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Density functional theory B3PW91/6-31+G* calculations on BenCm (n ) 1-10; m ) 1, 2, ..., to 11- n)
clusters have been carried out to examine the effect of cluster size, relative composition, binding energy per
atom, HOMO-LUMO gap, vertical ionization potential, and electron affinity on their relative stabilities. The
most stable planar cyclic conformations of these clusters always show at least a set of two carbon atoms
between two beryllium atoms, while structures where beryllium atoms cluster together, or allow the intercalation
of one carbon atom between two of them, generally seem to be the least stable ones. Clusters containing 1,
2, and 3 beryllium atoms (Be2C8, Be3C6, Be2C6, BeC6, Be2C4, BeC4, Be2C2, and BeC2) are identified as
clusters of “magic numbers” in terms of their high binding energy per atom, high HOMO-LUMO gap,
vertical ionization potential, and second difference in energy per beryllium atom.

1. Introduction

Over the past decade, a lot of emphasis has been paid to the
study of the physical and the chemical properties of atomic
clusters,1-3 which are aggregates of atoms containing from a
few to a few thousand atoms.4 These clusters are known to
exhibit strong size-dependent effects and display properties that
are significantly different from those of their bulk structures
due to a quite large surface-to-volume ratio.4 The emergence
of new research areas such as nanoscience and nanotechnology
and their promise of different possible technological applications
have further fueled the interest in cluster systems. Main issues
in cluster science focus on determining their size-evolutionary
patterns based on the clusters’ unique conformations and
stabilities in terms of their energy-related properties. For
instance, shell models relate to the formation of “magic clusters”
corresponding to closure of electronic or nuclear shells in
clusters, which correlates with enhanced energetic stability.4-7

The discovery of clusters with special geometry and stability
formed by “magic” number of atoms is one of the goals of
cluster science, because those interesting units can be used to
further assemble more complex materials. Extensive theoretical
calculations have been conducted to examine structure, energet-
ics, and stability of small clusters8-13 and to explore the potential
to assemble crystals from them.14-22

Experimental determinations of the ground state and isomeric
conformations of clusters are currently subtle issues mainly due
to practical difficulties in applying structure determination
techniques such as photoelectron spectroscopy (PES) to such
systems. PES provides information about the electronic structure
and excitation energies of atomic clusters; however, a difficulty
in applying PES to cluster systems is the need for size selectivity
due to size resolution issues.23 Hence, many studies on the
electronic structure of clusters have been focused on size-
selected neutral clusters,24 such as As2, As4, and P4,25 and the
photodetachment of negatively charged clusters.26,27Theoretical

studies, however, allow detailed investigation of ground states
and their higher-energy isomers that may appear to be the
preferred stable structures at particular operating conditions.
Hence, comparison of experimental PES data with theoretical
calculations has become a valuable means to determine the
structures and low-lying isomers for a variety of clusters.28-33

Thus, theoretical and experimental studies of clusters are very
useful for the understanding of electronic, chemical, and physical
properties and prediction of the cluster local chemistry.33 In
particular, theoretical methods based on solutions to the
Schrödinger equation34-36 provide accurate characterization of
cluster structures.

Many studies have been performed on small pure carbon
clusters37-44 and carbon-containing clusters.8,45-48 Moreover,
because they form the basic structural units of new materials
with potential applications, for instance, in astrochemistry/
physics,49 heteroatom-doped carbon clusters have been a topic
of many theoretical investigations.49,50Recently, much attention
has been paid to the study of beryllium-doped carbon clusters
because the addition of beryllium provides a means to stabilize
the highly reactive linear carbon chains for applications in
astrophysics.51-54 This particular interest yielded to the extensive
theoretical investigations of heteroatom-doped carbon clusters
of the form CnBe2- (n ) 4-14),51 BeC2n

2- (n ) 2-6),52 and
BeCn

- (n ) 1-8),53 because these species were particularly
observed experimentally.54 Chen et al.51 performed density
functional theory (DFT) calculations on CnBe2- (n ) 4-14)
using the B3LYP method in combination with the 6-31G* basis
set and found that the ground state structures of the clusters are
linear chains with the beryllium atom located inside the Cn chain.
Zhang52 studied BeC2n

2- (n ) 2-6) at the hybrid B3LYP
functional and 6-311+G(2df) theory level and reported that
linear chains correspond to the ground states of metastable
C2BeC2

2- and highly stable C2BeC4
2-, C4BeC4

2-, C4BeC6
2-,

and C6BeC6
2- clusters. In a more recent study, Chen et al.53

investigated BeCn- (n ) 1-8) clusters using B3LYP/6-
311+G*//B3LYP/6-31G* theory levels and found that these
clusters with evenn are more stable than the ones with oddn.
They attribute such an even/odd alternation in the stabilities of
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these systems to trends observed in the local positive charge of
the Be atom, electron affinity, variations in bond lengths,
incremental binding energy, and dissociation channels.53

Not only ionic carbon-heteroatom cluster systems were
worthy of extensive research. With the discovery of the
metallocarbohedrenes (Metcars) of the form MmCn, where M
is any metal (mostly a transition metal) by Castleman and co-
workers,55-57 carbon-metal and also carbon-nonmetal neutral
systems have been investigated comprehensively.58-61 In par-
ticular, studies with different carbon-“nonmetal” clusters such
as carbon-nitrogen46 and carbon-silicon8,62have been the focus
of attention for applications in astrophysics48,63and electronics,8

respectively. Belbruno et al.46 studied the structural stability and
the energetics of up to 12-atom clusters of C-N using the
density functional B3LYP in combination with the cc-PVTZ
basis set. These authors confirmed at that theory level that linear
carbon chains with the nitrogen atoms at the terminal positions
are the global minima (ground states) of C-N structures with
one or two nitrogen atoms. They predicted that this is the case
for up to a total number of 13 carbon atoms and contrasted this
with the pure carbon clusters, where the cyclic rings are
energetically favorable when the cluster size is 9 or greater.40

Pradhan and Ray8 studied the electronic properties and the
geometrical structures of small carbon-silicon clusters of the
form SimCn (1 e m, n e 4; n e m). Using DFT local density
approximation (LDA) in conjunction with the 6-311++G**
basis set, these authors reported that the Si3C3 cluster is a
candidate for a “magic” cluster with a very high stability based
on their reported electronic properties, such as the HOMO-
LUMO gaps, vertical ionization potentials (IPv’s), and the
vertical electron affinities (EAv’s). They also reported that the
clusters with equal numbers of silicon and carbon atoms tend
to be particularly stable.8

The discovery of carbon nanotubes64 and other carbon-related
nanostructures such as fullerenes65 has taken the interest in
carbon and its related clusters even further. Of particular
importance is the potential hydrogen storage capacity of carbon-
based nanostructures.66 For instance, fullerenes have a limited
capacity to hold a certain number of endohedral substituents
depending on their sizes. However, in some cases, the insertion
of dopants such as lithium67 or beryllium68 have shown promise
for enhanced hydrogen storage capacity of carbon-doped
nanostructures. Hence, alkali-metal-doped69,70and alkaline-earth-
metal-doped,71 especially beryllium-doped carbon nanostruc-

