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It’s well known that the fluorescence of metal nanoclusters is
strongly dependent of the protecting ligand and there is rare
report of phenylethanethiolated metal nanoclusters with distinct
fluorescence. Herein, a fluorescent phenylethanethiolated gold
nanocluster is synthesized using an unexpected pseudo-AGR
method (AGR: anti-galvanic reduction). The cluster is precisely
determined to be Auy,(SC,H,Ph),, by isotope-resolved mass
spectrum in tandem with thermogravimetric analysis (TGA); the
fluorescence comparison between Au,,(SCH4Ph),,
Au,5(SCH4Ph)5, Ausg(SCoHsPh),, and  Auygs(SCH4Ph)g, is also
presented. The finding of fluorescent phenylethanethiolated gold
nanocluster in this work has important implication for future
study on the fluorescence of metal nanoclusters.

The intrinsic fluorescence of ultrasmall nanoparticles (so-called
nanoclusters, opposite to their big counterparts-nanocrystals) has
attracted extensive interest not only for fundamental scientific
research but also for practical application in a variety of fields such
as sensing and biomedicine.™ It is demonstrated that the
fluorescence of metal nanoclusters is dependent of the electrical
nature of metal core as well as the type of surface Iigands.n'19
Especially for the latter, a number of works from different groups
have validated it, and most of the known fluorescent metal
nanoclusters contain some electron-rich atom or groups such as N,
P and COOH.™ 2>% To the best of our knowledge, there are rare
reports of fluorescent metal nanoparticles protected by some
simple lipophilic ligands which don’t containthe above mentioned
electron-rich atoms or groups (for instance, phenylethanethiolate).
However, basing on the fact that the fluorescence of metal
nanoclusters is intrinsic (i.e., not from the ligands), we deem that
the phenylethanethiolated metal nanocluster can emit extensive
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fluorescence after its structure is subtly tuned. To testify the
possibility, novel synthesis methods should be developed to
synthesize some unique stuctures that are otherwise difficult to
obtain on basis of the current, popular methods (mainly Brust-
Schiffrin®®** and ligand-exchange methodsgo'as). The recently
revealed anti-galvanic reduction36(AGR), initially employed for the
synthesis of bimetal nanoclusters (e.g., AuzsAgz),15 is successfully
employed to synthesize mono-metal nanoparticles-Auss(SC,H4Ph)s;
very recently."’7 Inspired by this, we reacted anion Au,s(SC,HsPh),g
(abbreviated as Au,s) with Au-SC,H,Ph complex, and interestingly,
we obtained a fluorescent phenylethanethiolated gold
nanoclusters, to be Auy(SCH4Ph)y
(abbreviated as Au,,) by electrospray ionization mass spectrometry
(ESI-MS), together with thermogravimetric analysis (TGA). Due to
the method shows somewhat resemblance to the so-called AGR, it
is named pseudo-AGR method. Below we will present more details
and discussion.

Recently we reported that AGR is ion-precursor dependent,"’8
thus we tried two ion-precursors in the reaction with Au,s: one is
the simple Au salt -HAuCl;-4H,0, and the other is Au-SC,H,Ph
complex. The synthesis is rather facile and mild. Briefly, excessive
AuCl, ions or Au-SC,H,Ph complex is dissolved in CH3CN and then
added into a toluene solution of Au,s. The reaction proceeds for ~
24 h at room temperature, then is terminated by the addition of a
large amount of petroleum ether. The precipitates are collected by
centrifugation and washed with CH;OH for three times. In the case
of reaction with AuCl, ion, the color of solution rapidly turns from
orange to gray and then to yellow after the addition of HAuCl,-4H,0,
precipitates grow more and more with the change of solution color,
and the collected solid by centrifuging cannot dissolve in any
common solvents such as THF, dichloromethane and DMSO,
indicating that formation of very large particles. Transmission
electron microscope (TEM) monitors the particle growth process,
see Fig. S1 in electronic supplementary information (ESI). While in
the case of reaction with Au-SC,H,Ph complex, most of the
resultant precipitate can dissolve in dichloromethane and subject
subsequent  separation and  purification by thin-layer
chromatography (TLC). However, small portion of larger particles
(>2 nm) are still observed in the intermediate product (12h), see Fig.

