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Abstract The geometrical structures, electronic properties and
relative stabilities of small bimetallic BenCum (n+m=2–7)
clusters have been systematically investigated by using a den-
sity functional method at the B3PW91 level. In the most stable
structures of BenCum, the Be atoms tend to gather together and
construct similar configurations to those of pure Ben clusters.
Meanwhile, there is a tendency for Cu atoms to segregate
toward the Ben cluster surface. The successive binding ener-
gies, cohesive energies, second difference of energies, the
highest occupied-lowest unoccupied molecular orbital energy
gaps and chemical hardness of BenCum are also investigated.
All of them demonstrate that the clusters with even number of
copper atoms present relatively higher stabilities. The natural
population analyses on the BenCum clusters reveal that, the
charge transfers from Be to Cu when the average coordination
numbers (Nc) of Be atom is less than 3, whereas the charge-
transferring direction reverses when Nc(Be) increases.

Keywords Be-Cu cluster . Coordination number . Density
functional theory . Stability . Structural feature

Introduction

Over the past decades, a lot of emphases have been put on
the study of the physical and chemical properties of atomic
clusters, which, consisting of a few to a few thousand atoms,
have come to be regarded as a new “phase” of matter.
Interestingly, the characteristics of atomic clusters, such as
geometrical arrangements and electronic properties, can be

tuned up by altering the clusters’ size and composition,
which are generally inaccessible in the bulk phase. Among
the various studies on clusters, metal clusters, especially
the bimetallic clusters, have attracted considerable atten-
tion from both experimental and theoretical researchers
[1–17]. The goal of most of these studies is to examine
how the properties of a cluster evolve with size. These
properties include the geometric structures, binding en-
ergies, ionization energies, and the highest occupied-
lowest unoccupied molecular orbital (HOMO-LUMO)
energy gaps, etc.

Beryllium copper (BeCu) alloys are known for their high
strength and good electrical and thermal conductivities.
They have many specialized applications in tools for haz-
ardous environments, aerospace, and precision measure-
ment devices, etc. In view of the practical importance of
beryllium copper alloys in our life, the investigations on the
Be-Cu systems are intriguing and may help to understand
various physical and chemical properties and stabilities of
such species. However, although much of the experimental
and theoretical work has been carried out on pure beryllium
[18–33] and copper [34–44] clusters, there is limited theo-
retical research on the binary clusters of Be/Cu. Thus, char-
acterization of geometrical structures, various energetic and
electronic-structure related properties of the Be-Cu clusters
should be a meaningful project. Such a study on the Be-Cu
clusters would also provide useful information on how their
geometrical arrangements and stabilities evolve with vary-
ing cluster size and composition.

In this paper, we present a systematic study of the bime-
tallic BenCum (n+m≤7) clusters at their neutral states. Com-
pared to pure Ben and Cum clusters, the BenCum binary
clusters exhibit some interesting structural evolutions. The
successive binding energy (sBE) of BenCum shows odd-
even oscillations. The stabilities of the BenCum clusters are
analyzed on the basis of the vertical ionization potentials
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(IPv), the cohesive energies (EC), the HOMO-LUMO gaps,
the chemical hardness and the second difference energies. In
addition, the natural population analyses (NPA) are
performed to figure out the charge-transfer direction in the
BenCum clusters.

Calculation methods

The randomized algorithms [45–48] were used to search the
minimum structures of the BenCum (n+m≤7) clusters. In
this method, all atoms were placed at a common initial point
in geometrical space and then exploded in random direc-
tions within a sphere-shell with radius between Rmin and
Rmax. Such “zero” input structure can avoid biasing the
search. A lot of starting geometries were obtained at the
B3LYP/LANL2DZ level until no new minimum appeared.
Afterward, randomized searches were implemented again in
the region of one structure found above to do an intensive
search for additional minima. The minima at the
B3LYP/LANL2DZ level were then reoptimized using the
B3PW91 method [49]. In the reoptimization, the SDD [50]
and aug-cc-pVTZ basis sets were adopted for Cu and Be,
respectively. In order to make sure that the lowest energetic
structures are obtained, we have also considered a large
amount of initial BenCum geometries based on the pure
copper or beryllium clusters. For example, the BeCum struc-
tures can be constructed by placing a beryllium atom on
each possible site of the Cum cluster, or by substituting one
Cu atom in the Cum+1 cluster with a Be atom. Finally,
B3PW91 frequency calculations (with SDD basis set for
Cu and aug-cc-pVTZ for Be) were performed on all the
optimized BenCum structures to check whether they were
transition states or true minima on the potential energy
surfaces.

