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ABSTRACT: The synthesis of ligand-conjugated gold nanoclusters has attracted significant attention due to its ability to achieve
precise control over cluster size selectivity. Among these, Au,5(SR);5~, where R represents an alkyl group, is one of the earliest being
synthesized with a very high yield, although its growth mechanism is yet to be fully understood. Using density functional theory, we
present the results of a theoretical investigation on the growth process of Au,s(SR);3~, beginning from Au;3(SR);,”. Our findings
indicate that the sulfur atoms in the core structure of Au;3(SR),,” preferentially bond with Au-thiol monomers. Monomers attached
to two adjacent triangular faces form a staple motif of the gold—sulfur chain, releasing a single linear thiol radical. These reactions
occur along the six mutually perpendicular ridges of the Au,; core. The remaining eight triangular faces, linked with linear alkyl parts,
cannot bind additional Au-thiol monomers, stopping cluster growth. Furthermore, the capping gold—sulfur chains play a protective
role for the core, facilitating the stable formation of the Au,s(SR),s cluster, as confirmed experimentally.

1. INTRODUCTION systematic global structure search was conducted for a series of
intermediate Au,(SR), with m and n ranging from S to 12,
reporting preliminary nucleation behavior, gradual growth in the
inner core, and the formation of staple motifs.'® In the present

Metal clusters possess unique properties that differ from their
bulk counterparts, mainly due to the distinct configuration of a
few atoms and the confinement of charge carriers. For example,

gold nanoclusters, stabilized in the colloidal form through study, we now go beyond the 12-atom Au cluster and address
thiolate molecules, have found applications in biomarkers, how the Au,5(SR), 5~ cluster grows, knowing that it is one of the
targeted drug delivery, catalysis, solar energy conversion etc.,' most important critical-sized Au clusters and has yet to be
due to their unique electronic properties. investigated. Specifically, we begin with the precursor Au,;(S—

Studies of bulk gold surfaces coated with the thiol self- C,Hs) 1., investigating its growth to Auys(S—C,Hy) 5~ through
assembled monolayers® led to using thiols to synthe51ze and energetic analysis based on density functional theory (DFT). It
functionalize Au clusters with a size of 1.5—3.5 nm.” ™" Auzs(s_ is to be noted that we have considered the clusters to be
C,HPh),~ with a high yield (x50%) was synthe51zed negatively charged as experimental'” and theoretical'® studies
Building on this work, the synthesis of Auz(S— Ci2Hys)y'* and have demonstrated their enhanced stability compared to neutral

Au,,4(SR)¢ nanoclusters (where R represents C,,H,s or
C,H,Ph) was reported."*~"> Table S1 lists a survey of ligand-
protected Au clusters that have been synthesized and
characterized in recent years. The overall finding emphasizes
that sulfur and straight-chain alkyl ligands play an important role
in facilitating the high-yield synthesis of gold clusters.

Despite many of these experimental efforts, a few studies have
attempted to understand the growth mechanism of the ligand-
protected Au clusters. In one of the theoretical studies, a

clusters. Since thiolated straight-chain alkyl groups were
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Figure 1. (a—c) The equilibrium configuration of the Au,s(SR)5~ cluster. It can be considered as a central Au atom with six gold—sulfur chains
(Auy(SR); as shown in (d)) in six mutually perpendicular directions, as illustrated in (e) (only four are circled for a clear view). Atomic color code:
Green: C; blue: H; dark yellow: S; orange: Au (core atoms); and red: Au (outer shell atoms).

commonly used as ligands in synthesis, a relatively short alkyl
group, -C,H; was selected to investigate the growth mechanism
of Au,5(SR) 4™

2. COMPUTATIONAL METHOD

Electronic structure calculations were performed within DFT
using the VASP program.'”~** The PBE exchange-correlation
functional®® and the van der Waals (vdW) interactions
described by the DFT-D3 method of Grimme et al.**** were
employed for calculations. The projector augmented wave
(PAW) method and plane wave basis sets were used with energy
cutoffs of 520 eV. Au is treated by the PBE+U method with U,¢=
4.5 eV.”° The cluster is placed in a cubic periodic supercell of
~30 A to ensure negligible interaction between neighboring
clusters. The total energy was converged to 107% eV, and all
atoms were allowed to relax until the energy difference was
below 0.001 eV. Bader charge analysis was performed to
determine atomic charges within the cluster.””

