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Abstract
Recently, bimetallic clusters have attracted a great deal of attention from research community because clusters yield

intriguing properties ranging from the molecular and the bulk materials, which have extensive applications in nanoma-

terials. Clusters with tailored properties are governed by cluster size, geometrical structures, and elemental composition.

Motivated by that we systematically investigated the structural, relative stable, and electronic properties of PbnSbn

(n = 2–12) clusters by means of density functional theory. In this paper, the ground state structures, average binding

energies, fragmentation energies, HOMO–LUMO gaps, and density of states were theoretically calculated. The results

demonstrate that the large clusters adopt distorted ellipsoid structures with no symmetry. The average binding energies tend

to be stable when cluster size n C 4. Pb5Sb5 and Pb9Sb9 clusters are more chemically stable compared with the neigh-

boring PbnSbn clusters, which may serve as the cluster assembled materials. The density of states of PbnSbn (n = 2–12)

clusters moving toward more negative energy levels with the growing cluster size n, which also becoming more nonlo-

calized as the clusters size n increasing.

Keywords Bimetallic clusters � Geometrical structures � Density functional theory � Electronic properties �
PbnSbn clusters

Introduction

The main investigations of cluster science are to investigate

the essential properties of clusters and promising applica-

tions of clusters in nanomaterials, which making an

essential bridge between the molecules and macro mate-

rials [1–3]. During the past several decades, the pure

clusters composed of group IV or group V elements have

been highly investigated by scholars from all over the

world. As an example, the growth behaviors and funda-

mental properties of Cn clusters [4–6], Sin clusters [7, 8],

Gen clusters [9, 10], Snn clusters [11, 12], Pbn clusters

[13, 14], Asn clusters [15, 16], and Sbn clusters [17, 18]

have been systematically investigated by both experiments

and DFT calculations. Although many investigations have

proved that the pure clusters or binary clusters from the

same group of the periodic table elements have many

similar properties [19–22] since the similar electronic

configurations of the elements and analogous geometric

structures of clusters. However, the investigations of

bimetallic clusters are of great interest and significance due

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10876-018-1450-y) contains
supplementary material, which is available to authorized
users.

& Xiumin Chen

chenxiumin9@hotmail.com

1 State Key Laboratory of Complex Nonferrous Metal

Resources Clear Utilization, Kunming University of Science

and Technology, Kunming 650093, People’s Republic of

China

2 National Engineering Laboratory for Vacuum Metallurgy,

Kunming University of Science and Technology,

Kunming 650093, People’s Republic of China

3 Yunnan Provincial Key Laboratory for Nonferrous Vacuum

Metallurgy, Kunming University of Science and Technology,

Kunming 650093, People’s Republic of China

123

Journal of Cluster Science (2018) 29:1305–1311
https://doi.org/10.1007/s10876-018-1450-y(0123456789().,-volV)(0123456789().,-volV)

https://doi.org/10.1007/s10876-018-1450-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10876-018-1450-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10876-018-1450-y&amp;domain=pdf
https://doi.org/10.1007/s10876-018-1450-y


to the valence electron configurations of the both elements

are different, thus bimetallic clusters may yield intriguing

properties which show huge differences to both of the pure

clusters.

Pb is the group IV element while Sb is the group V

element. Therefore, they are the particularly evident

p-block elements. The semiconductor materials consist of

group III–V elements have contributed to the modern

electronics, since scientist had discovered C60 which have

exploited a new material field in carbon nanotubes and

fullerenes. The discovery of cluster assembled materials

with tunable properties by fine-tuning of element compo-

sition and geometrical structures are significant. It is well

known that clusters are different from their molecules and

condensed matters. Moreover, the physical and chemical

properties of clusters are different with their size n, geo-

metrical structures, and chemical composition. Therefore,

it is crucial to elucidate the relationship between the

clusters’ properties and their cluster size n for a given

chemical composition system.

So far, Pbn clusters, Pb-based clusters, Sbn clusters, and

Sb-based clusters have been systematically investigated.