To evaluate the feasibility of our method, we make a
comparison between the calculated structures of the Cu2
and Be2 dimers and those from experimental works [24,
51, 52]. The results of bond lengths and vibrational frequen-
cies are summarized in Table 1. From the table, the B3PW91
method yields RBe-Be=2.491 Å and RCu-Cu=2.235 Å, which
are in good agreement with the corresponding experimental
data of 2.453 Å and 2.22 Å, respectively. Meanwhile, the
B3LYP results also agree well with those from experiment.
In view of the fact that the B3PW91 method has been
reported to perform satisfactorily on characterizing struc-
tures and stabilities of pure Be clusters [26, 28], bare Cu
clusters [53], and binary BenCm clusters [54], we adopt the
B3PW91 method in final optimizations of the BenCum
geometries.

All the single-point energy calculations were carried out
at the B3PW91 level with SDD basis set for Cu and aug-cc-
pVTZ for Be. Based on the single-point energies, the

vertical ionization potentials (IPv), the HOMO-LUMO en-
ergy gaps, the successive binding energy (sBE), the cohe-
sive energies (EC), the chemical hardness and the second
difference energies of BenCum were obtained. Natural pop-
ulation analyses (NPA) [55, 56] were implemented at the
same level to give natural atomic charges distribution. All
calculations were performed using the GAUSSIAN 09 pro-
gram package[57].

Results and discussion

Structural characteristics

The lowest energy structures of the BenCum (n+m≤7) clus-
ters are shown in Fig. 1, their symmetries and lowest vibra-
tional frequencies are presented in Table 2. The geometrical
parameters of these structures are collected in Table 3. In
this subsection, we will discuss the structures of the BenCum
clusters according to the increasing order of n.

1. BeCum (m=1–6). Among the six clusters in this
group, there are two clusters that show linear struc-
tures, namely, BeCu and BeCu2; two are planar, i.e.,
BeCu3 and BeCu4; and the other two, BeCu5 and
BeCu6, present 3-dimensional (3D) geometries. Note
that the Be-doped Cum clusters exhibit different
structural features from the pure copper clusters. It
is known that the structures of Cum (m=3–6) are all
planar [53], while in the BeCum series, the 3D
structure occurs at m=5.

In the case of BeCu with C∞v symmetry, the Be-Cu bond
length is 2.057 Å, which is shorter than Be-Be bond length
(2.453 Å[24]) in Be dimer and Cu-Cu bond length (2.491 Å)
in Cu2. For BeCu2 with D∞h symmetry, the Be-Cu bond
length is 2.044 Å, which is slightly shorter than that of
BeCu. The global minimum of BeCu3, exhibits a quasi-
rhombic structure with C2v symmetry. From Table 3, the
Cu-Cu bond lengths are 2.426 Å, which are shorter than that
of Cu2 (2.491 Å); the axial Be-Cu bond length is 2.126 Å,
which is slightly longer than the Be1-Cu2 bond length of
2.093 Å. This cluster could be regarded as a copper atom in
Cu4[53] being replaced by a beryllium atom. The optimized
geometry of BeCu4 has a C2v geometrical symmetry. In
comparison with the bare Cu5 cluster[53], BeCu4 could be
obtained by substituting a Be atom for the central Cu atom
in Cu5, with the configuration having a slight deformation.
The next one is BeCu5, which is the first 3D structure in this
group and exhibits an umbrella-like geometry. The Be1-Cu2
bond length of 2.129 Å is slightly shorter than that of
2.142 Å for Be1-Cu3 bond. As a result, the BeCu5 cluster
has Cs spatial symmetry. The Cu-Cu bond lengths have
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three different values, namely, 2.411 Å for bond 5–6,
2.516 Å for bond 3–5, and 2.493 Å for bond 3–6. The last
cluster in this group is BeCu6 with C3v symmetry.

