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Prediction of the Au4S crystal via a superatom
network model: from clusters to solids†

Qiman Liu,‡a Chengyu Zhang,‡a Chang Xu,a Shuanglin Hu*b and
Longjiu Cheng *ac

Owing to their unique properties, thiolate-protected gold clusters (denoted as Aun(SR)m) have attracted

intense research interest both experimentally and theoretically. The superatom complex (SAC) and

superatom network (SAN) models are significantly well-known concepts to explain the electronic

stability of Aun(SR)m. Based on the structural characters of Aun(SR)m, the tetrahedral Au4 unit was found

to be an elementary building block and used to design a series of tetrahedron-network clusters. In this

work, we first build a Au22(m4-S)(SH)12 cluster consisting of a network of four non-conjugated tetrahedral

Au4 units and confirm that it is a local minimum on the potential energy surface by density functional

theory calculations. Chemical bonding analysis by the AdNDP method reveals that the electronic

structure of Au22(m4-S)(SH)12 follows the SAN (4 � 2e) model. Based on the structural character of the

Au22(m4-S)(SH)12 cluster, we utilize the diamond lattice as a template to construct a stable Au4S crystal in

which each S atom binds to four Au4 superatoms. The computational results demonstrate that the

structure has rather good dynamic and thermal stabilities, and it is an indirect semiconductor with a

band gap of 2.68 eV at the HSE06 level. Chemical bonding analysis performed by the SSAdNDP method

reveals that the Au4S can be seen as a SAN crystal. These bonding patterns and properties of the solid

provide references for further investigation of cluster-assembled materials.

Introduction

Thiolate-protected gold clusters, denoted as Aun(SR)m, have
attracted widespread research interest due to their extraordinary
stability, physicochemical properties, and many promising appli-
cations in the field of catalysis, chemical sensing, biolabeling,
and so on.1–15

In recent years, marked advances were made in determining
the structures of Aum(SR)n clusters from both experiments and
theory. Particularly, after two breakthroughs of crystallization
of Au25(SR)18

�7,11 and Au102(SR)44
3 clusters, a number of

Aum(SR)n clusters with different compositions were successfully
resolved via X-ray crystallography, e.g., Au18(SR)14,16,17 Au20(SR)16,18

Au23(SR)16
�,19 Au28(SR)20,20 Au30S(SR)18,21 Au36(SR)24,22 Au38(SR)24,23

Au68(SR)34,24 and Au130(SR)50.25 Based on these structures, the
growth mechanism of gold clusters with sizes is explored and
two evolution paths are summarized (Fig. 1), including core
growth and staple motif growth. In a typical core growth process,
the Aum(SR)n cluster can be subdivided into a compact Au core
and a set of organothiolate ligands. The Au core often exhibits a
highly symmetrical geometry with a closed-shell singlet ground
state. To explain the high stability of certain magic number
Aum(SR)n clusters, Häkkinen et al. proposed the superatom
complex (SAC) concept based on the jellium model.26 According
to the SAC model, Au102(SR)44 and Au25(SR)18

� have 58 and 8

Fig. 1 Structural evolution routes of thiolate-protected gold clusters that
have been resolved by either experiments or predicted by theory.
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valence electrons contributed from the metallic Au-core,
respectively, which are indeed magic numbers corresponding
to the closed electronic shells in the framework of the
jellium model.

However, the clusters in staple motif growth cannot all be
understood in the framework of the SAC model. To understand
the electronic stability of the nonspherical structures of metal
clusters, Cheng et al. developed the superatom-network (SAN)
model.27 It was found that, experimentally synthesized
Au18(SR)14,16,17 Au20(SR)16,18 and Au24(SR)20