Figure 1. Calculated ground state conformations and selective bond lengths of (a) BeCm (m ) 1-10) and (b) Be2Cm (m ) 1-9) neutral clusters.
Light and dark gray balls represent beryllium and carbon atoms, respectively. Distances are in angstroms.
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tures,68,72 are considered to be likely candidates for hydrogen
storage materials. Metal hydrides are also being considered for
hydrogen storage applications.73 In particular, lithium-beryllium
hydrides are the lightest reversible complex metal hydrides with
promising gravimetric hydrogen storage capacities (more than
8 wt %);74 however, the high temperature needed for hydrogen
desorption (∼150 °C) is a major drawback.74 The possibility
of using carbon as a dopant in such hydrides might reduce the
temperature for hydrogen desorption, as clearly happens in the
case of magnesium hydrides,75,76making the Li-Be-C hydrides
attractive complex metal hydrides for hydrogen storage applica-
tions. The interest of this study is, therefore, to advance the
knowledge of structure and energetics of Be-C neutral clusters
for the prediction of highly stable “magic” clusters with potential
use in diverse technological applications such as hydrogen
storage. Therefore, it is of fundamental importance to study the
size dependence of electronic and geometric structures of Be-C
clusters as functions of both particle size and composition. In
this paper, a systematic study on the neutral beryllium-carbon
clusters of the form BenCm (n ) 1-10; m ) 1, 2, ..., to 11-
n) is performed. According to this notation, for eachn value, 1
e n e 10, m can take the values 1, 2, ..., up to 11- n. It is
expected that the fundamental study presented in this work will
lead to a better understanding of the bulk beryllium-carbon

nanostructures and therefore aid in tailoring novel materials for
such aforementioned applications.

2. Computational Methods

Density functional theory calculations of BenCm n ) 1-10,
m ) 1, 2, ..., to 11- n neutral (zero total charge) clusters are
performed using the Gaussian ‘03 program, revision C.02.77 A
large variety of possible geometrical arrangements of these
clusters are investigated, including three-dimensional (3-D),
cyclic, and linear configurations wheren beryllium andmcarbon
atoms are placed in different ways that they can group. The
density functional employed in these calculations is the B3-
PW91, one of the most successful hybrid functionals,78 which
includes an exchange description constituted by contributions
of local, nonlocal (Becke three-parameter), and Hartree-Fock
exchange terms, and correlation given by the 1991 Perdew and
Wang (PW91) nonlocal generalized gradient approximation
functional.34 This DFT method is used in combination with the
6-31+G* basis set, which is a split-valence double-ú that
considers d-like polarization functions on heavy atoms and a
set of diffuse s- and p-like functions on heavy atoms.34

The B3PW91 method is known to perform very well on the
structure and stability of pure Be79,80 and C clusters.81 For

Figure 2. Same as Figure 1 for (a) Be3Cm (m ) 1-8) and (b) Be4Cm (m ) 1-7) neutral clusters.
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instance, Zhao et al.80 studied the structure and stability of Be6,
Be6

+, and Be6- clusters using B3PW91, B3LYP, and MP2 levels
in combination with the 6-311G* and 6-311+G* basis sets.
They have also used CCSD(T)/6-311+G* to check the reliability
of the results when the calculations at the aforementioned levels
contradicted each other. In particular, these authors correctly
predicted using the B3PW91, MP2, and CCSD(T) methods that
the ground state configuration of Be6 is a D2h structure, also
well-predicted by Pacchioni and Koutecky´82 using pseudo-
potential configuration interaction (CI). At the B3LYP level of
theory, however, Zhao et al. found that theD2h structure is a
transitional state instead of a local minimum and that the most
stable configuration of Be6 is wrongly predicted to be aD3d

structure, which was also reported by Beyer et al.83 at the
B3LYP/6-311++G (3df) level as the most stable one for Be6.
Similar conclusions are drawn by the same authors for Be5 in
terms of the comparable performance of the B3PW91, MP2,
and CCSD(T) methods.79 Structure and stability of pure carbon
clusters have been extensively studied.37-44,81 In particular,
Martin et al.81 showed that the B3PW91 DFT method reproduces
couple cluster CCSD(T) isomerization energies much better than
the B3LYP counterpart and the MP2 method, which is known

to produce fictitious results for carbon clusters.81 Hence, the
B3PW91/6-31+G* theory level is further used in this work for
the prediction of accurate geometric and reliable energetics of
BenCm clusters for which electron correlation effects are very
important. When this theory level is used, errors in calculated
bond lengths (Å) and absolute energies (hartree) are expected
to be in the third and fifth decimal, respectively.84

Geometry optimizations and harmonic vibrational frequency
calculations for all of the 55 BenCm n ) 1-10,m ) 1, 2, ..., to
11 - n neutral ground state clusters, 38 different spin multiplic-
ity (2S + 1) state clusters, and 113 isomers are performed to
ensure that stationary points on the potential energy surface of
the clusters are in fact local minima. Spin multiplicity states
are checked in all calculations, and ground state geometries as
well as stable higher-energy isomers are presented. Zero-point
corrected absolute energies are used for further calculation of
binding energies and second differences in energy.

3. Results and Discussion

3.1. Ground State Conformations.Ground state structures
of the 55 BenCm n ) 1-10, m ) 1, 2, ..., to 11- n neutral

Figure 3. Same as Figure 1 for (a) Be5Cm (m ) 1-6) and (b) Be6Cm (m ) 1-5) neutral clusters.
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clusters are presented in the following sections and shown in
Figures 1-4 along with selective bond lengths. Light and dark
gray balls represent beryllium and carbon atoms respectively.
Thirty-eight stable structures (not shown) with different spin
multiplicity states but similar geometries as those of their
corresponding ground state configurations are also discussed
in this section.

3.1.1. BeCm(m ) 1-10) Clusters.The ground state of the
BeC dimer is a spin triplet (C∞V) with a bond length of 1.673 Å
(Figure 1a). Two stable states of BeC, 0.20 and 1.79 eV less
stable than the ground state, exist with higher (quintet) and lower
(singlet) spin multiplicities and bond lengths of 1.639 and 1.674
Å, respectively. The BeCm (m ) 2-7) ground state clusters are
all spin singlet and symmetric with respect to the Be-containing
plane that is perpendicular to the cluster plane (Figure 1a). The
ground state of BeC2 is a spin singlet isosceles triangle (Cs)

with both Be-C bond lengths of 1.612 Å and a C-C bond
length of 1.275 Å (Figure 1a). A higher spin triplet multiplicity
state, 2.44 eV less stable than the ground state, exists with
elongated Be-C (by 0.019 Å) and C-C (by 0.081 Å) bond
lengths.