We note that the search of the intermediate structures
involves a large parameter space because of the different binding
sites and configurations. This search is guided by insights into
the symmetry, chemical properties, and known structure of the
final product Au,5(SR);5~. Multiple isomers of the intermediate
clusters were sampled, with the lowest-energy configurations
selected for further analysis.

The reaction free energy AG of each elementary growth step
was calculated based on the electronic energies and Gibbs free
energy corrections. Contributions to the Gibbs free energy from
the zero-point energy correction (ZPE), enthalpic temperature

correction (/C, dT), and entropy correction (-TS) for the
reactants, intermediates and products were adopted to calculate
the reaction free energies of the elementary growth steps.

We have employed Bohn-Oppenheimer ab initio molecular
dynamics™® (AIMD) as implemented in the VASP package using
the NTV ensemble. A cubic supercell of length 30 A with an
energy cutoff of 520 eV was used for the total-energy
convergence. We start from the optimized structures of the
reactants- the Au;;(S—C,H;);,” cluster and the Au-thiol
monomer (Au—S—C,H;) and place them at a sufficiently
large distance to ensure no initial bonding between them. The
clusters are maintained at 298 K for 1000 fs. Then, the resulting
trajectory is used to analyze the structure evolution and the
adsorption of the Au-thiol monomer into the nanocluster to
produce a new cluster structure, Au;4,(S—C,H;) 3~ according to
the proposed mechanism.

3. RESULTS AND DISCUSSION

3.1. Au,;5(SR),5~ Cluster. The structural configuration of
Au,5(SR);5~ is shown in Figure la—Ic. It can be regarded as a
core—shell configuration where a 13-Au core (shown in orange)
and a 12-Au shell (shown in red) are conjugated with 18 (S—
C,H;) ligands. The core Au atoms form a caged icosahedron,
which often serves as the base for the further growth of larger
clusters. More interestingly, this structure can be further
dissected. Within the 13-Au icosahedron core, one central Au
atom is bonded with two Au atoms (shown in orange in Figure
1d) along each of the six mutually perpendicular directions. The
two Au core atoms (orange) and two other Au atoms (red) from
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the shell are ligated by three S—C,H; groups, forming a gold—
sulfur chain Au,(S—C,Hj),, which has been identified as a staple
motif to make the structure stable. In this way, the Au,s(SR);5~
structure can be considered a central Au atom with six gold—
sulfur chains (ie., anchored staple motifs) symmetrically
distributed in six mutually perpendicular directions, as
illustrated in Figure le. We will show that these characteristics
of the Au,s(SR),s~ cluster are essential in the fundamental
understanding of its growth mechanism.

The calculated structure of Au,s(S—C,H;);5~ compares well
with a previous DFT study of Au,s(S-CH;);s™.'° The average
R(Au,,.-Au,,,.) and R(Au,,-Aug,) are 2.94 (3.0) A and 3.18
(3.3) A, respectively. The average R(Au,.-S) and R(Aug,y-S)
are 2.42 (2.45) A and 2.33 (2.36) A, respectively. The bond
lengths of Au,5(S-CH;) ;5™ reported in the previous study are in
parentheses. Overall, comparing these bond lengths suggests
that the Au cluster configuration weakly depends upon the
length of the alkyl chain.

