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Yiqun Feng and Longjiu Cheng*

We explore the structural evolution of (Au2S)n (n ¼ 1–8) clusters using a first principles global minimization

technique, namely, a genetic algorithm from density functional theory geometry optimization (GA-DFT).

The growth sequence and pattern for n from 1 to 8 are analyzed from the perspective of geometric shell

formation. The average binding energy, HOMO–LUMO energy gaps, vertical electron affinity, and vertical

ionization potential are examined as a function of the cluster size. The global minimum structures are

planar at n ¼ 1–3, three-dimensional at n ¼ 4–8. The formation of these structures are attributed to the

high stability of S–Au–S structural unit and particularly the Au3S3 and Au4S4 rings. Chemical bonding

analysis reveals that the three-dimensional clusters (n ¼ 4–8) can be viewed as [Au2n�xSn]
x�$xAu+ in

electronic structure. The Au+ cations are not involved in any S–Au covalent bond, however, are attracted

by only Au/Au aurophilic interactions. Direct evidence for the Au/Au aurophilicity are given by a

noncovalent interaction index analysis. Such Au/Au aurophilic interactions play an important role in the

stability of (Au2S)n clusters.
Introduction

Gold exhibits many unique properties among the coinagemetals
because of the strong relativistic effects.1 Ligand-protected gold
nanoparticles (AuNP) have attracted much attention since the
discovery of unexpected physical and chemical properties that
can be exploited for a variety of applications, ranging from
nanocatalysis, medicine, and materials science.2–6

Bare gold clusters7–11 and thiolate-protected gold (Au–SR)
clusters12–15 have been well studied in the past few years and
they show distinctive structures, interesting motivated in part
by understanding the Au–S interactions and Au/Au contacts
which are important in thiol-passivated gold nanoparticles.8,16,17

Hakkinen and co-workers13 proposed a superatom model that
Au–SR clusters can be understood with the magic numbers of
free valence electrons described as the spherical jellium model.
Based on the superatom model, the stability and chemical
nature of Au–SR clusters has been successful explaining such as
Au25(SR)18

� cluster18,19 and Au102(SR)44 cluster.20 Later, Cheng
and Yang proposed a super valence bond model and superatom
networks to explain the stability of non-spherical shells of metal
clusters,21,22 such as Au38(SR)24.23,24

However, for experimental produced Au–SR clusters, the
gold-to-thiolate ratio is usually greater than 1 : 1. The low-lying
structures of (AuSR)n (n ¼ 6–12), with an exactly 1 : 1 gold-to-
Hefei, Anhui, 230601, China. E-mail: clj@
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ordinates (in Å) of the global minimum
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thiolate ratio, were studied by Zeng and co-workers14 using
density functional theory (DFT) method. The global minimum
double helical structure has a relatively smaller mean Au–Au
distance and Au–S–Au angle that is an important indicator of
strong Au/Au interaction to characterize the stability of gold-
thiolate.

Sulfur-doped gold clusters (AuxSy) have also received much
attention in recent years. The covalent bond between gold and
sulfur and Au/Au interactions are paramount importance in
stabilizing the nanostructures. Recently, Pei et al.25 reported
several hollow or core-centered polyhedral structures for many
gold–sulde cluster anions (AumSn

�). The robustness of the
polyhedral structures can be attributed to the high stability of
S–Au–S and then to the stable triangular or square faces struc-
tural unit (Au3S3 or Au4S4). However, the gold-to-sulfur ratio is
usually 3 : 2 in hollow polyhedral structures. For sulfur-doped
gold clusters, the gold-to-sulfur ratio is usually non-
stoichiometric. Several researches about sulfur-doped gold
clusters with 2 : 1 ratio rule of Au/S at very small sizes were
reported several years ago.26 Other intriguing structures previ-
ously found were Cu2Se and (Cu2Se)n clusters.27,28

Several M2S (M ¼ Cu, Ag and Au) nanoparticles29–31 were
synthesized. The Cu2S and Ag2S nanoparticles are perfect
nanocrystals showing clear hexagonal or cubic lattices.29,30

However, the structures of Au2S nanoparticles are very different
from those of Cu2S and Ag2S nanoparticles, which show cross-
sheet-like or plate-like superstructures. The unique structures
of Au2S nanoparticles may due to the strong aurophilic inter-
action as a consequence of relativistic effects, which plays an
important role in the stability of gold clusters.32,33 It is still little
RSC Adv., 2015, 5, 62543–62550 | 62543
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known about the geometric and electronic properties of small
stoichiometric (Au2S)n clusters, which may also show very
unique properties due to the aurophilicity.