The ground state of BeC3 is a C1 kite-shaped quadrilateral
with Be-C and C-C bond lengths of 1.578 and 1.438 Å
respectively, while BeC4 is a symmetric irregular pentagon with
symmetryC1 (Figure 1a). A higher spin triplet multiplicity state,
1.66 eV less stable than the ground state, exists for BeC4 with
bond lengths elongated by 0.093 Å (Be-C) and 0.056 Å (first
neighboring C-C, 1-2, and 3-4), and shortened by 0.076 Å
(second neighboring C-C and 2-3) (Figure 1a).

The ground state of BeC5 is an irregular hexagon withCs

symmetry. A higher spin triplet multiplicity state, 0.43 eV less
stable than the ground state, exists with shortened Be-C (0.012

Figure 4. Same as Figure 1 for (a) Be7Cm (m ) 1-4), (b) Be8Cm (m ) 1-3), (c) Be9Cm (m ) 1-2), and (d) Be10C neutral clusters.
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Å) and elongated first and second neighboring C-C (0.088 and
0.014 Å) bond lengths, respectively. The ground state of BeC6

is an irregular heptagon ofCs symmetry (Figure 1a). A higher
spin triplet multiplicity state, 1.29 eV less stable than the ground
state, exists with elongated Be-C, first neighboring C-C (2-3
) 1-6) and third neighboring C-C (4-5) bond lengths by
0.027, 0.017, and 0.128 Å, respectively, and shortened second
neighboring C-C (3-4 ) 5-6) bond lengths by 0.003 Å. The
calculated ground state for BeC7 is an irregular octagon ofC1

symmetry. A higher spin triplet multiplicity state, 0.35 eV less
stable than the ground state, exists with shortened Be-C, first
(1-2 ) 6-7), second (2-3 ) 5-6), and third (3-4 ) 4-5)
neighboring C-C bond lengths by 0.007, 0.005, 0.013, and
0.003 Å, respectively.

Ground states BeC8 and BeC9 are spin singlet and triplet with
nonsymmetric irregular nonagon and decagonC1 geometries,
respectively (Figure 1a). A higher spin triplet multiplicity state
for BeC8, 0.98 eV less stable than the ground state, exists with
Be-C bond lengths of 1.656 Å and C-C bond lengths of 1.254
Å (7-8, shortest) and 1.363 Å (1-8, longest), respectively. Two
stable states of BeC9, 0.13 and 0.68 eV less stable than the
ground state, exist with lower (singlet) and higher (quintet) spin
multiplicities and have Be10-C3 ) 1.701 and 1.689, Be10-
C9 ) 1.698 and 1.663, and the shortest C-C (8-9 ) 1.278
and 1.275 Å) and longest C-C (4-7 ) 1.430 and 1.416 Å)
bond lengths, respectively. The ground state for BeC10 is a spin
singlet and shows a 3-DC1 conformation (Figure 1a).

3.1.2. Be2Cm(m ) 1-9) Clusters.The ground state of the
Be2C cluster is found to be a spin triplet isosceles triangle (Cs)
with both the Be-C bond lengths of 1.631 Å and the Be-Be
bond length of 2.132 Å (Figure 1b). Two stable states of Be2C,
0.16 and 2.93 eV less stable than the ground state, exist with
lower (singlet) and higher (quintet) spin multiplicities and have
Be-C ) 1.570 and 1.800 Å and Be-Be ) 2.090 and 1.924 Å
bond lengths, respectively.

It is interesting to notice that the ground states for Be2C2

(Cs) and Be2C3 (C1) are almost linear spin triplet Be-C-C-
Be and spin quintet Be-C-C-C-Be geometries, respectively,
with both beryllium atoms at the extreme ends of the linear
chains (Figure 1b), such as in the case of C-N chains where
stable geometries correspond to linear carbon chains with the
nitrogen atoms at the terminal positions.46 A stable state of
Be2C2, 3.33 eV less stable than the ground state, exists with
quintet spin multiplicity and Be-C and C-C bond lengths of
1.642 and 1.330 Å, respectively. The ground state of Be2C4 is
a spin singlet irregularCs hexagon with Be-Be ) 2.075 Å,
Be-C ) 1.686 Å, and Be-C neighboring C-C bond lengths
of 1.255 (first) and 1.388 Å (second), respectively (Figure 1b).

The ground states of Be2Cm (m ) 5-8) show all planarC1

cyclic structures where the two beryllium atoms are separated

by two carbon atoms at one side andm - 2 carbon atoms at
the other side. The Be2Cm clusters with oddm are spin triplet,
and the ones with evenm are spin singlet. A stable state of
Be2C5, 0.47 eV less stable than the ground state, exists with
singlet spin multiplicity. In this isomer, the shortest (5-7) and
longest (3-2) Be-C bond lengths are 1.650 and 1.700 Å, and
the shortest (6-7) and longest (2-4) C-C bond lengths are
1.256 and 1.304 Å, respectively. A spin triplet state of Be2C6

that is 2.76 eV less stable than the ground state is observed. In
that isomer, the shortest (5-7) and longest (6-1) Be-C bond
lengths are 1.639 and 1.710 Å, and the shortest (8-7) and
longest (1-4) C-C bond lengths are 1.250 and 1.330 Å,
respectively (Figure 1b). A stable state of the Be2C7 cluster,
0.14 eV less stable than the ground state, exists with singlet
spin multiplicity and with the shortest (9-8) and longest (6-
3) Be-C bond lengths of 1.630 and 1.663 Å and the shortest
(8-7) and longest (1-5) C-C bond lengths of 1.240 and 1.340
Å, respectively.

The ground state of Be2C9 is a spin triplet 3-DC1 structure
(Figure 1b). Two stable states of this cluster, 0.02 and 1.68 eV
less stable than the ground state, exist with singlet and quintet
spin multiplicities and bond lengths of Be11-C1 ) 1.680 and
1.660 Å, Be10-C8 ) 1.577 and 1.570 Å, C7-C5 ) 1.417
and 1.500 Å, and C4-C3 ) 1.256 and 1.260 Å, respectively
(Figure 1b).

3.1.3. Be3Cm(m) 1-8) Clusters.The calculated ground state
geometries of these clusters are all planar cyclic structures
(Figure 2a). Be3C is a spin tripletCs kite-shaped quadrilateral
with Be-C and Be-Be bond lengths of 1.581 and 2.103 Å,
respectively. The ground state of the Be3C2 cluster is a spin
singlet irregular pentagon of symmetryC1. A stable state of
this cluster, 0.34 eV less stable than the ground state, exists
with triplet spin multiplicity and bond lengths of Be4-Be3 )
2.177 Å, Be5-Be3) 2.120 Å, Be4-C1 ) 1.660 Å, Be5-C2
) 1.650 Å, and C1-C2 ) 1.260 Å. The ground state of Be3C3

is a spin singletC1 hexagon where the three Be atoms line up
together separated by an average distance of 2.082 Å (Figure
2a).

