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ABSTRACT: We report the structure determination of a
large gold nanocluster formulated as Au,s(p-MBT)s,
where p-MBT is 4-methylbenzenethiolate. The nano-
cluster is constructed in a four-shell manner, with 55
gold atoms assembled into a two-shell Ino decahedron.
The surface is protected exclusively by —S—Au—S— staple
motifs, which self-organize into five ripple-like stripes on
the surface of the barrel-shaped Au, s kernel. The Au,;(p-
MBT)s, can be viewed as an elongated version of the
Au,(,(SR) 4. Comparison of the Au,s,(p-MBT)s, structure
with the recently discovered icosahedral Au,s;(p-TBBT)s,
nanocluster (where p-TBBT = 4-tert-butylbenzenethiolate)
reveals an interesting phenomenon that a subtle ligand
effect in the para-position of benzenethiolate can
significantly affect the gold atom packing structure, i.e.
from the S-fold twinned Augs decahedron to 20-fold
twinned Augg icosahedron.

S olving the atomic structures of nanoparticles is of paramount
importance for understanding many major issues such as the
stability,l’2 surface structure,””
nisms,”~'® and their optical and catalytic properties.
Although significant advances have been made in solving the
structures of small metal nanoclusters (i.e., with dozens of metal
atoms)," it is still a daunting task to solve the large structures of
nanoclusters with >100 metal atoms. The lack of structure
information on large nanoclusters significantly hinders the
fundamental understanding of the size-dependent properties and
development of applications. A recent breakthrough is the
successful crystallization of the Au,;;(p-TBBT)s, nanocluster
(where, p-TBBT = 4-tert-butylbenzenethiolate) with a 1.7 nm
diameter metal core and 3.4 nm overall size."® This attainment
not only demonstrates the feasibility of structure determination
of nanoclusters larger than Au,y,(p-MBA),, (where, p-MBA =
SPh-p-COOH)"” by X-ray crystallography but also reveals the
patternin§ strategies in fabricating giant and robust nano-
clusters."

In recent research, it has been found that the thiolate ligands
play an important role in determining the size and structure of
gold nanoclusters. Two effects of the thiolate ligand have been
discovered. The first effect pertains to the steric hindrance at the
a-carbon (i.e., directly connected to the sulfur in the thiolate), as
demonstrated by the transformation of icosahedron-based
Au;3(SC,H,Ph),, to cuboctahedron-based Auys(p-
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TBBT),,.'*"” The a-carbon hindrance effect has also been
demonstrated in other systems,”””" and it has become a useful
strategy for the discovery of new sizes and structures of gold
nanoclusters.”> > Very recently, we have identified a second
ligand effect, which is demonstrated in the case of isomeric
methylbenzenethiolates (i.e., 0-, m-, and p—MBT).26 We found
that by varying the position of the methyl group on the
benzenethiolate, the most stable sizes of gold nanoclusters could
be tuned from Auyy to Au,y, to Auyy, for o-, m-, and p-MBT,
respectively.”® This demonstrates that the subtle change of the
ligand’s structure can induce drastic alternation in nanocluster
size. But a more detailed understanding of such a ligand effect is
still missing due to the lack of structure information on this
system. Herein, we report another unexpected ligand effect,
which pertains to the bulkiness of the para-group (i.e., —CH; vs
—C(CH;);) on benzenethiolate. Specifically, we have success-
fully obtained the crystal structure of an Auys,(p-MBT)s,
nanocluster. This nanocluster is in striking contrast with the
similar-size Auy;3(p-TBBT)s, structure, as their major structural
difference is primarily dictated by the small difference in the para-
group on the benzenethiolate.

The Au,;, nanocluster was previously discovered.””~>” Tang
et al. reported the synthesis of the Au, 3y nanocluster with a mixed
ligand shell, formulated as Au;;o(dithioldurene),s-
(SC,H,Ph),,.”” Negishi et al. used high-performance liquid
chromatography to isolate an 26.3k Dalton species from a
mixture of nanoclusters and determined its composition to be
Auy30(SCHs5) 50 by electrospray ionization mass spectrome-
try.”" Jupally et al. reported a similar synthetic procedure for
Au,y30(SC,H,Ph), through solvent fractionation and size
exclusion chromatography.” Recently, we found that, using p-
methylbenzenethiolate, Au,;,(SR)s, can be exclusively synthe-
sized in high purity.”® The facile synthesis of Au,;,(p-MBT)s,
and the introduction of a rigid aromatic ligand shell make it
possible to crystallize this large nanocluster.

