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Abstract

Experimental isolation of singly-bonded polymers of Geo, Sng clusters and oligomers of doubly linked Gey clusters encouraged us to
explore other possibilities of polymerizing Gey units. The electron counts in the reported oligomers are not consistent with simple ideas of
localized intercluster bonding; demanding a detailed theoretical analysis. Band structure calculations suggest delocalized bonding with a
charge requirement of 2— per Gey unit for all polymeric doubly linked chains. DFT-based geometry optimization of model doubly linked
polymers shows that one of the two possible forms is stable and has a band gap of 1.0 eV. A detailed bonding analysis of a theoretical
model, RbsGe;g, shows that the increased inter-polyhedral bond weakens the intra-polyhedral bonding. Ternary fusions are found to be
generally unstable — for triple linkages the intrapolyhedral bonding is still further reduced; the polymers appear to be unstable towards

dissociation into individual Geg units.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The intertwined use of two simple paradigms — localiza-
tion (e.g. Lewis structures) and delocalization (e.g. Hiic-
kel’s and Wade’s rules) [1] is a good way to approach
interpreting chemical bonding. When it comes to describ-
ing molecules or extended structures in which there may
be interactions between locally delocalized subsystems,
things are less simple. Usually, such molecules are thought
of in terms of localized bonds connecting delocalized units,
a typical example being biphenyl. This works well for single
bonds doing the joining, but when the linkages between
aromatics or polyhedral clusters are themselves more com-
plex, defying any localization schemes, things become com-
plicated. Molecular orbital (MO) theory, inherently
delocalized, is ideal for exploring these systems.

Deltahedral clusters, which are ubiquitous in borane
compounds, are also a structural feature of some heavier
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analogues of the carbon group [2]. Wade’s skeletal electron
counting rules, so useful in polyhedral boranes [3], can also
be applied in a straightforward manner to clusters of the car-
bon family. Any group 14 atom, with one pair of its elec-
trons in an out-pointing lone pair (E:), remains with two
electrons available for skeletal bonding, isolobal to a B-H
group. This results in very small charges (identical to the
corresponding boron clusters) on these systems. Though
the skeletal electron count is same as that of boranes, these
ligand-free homoatomic clusters of group 14 differ from bor-
ane clusters in a subtle way. In boranes the MOs of the exo-
B-H bonds lie low in energy and the frontier MOs are
mostly of polyhedral nature, which makes them unreactive.
On the contrary, the frontier MOs of group 14 clusters are
mostly made up of the exohedral lone pairs, due to the
absence of ligands. As a consequence, the reactivity of these
molecules differs radically from that of boranes. These clus-
ters are also of interest as potential building blocks of nano-
scaled materials [4]. The most common among them so far
are the nine-atom clusters, known to exist with different
geometries and charges, E,"~ (n = 2-4) [5].
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Polymers made up of linked Group 14 Eg units have
come out of repeated efforts to functionalize the cluster
[6]. The first polymer isolated involved a single bond link-
ing two Gey units, i.e. [Gey—Geg] _*~ [6]. Here the repeating
unit actually consists of two Geg clusters as each of these
are placed in a frans manner. The synthesis of this polymer
was preceded by the characterization of the corresponding
molecular dimer [Gengeg]G* by the oxidation of a Geo
cluster [7]. The linkage of two (or more) Geg units through
a single bond formally involves the removal of electrons
from the lone pairs of Ge, allowing exo bond formation
[8,9]. In the singly linked dimer, the 6— charge can be easily
rationalized in terms of a localized 2c—2e bond, and the
nido characteristics for the individual Geg unit (for which
one would expect a Gey*~ electron count). Repeating the
unit infinitely in one dimension leads to an average charge
of 2— per Geg unit as is indeed observed. But what happens
when adjacent polyhedra are connected by two or more
bonds?

The experimental characterization of doubly linked Geo
oligomers strongly suggests that stable polymers of the type,
[Gey=Gey] _*", may also emerge. Thus the trimer is
reported to have a 6— charge [10] while the tetramer exists
with a 8— charge [11,12]. These charges cannot be explained
by any localized exo-bond formalism; a delocalized inter-
pretation is needed [10]. In this paper, we investigate these
systems systematically by starting with a dimer of doubly
linked Gey clusters (as yet unknown), and move on to poly-
meric chains using the dimers as building blocks. We also
analyze the potential extension to triply linked systems.