For Pbn clusters, the clusters with small cluster size n adopt

planar structures while large clusters possess three

dimensional structures. In addition, Pbn clusters demon-

strate a metal-to-nonmetal transition with growing cluster

size n. The cluster formation and ionization of Pbn clusters

were analyzed by Saito et al. [23] using the time-of-flight

mass spectrometer. Rajesh et al. [24] investigated the

geometrical structures and electronic structures of Pbn and

Pbn
? (n = 2–15) cluster using density functional theory.

Sascha et al. [25] carried out a molecular beam experiment

to study the electric deflection of Pbn (n = 7–38) clusters.

Senz et al. [26] applied the core–hole photoelectron spec-

troscopy as a probe to study lead clusters, it was found that

lead clusters demonstrate a metal-to-nonmetal transition

which is in well accordance with density functional theory

calculations. For Sbn clusters, in the vapor phases, Sb tends

to form tetrahedral clusters which are similar to the P4

cluster, As4 cluster. Polak et al. [1] investigated Sb-, Sb2-,

Sb3-, and Sb4- clusters by photoelectron spectra. Zhou

et al. [20] theoretically calculated the structural and elec-

tronic properties of Sbn (n = 2–10) clusters within density

functional theory. Bernhardt et al. [19] investigated the

decomposition mechanisms of Sbn
? (n = 3–12) clusters

versus cluster size n, surface type, as well as collision

energy using surface collision induced dissociation mass

spectrometry. In terms of bimetallic Pb-based and

bimetallic Sb-based clusters, Rajesh et al. [27] theoretically

investigated PbnM (M = C, Al, In, Mg, Sr, Ba, and Pb;

n = 8, 10, 12, and 14) clusters, in order to investigate the

effects of impurity M atoms on structural and electronic

properties Pbn clusters through comparing the differences

between Pbn clusters and PbnM clusters. Chen et al. [28]

investigated the structural and magnetic properties of

MPb10 and [MPb10]2 (M = Fe, Co, and Ni) clusters using

density functional theory. Steinert et al. [29] synthesized

the Mn/Sb clusters in the silicon matrix in order to explore

the formation of MnSb clusters.

There are some experimental investigations on the

growth pattern and content intensity properties of PbSb

clusters [21, 22, 30–33]. According to the experimental

results involving mass-spectrometer-based methods

[32, 33], the PbSb, Pb2Sb2, Pb3Sb3, and Pb4Sb4 clusters

were observed, demonstrating that the bimetallic PbnSbm

clusters with equal molar ratio of Pb atoms and Sb atoms

were found with enhanced stability. Furthermore, the

binding energies of clusters were detected by photoelectron

spectroscopy [21]. However, the PbnSbn (n[ 4) clusters

were not achieved by experiments. It is believed that the

larger clusters are difficult to be generated compared with

the smaller clusters, even the larger cluster are difficult to

be detected by experimental devices owing to the limited

resolution of instruments [34].

Density functional theory has been proved to be an

efficient and powerful tool to investigate the physical and

chemical properties of clusters, because the calculated

results can be in well agreement with the experimental ones

[34, 35]. Although some bimetallic clusters composed of

Pb and Sb have been investigated using experiments and

DFT calculations, there are scarce data for the PbnSbn

clusters larger than Pb4Sb4 cluster. In this paper, the

structural and electronic properties of PbnSbn (n = 2–12)

have been investigated by means of density functional

theory. We firmly believe that the fundamental investiga-

tion of PbnSbn clusters is interesting and vital, which may

exceed to find cluster-assembled nanomaterials and novel

properties.

