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ИССЛЕДОВАНИЕ МЕТОДОМ DFT КЛАСТЕРОВ ЗОЛОТА 

ЛЕГИРОВАННЫХ СУРЬМОЙ AUN-1SB (N=2-13): СТРУКТУРНЫЕ И 

ЭЛЕКТРОННЫЕ СВОЙСТВА 

 

       Аннотация: Структурная и относительная стабильность легированных 

сурьмой кластеров золота Aun-1Sb (n=2-13) были исследованы с 

использованием базисного набора теории функционала плотности 

B3LYP/(CEP-121G). Многие изомеры были изучены, включая двумерную и 

трехмерную геометрии, результаты показывают, что структура Aun-1Sb при 

(n = 2, 3, 5, 7) была плоской и наиболее стабильные структуры кластеры Aun-

1Sb были трехмерными структурами и отличались от кластеров Aun , когда 

(n = 4, 6, 8-13).   

Относительная стабильность этих кластеров была проанализирована на 

основании изменения их энергий связи (Eb), вертикальный потенциал 

ионизации (VIP), сродство к электрону (EA) и запрещенная зона (Egap). Было 

обнаружено, что энергия связи кластеров Aun-1Sb больше, чем кластеров Aun, 

за исключением Au5Sb. Инфракрасное поглощение наиболее стабильной 

структуры легированных кластеров золота были изучены. 

       Ключевые слова: Функциональная теория плотности, кластеры золота, 

легированного сурьмой, Относительная стабильность, ИК-спектроскопия. 
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DFT STUDY ON ANTIMONY DOPED GOLD CLUSTERS AUN-1SB (N=2-

13): THE STRUCTURAL AND ELECTRONIC PROPERTIES 

 

       Abstract: The structural and relative stabilities of Antimony doped Gold 

clusters Aun-1Sb (n=2-13) have been investigated using density functional theory 

B3LYP/(CEP-121G) basis set. Many isomers have been studied including two 

dimensional and three-dimensional geometries, the results show that the structure 

of Aun-1Sb when (n=2, 3, 5, 7) were planar and the most stable structures of 

Aun-1Sb clusters were three dimensional structures and different from that of Aun 

clusters when (n=4, 6, 8-13). Relative stabilities of these clusters have been analyzed 

based on the variation of their binding energies (Eb   ( , vertical ionization potential 

(VIP), electron affinities (EA) and the energy gap (Egap). It has been found that 

binding energy of Aun-1Sb clusters is greater than Aun clusters except Au5Sb. 

Infrared Absorption of The most stable structure of doped gold clusters have been 

studied. 

       Keywords: Density functional theory, Antimony doped, gold clusters, Relative 

stability, IR spectroscopy. 

 

1. Introduction: 

During the last decades, gold clusters have received considerable attention due to 

their unique catalytic properties [1] and their potential technological applications as 

fabrication of materials in nanotechnology [2], materials science [3] catalysis [4], 

biology [5], and medicine [6]. There are many theoretical studies on small and 



__________________________________________________________________________ 

«Научно-практический электронный журнал Аллея Науки» №12(51) 2020              

Alley-science.ru 

anionic gold clusters in order to study their structural and electronic properties. For 

example, Deka [7] have investigated gold clusters Aun(n=2-13) by using Density 

Functional Theory (DFT) And (BLYP/DNP) functional, he found that planar 

structures are energetically preferred up to n = 13 and the clusters with an even 

number of atoms tend to be more stable than the odd numbered ones. In our master 

research [8] we study gold clusters Aun(n=2-13) by using DFT/B3LYP and CEP-

121G basis set and we found that the most stable structure were planer up to n=13. 

Along with pure gold clusters, a considerable amount of experimental and 

theoretical work has been carried out on gold clusters doped with a single atom in 

order to tailor the desired optical, catalytic, electronic and magnetic properties for 

potential applications in solid state chemistry, nanotechnology, biology, 

microelectronics and materials science. Sb element is one of the members of d10 

configurations, doping and pure antimony clusters have been studied by many 

researchers. The bond length, binding energy, and vibration frequency of the Sb2 

dimer were determined in early experiments [9-11].  

