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Abstract Doping gold clusters with a transition metal
(M@Au,) causes structural change. To determine the
mechanism by which these changes occur, the central gold
atom of Aus was doped with its same row transition metals
Pt, Ir, Os, Re, and W. Based on theoretical calculations, a
similar trend was found in other gold clusters.
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Introduction

Clusters have recently been heatedly discussed among
scientists [1, 2]. These materials constitute a bridge between
small molecules and bulk solids, and are expected to have
higher chemical reactivity [3]. Many theoretical studies
have discussed the different types of transition metal
clusters [4—6]. The gold nano-cluster has been proven to
be a new class of such materials, and many scientists have
studied it for its special characteristics [7—9]. Recently,
gold-based bimetallic clusters have also caught increased
attention [10-12]. Doping gold clusters with transition
metals has been actively pursued in an attempt to tailor their
structural, electronic, magnetic, and chemical properties for
potential application [13]. Transition metal atoms doped
into a small gold cluster (M@Au,) can strongly change the
properties of the cluster; such clusters, including those
doped with Ag, Cu, and Pt [14—17], for example, have been
widely studied. To the best of the authors’ knowledge,
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however, no theoretical study yet exists about how
replacing one atom of a gold cluster with a third row
transition metal can influence its structure.

This paper discusses the structural changes caused by the
replacement of one atom in a gold cluster using theoretical
calculations. To determine the mechanism by which these
changes occur, the third row transition metals W, Re, Os, I,
and Pt, all of which are adjacent to Au in the periodic table,
were selected as doping atoms. Observations obtained were
analyzed and extended to develop such a mechanism.
Finally, expected structural changes were proven from
further calculations.

Theoretical calculations

The system under analysis is made purely from transition
metals. Density functional theory (DFT) calculations have
been performed to assist in the characterization of the various
intermediate species and to facilitate an understanding of the
dynamic behavior of the system. All calculations in this work
were carried out based on the density functional theory (DFT),
as it has been shown to yield reliable results in calculations for
transition-metal complexes [18].

Calculations were performed using the Gaussian03 pro-
gram [19]. Two different DFT exchange-correlation poten-
tials were used: (1) the local exchange functional (X«) [20,
21], and (2) the non-local gradient-corrected exchange-
correlation functional, Perdew-Wang 1991 (PW91) [22].
The former includes local spin density approximations
(LSDA) while the Ilatter includes components of the
generalized gradient approximations (GGA) [23].

The structure was optimized at the Xalpha/lanl2dz level,
as Wang’s study has shown that the X« method works well
with transition metals, especially gold cluster systems [24].
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Structure-optimization is generally considered to be insen-
sitive to its basic sets, thus lanl2dz, the basis set that
includes the Los Alamos effective core potential plus
double zeta [25], was selected.

Energy was calculated at the pw91pw91/sdd level

Result and discussion

Third row transition metals Au, Pt, Ir, Os, Re, and W, all of
which are adjoined in the period table and have a delicate
relation, were doped one-by-one into the gold cluster
(M\@Au,, i represents the atomic number) and caused
dramatic structural changes to the gold cluster. The effects
of replacing the central atom of the pentagon-shaped Aus are
interesting to study because the central atom and its four side
atoms constitute an open geometry that easily shows
structural changes. The structure of M'@Au, (M' = Au, Pt,
Ir, Os, Re, W) was calculated at the XAlpha/lanl2dz level,
replaced the M '@Au, cluster with the atom M' (adjoined
to M in the periodic table), and then optimized its
structure (Fig. 1). The cluster contracted at the center atom,
and this contraction increased as the replacement atom
moved from Au => W. Bond lengths shortened and cluster
concaves where replaced. The figure changes from a
pentagon into a square.

Generally, the contraction may be explained by the
difference in atomic radii as we move from Au => W. The
atomic radius is half of the M-M distance. Clusters
constitute the material between small molecules and bulk

Table 1 The metallic and covalent radii of the transition metal
elements Au, Pt, Ir, Os, Re, and W

Transition Au Pt Ir Os Re w
metal element:

Metallic radii/A:  1.442 1387 1357 1353 1375 1.408
Covalent radii/A:  1.44 1.28 1.37 1.28 1.59 1.46
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solids, so studying their metallic and covalent radii is
advisable. Different sets of atomic radii are available in
literature [26-29], the text selected the study by Suresh and
Koga [29] and are listed in Table 1. While analyzing the
metallic and covalent radii of the series elements Au = W,
both featured complex changes, some of which did not
meet the monotonic trend of the contractions observed.
Thus, these contractions occurred should be explored.

The apparent difference between the elements from Au =>
W is the number of valence electrons of each atom. From Au=>
W, the number of valence electrons decreases one by one from
5d'%s' to 5d*6s®. To determine how this decrease affects the
structure of the cluster, the MO of these clusters was
calculated at the pw91pw91/sdd level and their valence shells
studied (Fig. 2), because molecular orbitals are approximated
as a linear combination of atomic orbitals.

When the valence shells of two adjoining clusters,
AugM' and AuyM™!, were compared (Fig. 2), their energy
levels were not significantly different. Most evident was
the reduction of the electron occupied by the HOMO of
AU4M.i

Orbital representations of the HOMOs involved are
shown in Fig. 3. From the initial Mi@Au4 structure,
HOMO is seen to be the anti-bonding orbital, and the main
nodal plane of the wave function is between the central
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Fig. 2 The valence shell’s condition of M\@Au,(M' =
Re, W)
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Fig. 3 HOMOs of the wave functions of M'@Auy(M' = Au, Pt Ir,
Os, Re, W)

atom M' and the four Au atoms to its side. Following the
definition of bond order (0), the difference in the
occupancy of the bonding(fy) and antibonding(f;) states
[30]:

0= (fo—1f1)/2 (1)

The reduction of occupancy in the anti-bonding orbital
(f1) causes an increase in the bond order (fy). As a result,
the bond strengthens and shortens [31, 32]. Atom replace-
ment therefore makes the cluster Au4Mi contract in the
direction of the nodal plane. In the previous case,
contraction moves toward the central atom in the M'@Au,
cluster.

