from 26 to 20. Furthermore, the clusters M@In;,'~ (M =Ni,
Pd, Pt) with 20 skeletal electrons are known experimentally
in the intermetallics K,;In,,M and have been characterized
by X-ray diffraction.”!

The 24 edges of the tetracapped trigonal prism can be par-
titioned into the following six types:

1) The three vertical edges of the underlying trigonal prism
of length v.

2) The three edges of the capped triangular face of the un-
derlying trigonal prism of length 4.

3) The three edges of the uncapped triangular face of the
underlying trigonal prism of length A,.

4) The six edges connecting the caps of the quadrilateral
faces of the underlying trigonal prism to the vertices of
its uncapped triangular face.

5) The six edges connecting the caps of the quadrilateral
faces of the underlying trigonal prism to the vertices of
its capped triangular face.

6) The three edges from the unique vertex capping a trian-
gular face of the underlying trigonal prism and lying on
the C; axis.

The lengths of the nine edges of the underlying trigonal
prism, designated as v, A, and A, as indicated above, can be
used to characterize the shapes of the C;, polyhedra derived
from the tetracapped trigonal prism in cluster structures
with various electron counts as summarized in Table 3. In
many cases the cap at one end of the underlying trigonal
prism makes the lengths A4, and h, very different so that
their difference h.—h,=Ah can be used to measure the dis-
tortion of the underlying trigonal prism from its original Dy,
symmetry to the C;, structure with a cap at one end. The
vertex capping the triangular face of the underlying trigonal
prism is conveniently called the axial vertex in these struc-
tures since it is the only one of the ten vertices on the C;
axis. In addition the ratio v/A can be used to measure the
elongation of the tetracapped trigonal prism where / is the
mean of A, and h,, i.e., (h.+h,)/2.

The shapes of the C;, polyhedra found in the metal-cen-
tered ten-vertex clusters, as indicated by the v/A ratio and
Ah of the underlying trigonal prism, is seen to depend dras-
tically on the skeletal electron count. Consider first the sys-
tems with 20 skeletal electrons corresponding to the
known®! M@In,,'~ (M=Ni, Pd, Pt). In the C;, polyhedron
of the empty Ge,, cluster optimized in our previous work™!!
the v/ ratio is 0.94 and Ah is 0.33 A. Insertion of a metal in
the center of this polyhedron moves the axial vertex closer
to the center so that all ten M—Ge distances are within
2.6 A. This distortion lengthens drastically the size of the
capped triangular face of the underlying trigonal prism so
that Ak increases from 0.33 A in the empty Ge,, polyhedron
to 0.84-0.92 A depending on the central metal atom. Com-
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Table 3. Dimensions of bicapped square antiprismatic metal clusters [A].

—~——axial vertex

Cluster v h, h, Ah h vih MG@E,, distances

26 skeletal electrons

Ge, ™ 3.65 2.66 2.77 —0.11 2.71 1.35 -

Ni@Ge,,’~ 3.68 3.06 2.76 0.30 291 1.26 2.36(3),2.50(6),3.81(1)
Cu@Ge,,’~ 3.71 2.96 2.88 0.08 2.92 1.27 2.38(3),2.50(6),3.85(1)
Zn@Ge,,*" 3.76 291 2.96 —0.05 2.94 1.28 2.42(3),2.53(6),3.88(1)

24 skeletal electrons

Ge, "™ 3.26 2.80 2.61 0.19 2.70 1.21 -

Ni@Ge,,*~ 3.10 3.89 2.70 1.19 3.30 0.94 2.38(3),2.42(1),2.51(3),2.55(3)
Cu@Ge,,*~ 3.03 3.96 2.76 1.20 3.36 0.90 2.38(4),2.53(3), 2.57(3)
Zn@Ge,,’~ 3.04 3.99 2.81 1.18 3.40 0.89 2.40(1),2.42(3),2.55(3),2.58(3)
22 skeletal electrons

Ni@Ge,,*~ 3.26 3.13 2.67 0.46 2.90 1.12 2.32(3),2.37(3),2.40(3),3.30(1)
Cu@Ge,,” 3.28 3.17 271 0.46 2.94 1.12 2.34(3),2.40(3),2.44(3),3.30(1)
Zn@Ge,, 3.34 3.23 2.76 0.47 3.00 1.11 2.39(3),2.43(3),2.48(3),3.34(1)
20 skeletal electrons

Gey 2.64 2.97 2.66 0.33 2.81 0.94 -

Ni@Ge,, 3.00 3.62 2.70 0.92 3.16 0.95 2.36(3),2.41(3),2.43(3),2.46(1)
Cu@Ge,,* 3.03 3.65 2.77 0.88 321 0.94 2.40(3),2.44(3),2.45(3),2.54(1)
Zn@Ge,,** 3.10 371 2.87 0.84 3.29 0.94 2.47(6),2.49(3),2.62(1)
Ni@In,,'*~ (expt])! ~3.3 ~4.3 ~32 ~1.1 ~3.75 0.88 2.8(9),2.7(1)

[a] Ref. [3].

parison of these calculated polyhedra to the experimentally
found polyhedron in the Ni@In,,'*" of K;oIn,Ni is difficult
because of deviation from Cj;, symmetry and two independ-
ent Ni@In,'"" anions in the actual structure.’! However,
using the crude estimates in Table 3 obtained from the ex-
perimental data leads to a Ak of ~1.1 A and a v/h ratio of
0.88 as compared with our calculated Ak of 0.92 and v/h of
0.95 for Ni@Ge,.

