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H I G H L I G H T S

• Pronounced polarization of electrostatic charge is found in small Agm, Aun, and AgmAun clusters.

• The charge is strongly affected by the mode of interactions with neighboring atoms.

• Two simple, phenomenological rules are derived regarding the charge distribution.

A B S T R A C T

In our theoretical investigation for small Ag-Au alloy clusters, we found that pronounced polarization of their electrostatic charge occurs with some generic
regularities. We propose a set of “rules” for the charge distribution, which may be extended to larger Ag-Au alloy clusters or even bulk solids: (1) atoms in lower-
coordinated sites tend to be charged more negatively or less positively; (2) the charge of Au is affected by nearest neighbor atoms only, contrary to the case of Ag. The
origins of these phenomenological rules may include site-dependent electronic polarization and the difference in s/p hybridization between Ag and Au.

1. Introduction

Silver (Ag) and gold (Au) are representative noble metals that have
been in wide-ranging use since antiquity from minting coinage to re-
moving pathogens. They were mainly used in the bulk phase but also in
the form of nanomaterials, which have become the subject of intense
research in the last two decades for applications in plasmonics, spec-
troscopy, sensors, catalysis, and medicine [1–11]. Ag and Au together
form a nearly ideal binary alloy as they are miscible over a wide range
of composition and size from atomic clusters to the bulk phase.

The high miscibility of Ag and Au results from their common va-
lence electron configuration (d10s1) and nearly identical lattice con-
stants (4.086 Å for Ag and 4.072 Å for Au at 293 K) [12]. However,
there exists a significant difference in homonuclear bond energies be-
tween the two elements (1.65 eV for Ag-Ag vs. 2.29 eV for Au-Au) [13],
which would have hindered full atomic mixing, were it not for the large
heteronuclear bond energy for Ag-Au (2.06 eV) [13]. The latter is
greater than the average of the two homonuclear bond energies and
only slightly smaller than the Au-Au bond energy, which leads to the
high thermodynamic stability of the Ag-Au alloy even when Ag and Au
atoms assume nearly random atomic arrangements in the alloy.

On the other hand, the electrophilic trend of these two elements is
so considerably different (electron affinity of Ag and Au being 1.30 and

2.31 eV; electronegativity of Ag and Au being 1.93 and 2.54, respec-
tively) that the electrostatic charge distribution may present a non-
uniform, complex landscape in the atomic scale on the surface of an Ag-
Au alloy even though the alloy itself may have a well-dispersed atomic
arrangement.

There have been many studies on the geometrical and electronic
structures of the Ag-Au alloy clusters [14–21], including some work of
particular relevance to their electrostatic charge [20,21], but little is
known about the generic feature of the electrostatic charge distribution
in these clusters and the principle that governs it. In this study, we
carried out density functional theory calculations for various Ag-Au
alloy clusters and found a great degree of polarization of electrostatic
charge in the Ag-Au alloy clusters. We also found some generic reg-
ularities in their electrostatic charge distribution, which appear clearly
evident even from the limited range of cluster size we studied. We came
to propose a set of rules for it, which may even predict a rudimentary
charge distribution in larger Ag-Au clusters or bulk solids.

2. Theoretical methods

We carried out density functional theory calculations using
Gaussian 09 package (Revision D.01) [22] with the conventional B3LYP
[23] exchange-correlation functional. All calculations were performed
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without symmetry constraints. The LANL2DZ [24–26] basis set with
effective core potential was used for silver and gold. All local minimum
geometries were verified to be a stationary state by frequency analysis.
Atomic charges were obtained by Mulliken population analysis.

3. Results and discussion

Before investigating the Ag-Au binary alloy clusters, we first ex-
amined the pure Agn and Aun clusters (n=3, 4, and 5; Fig. 1). From
their geometries and atomic charge distributions, we note that the
electronic charge tends to be concentrated on the pointed (“outer”)
atoms with fewer chemical bonds, leaving the other (“inner”) atoms
with a positive charge since all clusters are electrostatically neutral as a
whole. For example, atoms 1 and 3 of Ag3 and Au3 with only 1 chemical
bond are negatively charged while the central atom 2 with 2 chemical
bonds is positively charged. In the case of tetramers, atoms 1 and 4 of
Ag4 (A) and Au4 (A) are the sites of negative charge as they form only 2
chemical bonds, whereas atoms 2 and 3 with 3 bonds take up the
counter positive charge. Likewise, atom 4 of Ag4 (B) and Au4 (B) with
only 1 chemical bond assumes a predominant negative charge. (The
negative charge on the 3-coordinated atom 3 of Ag4 (B) seems an in-
teresting anomaly.) For pentamers, atom 4 of Ag5 (A) and Au5 (A) has a
large positive charge since it forms the maximal 4 chemical bonds while
the counter negative charge is mainly piled up on atoms 3 and 5 with 2
bonds rather than atoms 1 and 2 with 3 bonds. The above regularity
that we now call our “Rule 1” may be invoked to make sense of the
charge distribution in other clusters, such as the negative charge on
atoms 2 and 5 along with a corresponding positive charge on atoms 3
and 4 of Ag5 (B) and Au5 (B). Hence, we draw a tentative conclusion
that our Rule 1 is consistent with a generic feature of the electrostatic
charge distributions commonly found in pure Ag and Au clusters.

