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Gold Sulfide Nanoclusters: A Unique Core-In-Cage Structure

De-en Jiang,**! Michael Walter,” ! and Sheng Dai'!

Nanoparticles of chalcogenides of group 12 elements, such
as CdS, ignited a revolution in nanoscience.'! These quan-
tum dots have the bulk bonding structure and a larger tun-
able optical gap than the bulk, and find wide applications in
biomedical imaging,? electronic devices,’! and solar cells.!
However, few studies have been directed toward the nano-
particles of Au chalcogenides, such as Au,S. Although nano-
crystals of Cu,S and Ag,S have recently been synthesized in
a controllable way,”! wet-chemistry preparation of Au,S
nanoparticles by reduction of Au™ often led to a mixture
that contained Au nanoparticles.!”! Typical sizes of prepared
Au,S nanoparticles range from 4 to 7 nm. Little is known of
Au,S nanoparticles below 4 nm.

In contrast, monodisperse thiolated gold nanoparticles
can be made in a variety of sizes, from sub-nanometer to
several nanometers;” in fact, Au;,(SR), and Au,s(SR);s~
have been crystallized (SR=thiolate group).®! The Au-S
framework of Au,s(SR);s™ is about 1 nm in size. Jin and co-
workers” found that when the Au,s(SR),s~ clusters are sub-
jected to in-source fragmentation in matrix-assisted laser de-
sorption/ionization (MALDI) mass spectrometry, a series of
Au,S,” clusters are recorded in the mass spectrum due to se-
lective breaking of the S—C bonds!"” and loss of all R
groups and some S atoms. The most abundant species is
Au,sS,,”, followed by Au,S;;~ and AuyS;3~. AuysS;,~ can
also lose a single Au atom to give Au,,S;,”."! The abundance
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of Au,sS;,” is independent of the RS group,”’! which indi-
cates that this cluster has some magic nature. Because these
Au,S,” clusters have an Au/S ratio of close to 2, they pro-
vide a means to fill our knowledge gap regarding Au,S
nanoclusters in this size range.

To understand these Au,S,” clusters, one needs to discov-
er their structures. However, the only available experimental
data are the mass spectra.’) Given the absence of knowl-
edge, a global minimum search is needed to elucidate these
Au,S,” clusters. To that end, we have employed the basin-
hopping technique!'! for a global minimum search with ge-
ometry optimization by density functional theory (see the
Computational Methods section and the Supporting Infor-
mation for details). This DFT-based basin-hopping is a pow-
erful tool for finding global minima for clusters in which
classical potentials are either unavailable or not accurate
enough to be predictive; it has been successfully employed
for many systems, such as gold, silicon, and carbon-boron
clusters.!') Herein, we used this technique and found global
minima for the three most abundant Au,S,” clusters; a struc-
tural pattern emerges that indicates these clusters are sym-
metric with a unique core-in-cage construction, which can
explain the observed mass peaks."

Our approach to finding the global minima of Au,S,” fol-
lowed the history of the sample in the MALDI experiment.
We started with the structure of the Au,s(SR),3~ cluster with
18 R groups removed (Figure 1a). We then assumed that the
middle S atoms of the six S-Au-S-Au-S motifs are lost (Fig-
ure 1b);"! this is a convenient assumption in that these six S
atoms belong to the same group (roughly equivalent in sym-
metry) and are 1.1 A farther from the cluster center than
the other 12 S atoms. We then performed a geometry opti-
mization of the Au,sS;,” structure in Figure 1b and obtained
a local minimum (Figure 1c). The structural change from
Figure 1b to c is rather dramatic and is accompanied by a
huge lowering in energy (1785.0 kJmol™); the local mini-
mum is a distorted structure with two (AuS); triangular
rings and a longer Au-S oligomer on the cluster surface.

Starting with Figure 1c as our initial guess, we performed
a DFT-based basin-hopping search for the global minimum.
After about 600 Monte-Carlo steps, we found the highly
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Figure 1. Evolution of the structure for Au,sS;, : a) The Au-S framework
of Au,s(SR);3™; b) removal of six middle S atoms from the S-Au-S-Au-S
motifs; ¢) a local minimum obtained by geometry optimization (G.O.) of
b); d) global minimum found by DFT-based basin-hopping (B.H.) start-
ing from c). Au: light grey; S: black.

symmetric structure in Figure 1d which is 212.3 kJmol™!
lower in energy than Figure 1c. We consider this structure as
the putative global minimum for Au,sS;,” because 600 addi-
tional Monte-Carlo steps did not give any lower-energy
structure. The relatively small energy difference between
Figure 1c and d (212.3 kJmol™') compared with that be-
tween Figure 1b and c indicates that Figure 1c is a good ini-
tial guess that already has some features of the found global
minimum. In other words, our approach of following the
sample history during experiments worked.

