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Abstract: The structural features that render gold nanoclusters
intrinsically fluorescent are currently not well understood. To
address this issue, highly fluorescent gold nanoclusters have to
be synthesized, and their structures must be determined. We
herein report the synthesis of three fluorescent Au,,(SR)s
nanoclusters (R = C,H,Ph, CH,Ph, or CH,C,H/Bu). Accord-
ing to UV/Vis/NIR, differential pulse voltammetry (DPV), and
X-ray absorption fine structure (XAFS) analysis, these three
nanoclusters adopt similar structures that feature a bi-tetrahe-
dral Aug kernel protected by four tetrameric Au,(SR)s motifs.
At least two structural features are responsible for the unusual
fluorescence of the Au,,(SR), nanoclusters: Two pairs of
interlocked Au,(SR)s staples reduce the vibration loss, and the
interactions between the kernel and the thiolate motifs enhance
electron transfer from the ligand to the kernel moiety through
the Au—S bonds, thereby enhancing the fluorescence. This
work provides some clarification of the structure—fluorescence
relationship of such clusters.

F luorescent noble-metal nanoclusters (NCs) that consist of
several to hundreds of metal atoms have recently attracted
extensive interest and have emerged as a novel type of
fluorescent nanomaterial not only for fundamental scientific
research but also for practical applications because of their
well-defined composition (structure) and various beneficial
properties (such as the ultrasmall size, excellent biocompat-
ibility, and high surface tunability).'"'? The first attribute
(well-defined composition and structure), in particular, pro-
vides an opportunity for investigating the origin of the
fluorescence of nanoclusters, which is difficult for larger
fluorescent nanoparticles owing to their polydispersity and
undefined structures.*® After continuous efforts, some
insight into the origin of the fluorescence of such nano-

particles has recently been gained.*?°! For example, Wu and
Jin showed that the fluorescence of gold nanoclusters is
sensitive to the ligands and the electropositivity of the gold
core.” Xie et al. suggested an aggregation induced emission
(AIE) mechanism.? These proposals provide a rational
interpretation for the fluorescence of some nanoclusters,
especially for nanoclusters with hydrophilic ligands such as
DNA "2 dendrimers,”*! or peptides.***! However, they
cannot explain the more recently discovered strong fluores-
cence of Au,, clusters protected with hydrophobic phenyl-
ethanethiolate.”” The influence of the nanocluster structure
on the fluorescence was likely not fully understood in the
previous proposals. Unfortunately, the structure of Au,,-
(SC,H,Ph),, was unknown at that time, which impeded the
analysis. Although the structures of selenolate- and 4-tert-
butylbenzylmercaptan-capped Au,, nanoclusters have been
known for some time,*** the structure of Au,,(SC,H,Ph),,
cannot be simply assigned to either one because of their
structural differences and possible isomerism.* For several
years, we have tried to grow high-quality single crystals of
Au,,(SC,H,Ph),); unfortunately, our efforts have not been
successful to date. As a result, we have turned our attention to
determine the structure of other Au,, nanoclusters. Regret-
tably, a previously reported synthetic method® is not
applicable to the synthesis of other Au,, nanoclusters
protected with a homologous ligand (e.g., HSCH,Ph). The
development of a universal, facile method to synthesize Au,,
nanoclusters protected by various ligands would be of great
importance for structure deduction and in-depth structure—
fluorescence relationship studies. Herein, we introduce such
a method to synthesize Au,4(SR),, (R =C,H,Ph, CH,Ph, or
CH,C,H,/Bu) nanoclusters. We also determined the structure
of Au,,(SCH,Ph),; and Au,,(SCH,C,H,Bu),, by single-crystal
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X-ray crystallography, and investigated the influence of the
nanocluster structure on the fluorescence.

To synthesize Au,,(SCH,Ph),, nanoclusters, for example,
Au,s(SC,H,Ph),3 nanoclusters (10 mg) were dissolved in
a solution of dichloromethane (DCM, 1 mL) and PhCH,SH
(0.25 mL; for details, see the Supporting Information, Fig-
ure S1). Next, the reaction mixture was stirred at room
temperature for 18 h, and the reaction was then terminated by
the addition of a large amount of methanol. The precipitates
were washed with methanol three times, dissolved in DCM,
and then separated and purified by preparative thin-layer
chromatography (PTLC). Single crystals of the purified
nanoclusters were obtained by dissolving Au,,(SCH,Ph),,
nanoclusters in DCM, followed by vapor diffusion of pentane
into the nanocluster solution. Orange crystals were obtained
after one to two days. The composition of the Au,,-
(SC,H,Ph),, nanoclusters was confirmed by electrospray
ionization mass spectrometry (ESI-MS); CsOAc was added
to the nanocluster solution to form [cluster+x Cs]*" adducts
before ESI-MS analysis. As shown in Figure 1, two intense
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Figure 1. ESI-MS spectrum (positive-ion mode) of Au,,(SC,H,Ph),.