As to the molecular orbital ¥, the wave functions are
expressed as linear combinations of atomic orbital():

Ti= Y cio;. (2)

In this paper, among the W;, those which have the
highest energy are generally considered to be anti-bonds,
because after the linear combination of AO(p), the MO(V)
of anti-bonding obtains an increase in energy opposite to
that of bonding [33].

Among transition metals, the electronic structure of Au
has some special features, including the fact that it only has
1 electron (a half orbital) in its valence shell (5d'°6s"),
leaving the shell incompletely filled. Since the number of
orbitals and electrons in the valence shell keep the
electronic balance before and after linear combinations,
gold or even gold-based clusters (M'@Au,) have an
abundance of electrons in their valence shells and several
MOs with their highest energy levels unoccupied [34].

Table 2 The atomic radius Recr of Au, Pt, Ir, Os, Re, and W

Transition metal Au Pt Ir Os Re w
element:
Rerr/A: 1.74 177 1.80 1.85 1.88 1.93

ﬁ

X 4

Y L g 5.+O_8?.:.. 4
®—E @
Aw Pt@Aus
(Dss) (Cx)
a b c

Fig. 4 (a) The pentagon-bipyramid Au; from the vertical angle
perspective. The five gold atoms on the equator level are equal to one
another. (b) Replacing one Pt atom in the gold cluster on the equator
level brings significant changes in comparison with the previous
structure (length unit: pm). (¢) The structure of (b) from a three-
dimensional perspective. (Because of the symmetry, only a few
bonding changes can be displayed)

With regard to gold clusters, considering that the 6 s and
5d orbital of Au have a close level spacing in energy, even
hybridization may often be seen in their molecule [35].
Thus, the MO in (2) consists of different s and d orbital
components and shows little difference in energy. There-
fore, in the gold cluster system, these orbits with high
energy in the valence shell (including HOMO) prefer to be
anti-bonds. Replacement from Au => W will thus cause a
decrease in HOMO occupancy, which, in turn, will increase
bond order and cause contraction.

Another possible reason for the contraction in bond
lengths observed have to do with the increasing atomic
orbital radii of the atoms from Au => W, as expected from
the vertical and horizontal trend in atomic size in the
periodic table [36]. The orbital radius is a set of theoretical
atomic radii that corresponds to the principle maximum in
the radial distribution function [28]. The data of atomic
orbital radius selected, which was determined from the
minimal-basis-set SCF functions studied by Clementi,
Raimondi, and Reinhardt, called Rccr [37], are listed in
Table 2. Th0065 larger orbital radii, caused by the
replacement from Au => W, increase the overlap integral
(not the overlap population) of the valence:

S = le"AlFBdV (3)

The bond strengthens as its length shortens because the
bonding effect is proportional to the S integral. As a result,
contraction occurs where an atom in the cluster is replaced.

As for why the Au-Au bonds disappear (approximately
3.5 A) in the flat W@Au,, it should be the valence shell of Au
is 5d'°6s', which means it only lacks one electron in the
valence shell, but that of W is 5d° which means it has much
greater ability to have bonding with other atoms. While
bonding with W, the Au becomes full in the valence shell, so
it is meaningless for the Au atoms to bond with each other.
Therefore the Au-Au bonds almost disappear in AusW.
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Fig. 5 (a) The structural change
obtained by doping Pt to a side
atom of Aug (b) The structural
change obtained by doping Pt to
the central atom of Aug (¢) The
structural change obtained by
doping Pt to the top atom of
Au, (Because of the symmetry,
only a few bonding changes can
be displayed) (length unit: pm)

Figure 4 shows the structural changes that occur when a
Pt atom is doped into the equator surface of the pentagon-
bipyramid Au,. Initially, the five atoms at the equator level
are symmetrical from the perspective of the vertical angle.
Figure 4 shows that contraction of the bond lengths occurs
where replacement takes place. The Pt-Au bonds shortened,
while some Au-Au bonds lengthened due to tension effects.

These explanations bear important considerations for
gold cluster systems. Replacing atoms in a gold cluster
system seems to cause contractions in bond length.

Figure 5 shows the structural effects of replacing an
atom in the gold cluster system of Au, with the Pt atom at
various locations in the cluster, thus producing Pt@Au,,.;.
Doping Pt to a side atom of the Dj,-Aug cluster results in
contractions to the bond lengths of this side. Replacing the
central atom of C,,-Aug causes contractions to the bond
lengths at the center of the cluster. In the same manner,
replacing the top atom of Sg-Au;y with Pt shows contrac-
tions to the bond lengths at this location. Contraction
obviously occurs where an atom in the gold cluster is
replaced.

Conclusions

Third row transition metals Au, Pt, Ir, Os, Re, and W were
doped into gold clusters (M'@Au,) to study the structural
changes these metals bring about to the cluster. These
metals caused contractions in bond lengths at the M’ atom.
This may be explained by the effect of the differences in
valence electron number, which was found to cause
increasing bonding order (from Au => W) in the system.
The findings may also be attributed to the increasing atomic
radii (Rccr) of the metals, which strengthens the bonding
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effect from Au = W in M'@Au,. The replacement of
several atoms in the gold cluster clearly demonstrated these
structural changes.
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