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ABSTRACT: Understanding the isomerism phenomenon
at the nanoscale is a challenging task because of the
prerequisites of precise composition and structural
information on nanoparticles. Herein, we report the
ligand-induced, thermally reversible isomerization between
two thiolate-protected 28-gold-atom nanoclusters, i.e.
Auyg(S-c-C¢H, )y (where -c-CgH;; = cyclohexyl) and
Au,g(SPh-"Bu),, (where -Ph-Bu = 4-tert-butylphenyl).
The intriguing ligand effect in dictating the stability of
the two Au,g(SR), structures is further investigated via
dispersion-corrected density functional theory calculations.

Isomerism is one of the important phenomena in molecular
sciences and commonly observed in organic chemistry, in
which the molecules with the same formula exhibit a different
organization of atoms. Such a variation leads to distinct
differences in physical and chemical properties of the isomers,
which remarkably enhances the diversity of organic compounds;
thus, the concept of isomerism is of fundamental importance at
the molecular scale. An interesting question is whether
isomerism also exists at the nanoscale. Can one observe the
isomerization process in a nanoparticle? If so, how can one
control such a process? In order to address these fundamental
questions, two prerequisites should first be met. One is to
identify the precise composition of the nanoparticle, and the
other is to determine the total structure (including the core and
surface ligands) of the nanoparticle. Recent progress in the
synthesis, structural characterization, and theoretical studies of
atomically precise noble metal nanoclusters (1—2 nm)'~" has
opened up exciting opportunities for studying the isomerism
phenomenon at the nanoscale.

In atomically precise gold nanoclusters, the commonly
observed isomerism is the stereoisomerism, i.e., the optical
isomerism of chiral gold nanoclusters.'>'® The separation of left-
and right-handed isomers gives rise to chiroptical activity,' 64
On the other hand, structural isomerism in gold nanoclusters is
rarely observed except in two cases, i.e. phosphine-protected Aug
and thiolate-protected Auyg nanoclusters.”'® For the latter, a
low temperature synthetic method was employed to obtain a
metastable Au,g(SC,H,Ph),, structure'® in contrast with the
thermodynamically stable biicosahedral Ausy(SC,H,Ph),,.""
The metastable Ausg isomer was found to irreversibly transform
into the stable biicosahedral isomer under thermal conditions
(e.g, 50 °C),"® indicating that the low temperature Ausg isomer is
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a kinetically trapped species, and there is only one
thermodynamically stable structure thus far for the magic-sized
cluster of 38 gold atoms."***%%° It is worth noting that different
Au,, L, structures” were reported, but different types of ligands
(L = thiolate vs selenolate) were involved.

Here we report the discovery of structural isomerism in the
Au,5(SR),, nanocluster (R= c-C4H,; vs Ph-"Bu). A new Au,g(S-c-
C¢H,1)y structure is determined, which differs from the
previously reported Au,s(SPh-"Bu),, counterpart.md Unlike the
case of Au,g(SC,H,Ph),, isomerization,'® the two Au,g nano-
clusters are both thermodynamically stable. Interestingly, they
can also be reversibly transformed into each other through ligand
exchange reactions under thermal conditions (e.g, 80 °C).
Although the carbon tails of the two thiolate ligands are different,
these two Au,g isomers have the same number of gold atoms and
of thiolate ligands; hence, they constitute quasi-isomers. In fact,
the difference between the two thiolate ligands is the driving
force for the isomerization process to occur thermally by
overcoming the energy barrier between the two stable structures.
The observation of such a ligand-induced isomerization process
at the nanoscale provides valuable guidance for fundamental
investigations of isomerism in nanomaterials.

In a typical exc}i)eriment, S mg of Au,g(SPh-‘Bu),, nanocluster
was first made'®® and then reacted with excess cyclohexanethiol
(0.5 mL) for 2 h at 80 °C; a new Au,g(S-c-C4H;; ), nanocluster
was formed. The reversed process was achieved under similar
conditions, i.e., reaction of Auy(S-c-C4Hj;),, nanocluster with
excess 4-tert-butylbenzenethiol at 80 °C to form the
Au,g(SPh-"Bu),, nanocluster as the final product (see Supporting
Information for details). The yields of both reactions are >90%
(Au atom basis). Single crystal growth of the new Auy(S-c-
C¢H,,)5o nanocluster was performed via vapor diffusion of
pentane into a dichloromethane solution of Auyg(S-c-CeH, ;)40
Dark orange crystals were observed after ~3 days. The total
structure was solved by single-crystal X-ray diffraction measure-
ments.