Having this in mind, we explore the feasibility of using
stochastic optimization technique genetic algorithm (GA) in
association with DFT to nd out the low-lying structures of
(Au2S)n clusters at n ¼ 1–8. Interestingly, the global minimum
(GM) structures of (Au2S)n clusters are very unique, which are
planar at n ¼ 1–3, three-dimensional at n ¼ 4–8. The formation
of these structures are attributed to the high stability of trian-
gular or square faces structural unit (Au3S3 or Au4S4). Chemical
bonding and noncovalent interaction index analysis show that
the unique geometric properties of (Au2S)n clusters result from
Au/Au aurophilicity.
Computational methods
A. Structural determination

The low-energy isomers of (Au2S)n clusters were located by the
combination of GA and DFT method (GA-DFT) implemented in
our group, which has been successfully applied in the structural
prediction of a number of systems.34–37 GA is a search heuristic
that mimics the process of natural selection.38–40 This heuristic is
routinely used to generate useful solutions to optimization and
search problems. The TPSS (Tao, Perdew, Staroverov, and Scu-
seria)41 functional was used in DFT calculations, which has been
proven reliable in Au–SR clusters,12,42–44 with the LanL2DZ45 basis
set is used for Au which account for the relativistic effective core
potentials of the heavy transition metal, and 6-31G* basis set is
used for S atoms. GA cannot promise to nd the global
minimum structure in one calculation. For each case, ve
independent GA runs are carried out and the relaxed structures
are recorded in one structural bank. Only small basis sets (3-21G
for S and Lanl2mb for Au) can be used by global search proce-
dure because of calculation time. The energetic sequences of the
isomers may change at larger basis sets, so as many as low-lying
isomers in the structural bank are considered. For instance, in
optimization of (Au2S)8, the population size is 20, and the
maximum iteration number is 500. Aer similarity checking of
the topological structures, the top 80 lowest energy
TPSS/Lanl2MB/3-21G isomers in the structural bank are resorted
by the single point energy of high level TPSS/LanL2DZ/6-31G*.
Finally, the top 30 lowest energy isomers are fully relaxed at
TPSS/LanL2DZ/6-31G* level of theory. The per-atom binding
energies (Eb) were calculated based on the optimized structures,
which is dened as Eb ¼ [E(Au2S)n � 2n � E(Au) � n � E(S)]/n.
Then, vertical electron affinity VEA¼ E(Au2S)n� E[(Au2S)n

�], and
the vertical ionization potential VIP ¼ E[(Au2S)n]

+ � E(Au2S)n are
calculated under TPSS/LanL2DZ/6-311+G* level of theory. All
DFT calculations were performed on the GAUSSIAN 09 package46

and molecular visualization is performed using MOLEKEL 5.4.
B. Adaptive natural density partitioning (AdNDP) method

Chemical bonding analysis for the located structures was per-
formed using the Adaptive Natural Density Partitioning (AdNDP)
method developed by Zubarev and Boldyrev.47–49 This method
62544 | RSC Adv., 2015, 5, 62543–62550
was widely used to analysis chemical bonding in molecules and
clusters. The algorithm is a generalization of the natural
bonding orbital analysis and is based on the diagonalization of
the blocks of the rst-order density matrix in the basis of natural
atomic orbitals. AdNDP analysis are dependent on the choice of
the threshold values for the occupation numbers which is
inherited from the parental Natural Bond Orbital (NBO) analysis.
This method accepts only those bonding elements whose occu-
pation numbers (ON) exceed the specied threshold values,
which are usually chosen to be close to 2.00 |e|. AdNDP repre-
sents the electronic structure in terms of n-center-two-electron
(nc-2e) bonds with n ranging from one to the total number of
atoms in the whole molecule. AdNDP recovers both Lewis
bonding elements (1c-2e and 2c-2e) and delocalized bonding
elements (nc-2e), is a very efficient and visual approach to
interpretation of the molecular orbital-based wave functions.
C. Noncovalent interaction (NCI) index analysis