Next, we generated a full library of neutral Ag-Au binary alloy
clusters for up to 5-atom species with different elemental compositions
and structures (Fig. 2). In almost all clusters, Ag atoms are positively
charged while Au atoms assume a negative charge, as dictated by the
aforementioned disparity in the electron affinity and electronegativity
of these elements. We also verify that our Rule 1 derived from pure Ag
and Au clusters applies even to the Ag-Au alloy clusters. For instance, in
the 4A family (Fig. 2(c)), atoms in the outer, lower-coordinated posi-
tions are more negatively charged (as with Au atoms 1 and 4 against Au
atom 3 in 4A-1, Au atom 4 against Au atom 3 in 4A-2, Ag atom 1
against Ag atoms 2 and 3 in 4A-4) or less positively charged (as with Ag
atom 1 against Ag atom 2 in 4A-2). Such a site dependence of charge is
representatively apparent in 5A-4, where atom 4 has a rather large

positive charge (+0.18) even though it is the same gold atom as atoms
3 and 5, since it is located at the innermost position and thus forms 4
chemical bonds with all other atoms.

Further examination of atomic Mulliken charges in Fig. 2 reveals
another regularity that we came to call “Rule 2”: the atomic charge of
Au is mostly determined by the nearest neighbour atoms only, whereas
the atomic charge of Ag is considerably affected by atoms farther away.
In other words, the charge of a gold atom does not change greatly when
its next nearest neighbour atoms indirectly bonded to it are replaced by
the other element, but the charge of a silver atom is rather strongly
affected by such a substitution. For example, as 5A-6, 5A-13, 5A-15,
and 5A-17 share the same arrangement of atoms 1, 3, and 4, their
different elemental compositions for atoms 2 and 5 indirectly bonded to
atom 3 little affect the charge on the Au atom 3 (between −0.45 and
−0.47).

In contrast to Au, the charge on Ag is considerably affected when
atoms beyond the nearest neighbour sites are substituted. For example,
5A-2, 5A-7, 5A-9, and 5A-12 share the same arrangement of atoms 1, 3,
and 4 but the positive charge on the Ag atom 3 changes significantly
(between +0.23 and +0.46) as the atoms 2 and 5 change their com-
positions. The most striking case of Rule 2 is observed in the 5B family,
where the positive charge on the Ag atom 1 of 5B-1 and 5B-2 is strongly
dependent on the elemental composition of atoms 2 and 5, whereas the
negative charge on the Au atom 1 of 5B-3 and 5B-4 is little affected by
them. After all, the complete removal of atoms 2 and 5 from 5B-3 and
5B-4 results in only a mild increase in the charge of atom 1 (as in
Ag2Au1). Hence, we cautiously suggest that the strong electron-with-
drawing nature of Au atom is short-ranged and does not reach beyond a
single-atom range.

4. Conclusions

In conclusion, we carried out density functional theory calculations
for the neat and alloy clusters of Ag and Au. Even in neat clusters,
significant polarization of electrostatic charge was observed since
atoms at different locations can have different coordination numbers.
Polarization of electrostatic charge was more pronounced in alloy
clusters since it is governed by the coordination number as well as the
elemental identity of atoms. We found two distinctly generic regula-
rities in the electrostatic charge distribution of these clusters, which
were clearly apparent starting with 2- or 3-atom clusters and applicable
to clusters of at least up to 5 atoms. They were summarized in two rules,
the first of which dictates that atoms located at the pointed (“outer”)
site with a smaller coordination number tend to be charged more

Fig. 1. Optimized geometries of neutral (a) Agn (n=3, 4, 5) and (b) Aun (n=3, 4, 5) clusters. Atomic charges obtained by Mulliken population analysis are shown in
blue (positive charge) or red (negative charge), while the atomic position in the given cluster is marked in magenta on each atom.

E. Lim et al. Chemical Physics Letters 709 (2018) 7–10

8



negatively or less positively. Our second rule states that the atomic
charge of Au is mainly governed by the directly bonded neighbouring
atoms but the atomic charge of Ag is affected also by atoms beyond the
nearest neighbours. The origin of rule 1 may lie in the fact that, even for
a given element, its atomic polarizability is different at different atomic
locations. An outer-lying atom with a lower coordination number
would exhibit a more spatially disperse electronic charge and higher
polarizability that results in a larger “spill-over” effect of electronic
charge to the periphery of the cluster. On the other hand, rule 2 may
stem from a higher degree of localization of the Au 6s orbital than the

Ag 5s orbital or their different degrees of s/p hybridization. Although
the origins of these two phenomenological rules are not fully under-
stood yet, we nevertheless note that these rules provide a quick and
effective guide to explain and may even predict a rudimentary charge
distribution in these clusters. Further studies are underway to in-
vestigate the underlying nature of these rules and also to expand our
study to other cluster systems.

Fig. 2. Optimized geometries of neutral (a) Ag1Au1, (b) AgnAu3−n, (c) AgnAu4−n (4A), (d) AgnAu4−n (4B), (e) AgnAu5−n (5A), and (f) AgnAu5−n (5B) binary alloy
clusters. Mulliken charges are indicated in blue (positive charge) or red (negative charge), while the representative atomic positions are marked in magenta.
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