The Auyg(S-c-CgH,; )50 nanoclusters crystallize in a centro-
symmetric space group P2/c, and the total structure is shown in
Figure 1A. It exhibits a prolate shape with quasi-D, symmetry.
Views from the three mutually perpendicular C, axes are shown
in the supporting Figure S1. Since there is no mirror plane in the
structure, Au,g(S-c-C¢Hy;),o is chiral as its counterpart,
Au,g(SPh-Bu),,.
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Figure 1. Auyg(S-c-C4Hj; ), nanocluster and its structural dissection.
(A) Total structure; (B) Auyg kernel; (C) Auyg kernel capped by eight
simple bridging thiolates; (D) Monomeric staples highlighted in green
lines; (E) Trimeric staples highlighted in blue lines. Color codes:
magenta = gold; orange = sulfur; gray = carbon; white = hydrogen.

Dissection of Au,g(S-c-C¢Hy;)y is shown in Figure 1B—E.
First, it contains a face-centered cubic (FCC) based Au,, kernel
(Figure 1B), which shows quasi-D,, symmetry. This Au,, kernel
is capped by eight simple bridging thiolates (Figure 1C). Then,
two monomeric staple motifs (SR-Au-SR) are anchored on the
top and bottom sides of the Au,, kernel, highlighted in green
(Figure 1D). Finally, two trimeric staple motifs (SR-Au-SR-Au-
SR-Au-SR) protect the left and right sides of the Au,, kernel,
highlighted in blue (Figure 1E). Of note, Knoppe et al. reported
that the eight bridging thiolates in Auzs(SPh ‘Bu),, could be
viewed as two trimetric staple motifs.”” We have provided this
alternative view for Au,g(S-c-CgH, ), (Figure S2) based on the
atomic charge distribution (Table S1).

In order to better illustrate the differences between Au,g(S-c-
CgH, )50 and Au,g(SPh-Bu),,, we provide a detailed structural
comparison from the inner gold kernel to the gold—sulfur
interface (Figure 2). Both Au,g isomers show an FCC-based Au,,
kernel (Figure 2A, C) and have eight bridging thiolates binding

i E I é, g
Figure 2. Structural comparison of kernel structures (A-B vs C-D) and

surface structures (E-G vs H-J) of Au,s(S-c-C¢H,; ), and
Au,g(SPh-"Bu),,.
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to the Au,, kernel with the same pattern but exhibiting slightly
different distortions (Figure 2B, D). The most distinct difference
between these two Au,g nanoclusters lies in the gold—sulfur
interface, i.e., the arrangement of the remaining “Aug(SR);,” unit
on the inner structure. In Auyg(S-c-C4Hy;),, the eight gold
atoms and 12 thiolate ligands are arranged into two trimeric
staples and two monomeric staples (Figure 2E—G), whereas in
the Au,g(SPh-Bu),, the eight gold atoms and 12 thiolate ligands
are arranged into four dimeric staples (Figure 2H—]).

A comparison of bond lengths of Au—Au, Au—S, and S—C
between the two Au,g nanoclusters is provided in the supporting
Table S2. The average Au—Au bond length in the Au,, kernel of
Au,g(S-c-C4H, ), (3.03 A) is longer than that in
Au,g(SPh-"Bu),, (2.98 A) by 1.7%. Moreover, the average
AU(g4p1e) AU ernery bond length also has a 2.8% elongation in the
Au,yg(S-c-CgHyp)p0 (3.34 A) compared to Au,g(SPh-"Bu),, (3.25
A). The Au—S bond length in the Au,g(S-c-C¢H ), nanocluster
is almost the same as that in the Au,q(SPh-"Bu),, nanocluster
(2.32 Avs 2.31 A). The longer average S—C bond length (3.4%)
in Auyg(S-c-CgHj ), than that in Au,g(SPh-"Bu),, is due to the
electronic conjugation effect in aromatic thiolate ligands.