The Au/Au aurophilic interaction is a kind of weak non-
covalent interaction and can be studied by many methods. In
this work, the noncovalent interaction (NCI) index method
developed by Yang group50,51was selected in our analyses, which
has been proven reliable in extremely large systems. This
method is an approach to detect weak interactions based on the
electron density and its derivatives, the analysis results agree
with the atoms in molecules approach in characterization of
interatomic interactions and it is applicable to extremely large
systems and provides a rich representation of van der Waals
(VDW) interactions, hydrogen bonds, and steric repulsion. The
denition of NCI index is based on the reduced density
gradient, s, and the electron density, r, where

s ¼ 1

2ð3p2Þ1=3
jVrj
r4=3

and which permits to highlight interactions characterized by a
low-density regime. The bonded and nonbonded interactions can
then be identied by the sign of the second Hessian eigenvalue
(l2), whereas the density itself provides information about their
strength. The analysis results are shown in scatter plots of the
reduced density gradient (s) versus the electron density (r) multi-
plied by the sign of l2. The low-density regime represents
noncovalent/weak interactions. The low-density, low-reduced
gradient trough lies at negative values (l2 < 0), indicative of an
attractive interaction, and l2 > 0 indicative of a steric repulsion.
The low-gradient NCI isosurfaces are colored according to the
corresponding values of sign(l2)r. NCI isosurfaces are a good
indicator of interaction strength, where blue represents strong
stabilizing interactions and red represents strong unstabilizing
interactions. The NCI studies are carried out using Multiwfn
package,52 and the NCI isosurface images are created using VMD.53
Results and discussions
A. Geometry structures

Combing the GA with DFT method, we obtained the low-
energy isomers for (Au2S)n (n ¼ 1–8) clusters at the TPSS/
This journal is © The Royal Society of Chemistry 2015
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LANL2DZ/6-31G* level. All the isomers are veried to be true
local minima by frequency check. Fig. 1 plots the GM and low-
energy isomers.

(Au2S)1. The GM (1A) is a V-shaped conguration with Au–S
bond distances of 2.28 Å and Au–S–Au bond angle of 90.7�.

(Au2S)2. 2A (C2) is a quasi-planar conguration with Au–S
bond distances of 2.31–2.33 Å and Au–S–Au bond angle of 87.4�.
2B is in Cs symmetry, which is higher in energy than 2A by
0.27 eV. 2C is in D2d symmetry and higher than 2A by 0.40 eV in
energy. The rst three isomers can be seen as two Au2S mole-
cules attracted by Au/Au interactions. The compact isomer
(2D) is 0.87 eV higher in energy than 2A.

(Au2S)3. The GM (3A) and the second isomer (3B) both have a
Au3S3 triangular ring, and the remaining three Au are linked to
S. The compact isomer (3C) is 0.67 eV higher in energy than 3A.

(Au2S)4. The GM (4A) has two edge-shared Au3S3 triangular
rings plus two Au atoms linked to S. Interestingly, there is a
remaining Au atom, which is isolated and is not bonded with
any S atom. 4B is a Au6S4 tetrahedral cage plus two isolated Au
atoms and is only 0.06 eV higher in energy. 4C has a distorted
Au4S4 square ring. 4D and 4E are similar to 4A and 4B, respec-
tively, in geometry. 4F (D2d) has similar bonding model with 3A,
which has a Au4S4 square ring, but is poor in stability due to lack
of Au/Au interaction.
Fig. 1 The global minimum and low-energy isomers and the bonding fram
Labelled are the point groups and relative energies in eV. (Au yellow, S p

This journal is © The Royal Society of Chemistry 2015
(Au2S)5. The GM (5A) is a Au7S5 cage plus one linked Au atom
and two isolated Au atoms, where the cage has two Au3S3
triangular faces and one Au4S4 square face. 5B is a Au8S5
rectangular-pyramid cage (four Au3S3 triangular faces and one
Au4S4 square face) plus two isolated Au atoms, and is only 0.09
eV higher in energy than 5A. 5C is a compact isomer. 5B and 5C
both have one four-coordinated sulfur atom.