28 are 4 valence-
electron (4e) compounds following the SAN model. The structure
of the Au18(SR)14 cluster features a bi-octahedral Au9 core
protected by three kinds of staple motifs including three
monomers, a dimer and a tetramer. According to the SAN
model, the Au9 core of the cluster can be considered as a
unique integration of two fused octahedral Au6 superatoms
by sharing one triangular face. The structure of Au20(SR)16 has a
vertex-sharing bi-tetrahedral Au7 kernel protected by mono-
meric and trimeric staple motifs as well as a giant octameric
Au8(SR)8 ring. The structure of Au24(SR)20 has a bi-tetrahedral
Au8 kernel with four tetrameric staple motifs. The electronic
stabilities of these two clusters follow the SAN model, and both
of their Au kernels can be seen as networks of two Au4

superatoms. The Au22(SR)18 cluster possesses the same Au7

kernel with the Au20(SR)16, which can also be viewed as a union
of two 4c–2e tetrahedron Au4 superatoms. Moreover, Au44(SR)28,29

Au52(SR)32,30 Au60(SR)36,31 and Au76(SR)44
32 clusters exhibit unique

double-helix structures that consist of networks of tetrahedral Au4

superatoms. Recently, Pei et al. reported that the Au cores of
face-centered-cubic (fcc-type) Aum(SR)n clusters have a tetra-
hedral Au4 growth pattern and predicted a series of tetrahedron
networks of fcc-type Aum(SR)n clusters.29,33–35

The ‘‘divide-and-protect’’ model was developed by Häkkinen
et al.,36 that is, the Aum(SR)n cluster can be seen as an Au kernel
protected by various forms of staple motifs. To date, different
kinds of staple motifs in Aum(SR)n clusters have been discov-
ered or proposed. Among them, most cases are two-coordinate
m2-S staple motifs, for example, the monomeric (–SR–Au–SR–),
dimeric (–SR–Au–SR–Au–SR–) and trimeric (–SR–Au–SR–
Au–SR–Au–SR–), as well as pentameric (–SR–Au–SR–Au–SR–
Au–SR–Au–SR–Au–SR–) staple motifs. Furthermore, large thio-
late rings such as Au6(SR)6 and Au8(SR)8 rings were found
in Au22(SR)18 and Au20(SR)16 clusters, respectively. In 2013,
Dass and Zheng crystallized the Au30S(SR)18 cluster,21,37

and reported a novel m3-S bridging in Aum(SR)n clusters. In fact,
the m3-S surface motif had been observed in the Au3Ag(m3-S)-
(PPh2py)3

2+ cluster earlier.38 Later, experimentally determined
Aun(SR)m clusters with one or two m3-S bridges included
Au21S(SR)15, Au38S2(SR)20 and Au103S2(SR)41. Notably, the m4-S
staple motif has been found in Au60S6(SCH2Ph)36

39 and
Au60S7(SCH2Ph)36

40 clusters.
The tetrahedral Au4 unit is a popular structural pattern

and is regarded as an elementary block among the Aun(SR)m

clusters, which has been used to design a series of tetrahedron-
network clusters.34,41–43 According to the SAN model, we build
a Au22(m4-S)(SH)12 cluster consisting of a network of four

tetrahedral Au4 units and confirm that the cluster is a local
minimum on the potential energy surface by means of density
functional theory (DFT) computations. Based on the structural
character of the Au22(m4-S)(SH)12 cluster, we utilize a diamond
lattice as a template to construct a stable Au4S crystal in which
each S atom binds to four Au4 superatoms. Our DFT computa-
tions demonstrate that the Au4S has rather good thermal
and kinetic stabilities, and it is an indirect semiconductor with
a large band gap, thus promising for application in opto-
electronics and electronics. Such cluster-assembled materials
on the basis of cluster superatoms can be viewed as expansions
of SAN complexes.

Computational methods and details
DFT computations

For the Au22(m4-S)(SH)12 cluster, geometry optimization, fre-
quency analysis and subsequent calculations were performed
at the PBE level44 of theory with the def2-TZVP basis set45 as
implemented in the Gaussian 09 package.46 The basis set,
which is used in connection with the relativistic effective core
potentials for the Au atom and all electrons for S and H atoms,
has been proven reliable in the prediction of Aum(SR)n

clusters.34,47 For the Au4S solid, DFT computations were carried
out by using the projector-augmented-wave (PAW) method in the
Vienna ab initio simulation package (VASP).48 The PBE density
functional44 and a kinetic energy cutoff of 450 eV for the plane-
wave basis set were used. The Brillouin zones were sampled using
13 � 13 � 13 Monkhorst–Pack k-point meshes. The calculations
of the phonon spectra were done using the PHONOPY program.49