The overall structural expansion of the Auyg(S-c-CqH, ;)40
nanocluster as compared to the Au,g(SPh-Bu),, nanocluster
and their surface-staple differences are also reflected in the optical
spectra. Although these two Auyy quasi-isomers show similar
spectral profiles, large blue shifts of the absorption peaks in
Auyg(S-c-C¢H, )4 can be easily seen (Figure 3A). Specifically,
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—— Augg(SPh-Bu)y
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Figure 3. (A) Optical spectra of Au,g(S-c-C¢H,; ), (black profile) and
Au,g(SPh-"Bu),, (red); (B) Photon-energy plot.

the two absorption peaks at 590 and 482 nm in the
Auyg(SPh-"Bu),, nanocluster blue shift to 550 and 460 nm
respectively in the Au,g(S-c-C4Hj;),0 nanocluster. In addition,
the 365 nm absorption peak in Au,g(SPh-Bu),, becomes less
prominent in Au,g(S-c-C¢H;; ), and blue shifts to 355 nm. These
spectral differences are more readily found in the photon energy
plots (Figure 3B). By extrapolating the absorbance to zero, both
Au,g(SR), isomers have a similar HOMO—-LUMO gap (~1.7
eV); this is due to the similar Au,, kernel, which dictates the
optical spectrum to a large extent.

Interestingly, the two isomeric structures can be reversibly
transformed via thermal ligand exchange. We monitored the
reation processes by UV-—vis spectroscopy. When
Au,g(SPh-"Bu),, reacts with excess cyclohexanethiol at 80 °C
for 10 min (Figure S3A), the two absorption bands at 590 and
482 nm blue shift to 550 and 460 nm, respectively, and the peak
at 365 nm becomes less prominent. To ensure the completion of
the transformation to Au,y(S-c-C¢Hj; )y, the reaction was
allowed to proceed for 2 h. No byproducts were observed. The
rapid formation of Au,g(S-c-C¢H),0 nanocluster suggests an
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associative mechanism that is similar to the reported ligand
exchange on thiolate-protected gold nanoclusters.” The
reversed process can also be triggered by thermal ligand
exchange of Au,g(S-c-C4H,;),, with excess 4-tert-butyl-
benzenethiol at 80 °C (Figure S3B). The peaks at 590, 482,
and 365 nm are indicative of the formation of Au,g(SPh-‘Bu),,.
This ligand-induced reversible isomerism in the two Au,s(SR),0
nanoclusters provides important insights into the role of surface-
protecting ligands in dictating the stable structure of magic-sized
gold nanoclusters.

Previous research has reported the intriguing role of surface-
protecting h%ands in determining the structure of gold
nanoclusters, °"**** which has culminated in the establishment
of a ligand-exchange-induced size/structure transformation
(LEIST) methodology for controlling the nanocluster size and
structure.” In such a process, the structural change is always
accompanied by size change, and notable examples include the
size transformation of Au, 44(SC2H4Ph)60 to Au,33(SPh-"Bu)s,," of
Au,g(SC,H,Ph),, to Auss(SPh-Bu),,,”” and Au,s(SC,H,Ph),,
to Au,g(SPh-Bu),o. *® These size transformation processes seem
to preclude an isomerization process with the Au,(SR),, formula
retained under the harsh conditions of thermal ligand exchange.
The introduction of a new type of thiol ligand with special
structural features disturbs the initial stable structure with the
original ligand. To reach a new thermodynamically favorable
structure, the gold nanoclusters often lose or gain gold atoms
during the ligand exchange process.Sb In other words, the
pathway of isomerization to a new stable structure is less likely to
occur than the LEIST pathway; thus, the discovery of Auyg
reversible isomerization upon ligand exchange is significant and
provides important information about the central question'—
what determines the stability of nanoclusters? The reversible
isomerization between Au,g(S-c-C¢Hj,),0 and Au,g(SPh-"Bu),,
reveals that there are two thermodynamically stable states in the
magic size of the 28-gold-atom nanocluster. The preference of
Au,g(SR),, for a specific state or structure depends on the carbon
tail of the thiolate ligand, i.e., cyclohexyl vs 4-tert-butylphenyl.

