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ABSTRACT
Cluster geometries and energies of BenGen (n = 1–5) and Be2nGen (n = 1–4) have been examined
in theoretical electronic structure calculations. Structure optimisations were carried out using DFT
B3LYP/6-31G(2df ) and the energies of the optimum geometries were ordered in QCISD(T) calcula-
tions. Be and Ge bond to each other and to other atoms of their own kind, creating a great variety of
low-energy clusters in a variety of structural types. Comparisons of the germanide clusterswith previ-
ously explored silicide and carbide structures reveal some structural similarities, but the germanides
havemuchmore in commonwith the beryllium silicides thanwith the carbides. However, germanide
clusters show a greater tendency to form cage-like structures with potential in technological appli-
cations.

1. Introduction

Clusters of germanium atoms are of interest as possible
sources of materials with new electronic and structural
properties. Theoretical study of small Ge clusters began
early [1], and they continue to be important [2–5]. Pure
germanium clusters containing up to 25 atoms has been
well characterised. Among the smallest clusters, Ge3 is an
isosceles triangle (C2v) with bond length 2.40 Å and apex
angle of 84.9°, the Ge4 cluster is aD2h rhombus with Ge–
Ge distances larger than Ge3, Ge5 is a trigonal bipyramid,
Ge6 a distorted octahedron, and the most stable geome-
tries for Ge7, Ge8, and Ge9 are pentagonal bipyramid,
capped pentagonal bipyramid and bicapped pentagonal
bipyramid, respectively [4,5]. More recently, the study of
doped clusters has begun, primarily as potential sources
of new nanostructures. Doping with Li has, in fact, been
shown to permit formation of incipient nanowires [6–10].
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A variety of theoretical and experimental explorations
of germanium nanostructures have been recently pub-
lished, including metal- and nonmetal-doped clusters
[11–13], nanowires [14] and germanium–organics com-
binations [15]. Cage clusters, in which transition metals,
Be, B, Al, and nonmetal dopants are encapsulated by Ge
atoms, have been examined [11,16]. A single atom of Be
added to small Ge clusters can lead to Be@Ge8, a Ge8
cage with an endohedral Be [17,18]. King et al. [19], in
density functional theoretical (DFT) calculations, have
explored Be@Ge10 cage clusters and shown that Be sta-
bilises the cluster. Uţă and King [18] studied 6-, 7- and
8-Ge cage clusters through DFT to examine the small-
est Ge cluster size capable of encapsulating a Be atom.
They found that the lowest energy structures of the Ge8
clusters possess an enclosed Be, but that the most stable
forms of smaller clusters donot.Hung and coworkers [17]
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studied by DFT pathways both the exohedral and endo-
hedral BeGe8. They found Be–Ge bonding to be covalent
and that Be is hypervalent in the complexes, assisted by
back-donation of electrons from Ge.

The present study is grounded in previous exami-
nations of beryllium silicides and carbides [20–22] and
motivated by the need to understand stability, bond-
ing and structure in germanide clusters per se and in
comparison to the other group clusters. Hitherto, clus-
ter studies have concentrated on germanium as the struc-
tural element, with no studies of clusters in which the
number of Be atoms is equal to or greater than Ge.
Therefore, we explore this realm by examining small
low-energy clusters formed by beryllium and germanium
combined in equal proportions (BenGen) or contain-
ing twice beryllium atoms than germaniums (Be2nGen).
The study extends prior examinations of beryllium car-
bides [22], silicides [20] and larger beryllium silicide cage
clusters [21], and it may identify trends in cluster type,
bonding and stability for the carbon group clusters with
beryllium.

The study of small beryllium carbide clusters [22]
revealed great structural variety owing to the capacity of
carbon to formmultiple bonds and planar pentagons and
hexagons. In contrast, the silicide clusters [20] displayed
fewer structures, with no Si–Si multiple bonds, but low-
energy silicide cluster structures were still found among
the low-energy types of carbides. Carbon is capable of
forming stable cage clusters, whereas silicon can form
cages only with endohedral Si atoms [23]. However, com-
bination of Si with Be was found to yield several stable
cage clusters, Be12Si8, Be24Si8 and Be20Si12 [21], the latter
a symmetrical Be20 dodecahedron with each face capped
by a Si atom. The principal motifs from which the large
cage structures were constructed were identified in the
study of small Be–Si clusters [20].