The chemical bonding analysis of Au4S was performed using the
Solid State Adaptive Natural Density Partitioning (SSAdNDP)
method,50 which can well clarify the chemical bonding in the
aspects of classical lone pairs, two-centre bonds, and multi-centre
bonds in clusters, bulk solids and surfaces, and so on. Within
the SSAdNDP, the plane-wave density was projected51 into the
def2-SVP52 basis set. The visualization of the SSAdNDP results was
realized using the VESTA software.53

Molecular dynamics simulations

Ab initio molecular dynamics (AIMD) simulations were per-
formed to examine the thermal stability of the Au4S structure.
To be accurate and reliable, the initial configuration of Au4S
involving 3 � 2 unit cells was used at several temperatures.
Each AIMD simulation (NVT ensemble) lasted for 10 ps with a
time step of 1.0 fs. The temperatures were controlled using the
Nosé–Hoover method.54

Results and discussion
Geometric and electronic characters of the Au22(l4-S)(SH)12

cluster

As we know, the tetrahedral Au4 unit as an elementary building
block has been successfully used to design a series of Aun(SR)m

clusters.34,42 Here, according to the SAN model, we build a
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Au22(m4-S)(SH)12 cluster which is composed of four tetrahedral
Au4 units, six monomeric staple motifs and a m4-S. It is worth
noting that the m4-S binds to four Au4 units. To segregate Au4

units, the m4-S motif is a requisite in the cluster. The optimized
Au22(m4-S)(SH)12 cluster with a fairly large HOMO–LUMO gap
(EHL) of 2.69 eV is displayed in Fig. 2a, and it is verified to be
a true local minimum on the potential energy surface
by frequency check. The large gap indicates high electronic
stability. The bond lengths of (m4-S)-Au are 2.35 Å, and the
Au–Au bond lengths within the Au4 tetrahedra are in the range
of 2.74–2.76 Å, which are very close to previous experimental
and theoretical results.29,55–57 The distance between different
bridging Au atoms (3.78 Å) is very close to the van der Waals
distance (3.80 Å) because Au4 units are segregated by the m4-S
atom. So it is not possible that four bridging Au atoms form
another intact tetrahedron. To verify that the Au22(m4-S)(SH)12

cluster consists of a network of four non-conjugated tetrahedral
Au4 superatoms, chemical bonding analysis is carried out by
the adaptive natural density partitioning (AdNDP) method.58,59

The AdNDP result in Fig. 2b indicates that there are four 4c–2e
(four-center two-electron) s bonds with occupancy numbers
(ON) = 1.79 |e|. The details for the AdNDP chemical bonding
analysis are shown in Fig. S1 of the ESI.† Thus the electronic
structure of the cluster follows the SAN (4 � 2e) model.

The calculated nucleus-independent chemical shift (NICS)
value is now a popular measurement for the aromaticity or shell
closure of delocalized bonding.60 Here we employ a NICS-scan
method61 to further clarify the existence of Au4 superatoms
in the Au22(m4-S)(SH)12, which was successfully used to verify
the SAN model in the previous Au70S20(PPh3)12, Au28(SR)20,
Au30S2(SR)18 and Au20(SR)16 clusters.27,56,62 Fig. 2c displays
the NICS–scan curve of the Au22(m4-S)(SH)12 cluster along the
centers of two Au4 superatoms within the range of �5.0–5.0 Å.
The positions of NICS(0) are located at the geometric centers of
these two Au4 superatoms. Considering the symmetry of the
cluster, we only show one scan curve of the Au22(m4-S)(SH)12.
The NICS(0) values of the Au4 superatoms are both �34.3 ppm,

much smaller than that of the famous aromatic benzene
(�9.7 ppm).63 Moreover, there are two dotted ovals in the
figure, indicating the presence of two non-conjugate Au4

superatoms, which give extra support for the SAN model from
the aromatic view.