Computational Methods

In the present work, all calculations were performed using

DFT method, as implemented in the DMol3 code

[20, 36, 37]. The ground state structures of PbnSbn clusters

were achieved by the following steps. Firstly, the starting

structures of PbnSbn clusters were built based on the

ground state structures of Pbn-1Sbn-1 clusters. The struc-

tures of PbnSbn clusters were extensively searched by

ab initio molecular dynamics, where time step is 1 fs, total

simulation time is 100 ps. Secondly, following geometrical

optimizations were performed based on the local minimal

energy structures of ab initio molecular dynamics. Thirdly,

the energy calculations were carried out based on the

optimized structures. Finally, the ground state structures of

PbnSbn clusters can be obtained through comparing the
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energies of the different structures of PbnSbn clusters. The

singlet spin was used for the PbnSbn clusters with even

numbers of electrons, whereas the double spin was used for

the PbnSbn clusters with odd numbers of electrons during

geometrical optimizations. Because the higher spin state,

the higher energy of the structure was obtained. The spin

unrestricted and formal spin as initial was used during

energy calculations and ab initio molecular dynamics. The

PBE functional within the general gradient approximation

(GGA) was employed to treat exchange and correlation

interactions [20, 28, 38, 39]. The DFT-semi-core potential

was used to replace the internal electrons of PbnSbn sys-

tems. The basis set is double numerical basis combined

with polarized functions (DNP). The SCF calculations

were performed till the change of total energy is less than

10-6 Ha. The convergence standards of force and energy:

the maximum force is less than 10-5 Ha Å-1, the energy

per atom is converged to 10-5 Ha Å-1, and the maximum

displacement is converged to 0.005 Å. The charge and spin

involving density mixing standard are 0.2 and 0.5,

respectively. The smearing (0.005 Ha) was used in order to

achieve good convergence results. In addition, the direct

inversion in iterative subspace (DIIS) method was also

used in order to speed up the calculations and reduce cal-

culation costs [40, 41]. The frequency calculations were

performed to ensure that the lowest energy structures of

PbnSbn (n = 2–12) clusters are located on the true minima

of the corresponding potential surfaces. The parameters of

Sb2 and Pb2 dimers were calculated in order to confirm the

reliability of GGA–PBE functional for PbnSbn systems. In

this work, the calculated bond length, vibrational fre-

quency, total binding energy, and vertical ionization

potential of Sb2 dimer are 2.574 Å, 260.52 cm-1, 2.82 eV,

and 8.18 eV, respectively, while the corresponding exper-

imental data are 2.49 Å [42], 270 cm-1 [43], and 3.1 eV

[19], and 9.275 eV [43]. The calculated bond length,

vibrational frequency, and vertical ionization potential of

Pb2 dimer are 2.961 Å, 119.65 cm-1, 6.46 eV, respec-

tively, and the experimental data are 2.93 Å [36],

110 cm-1 [36], 6.2 eV [23], respectively. It is obvious that

the calculated parameters excellently agree with the

experimental ones. Therefore, the calculation methods in

this work are reliable.

Results and Discussion

Ground State Structures and Vibrational Spectra
of PbnSbn (n = 2–12) Clusters

Here, the lowest energy structures of PbnSbn (n = 2–12)

clusters were focused, because all the properties of PbnSbn

clusters were calculated based on the lowest energy

structures. All the structures are the energetic minima

structures because the lowest energy structures were veri-

fied with no imaginary frequency. The lowest energy

structures of PbnSbn (n = 2–12) clusters are displayed in

Fig. 1, and the atomic coordinates of lowest energy struc-

tures of PbnSbn (n = 2–12) clusters are shown in

Tables S1–S11 (the details can be seen in the supporting

information). As it is shown in Fig. 1, the Pb2Sb2 cluster

favors a triangular pyramid structure, and its point group

symmetry is C2. It has been shown that Pb4 cluster adopts a

planar structure [44], whereas Sb4 cluster also forms a

triangular pyramid structure [20] which is similar to the

geometrical structure of Pb2Sb2 cluster. Pb3Sb3 cluster

forms a structure which a Pb atom and a Sb atom bind

together and capped on the same side of the parallelogram.

In addition, Pb3Sb3 cluster exhibits Cs symmetry. For

Pb4Sb4 cluster, a distorted bilayer parallelogram with no

symmetry is the most stable structure of Pb4Sb4 cluster.