The Au,s(S—C,H;) 5~ cluster has a closed electronic shell,"®
indicating high stability. Bader’s charge analysis (Table S2)
reveals an onion-like charge distribution with three layers- the
center Au atom has a charge of —0.071 e; the out layer of the
Auy; core carries +0.015 e per atom, while the capping shell
made of six Au-ligand chains (i.e., staple motifs) carry —0.185 e
per Au,(S—C,Hs); chain unit. The excess negative charge is
primarily on sulfur atoms. This provides a consistent picture as
the superatom model.””*° The calculated HOMO-LOMO gap
of Au,5(S—C,Hs)5™ is 1.46 eV (Figure Sla). It aligns with the
experimental absorption spectra for Au,s(S—C¢H,3) s~ showing
an apparent gap of 1.3 eV.'” We have further calculated the
projected density of states (PDOS) (Figure S1b—d) to
investigate the nature of the cluster electronic states. The alkyl
group (C and H) has a small contribution, while the core Au
atoms make the dominant contribution to the frontier orbitals.
There appears to be a large hybridization of the S and Au states
for both the core and shell Au atoms, which is evidence of the
strong covalent Au—S bonds in the cluster.

3.2. Growth Pathway of Au,;(SR);s~ Beginning with
Au;3(SR),, ™. Figure 2 displays the elementary steps considered
to study the growth of Au,5(SR) 4 ~ beginning with Au,3(SR),,~
and Au-thiol monomers (Au-SR). The initial cluster,
Au;5(SR),,7, has the Au atoms form an icosahedral structure
with 20 triangular faces and 12 vertex angles. The average Au—
Au bond length is 2.93 A. The outer Au atoms are capped with
12 thiol monomers (SR) by a relatively strong Au—S bond with a
bond length of 2.28 A. Since the chosen ligands (—C,Hj) cannot
shield the Au atoms of the cluster, allowing them to interact
further with Au-thiol monomers, they can then be adsorbed
onto the triangular surfaces of Auj;(SR);,~ with minimal
hindrance, as shown from our AIMD simulations (Figure S2).
For example, three Au atoms—Tlabeled 1, 3, and 4—form a
triangular face that links with an Au-SR monomer. Similarly, Au
atoms 3 and 4, together with atom 13, form another triangular
face that can link to an additional Au-SR monomer.
Consequently, two Au-SR monomers attach to two adjacent
triangular faces of the Au;3(SR),,” cluster. These steps can be
described by the following reactions

Auy(S — CH.), ™ + (Au — S — C,Hy)
— Au, (S — C,Hy);5~ (1)

Figure 2. Intermediate cluster configurations along the pathway of the
growth of Au,s(SR),,~ starting from an Auj;(SR),,” cluster, involve
adding one Au-thiol monomer (Au-SR) at a time and delinking one
thiol monomer (SR) every third step. Atomic color code: black: C;
blue: H; dark yellow: S; orange: Au (core); and red: Au (shell).

Auy, (S — CyHy);y™ + (Au — S — C,Hy)
= Auy(S — CyHy)y, ()

Subsequently, the linking of two Au-SR monomers to

adjacent triangular faces generates steric repulsion between
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(a)

(b)

Figure 3. A schematical illustration of the formation process of the first gold—sulfur chain involving alkyl thiol ligands; (a) linking of the first Au-thiol
monomer onto one triangular face of Au,3(S—C,Hs);,7; (b) linking of the second Au-thiol monomer onto an adjacent triangular face; (c) interaction
among the two Au-thiol monomers and delinking of one of the thiolated alkyl groups (-SR). Color code: Auy; core in white circles with three
perpendicular planes showing its geometrical symmetry and 20 equilateral triangles; S in yellow circles; the alkyl groups in blue sticks and the linked Au
atoms (shell) in red circles. Only two out of 12 of the -SR groups of Au,3(S—C,H;);,” are shown for clarity.