The present study, though it examines structures
found in previous studies, is focused upon BenGen (n =
1–5) and Be2nGen (n = 1–4) clusters and aims to iden-
tify as many of the most stable isomers of each as possi-
ble. The analysis of a large fraction of the lowest energy
clusters may identify essential elements of stability and
structural motifs useful in synthesising larger clusters.
Comparison of the results of the present with the former
studies on silicides [20] and carbides [22] may offer addi-
tional structural insight.

2. Methods

Starting geometries for optimisation of the smaller clus-
ters were taken from stable geometries of the individual
atomic clusters [4,5,24], of beryllium carbides reported
in previous studies [22], of BenSin and Be2nSin clusters

[20] and of variations on the foregoing. Extensive poten-
tial surface searches were performed using DFT Monte
Carlo simulated annealing (DFT-MCSA). In simulated
annealing [25], the temperature is gradually lowered to
‘freeze’ the system in a minimum energy configuration.
Lowering the temperature slowly enough yields the global
minimum; more rapid annealing locates local minima.
In DFT-MCSA [26], geometries are Monte Carlo sam-
pled, and the energy at each step is evaluated in a DFT
calculation. Final geometries and harmonic frequen-
cies were obtained in B3LYP/6-31G(2df) optimisations.
B3LYP contains Becke’s [27] three-parameter exchange
functional and the correlation functional of Lee, Yang and
Parr [28]. Calculations were done with Gaussian09 [29].

In previous work on beryllium silicide clusters [20],
energies were ordered in G3XMP2 [30] calculations.
Gaussian-n theory employs a QCISD(T)/6-31G* single-
point calculation at the optimised geometry as the
principal correlation energy correction. The present
study replaces the multistep G3XMP2 process with
a two-step estimation of the energy ordering via a
single-point QCISD(T)/6-31G(2df) evaluated at the
B3LYP/6-31G(2df) geometry. This is a time-saving
approach, considering the more than 100 energy evalu-
ations to be done, though it assumes that the 6-31G(2df)
basis adequately describes the germanide clusters.

3. Results and discussion

Tables 1–7 list the calculated ground-state B3LYP/6-
31G(2df) and QCISD(T)/6-31G(2df) energies of clus-
ters and selected interatomic distances, while Figures 1–7
depict low-energy structures of each isomer. The three
rightmost columns of the Tables show, respectively, clus-
ter atomisation energies, atomisation energies divided by
number of atoms less one, and the QCISD(T) energy of
each structure relative to the most stable. In each Figure,
germanium atoms are depicted as larger and darker in
colour, and berylliums smaller and lighter in colour. We
discuss the clusters ordered by n, the number of germa-
nium atoms.

BeGe and Be2Ge. BeGe has a spin triplet ground
state (see Table 1) at the QCISD(T)/6-31G(2df) level
with bond length 2.14 Ǻ. A singlet lies 0.77 eV
(17.82 kcal/mol) above the ground state and a quintet
somewhat higher. The ground states of BeC and BeSi are
also 3�− with bond lengths of 1.67 [20] and 2.12 Ǻ [22],
respectively, so the germanide geometry is similar to that
of the silicide.

Three Be2Ge structures were found (Figure 1), with
Isomer A being a nearly equilateral triangle, the lowest in
energy. Be2C and Be2Si [20,22] also have low-energy 1A1
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Table . Energies and minimum distances of BeGe, BeGe and BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

BeGe
�− − . − . . . . .
�+ − . − . . . . .
�− − . − . . . . .

BeGe
A A − . − . . . . . .
A B − . − . . . . . .
B �+ − . − . . . . . .
C �u

+ − . − . . . . . .
B �+ − . − . . . . . .
B �+ − . − . . . . . .
C �g − . − . . . . . .
BeGe
A A − . − . . . . . . .
B A − . − . . . . . . .
B A′ − . − . . . . . . .
C A − . − . . . . . . .
A A − . − . . . . . . .
A A − . − . . . . . . .
B A′ − . − . . . . . . .
D �+ − . − . . . . . . .
E �+ − . − . . . . . . .
E �+ − . − . . . . . . .
D �+ − . − . . . . . . .
E �+

g − . − . . . . . . .
D � − . − . . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.