peaks at m/z 7605.0 and 3869.5 were observed, which were
readily assigned to [Au,y(SC,H,Ph),,Cs]" (calcd: 7604.96,
deviation: 0.04) and [Au,,(SC,H,Ph),,Cs,]*" (calcd: 3869.44,
deviation: 0.06), respectively. The as-obtained nanoclusters
are thus composed of 24 gold atoms and 20 phenylethane-
thiolates (Au,,(SC,H,Ph),;), the same nanoclusters as in our
previous report,*” as further confirmed by a comparison of
their absorption spectra (Figure S2). The absorption bands of
the phenylmethanethiolated and 4-tert-butylphenylmethane-
thiolated nanoclusters are very similar to those of Au,,-
(SC,H,Ph),,, except for some slight red shifts, indicating that
the three nanoclusters have similar compositions and struc-
tures. This hypothesis was further supported by their almost
identical electrochemical properties (Figure 2) and X-ray
absorption fine structure (XAFS)P analysis (Figure S3).
Thermogravimetric analysis revealed a weight loss of 42.7 %
(see Figure S4) for the 4-tert-butylphenylmethanethiolated
nanoclusters, which is in perfect agreement with the theoret-
ical value of Auy,(SCH,C¢H,Bu),, (43.1%). Furthermore,
their absorption spectrum is also identical to that of pre-
viously reported Au,,(SCH,CqH,Bu),, (see Figure S5).1*
Single-crystal X-ray crystallography unambiguously con-
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Figure 2. a) UV/Vis/NIR spectra and b) DPV curves of
Au,4(SCH4Ph) 0, Ay (SCH,Ph),0, and Au,, (SCH,CeH,'Bu), nanoclus-
ter solutions in DCM.

firmed the compositions of the phenylmethanethiolated and
4-tert-butylbenzylmethanethiolated nanoclusters to be Au,,-
(SCH,Ph),, and Au,,(SCH,C¢H,Bu),, respectively. Their
structures (Figure 3 and Figure S6) are similar to a previously

Figure 3. Crystal structure of the Au,,(SCH,Ph),, nanocluster with the
Aug kernel shown in space-filling form, the surface-protecting motifs in
ball-and-stick form, and the carbon tails in wireframe form.

reported structure of Au,,(SCH,C4H,/Bu),,**! but distinctly
different from that of Au,,(SePh),.*! Au,,(SCH,Ph),,, for
example, is composed of a bi-tetrahedral Aug kernel (Fig-
ure 4a) with an fcc-based antiprismatic shape and two pairs of
tetrameric staples (Auy(SCH,Ph)s; Figure 4 ¢) that protect the
Aug kernel. The Au,(SCH,Ph)s tetramers adopt a chair-like
conformation and are attached to two Au atoms of one kernel
tetrahedron through bidentate ligation (Figures 4 b-e¢).

As revealed previously,”” the fluorescence of Au,,-
(SC,H,Ph),, is indeed superior to that of the common
Au,(SR),, nanoclusters protected by  hydrophobic
ligands,®"™ as shown in Figure 5a. Red fluorescence has
been reported for gold nanoclusters several times
before;*>3#%1 for example, Chang etal. reported that
dihydrolipoic acid protected gold nanoclusters displayed an
emission maximum at 700 nm.*l However, some Au clusters
with green or blue fluorescence have also been de-
scribed.*4=% This discrepancy could be due to the fact that
the emission wavelength of gold nanoclusters is influenced by
multiple factors such as the protecting ligands"*®*! and the
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Figure 4. Analysis of the Au,,(SCH,Ph),, nanocluster structure. The
addition of one pair of Au,(SCH,Ph); staples (b) to an fcc Aug kernel
(a) gives rise to the structure shown in (c). The addition of another
pair of Au,(SCH,Ph)s staples (d) then leads to Au,,(SCH,Ph)4, (€). Au
in the kernel: magenta, Au on the surface: teal, S: yellow.

nanocluster size.***! Knowing the structures of Au,-

(SCH,Ph),, and Au,,(SCH,C,H,Bu),, paves the way for an
analysis of the structure—fluorescence correlation of Au,,-
(SC,H,Ph),, because it has been deduced that Auy,-
(SC,H,Ph),, adopts a similar structure to Au,,(SCH,Ph),, or
Au,,(SCH,C,H,Bu),,, as discussed above. For comparison,
the structures of the Au,,(SR),, nanoclusters described in this
manuscript and other common Au,(SR),, nanoclusters pro-
tected by hydrophobic ligands® ! are shown in Figure 5b.
Structures with different numbers of Au atoms are displayed
to make it clear that the fluorescence of gold nanoclusters is
not exclusively determined by the amount of Au in the
nanocluster. One obvious structural feature of Au,,(SR),, is
that it contains two pairs of interlocked Au,(SR)s staples;
another feature is that all eight gold atoms in the Aug kernel
are fully bound to the sulfur atoms of thiolates through Au—S
bonds. As expected, these two structural features promote the
emission. The first feature increases the rigidity of the whole
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nanocluster and reduces the emission loss by vibration;* the
latter affects the interaction between the kernel and the
thiolates and strengthens the electron transfer from the
ligands to the kernel through the Au—S bonds, thereby
increasing the fluorescence, as previously described by us.?”