2. Computational methods

Geometry optimizations of selected molecular systems
are done with the Gaussian-98 suite of programs [13], using
Becke’s exchange (B), Lee, Yang and Parr (LYP) correla-
tion and within the hybrid functional (B3LYP) level [14],
with a 6-31G™ basis set [15]. Vibrational frequencies are
also computed to ascertain the nature of stationary points.
The energies of the MOs used in the correlation and inter-
action diagrams for molecules and their fragments are
obtained from extended Hiickel (eH) calculations using
the YAeHMOP program [16]. Calculations on extended
structures are done using the density functional theory
based vasp program [17]. For geometry optimization the
ultrasoft pseudopotentials based on the projector-aug-
mented-wave (PAW) method is utilized [18]. The local den-
sity approximation (LDA) is used for the exchange and
correlation potential [19]. A cut-off energy of 500 eV and
an energy convergence of 1.0-07 eV atom ! are used. For
the crystal lattice, integration over the symmetrized Brill-
ouin Zone is performed using the k-points generated via
the Monkhost-Pack scheme [20]. A k-point separation of
0.04 A~ is uniformly employed for all the systems to gen-
erate the mesh. The geometry is well converged with
respect to the plane-wave energy cutoff and k-point sam-
pling. An eH based crystal orbital overlap populations

(COOP) analysis [21] for atoms is carried out to analyze
the bonding in these systems.

3. Monomers of Geo

There have been numerous studies of Geg clusters,
focusing on the varying geometries and electronic require-
ments of this molecule [5]. The most symmetric forms of
Gey are; a tricapped trigonal prism (Ds,) with a 2— charge
[22] and a monocapped square antiprism (Cy,) with a 4—
charge [23] (Fig. 1). These two geometries are related to
each other through a single so-called diamond-square
bond-forming/breaking process [24]. There are several
Ge,*~ clusters known, though crystallographic difficulties
have precluded precise structure determination [25]. How-
ever, the trianionic species of Gey have an h/e ratio closer
to the Djj, form. There are also reports of less symmetric
Gey structures as well [5], we select the two highly symmet-
ric forms (D3, and Cy,) for our study as it makes the con-
struction of infinite chains easier.

A Gey?~ polyhedron has 10 skeletal electron pairs. Since
each Ge contributes one electron pair to the bonding, with
the 2— charge we have n + 1 (n is the number of vertices,
n =9 here) bonding pairs. The molecule should then have
a closo structure, according to Wade’s rules. A Ge,*~ has
one additional electron pair; molecules with (n + 2) elec-
tron pairs should, according to Wade’s rules, have a nido
skeleton. Indeed, the cluster is Cy,, 1.¢. a bond breaks upon
reduction (diamond — square). Theoretical calculations at
various levels of theory actually indicate that D3, and Cy,
isomers of Geg are almost isoenergetic [26-28]; fluxional
behavior has been observed for Sny* in the '"”Sn NMR
characterization [29].

Before analyzing the polymerization it is useful to review
the bonding relations between Cy, and Ds;, geometries of
Gey clusters [5]. Fig. 1 gives a correlation of the MOs
between the Cy4, and D, symmetric Gey. The transformation
of Cy4, to D5, geometry mostly involves the movement of the
Ge atoms in the square face. One pair of diagonal atoms
(marked by a dotted line in the figure) comes closer, to form
a bond along the diagonal. This leads to a trigonal prism,
while the other Ge pair originally in the square is pushed
slightly up to the capping positions of the prism (see Fig. 1).

The MOs of the C,, Geg skeleton have been derived else-
where [5]; they are shown at the left of Fig. 1. The impor-
tant frontier orbitals are the HOMO e, a mixture of
tangential and radial orbitals, and below it the radial a;
orbital. The diamond-square transformation affects the
three frontier MOs (a; +¢) of the C,, geometry; one of
the orbitals in the degenerate HOMO is slightly stabilized
and becomes degenerate with the MO derived from the
non-degenerate a; in Cy4, geometry, to give ¢’ of D3j,. The
other MO, which is antibonding in the region the new bond
is formed, rises in energy and becomes the HOMO (a}) of
the trigonal prismatic D3;, geometry, were it to have a 4—
charge. This MO is antibonding along the prism height
(h), and bonding along the basal edge (e).
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Fig. 1. A correlation diagram between the frontier MOs of Gey* (Cy,) and Gey>™ (D).