triangular structures. At the B3LYP level, the triplet is the
more stable, also the case with Be2Si. Second in order of
energy is isomer B triplet, a Ge–Be–Be linear structure
and only 0.1 eV (2.28 kcal/mol) above the triplet, is the
linear isomer C with the germanium atom between the
berylliums at a distance of 2.135Ǻ, larger than the Be–Ge
distances of isomers A and B. For each isomer, the singlet,

triplet, and quintet states are near in energy (Table 1). The
linear structures are similar to those of Be2C[22], with the
Be–C distance significantly smaller than the Be–Ge but
with Be–Be about the same. Some charge transfer is seen
in Be2Ge; about one-quarter of an electron charge is
transferred from Ge to the Be atoms. The magnitude of
charge transferred is about the same as that seen in Be2Si

Table . Energies and minimum distances of BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

A A′ − . − . . . . . . .
B A − . − . . . . . . .
C A − . − . . . . . . .
D A − . − . . . . . . .
A A′′ − . − . . . . . . .
E A − . − . . . . . . .
C A − . − . . . . . . .
D A − . − . . . . . . .
F A′ − . − . . . . . . .
B A − . − . . . . . . .
D A − . − . . . . . . .
G A − . − . . . . . . .
A A′ − . − . . . . . . .
E A − . − . . . . . . .
C A − . − . . . . . . .
G A − . − . . . . . . .
B A − . − . . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.
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Table . Energies and minimum distances of BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

A A − . − . . . . . . .
B A − . − . . . . . . .
C A − . − . . . . . . .
D A − . − . . . . . . .
E A − . − . . . . . . .
F A − . − . . . . . . .
A A − . − . . . . . . .
G A′ − . − . . . . . . .
E A − . − . . . . . . .
H A − . − . . . . . . .
H A − . − . . . . . . .
G A′ − . − . . . . . . .
I A − . − . . . . . . .
A A − . − . . . . . . .
I A − . − . . . . . . .
B A − . − . . . . . . .
H A − . − . . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.

[20] though opposite in direction, while a much smaller
effect was found in Be2C [22].

Be2Ge2. The global minimum energy structure
(Figure 1, Isomer A) is a singlet of D2h symmetry; a
rhombus of alternating Be and Ge. The structure is
similar to the most stable isomer of Be2Si2. In Be2C2, the
most stable cluster more closely resembles isomer C in
Figure 1, probably stabilised by the presence of a C–C
triple bond. A triplet lies more than 25 kcal/mol above
the ground state, with similar geometry though with

shortened Ge–Ge distances and elongated Be–Ge bond.
These structures are similar to those found for Be2Si2
and Be2C2 although not in the same energy order. The
only nonplanar isomer (Figure 1, isomer B) resembles
a distorted tetrahedron displaying the shortest Be–Be
bond noted in this study (1.87 Å), even shorter than that
of tetrahedral Be4 (2.03 Å) [24]. The Be–Be distances
in structures B and C are similar for the germanide and
silicide analogues. Isomer B was not found among the
carbides; in fact, no three-dimensional structures for

Table . Energies and minimum distances of BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

A A − . − . . . . . . .
B A′ − . − . . . . . . .
C A − . − . . . . . . .
D A − . − . . . . . . .
E A − . − . . . . . . .
A A − . − . . . . . . .
F A − . − . . . . . . .
G A − . − . . . . . . .
H A − . − . . . . . . .
H A − . − . . . . . . .
D A − . − . . . . . . .
B A′ − . − . . . . . . .
C A − . − . . . . . . .
I A − . − . . . . . . .
H A − . − . . . . . . .
A A − . − . . . . . . .
I A − . − . . . . . . .
G A − . − . . . . . . .
E A − . − . . . . . . .
D A − . − . . . . . . .
J A − . − . . . . . . .
J A − . − . . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.
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Table . Energies and minimum distances of BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

A A − . − . . . . . . .
B A − . − . . . . . . .
C A − . − . . . . . . .
D A − . − . . . . . . .
E A − . − . . . . . . .
F A − . − . . . . . . .
G B − . − . . . . . . .
C A − . − . . . . . . .
F A − . − . . . . . . .
G A − . − . . . . . . .
H A − . − . . . . . . .
B A − . − . . . . . . .
I A − . − . . . . . . .
D A − . − . . . . . . .
I A − . − . . . . . . .
H A − . − . . . . . . .
J A − . − . . . . . . .
K A − . − . . . . . . .
E A − . − . . . . . . .
C A − . − . . . . . . .
A A − . − . . . . . . .
K A − . − . . . . . . .
D A − . − . . . . . . .
L A − . − . . . . . . .
F A − . − . . . . . . .
H A − . − . . . . . . .
I A − . − . . . . . . .
K A − . − . . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.