Geometric structure, stability, and electronic character of the
Au4S crystal

Earlier Burdett and Lee were aware that a tetrahedral carbon
atom in the diamond lattice can be substituted with a C4

tetrahedron to form a new super-tetrahedral structure of
carbon.64 Similarly, super-tetrahedral boron structures can be
obtained by the replacement of carbon atoms in the diamond
lattice with tetrahedral B4 fragments.65,66 Inspired by the
bonding pattern of the Au22(m4-S)(SH)12 cluster, we also use
the diamond lattice as a template where all carbon atoms are
substituted by Au4 units and S atoms to design a diamond-like
Au4S solid. The optimized structure of our designed Au4S
crystal is shown in Fig. 3a. One unit cell of Au4S is composed
of 16 Au and 4 S atoms, with the optimized lattice constants
being a = b = c = 9.21 Å. Similar to the Au22(m4-S)(SH)12 cluster,
in the Au4S crystal each S atom binds to four Au4 units, and the
Au–Au and Au–S bond lengths are 2.73 and 2.32 Å, respectively.
In comparison, the Au–S bond length of the experimentally
known Pn3m Au2S structure is 2.18 Å.67,68

For Au (5d106s1) of the Au4S, the 5d10 electrons as lone pairs
(LPs) are localized and 6s1 are free valence electrons. According
to the electron counting rule, the Au4 unit has four valence
electrons, so each Au atom of the Au4S should transfer 0.5
valence electrons to the m4-S to offset its 2e valence electrons.
Thus the whole Au4 unit retains 2e valence electrons in total,
denoted as the Au4 superatom. To gain a deep insight into the
chemical bonding in the Au4S, we used an extension of the
periodic natural bond orbital method, namely the Solid State
Adaptive Natural Density Partitioning (SSAdNDP) method.
SSAdNDP analysis is used to identify both localized (nc�2e
bonds, n r 2) as well as delocalized (nc�2e bonds, n 4 2)
bonding elements in the Au4S. In total, there are 200 valence
electrons per unit cell. The SSAdNDP analysis identifies that
there are five d-type LPs on each Au atom with ON = (1.93–1.99)

Fig. 2 (a) Optimized geometric structure of the Au22(m4-S)(SH)12 cluster.
H, white; Au, yellow and S, red. (b) AdNDP localized natural bonding
orbitals of the Au22(m4-S)(SH)12 cluster. (c) NICScc-scan curve of the
Au22(m4-S)(SH)12 cluster, which is the scan along the centers of the two
Au4 superatoms in the range of �5.0–5.0 Å. The dotted ovals in the figure
signal show the presence of Au4 superatoms. The structures labelled in (i)
and (ii) indicate two views of the scan.

Fig. 3 (a) Optimized structure of the Au4S crystal with the unit cell. The
yellow and red spheres represent the Au and S atoms, respectively.
(b) Schematic of the SSAdNDP chemical bonding pattern of the Au4S.
(c) Calculated phonon dispersion curves along the high-symmetry lines in
the first Brillouin zone and phonon density of states (DOS) for the Au4S.
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|e|, thus hinting at their no participation in the bond for-
mation. Moreover, there are sixteen 2c–2e Au–S s bonds with
ON = 1.92 |e| as well as four 4c�2e s bonds with ON = 1.78 |e|.
These four 4c–2e s bonds are shown in Fig. 3b. The details of
the SSAdNDP chemical bonding analysis are shown in Fig. S2
(ESI†). Thus the Au4S can be seen as a SAN crystal.

To test the dynamic stability of the Au4S structure, phonon
calculations are performed along the high-symmetry lines in
the first Brillouin zone. As shown in Fig. 3c, all the frequencies
are real and no imaginary phonon frequencies exist in the
whole Brillouin zone, indicating that the Au4S is kinetically
stable. It is noteworthy that the highest frequency can reach
up to 349 cm�1, suggesting the robustness of the Au–S
interaction.69

For any newly predicted materials, thermal stability is a
crucial point for experimental synthesis. Here we take the
experimentally available Au2S and fcc-Au primitive cells as
references to evaluate the experimental feasibility of Au4S.
The enthalpy of formation of Au4S is calculated and the result
is shown in Fig. 4. This process is the endothermal reaction
with a reaction energy (Ere) of +0.38 eV, indicating that the
Au2S is energetically more preferable. But the small Ere value
indicates that the Au4S is also an energetically optimal candidate.
Thus we believe that it is realizable to synthesize Au4S by the same
or a similar method used for synthesizing Au2S.

