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Abstract

Gold clusters are known to form many cage like geometries
such as Auz, AUz, Aus. The shape of these clusters varies
from Tetrahedral (Auy) cage to Fullerene like (Ausz) and
tubular form (Au.s).These geometries provide favorable
positions for both exohedral and endohedral doping. We
present Density Functional (DFT) study of stability cage like
geometries of gold clusters with different dopants like Si, Ge.
It is found that same dopant behaves differently for different
shape of gold cage. For Ausp, Silicon atoms preferred
exohedral position while for tubular Auzs it preferred
endohedral arrangement. In both cases the dopant tends to
increase the stability of Gold cage.

Index Terms—Nanoparticles,
Structural Properties

Doped Gold clusters, DFT,

I. INTRODUCTION

Nanometer sized gold particles, opposed to the bulk gold, are
not noble. Gold clusters are intensively studied both
computationally and experimentally for their catalytic activity
and the reactivity [1-3]. In doped gold clusters the chemical
activity can be tuned because the introduction of a dopant
atom induces changes in electronic charge distribution and
leads to geometric reorganization [4, 5]. Gold is known for its
remarkable different geometrical structures . They favor the
two-dimensional planar structures up to n = 13 and a perfect
tetrahedron at Auy followed by tubular structures at Auzs and
Auzs, and a highly stable Aus, cage [6] cluster with the
icosahedral (In) symmetry same as Ceo. These structures have
been widely studied as a suitable candidate for doping with
different atoms [7]. Deng et al have studied DFT optimization
of structures of Aus,Ags (n = 1-31) clusters and found hollow
cage-like AusiAg is the most stable in all the studied Au-Ag
mixed clusters, and is even more stable than Aus, [8]. There is

lot of studies on doping of gold clusters with Ag and Cu atoms
but they limited to smaller size range. Another important
dopant can be Silicon. Si clusters have been investigated both
experimentally [9] and theoretically [10] for their potential
applications as building blocks to build up well controlled
nanostructures. A joint experimental and theoretical study on
the structures of gold clusters doped with a group-14 atom:
MAu (M = Si, Ge, Sn; x = 5-8) have shown that these doped
clusters have a strong tendency of forming stable planar
structures [11]. As Si doped gold clusters can form a stable
geometry. Hence it is of interest to study the interaction of Si
atoms with Au, clusters of various dimensionalities.

In our present work we will perform the DFT study on the
effect of doping single Si atom in different structure of Gold
i.e, Auzz and Au.4. With Si and Ge atoms doping we can have
early onset of 3D geometries in small planar gold clusters. We
have calculated the binding energies, bond lengths, HOMO-
LUMO gaps of these clusters.

The organization of the paper is as follows. The computational
details are given in Section 2, results and discussions are
presented in Section 3

I. METHODOLOGY

We have used the SIESTA code, based on Density Functional
theory method. The electron density functional is treated by
the generalized gradient approximation (GGA) with exchange
correlation functional parameterized by Perdew, Zunger and
Ernzerhof (PBE) scheme [12, 13]. The pseudo potentials for
Silicon atom is generated with atomic valence electron 3s23p2.
For Silicon, cut off radii are: s (1.77), p (1.96), d (2.11) and f
(2.11). The valence states were described using DZP (double-
zeta + polarization) basis sets. The reciprocal space
integrations are carried out at the gamma point. The clusters
are optimized inside simulation cell of 15 A and energy cutoff
of 200 Ry.
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The symmetry unrestricted geometry optimization is carried
using conjugate gradient and quasi Newtonian methods until
all the forces are less than 0.01eV/A.

We have verified the computational procedure by calculating
the ionization potential (IP) for a gold atom and performing
test calculations on Auz and Siz dimer. The IP of the gold atom
is found to be 8.90 eV which is in fair agreement with the
experimental value of 9.22eV [14]. The structural parameters
such as bond length for Au, are found to be 2.55 A
respectively which is in agreement with experimental values
247 A [15]. For Siy, the bond length is 2.28 A which agree
with the experimental values of 2.25 A [16]. The ionization
potential of Siz is 7.97 eV which agrees with the experimental
reported values, 7.87eV [17].