The ground states of Be3Cm (m ) 4-8) are spin triplet for
evenm and spin singlet for oddm. These clusters show planar
cyclic ring-type structures where there are always two sets of
two beryllium atoms that are separated by two carbons, and
the third set of beryllium atoms is separated bym - 4 carbon
atoms. For instance, the ground state of the Be3C5 shows (Figure
2a) shows that atoms C1 and C2 are between the two beryllium
atoms Be3 and Be8 (first Be set). Two other carbon atoms, C4
and C5, are placed between the atoms Be3 and Be7 (second
Be set). This leaves only one carbon atom, C6, between the
beryllium atoms Be8 and Be7 (third Be set). A similar effect
has been observed before for Be2Cm (m ) 5-8) clusters where
the two beryllium atoms are separated by two carbons at one
side andm - 2 at the other side (Figure 1b).

The ground states of Be3Cm (m ) 4-7) and Be3C8 show
symmetriesC1 andCs, respectively (Figure 2a). A stable state
of Be3C5, 1.28 eV less stable than the ground state, exists with
singlet spin multiplicity and with the shortest (8-6) and longest
(7-5) Be-C bond lengths of 1.630 and 1.640 Å and C-C bond
lengths of 1.250 Å. A stable state of Be3C6, 2.92 eV less stable
than the ground state, exists with triplet spin multiplicity and
with the shortest (9-2) and longest (8-5) Be-C bond lengths
of 1.640 and 1.770 Å and the shortest (4-6) and longest (1-2)
C-C bond lengths of 1.250 and 1.310 Å, respectively (Figure
2a). A stable state of Be3C7, 0.75 eV less stable than the ground
state, exists with singlet spin multiplicity and with the shortest

TABLE 1: Minimum and Maximum C -Be Bond Lengths
and the Averages of All Minima and Maxima C-Be Bond
Lengths in n Beryllium-Containing BenCm (n ) 1-10; m )
1, 2, ..., to 11- n) Ground State Clusters pern Value

C-Be (Å)

n minimum maximum average minimum average maximum

1 1.564 1.753 1.64( 0.06 1.65( 0.06
2 1.570 1.700 1.64( 0.02 1.66( 0.02
3 1.526 1.677 1.62( 0.04 1.63( 0.04
4 1.538 1.874 1.60( 0.04 1.71( 0.10
5 1.566 1.901 1.62( 0.04 1.73( 0.08
6 1.520 1.895 1.56( 0.04 1.70( 0.12
7 1.543 1.865 1.57( 0.04 1.73( 0.10
8 1.589 1.803 1.60( 0.02 1.76( 0.06
9 1.649 1.824 1.67( 0.02 1.81( 0.02
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(5-3) and longest (7-2) Be-C bond lengths of 1.620 and 1.670
Å and the shortest (4-5) and longest (1-2) C-C bond lengths
of 1.240 and 1.311 Å, respectively.

3.1.4. Be4Cm (m) 1-7) Clusters.The ground state of a Be4C
cluster is a spin quintetCs square of 2.250 Å sides with the
beryllium atoms on its vertices and the carbon atom at the
intersection of the diagonals (Figure 2b). The remaining ground
states of Be4Cm (m ) 2-7) clusters are all spin singlet. Be4C2

shows symmetryCs while Be4C3 and Be4C5 clusters show 3-D
C1 conformations, where the aforementioned pattern of having
two carbon atoms between beryllium atoms in Be2Cm (m) 5-8)
and Be3Cm (m ) 4-8) ground states is also observed. In this
particular cluster, however, the distribution of C and Be atoms
is done in such a way that the “isolated” carbon atoms (C4 in
Be4C3 and C5 in Be4C5) are the vertices of a tetrahedral
beryllium agglomeration (Figure 2b). Be4C4 (C1) and Be4C6 (C1)
clusters show planar cyclic conformations where the two-carbon
atom pattern behavior is also observed. A stable state of the
Be4C4 cluster, 1.52 eV less stable than the ground state, exists
with triplet spin multiplicity and with both Be-Be bond lengths
of 2.129 Å, Be4-C5 ) 1.680 Å, Be6-C8 ) 1.630 Å, and
C-C) 1.270 Å. A stable state of the Be4C6 cluster, 0.25 eV
less stable than the ground state, exists with triplet spin
multiplicity and with the shortest (6-4) and longest (1-7)
Be-C bond lengths of 1.650 and 1.730 Å and the shortest (8-
9) and longest (3-2) C-C bond lengths of 1.240 and 1.260 Å,
respectively. The ground state of Be4C7 is a spin singlet with a

distorted ringCs structure, having a Be atom in the center of
the ring (Figure 2b).

3.1.5. Be5Cm (m ) 1-6) Clusters.The ground state of the
Be5C cluster is a spin singlet irregular pentagonal pyramid of
symmetryC1 (Figure 3a). Be5C2 is an irregular planar cyclic
structure of symmetryC1. A stable state of this cluster, 0.11
eV less stable than the ground state, exists with triplet spin
multiplicity and bond lengths of Be3-Be6 ) 1.910 Å, Be4-
Be5) 2.110 Å, Be1-C2 ) 1.680 Å, and Be3-C7 ) 1.670 Å.
The Be5C3 ground state cluster is a 3-DC1 irregular octagon
where the carbon and beryllium atoms cluster separately (Figure
3a). The calculated Be5C4 (C1), Be5C5 (C1), and Be5C6 (Cs)
ground state clusters are all planar systems with spin singlet
multiplicity states. A stable state of Be5C4 cluster, 0.10 eV less
stable than the ground state, exists with triplet spin multiplicity
and bond lengths of Be5-Be9 ) 2.110 Å, Be8-C1 ) 1.860
Å, and Be7-C2) 1.570 Å. The Be5C6 system perfectly follows
the typical C-Be aforementioned pattern with all three pairs
of carbon atoms distributed evenly between the Be atoms (Figure
3a).

3.1.6. Be6Cm (m ) 1-5) Clusters.The ground state of Be6C
is a spin triplet planarCs distorted ring structure (Figure 3b). A
stable state of this cluster, 0.42 eV less stable than the ground
state, exists with singlet spin multiplicity and with the shortest
(7-3) and longest (2-3) Be-Be bond lengths of 1.998 and
2.377 Å and the shortest (6-1) and longest (2-1) Be-C bond
lengths of 1.547 and 1.629 Å, respectively. The ground states

Figure 5. Stable isomers of BeCm, m ) 2 (a), 3 (b and c), and 10 (d) and Be2Cm, m ) 2 (e), 3 (f and g), 4 (h), 5 (i-k), 6 (l and m), 7 (n-p), and
8 (q-s) neutral clusters. Largest and smallest bond lengths per type of bond are in angstroms, relative energies with respect to their corresponding
ground states are in electronvolts, and spin multiplicities (in parentheses) are reported. Light and dark gray balls represent beryllium and carbon
atoms, respectively.
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of Be6C2 (C1) and the Be6C3 (C1) clusters are spin singlet and
triplet planar structures, respectively (Figure 3b). Two stable
states of the Be6C3 cluster, 0.10 and 0.19 eV less stable than
the ground state, exist with higher (quintet) and lower (singlet)
spin multiplicities and bond lengths of Be7-Be3) 2.381 and
2.590 Å, Be4-Be9 ) 2.071 and 2.079 Å, Be6-C2 ) 1.606
and 1.615 Å, and Be5-C1 ) 1.935 and 1.598 Å. Be6C4 and
Be6C5 are three-dimensionalC1 systems with the Be6C5 structure
perfectly antisymmetric along the axis containing the C2, C3,
and C4 carbon atoms (Figure 3b), showing a “chair”-type
structure. A stable state of Be6C5 cluster, 0.06 eV less stable
than the ground state, exists with triplet spin multiplicity and
bond lengths of Be7-Be9) 2.575 Å and Be-C of 1.564 (7-
1) and 1.735 (8-2) Å, respectively.