(Au2S)6. The GM structure (6A) has a C2v symmetry, which
has a triangular prism unit (Au9S6). In the triangular prism unit,
there are six S in the vertices, nine Au on the edges, and the
remaining three isolated Au atoms are located in the central
and outside of the triangular prism unit separately. 6B is a
compact structure, which has one four-coordinated sulfur
atom. 6C and 6D have a close resemblance with 6A, but the
location of the three isolated Au is different.

(Au2S)7. The ground state 7A (C2v) is a Au11S7 cage plus three
isolated Au atoms, where the cage has two Au3S3 triangular faces
and four Au4S4 square faces. 7B (Cs) is a Au12S7 cage (four Au3S3
faces and two Au4S4 faces) plus two isolated Au atoms. 7C (Cs)
has one Au3S3 ring and three Au4S4 rings. 7A has one four-
coordinated sulfur atom, and 7B has three four-coordinated
sulfur atom.

(Au2S)8. 8A (S4) is a Au14S8 cage plus two isolated Au atoms.
The cage has four Au3S3 triangular faces and four Au4S4 square
ework of (Au2S)n (n¼ 1–8) clusters at the TPSS/LanL2DZ/6-31G* level.
urple).

RSC Adv., 2015, 5, 62543–62550 | 62545
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faces. 8A has four four-coordinated sulfur atoms. 8B (C2) is a
Au10S8 cage plus two linked Au atoms and four isolated Au
atoms, which is close to 8A in energy (higher than 8A by only
0.05 eV).

In summary, 1A is a V-type Au2S molecule. 2A is a union of
two isolated Au2S molecules linked by three Au/Au contacts.
3A is a linkage of three Au2S molecules by three Au–S bonds in a
circle manner to form a stable Au3S3 triangular ring. 4A has two
Au3S3 triangular rings plus two linked Au atoms and one iso-
lated Au atom. 5A is a polyhedron (S at the vertices and Au at the
edges) plus one linked Au atom and two isolated Au atoms. 6A,
7A and 8A both are polyhedron plus isolated Au atoms. In 7A
and 8A, there are four-coordinated sulfur atoms.
B. Electronic stability

Table 1 gives the average binding energies (Eb), energy gaps
between the highest occupied molecular orbital and the lowest
unoccupied molecular orbital (EHL), vertical electron affinities
(VEAs), and vertical ionization potentials (VIPs) of the GMs of
(Au2S)n (n ¼ 1–8). The fairly large average binding energies
(4.89–65.08 eV) and VIPs (7.61–8.25 eV), and relatively small
VEAs (1.69–3.46 eV) suggest high electronic stability of these
clusters.

The EHL gaps (0.59–1.53 eV) are not so large compared to
some other stoichiometric sulde clusters. Moreover, Au/Au
aurophilic contact may decrease the EHL gaps. For example, 2A
can be seen as two 1A connected by Au/Au aurophilic inter-
actions, and the EHL gap of 2A (0.80 eV) is much smaller than
that of 1A. 4A has the smallest EHL gap (0.59 eV) among all GMs,
because it has a open geometry and contains an isolated Au
atom attracted by only Au/Au aurophilic interactions.
C. AdNDP chemical bonding analysis

From the geometry, the bonding patterns of the GM structures
seem very novel. For examples, 2A is a quasi-planar structure,
and it seems to consist of two V-shaped 1A and three Au/Au
interactions; there are isolated Au atoms in 4A–8A, which are
not bonded with any S atoms. In order to get insight into the
chemical bonding of these the clusters, chemical bonding
analysis is carried out using AdNDP method.