Herein, we further demonstrate that the electron transfer
from the ligand to the kernel plays a vital role in triggering the
fluorescence of the nanoclusters: When the SC,H,Ph group
was replaced by SCH,Ph or even SCH,C¢H,/Bu, the fluores-
cence of the corresponding nanocluster becomes more
intense (Figure 6) with an increase in the electron-donor
strength of the thiolate (the fluorescence quantum yields of
Au,,(SC,H,Ph),,, Au,,(SCH,Ph),;, and Au,,(SCH,C,H,Bu),,
are 0.3, 1.5, 2%, respectively, calibrated to Au,,(SG),s;*’ see
Figure S7). Theoretical calculations also revealed that the
overall Hirshfeld charge™! of the Au atoms in the Aug kernel
is 0.28 in Au,,(SCH,Ph),, and 0.32 in Au,,(SCH,CsH,Bu),,
which indicates that the Aug kernel in Au,,(SCH,C¢H,/Bu),,
attracts the delocalized electrons more strongly than that in
Au,,(SCH,Ph),,. The fact that Au,,(SePh),, does not fluoresce
provides additional evidence for this hypothesis because the
electron transfer through Au—Se bonds is more difficult than
transfer through Au—S bonds (Figure 6).
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Figure 6. Fluorescence spectra of Au,,(SC,H,Ph),,, Auy,(SCH,Ph) 40,
Au,,(SCH,CgH4'Bu) o, and Auy,(SePh),, nanoclusters dissolved in DCM
(left) and digital photographs (I-1V) under visible and 365 nm UV light
irradiation (right).
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Figure 5. a) Fluorescence spectra and b) structural frameworks of various Au nanoclusters (for convenience, all R groups were replaced by “S”).
Au in the kernel and bound to S: magenta, Au in the kernel and not bound to S: blue, Au on the surface: teal, S: yellow.
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Briefly, the extensive fluorescence of Au,,(SR),, nano-
clusters can be attributed to their structure with interlocked
staples and a fully thiolate-bound kernel core. Interestingly,
the strongly fluorescent Au,,(SG),;s nanoclusters recently
reported by Xie et al. share these structural features,”! which
provides additional support for our proposal on the structure—
fluorescence correlation. The three clusters, especially those
with relatively strong fluorescence (Au,,(SCH,Ph),, and
Au,,(SCH,CsH,/Bu),,) are somewhat stable in mildly reduc-
ing environments while they decompose under harsh con-
ditions (see Figures S8-S13). The fluorescence quantum
yields of the three clusters are not very high compared with
those of some previously reported compounds,®> but they
could be greatly improved. For instance, the fluorescence
quantum yield of Au,,(SCH,C¢H,Bu),, could be increased to
7.6% (or 9.8%; Figures S14 and S15) by ligand exchange
using 11-mercaptoundecanoic acid (or mercapto-containing
bovine serum albumin, BSA) as the incoming ligand (see the
Supporting Information for details). Taken together, these
facts indicate potential applications of such structured gold
nanoclusters. The BSA-exchanged Au,,(SCH,C,H,Bu),,
nanoclusters were indeed used for the imaging of living
macrophages, and the negligible cytotoxicity of the labeling
reagent under the investigated conditions was confirmed in
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Figure 7). Notably, other thiolated nano-
clusters have also been successfully used in complex bioen-
vironments, 5 1:43-37:38]

In summary, we have described a universal route for the
facile synthesis of fluorescent Au,,(SR),, nanoclusters. UV/
Vis/NIR, DPV, and XAFS analysis indicated that
Au,,(SC,H,Ph),, clusters adopt a similar structure to

1 7 7
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Figure 7. Laser confocal images of macrophages after incubation with
BSA-exchanged Au,,(SCH,C¢H,'Bu),, for 4 h. a) Bright-field image,

b) excitation at 488 nm, and c) merged image. d) Viability of the
macrophages after 24 h incubation with various concentrations of
BSA-exchanged Au,,(SCH,C¢H,'Bu),, nanoclusters.
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Au,,(SCH,Ph),, and Au,,(SCH,C¢H,Bu),,, and feature a bi-
tetrahedral Aug kernel that is protected by four tetrameric
Au,(SR)s motifs. The thiolated Au,, nanoclusters exhibit
bright red photoluminescence, and the fluorescence intensity
increases with an increase in the electron-donor strength of
the ligand. Compared with some other common nanoclusters
protected by hydrophobic ligands, the three Au,, nanoclusters
reported herein exhibit unusually strong fluorescence owing
to their particular structures. The interlocked Au,(SR)s
staples reduce the emission loss by vibration, and the
interactions between the kernel and the thiolates strengthen
the electron transfer from the thiolates to the kernel through
the Au—S bonds, thus leading to enhanced fluorescence. We
believe that our work has important implications for struc-
ture—fluorescence relationship studies and will provide some
guidance for the synthesis and application, for example, in
bioimaging, of novel fluorescent nanoclusters.
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