which is determined
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S2, indicating somewhat similarity between the two reaction
mechanisms. The products discrepancy between the two cases is
ascribed to different oxidbillity of the two gold precursors.
HAUCI,-4H,0 is far more oxidative than Au-SC,H,Ph complex and it
can cause the aggregation of Au,s; while the latter is a relatively
weak oxidant and
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Fig.1Thin-layer chromatography (TLC) of the as-prepared

nanoclusters and Au,s (a) and ESI mass spectrum of Au,,(SC,H,Ph),q
(b). (1): The as-prepared nanocluster; (2): Auys. (3): The mixture of
Auys and the as-prepared nanocluster. Insets (b) are experimental
and calculated isotope patterns of Au,(SC,H.Ph),0Cs™ and
Au24(SC2H4Ph)20C522+, respectively (acquired in the positive
ionization mode).
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Fig. 2.TGA of Au,4(SC,H,Ph),0

induce the formation of a different nanocluster indicated by TLC
(Fig. 1a and S3) and some larger nanoparticles (see Fig. S2b). In
more details, the transformation could be driven by the oxidation of
HAuCl,-4H,0 or Au-SC,H,Ph complex, which destabilizes the core-
shelled Au,s structure and induced the recombination of Au,sto a
new nanocluster or larger nanoparticles. Large particles are
favorably formed under strong oxidation (HAuCl,-4H,0), while the
new nanoclusters are favorably formed under relative weak
oxidation (Au-SC,H,Ph complex). In brief, the transformation could
be an oxidation-recombination process, which is also supported by
the massspectrometry monitoring (see Fig S4-5). Specifically, the
observation of RS-SR (SR: SCH,CH,Ph, Fig. S4b) indicates the
oxidation and protecting-ligand loss of Au,s, which could destabilize
Au,s and lead to the subsequent recombination of Auys
nanoparticles.

To determine the precise composition of the as-prepared
nanocluster, ESI-MS analysis was performed. To impart charges,
cesium acetate (CsOAc) was added to the nanocluster solution to
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form Cs* adducts. The ESI-MS spectrum (acquired in positive
ionization mode, Fig.1b) shows two intense peaks at m/z 7605.0

an .5 which are readily assigned to [Au,4(SC,H4Ph),0Cs] ™ (calcd.
d 3869.5 which dil igned to [Au,4(SC,H4Ph) C]+( led

m/z: 7604.96; deviation: 0.04 ) and [Au24(SC2H4Ph)20Csz]2+ (calcd.
m/z: 3869.44; deviation: 0.06), respectively. The well matched
experimental and calculated isotope patterns (Fig.1lb, inset)
confirms the assignment. Thus, the as-prepared nanocluster should
have a formular composition of Au,4(SC,HsPh),o (abbreviated as
Au,,) after deducting the adducted Cs' ion, and it is neutral since
the charge number equals to that of adducted Cs* ions.

Thermogravimetric analysis (TGA) further confirms the composition.

A weight loss of 36.72 % is in perfect agreement with the
theoretical values of Auy,(SC,H4Ph),g (36.73 %), see Fig. 2. Of note,
the composition is also similar to some previous reports.sg’ o

Being ultrasmall, metal nanoclusters exhibit

physicochemical properties highly sensitive to their compositions
and structures, and only one metal atom or one thiolate ligand

intriguing

difference in the formular compositions may lead to dramatic
difference in their physicochemical properties.13 The fluorescence
of metal nanoclusters has long been an intriguing topic that has
drawn considerable research interest in the past two decades.”®®
12 pravious studies revealed that the surface ligands (-SR) played
a major role in enhancing the fluorescence of gold nanoparticles.14
To our knowledge, phenylethanethiolated gold nanoclusters with
distinct fluorescent is rarely reported so far. Surprisingly, it is found
the as-prepared phenylethanethiolated Au,, in this work exhibits
bright fluorescence under UV/vis irradiation, in strong contrast to
the other several well-defined phenylethanethiolated nanoclusters
(including Auy5(SCH4Ph)1s,  Ausg(SCH4Ph)y,
Au,44(SC,H,4Ph)go, abbreviated as Au,s, Ausg, and Auyas, respectively)
(Fig. 3). For convenience of comparison, their emission spectra were