Fig. 2A plots the AdNDP chemical bonding of 1A, which is
very straight forward. The full-lled 5d orbitals of Au (with
Table 1 The binding energies, EHL gaps, VEAs, and VIPs of the GM
structures of (Au2S)n (n ¼ 1–8) clusters

Eb (eV) EHL (eV) VEA (eV) VIP (eV)

1A �4.89 1.53 1.69 8.25
2A �5.83 0.80 2.85 7.84
3A �6.65 1.53 2.54 7.67
4A �7.04 0.59 3.46 7.63
5A �7.58 0.89 3.40 7.80
6A �7.98 1.46 3.13 7.86
7A �8.04 1.20 3.22 7.61
8A �8.14 1.41 3.27 7.64

62546 | RSC Adv., 2015, 5, 62543–62550
occupancy number ON ¼ 1.96–2.00 |e|) are not shown in this
gure. Excluding Au(5d) orbital, 1A has 8 valence electrons (2 �
1(Au) + 6 � 1(S)), with each gold atom contributing one valence
electron and each sulfur atom contributing six valence elec-
trons. Based on AdNDP analysis, four electrons are localized
along the two two-center two-electron (2c-2e) Au–S s-bonds with
occupied number ON ¼ 1.99|e|. The remaining 4 electrons are
two lone pairs (LPs) with one s-type (ON ¼ 1.97|e|) and one
p-type (ON ¼ 1.95|e|) on the sulfur atom.

Fig. 2b plots the AdNDP chemical bonding of 2A. The 8
valence pairs are localized as 4 Au–S s-bonds (ON ¼ 1.82|e|,
1.92|e|) and 4 LPs in S (ON ¼ 1.91|e|, 1.94|e|). As expected, all
the electrons have been assigned in the two Au2S units, and
there is no covalent bonding between the two Au2S units. In
another word, Au/Au aurophilic interaction between the two
Au2S units is a kind of non-Lewis/non-covalent interaction.
Such a non-Lewis Au/Au aurophilic interaction is not too
weak, which is due to the sd hybridization and d–d interaction
in gold and leads to obvious decrease of the ONs of Au–S bonds
and EHL gap.

As shown in Fig. 2c, AdNDP chemical bonding of 3A is also
very straight forward, which contains 9 Au–S bonds (ON ¼
1.88–1.95|e|) and 3 LPs of S (ON ¼ 1.96|e|).

There are 16 valence pairs in 4A. As shown in Fig. 2d, AdNDP
analysis reveals 4 LPs (ON ¼ 1.93–1.94|e|) of S and 12 Au–S
s-bonds (ON ¼ 1.87–1.90|e|). All the electrons are assigned on
Fig. 2 The results of the AdNDP localization for 1A (a), 2A (b), 3A (c),
and 4A (d). Labeled are the occupancy numbers (ONs).

This journal is © The Royal Society of Chemistry 2015
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the Au7S4 framework, and there is no covalent interaction
between the isolated Au and the Au7S4 unit. Thus, 4A is more
reasonably described in the formulation [Au7S4]

�$Au+ based on
the electronic structure.

The chemical bonding of some larger clusters (5A, 6C, 7A,
and 8A) are also studied using AdNDP method (see Fig. s1 in
ESI†). It is found that all these clusters can be viewed as a
[Au2n�xSn]

x� anionic unit plus x isolated Au+ cations. Fig. 3 plots
the geometric illustration of (Au2S)n (n ¼ 4–8) clusters:
[Au7S4]

�$Au+ (4A); [Au8S5]
2�$2Au+ (5A); [Au9S6]

3�$3Au+ (6C);
[Au11S7]

3�$3Au+ (7A); [Au14S8]
2�$2Au+ (8A). The anionic struc-

tural units at n ¼ 4 and 5 have open geometric shells, which
leads to relative low EHL gaps (0.59–0.89 eV). On contrary, the
anionic structural units have closed geometric shells at n¼ 6–8,
which leads to more stable electronic structures (EHL ¼
1.20–1.46 eV). The [Au2n�xSn]

x� anionic unit has a closed-shell
electronic structure. For example, the [Au9S6]

3� anionic unit
of 6A is a triangular-prism cage, which has a much higher EHL

gap (2.76 eV) than 6A (1.46 eV).
D. Electron localization function (ELF) analysis