Removal of electrons from this high-lying a5 MO to give
Ge,?~ decreases the prism height, h (the MO is antibonding
in this region) and increases the basal edge separation, e
(where the MO is bonding). Given the complexity of this
structure, the h/e ratio is traditionally used to determine
the electron count of the cluster [5].

4. Doubly linked dimers of Gey, [Geog—=Gey]

Gey units connected through two individual bonds
between adjacent vertices have been isolated in trimeric
and tetrameric forms [10-12]. The reduced overall charge
on these trimers and tetramers suggests some delocalization
throughout the compound. Assuming a 4— charge for a
Gey unit (as per Wade’s count for a nido cluster), two of

them together need an §— charge. If two single bonds are
formed between clusters, the dimer should be oxidized by
4 electrons, hence should exist as 4—.

Since the dimer is not experimentally characterized, we
have explored it by theoretical calculations. The 4— charge
requirement of the dimer is confirmed by eH calculations.
Theoretically two isomers are possible for the dimer, with
C; and C,;, symmetries (Fig. 2). Similar to the monomers,
these two are also related by a single diamond-square bond
forming/breaking process. A comparison of Fig. 2a and b
clearly shows the opening up of the closo skeleton to give
a square face. This deformation also removes the C, axis;
the reduction in symmetry follows.

DFT calculations show that the C,, isomer is just
2.5 kcal/mol less stable than the C; form. However, the
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(b) Ges* (Can, -26 cm’l)

(a) Geis¥ (Ci, 17 em™)

Fig. 2. The optimized geometries of (a) C; and (b) Cy, isomers of Ge,g*"
with the lowest computed frequencies in the brackets.

C,;, structure, with two imaginary frequencies, is not a min-
imum on the potential energy surface. In general, stability
calculations through a frequency analysis are difficult in
these clusters, as there are many easy motions within each
polyhedron. Because they are so close to each other in
energy, we consider both structures as viable candidates
for building up oligomers and the polymer.

We analyze the MOs of the C,, symmetric Ge;*~ sys-
tem by interacting two Gey fragments of D3, symmetry;
use of the C4, monomer also gives similar results. Fig. 3
shows those frontier MOs which are affected by the forma-
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tion of two single bonds between Gey units. As expected,
bonding and antibonding combinations are formed. Two
of these, 3b, and 1b,, are much destabilized. If these orbi-
tals are vacated, there results a gopod HOMO-LUMO gap,
and net bonding between the two component clusters, the
net charge being 4— for the dimer.

Following this thinking [(total charge required by
independent polyhedra) — (total number of electrons to
be expelled on forming m single bonds) = (the net charge
of the oligomer)], the trimer (4 X 3 — 2 x4 =4) and tetra-
mer (4x4 —2x6=4) also should exist with the same
4— charge. By the same reasoning, a polymer constructed
from such a dimeric repeating unit should be neutral. But
the trimer and tetramer are actually characterized experi-
mentally with 6— and 8— charges, respectively, or 2— per
Gey cluster. The conflict between simple localized bonding
supported by the orbital picture we just built up for the
dimer, and the experimental findings of higher oligomers
with a different electron count from that anticipated is what
we must explore. Is the electronic requirement in an
extended chain of Ge;g units neutral [Ge;g],, or charged
[Geys*1.?

o0

O

l]

0 Ly
Geg4'
Geys* (Cap)
3b,
1b,

Fig. 3. The interaction between MOs of two Gey*~ units (Cy,) to give Ge,*~ (D) with two exo-single bonds.
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5. Doubly linked polymer of Gey, [Geo—=Geo],

An exploratory eH band calculation (not shown here)
on a 1-D polymer (Fig. 4) features a substantial band
gap at the charge of 4— per unit cell. A primitive cell with
composition RbsGe;g was then chosen for further geome-
try optimization using vasp. The choice of Rb as counter-
ion is based on the presence of corresponding Geo
oligomers with Rb.

The geometry of RbsGe;g is optimized in a monoclinic
lattice; it has discrete 1-D chains of =[Gey=Gey = running
along the b axis and belongs to space group P2,/m (Fig. 5).
The polymer was constructed using C,;, symmetry Geg
units. A polymer with the C; symmetric Ge;g unit starts
out initially in a triclinic lattice, space group of P1, but con-
verges to a P2,/m structure.