2. Computational details: 

The geometrical structures and electronic properties of  Aun and Aun-1Sb (n=2-

13) clusters have been calculated using the GAUSSIAN 09 program package. The 

computational method is based on a Density functional Theory DFT calculation with 

the Becke’s three-parameter hybrid functional incorporating the Lee-Yang-Parr 

correlation functional (B3LYP) [12] and (CEP121-G) basis set. In order to validate 

our results at B3LYP/CEP121G method for Aun clusters we have performed some 

calculations on different basis set on Au2 dimer and the results are summarized in 

Table 1. From Table 1 one can see that results obtained in B3LYP/(CEP-121G) 

method is in good agreement with the experimental data. In this work we report in 

Table 2, the calculated values of bond lengths (R), vibration frequencies (ϖ), vertical 

ionization potentials (VIP) and electron affinities (EA) for the dimers Au2 and Sb2. 

The obtained values agree well with experimental results reported in the literature 

[9-11, 13-15]. Therefore, B3LYP/(CEP-121G) method is used to study the effect of 

doping of Sb atom in Au clusters. 
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Table 1:  

Bond length(R), binding energy (Eb), vertical ionization energy (VIP), electron 

affinity (EA) and vibration frequencies (ϖ) of gold dimer Au2. 

ϖ 

 (cm-1)  

EA  

(eV)  

VIP  

(eV)  

E
b
  

 (eV)  

R  

  (Å)  
Methode  

164.744 1.8188 9.1491 1.9056 
2.570

6 
DFT/B3LYP(CEP-21G)  

143.817 1.9866 9.3033 1.5323 
2.675

7 

DFT/B3LYP(LANL2M

B)  

162.497 2.0273 9.4244 1.8725 2.573 
DFT/B3LYP(LANL2DZ

)  

163.915 1.9551 9.2673 1.8596 
2.578

9 
DFT/B3LYP(SDDALL)  

190.9a 1.94b 9.5b 2.30a 2.47a Expriment values  

 

a: From Ref. [13], [14]. b: From Ref. [15]. 

Table 2:  

Bond length (R), vertical ionization energy (IP), electron affinity (EA) and vibration 

frequencies (ϖ) of antimony dimer Sb2. 

 

ϖ 

(cm-1) 

EA 

(eV) 

VIP 

(eV) 

R 

(Å) 
Cluster 

273.92 1.29 8.72 2.52 Cal. 
Sb2 

269.0c 1.28e 9.28d 2.49c Exp. 

 

c From Ref. [30]. 

d From Ref. [31].e From Ref. [32] 

3. Results and discussion 

3.1. Structural study of Aun-1Sb clusters: 



__________________________________________________________________________ 

«Научно-практический электронный журнал Аллея Науки» №12(51) 2020              

Alley-science.ru 

In order to study the effects of doping gold clusters by Antimony atom, we first 

performed some calculations on pure gold clusters Aun (n = 2–13). In our previous 

work [18] we investigated pure gold clusters Aun(n=2-13) , there were several initial 

possible structures including one, two and three dimensional configurations and they 

are optimized using B3LYP/(CEP-121G). In this paper, only the most stable 

structures for each size are selected and shown in Fig.1. From the figure we can see 

that all the ground states have planar structures and are in good overall agreement 

with the previously reported ones [16]. The fact that the ground state structures of 

gold clusters favor planar structures (with n as large as 13) is correlated with strong 

hybridization of the atomic 5d and 6s orbital’s due to relativistic effects. For Aun-

1Sb (n =2-13) clusters, large numbers of initial structures were optimized and many 

isomers were calculated .at B3LYP/(CEP-121G) level to obtain the corresponding 

global minimum structures. We have performed optimizations starting from the most 

stable geometry of the pure gold cluster by substituting Au atom by Sb one. The 

global minima structures of Aun-1Sb are shown in Fig.2. From the figure we observe 

that the structure of Aun-1Sb when (n=2, 3, 5, 7) were planar and the most stable 

structures of Aun-1Sb clusters were three dimensional structures and different from 

that of Aun clusters when  (n=4, 6, 8-13). 

  

Fig.1. The ground-state structures of Aun (n = 2-13) clusters. 
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Fig. 2. The ground-state structures of Aun-1Sb (n = 2-13) clusters. 

3.2. Relative stability of clusters: 

The fragmentation energies are sensitive to the relative stabilities that can be 

observed in mass abundance spectra. The fragmentation energy as a function of the 

cluster size is plotted in Fig. 3. It is clear from this figure that the Aun clusters with 

even number of atoms are more stable than the clusters with odd number of atoms. 