neutral and

also summarized in Fig. 3, which clearly demonstrates that Au,,
shows remarkably stronger fluorescence compared with the other
several nanoclusters with same protecting ligand (The fluorescence
quantum vyield of Au,, is about 40 times higher than that of Auys,
see Fig. 3). To explain this, size effect and ligand effect can be
excluded since that their fluorescence intensity are not proportional
to the nanoclusters’ sizes and they possess the completely same
ligand. Previous report indicates that high content of thiolates could
be a beneficial factor for the triggering of quorescence,13 however,
herein we found that the fluorescence intensity of Ausg is higher
than that of Au,s although the thiolate content of Ausg is lower than
that of Au,s. The highest occupied molecular orbital (HOMO)—
lowest unoccupied molecular orbital (LUMO) electrical structure
could be a consideration: It is found that the gap between the first
oxidation and the first reduction potential (which correlates with
the HOMO-LUMO gap) enlarges with the decrease of size, and Au,,
exhibits the largest gap (2.35 V) among the aforementioned
nanoclusters (Fig. 4). Another consideration is the metal core
itself
fluorescent. Unfortunately, further investigation is hindered by the
unsuccessful unravelling of the single crystal structures of Au,, and

structure since the phenylethanethiolate ligand is not

Au,s. Although three various 24-atom gold core structures were
recently revealed,”'41 it is difficult to assign the structure of Au,, to
any of them at the current stage since their fluorescence have not

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 4



Page 3 of 4

Nanoscale

been reported by now. Au,, have three fluorescence lifetimes (1.16,
45.25 and 267.63 ns, respectively), in strong contrast to the other
three clusters (two short lifetimes, ~1.0 and ~2.3 ns, respectively,
see Fig. S6), indicating that Au,, has different fluorescence
mechanism compared with the other three clusters. Further efforts
(including the resolution of the structure of Au,,) are needed to
gain a deep understanding of the strong fluorescence of Au,,.
Besides, that the maximum emissions of Au,s, Ausg and Auy, shift
towards near IR (see Figure 3) compared with that of Au,, indicates
their molecules have lower energy gaps than Au,, molecules
between the lowest vibrational level of the first singlet and the
ground state. The gap between the first oxidation and the first
reduction potential revealed by DPV can provide some clues for
that. Finally, it is worth mentioning that Au,, shows high
photobleaching stability (see Fig.S7), which imparts Au,, an
additional merit for practical application.
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Fig. 3 Fluorescence spectra of Auy(SC,H4Ph)y  (black),

Auys5(SC,H4Ph),5 (red), Ausg(SC,H4Ph),, (blue) and Augys(SC,H4Ph)go
(dark cyan), respectively (Left), and digital photos of the four
nanoclusters under visible and 365 nm UV light irradiation (right).
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Fig. 4. Differential pulse voltammetry (DPV) of Au,,(SC,H4Ph)y (a),
Au,s5(SCyH4Ph)g (b), Ausg(SCyH4Ph)24 (€) and Auggs(SCH4Ph)go (d) at
10 mV-s™ in degassed CH,Cl, containing 0.1 M BusNPFg (1 mm
diameter Pt disk, SCE and carbon rod were used as working,
reference and counter electrode, respectively)

This journal is © The Royal Society of Chemistry 20xx

In summary, a fluorescent gold nanocluster formulated as
Au,4(SCH4Ph),o was synthesized using a pseudo-AGR method and
characterized by ESI-MS, TGA, DPV and fluorescence spectrometry.
Specifically, DPV revealed that Au,, exhibits the largest gap
between the first oxidation potential and the first reduction
potential among the investigated phenylethanethiolated gold
nanoclusters  (including  Auys, Auys, Ausg and  Auyg).
Phenylethanethiolated gold nanocluster with distinct fluorescence
is rarely reported, thus our work has important implication for
fluorescence study of metal nanoclusters. It is also expected that
our work will stimulate more research on the development of some
unique synthesis method for metal nanoclusters.
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