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A novel Auy;Cd nanocluster was synthesized by developing a combined method and controlling the kinet-
ics, and another Au,gCds nanocluster was also obtained after the conditions were changed in the same
reaction, which could transfer to Auy;Cd in a two-way style. Both alloy nanoclusters can photocatalyze
the production of singlet oxygen ('0,) and exhibit enhanced efficiencies in photocatalyzing two kinds of
organic oxidations involving singlet oxygen compared with their non-alloyed mother nanoclusters, indi-
cating that the Cd-doping might be an efficient way to enhance the photocatalysis performance of gold
nanoclusters and metal nanoclusters are promising photocatalysts for organic oxidation involving singlet

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal nanoclusters (NCs) have attracted wide attention in re-
cent years not only because of their well-defined compositions
(structures) [1-6] but also because of their unique optical [7-13],
magnetic [14-16], electrochemical [17-20], and catalytic proper-
ties [21-26]. However, the research of metal nanoclusters is still
in its infancy. The research and application promotion are seri-
ously dependent on the synthesis development for property im-
provement. In this context, a synthesis strategy [27] and a series
of synthesis methods [28-31] have been proposed. Very recently,
a reducing-ligand induction combined method [32] has been in-
troduced, which provides implications for some other combination
establishments. For example, the combination of "reverse ligand
exchange (RLE)" [33] and "anti-galvanic reduction (AGR)" [30,34-
38] is promising, because it may not only tune the compositions of
NCs, but also enhance the NC properties (e.g., stability, catalytic ac-
tivity) and even lead to some new properties through the synergy
of different metal atoms in the NCs. However, this combination is
not widely realized yet, especially the combination with additional
modulation of kinetics and thermodynamics has not been reported
to the best of our knowledge. Developing the properties of NCs is
also a current frontier research topic. To date, minimal work has
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shown that NCs can catalytically produce singlet oxygen (10,) from
0, under radiation and has exploited this property for photocat-
alytic oxidation reactions [39-45], which is important not only for
improving oxidation selectivity but also for reducing energy con-
sumption and pollution [46,47]. Recently, Zhuang et al. revealed
that the doped Cd in gold nanoclusters by AGR is inclined to inter-
act with O [48], and Agrachev et al. reported that cadmium-doping
in gold NCs could enhance their photosensitive ability to produce
10, [49], indicating that cadmium-doping might be a good choice
for improving gold NCs performance in photocatalytic oxidation in-
volving singlet oxygen. To test these conceits, we conducted this
work starting from Au,s NCs, a benchmark of gold NCs, which will
be described below.

Previous work has shown that excess PPh; can exchange the
surface thiolate of gold nanoclusters. Because PPhj is a relatively
weak protecting ligand for gold nanoclusters compared with thi-
olate, such an exchange was dubbed “reverse ligand exchange”
(RLE). From a microscopic point of view, PPhs can break the "S-
Au-S-Au-S" staple-like structures on the surface of gold nanoclus-
ters and even change the conformation of the gold core to some
extent, showing the "erosion" phenomenon. However, our earlier
product was not easy to be purified with a meager yield [50].
Two independent processes were combined in this work: (i) RLE-
erosion and (ii) AGR-doping. It was surprising that the difference
in the degree of erosion step can directly lead to the difference
in the final products. We chose a high concentration of PPh; and
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Fig. 1. (a) UV-vis-NIR spectrum of Auy;Cd (Insets are the structure the photo of cluster solution). (b) UV-vis-NIR spectrum of samples taken at different times (see legends)
during the synthesis of Auy;Cd. (c) ESI-MS spectrum of Au;;Cd, and the insets show the calculated (black) and experimental (blue) isotopic pattern (positive-mode). (d)
UV-vis-NIR spectrum of samples taken at different times (see legends) during the transformation from Auy;Cd (blue) to AuysCds (red). (e) Routes of syntheses and structural
transformations. Light yellow: Au; Orange: S; Magenta: P; Red: Cd; Black: N; Light Blue: O. The C and H atoms are omitted for clarity.