5k

Gibbs Free Energy (eV)

AU(S-CHs)y + 12(Au-S-CoHy)
AUL(S-CHs)yy + 11(Au-S-C,Hy)
AU(S-CHs)yy + 10(AU-S-C,Hy)

AU(S-CHy),y + 10(Au-S-C,Hy) +S-C,H,

AU(S-CHg)yy + 9(AU-S-CHy) +5-CHy
AU(S-CHs)ys™ + B(AU-S-CHy) +S-CHy

AU(S-CHs)ye + 8(AU-S-CHy) +2(S-C,Hs)

AUg(S-CHs)ys™ + 7(AU-S-CHy) +2(S-C,H)

AUy(S-CHs)ss + 6(AU-S-CHy) +2(S-C,Hs)

AUy(S-CHy)ys™ + 6(AU-S-CHy) +3(S-C,Hs)

10 Auyg(S-CHs)g + S(AU-S-C,Hs) +3(S-C;Hy)

11 AuL(S-CHs)y + A(AU-S-CHy) +3(S-C;Hy)

12 AUL(S-CHs)e + A(AU-S-CHy) +4(S-CHy)

AU(S-CHs)y + 3(AU-S-CHy) +4(S-C,H)

AU(S-CHg)yg + 2(Au-S-CHy) +4(S-C,H)

15 Aup(S-GHg)yy + 2(Au-S-CjHy) +5(S-CHy)

0 3 6 9 12

Reaction Coordinates

AU(S-CHy)ys + Au-S-CoHs + 5(S-C;Hy)
Au(S-CHs)ys™ + 5(S-CoHs)
18 AU(S-CiHs)is + 6(S-CHs)

Figure 4. Computed Gibbs free energies along the growth pathway of Au,s(S—C,Hs)5™. The reaction coordinate is the step number during the

growth process, and zero energy is taken to be Gyys, as given in eq 4.

them. This repulsion triggers the following reaction, which takes
place at elevated temperatures (>350 K).

Aug(S — CHy),~ — Aug(S — C,Hy)y™ + (S — C,Hy)
()

The formation of this first Au-SR-Au-SR-Au-SR-Au chain,
referred to as the staple motif at the interface of Au;3(SR),,™ is
schematically illustrated in Figure 3.

Figure e (and Figure 3c) shows that two of the four Au atoms
(orange) forming the gold—sulfur chain are at the cluster’s core,
and the other two Au atoms (red) are linked with a thiol ligand.
In the resulting cluster configuration, such a growth interface
stabilizes the Au;(S—C,Hs),;~ cluster in this direction. The
same linking-delinking sequence will be repeated six times along
all six directions as Au;;(S—C,Hs);,~ — Au(S—C,H)13~ —
Aup;(S—CyHy) 1y~ — Augg(S—CyHy)is™ — Auyy(S—CyHy)6~
— Auy(S—C,Hyg)y,~ — Auyg(S—C,Hy)ys~. In summary, a
relatively stable Au,s(S—C,H;)5~ cluster can be formed from
Au,3(S—C,H;),,” involving the steps of linking of 12 Au—S—
C,H;) monomers and delinking of 6 S—C,H;. Notably, a key

14153

intermediate, Au,;(S—c—Cg4H,,),;, was identified recently by a
combination of experimental techniques, including ultrafast
transient absorption spectroscopy.”’ Nevertheless, we also
acknowledge that the reported intermediate structures represent
a very plausible path and may not exclude the existence of other
intermediate structures.

3.3. Energetics of the Growth of Au,;(SR),5™. Figure 4
describes the overall growth reaction process displaying
calculated free energy variation along the pathway of growing
the Auys(S—C,H;),s™ cluster from Au3(SR);,~ (eq 4) (see
Tables S3—S4 for details of the elementary steps and their
reaction free energies). A negative energy difference value (ie.,
Grus-Gus) represents the reaction to be exothermic.