Pb5Sb5 cluster is composed of two parts, one part is a

distorted pentagonal pyramid, and the other part is a dis-

torted quadrangle. The point group symmetry of Pb5Sb5

cluster belongs to Cs. The ground state structure of Pb6Sb6

cluster is similar to that of Pb5Sb5 cluster, shows point

group symmetry of C2. Pb7Sb7 cluster with Cs symmetry is

a cage-like structure, and most of the surfaces show dis-

torted quadrangle structures and rest of the surfaces show

triangle structures. Pb8Sb8 cluster possesses C1 point group

symmetry. The ground state structure of Pb8Sb8 cluster

likes a distorted ellipsoid structure. It is interesting to point

out that PbnSbn (n = 9–12) clusters also adopt ellipsoid

structures, which show no symmetry. According to the

Jahn–Teller distortion theorem, the lower symmetry can

lower the energies of the clusters [45–47]. Therefore, it

may be the reason why the large clusters with no symmetry

are energetically favorable. On the basis of the growth

pattern of PbnSbn (n = 2–12) clusters, the large clusters

tend to adopt distorted ellipsoid structures and prefer no

symmetry.

Here, the vibrational spectra of PbnSbn (n = 2–12)

clusters were calculated in order to provide the comparison

for experimental results, because the cluster structures can

be determined by comparing the calculated spectra and

experimental spectra, and the calculated results would

provide additional theoretical information for the experi-

mental results. The vibrational spectra of PbnSbn

(n = 2–12) clusters are shown in Fig. S1 (the details can be

seen in the supporting information). The vibrational fre-

quencies of PbnSbn clusters are in the range of

0–250 cm-1. The location of vibrational frequencies, the

relative intensities of vibrational peaks, as well as the

shapes of vibrational peaks are the important signals to

identify the structures of PbnSbn clusters.
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Relative Stable and Electronic Properties
of PbnSbn (n = 2–12) Clusters

The stable properties of PbnSbn (n = 2–12) clusters were

calculated on the basis of the lowest energy structures. The

binding energy per atom (Eb) of PbnSbn cluster can be

calculated using the formula [48–51]

Eb ¼ nE Pbð Þ þ nE Sbð Þ � E PbnSbnð Þ½ �=2n

where E(Pb), E(Sb), E(PbnSbn) are the energies of Pb atom,

Sb atom, and PbnSbn cluster, respectively. Hence, the

average binding energy is a good index to describe the

thermodynamic properties of PbnSbn cluster. Figure 2

shows the average binding energies of PbnSbn clusters as a

function of cluster size n. Firstly, average binding energies

increase sharply with the increasing size n when cluster

size n are in the range of n = 2–4, then average binding

energies approach stable when size n C 4. Therefore, the

geometrical structures of PbnSbn (n = 2–12) clusters tend

to be stable when cluster size n C 4.

The fragmentation energy (DE) can demonstrates the

relative stabilities of PbnSbn clusters compared with their

neighboring clusters. The definition of DE can be defined

as [52]

DE PbnSbnð Þ ¼ E Pbn�1Sbn�1ð Þ þ E PbSbð Þ � E PbnSbnð Þ

where E(Pbn-1Sbn-1), E(PbSb), and E(PbnSbn) represent

the total energies of the Pbn-1Sbn-1 cluster, PbSb cluster,

and PbnSbn cluster, respectively. DE as a function of cluster

size n for PbnSbn clusters is shown in Fig. 3. The frag-

mentation energies show that there are some obvious

oscillating behaviors. Several local peaks are found at

n = 4, 6, 9, and 11, revealing that Pb4Sb4 cluster, Pb6Sb6

cluster, Pb9Sb9 cluster and Pb11Sb11 cluster are more

thermodynamically stable compared with the neighboring

PbnSbn clusters. In general, the fragmentation energies

show a decrease trend as the cluster size n increasing.