The chemical bonding structures have been shown clearly by
AdNDP chemical bonding analysis. Based on AdNDP analysis,
2A is a union of two 1A by three non-bond Au/Au aurophilic
interactions. To verify the results of AdNDP chemical bonding,
taking Au2S (1A) and (Au2S)2 (2A) as test cases, we performed the
electron localization function (ELF) analysis.54 ELF is a popular
method for electronic structures, which is a simple measure of
Fig. 3 Frameworks of (Au2S)n (n ¼ 4–8) clusters: (a) 4A: [Au7S3]
�$Au+;

(b) 5A: [Au8S5]
2�$2Au+; (c) 6C: [Au9S6]

3�$3Au+; (d) 7A: [Au11S7]
3�$3Au+;

(e) 8A: [Au14S8]
2�$2Au+.

This journal is © The Royal Society of Chemistry 2015
the electron localization in atomic and molecular systems, and
its range of values is between 0 (no localization, blue) and 1
(complete localization, red). Geometrical parameters (bond
length, in Å, bond angle, in deg) of 1A and 2A (le) and their ELF
cut planes (right) are illustrated in Fig. 4. The ELF cut plane of
2A can also been seen as a union of two 1A. The ELF value close
to 0.4 corresponds to the Au–S bond, and can be seen as a white
color around the Au and S atoms. The cluster–substrate contact
shows narrow necks of blue between Au and Au atoms indi-
cating no chemical bonding. This is in agreement with AdNDP
chemical bonding analysis, further conrming that there is no
covalent bonding between the two Au2S units. Moreover, from
the geometric parameters, 2A can also be viewed as a union of
two isolated V-type Au2S molecules linked by Au/Au contacts.

E. Aurophilic interactions

Based on above geometric and chemical bonding analysis, the
Au/Au interactions play an important role in the stability of
(Au2S)n clusters. Typically, the rst three isomers of Au4S2
(2A–C) consist of two isolated Au2S molecules attracted by only
Au/Au aurophilic interactions. In all cases the short intra-
molecular Au–Au distances (<3.1 Å) combined with small
Au–S–Au angles (<90.7�) indicate the inuence of aurophilic
bonding. To have a comparison of the three isomers, the
average strength of Au/Au aurophilic interactions is roughly
measured: EAu/Au ¼ [2 � E(Au2S) � E(Au2S)2]/NAu/Au, where
NAu/Au is the number of Au/Au contacts. As shown in Fig. 5a,
the aurophilic interactions in 2A and 2B both are in-plane, but
the aurophilic interactions in 2C is 3-dimensional. The average
strength of Au/Au interactions (EAu/Au) in 2A, 2B, and 2C are
0.64 eV, 0.82 eV, and 0.40 eV, respectively. Interestingly, 2C has
the most Au/Au contacts, but its total Au/Au aurophilic
interaction is the weakest. Thus, in-plane motifs are favored
more by Au/Au aurophilic interactions, which is in good
agreement with the planar motifs of small Au clusters.7 It is well
known that the strength of hydrogen bonds is about 0.2 eV. In
Fig. 4 Geometrical parameters (bond length, in Å, bond angle, in
degree) of Au2S (1A) and (Au2S)2 (2A) (left) and their ELF cut planes
(right).

RSC Adv., 2015, 5, 62543–62550 | 62547
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Fig. 5 (a) Comparison of the Au/Au aurophilic interactions in the
three isomers (2A, 2B and 2C) of (Au2S)2 at TPSS/LanL2DZ/6-31G*. (Au
yellow, S purple). (b) Average strength of Au/Au interactions in 2A as a
function of the size of basis sets using the TPSS functional. Double
zeta: cc-pVDZ-pp; triple zeta: cc-pVTZ-pp; quadruple zeta:
cc-pVQZ-pp. Diffusion: aug-cc-pVXZ-PP.
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comparison, such a Au/Au aurophilic interaction is a very
strong non-Lewis interaction (0.4–0.8 eV). The calculated
EAu/Au in 2A is 0.64 eV with the LanL2DZ basis set. However, the
Fig. 6 Plots of the reduced density gradient (s) versus the electron dens
Inserted are the NCI isosurfaces, which are generated at s ¼ 0.5 au, 0.3 a
are colored on a blue-green-red scale according to values of sign(l2)r,
actions, and red indicates strong nonbonded overlap.
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calculated strength of Au/Au aurophilic interactions be inu-
enced by the size of basis sets. Fig. 5b plots the average strength
of Au/Au aurophilic interactions in 2A as a function of the size
of basis set for Au (double, triple, and quadruple zeta; with and
without diffusion). It can be seen that the calculated EAu/Au