Addition of two skeletal electrons to the centered C;, ten-
vertex polyhedra to give structures with 22 skeletal electrons
leads to significantly more elongated polyhedra as indicated
by Ah values in the range 0.46-0.47 A and v/A ratios in the
range 1.11-1.12 (Table 3). Because of this elongation only
nine of the ten germanium atoms are within the reasonable
distances of 2.3-2.5 A for significant direct interaction with
the central metal atom. The tenth germanium atom, namely
the axial germanium atom (Table 3), is now ~3.3 A from
the central metal atom. In this case an empty C;, isomer of
Ge,,>~ was not found in our earlier work®! so that a direct
comparison of the effect of the central metal atom on the
polyhedral geometry cannot be made.

The empty C;, Ge,y'~ polyhedron with 24 skeletal elec-
trons is rather elongated with a v/ ratio of 1.21 and a
rather small Ak value of 0.19 A. Insertion of a metal atom
into the center changes the geometry drastically to bring the
axial vertex even closer to the central metal atom (2.38-
2.40 A) than the other nine vertices (2.38-2.58 A). This dis-
tortion makes three of the edges of the original tetracapped
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trigonal prism, namely the edges of the capped triangular
face of the underlying trigonal prism, so long (~3.9 A as in-
dicated directly by the A, values in Table 3) that these dis-
tances can no longer be regarded as edges. The tetracapped
trigonal prism, which is a deltahedron with 16 triangular
faces, now becomes a polyhedron with 10 triangular faces
and 3 quadrilateral faces.

The C;, polyhedra with 26 skeletal electrons have the
most elongated structures found in this work. The empty C;,
Ge,,>~ polyhedron®"! has the largest v/ ratio found in this
work, namely 1.35, as well as a negative Ah of —0.11 A indi-
cating a contraction of the edges in the capped triangular
face of the underlying trigonal prism. Inserting a metal atom
changes the shape only to a slight extent with Ak ranging
from —0.05 A for the zinc derivative to 0.30 A for the nickel
derivative and v/h ratios in the narrow range 1.26-1.28.
Only nine of the ten germanium atoms are within bonding
distances of the central metal atom, namely 2.36-2.53 A. As
a consequence of the elongated structure of the 26-skeletal
electron C;, M@Ge,, structures, the tenth germanium atom
at the unique axial vertex is long, ~3.8 A from the central
metal atom indicating essentially no direct interaction.

The effect of the central metal atom on the cluster molecu-
lar orbitals: The molecular orbital diagrams for the isoelec-
tronic C;, Ni@Ge,, and Zn@Ge,,>* (20-3) in Figure 9 and
Figure 10, respectively, depict the interactions of the bond-
ing molecular orbitals of the empty Ge,, cluster with the
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Figure 9. Molecular orbital diagram for the interaction of an interstitial
nickel atom with a C;, Ge,, cluster.
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Figure 10. Molecular orbital diagram for the interaction of interstitial
Zn** with a C;, Gey cluster.

atomic orbitals of the interstitial metal atom. For the nickel
atom in Ni@Ge,, (20-3(Ni)), which is a formal zero-electron
donor to the surrounding Ge,, cluster, there is very little in-
teraction of the nickel atomic orbitals with the cluster mo-
lecular orbitals (Figure 9). The interstitial nickel atom thus
functions as a “pseudo noble gas” with a filled 3d" shell as
has been previously discussed. ¥ However, for the zinc
atom in Zn@Ge,,** (20-3(Zn)), which is a formal two-elec-
tron donor through ionization to Zn®*, the metal interacts
strongly with the cluster molecular orbitals leading to major
stabilization (Figure 10). A similar pattern of interaction of
the central metal atoms is observed in the corresponding
M@Ge,, clusters of four-fold symmetry (20-4).

Summary
Structures with three-fold, four-fold, and five-fold symmetry

are found by DFT for centered 10-vertex bare germanium
clusters of the general type M@Ge,,* depending on the cen-
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tral metal atom M and the skeletal electron count. Thus for
M@Ge,, clusters with 20 skeletal electrons the DFT results
are consistent with experimental data on isoelectronic cen-
tered 10-vertex bare metal clusters. The lowest energy struc-
ture for Ni@Ge,,, isoelectronic with the known Ni@In,,'’" in
K,oIn,Ni,®! is a C,, polyhedron derived from the tetracap-
ped trigonal prism. However, for Zn@Ge,,*", isoelectronic
with the known Zn@In,*~ in KgIn,(Zn,¥! the lowest energy
structure is a D, bicapped square antiprism. For the clusters
Ni@Ge, >, Cu@Ge,,”, and Zn@Ge,, with 22 skeletal elec-
trons the lowest energy structures are found to be the D,
bicapped square antiprism predicted by the Wade-Mingos
rules.>1%738 For the clusters Ni@Ge,,'~, Cu@Ge,,*", and
Zn@Ge,,>~ with 24 skeletal electrons the lowest energy
structures are Cs;, polyhedra with 10 triangular faces and 3
quadrilateral faces derived from a tetracapped trigonal
prism by extreme lengthening of the edges of the capped
face of the underlying trigonal prism. For the clusters
Cu@Ge,’~ and Zn@Ge,,'~ with 26 skeletal electrons the
lowest energy structures are the Ds, pentagonal antiprism
predicted by the Wade-Mingos rules!™'®"18 with the Cj,
tetracapped trigonal prism as a somewhat higher energy
structure. However, for the isoelectronic Ni@Ge,,’~ the rela-
tive energies of these two structures are reversed so that the
C;, tetracapped trigonal prism becomes the global
minimum.
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