Briefly, the Au,3y(p-MBT);, nanocluster was synthesized by a
two-step size focusing method (see Supporting Information for
details).”® In the first step, a mixture of Aux(p—MBT)y
nanoclusters was synthesized by reducing Au'(p-MBT) com-
plexes with NaBH,. In the second step, the size-mixed Au,(p-
MBT)y nanoclusters were treated with excess of p-MBT thiol at
80 °C in order to select the most stable nanocluster, i.e. Au,3,(p-
MBT)s,. Single crystals of Au,z,(p-MBT)s, were obtained by
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vapor diffusion of acetonitrile into a toluene solution of the
nanoclusters. The structure of Au,3o(p-MBT), was solved by X-
ray crystallography.

The Auy;0(p-MBT)s, can be dissected in a shell-by-shell
manner, with a total of four shells. It starts with a 13-gold-atom
Ino decahedron®® (Figure 1A, upper: top view, lower: side view).

Figure 1. Four shells in the Auj;o(p-MBT)s, nanocluster. Upper: top
view; lower: side view. (A) central atom Au,; (green) and the 1st shell
Auy, (magenta); (B) the 2nd shell Auy, (gray); (C) the 3rd shell Aug,
(blue); (D) the 4th shell Au, (orange) and S, (yellow).

The Au,; kernel is wrapped by a second shell containing 42 gold
atoms, forming a two-shelled Augs Ino decahedron (Figure 1B),
which is indeed an isomer of the Aug; icosahedron discovered in
the Au,35(p-TBBT)s, nanocluster.'® This Augs Ino decahedron is
enclosed by five (111) facets at the top and another five at the
bottom, as well as five (100) facets on the waist. The third shell
contains 50 gold atoms and is a transition layer between the inner
Aug; decahedron and the exterior gold—thiolate surface (Figure
1C). This layer is constructed in the following way: each of the
ten (111) facets of the Augs decahedron is capped with a Au,
triangle in a hexagonal close-packed (hcp) manner, and each of
the five (100) facets is capped with a Au, square, thus 10 X 3 + S
X 4 = 50 atoms. The three-shelled Au,y; kernel exhibits quasi-Dg;,
symmetry, resembling a pentagonal barrel (Figure 1C).

The fourth shell contains 25 gold atoms and 50 sulfur atoms,
which assemble into 25 monomeric —S—Au—S— staple motifs.
These 25 staple motifs provide full protection to the exposed 50
surface gold atoms in the third shell (Figure 1C, blue), with each
staple motif stabilizing two gold atoms by S—Au bonds (Figure
1D). The position of each —S—Au—S— motif is on the diagonal
of an Au, square or rectangle (Figure 1D, blue), since the span of
two sulfur atoms in —S—Au—S— matches with the distance of
two diagonal Au atoms in the square or rectangle.

The —S—Au—S— staple motifs self-organize into “ripple-like”
stripe patterns on the surface of the Au, s kernel (Figure 2). Five
staple motifs are aligned in a circle, forming a pentagonal ripple
(Figure 2A). There are five such pentagonal ripples on different
latitudes of the Au,y kernel (Figure 2B, C). The ripples have
different radii, with the one at the equator of the Au,ys kernel
being the largest, and the two at the top/bottom poles being the
smallest, accommodating the barrel shape of the interior Au,
kernel. The overall Au,;,Ss, framework maintains the barrel
(diameter: 1.6 nm, height: 1.9 nm), and the five —S—Au—S—
ripple stripes resemble the metal hoops that bind the wooden
staves into a barrel shape (Figure 2C, brown shadow). The
Au,3,Ss, framework exhibits quasi-Ds symmetry, with one C; axis
passing through the top/bottom poles and five C, axes at the
equator. This structure is chiral due to the different rotative
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Figure 2. Chiral surface patterns of —S—Au—S— pentagon ripples on the
Auys kernel. (A) Five pentagon ripples; (B) top view; (C) side view.
Red/Green/Blue: gold. Yellow: sulfur.

arrangement of the —S—Au—S— motifs (Figure 2B, C). The left-
and right-handed enantiomers are found in the unit cell of the
Auy3o(p-MBT), crystal. The harmony of the S-fold symmetry in
the Auy;o(p-MBT)j, is responsible for its high stability.