I11. RESULTS AND DISCUSSIONS

A: Structure and Energetic

Au0@Si12:The structure of the hollow golden fullerene
Aus; can be regarded as I, symmetry 12-atom icosahedron
combined with I, symmetry Auy dodecahedron. We have
replaced Au atom at the center of each pentagon of Aus, with
Si atom to construct Sii2@Auz clusters. The optimized
structures of Aus, after doping are given in Figurel and
various computed values are given in Table 1.
In our preliminary studies we have doped the small gold
clusters with Si atoms and found that silicon prefers exohedral
site [18]. The similar behavior is observed when doped in the
Auz; cage. The Si atoms have preferred exohedral
arrangement. The final optimized structure was found to be
similar to Meng et al [19].

TABLE I: Symmetry, Average Binding Energy per Atom (E, ) and HOMO-
LUMO gap (Eg)

Cluster Symmetry Eb (eV/atom) | Eg (eV)
Aus? In 3.16 1.59
Sito@Au20 In 4,02 0.57
Auzs Dan 2.437 0.97
SizAuzs Dsn (slightly distorted) 2.679 0.27

Aui @Si: Auy is a highly stable and chemically inert cluster
possessing a tetrahedral pyramidal structure.

Fig. 1. The low lying geometries of the Si12@Auzo clusters obtained
from symmetry unrestricted optimization using density functional
theory. The Si atom is represented by green spheres

The tetrahedral structure of the Aux cluster can be viewed as a
relaxed small piece of bulk gold with a face-centered cubic
(fcc) lattice. Along with high stability and symmetry, it has
also been found that as compared to the neutral cluster Auxg,
its anion is extremely active due to the presence of a weakly
bound unpaired electron in it [20]. As shown in literature that
Si can act as electron donor in gold cluster, affects the
chemical reactivity of Auy [21].

To obtain the optimized geometry the silicon atom is placed at
different positions namely at the center and on the edge of
Augo.The optimized geometries are shown in Fig. 2. It is found
when the Si atom is doped inside the Auy cage, after
minimization the Si atom has come out and prefers an
exohedral position.

The binding energy of the low lying isomer of SiAug is found
to be 3.08eV/atom, higher than that of pure Aux which is
3.03eV/atom. Si atom doping in Auy cage has enhanced its
stability.

(a)Si atom is placed at the centre
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(b) Si atom is placed at the edge
Fig. 2. Lowest energy geometries of Si@Au. The Si atom is represented
by blue sphere

TABLE Il: Symmetry, Average Binding Energy per Atom (E )

Cluster | Symmetry

Sit@Au19 Cav

Eb (eV/atom)
3.08

Au4@Sis: Another structure we have considered is Auys, a
tubular cage like structure of gold with hexagonal cross-
section. The hollow-tubular structures dominate at larger size
range in the low-lying isomers for gold [22, 23]. It is found
when we place Si atom at two different positions namely on
the surface and at the centre of Auas tube, Si prefer the
exohedral position i.e, on the surface of Au.s cluster just like
the case of Aux and Ausz cluster. The binding energy per
atom of SiAuys cluster was found to be 2.549 eV/ atom with Si
atom on the surface and 2.527eV/atom with Si atom at the
centre; the difference in energy of two low lying
configurations is being only 0.022 eV.

But on placing three Si atoms at the center axis of the Auas
tube it is found that the binding energy per atom has increased
to 2.679 eV/atom.

Here the Si atoms are preferring endohedral position to
exohedral position. The optimized geometry of Aux and
Sis@Auy is as shown in Fig. 3.

Q%90

oGO

OG=200
s At

(b)
Fig. 3. Lowest energy geometries of a) Auza, (b) SisAugs

IV. CONCLUSION

In summary, we have made relativistic DFT studies on the
difference in behaviour of gold clusters of different size i.e,
Auys and Auz, towards the same dopant ( Si atom). It is found
that

e In both cases the HUMO-LUMO gap is reduced
indicating increased reactivity.

e  Though the number of Si atoms is different in both
cases it is seen that the Si atoms prefer exohedral site
in Aus; and endohedral position in Auzs. Thus it is
suggested that different structure of gold behaves
differently for same dopant atleast in case of Si atom.

e In both cases Si atoms increase the stability of the
gold clusters Auzs and Aus; and also retain the
original geometry with slight distortion.