3.1.7. Be7Cm (m ) 1-4) Clusters.The ground states of Be7C
(C1) and Be7C2 (C1) clusters are three-dimensional quintet and
singlet structures, respectively (Figure 4a). The Be7C ground
state has a pentagonal base and two beryllium atoms arranged
in such a way that one is above this planar base and the other
is below the base. A stable state of the Be7C cluster, 0.96 eV
less stable than the ground state, exists with septet spin
multiplicity and with the shortest (4-6) and longest (3-5) Be-
Be bond lengths of 1.972 and 2.776 Å and the shortest (5-1)
and longest (7-1) Be-C bond lengths of 1.566 and 1.676 Å,
respectively. A stable state of the Be7C2 cluster, 0.19 eV less
stable than the ground state, exists with triplet spin multiplicity
and the shortest (8-9) and longest (4-9) Be-Be bond lengths
of 1.949 and 2.161 Å and the shortest (6-2) and longest (4-1)
Be-C bond lengths of 1.566 and 1.707 Å, respectively.

The Be7C3 and Be7C4 ground states are both spin triplet planar
C1 systems (Figure 4a). Two stable states of the Be7C3 cluster,

0.13 and 1.04 eV less stable than the ground state, exist with
lower (singlet) and higher (quintet) spin multiplicities and with
the shortest (9-6) and longest (9-10) Be-Be bond lengths of
2.079 and 2.042 Å and 2.385 and 2.231 Å, respectively, the
shortest (9-3) and longest (5-2) Be-C bond lengths of 1.590
and 1.575 Å and 1.937 and 1.839 Å, respectively, and C1-C2
) 1.937 and 1.379 Å. Two stable states of the Be7C4 cluster,
0.30 and 0.52 eV less stable than the ground state, exist with
higher (quintet) and lower (singlet) spin multiplicities and Be-
Be bond lengths of 2.683 and 2.956 Å (8-9) and 2.235 and
2.202 Å (7-9), Be-C bond lengths of 1.731 and 1.678 Å (7-
1) and 1.579 and 1.524 Å (5-4), and C-C bond lengths of
1.390 and 1.400 Å (1-2) and 1.386 and 1.402 Å (2-3),
respectively (Figure 4a).

3.1.8. Be8Cm (m ) 1-3), Be9Cm (m ) 1-2), and Be10C
Clusters.Be8C and Be8C2 are 3-DC1 structures and Be8C3 is a
C1 planar system with spin multiplicities of five, one, and three,
respectively (Figure 4b). A stable state of the Be8C2 cluster,
0.04 eV less stable than the ground state, exists with triplet spin
multiplicity and bond lengths of Be4-Be6 ) 2.071 Å, Be7-
Be5) 2.391 Å, Be7-C2 ) 1.830 Å, and Be3-C1 ) 1.587 Å.
A stable state of the Be8C3 cluster, 0.45 eV less stable than the
ground state, exists with singlet spin multiplicity and bond
lengths of Be5-Be9) 1.913 Å, Be7-Be10) 2.041 Å, Be5-
C2 ) 1.770 Å, Be9-C1 ) 1.586 Å, C1-C2 ) 1.441 Å, and
C2-C3 ) 1.362 Å (Figure 4b). The ground state of the Be9C
(C1) system is a spin triplet decagon with Be-Be bond lengths
in the 2.05-2.25 Å range and C-Be bond lengths of∼1.743
Å (Figure 4c). The ground state of Be9C2 (C1) is also a 3-D
spin triplet system with Be-Be in the 1.99-2.14 Å range and
C-Be bond lengths in the 1.65-1.73 Å range. The ground state

Figure 6. Same as Figure 5 for Be3Cm, m ) 1 (a and b), 3 (c), 4 (d-f), 5 (g-j), 6 (k-o), 7 (p-t), and 8 (u and v) neutral clusters.
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geometry of Be10C (C1) is a spin singlet undecagon with Be-
Be in the 1.93-2.20 Å range and C-Be bond lengths in the
1.63-1.74 Å range (Figure 4d).

Overall, in all of the BenCm n ) 1-10, m ) 1, 2, ..., to 11
- n ground state clusters, the Be-Be, first neighboring C-C,
second neighboring C-C, and Be-C bond lengths are in the
2.04-2.26, 1.24-1.44, 1.29-1.38, and 1.52-1.90 Å ranges,
respectively. As far as we are aware, there are no published
experimental data for the bond lengths of Be-C neutral clusters,
except for the “typical” reported C-Be bond length of 1.93
Å.85 In Table 1 the minimum and the maximum C-Be bond
lengths and the average of all minima and maxima C-Be bond
lengths inn beryllium-containing BenCm (n ) 1-10; m ) 1, 2,
..., to 11- n) ground state clusters are reported pern value.
The standard deviation is calculated using the “nonbiased” or

“n - 1” method to estimate errors in computing averages ((2
deviations of the mean).86 The maximum of all C-Be bond
lengths observed in this small cluster corresponds to 1.901 Å
for the case ofn ) 5. The average of all maxima C-Be bond
lengths inn-beryllium-containing clusters shows a clear increase
with n, from 1.65( 0.06 Å for n ) 1 to 1.81( 0.02 Å for n
) 9, getting closer to the typical bond length of 1.93 Å.85

3.2. Higher-Energy Isomers.Isomers of BenCm (n ) 1-10;
m ) 1, 2, ..., to 11- n) have the same chemical formula
(composition) but different conformations and/or atomic ar-
rangements than those of their ground state counterparts and
therefore exhibit different chemical and physical properties than
the ground states. Hence, in this section, 113 isomers of ground
state conformations (Figures 1-4) found at the B3PW91/6-
31+G* DFT theory level are presented and briefly discussed.

Figure 7. Same as Figure 5 for Be4Cm, m ) 1 (a), 2 (b), 3 (c-g), 4 (h-l), 5 (m-s), 6 (t-ab), and 7 (ac-af) neutral clusters.
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Particular attention is given to planar cyclic isomers showing
different arrangement of then beryllium andm carbon atoms.
Figures 5-9 summarize isomer geometries along with the
shortest and longest bond lengths per type of bond (Be-Be,
Be-C, or C-C), relative energies with respect to their corre-
sponding ground states, and spin multiplicities (in parentheses).
Light and dark gray balls represent beryllium and carbon atoms,
respectively.