From Fig. 1, each BeCum structure can be gained by
adding a Cu atom on the geometry of the former BeCum-1
cluster. Besides, the introduction of one more Cu atom
influences the BeCum-1 geometry in an interesting way.
Specifically, if a Cu′ atom in BeCum-1 bonds with the added
Cu atom, then the Cu′-Be bond will elongate; if not, the Cu′-
Be bond will shorten. Take Be1-Cu2 bond for example, the
Cu2 atom does not connect with the Cu3 atom, so the
addition of Cu3 atom to BeCu leads to a shorter Be1-Cu2

bond (from 2.057 to 2.044 Å). Likewise, the same is true for
the introduction of Cu5 or Cu7 atom, which reduces the
Be1-Cu2 bond length from 2.093 to 2.080 Å and from 2.129
to 2.114 Å, respectively. In contrast, both Cu4 and Cu6
atoms link with Cu2 atom, as a result, the Be1-Cu2 bond
becomes longer from 2.044 Å in BeCu2 to 2.093 Å in
BeCu3 and from 2.080 Å in BeCu4 to 2.129 Å in BeCu5.

2. Be2Cum (m=1–5). When two beryllium atoms are in-
volved in these binary clusters, the 3D geometry occurs
atm=3. For the C∞v -symmetrical Be2Cu, the Be-Cu bond
length is 2.044 Å, which is the same with that in BeCu2.

Table 1 Comparison of calcu-
lated and experimental bond
lengths (R in Å) and vibrational
frequencies (ν in cm−1) of pure
beryllium and copper dimers

afrom ref [24], bfrom ref [51],
cfrom ref [52]

Methods Be2 Methods Cu2

R ν R ν

B3PW91/aug-cc-pVTZ 2.491 300.35 B3PW91/SDD 2.235 264.80

B3LYP/aug-cc-pVTZ 2.482 287.27 B3LYP/SDD 2.245 259.48

Experimentala 2.453 270.7 Experimental 2.22b,c 265c

Fig. 1 The lowest energies structures of the BenCum clusters (n+m=2–7)
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For Be2Cu2 with D∞h symmetry, the Be-Be bond length is
2.122 Å, and the Be-Cu distance is 2.048 Å. The addition
of one more Cu atom to BeCu2 generates the first 3D
configuration in this series. Be2Cu3 has a D3h geometry.
The next one in this group is Be2Cu4 with D4h symmetry.
It can be viewed as one copper atom inserts in the Cu3
plane of Be2Cu3, which leads to the Cu-Cu bond forma-
tion but breaks the bond between two Be atoms. The
Be2Cu5 cluster, with Cs spatial symmetry, could be
regarded as one copper atom bound to the “hollow” site
of the Be2Cu4 configuration, as is clearly shown in Fig. 1.
From Table 3, the Be-Cu and Cu-Cu bond lengths of
Be2Cu5 vary in the range of 2.131∼2.175 Å and
2.492∼2.572 Å, respectively.

In the Be2Cum series, the Be-Cu bond length has an increas-
ing tendency with increasing number of Cu atom, whereas the

Table 2 The symmetries and lowest vibrational frequencies (ν1, cm
−1)

of the BenCum (n+m=2–7) clusters

Clusters Symmetry ν1 Clusters Symmetry ν1

BeCu C∞v 481 Be3Cu Cs 164

BeCu2 D∞h 167 Be3Cu2 D3h 184

BeCu3 C2v 126 Be3Cu3 Cs 64

BeCu4 C2v 60 Be3Cu4 Cs 49

BeCu5 Cs 56 Be4Cu C3v 242

BeCu6 C3v 52 Be4Cu2 D2d 75

Be2Cu C∞v 147 Be4Cu3 Cs 82

Be2Cu2 D∞h 75 Be5Cu Cs 100

Be2Cu3 D3h 40 Be5Cu2 C2v 86

Be2Cu4 D4h 86 Be6Cu C3v 209

Be2Cu5 Cs 60

Table 3 The bond lengths of the
BenCum (n+m=2–7) clusters in
their lowest energy
configurations