The calculated bond lengths within the Gey cluster are in
the range 2.53-2.70 A except for the prism height of
3.02 A, which is typical for D3, symmetric Geg clusters
and is consistent with its HOMO (see Fig. 1). Though the
symmetry of the lattice allows the relaxation of individual
Gey units, which could lead to different bond lengths in
alternate intercluster bonds, the converged geometry has
a uniform bond length of 2.69 A. The computed lattice
parameters are a=c=38.69 A, b=1127A and
oa=7=90.0°, f=96.3°.

The band calculations, both eH and DFT, clearly point
to 4— per two Geg polyhedra as the magic electron count
for this polymer. Where does the difference between this
finding and simple localization ideas applied to the mono-
mer and dimer (which would have led to a neutral Ge;g
polymer) come from?

We begin an analysis with Fig. 6, which shows the eH
band structure (Fig. 6a) of the Ge,s*~ 1-D sublattice of
the optimized RbsGe;g. A definite band gap of ~1¢eV is
observed at the 4— charge per Geg. All bands are found
to have a similar folding at X, characteristic of one-dimen-
sional systems with a screw axis [30]. Fig. 6b gives the
COOP of the bonds involved in the external linkage —
one interpolyhedral [Ge(1)-Ge(2)] and another intrapoly-
hedral [Ge(1)-Ge(1")].

The COOP shows that the interpolyhedral bonds are
mostly bonding. Ge(1)-Ge(2) is bonding even in the
region of —7.5 to —9.5eV where there is only a single
band running down from I' to X of the Brillouin Zone
(see Fig. 6).

The same band is folded back at —9.3 eV and continues,
through some avoided crossings, to ~—10.5¢V. A band
with such great dispersion is unusual in complex structures.

Fig. 5. The optimized 3-D lattice of RbsGe,g consisting of discrete 1-D
chains of doubly linked Gey units.

The Ge(1)-Ge(1'), where both Ge atoms are exo-bonded
with the same neighboring cluster, shows a negative COOP
below the Fermi (see Fig. 6) where the highest occupied
band lies. Among the frontier MOs of the dimer Ge,4*",
only the la,—1b, pair has this feature (Fig. 7).

All the other frontier MOs have positive bonding inter-
actions along this bond. Hence we take as a working
hypothesis that the high dispersion band we see in Fig. 6
is descended from the la,—1b, pair. To understand what
is going on, a schematic development of the polymer bands
from the MOs of the dimer is shown in Fig. 8. The dimer
levels are essentially two points in the development of the
band.

If there were no mixing of bands, the system would have
been metallic. But the MOs of like symmetry in the dimer
do mix, sometimes strongly, which affects the distribution
of energy levels in the extended system. For instance, the
band arising from 3a, is pushed up due to interaction with
the lower-lying 2a,. Similarly the band evolving from 1b, is
pushed down from mixing with the 2b, band arising from
the LUMO + 1 of the dimer.

The net result is the opening up of a significant gap in
the polymer for the same electron count per Gey unit
(2—) as in the dimer (the four lowest bands in Fig. § filled).

The dispersions of the bands drawn vary, depending on
the extent of overlap between the monomeric units. While a
rough picture of this can be obtained from Fig. 3 by look-
ing at the energy separation of the bonding and antibond-
ing MOs, the detailed outcome can be rationalized from
calculated overlap values between the respective MOs

Fig. 4. A polymer of doubly linked Geg with two Gey units forming the unit cell.
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Fig. 6. (a) The band structure of the 1-D polymer containing Ge;g units. (b) The COOP between Ge atoms of two adjacent polyhedra forming the exo-
bonds (Ge(1)-Ge(2) — green, inter) and between Ge atoms of the same polyhedra involved in the exo-bonding (Ge(1)-Ge(1’) — red, intra). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

. b,

Fig. 7. The HOMO (la,) and the LUMO (1b,) of the dimer which has
antibonding interactions between intra-bonded Ge atoms.