Au,(S — C,HJ),~ + 12(Au — S — C,H,)

— Auy(S — C,Hy),s~ + 6(S — C,Hy) (4)

Auy;(SR),,” consists of a core of 13 Au atoms, which forms an
icosahedron. Each face has three Au atoms forming an
equilateral triangle, and each Au atom is connected to an

https://doi.org/10.1021/acsomega.4c11441
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Figure S. Auys(SR) 5™ interacting with an Au-thiol monomer: (a) structure and (b) charge density plots with the contour value being 1/20 of the
computed maximum charge density; Atomic color code: Green: C; blue: H; dark yellow: S; orange: Au (core), red: Au (shell); and dark red: Au

(monomer).

alkylthiol, as shown in Figure 2. The triangle face formed by
three Au atoms allows a linkage of the Au-thiol monomers with
the cluster. Considering that the two ends of the gold—thiol
monomer are the Au atom and the alkyl tail, the Au atom can
form a metallic bond with the three gold atoms at the interface
and can also be combined with one of the three thiols connected
to form the Au—S bond. It is worth noting that the bonding of
Au-thiol monomers may vary depending on the surface coverage
of the SR ligand. Furthermore, the cluster configuration distorts
slightly as the Au-thiol monomer is bonded to the cluster. For
instance, the distance between two Au atoms (2 and 5) of the
Au,; core (shaded in white in Figure S3) that bind Au-thiol
monomers varies as 4.81, 4.93, 5.02, 5.07, 5.04, 4.76, and 4.83 A
for 0,2, 4, 6, 8, 10, and 12 Au-SR monomers, respectively. The
degree of the structural distortion increases first and then
decreases as the number of Au atoms increases. The Au-thiol
monomer linked on two adjacent triangular faces (which must
share one edge) interact with each other. As a result, the reaction
energy varies, and the difference can reach up to 0.9 eV. The
average reaction free energy during linking Au-thiol monomers
is —1.73 eV with a standard deviation of + 0.25 €V (Table S3).

The configuration space becomes crowded when two Au-thiol
monomers are bonded on two adjacent triangular surfaces,
sharing an edge. Subsequently, these monomers will undergo a
chemical reaction; S atoms of the thiol group will approach
another Au-thiol monomer to form an Au—S—Au bridge (shown
in Figure le), and driven by this interaction, the Au-thiol
monomer will break the original gold—sulfur bond. The
variation of bonding during this process is illustrated in Figure
3. When the S atom in the Au-thiol monomer is bonded to a
single Au atom, its binding energy is higher than when it is
bonded to two Au atoms, as predicted in the chain configuration.
The SR ligand also contains an unsaturated bond, making the
process slightly endothermic for most of those steps (Table S3).

This facilitates the expansion of the Au cluster core. At each
step, the cluster incorporates two Au-thiol monomers on two
adjacent triangular faces and subsequently loses one thiol ligand,
resulting in relatively stable intermediate structures. The growth
continues until the sixth gold—sulfur chain is formed, resulting in
a stable Au,5(SR), 5~ cluster (Figure 2) after the six-step reaction
process, as given in eq S.

Each reaction step can be written as

Au13+2n(s - C2H5)12+n_ + 2Au — (S - Csz)
— Au,5,(S = CHg)yay, + (S — C,Hy) ()

where n =0, 1, 2, 3, 4, 5 respectively.

Overall, the growth process is driven by two energetic factors:
the energy required to break the Au—S bond in the Au-thiol
monomer and the energy gained from forming the Au—S chain,
which induces configurational distortion. The calculated free
reaction energies for reactions of eq 5 are more or less constant,
with an average value of —3.37 &+ 0.28 eV.