The carbon atoms cannot be fully resolved in the X-ray
crystallography analyses of the Au,;y(p-MBT)s, nanocluster. In
order to probe the packing structure of the carbon groups, we
employed 1D and 2D nuclear magnetic resonance (NMR) (see
Supporting Figures S1—53).*" As shown in Figure S1A, the HS—
C¢H,—p-CH; thiol shows proton chemical shifts at 2.30
(corresponding to —p-CH,, denoted as y-H) and 7.26/7.21,
7.07/7.04 ppm (corresponding to —C4H,—, denoted as a-H and
B-H). When the thiolates are assembled on the surface of
Auy30(p-MBT)s, the chemical shifts of H atoms are split into
multiple sets of peaks, ranging from 8.2 to 6.0 ppm (in aromatic
region) and 2.5 to 1.9 ppm (in methyl region); see Figure S1B.
The splittings reflect that the thiolates are in different chemical
environments. Analysis of the sets of peaks and their intensities
provides information on the symmetry in the assembly of carbon
tails.”' Using a 2D correlation spectrum ("H—"H COSY)), the a-,
p-, and y-H signals from the same thiolate can be correlated
(Figure 3). We found that the S0 p-MBTs are split into S groups,
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Figure 3. Two-dimensional NMR of Au;3(p-MBT)s,. (A) 'H-'H
COSY of a-H and f-H; (B) 'H—'H COSY of -H and y-H.

with each group containing 10 identical p-MBTs (Figure 3). The
detailed chemical shifts of each set of peaks and their integrations
are provided in the Supporting Figures S1—S3 and Table S1.
This 5-fold splitting pattern of carbon groups indeed correlates
with the D symmetry of the surface structure in the Au,3,Ss,
framework. In the fourth Au, Sy, shell, the sulfur atoms are
arranged into 10 layers from the top to the bottom
(corresponding to S —S—Au—S— layers, Figure 2C). Due to
the C, axes at the equator, the 1st and 10th layers of sulfur atoms
are of the same chemical environment, and likewise the second
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Figure 4. Comparison of the Au,3,(p-MBT);, structure (A) with the Au,33(p-TBBT)s, structure (B) in a shell-by-shell manner.

and ninth, third and eighth, etc. Thus, there are five groups of
sulfur atoms in distinct environments, with each group
containing 10 sulfur atoms. The 5 groups of carbon tails
determined by 2D-NMR are consistent with the S sets of
inequivalent sulfur atoms as determined by the X-ray structure,
which indicates that each group of carbon tails is attributed to
each layer of sulfur atoms, and the carbon tails are arranged in a
similar layered fashion. The further correlation between the five
sets of NMR signals and the five domains in the structure of
Au,39(p-MBT),, however requires theoretical calculations of the
local electron densities.

It is worth noting that a similar structure model of Auy3(SR)s,
was proposed by Negishi et al.”* It was predicted to be composed
of a Au,; Marks decahedron capped by two Au, motifs, which is
further protected by 25 monomeric staple motifs. Note that the
Au,; Marks decahedron is evolved from the Aug; Ino decahedron
by capping its five (100) facets with 20 more gold atoms.*” The
structure of Auj;o(SR)s, was deduced from the Au,p,(SR),,,
which contains a Auy, Marks decahedron (one layer of atoms less
than Au,) capped by the same Au, s motifs.'” The same structure
model was also proposed by Tlahuice-Flores et al. based on
scanning transmission electron microscopy (STEM) imaging
and density functional theory (DFT) calculation of
Auy30(SR)s.”* There is actually a close relationship between
the Au;3,(SR)s, and the Au,o,(SR),, (Figure S4); that is, both
nanoclusters can be included in the family of decahedra, and the
Aup3o(SR)so can be viewed as an elongated version of the
Auy,(SR) 44 It is this elongation that creates an additional layer
of “foot-holds” in the third shell (Figure 1C, blue), which makes
it possible to form ordered surface patterns of —S—Au—S— ripple
stripes in Au;30(SR)so. In the Au,o,(SR),,, there is only partial
ordering of the —S—Au—S— staples at the poles, while the
distribution of gold—thiolate motifs is random at the waist®*
(Figure S4).

The Auy3,(p-MBT)s, has a close formula with the recently
discovered Au,;;(p-TBBT)s,,' and these two structures share
some structural construction rules. For example, both nano-
clusters are constructed in a shell-by-shell manner with a total of
four shells (Figure 4). Also, their surfaces are protected
exclusively by the —S—Au—S— monomer motifs. The —S—
Au—S— motifs tend to adopt parallel alignment and further self-
organize into large-scale surface patterns (Figures 2 and 4, right).