This is also in line with the above analysis based on second-order difference of 

energies. From the fig we can see that for Aun-1Sb clusters with (n= 3, 7, 10, 12) 

have large Ef than the other clusters. 

 

Fig. 3. Size dependence of fragmentation  energies for the lowest energy structures 

of Aun and Aun-1Sb (n = 3–13) clusters. 
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3.3. HOMO–LUMO gap 

The energy gap between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) reflects the ability for electrons to 

jump from occupied orbital to unoccupied orbital and represents the ability for the 

molecule to participate in chemical reactions to some degree. It is found that systems 

with larger HOMO–LUMO energy gaps are, in general, less reactive. In other words, 

a large HOMO–LUMO energy gap is associated with enhanced chemical stability. 

The size dependences of the HOMO–LUMO energy gaps for the lowest energy 

structures of Aun, Aun-1Sb are shown in the Fig. 4. It can be seen that the Aun-1Sb 

clusters with (n=4, 8, 11) have larger Egap and more relative stable than the other 

clusters. In addition, for Aun clusters for (n= 2, 6, 8, 10) have larger Egap. The Au3Sb, 

Au6 clusters have the highest HOMO-LUMO gap. 

 

Fig. 4. Size dependence of HOMO-LUMO gaps (Egap) for the lowest energy 

structures of Aun and Aun-1Sb (n = 3–13) clusters. 

 3.4. Vertical ionization potential and chemical hardness 

 In cluster physics, the most important characteristics reflecting the electronic 

structure dependence relationship on size are vertical ionization potential (VIP) and 

electron affinity (EA). VIP measures the energy difference between the ground state 

of the neutral and the cation clusters when the cation cluster has the same geometry 

as the ground state of the neutral. The VIP as a function of the cluster size is plotted 

in Fig. 5. The VIP for Aun-1Sb with (n=3, 7, 12) is larger than the other clusters as 
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shown in the fig. While for Aun clusters, the clusters with even numbered of atom 

have larger VIP than the odd numbered clusters. 

 

Fig.5. Size dependence of vertical ionization potential  for the lowest energy 

structures of Aun and Aun-1Sb(n = 3–13) clusters. 

It has been established that the chemical hardness (η) is an electronic quantity that 

may be used to characterize the relative stability of molecules and clusters. In density 

functional theory, the chemical hardness (η) of an electronic system is defined as the 

second derivative of energy (E) with respect to the number of electrons (N) at 

constant external potential, V(r⃗) [16] η=
1

2
 (

∂2E

∂N2
)V(r⃗⃗) =

1

2
 (

∂μ

∂N
)V(r⃗⃗) 

where µ is the chemical potential of the system. Using the finite difference 

approximation and the Koopmans theorem, chemical hardness g can be 

approximated as: η= 
VIP−EA

2
 where the VIP and EA are vertical ionization potential 

and electron affinity of the chemical system. Based on this finite difference 

approximation and by combining use the calculation results of VIP and EA, the 

chemical hardness for the lowest energy structures of Aun-1Sb and Aun clusters are 

calculated and shown in Fig. 6. It is clear from this figure that the clusters with even 

numbered of atoms have larger chemical hardness  when (n>3) for both Aun-1Sb and 

Aun clusters.  
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Fig. 6. Size dependence of chemical hardness for for the lowest energy structures 

of Aun and Aun-1Sb(n = 3–13) clusters. 

4. Conclusions: 

In this paper, the structural, electronic and spectral properties of Aun-1Sb (n=2-

13) clusters have be performed at the B3LYP/(CEP-121G) level of the density 

functional theory. From the above results we may conclude the following: 

• The most stable structures for Aun-1Sb clusters were planer for (n=2, 3, 5, 7) and 

have three dimensional structures for (n=4, 6, 8-13) and they are different from that 

of Aun clusters which were planer. 

• The Aun-1Sb clusters with n = 4, 8 and 11 exhibit relatively larger HOMO–LUMO 

gaps, suggesting that these clusters are more stable than their neighbors in agreement 

with their Ef results (except for n = 11). 

• For both Aun-1Sb and Aun clusters, the cluster with even numbered of atoms have 

larger chemical hardness than their neighbors. 
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