The putative global minimum we found for Au,sS,,” fea-
tures a unique core-in-cage construction (Figure 2). The

Figure 2. Dissecting the structure of Au,sS;,”, a bi-tetrahedral Aug core
inside an Au,,S;, cage. The structure on the right is the same as in Fig-
ures 1d and 4b. S: black; Au in cage: light grey; Au in core: large gray
spheres.

cage is formed with 12 S atoms as the vertices and 19 Au
atoms at the midpoints of the edges connecting the vertices
with Au—S bonds of 2.40+0.05 A in length. Therefore, the
cage is well defined and tiled with two pentagons and seven
quadrilaterals. The Au-S interaction in the cage is predomi-
nately covalent, as evidenced by the distribution of electron
density that shows significant overlap in the middle of the
Au—S bond (see Figure S1 in the Supporting Information).
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The core, or what remains when the cage is removed from
the structure, is an edge-sharing bi-tetrahedral Aug
(Figure 2). When the core is put inside the cage, the two far-
apart Au atoms stick into the centers of the two pentagon
windows of the cage; the remaining four gold atoms of the
core stay inside the cage (Figure 2). The gold-gold interac-
tions between the core and cage Au atoms and among the
cage Au atoms themselves, as evidenced by the short distan-
ces (2.9~3.1 A), are aurophilic™ in nature and contribute
to the overall stability of the cluster. There is no direct inter-
action between the core Au atoms and the S atoms on the
cage (minimum distance at 3.5 A).

The core-in-cage structure we found for Au,sS;,” is dis-
tinct from bulk Au,S in that the cluster has a metallic core,
whereas the bulk, which has the cuprite (C;) structure, con-
sists of two interpenetrating, weakly interacting cristobalite-
like Au,S networks (see Figure S2 in the Supporting Infor-
mation). The pentagons and quadrilaterals forming the cage
of Au,sS;,” are completely absent in bulk Au,S, which exclu-
sively consists of hexagonal rings. In bulk Au,S, each Au
atom is linearly coordinated by two S atoms and each S is
tetrahedrally coordinated by four Au atoms, whereas the S
atoms on the cage of Au,sS;,” are mainly coordinated by
three Au atoms. This decreased coordination number for S
but not Au in the cage indicates that the Au/S ratio on the
cage is close to 1.5, similarly to the thioaruate(I) anion
[Au,,Sg]*~." Therefore, more Au atoms are needed inside
the cage to achieve the desired stoichiometry of 2, and the
resultant additional Au-Au interaction between the core
and the cage also stabilizes the cluster. Our charge analysis
shows that the Aug core has a total charge of +0.6 e, which
indicates that the electrostatic attraction between the core
and the cage also plays a role.

The core-in-cage structure we found for Au,sS;,” can also
explain the observed mass peak for Au,,S;, .’ Due to the
large windows of the cage, the core Au atoms (especially the
two at the pentagon centers, Figure 2) can be lost one at a
time with minimal change to the cage structure. We con-
firmed that it does indeed take less energy to remove one
core Au atom (from the pentagon center) than one on the
cage.

To test stability and dynamics of the core-in-cage struc-
ture of Au,S,,", we performed simulated annealing with
DFT-based molecular dynamics by heating up the cluster
and equilibrating at 1000 K for 10 ps before cooling down to
0 K. We found that the core-in-cage feature survived this
process despite the dynamic rearrangement of the cage. Fi-
nally, a new local minimum (Figure 3) that is 84.9 kJmol™
higher in energy than the global minimum was found. Inter-
estingly, this new local minimum features a triangle on the
cage, similar to that in Figure 1c. The fact that no lower-
energy structure was found in the simulated annealing pro-
cess further indicates that the putative global minimum we
found for Au,sS;,” may indeed be the true one.

We now turn to the next two most abundant clusters,
Au,sS;;” and Au,,S;37. For AuyS,;, we removed two Au
atoms and one S atom from the global minimum of
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Figure 3. A local minimum found for Au,sS;,” by annealing the global
minimum (Figure 1d) at 1000 K for 10 ps. Au: light gray; S: black.