From all of the possible arrangements in which Be and C
atoms can combine to form Be2Cm (m ) 5-8) clusters, the
pattern of having the beryllium atoms separated by two carbon
atoms at one side andm - 2 carbon atoms at the other side of
the Be atoms is the most stable (ground states, Figure 1b),
followed by clusters where the two Be atoms are separated by
three carbon atoms at one side andm - 3 (m ) 7 and 8) carbon
atoms at the other side of the Be atoms (Figures 5n and 5q).
Next, for Be2Cm (m ) 5, 7, and 8), clusters where the Be atoms
are together, i.e., separated by 0 carbon atoms on one side and
m on the other side (Figures 5j, 5o, and 5r), and finally clusters
where the two Be atoms are separated by one carbon atom at
one side andm - 1 at the other side (Figures 5k, 5p, and 5s).
Only two isomers are found in the case of Be2C6 at the B3PW91/
6-31+G* theory level. The first one has the two Be atoms
separated by one carbon atom at one side andm - 1 () 5) at
the other side, and the least stable one has the Be atoms together
(Figures 5l and 5m).

The most stable geometries of Be3Cm (m ) 4-8) clusters
(ground states, Figure 2a) always show two sets of two beryllium
atoms that are separated by two carbons, and the third set of
beryllium atoms separated bym- 4 carbon atoms. Energetically
this type of arrangement is followed by the stable planar cyclic

isomers of Be3Cm (m ) 4-7) clusters (Figures 6d, 6g, 6k, and
6p), where the clusters have one set of two carbon atoms
separating two beryllium atoms, followed by isomers where
three Be atoms have one and three carbon atoms between them,
respectively (Figures 6e, 6i, 6l, and 6r), and the least stable
configuration is the one where all three Be atoms cluster together
(Figures 6f, 6j, 6n, and 6t). In the case of the planar isomer of
Be3C8 (Figure 6u), the geometry of having one set of two carbon
atoms separating two beryllium atoms is not found at the
B3PW91/6-31+G* theory level. However, the observed most
stable isomer configuration follows the aforementioned trend,
in which three Be atoms have one and three carbon atoms
between them, respectively (Figure 6u).

Three-dimensional isomers are also observed for Be3Cm (m
) 5-8) clusters. It is interesting to discuss a particular 3-D
structure consistently observed form ) 5-7. These geometries
have a planar base structure where two Be atoms are separated
by one C atom at one side andm - 1 C atoms, respectively, at
the other side, and one Be atom is out of the plane, forming a
beryllium tetrahedron centered on the isolated C atom (Figures
6h, 6o, and 6s).

The most stable geometry of planar cyclic Be4Cm (evenm)
clusters (ground states, Figure 2b) always shows at least one
set of two beryllium atoms that are separated by two carbon
atoms. The following stable planar cyclic isomers of Be4Cm (m
) 5-7) clusters have at least one set of two carbon atoms
separating two beryllium atoms (Figures 7n, 7t, and 7ad),
followed by isomers where the four Be atoms have 0, 2, 0, and
m - 2 C atoms between them as we move around the cycle
(Figures 7r, 7u, and 7ae) and then by a configuration where the
four Be atoms are separated by 0, 0, 3, andm - 3 C atoms as

Figure 8. Same as Figure 5 for Be5Cm, m ) 1 (a), 2 (b and c), 3 (d-g), 5 (h-r), and 6 (s) neutral clusters.
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we move around the cycle (Figures 7s and 7w) form ) 5 and
6. The latter conformation is not seen at the theory level of this
work for Be4Cm; instead the least energetic geometry observed
shows the four Be atoms having 0, 3, 0, andm - 3 C atoms as
we move around the cycle (Figure 7af). As the number of
beryllium atoms in the cluster (n) increases, less clear trends
on atomic arrangement can be drawn. However, the most stable
planar cyclic higher-energy isomers of Be5Cm (m ) 2, 3, and
5) (Figures 8b, 8d, and 8j) and Be6C4 (Figure 9g) clusters have
always at least a set of 2 C atoms in between two Be
atoms.

3.3. Stability of Ground State Clusters. In this section,
binding energies per atom,Eb, second differences in energies,
∆2E(m), HOMO-LUMO gaps (HLGs), and vertical ionization
potentials (IPv’s) and electron affinities (EAv’s) for ground state
BenCm (n ) 1-10,m) 1, 2, ..., to 11- n) clusters are presented
and discussed. Table 2 summarizes the calculated values ofEb,
HLG, IPv, EAv, and ∆2E(m)/n for these clusters, which are
ordered according toEb from the most to the least stable for
decreasingN () n + m) value. All of these energy-related
properties are then used for the identification of magic BenCm

clusters.

3.3.1. Binding Energy and Second Difference in Energy.The
binding energy per atom for the neutral clusters is calculated
according to

whereE(C) is the energy of a single carbon atom,E(Be) is the
energy of a single Be atom,E(BenCm) is the energy of the BenCm

cluster (n ) 1-10, m ) 1, 2, ..., to 11- n), andN is the total
number of atoms in the cluster (N ) n + m).

The calculated binding energy per atomEb is plotted as a
function of the cluster size,N, in Figure 10a. It is interesting to
notice that BeCm (m ) 1-9) shows the highest binding energy
per atom for 2e N e 9 andN ) 11, while Be2C8 shows a
slightly higher binding energy per atom (5.34 eV) than BeC9

(5.30 eV) for N ) 10 (Table 2). Hence, it is reasonable to
conclude that BenCm clusters containing one Be atom seem to
be the most stable ones. However, the lowestEb value is always
reached by the highest possible value ofn in each BenCm cluster
(Figure 10a, Table 2). It is also observed that the clusters with
odd numbers of beryllium atoms,n, (Figure 10a, filled symbols)

Figure 9. Same as Figure 5 for Be6Cm, m ) 2 (a) and 4 (b-n), Be7C (o), Be8Cm, m ) 1 (p-r) and 3 (s), and Be9Cm, m ) 1 (t) and 2 (u) neutral
clusters.

Eb )
mE(C) + nE(Be) - E(BenCm)

N
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show comparatively higher binding energies than the clusters
containing even numbers of beryllium atoms (Figure 10a, empty
symbols), which makes them relatively more stable.