Cluster Type L/Å Cluster Type L/Å Cluster Type L/Å

BeCu 1–2 2.057 2–6 2.175 Be4Cu2 1–4 1.971

BeCu2 1–2 2.044 3–4 2.537 3–4 2.074

BeCu3 1–2 2.093 3–6 2.572 4–6 2.143

1–4 2.126 5–6 2.492 Be4Cu3 1–2 2.104

2–4 2.426 6–7 2.570 1–4 2.033

BeCu4 1–2 2.080 Be3Cu 1–2 1.986 1–5 2.195

1–4 2.119 2–3 2.230 1–7 2.129

3–4 2.381 1–4 2.252 2–3 2.010

3–5 2.499 2–4 2.126 2–4 2.182

BeCu5 1–2 2.129 Be3Cu2 2–3 2.168 2–5 2.197

1–4 2.142 2–4 2.134 2–6 2.172

1–6 2.187 Be3Cu3 1–2 2.113 4–7 2.145

3–4 2.409 1–4 2.160 5–6 2.614

3–5 2.516 1–5 2.109 Be5Cu 1–3 2.026

3–6 2.493 2–3 2.125 2–3 2.177

5–6 2.411 2–4 2.155 2–4 2.036

BeCu6 1–2 2.114 2–5 2.194 2–5 2.000

1–4 2.215 2–6 2.177 2–6 2.220

2–6 2.485 4–6 2.573 3–4 2.013

3–6 2.417 Be3Cu4 1–2 2.187 3–5 2.081

Be2Cu 1–2 2.160 1–4 2.185 5–6 2.122

1–3 2.044 1–5 2.066 Be5Cu2 1–3 1.884

Be2Cu2 1–2 2.122 1–7 2.110 2–3 2.226

1–3 2.048 2–3 2.101 2–4 2.022

Be2Cu3 1–2 2.014 2–4 2.152 2–6 2.240

1–3 2.131 2–5 2.221 3–4 2.041

Be2Cu4 1–3 2.153 2–6 2.183 5–6 2.118

4–5 2.517 4–6 2.515 Be6Cu 1–3 2.085

Be2Cu5 1–3 2.172 5–7 2.510 1–4 2.203

1–6 2.147 Be4Cu 2–3 2.045 1–6 2.076

1–7 2.140 2–4 2.032 5–6 1.993

2–3 2.131 2–5 2.178
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Be-Be bond length behaves reversely. For example, the Be1-
Cu3 bond length increases in the order 2.044 Å for Be2Cu<
2.048Å for Be2Cu2<2.131Å for Be2Cu3<2.153Å for Be2Cu4
<2.172 Å for Be2Cu5. Differently, the Be-Be bond length
shows a decreasing order of 2.160 Å for Be2Cu>2.122 Å for
Be2Cu2>2.014 Å for Be2Cu3. Although the two Be atoms do
not bond together in the last two clusters, adding a Cu atom to
Be2Cu4 shortens the Be-Be distance to 2.380 Å from 2.421 Å.

3. Be3Cum (m=1–4). From Fig. 1, all the clusters in this
series prefer 3D configurations. In each cluster, the three
Be atoms bond to each other and construct a triangle,
which is surrounded by additional Cu atoms. In the case
of Be3Cu, the Be2-Cu4 bond of 2.126 Å is 0.126 Å
shorter than the Be1-Cu4 bond, and the Be1-Be2 bond
of 1.986 Å is 0.244 Å shorter than the Be2-Be3 bond.
Consequently, Be3Cu has a Cs geometrical symmetry.
The Be3Cu2 cluster has a trigonal-bipyramidal geome-
try. From Table 3, the Be-Cu and Be-Be bond lengths of
Be3Cu2 are 2.134 Å and 2.168 Å, respectively. Cu-Cu
bond forms in the Be3Cu3 and Be3Cu4 clusters. The Cu-
Cu bond length of Be3Cu3 is 2.573 Å, which is ca.
0.06 Å longer than those of Be3Cu4.

It is noteworthy that each structure of the Be3Cum series
could be viewed as a Cu atom attaching to that of Be3Cum-1.
Specifically, Be3Cu2 could be viewed as a Cu atom capping
the Be3 unit of Be3Cu; similarly, Be3Cu3 could be regarded
as a Cu atom occupying the “hollow” site of Be3Cu2. The
same rule is true for the Be3Cu4 cluster, which could be
treated as a Cu atom side-bound to the Be3Cu3 structure.
Generally, the Be-Cu bond tends to become longer with the
increasing number of m. From Table 3, the Be2-Cu4 bond
length increases in the sequence 2.126 Å for Be3Cu<
2.134 Å for Be3Cu2<2.155 Å for Be3Cu3≈2.152 Å for
Be3Cu4. On the contrary, the Be-Be bond varies in a de-
creasing order. Take Be2-Be3 bond length for example, it
decreases in the order 2.230 Å (Be3Cu)>2.168 Å (Be3Cu2)
>2.125 Å (Be3Cu3)>2.101 Å (Be3Cu4).