On the other hand, the two structures exhibit some interesting
differences. First of all, the structure of Auy;o(p-MBT)s, is based
on a Augg Ino decahedron, whereas the Au,;33(p-TBBT)s, is based

on a Aug; icosahedron (Figure 4). The major difference between
the two Augg polyhedra is at the middle three layers, which are
eclipsed in the decahedron but are staggered in the icosahedron
(Figure 4, gray). The eclipsed pentagon layers make the Aug;
decahedron a 5-fold twinned structure, with a slightly anisotropic
shape, i.e. 12 A in height vs 10 A in diameter. The anisotropy of
the decahedron is further amplified in the third and fourth shells,
making the final Au,;, a barrel shape (Figure 4A). In contrast, the
Augg icosahedron in Au3;(p-TBBT)s, is a 20-fold twinned
structure with a nearly perfect isotropic shape with a radius of 5.6
A, and the spherical shape is maintained during the growth of the
third and fourth shells (Figure 4B).

Second, the —S—Au—S— motifs form different surface patterns
in the two nanoclusters. In Au,;o(p-MBT)g, the —S—Au—S—
motifs form ripple-like stripes, circling around the Cs axis at
different latitudes of the inner barrel (Figure 4A, right), while in
Au,33(p-TBBT);,, the —S—Au—S— motifs assemble into helical
stripes, wrapping along the longitudes of the inner sphere (Figure
4B, right). These two structures demonstrate the surface-
ordering strategies in constructing large Au,(SR),, nanoclusters
and also reflect that different surface patterns would be formed in
accordance to the different curvature of the kernel and hindrance
of the thiolates.

It is known that bare metal clusters in the gas phase differ in
energy between the icosahedral and decahedral atomic arrange-
ments.”” It was predicted that the icosahedron is more favorable
in smaller sizes than the decahedron due to the icosahedron’s
lower surface energy (i.e., the smaller surface-to-volume ratio, and
also being exclusively enclosed by close-pack (111) facets).”* But
in larger sizes, the decahedron becomes preferred due to its lower
volume energy (ie., less internal strain of S-fold twinning in
decahedra than 20-fold twinning in icosahedra). Interestingly, in
ligand-protected gold nanoclusters, the two polyhedra of similar
size appear to be selected by different surface-protecting ligands.
This indicates that the surface stress introduced by the
interaction of thiolates in the ligand shell considerably
contributes to the total energy of the nanocluster.

The different structures in Au,;o(p-MBT)s, and Au,s3(p-
TBBT),, demonstrate that the structure of Au,(SR),, nano-
clusters is quite sensitive to the subtle change of thiolate ligand
structure, especially in large nanoclusters. This effect of the
substituent in the para-position is unexpected: we originally
thought that the p-MBT would be equivalent to p-TBBT,
because the difference is merely at the end of the thiolate (—CHj
vs —C(CH,)5), which is far away from the sulfur head and would
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less affect the S—Au bonding; the latter was indeed true for
smaller-sized Auys(SR),, nanoclusters (i.e., Auss can be
synthesized by both the p-MBT and p-TBBT). But the difference
is amplified in larger sizes of nanoclusters, and different sizes are
selected by p-MBT and p-TBBT, respectively.

For a stabilized surface, there exists a balance between
attraction and repulsion: on one hand, ligands should not be too
close, in order to avoid the stress in the ligand shell; on the other
hand, the ligands should not be too separated, which would
reduce the attraction between the ligands (e.g, 7—r stacking)
and also result in vacancies in the ligand shell, hence, possible
attacks by other molecules. Packing the molecules on the 3D
curved surface is a more complicated case than the 2D flat
surface. The packing efficiency is not only determined by the
ligand structure, surface area, but also influenced by the surface
curvature. Figure SS compares the p-MBT and p-TBBT, with a
major difference in the bulkiness of the para-group. The methyl
group has a projected radius of 0.9 A, like a small dot attached to
the benzene ring, while the tert-butyl group has a much larger
projected radius of 2.1 A, resembling an umbrella. If both
thiolates adopt the parallel packing on the flat surface, the space
between p-MBT would be less than the p-TBBT (Figure SSB). In
contrast, if the ligands are assembled on the curved surface, the p-
TBBT would require more surface curvature than MBT (Figure
SSC) to avoid the steric hindrance of the tert-butyl group. This
can partially explain why p-TBBT gives rise to a spherical shape
in Au,3; while p-MBT to a barrel shape in Au,3;. In the similar
sized sphere and barrel, the sphere has a larger surface curvature.
The total surface area of the Au,, barrel is calculated to be 792
A% with 15.9 A% per ligand; for the Au, 3, sphere, the surface area
is 907 A% with 17.4 A per ligand. It is worth noting that the
surface curvature effect is amplified in larger sizes, because the
larger sizes have generally smaller surface curvature, and it is
more sensitive to subtle changes of ligands’ packing structures. A
more quantitative study of the para-group effect in the size and
structure of nanoclusters calls for theoretical calculations.*®
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