Figure . BLYP/-G(df)-optimised structures of BeGe and BeGe. Germanium atoms are larger and in darker colour; beryllium atoms
are smaller and lighter in colour.
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Table . Energies and minimum distances of BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

A A′ − . − . . . . . . .
B A − . − . . . . . . .
C A − . − . . . . . . .
D A − . − . . . . . . .
B A − . − . . . . . . .
E A − . − . . . . . . .
D A − . − . . . . . . .
F A − . − . . . . . . .
C A − . − . . . . . . .
G A − . − . . . . . . .
H A − . − . . . . . . .
H A − . − . . . . . . .
I A − . − . . . . . . .
G A − . − . . . . . . .
J A − . − . . . . . . .
I A − . − . . . . . . .
B A − . − . . . . . . .
C A − . − . . . . . . .
J A − . − . . . . . . .
D A − . − . . . . . . .
F A − . − . . . . . . .
E A − . − . . . . . . .
K A − . − . . . . . . .
H A − . − . . . . . . .
K A − . − . . . . . . .
G A − . − . . . . . . .
I A − . − . . . . . . .
L A − . − . . . . . . .
J A − . − . . . . . . .
K A − . − . . . . . . .
E A − . − . . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.

Be2C2 were found. Relatively higher in energy are two
linear structures D and E. Linear structures were not
explored for Be2Si2, but in Be2C2, there are three, and
they are also high-lying.

Be4Ge2. Seven interesting, symmetric structures of
Be4Ge2 were identified. Low-lying isomer A (Figure 2)
possesses Cs symmetry, a Be3Ge2 almost-regular pen-
tagonal pyramid. This beryllium-capped pentagonal

Table . Energies and minimum distances of BeGe clusters. Column contents are described in the text.

Species State B-LYPa QCISD(T)a d(Ge–Ge) d(Ge–Be) d(Be–Be) EbAt EAt/(N− )b �EbRel

A A − ,. − ,. . . . . . .
B A − ,. − ,. . . . . . .
C A − ,. − ,. . . . . . .
D A − ,. − ,. . . . . . .
E A − ,. − ,. . . . . . .
B A − ,. − ,. . . . . . .
C A − ,. − ,. . . . . . .
E A − ,. − ,. . . . . . .
D A − ,. − ,. . . . . . .
E A − ,. − ,. . . . . . .
B A − ,. − ,. . . . . . .
C A − ,. − ,. . . . . . .
D A − ,. − ,. . . . . . .
F A − ,. − ,. . . . . . .
F A − ,. − ,. . . . . . .
F A − ,. − ,. . . . . . .

aEnergies in atomic units.
bEnergies in kcal/mol. Distances in angstroms.
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Figure . Optimised structures of low-energy BeGe clusters.

structure is also the low-energy form of Be6 [24] and
Be4Si2. Structure B, next in energy, is a bent rhombus
of berylliums above a pair of germaniums, forming a
bicapped tetrahedron with overall C2v symmetry. Be–Be
and Be–Ge distances are similar while Ge–Ge is longer.
Isomer C is similar to B with the rhombus of berylliums
warped into a more compact tetrahedron. D and E follow
in energy; both are square bipyramids with the germa-
nium atoms at the apices and the berylliums forming the
square base of the pyramids. Both possessD2h symmetry,
but D is elongated along the Ge–Ge axis.

There is a close analogy between isomers A–D of
Be4Ge2 and the four isomers identified for Be4Si2. The
forms of the isomers and their energy ordering cor-
respond, and in each case, all four isomers lie within
12 kcal/mol of each other, and their bond lengths
and angles are similar. Analogous clusters are to be
found among the 13 isomers identified for Be4C2; how-
ever, the energy order is quite different. Among Be4C2
clusters, structures that are planar or partly so and
which display strong C–C bonding lie relatively lower in
energy.

Figure . Optimised structures of low-energy BeGe clusters.
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Figure . Optimised structures of low-energy BeGe clusters.