4. Be4Cum (m=1–3). A previous work has specified the
tetrahedral arrangement of the atoms in the singlet spin-
multiplicity state as the most stable isomer of Be4 [29].
In the Be4Cum series, it is obviously seen that all the
configurations could be obtained by attaching copper
atoms to the bare tetrahedral Be4 cluster. Herein, the
C3v-symmetrical Be4Cu could be viewed as a copper
atom capping one face of Be4 tetrahedron. The Be-
Be bond lengths are 2.032 and 2.045 Å, for bond 2–4 and
bond 2–3, respectively; the Be-Cu bond length is 2.178 Å.
Two Cu atoms attached to the opposite sides of the Be4
cluster generates the D2d geometry of Be4Cu2, where the
Be-Cu bond length of 2.143 Å is slightly shorter than that
of Be4Cu. The final cluster in this group is Be4Cu3 withCs

group point symmetry. From Fig. 1, this cluster could be
regarded as a Cu atom capping the Be1-Be2-Be3 face of
Be4Cu2, or could be viewed as two copper atoms being
attached to Be4Cu on two different edges. From Table 3,
the Be-Cu and Be-Be bond lengths of Be4Cu3 vary in the
2.129∼2.197 Å and 2.010∼2.182 Å ranges, respectively.
The Cu-Cu bond emerges in this configuration and its
length is 2.614 Å.

5. Be5Cum (m=1, 2). As previously reported by Srinivas
et al., the most stable structure of the pure Be5
cluster is a trigonal bipyramid (D3h) [29]. From
Fig. 1, both Be5Cu and Be5Cu2 clusters could be
generated by adding the Cu atoms to the Be5 con-
figuration. Herein, C2v–symmetrical Be5Cu2 could
also be regarded as a Cu atom attaching to Be5Cu
without Cu-Cu bond formation. The introduction of
a second Cu atom to Be5Cu leads to slightly longer
Be2-Cu6 bond and meanwhile reduces the Be5-Cu6
bond to a small extent. Such changes in Be-Cu
bond lengths imply a “repulsion” interaction be-
tween two Cu atoms in Be5Cu2. This special phe-
nomenon can also be discerned in structures of the
BeCu2, Be2Cu2, Be3Cu2, and Be4Cu2 clusters, where
the two Cu atoms always locate as far as possible
from each other. Also note from these BenCu2 series
that the Be-Cu bond length shows an increasing
tendency with the increasing number of Be atom.
From Table 3, the Be-Cu bond length varies in the
order 2.044 Å for BeCu2<2.048 Å for Be2Cu2<
2.134 Å for Be3Cu2<2.143 Å for Be4Cu2<2.179 Å
(average length of two Be-Cu bonds) for Be5Cu2.
This may indicate that the strength of Be-Cu bond
becomes weaker with increasing proportion of Be in
these clusters.

6. Be6Cu. Since the structure of the most stable isomer of
Be6 is reported as an Oh octahedron in the quintet state
[29], we have considered the different spin multiplicity of
Be6Cu. It turns out that the global minimum of Be6Cu
corresponds to the quartet state, with a capped octahedral
geometry (C3v). In contrast, the doublet spin-multiplicity
state of Be6Cu is a low-lying structure, which is 0.23 eV
higher in total energy than the quartet isomer. From Fig. 1,
the structure of Be6Cu could be obtained by adding a Cu
atom to that of pure Be6 cluster.

Based on the above descriptions, the global minima of
these binary clusters prefer the core-shell structures, and this
trend becomes more and more evident with the increasing
size of the cluster. The Be atoms tend to gather together and
act as the central core of these BenCum clusters, which
consequently yields a maximum of Be-Be bonds. On the
other hand, there is a tendency for Cu atoms to segre-
gate toward the Ben cluster surface, which may be due
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to the relatively large Cu atomic radius. As a result, all
the BenCum (n≥3) clusters could be generated by attaching Cu
atoms to bare Ben clusters. Besides, the additional Cu atoms
tend to favor the “hollow” or “edge” site of the Ben geometry.