In Figure 10a the minimum (dotted line) binding energy trend
curve shows a clear change of behavior atN ) 7, a value after
which this curve increases almost linearly withN, possibly
indicating an intrinsic change in the behavior of small BeC
clusters. To elucidate this point, the relative stabilities of the
clusters upon the addition or elimination of a carbon atom are
calculated using the second difference of energy∆2E(m), which
is calculated as

whereE(BenCm-1), E(BenCm+1), andE(BenCm) are the energies
of then-beryllium BenCm-1, BenCm+1, and BenCm clusters (n )
1-10, m ) 1, 2, ..., to 11- n), respectively. In cluster
physics,6,87the second difference in energy can be used to search
for “magic clusters”. This quantity represents the relative
stability of a pure cluster with respect to its two immediate
neighbors and can be compared directly to the experimental
abundance.6 Because this study does not consider pure clusters,
i.e., formed by only one type of element, two equations for the
second difference in energy can be written, one at constantn,
∆2E(m), and the other at constantm, ∆2E(n). Both possibilities
were explored, but∆2E(m) is presented here due to its clearer
trends and ease to follow the organization of this paper.

The aforementioned equation for∆2E(m) can be rewritten
as the sum of two differences, [E(BenCm-1) - E(BenCm)] +
[E(BenCm+1) - E(BenCm)]. The first difference is the relative
stability of BenCm with respect to the addition of a carbon
atom to the BenCm-1 cluster, and the second difference is the
relative stability of BenCm with respect to the elimination of a
carbon atom from the BenCm+1 cluster. Hence, if BenCm is
indeed more stable than its neighbors, then both differences

and therefore∆2E(m) are positive. To “normalize”∆2E(m)
and get rid of relative comparisons between all ground state
clusters, the quantity∆2E(m)/n, wheren is the number of Be
atoms in the cluster, is considered instead. Hence,∆2E(m)/n
provides a qualitative measure of absolute BenCm cluster stability
upon the addition and removal of one carbon atom to the
clusters.

In Figure 10b then value that gives the highest and the lowest
∆2E(m)/n per eachN is plotted as a function ofN. According
to this figure, it is evident that the highest∆2E(m)/n is always
achieved byn ) 1 for oddm andn ) 2 for evenm and that the
lowest ∆2E(m)/n is achieved byn ) 2 for odd m in BenCm,
respectively, and irrespective of the cluster sizeN. WhenN is
even andN > 6, however, a different behavior is observed
because the lowest∆2E(m)/n values are obtained byn ) 3.
Hence, it is concluded that the highest BenCm cluster stability
with respect to the addition or removal of a carbon atom is
achieved by BeCm (oddm) and Be2Cm (evenm) irrespective of
the total number of atoms in the cluster. Moreover, Be2Cm (odd
m), BeCm (m) 4 and 6), and Be3Cm (oddm) 8 and 10) clusters
are the least stable with respect to the addition or removal of a
carbon atom (Figure 10b). Thus, two different trends are
observed from this figure forN < 7 andN > 7 with respect to
the number of beryllium atoms that minimize∆2E(m)/n per each
N, explaining the intrinsic change in the behavior of small BeC
clusters atN ) 7 in the minimum binding energy trend curve
of Figure 10a.

Figures 11a and 11b show the behavior of∆2E(m)/n as a
function ofn for odd and even total numbers of atoms,N ) n
+ m, in the BenCm clusters, respectively. It can be noted that
there is an even-odd alternation in these∆2E(m)/n values with
n. This figure clearly shows that clusters with oddn and N
(Figure 11a) and clusters with evenn andN (Figure 11b) are
particularly stable.

TABLE 2: Calculated ∆2E(m), HOMO -LUMO Gap (HLG), IP v, and EAv for BenCm (n ) 1-10; m ) 1, 2, ..., to 11- n)
Clustersa

N n m
Eb

(eV)
HLG
(eV)

IPv

(eV)
EAv

(eV)
∆2E(m)/n

(eV) N n m
Eb

(eV)
HLG
(eV)

IPv

(eV)
EAv

(eV)
∆2E(m)/n

(eV)

11 1 10 5.26 3.04 6.84 3.47 8 1 7 5.30 2.49 8.22 3.66 -0.11
11 3 8 5.18 4.72 8.01 2.14 8 2 6 5.11 5.14 9.46 2.04 1.17
11 2 9 5.05 2.71 6.22 3.64 8 3 5 4.44 4.41 8.67 2.87 -1.21
11 4 7 4.54 2.58 5.98 2.63 8 4 4 4.02 3.49 8.10 2.51 0.10
11 5 6 4.33 3.48 6.94 1.86 8 5 3 3.39 1.92 6.05 2.48 0.47
11 6 5 3.73 1.19 5.34 3.40 8 6 2 2.54 1.15 5.82 3.41 -0.22
11 7 4 3.37 2.35 5.25 3.90 8 7 1 2.01 2.92 6.20 2.15 0.03
11 8 3 2.80 1.61 5.65 2.71 7 1 6 5.17 3.81 8.95 2.57 2.80
11 9 2 2.43 1.43 5.38 3.01 7 2 5 4.74 4.50 8.44 2.68 -0.36
11 10 1 2.40 2.03 5.76 2.65 7 3 4 4.32 3.98 8.47 1.94 1.18
10 2 8 5.34 4.17 8.28 2.72 2.50 7 4 3 3.60 2.88 6.91 1.96 0.24
10 1 9 5.30 2.93 7.15 3.74 -0.55 7 5 2 2.70 1.75 5.96 2.13 -0.33
10 3 7 4.94 4.44 7.55 2.80 -0.85 7 6 1 1.89 2.59 6.03 2.58 -0.19
10 4 6 4.58 2.81 6.80 2.78 0.75 6 1 5 4.54 3.04 8.38 2.68 -5.06
10 5 5 4.13 3.01 6.47 2.07 0.39 6 2 4 4.38 3.63 8.46 1.81 0.31
10 6 4 3.87 3.74 6.32 1.31 1.27 6 3 3 3.57 1.64 7.10 2.88 -0.97
10 7 3 3.01 2.14 5.81 3.22 -0.01 6 4 2 2.88 2.15 6.63 1.90 -0.29
10 8 2 2.71 1.52 5.77 2.91 0.52 6 5 1 2.05 1.76 6.48 2.29 -0.05
10 9 1 2.32 2.43 5.41 2.62 0.44 5 1 4 4.66 3.91 9.73 2.38 3.38
9 1 8 5.41 3.58 7.98 2.68 2.02 5 2 3 3.75 5.54 7.33 2.13 -1.40
9 2 7 5.13 3.91 7.54 3.37 -0.93 5 3 2 3.12 2.71 7.07 1.55 0.40
9 3 6 4.93 5.13 8.95 2.03 1.30 5 4 1 2.11 4.22 6.61 1.04 -0.20
9 4 5 4.30 2.73 7.90 3.48 -0.14 4 1 3 4.00 1.96 8.09 2.58 -2.36
9 5 4 3.67 2.47 6.09 2.64 -0.48 4 2 2 3.50 6.26 7.49 1.13 1.97
9 6 3 3.19 2.42 5.97 2.44 -0.26 4 3 1 2.13 2.99 6.89 2.33 -0.01
9 7 2 2.57 1.73 5.66 2.69 0.01 3 1 2 3.68 3.39 9.35 2.13 3.59
9 8 1 2.13 2.88 5.85 2.58 -0.12 3 2 1 1.77 3.04 7.43 2.03 -1.81

2 1 1 1.24 2.86 9.60 0.44 -6.06

a Clusters are ordered according to∆2E(m) from the most (bold) to the least stable in terms ofEb for decreasedN () n + m) value.