Au,sS;,”, then performed the DFT-based basin-hopping
search. The obtained global minimum is also a symmetric
core-in-cage structure (Figure 4a). Now the 11 S vertices are
connected by 17 Au edges and tiled with two pentagons and

Figure 4. Global minima for a) AuyS;;~, b) Au,sS;,™, and c¢) Au,;S;5™. Au: light gray; S: black.

six quadrilaterals; the core still has six Au atoms that form
an oblique triangular prism (Figure 5). The initial structure
of AuyS;;~ is built upon the Au,sS,,” structure by adding
one S vertex and one Au edge to the cage and another Au
atom to the core. Then a DFT-based basin-hopping was per-
formed. The global minimum found has four pentagons and

Figure 5. Dissecting the structure of Au,;S,,”, an oblique triangular prism
Au, core inside an Au,;S,; cage. The structure on the right is the same as
in Figure 4a. S: black; Au in cage: light grey; Au in core: large grey
spheres.
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five quadrilaterals tiling the cage (Figure 4c); the Au, core

forms an approximately pentagonal bipyramid (Figure 6).
We compare the properties of Au,;S;;~, Au,sS;,, and

Au,;S;;” in Table 1. The computed HOMO-LUMO gap de-

Figure 6. Dissecting the structure of Au,,S;;~, an approximately pentago-
nal bipyramid Au, core inside an Au,S;; cage. The structure on the right
is the same as in Figure 4c. S: black; Au in cage: light grey; Au in core:
large grey spheres.

creases slightly from 1.2 eV for
AuyS;” t0 0.93 eV for Au,,Si5.
We note that bulk Au,S has a
much higher computed band
gap (2.3eV), which indicates
that the metallic gold core in
the AuS,” clusters lead to a
lower HOMO-LUMO gap. The
superatom complex (SAC) con-
cept has been successfully used

Table 1. HOMO-LUMO gap (HL gap), formation energy (AE;)," adia-
batic electron affinity (AEA), and adiabatic ionization potential (AIP) of
AuySyy T, AuysSy, -, and AuySys.

Cluster AuysS, AuysS), Auy,Si5”
HL gap [eV] 1.20 1.08 0.93
AE; [kImol™] —293.4 —295.1 —293.6

AEA [eV] 0.91 1.02 1.42
AIP [eV] 4.80 4.70 4.70

[a] AE;=[E(AuS,”)—xE(Au)—yE(S)]/(x+y), in which E(Au,S,”), E(Au)
and E(S) are the energies of the cluster, Au atoms, and S atoms, respec-
tively. 1 eV =96.485 kImol~".

to explain the electronic structure of thiolated gold nano-
clusters.”® Herein, we apply the same concept to Au,S,”
clusters that are derived from thiolated gold clusters. Ac-
cording to the SAC concept, the delocalized electrons of the
whole cluster occupy the superatomic orbitals in the follow-
ing order: 1S, 1P, 1D, and so forth. To count the delocalized
electrons in Au,S,” clusters, we assumed that each Au atom
contributes one valence electrons whereas S has a formal
oxidation state of —2, thereby localizing two electrons. So
all three Au,S,” clusters (Au,S;;~, Au,sS;,~, and AuyS;;7)
have two delocalized electrons that occupy the 1S orbital,
leaving 1P empty. The same electron count indicates similar
electronic structures among the three clusters, which agrees
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with their similar HOMO-LUMO gaps. Using Au,sS;,” as
an example, we examine its frontier orbitals in detail.
Unlike thiolated gold clusters in which the HOMO is usual-
ly dominated by the delocalized superatomic orbitals," we
found that the HOMO of Au,sS;,” is dominated by localized
bonding on the cage and the occupied 1S level (Figure 7,
left) is shifted by 0.33 eV below the HOMO level. However,
the LUMO of Au,sS;,” does indeed shows delocalized P-or-
bital character (Figure 7, right).

HOMO-4 LUMO

Figure 7. HOMO—4 and LUMO of Au,sS;,” that show the characters of
delocalized 1S and 1P superatomic orbitals, respectively.

The computed formation energy shows that Au,sS;,” is
slightly more stable than Au,S;;” and Au,S;;~, which
agrees well with the observed relative abundances of the
three clusters.’) We note that this agreement could be fortui-
tous given that the energy differences as computed in
Table 1 are relatively small. However, the superior stability
of Au,sS,,~ does seem to have a structural origin; its core
fits better inside the cage than the other two clusters. The
computed adiabatic electron affinities and ionization poten-
tials show that these three clusters are happy in their anion
state, gaining little energy to become a dianion and requir-
ing about 5 eV to lose an electron.