The structural features of these binary Be-Cu clusters are
also related to those of pure Ben and Cum clusters. It has been
reported that the copper clusters (Cum) favor planar configu-
rations whenm<7[53], while the Ben geometries are 3D from
n=4 onward [29]. Similar to the Cum cluster, BeCum (m<5)
have planar structures. However, the doped Be atom leads to a
tridimensional geometry of BeCum at m=5. As the number of
Be atoms increases in the systems, the 3D structures are
favored as in pure beryllium clusters. Furthermore, the greater
proportion of Be in these clusters, the earlier the 3D structure
occurs. From Fig. 1, the 3D configuration emerges when the
total atoms number k=6 (k=n+m) in the first BeCum series,
while it occurs at k=5 and k=4 in the following Be2Cum and
Be3Cum series, respectively.

To further reveal the origin of the structural characteris-
tics of these binary clusters, the average coordination num-
bers (Nc) of Be and Cu atoms in BenCum are introduced,
which can be defined as

average NcðBeÞ ¼ 2� NBe�Be þ NBe�Cuð Þ=n;
average NcðCuÞ ¼ 2� NCu�Cu þ NBe�Cuð Þ=m; ;

where NBe-Be, NCu-Cu, and NBe-Cu represent the numbers of
Be-Be, Cu-Cu, and Be-Cu bonds in the binary BenCum clus-
ters, respectively. Herein, the structures of the pure Ben and
Cum clusters are obtained from the previous works [29, 37, 40,
53] and reoptimized at the B3PW91 level (with the SDD basis
set for Cu and aug-cc-pVTZ for Be). The relationships be-
tween average Nc’s and n and m are plotted in Fig. 2. From
Fig. 2, we can easily note that Nc(Cu) is smaller than Nc(Be)
for most BenCum clusters. Consequently, among the 21
BenCum configurations, except for six clusters which are 1D
and 2D, the other conformers favor 3D structures due to the
trend toward the higher Nc for Be atoms.

Electronic properties and relative stabilities

The relative stabilities of different sized BenCum clusters can
be represented by the cohesive energies, the successive binding
energies, and the second difference of the total energy.

The cohesive energies (EC) of the BenCum clusters are
calculated according to equation (1), the results are
presented in Fig. 3.

EC ¼ nEðBeÞ þ mEðCuÞ � EðBenCumÞ½ �=ðnþ mÞ ð1Þ

From Fig. 3a, the cohesive energy data do not yield a
monotonic variation. In the curves, the peaks occur when the
number of copper atoms is even. For instance, the peak

emerges at BeCu2 for k=3, at Be3Cu2 for k=5, at Be2Cu4 for
k=6, and at Be3Cu4 for k=7. There is an exception for k=4,
that is, the EC value of BeCu3 is the highest (1.317 eV).
Nevertheless, it can be seen from the figure that the
Be2Cu2 cluster also has a high EC, which is only
0.017 eV less than that of BeCu3. Since the clusters
corresponding to the peaks possess relative higher co-
hesive energies, they may be more difficult to be bro-
ken than their neighboring ones. In addition, we have
calculated the average cohesive energies (average EC)
for the given k and plotted the results in Fig. 3b. From
the figure, the average EC value increases monotonically
with the number of k. In addition, it rises sharply from
k=2–5, then increases smoothly from k=5–7. Therefore,
the average cohesive energies of the BenCum species
show a tendency to reach a constant value from k =5
onward.

Figure 4 shows the successive binding energies (sBECu)
of these binary clusters, which are defined as

ðsBEÞCu ¼ E½BenCum � 1� þ E½Cu� � E½BenCum�

In the figure, both the sBECu curves for the BeCum
(m=1–6) and Be2Cum (m=1–5) series exhibit pronounced
odd-even oscillatory behavior. Particularly prominent sBE
peaks are found at m=2, 4, 6 for the BeCum clusters,
and the peaks occur at m=2, 4 among the Be2Cum
series, suggesting that the clusters containing even Cu
atoms have relative higher stabilities as compared with
their neighbors. The Be2Cu4 cluster exhibits the largest
sBECu value of 2.960 eV, implying its stability with
respect to loss of Cu atom.

