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Abstract—Density functional theory (DFT) (PBE) is used to calculate the structure of bimetallic clusters
Cu@Au,o(SCHj3) s and Ag@Au4(SCH3) 4, which are of interest as precursors for obtaining nanoparticles of
controlled size. It is shown that silver occupies a position in the core of a cluster, while copper can be found
in both the core and its shell. Models of O, and CO adsorption on Cu@Au;o(SCHj3)s and Ag@Au,o(SCHj3) ¢
show that copper in a cluster’s shell promotes the activation of CO. In a cluster’s core, it has a positive effect
on the gold atoms of the staple fragment, enhancing the activation of CO. O, can be activated on
Cu(shell)@Au,4(SCH3),4, making the latter a promising catalytic system for reactions with the participation

of O, and SO.
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INTRODUCTION

Bimetallic metal nanoparticles are widely used in
catalysis, electronics, and nanotechnology [1]. At a
certain ratio of metals in a particle, centers appear that
have a specific distribution of metals (the ensemble
effect) and/or electron density (the charge effect) [2].
The chemical and physical properties of bimetallic
nanoparticles can differ considerably from monome-
tallic analogs as a result of such effects, leading to a
substantial increase in catalytic activity in particular
[3—7]. Heterogeneous catalysts that contain Au—Ag
nanoparticles display higher catalytic activity in CO
oxidation than monometallic Ag and Au nanoparticles
[3, 4]. A similar effect has been observed for bimetallic
catalysts that contain Au and Cu [5]. It is well known
that Au—Pd nanoparticles can be used effectively in
synthesizing H,0, [6, 7].

The development of the synthesis of gold nanopar-
ticles stabilized by thiolate ligands (Au,(SR),,) has
opened up unique opportunities for preparing hetero-
geneous catalysts characterized by a narrow size distri-
bution of nanoparticles [8, 9] and using them in the
oxidation of CO [10, I1]. A structural feature of
Au,(SR),, is a shell formed by staple fragments
—S(R)—(Au—S(R)),— that blocks the active centers of
the catalyst. This has been confirmed via quantum-
chemical modeling of the interaction between
Au,((SCH;) s and O, and CO, according to which
molecules are not activated and the cluster shell is pre-
served [12]. The cluster can be preliminarily activated

and the shell partially removed during thermal anneal-
ing at the stage of preparing the heterogeneous catalyst
[13], which is likely to cause agglomeration and the
loss of a fixed particle size.

An alternative way of changing the properties of
Au,(SR),, is to introduce another metal into the clus-
ter. There are several examples in the literature of
obtaining bimetallic nanoclusters M, @Au, (SR),,
(M = Cu, Ag) [14—17], but questions about their
structure, heteroatom position, and catalytic proper-
ties remain open. The aim of this work was to calculate
the structure of bimetallic clusters M@Au,4(SCHj;) ¢
(M = Cu, Ag) and predict their reactivity with respect
to CO and O, using the Density Functional Theory.

CALCULATION PROCEDURE

The geometries of bimetallic Cu@Au,o(SCH;)6
and Ag@Au,o(SCHj;) ¢ clusters and complexes of them
with O, and CO were optimized and their energies
were calculated using the Density Functional Theory
with the PBE functional [18] with the full-electron
scalar-relativistic basis set in [19]. The contribution
from zero-point energy was calculated in a harmonic
approximation. The calculations were made using the
Priroda program [20].

The reactions between bimetallic clusters and O,
and CO were

M@Au,4(SCH;)¢ + O, = O,_M@Au,4(SCH;),4, (1)
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Fig. 1. (a) Structure of a Au,y(SR) ¢ cluster and (b) schematic representation of possible positions of copper and silver atoms:
(1) central position in the core of the cluster; (2) on the surface of the core; (3) in a monomeric fragment; (4, 5) in different posi-

tions of a trimeric fragment; and (6) in the octameric ring.

M®@Au,,(SCH;),, + CO = CO_M@Au,,(SCHj;),¢.
(2)
The change in energy was calculated from the total

energy of all participants in reactions (1) and (2),
allowing for the zero-point energy:

AE = E(O,_M®@Au,,(SCHs),6)
— E(M@Au,4(SCHj;),4) — E(O,),

AE = E(CO_M@Au,,(SCH,),,)
— E(M@Au,o(SCH,),¢) — E(CO).

The energies of complexes O, M@Au,o(SCHj3) 6
were calculated in the singlet and triplet electronic
states. The frequencies of oscillation were determined
in a harmonic approximation.

RESULTS AND DISCUSSION

At the first stage, we identified non-equivalent posi-
tions in Au,)(SCHj;),¢ where copper or silver could be
found. According to X-ray diffraction data [21] and quan-
tum-chemical calculations [12], the cluster is formed by a
Au, core surrounded by —S(R)—(Au—S(R)),— fragments
of different compositions: two monomer fragments

Table 1. Relative energies of M@Au;o(SCH3),c isomers
(kJ/mol)

Position Cu Ag
1 0
2 7 1
3 13
4 18 25
5 5 12
6 5 9
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(x=1), a trimeric fragment (x = 3), and an octameric
ring (x = 8) (Fig. 1a). We can therefore distinguish six
possible positions for a heteroatom: (1) in the center of
the core, (2) on the surface of the core, (3) in the
monomeric fragment, (4, 5) two different positions in
the trimeric fragment, and (6) in the cyclic fragment
(Fig. 1b).