In order to analyze the chemical stabilities of PbnSbn

clusters, the HOMO–LUMO gaps of PbnSbn (n = 2–12)

clusters were calculated. The HOMO–LUMO gap is a

significant parameter to reflect the chemical stability of a

cluster, which demonstrates the energy gap between the

Fig. 1 The lowest energy

structures of PbnSbn (n = 2–12)

clusters. The corresponding

point group symmetry is shown

in the parentheses. The purple

ball is Sb atom, and the gray

ball is Pb atom

Fig. 2 The average binding energies of PbnSbn (n = 2–12) clusters as

a function of cluster size n
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highest occupied orbital and the lowest unoccupied orbital

[53]. A higher value of HOMO–LUMO gap represents that

the cluster is more chemically stable, whereas a smaller

value of HOMO–LUMO gap exhibits that the cluster is

more chemically unstable. The HOMO–LUMO gaps of

PbnSbn (n = 2–12) clusters as a function of cluster size n is

shown in Fig. 4. From the Figure, we can see that there are

obvious oscillations within the cluster size range of

n = 2–12. In general, the trend of HOMO–LUMO gaps

decrease with the increasing cluster size n. The two local

maxima of HOMO–LUMO gaps are found at n = 5 and

n = 9. The local maxima of HOMO–LUMO gaps of Pbn

Sbn clusters suggest that Pb5Sb5 cluster and Pb9Sb9 cluster

are chemically stable compared with the neighboring

PbnSbn clusters. Furthermore, Pb5Sb5 cluster and Pb9Sb9

cluster have great potential in cluster assembled materials

due to their chemical stabilities.

In order to well understand the electronic properties of

PbnSbn (n = 2–12) clusters, the density of states of PbnSbn

(n = 2–12) clusters were calculated, as shown in Fig. 5. In

the present work, the density of states near fermi levels

were focused because those density of states near the fermi

levels are significant. From the Figures, the obvious trend

of density of states of PbnSbn clusters can be observed,

which density of states move toward more negative energy

levels with increasing cluster size n. In other words, the

fermi levels shift to more positive energy levels with

increasing cluster size n. The most positive energy levels

of conduction bands tend to be stable and approach

stable at 0.08 Ha. For the density of states near the fermi

levels, the contributions of p electrons are the maximum,

the contributions of s electrons are the minimum, and that

of d electrons are in between p electrons and s electrons.

Hence, the p electrons have the largest contributions to the

fermi levels, which may be originated from that the Pb and

Sb elements are the evident p-block elements. For the

density of states in the range of - 0.5 * - 0.2 Ha, the s

and p electrons almost have the same contributions,

whereas d electrons have the smallest contributions. For the

density of states in the range of 0.01–0.4 Ha, the p and d

electrons have the equal contributions while s electrons

have smallest contributions. Moreover, density of states

becoming more nonlocalized with the growing clusters size

n, demonstrating that the metallicity of PbnSbn clusters

becoming more predominant with the growing clusters size

n.

Conclusions

In the present work, the structural, relative stable and

electronic properties of PbnSbn (n = 2–12) clusters have

been systematically investigated in the frame work of

density functional theory. The PbnSbn clusters with large

size n prefer distorted ellipsoid structures and demonstrate

no symmetry. The average binding energies of PbnSbn

clusters tend to be stable when cluster size n C 4. On the

basis of fragmentation energies, Pb4Sb4 cluster, Pb6Sb6

cluster, Pb9Sb9 cluster and Pb11Sb11 cluster are more

thermodynamically stable compared with their neighboring

PbnSbn clusters. Pb5Sb5 cluster and Pb9Sb9 cluster are more

chemically stable based on the HOMO–LUMO gap anal-

ysis. The density of states of PbnSbn (n = 2–12) clusters

shift toward more negative energy levels with the growing

cluster size n, and density of states becoming more non-

localized with the increasing cluster size n.

Fig. 3 The fragmentation energies of PbnSbn (n = 2–12) clusters as a

function of cluster size n

Fig. 4 The HOMO–LUMO gaps of of PbnSbn (n = 2–12) clusters as a

function of cluster size n
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