Fig. 2 Average coordination numbers (Nc) in the most stable struc-
tures of neutral binary clusters, BenCum (n.m). The scale (n.m) is given
in the increasing order of k=n+m and the increasing order of m for the
given k [(2.0), (1.1), (0.2); (3.0), (2.1), (1.2), (0.3); … (0.7)]. It can be
seen that Nc(Cu) tends to be smaller than Nc(Be)
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The second difference energy is a sensitive quantity to
evaluate the relative stability of the clusters, which can be
defined as

Δ2E½BeCum� ¼ E½BeCum � 1� þ E½BeCum þ 1� � 2E½BeCum�
Δ2E½BeCum� represents a comparison between two frag-

mentation processes: BeCum+1→BeCum+Cu and BeCum→
BeCum-1+Cu. Positive Δ

2E value indicates that the dissoci-
ation of BeCum+1 into BeCum is a more favorable process
than the fragmentation of BeCum into BeCum-1. Therefore
Δ2E>0 means that the BeCum clusters are particularly

stable. The Δ2E values of the BeCum clusters are cal-
culated and shown in Fig. 5. From Fig. 5, Δ2E presents
a clear odd-even alternation again, with peaks (bottoms)
at an even (odd) number of copper atoms. Positive
values are presented for BeCu2 (1.01 eV) and BeCu4
(0.50 eV). The largest Δ2E value for BeCu2 indicates
its high stability. Based on the above analyses, BeCu2
exhibits the highest relative stability among the BenCum
clusters and may be used as the building block for
novel cluster-assembled materials due to its large elec-
tronic properties and special stability.

Fig. 3 a The cohesive energies
(EC) of the most stable
structures of the BenCum (n.m)
binary clusters. The scale (n.m)
is given in the increasing order
of k=n+m and the increasing
order of m for the given k [(2.0),
(1.1), (0.2); (3.0), (2.1), (1.2),
(0.3); … (0.7)]. b Average
cohesive energies (average EC)
for the given k
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The stabilities of these BenCum clusters can also be
discussed on the basis of the vertical ionization potentials
(IPv), HOMO-LUMO gaps, and chemical hardness.

The vertical ionization potential (IPv) is considered to be
an important criterion for evaluating the stability of clusters.
It is defined as the total energy difference between the
neutral cluster and the ionized cluster with the same geom-
etry as the neutral. Based on the calculation results, the IPv
values of the BenCum clusters are extremely large (5.524–
7.685 eV), implying that all these clusters are difficult to
lose an electron. The IPv data of the BeCum and Be2Cum
series are shown in Fig. 6, as a function of the total atoms
number k. And there are two features that can be noted from
these curves: (1) they all show even-odd oscillation behav-
iors as m increases; (2) in general, the IPv value decreases as
the cluster size increases.

The gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) is an effective measurement for assessing the
stability of clusters. The HOMO-LUMO energy gap reflects
the ability for electrons to jump from occupied molecular
orbital to unoccupied molecular orbital, which indicates the
ability of a molecule to participate in chemical reaction to
some degree. The gap values of the BeCum and Be2Cum
clusters are presented in Fig. 7. It is worthwhile to note that
the peak occurring at BeCu2 is especially prominent, which
indicates that the BeCu2 cluster is relatively more stable
than the other ones. Among the Be2Cum series, the largest
HOMO-LUMO gap value of Be2Cu2 suggests its high
stability.

We have also calculated the chemical hardness for these
BenCum clusters. With the knowledge of the ionization

Fig. 4 Successive binding energies (sBECu) for the BeCum and
Be2Cum clusters

Fig. 5 Second difference in energy (in eV) of the BeCum clusters

Fig. 6 The vertical ionization potentials (IPv) of the BeCum and
Be2Cum clusters

Fig. 7 HOMO–LUMO gap (in eV) of the BeCum and Be2Cum clusters

3072 J Mol Model (2013) 19:3065–3075



potential and the electron affinity, it is possible to calculate
the global chemical hardness (η) [58] which can be approx-
imated as,

η¼: 1
2

I � Að Þ

where I and A are the vertical ionization potential and the
electron affinity, respectively. Structures with large hardness
values are often considered to be harder, namely, less

reactive and more stable. The chemical hardness data of
the BeCum and Be2Cum clusters are shown in Fig. 8. From
the figure, each curve shows visible odd-even oscillation
and the chemical hardness values of the even valence elec-
tron clusters are larger than those of their neighboring clus-
ters. Herein, BeCu2 possesses the largest hardness of
3.66 eVand Be2Cu2 is second to BeCu2. Actually, no matter
in which series, the cluster with two copper atoms exhibits
the highest chemical hardness value.