(shown at the right-hand side of Fig. 8). The FMO overlap
for the 2a,—2b, pair is only 0.01, so the band that arises
from these dimer levels has the lowest dispersion, whereas
for the 3a,—3b, pair, the overlap is highest with a value of
0.11. The bands arising from la,-1b, and 2a,—2b, pairs
have medium dispersion with almost similar overlap values
of 0.04 and 0.03, respectively. Since the band arising from
3a,, which is bonding between the Gey clusters, is vacated
in the polymer, replaced by a band arising from antibond-

ing 2by, the interpolyhedral bond length in the polymer is
increased (2.69 A), when compared to that in the dimer
(2.50 A). The Ge(1)-Ge(1’) bond decreases in length
(3.02 A from 3.44 A of the dimer), though it is weak when
compared to the Gey,*~ monomer (2.63 A). As a whole, the
mixing that we analyze forms bonds between Ge;g units at
the expense of cluster bonding.

6. Triply linked polymers of Gey [Geo=Gey],,

Though experimental realizations are not at hand, triply
linked polymers are a natural extension. Sevov et al. have
carried out eH calculations on some oligomers formed
by eclipsed fusion of Dj; units which showed charges of
4— and 6— for its trimer and tetramer; a reduction of
2— charge compared to its corresponding doubly linked
systems. But in an infinite chain of the respective systems
the charge increment remains the same; i.e. 4— per dimer
or 2— per Geg unit [31]. Theoretically there are four possi-
ble fusion modes for Geg; eclipsed and staggered binding of
both Cy4, and D3, symmetric Gey units (see Fig. 9). An
eclipsed stacking of Cg4, symmetric Geg units “bends” (see
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Fig. 8. A schematic band structure of 1-D {Geq=Gey]- chains in the absence of mixing. The 3a, level goes up and 1b, comes down, in a critical mixing
with other bands of the same symmetry, in the process opening up a gap at the Fermi level for a 2— charge per Gey unit. Bands of different symmetry are
colored differently. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9a), and cannot be extended one-dimensionally. For
an ideal geometry of Gey, the angle of bending is around
5°, and actually would complete a ring with around 72
Gey units.

Guided by an eH calculation of the band structures,
which suggest a charge requirement of 2— per Gey in all
cases, we tried optimizing a 3-D lattice containing discrete
chains of Gey.

Though the band structure of Fig. 9¢ structure came out
as that of a near zero band gap semiconductor by eH cal-
culations, vasp failed to optimize the structure maintaining
the same geometry. Instead it allowed the relaxation of Gey
units, which eventually break apart to give weakly interact-

ing Gey units, separated from each other by a distance of
~3.0 A. The same was found to be the case with the geom-
etry of Fig. 9d, though the eH calculation with the ideal
geometry had a substantial gap of ~2.0 eV. The packing
in the 3-D lattice results in the same space group (Pmma)
for both ¢ and d. The structure in Fig. 9b on optimization
tends to move towards a single bonded infinite chain of Gey
(breaking the other two exo-bonds), though convergence
was not achieved. This single bonded polymer is different
from the known one [7], in that the Gey units are arranged
in a cis fashion.

Similar to the doubly linked polymers, the charge
requirement per Gey unit of the various forms of ternary
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Fig. 9. Tetramers of triply linked Gey clusters constructed from (a) Cy,, eclipsed; (b) D3y, eclipsed; (c) Cy,, staggered; and (d) Dy, staggered orientation.

fusions is 2-, based on an eH band structure calculation.
The convergence problems and structural distortions we
observed in our calculations are a definite sign of instabil-
ity. We suspect that linking clusters through more than
two bonds may not be favorable, because it necessitates
a weakening of polyhedral bonding. Though some oligo-
mers of ternary fusion may exist, a polymer is very
unlikely.

7. Conclusions

A theoretical exploration of the various possibilities for
extending Gey clusters into a one-dimensional chain is car-
ried out. With a singly-bonded polymer already known, we
have examined theoretically a doubly linked system, which
is found to be stabilized in the presence of Rb atoms. The
band structure calculations indicate that Rb,Geg will be a
semiconductor with a band gap of ~1.0eV. A detailed
analysis shows that the bonding between polyhedra is
formed at the expense of intrapolyhedral bonding. Since
oligomers having this linkage are synthesized even upto
four Gey units, we strongly believe that the proposed poly-
mer is a realistic prospect. Triply linked fusion of Geg units
in all possible conformations turns out to be unfavorable,
presumably due to substantial weakening in the intrapoly-
hedral bonding.
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