∆2E(m) ) E(BenCm-1) + E(BenCm+1) - 2E(BenCm)
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3.3.2. HOMO-LUMO Gap, Vertical Ionization Potential, and
Electron Affinity.The HLG/ band gap is the energy difference
between the highest occupied (HOMO) and the lowest unoc-
cupied (LUMO) molecular orbitals. Figure 12 shows the
variation of HLG as a function of the cluster sizeN. It is
interesting to notice that the highest HLG is observed whenn
) 1, n ) 2, andn ) 3 for N ) 3, 4-8, and 9-11, respectively.
Similarly, the lowest HLG is observed whenn ) 2, 1, 3, 3, 5,
6, 7, 8, and 6 forN ) 3-11, respectively. Overall, the highest
and lowest HLGs are reached by Be2C2 and Be6C2, respectively
(Figure 12).

The ionization potential and the electron affinity are defined
as the energy needed for the removal of an electron from the
cluster and the energy released when an extra electron is added
to the neutral atom, respectively, yielding valuable information
on the electronic structure of the cluster.5 The vertical ionization
potential and vertical electron affinity are “first order” ionization
potentials and electron affinities, respectively, and calculated
using the following equations

whereE[BenCm]+ andE[BenCm]- are the energies corresponding
to singly positively and negatively charged clusters at the neutral
cluster’s geometry, respectively.

Figures 13a and 13b show the vertical ionization potential
and vertical electron affinity as functions of the cluster size,
respectively. The solid and dotted lines in Figures 13a and 13b
join the highest and the lowest calculated IPv and EAv values
for eachN.

It is interesting to notice that IPv is maximum atn ) 1, n )
2, andn ) 3 for N ) 3-5, and 7,N ) 6, 8, and 10, andN )

Figure 10. (a) Binding energy per atom as a function of the cluster
size N () n + m) for BenCm (n ) 1-10; m ) 1, 2, ..., to 11- n)
clusters. (b)n vs N for the highest and lowest∆2E(m)/n according to
Table 2.

Figure 11. Second difference in energy per beryllium atom,∆2E(m)/
n, vs number of beryllium atoms,n, for odd (a) and even (b) total
numbers of atoms in the cluster,N ) n + m.

Figure 12. HOMO-LUMO gaps as a function of the number of atoms
in the cluster (N ) n + m) for BenCm (n ) 1-10; m ) 1, 2, ..., to 11
- n) neutral clusters.

Figure 13. Vertical (a) ionization potential, IPv, and (b) electron
affinity, EAv, as functions ofN () n + m) for all of the BenCm (n )
1-10; m ) 1, 2, ..., to 11- n) neutral ground state clusters.

IPv ) E[BenCm]+ - E[BenCm]

EAv ) E[BenCm] - E[BenCm]-
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9 and 11, respectively. The IPv minimum is found whenn ) 2,
3, 4, 5, 5, 6, 7, 9, and 7 forN ) 3-11, respectively (Figure
13a). However, EAv is maximum atn ) 1, 1, 1, 3, 2, 1, 4, 1,
and 7 forN ) 3-11, and it is minimum whenn ) 2, 2, 4, 2,
3, 2, 3, 6, and 5 forN ) 3-11, respectively.

3.3.3. Magic Numbers.The stability of BenCm (n ) 1-10;
m ) 1, 2, ..., to 11- n) clusters can be discussed on the basis
of Eb, HLG, IPv, EAv, and∆2E(m)/n. In Table 2,Eb, HLG, IPv,
EAv, and∆2E(m)/n of the BenCm ground state structures shown
in Figures 1-4 are reported, where clusters are ordered per each
N from the most to the least stable (in terms ofEb) for decreased
N. Hence, the most and least stable clusters correspond to the
cases for whichEb are the highest and lowest, respectively, per
N. In Table 2, the highestEb, HLG, IPv and lowest EAv are in
bold for clear visualization of clusters with particular stabilities.
In addition, when a cluster has any of those quantities
highlighted,∆2E(m)/n is also highlighted when positive. Note
that for clusters containing a total of 11 atoms no value for
∆2E(m)/n is reported because their calculations required infor-
mation about clusters containing 12 atoms, which were not
studied in this work.

Table 2 clearly shows that BeCm (m ) 1-9) clusters have
the highest binding energy per atom for 2e N e 9 andN )
11, while Be2C8 shows a slightly higher binding energy per atom
(5.34 eV) than BeC9 (5.30 eV) for N ) 10 as discussed
previously. The most stable 5-, 7-, and 10-atom clusters are the
ones that exhibit the highestEb, IPv, and∆2E(m)/n. The most
stable 4-atom cluster is the one that exhibits the highestEb and
IPv. The most stable 6-, 8-, and 11-atom clusters are the ones
that exhibit the highestEb. The most stable 9-atom cluster is
the one that exhibits the highestEb and∆2E(m)/n. Finally, the
most stable 3-atom cluster is the one that exhibits the highest
Eb, HLG, IPv, and ∆2E(m)/n. No correlation has been found
between EAv and cluster stability.

According to Table 2, at particular values ofn andm certain
BenCm clusters show particular stability and are expected to have
higher abundances than their neighboring clusters. Clusters
having two or more properties highlighted and a positive
∆2E(m)/n in Table 2 are considered particularly stable. These
clusters (Be2C8, Be3C6, Be2C6, BeC6, Be2C4, BeC4, Be2C2, and
BeC2) are then referred to as clusters of “magic numbers”,
indicating that the clusters with these values ofn are more stable
than their neighboring clusters. The particularly high stabilities
of BeC2, BeC4, and BeC6 can be understood in view of the
magic numbers of total valence electrons of 10, 18, and 26,
respectively. However, the particularly high stabilities of Be2C2,
Be2C4, Be2C6, Be2C8, and Be3C6 clusters containing 12, 20, 28,
36, and 30 total valence electrons, respectively, may be due to
atomic structure effects.

4. Conclusions

Studies on the structure and stability of BenCm (n ) 1-10;
m ) 1, 2, ..., to 11- n) clusters have been conducted at the
B3PW91/6-31+G* DFT level. The most stable planar cyclic
conformations always show at least a set of two carbon atoms
between two beryllium atoms, while structures where beryllium
atoms cluster together, or allow the intercalation of one carbon
atoms between two of them, generally seem to be the least stable
ones. The stability of BenCm ground clusters is discussed on
the basis of their binding energy per atom, HOMO-LUMO
gap, vertical ionization potential, vertical electron affinity, and
second difference in energy per beryllium atom. Be2C8, Be3C6,
Be2C6, BeC6, Be2C4, BeC4, Be2C2, and BeC2 are identified as
clusters of “magic numbers” and may be further considered in

the assembly of more complex structures with unique properties
for technological applications.
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