To further explain this intriguing phenomenon, we carried out
density functional theory (DFT) calculations. The ligand effect
on the stability of the two quasi-isomers is investigated via
dispersion-corrected DFT computations that incorporate van
der Waals (vdW) interactions into the DFT energetics.12b As
shown in Figure 4 and Table S3, both experimental structures,
Au,5(S-c-C4Hyp )y (labeled as a in Figure 4A) and
Auyg(SPh-'Bu),, (labeled as f in Figure 4C), are indeed
thermodynamically stable. The energy preference of the «
structure is 0.76 eV in the case of the cyclohexanethiolate ligand.
The energy preference of the f structure is 0.71 eV when the 4-
tert-butylbenzenethiolate ligand is used. By breaking down the
total energy into DFT and vdW contributions, we found that, for
Auyg(S-c-CeH, )40, the preference for the a structure (Figure 4A)
over the /3 structure (Figure 4B) is largely due to the much lower
DFT energy (by 1.72 eV) which overwhelms the penalty in the
vdW interaction (higher by 0.96 €V). On the other hand, for
Au,g(SPh-"Bu),, the preference for the f structure (Figure 4C)
over the a structure (Figure 4D) mainly arises from the more
favorable vdW interaction of the packing ligands (by 0.57 eV);
the DFT energy between them is close (by 0.14 eV)).

Another interesting question arises—why does such ligand-
induced isomerism not occur in Auss(SR),, (R = Ph-Bu vs ¢-
CH,)? One possible answer may be due to the nanocluster
symmetry. In the rod-shaped Au,g system, the two quasi-isomers
share the same D, symmetry, which means that the nanocluster
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Auz(S-c-CeHy1)z0
(a-structure, experiment)

Alg(S-c-CeHiy)z0
(B-structure, calculation)

Au,g(SPh-'Bu)y,
(B-structure, experiment)

Au,g(SPh-Bu),,
(a-structure, calculation)

Figure 4. Optimized structures of the four possible Au,s(SR),, quasi-
isomers.

could still preserve its symmetry after isomerization. However, in
the tetrahedral Auyg system, there is no way for simple
rearrangement of surface-protecting motifs to achieve a new
structure which could maintain the same D,q symmetry. This
might explain why different ligands all result in the same stable
Ausg structure.'?

The surface structure of nanoparticles plays a pivotal role in
catalysis. Since the two Au,g nanoclusters have the same Auy
kernel but different surface structures, they may serve as an ideal
system to test the surface structural influence on the catalytic
properties. We choose the catalytic CO oxidation as a probe
reaction. The two Au,, nanoclusters (0.32 umol for each) were
respectively deposited onto 500 mg CeO, supports via wet
deposition, followed by O, pretreatment at 150 °C for 1 h (note:
no ligand desorbs below 200 °C) and then cooling to room
temperature (see Supporting Information for details). In the
catalytic test, the Au,g(S-c-CgHj;),o nanocluster indeed exhibits
higher catalytic activity toward CO oxidation than does the
Au,g(SPh-"Bu),, nanocluster (black vs red curves in Figure SA).
We rationalize that the surface structure in Au,g(S-c-C¢H;; ), is
more accessible compared with the Au,s(SPh-‘Bu),, nanocluster
due to the more protruded staple motifs and the less steric
hindrance for the former. The CO adsorption sites were found to
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Figure S. CO oxidation light-off curves of CeO, supported Au,g(S-c-
CgH, )y (black profile) and Au,g(SPh-Bu),, (red) catalysts. (A)
Catalysts pretreated with O, at 150 °C for 1 h; (B) pretreated with O, at
300 °C for 1 h to remove ligands.
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be on the staple Au atoms for both Au,g nanoclusters via DFT
modeling (Figure S4). When the catalysts were pretreated with
0, at 300 °C (above ligand desorption temperature) for 1 h to
remove the thiolate ligands, the difference in catalytic activity
disappeared (Figure SB). We note that, after the removal of
ligands, the remaining bare gold clusters may rearrange into a
similar structure since the structure-directing role of ligands is no
longer present; this explains the similar catalytic activity of the
ligand-off clusters. This observation explicitly demonstrates the
surface effect of the two Au,g isomers.

In summary, ligand-induced reversible isomerization between
two thiolate-protected Au,g nanoclusters is demonstrated in this
work. The two stable Au,g(SR),, quasi-isomers (R = Ph-Bu vs ¢-
CgH,;) possess the same Au,, kernel but distinctly different
surface structures. The origin of reversible isomerization lies in
the thiolate ligand’s carbon tail structure, which is found to
dictate the specific isomer’s stability, as revealed by DFT
calculations of energies. The different surface structures of the
two Au,g isomers render different catalytic properties. Future
work on the nanoscale isomerism is expected to further advance
the fundamental science and practical applications.
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