Be3Ge3 and Be6Ge3. Nine isomers of Be3Ge3 were
optimised, the most stable being six of them within 11
kcal/mol of each other. The global minimum energy clus-
ter (Figure 3) is a slightly distorted octahedron, three
atoms of each type forming triangles that intersect at
right angles. The structure closely resembles the global
minimum of Be3Si3 [20], though Ge–Ge distances are
longer than Si–Si. This cluster type is also observed in
Be3C3 [22], but it is a relatively high-energy structure. Iso-
mers B and C are irregular, asymmetrical cage-like struc-
tures. One kcal/mol above C lie themore symmetrical D–
F isomers, within one kcal/mol of each other in energy
but with distinct geometries. Isomers B, D, and F are
bicapped tetrahedrons. Structure E is particularly inter-
esting, formed by triangles, respectively, of Ge and Be,
stacked as a trigonal antiprism. It is a relatively expanded
structure; Ge–Ge is 2.95 Å and Be–Be 2.15 Å. Higher

energy structure G has geometry similar to that of E, but
the triangles arranged to form a prism. Structures A, E
and G of Be3Ge3 have analogues among the Be3C3 and
Be3Si3 isomers.

Ten Be6Ge3 clusters (Figure 4) were found. The lowest
energy structure A consists of an irregular square prism
capped with a beryllium; it has one degree 6 vertex occu-
pied by a germanium and four degree 4 vertices, form-
ing a 9-vertex isocloso structure as it is named in polyhe-
dral borane chemistry [31]. Isomer B is a trigonal prism
of berylliums tricapped with germanium atoms, whereas
structure C is a capped square antiprism. Each is in the
1A state and all are within 6 kcal/mol in energy. Isomers
B and C exhibit higher symmetry than A, but the three
of them have similar Be–Be distances. Clusters A and B
are similar to the two most stable clusters of Be6C3 and
Be6Si3. The energy order is followed in the carbides and
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Figure . Optimised structures of low-energy BeGe clusters.

reversed in the silicides. Among both the Be3Ge3 and the
Be6Ge3 clusters, substantial transfer of charge fromGe to
Be is seen, asmuch as three-quarters of an electron charge
in some isomers. Charge transfer of this magnitude was
also observed in the silicide clusters [20] and, given the
electron-deficiency of the 2p-subshell of Be, it is likely a
source of stabilisation of the three-dimensional clusters.

Be4Ge4 and Be8Ge4. Twelve low-lying structures of
Be4Ge4 are presented in Figure 5. The one planar struc-
ture, isomer L, is the highest in energy. Structures A and
B are less than 1 kcal/mol apart in energy and both have a
ground 1A state. Isomer A is symmetrical, a Ge square
bridged top and bottom by two Be, yielding a hexag-
onal bipyramid. Isomer B is also a cage hollow struc-
ture that can be seen as interlocking triangular pyramids
of, respectively, Ge and Be, forming a bicapped octahe-
dron. Neither Be4Si4 nor Be4C4 present structures with
these geometries. However, less than 10 kcal/mol above

the global minimum is isomer C, resembling a bisdisphe-
noid structure which does have a counterpart among the
Be4Si4 isomers. Structure D is also a symmetrical hexag-
onal bipyramid as A, but with beryllium atoms at the
apices. Five of the seven Be4Si4 structures identified were
found to have counterparts among the clusters of Be4C4,
yet only structure C of Be4Ge4 has a counterpart in the
Be4Si4 series and there are none among Be4C4 struc-
tures. Though the differences in atomic size and elec-
tronic structure between Ge and C might be expected to
lead to great differences among their beryllium clusters,
the differences between the clusters of Ge and Si with Be
are more surprising, given the generally close correspon-
dence between them in some of their sets of clusters.

In the Be8Ge4 global minimum energy cluster, the
atoms are arranged at the vertices of a nearly regular
icosahedron with D2h symmetry, also the low-energy
structure of Be8Si4. The structure appears among the
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Figure . Optimised structures of low-energy BeGe clusters.

Figure . Optimised structures of low-energy BeGe clusters.
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isomers of Be8C4 but is of relatively high energy. Be8Ge4
isomers B and F are variants of theminimum energy clus-
ter. The four low-energy isomers of Be8Ge4, all in singlet
states, lie within 10 kcal/mol of each other in energy. The
same statement is true of Be8Si4, but in Be8C4 the global
minimum energy isomer is some 16 kcal/mol below the
next-lowest-energy isomer.