We believe that the core-in-cage structure is a rather gen-
eral feature of gold sulfide nanoclusters at ~1 nm. This in-
sight has implications for synthesis of gold sulfide nanoparti-
cles in this size range, for example, by reducing Au™ with
Na,S.?l Moreover, the Au core inside the cage may catalyze
reactions for small gas molecules that can access the core
through the cage windows. Therefore, Au,S clusters support-
ed on porous oxides or embedded in a polymer matrix may
have unique catalytic properties.

Herein, the basin-hopping search for the global minima
was enabled by DFT-based geometry optimization. It is now
a well-established fact that commonly used exchange-corre-
lation functionals may give systematic errors for organic re-
actions involving carbon—carbon bond formation"”! and for
isomerization energetics of alkanes."sl Therefore, it is neces-
sary to validate the DFT exchange-correlation functional
used and explore multiple DFT models.'” We used the
Perdew—Burke-Erzonhoff (PBE) form!"! of the generalized-
gradient approximation (GGA) for electron exchange and
correlation when performing the basin-hopping search in
this work. The PBE functional is one of the most popular
choices among many GGA functionals and a great many
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successful examples are reported in the literature. More
relevantly, the PBE functional has been successfully used to
explore and especially predict thiolated gold nanoclus-
ters,'>?" including the basin-hopping search based on DFT-
PBE geometry optimization.!'®! These successes lend confi-
dence to our present exploration of AuS,~ clusters with
DFT-PBE geometry optimization.

However, it has been shown that the PBE functional over-
estimates the lattice parameters for many semiconductors,*!!
including Au,S, and that meta-GGA functionals, such as the
non-empirical Tao—Perdew-Staroverov—Scuseria  (TPSS)
functional,” can describe the aurophilic interactions in gold
clusters and gold complexes better than the local density ap-
proximation, GGA, and hybrid functionals.’”! Therefore, we
examined several distinct lowest-energy configurations from
the basin-hopping search, including the global minimum,
and optimized the structures with both PBE and TPSS func-
tionals (Figure S4 in the Supporting Information). We found
that the global minimum from the PBE functional is also
the global minimum for the TPSS functional. More recently,
it has been shown®! that the MO6L meta-GGA functional®
can correctly predict the critical sizes of 2D-3D transitions
for cationic and anionic gold clusters based on the PBE-op-
timized geometries, so we also compared the PBE, TPSS,
and MO6L functionals together for several configurations
along the basin-hopping search path based on the PBE-opti-
mized geometries. The results are shown in Figure S5 in the
Supporting Information; it can be seen that the trends of
relative energies are basically the same for the three func-
tionals (except for one point at about the 200th step at
which MO6L differs from PBE and TPSS) and that the
global minimum we found from the DFT-PBE basin-hop-
ping is also the lowest-energy configuration for TPSS and
MO6L. Because the nonempirical nature of the TPSS func-
tional appeals to us, the results are reported in this paper
for the TPSS functional. These further checks validate to a
large degree our approach of basin-hopping by DFT-PBE
geometry optimization of Au,S,” clusters with final refine-
ment by using the TPSS functional.

In summary, we found a symmetric core-in-cage structure
for the most abundant gold sulfide nanoclusters observed in
MALDI fragmentation of Au,s(SR);;~ by using a DFT-
based basin-hopping global-minimum search. S atoms form
the vertices of the cage and are connected by the Au atoms
at the edges, whereas the rest of the Au atoms form a metal-
lic core inside the cage. This core-in-cage structure is distinct
from bulk gold sulfide. Our work herein fills the knowledge
gap regarding the structure of gold sulfide nanoclusters at
~1nm and stimulates more experiments of nanostructures
of gold chalcogenides at this size range.

Computational Methods

The global minimum search was performed by using a Python script
(available upon request) to interface the basin-hopping algorithm!*!! with
the Vienna Ab Initio Simulation Package (VASP)P for density function-
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al theory geometry optimization. The Perdew-Burke-Erzonhoff (PBE)
form of the generalized-gradient approximation (GGA) was chosen for
electron exchange and correlation,” and the electron-core interaction
was described by the projector-augmented wave (PAW) method within
the frozen-core approximation.’”’ The global minimum found by VASP
basin-hopping was then re-optimized with Turbomole V5.10, which was
used for parallel resolution-of-identity density functional theory (RI-
DFT) calculations.”® The def2-TZVP orbital and auxiliary basis sets!®!
were used for all atoms for structural optimization. Effective core poten-
tials that have 19 valence electrons and include scalar relativistic correc-
tions were used for Au.”! Comparisons between PBE, TPSS, and MO6L
functionals were done by employing the grid-projector-augmented-wave
(GPAW) method.®! See the Supporting Information for more details.
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