After bonding with 12 Au-thiol monomers in six symmetrical
directions, there are eight triangular surfaces of the Au,5(SR) 5~
cluster remaining available for further linkage with additional
monomers. Calculations find that adding the 19th monomer is
energetically much less preferred with only a small fraction of the
binding energy (—0.3 V) as in previous steps (Table S3). Figure
Sa shows that the alkyl groups of the alkylthiol monomers
covering the open triangular surfaces of Au,5(SR),¢~ prevent the
linking of the monomer Au atom with the core Au,;. This is
evidenced by the fact that there is a lack of charge overlap of the
Auys(SR),s~ cluster and the 19th monomer (Figure Sb).
Furthermore, the S atoms of Au,(SR),™ are fully coordinated.
Therefore, the Au,s(SR),4” cluster is stable and stops further
growing. Experimental observations support these findings,
showing that such clusters can be synthesized with high yields.

Lastly, our choice of starting from a center-filled icosahedral
metal core Auy; instead of a hollow icosahedral Auy, is driven by
the experimental synthesis of predominantly Au,s nanoclusters.
It is interesting to note that as the size of the metal cluster
increases to 44 atoms, a hollow Ag,, or Au,, was observed in
Ag,, and AujpAgs, clusters.”*~** The hollow Auy, core was also
identified in the Au,,, nanoclusters and associated crystals.'>*®
More recently, the hollow Cu;, core was observed in a
polyhydrido Cuy, nanocluster.”® The removal of the central
metal atom in these cases is likely due to the increasing intrinsic
strain owing to the Mackay icosahedral packing.*”

Based on our calculated energetics, the Au;3(SR),,” cluster
lowers the system energy by 3.6 eV when an extra Au atom is
placed at the center of the Au;,(SR);,” cluster. This binding
energy is significantly more than the average binding energy of
Au atoms in the Au,; cluster (2.0 eV), indicating that the central
Au atom greatly enhances the stability of this relatively small
cluster. The Au—Au bond length is also shortened from 2.93 to
2.81 A.
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To explore the alternative path of growing Au,,(SR)5~ from
Auy,(SR);,7, we have carried out similar calculations starting
from Auy,(SR);,” (see Figure S4). It was found that the
adsorption of the first two Au-thiol monomers is stable, and so is
the delinking of one of the thiolated alkyl groups to form
Au,,(S—C,H;),53™. The reaction energies of the first three steps
(=17, —2.2 eV and =~0.05 eV) are very similar to that of
Auj;(SR);,” to Au;s(SR);;~ (—1.6, —2.0 eV and =0.02 eV).
However, the core structure becomes largely disturbed with the
adsorption of the third Au-thiol monomer and cannot maintain
the hollow icosahedral core structure anymore. It is likely due to
the added asymmetric strain that the hollow core cannot sustain
any more. The center-filled Au;; kernel can stabilize the
nanocluster structure more during the growth from Au,3(SR),~
to Au,5(SR) 47, i.e., adding the first layer of Au—S staple motifs.

4. CONCLUSIONS

Our theoretical study based on the density functional theory has
provided further insights into the growth mechanism of the
thiol-conjugated gold nanocluster Au,s(SR),3”, the most
achievable product in synthesizing gold clusters. The results
suggest that the growth process starting with an Au;3(SR);,”
cluster and Au-thiol alkyl monomers (ie., Au-SC,H;) is
energetically favorable, with 17 distinct intermediate structures
predicted. Linking two Au-thiol monomers at the adjacent
triangular faces of Au;3(SR)},” leads to interactions that release
a linear alkylthiol, forming a chain-type staple motif anchored on
two core Au atoms (i.e., Au-SR-Au-SR-Au-SR-Au). This process
sequentially yields six thermodynamically stable Au-thiol chain
structures around the Au,; core. The remaining eight triangular
faces, linked with linear alkyl parts, cannot bind additional Au-
thiol monomers, stopping cluster growth.

Therefore, it is notable that the geometry of the precursor
(i.e., icosahedral Au,;) is critical in determining the shape and
size of the growing cluster. It adds a new dimension to our
understanding of the growth and stability of ligand-conjugated
gold nanoclusters, which goes beyond the consideration of
electronic configurations.”””
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