Among the six Be8Si4 clusters optimised, only one, a
D2d structure next in energy to the minimum, does not
appear among the Be8Ge4 clusters. Be8Si4 isomer C is
similar to Be8Ge4 isomers C and D, Be8Si4 isomer D is
similar to Be8Ge4 isomer J and isomers E and F corre-
spond to Be8Ge4 isomers G and E, respectively. The cor-
respondence between the clusters of Be8C4 and those of
either Be8Ge4 or Be8Si4 is less straightforward, owing to
the preference in Be8C4 for structures in which C–Cmul-
tiple bonds occur. The two low-energy Be8Ge4 isomers
feature Be8 square prisms with four Ge face caps. The
same feature is seen in the low-energy isomers of Be8Si4
but not among the clusters of Be8C4. Planar clusters or
moieties are not present among the germanides, silicides
or carbides.

Be5Ge5. Six stable isomers were found, the same num-
ber as were identified for Be5Si5. All the Be5Ge5 isomers
are in the 1A ground state, and only the highest energy
structure F is planar. Fifteen structures were identified
for Be5C5. None of the Be5Ge5 and Be5Si5 clusters are of
high symmetry while several striking structures of Be5C5
were found, symmetrical and featuring extensive C–Be–
C bridging. Similarities among the three sets of clusters
do however present themselves. The low-energy structure
of Be5Ge5 has a counterpart in the second-lowest-energy
Be5C5 structure. Be5Ge5 isomer C is closely related
to Be5C5 isomer D and to the low-energy isomer of
Be5Si5. Be5Ge5 structure D is similar to one of the iso-
mers of Be5Si5 and to the high-energy isomer I of Be5C5.

Cluster energetics. The stability of each cluster as
an atom is added can be estimated from the atomisa-
tion energies divided by Natoms − 1. This stability alter-
nates between theBenGen and theBe2nGen clusters, being
greater for the 1:1 clusters than for the 2:1 counterparts
with the same number of Ge atoms. This result may be
explained from the fact that eachGe contributes twice the
number of valence electrons to each cluster as does each
Be. This allows the 1:1 clusters to potentially form more
bonds per atom. This behaviour is also seen in the sili-
cides and carbides; however, germanium clusters exhibit
higher Eatomisation/(Natoms − 1) values than silicides and
significantly lower values than carbides. For each type of
cluster (1:1 or 2:1), stability per atom increases with clus-
ter size. However, the stability increment is greater for the
smaller clusters with a tendency to decrease as the clus-
ter size increases. This behaviour is to be expected as the

incremental increase should approach zero as cluster sizes
approach the bulk solid.

4. Conclusions

The small beryllium germanide clusters examined in this
study have much more in common with the beryllium
silicides [20] than with the carbides [22]. Be–Ge, Be–Si
and Be–Be bonds are similar in length, a fact that allows
the germanides and silicides to form clusters of simi-
lar form and almost the symmetry of pure Be clusters
[24], most often in singlet ground states. The germanides
and silicides generally display some significant transfer
of electrons in the bonding, from Ge or Si to Be. Charge
transfer stabilisesmoietieswithin the clusters inwhichGe
or Si act as capping atoms on a face of Be atoms. Such
formations are important in forming stable silicide cage
clusters [21], and it is therefore to be expected that simi-
lar germanide cages will also form. Furthermore, in some
clusters, Ge is found to transfer more charge to electron-
deficient Be than does Si, and may therefore stabilise
clusters with the face-capping feature more than does Si.
The carbides, on the other hand, show multiple bonding
among C atoms, a greater tendency to planar structures,
more triplet ground states and more nearly pure covalent
bonding. C does not act to cap Be faces; the C–Be bond
length is too short for such structural motifs to develop.

The cluster stability measured as Eatomisation/(Natoms −
1), is greater for the 1:1 Be:Ge clusters than for the 2:1,
a result that may arise from the fact that each Ge con-
tributes with more valence electrons to each cluster than
Be does, allowing clusters with lower Be:Ge ratio poten-
tially to form more bonds per atom. In general, the high-
est atomisation energies for similar clusters are found in
the carbides, followed by the germanides, and the silicides
display the lowest. The reason the germanides are gener-
allymore stable than the silicides likely resides in the abil-
ity of Ge to donatemore charge to the Be atoms than does
Si. Whether this property also leads to improved stability
of beryllium germanide cage clusters is a question worthy
of inquiry, but it is clear from the results presented here
that BenGen and Be2nGen clusters have the potential to
produce interesting cage-like structures.
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[18] M.M. Uţă and R.B. King, J. Phys. Chem. A 116, 5227

(2012).
[19] R.B. King, I. Silaghi-Dumitrescu, and M.M. Uţă, J. Phys.
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