At last, we performed the natural population analysis of
these binary clusters. There is an interesting phenomenon
that the charge-transfer direction may be changed when the
size of the ZrSin clusters increases [59]. This change also
happens in Be-doped gold clusters [60, 61]. Note that the
same is true for the BenCum clusters. From Table 4, the
beryllium atoms possess charges ranging from −1.438e to
0.180e and the charge-transfer direction changes at BeCu3,
Be2Cu3, and Be3Cu2 for the BeCum (m=1–6), Be2Cum (m=
1–5), and Be3Cum (m=1–4) series, respectively. In a previ-
ous work, Rodriguez and Goodman had demonstrated that,
in bimetallic systems involving species with similar electron
donor-electron acceptor properties, the subtle balance that
determines the flow of charge between elements can be
easily affected by changes in the coordination number or
in the geometrical arrangement of the atoms [62]. For the
investigated BenCum clusters, the average coordination
number of Be atom is also shown in Table 4. From the table,

Fig. 8 Chemical hardness (in eV) of the BeCum and Be2Cum clusters

Table 4 The natural charge
populations and the coordination
number of Be atoms of the
BenCum clusters

Cluster Nc(Be) Be total Cu-1 Cu-2 Cu-3 Cu-4 Cu-5 Cu-6

BeCu 1 0.158 −0.158

BeCu2 2 0.072 −0.036 −0.036

BeCu3 3 −0.252 0.112 0.112 0.029

BeCu4 4 −0.752 0.209 0.209 0.167 0.167

BeCu5 5 −0.947 0.308 0.308 0.205 0.205 −0.080

BeCu6 6 −1.438 0.388 0.388 0.388 0.091 0.090 0.090

Be2Cu 1.5 0.070 −0.070

Be2Cu2 2 0.180 −0.090 −0.090

Be2Cu3 4 −0.900 0.300 0.300 0.300

Be2Cu4 4 −0.712 0.178 0.178 0.178 0.178

Be2Cu5 4.5 −1.208 0.311 0.219 0.184 0.311 0.184

Be3Cu 3 0.015 −0.015

Be3Cu2 4 −0.310 0.155 0.155

Be3Cu3 4.67 −0.648 0.290 0.290 0.088

Be3Cu4 5 −0.870 0.256 0.215 0.201 0.197

Be4Cu 3.75 −0.203 0.203

Be4Cu2 4 −0.502 0.251 0.251

Be4Cu3 4.75 −0.822 0.326 0.265 0.231

Be5Cu 4 −0.283 0.283

Be5Cu2 4.4 −0.384 0.192 0.192

Be6Cu 4.5 −0.335 0.335
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the charges transfer from Be atoms to Cu atoms when
Nc(Be) is less than 3, and the direction of charge flow
reverses when Nc(Be) > 3. Hence, the average coordination
numbers of Be atom may be the key factor influencing the
charge transfer in the BenCum clusters.

Conclusions

In summary, we have extensively investigated the neutral
BenCum (n+m=2–7) bimetal clusters by DFT theory
employing the B3PW91 functional. We find several inter-
esting structural features for these binary clusters, which
may serve as useful guidelines for determining the most
stable structures of the larger binary Be-Cu clusters. The
main observations are as follows:

1. In the most stable structures, the Be atoms tend to gather
together and occupy the highest coordinated sites. Mean-
while, there is a tendency for Cu atoms to segregate
toward the Ben cluster surface. Such configurations pre-
figure the core-shell form of larger Be-Cu nanoclusters.

2. The calculation results of IPv, HOMO-LUMO gaps,
chemical hardness, second difference energies and sBE
all present odd-even alternations. The stability analyses
based on the energies and the physical properties clearly
show that the clusters with even number of copper
atoms are more stable than the others. Particularly, the
linear BeCu2 configuration exhibits special stability
among the BenCum clusters.

3. According to the natural population analysis (NPA),
we find that when the average coordination number
of Be atom in the BenCum clusters are less than 3,
the charge transfers from Be to Cu, but when the
Nc(Be) increases, the charges transfer from copper
atoms to beryllium.
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