REFERENCES

[1] Haruta, M.; Yamada, N.; Kobayashi, T.; lijima, S. J.
Catal. 1989, 115, 301.

[2] Bernhardt, T. M. Int. J. Mass. Spectrom. 2005, 243,
1.

[3] Schooss, D.; Weis, P.; Hampe, O.; Kappes, M. M.
Philos. Trans. R. Soc. A 2010, 368, 1211

[4] Neukermans, S.; Janssens, E.; Tanaka, H.; Silverans,
R. E.; Lievens, P. Phys. Rev. Lett. 2003, 90, 33401.

[5] Janssens, E.; Neukermans, S.; Lievens, P. Curr. Opin.
Solid State Mater. Sci. 2004, 8, 185.

[6] Oila,M.J., Koskinen A.M.P, ARKIVOC 2006, 15 76.

[7] Baletto F., Ferrando R., Phys. Chem. Chem. Phys.
2015, 17,28256

[8] Deng Q M, Zhao L. X., Feng X J, Zhang M., Zhang
W. L., Fang B., Luo Y. H., Computational and
Theoretical Chemistry 2011, 976, 183-187

[91 J. E. Elkind, J. M. Alford, F. D. Weiss, R. T.
Laaksonen , R. E. Smalley, J. Chem. Phys. 1987,

250



International Journal of Pure and Applied Physics. ISSN 0973-1776 Volume 13, Number 1 (2017), pp. 248-251
© Research India Publications http://www.ripublication.com

2397 ; M. F. Jarrold, Science 252, 1085 (1991).

[10] K. Raghavachari, V. Logovinsky, Phys. Rev.
Lett.1985, 55, 2853; K. M. Ho, A. A. Shvartsburg,
B. Pan, Z. Y. Lu, C. Z. Wang, J. G. Wacker, J. L.
Fye, and M. F. Jarrold, Nature 1998, 392, 582

[11] R.Pal, L.M. Wang, W. Huang, L. S. Wang, X. C.
Zeng J Am Chem Soc. ,2009, 131, 9, 3396-3404 .

[12] Perdew, Burke, Ernzerhof, “Generalized Gradient
Approximation Made Simple”, Phys.Rev. Lett.
1996,77 3865.

[13] L. Kleinman and D. M. Bylander, “Efficacious Form
for Model Pseudopotentials”, Phys.Rev. Lett. 1982,
48,1425.

[14] C. Kittle, Introduction to Solid State Physics, 7th ed.
(Wiley, New York), (1996).

[15] R.C. Weast, (CRC Handbook of Chemistry and
Physics, 55th ed. (CRC press, Cleveland.,OH)
(1974).

[16] K. Raghavchari, J. Chem. Phys. 84 (1986) 5672.

[L7] D.J. Trevor, D. M. Cox, K.C. Reichmann, R.O.
Brickmann and A. Kaldor, J. Phys. Chem. 1987, 91,
2598.

[18] Priyanka, Bansal S and Dharamvir K., Journal of
Nano Research, 2013, 24, 203-212

[19] Z. Meng, F. XJuan, Z. L. Xia, Z. H. Yuand L. Y.
Hua, Chin. Phys. B, 21, 5, 056102 (2012).

[20] L.M. Molina, B.J. HammerJ. Catal.,2005, 233 399.

[21] Kiran M. and Bernd v. Issendorff, Phys. Chem.
Chem. Phys.,2012, 14, 9371-9376.

[22] Bulusu, S., Li, X., Wang, L. S., Zeng, X. C., J. Phys.
Chem. C, 2007, 111, 4190- 4198.

[23] Gu X, Ji, M., Wei, S.H., Gong, X.G. Phys. Rev. B
2004,70, 205401

251


http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=19216568
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=19216568
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20LS%5BAuthor%5D&cauthor=true&cauthor_uid=19216568
http://www.ncbi.nlm.nih.gov/pubmed?term=Zeng%20XC%5BAuthor%5D&cauthor=true&cauthor_uid=19216568
http://www.ncbi.nlm.nih.gov/pubmed/19216568