increases with the size of basis set, and EAu/Au is about 0.75 eV
at a very large basis set. However, the increment is not too large,
and we chose the smaller LanL2DZ basis set for practical
reasons.

The Au/Au aurophilic interaction is a kind of non-Lewis/
noncovalent interaction and cannot be investigated directly by
the natural bonding orbital methods such as AdNDP. However,
NCI method is a good tool for noncovalent interactions. Fig. 6
plots the reduced density gradient (s) versus the electron density
(r) multiplied by the sign of l2 of some typical structures 1A, 2A,
4A and 6C. In the date of 1A (Fig. 6a), there is a low-gradient
spike lying at about sign(l2)r ¼ �0.003 au, which represents
strong stabilizing noncovalent interactions (Au/Au aurophilic
interaction). However, there is also a low-gradient spike lying at
about sign(l2)r ¼ 0.0045 au, which represents strong unstabi-
lizing interactions. Therefore, the two Au atoms in 1A may be
repulsive. As shown in Fig. 6b, there is three strong Au/Au
aurophilic interactions (sign(l2)r ¼ �0.005 au) in 2A. However,
the two Au atoms in each Au2S unit are strongly repulsive
(sign(l2)r ¼ 0.003 au). The NCI isosurface of 4A and 6C (Fig. 6c
and d) reveals two kind of strong weak interactions. The
stronger one is the aurophilic interaction between the isolated
Au atoms and its neighboring Au atoms (sign(l2)r¼�0.005 au).
The weaker one is the aurophilic interaction between Au atoms
in the Au3S3 rings (sign(l2)r¼�0.003 au). The isolated Au atom
in 4A is attracted by six strong Au/Au aurophilic interactions,
and each isolated Au atom in 6C is attracted by four strong Au/
Au aurophilic interactions.
ity (r) multiplied by the sign of l2 for (a) 1A, (b) 2A, (c) (4A) and (d) 6C.
u, 0.25 au, and 0.25 au for 1A, 2A, 4A and 6C, respectively. The surfaces
ranging from �0.06 to 0.06 au. Blue indicates strong attractive inter-

This journal is © The Royal Society of Chemistry 2015
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Conclusion

In summary, the putative GM structures of stoichiometric gold–
sulfur clusters (Au2S)n (n ¼ 1–8) have been predicted by means
of GA, in conjunction with DFT, relying on TPSS functional. The
GM of (Au2S)2 is a union of two isolated V-type Au2S molecules
linked by only Au/Au contacts. The GM of (Au2S)3 contains a
stable Au3S3 triangular ring (S at vertices and Au at edges). In the
GM of (Au2S)4, there are two Au3S3 triangular rings sharing one
edge (AuS2). At n ¼ 5–8, the GM structures contain Au2n�xSn
polyhedral cage with Au3S3 and Au4S4 faces. At n¼ 4 and 5, there
are both linked and isolated Au atoms. At n ¼ 6–8, all of the
remaining Au atoms are isolated, which are not bonded with
any S atom and are lled in the Au2n�xSn polyhedron by only
Au/Au contacts. Direct evidences of the chemical bonding are
given AdNDP analysis. AdNDP chemical bonding shows that, at
n$ 4, the clusters should be viewed as [Au2n�xSn]

x�$xAu+, where
the Au+ cations are isolated and do not participate any covalent
bond. The Au/Au aurophilic interactions play an important
role in the stability of (Au2S)n clusters, and direct evidence for
the Au/Au aurophilicity are given by a noncovalent interaction
index analysis.
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