Six possible M@Au,o(SCH;),4 isomers were con-
sidered for each heteroatom, and the geometry was
optimized with no limits on symmetry. Note that
replacing the gold atom with copper or silver atom did
not change the overall structure of a cluster (Fig. 1a).
Isomer energies calculated relative to the most stable
Cu@Au,o(SCH;) s and Ag@Au,o(SCHj3;),¢ are pre-
sented in Table 1. The structure of the most stable
Cu@Au,((SCH;),4 (isomer 3) corresponds to the
arrangement of copper in a short monomeric fragment.
It should be noted that the energies of isomers 3 and 1,
2, 5, and 6 differ little. We may therefore assume copper
can be in the core and occupy positions in all staple
groups, except for the position 4. This is consistent with
data from works in which a Cu,Au,s_ (SC,H,Ph)
(x=1-5) cluster with copper in its core was
obtained [14], and [Au;;Cu,(PPhy)(SPy)sl",
[Au;;Cuy(PPh,Py),(SC¢H,-tert-C4Hg)gl™, and
[Au;;Cug(SPy),]" were obtained in which copper was
a part of their staple fragments [15].

According to the calculations for the structure of
Ag@Au,4(SCH3) 4, the best location for silver is in the
core of the cluster (positions 1 and 2). Earlier calcula-
tions of the structure of clusters of different composi-
tions [Au,s_Ag.(SH) 3]~ (x=1, 2, 4, 6, 8, 10, 12) [17]
also showed the best location for silver is on the surface
of the cluster’s core.

We modeled the interaction between CO and
M@Au,,(SCH;),s (M = Cu, Ag) clusters in which the
heteroatom is in the core of the cluster (isomer 1) orin
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Table 2. Change in energy during interaction between bimetallic clusters M@Au;o(SCHs),4 that differ in the location of M,
with O, and CO (AE, kJ/mol); M—C and M—O equilibrium distances in complexes (A); and harmonic frequencies of CO

and O, vibrations in complexes (ecm™)

Molecule Position M M AE R(M—C)/R(M—0)| ®(CO)/a(0,)

co 3 Cu —64 1.82 2051
Ag —12 2.68 2059

Au —10 2.97 2081

1 Cu —21 1.91 2044

Ag —10 2.98 2083

Au —10 2.97 2081

0, 3 Cu 22 2.08 1256
Ag —15 2.81 1371

Au —12 3.10 1420

1 Cu 12 3.08 1412

Ag —12 311 1414

Au —12 3.10 1420

The calculated value of the frequency of oscillation in CO is 2130 cm L In 0O,, it is 1458 em™ L

the shell, which is part of the monomeric fragment
(isomer 3). Calculated changes in energy during the
formation of CO_M®@Au,((SCH;),4 complexes,
M—CO distances, and harmonic frequencies of C—O
vibrations as a criterion for the activation of a molecule
are presented in Table 2, where similar values are also
given for a monometallic Au,,(SCH,),4 cluster. Con-
siderable activation of CO is observed when copper is
in the shell (isomer 3), where the change in energy is
—64 kJ/mol. CO bonds to the copper atom at a fairly
short Cu—C distance in the complex: 1.82 A (Fig. 2a).
CO bonds more weakly when copper is localized in the
core of the cluster. Coordination in the
CO_Cu(core)@Au,o(SCH3) ¢ complex proceeds over
the gold atoms in the staple fragment (Fig. 2b) at the
considerable Au—C distance of 1.91 A. The change in
energy during the formation of
CO_Cu(core)@Au,((SCH3) ;¢ is much smaller than

for CO_Cu(shell)@Au,o(SCH3);s: —21 kJ/mol. Note
that copper in the core of a cluster changes the proper-
ties of gold atoms in the staple fragment:
Cu(core)Au;4(SCH;),s activates CO better than
Au,((SCHj;) 6, as is seen from the lower frequency of
C—O0 vibrations and the shorter Au—C distance in the
complex. A synergistic effect was therefore observed
for copper in the activation of CO on bimetallic clus-
ters, since copper does not participate directly in the
activation of CO. Instead, it affects the gold atoms in
the staple fragment on which the CO bonds. Table 2
shows this effect is not typical of Ag@Au,o(SCHj;) .
With bimetallic clusters Ag(shell)@Au,o(SCH3),4 and
Ag(core)@Au,o(SCHs) 4, CO bonds as weakly as on a
monometallic Au,,(SCHj;) ¢ cluster.

We next modeled the interaction between O, and
M@Au,o(SCH3) ¢ (M = Cu, Ag) clusters, in which the

Fig. 2. Optimized structures of CO_Cu(shell)@Au,9(SCHj3) 5 and CO_Cu(core)@Au9(SCH3) 6.
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heteroatom is in the core of the cluster (isomer 1) orin
the shell, which is part of the monomeric fragment
(isomer 3) (Table 2). If the heteroatom is in the core of
the cluster, it has no effect on O, bonding, since the
change in energy during the formation of complexes
with oxygen is —12 for mono- and bimetallic clusters.
Better activation of O, is observed for a
Cu(shell)@Au o(SCH;) 4 cluster than one that is
monometallic (—22 kJ/mol) (Fig. 2¢). Copper in the
shell of a cluster therefore promotes the activation of
0O,, and thus better CO oxidation.

CONCLUSIONS

The bimetallic Cu@Au,;,(SCH;),s system is a
promising one for the activation of CO and O,. When
copper is in the cluster’s shell, it participates directly in
the activation of both CO and O,, creating a structural
effect characteristic of certain bimetallic particles.
Copper in Cu(core)@Au,4(SCH;) 6 and
Cu(shell)@Au,o(SCHj;) ¢ also has an electronic effect,
since the calculated values of the difference in energy
between the highest vacant and lowest occupied
molecular orbitals of the clusters (172 and 153 kJ/mol)
are much lower than for a monometallic cluster
(184 kJ/mol). A smaller difference raises the reactivity
of the bimetallic cluster.
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