We further performed AIMD simulations to evaluate the
thermal stability of the Au4S structure. A supercell containing
3 � 2 unit cells (96 Au atoms and 24 S atoms) was adopted as
the initial configuration. The simulations lasted for 10 ps with a
time step of 1.0 fs at initial temperatures of 300, 500, and 700 K,
respectively. Furthermore, snapshots were extracted every 20 fs
for demonstration. Energy fluctuation depending on simulated
time at the selected temperature and the snapshot of Au4S after
a 10 ps AIMD simulation are plotted in Fig. 5. It can be observed
that the structure of Au4S maintains integrity during the 10 ps

AIMD simulation at a temperature of 700 K, suggesting its good
thermal stability in the high temperature environment.

Based on the structural stability, we next investigated the
potential electronic properties of the Au4S. The energy band
structures and projected density of states (PDOS) were computed
at the PBE and HSE06 levels of theory, respectively. Fig. 6 shows
the electronic band structure and PDOS of the Au4S calculated at
the HSE06 level of theory. It is clear that the Au4S is an indirect-
bandgap semiconductor because the valence band maximum is
located on the W point and the conduction band minimum is
at the X point. The band gap of Au4S is 1.84 eV at the PBE level
(Fig. S3, ESI†), and is 2.68 eV at the more accurate HSE06
functional. It is reasonable to assume that the value of the band
gap at the HSE06 level is closer to the realistic band gap, thus
promising for applications in optoelectronics and electronics.69

Moreover, analysis of the PDOS reveals that the energy states near
the Fermi level mainly come from the orbitals of Au atoms.

In order to expand SAN crystals, the same construction
principle was used in the design of Ag4S and Cu4O. After
relaxation, these two solids have similar geometric and electronic
characters to the Au4S, as shown in Fig. S4 and S5 (ESI†).

Conclusions

In summary, according to the SAN model, we built the
Au22(m4-S)(SH)12 cluster which is composed of four tetrahedral
Au4 units, six monomeric staple motifs and a m4-S. Using
systematic density functional theory calculations, the cluster
is confirmed to be a local minimum on the potential energy
surface and has a large HOMO–LUMO energy gap of 2.69 eV.
AdNDP and NICS-scan analyses reveal that the electronic
structure of the Au22(m4-S)(SH)12 follows the SAN (4� 2e) model.
Based on the structural characters of the Au22(m4-S)(SH)12 cluster,
we use the diamond lattice as a template to design a novel super-
tetrahedral Au4S solid, where each S atom binds to four Au4 units.
The computational results demonstrate that the Au4S structure
has rather good dynamic and thermal stabilities, and it
is a semiconductor with an indirect band gap of 2.68 eV
at the HSE06 level. Chemical bonding analysis given by
SSAdNDP reveals that the Au4S can be seen as a SAN crystal.

Fig. 4 Formation of Au4S from experimentally available Au2S and Au
solids. Reaction enthalpy (eV) is labeled.

Fig. 5 Energy fluctuation depending on simulated time in molecular
dynamics simulation at 700 K and the snapshot of the Au4S after a 10 ps
MD simulation.

Fig. 6 Electronic band structure and projected density of states of the
Au4S at the HSE06 level. The Fermi level is set at zero.
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Moreover, SAN crystals Ag4S and Cu4O are also designed, which
have similar geometric and electronic characters to the Au4S.

Our studies reveal that cluster-assembled materials based
on Au4 superatoms and sulfur atoms can be viewed as expan-
sions of SAN complexes. We hope the studies attract more
attention on investigating superatomic materials with novel
chemical bonding and properties.
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