shorter erosion time (kinetical control) to synthesize a novel nan-
ocluster (Fig. 1a) and the opposite for AuygCds [50]. For the ex-
perimental details, see Supporting information. As shown in Fig.
1b and Fig. S1b (Supporting information), the three characteris-
tic absorption peaks of Au,s(SR);g at ~400, ~450, ~680 nm be-
gan to weaken with the addition of PPh; in the two separate reac-
tions. However, the different extents of erosion did not make no-
ticeable differences in the UV-vis-NIR spectra. Proceeding to the
second stage, we added the same dosages and concentrations of
Cd(NOs3), for the two reactions, and they went quickly in en-
tirely different directions. As shown in Fig. 1b, the peaks belonging
to Au,5(SR)qg after deep erosion disappeared significantly within
8 min after the addition of Cd**. As the reaction proceeded, the
characteristic absorption peaks at 390 and 440nm belonging to
a novel nanocluster gradually appeared, and the peak at 680 nm
belonging to Au,s disappeared completely. After Cd(NO3), was
added for ca. 16 min, the reaction tended to reach equilibrium,
and the crude product was completely precipitated from toluene.
It is noteworthy that since the two clusters are slightly soluble in
toluene but better soluble in methanol, we chose toluene as the
solvent in step I and introduced a moderate amount of methanol
in step II. The adjustment of the solvent ratio reduces the dif-
ficulty of purification. Electrospray ionization mass spectrometry
(ESI-MS) was employed to identify the molecular composition of
the as-obtained product, and a dominant peak was observed at
m/z=4589.23 in the mass spectrum, which is assigned to
[Auy; Cd(PET)3(PPh3);NO3]* (Fig. 1c). For the other reaction with
a relatively light degree of erosion, it can be found that all ab-
sorption peaks of Auys(SR);g completely disappeared 10 min after
the addition of Cd(NO3), (Fig. S1b in Supporting information). Still,
new peaks were generated at 355 and 394 nm, which belong to
AuysCds, and the doping reaction lasted about 40 min to the end.
The major peak, corresponding to [Au;3Cd,(PET)g(PPhs)g(NO3 ), ],
was observed at m/z=5307.14 (Fig. S1c in Supporting informa-
tion) in the mass spectrum. Single crystal X-ray diffraction (SCXRD)
confirmed their compositions [Auy;Cd(PET);(PPh3);NO3]NO3; and
[Auy3Cd,(PET)g(PPh3)g(NO3),]5-Cd(NO3)4, respectively. The main
structural frameworks of Auj;Cd and AuygCds are similar to those
of Auy; and Auys, respectively, and the Cd atom combines with
three S atoms to form a “paw-like” motif structure attached to the
outside of the gold core (Figs. S2 and S3 in Supporting informa-
tion).

The structural transformation phenomena between the two
nanoclusters have been discovered and monitored by UV-vis-NIR

spectroscopy at room temperature. Fig. 1d shows the conversion
from AujiCd to AuygCds. The characteristic absorption of AuyCd
becomes weaker for 4 min after the addition of Cd(NO3),. When
the reaction proceeds to 12 min, it can be observed that the ab-
sorption peaks at 355 and 394nm for Au,gCds start to show up
in the UV-vis-NIR spectrum. The opposite transformation can be
achieved by adding PPhj directly to AuygCds (Fig. S1d in Support-
ing information). Compared with the former "bottom-up" conver-
sion method, the latter "top-down" conversion process is signifi-
cantly slower, taking more than 70 min to the equilibrium. The
synthesis and structural transformation processes are shown in Fig.
le.

Auy;Cd and Au,gCds have subsequently been employed to pho-
tocatalyze the transformation from 30, to 10, (Fig. S4a in Support-
ing information). 1,3-Diphenylisobenzofuran (DPBF) was employed
as the indicator since it can react with 10, (Fig. S4b in Support-
ing information) and thus result in the notable absorption change.
The absorption spectra of DPBF dissolved in CHCl; (bubbled with
N, in advance) containing two separate nanoclusters under blue
LED irradiation for 5, 10, and 20s at room temperature are shown
in Figs. S5a and S5c (Supporting information), respectively. The ab-
sorption band at 413nm from DPBF decreased under irradiation,
indicating the production of 10,, which was further confirmed
by the electron spin resonance (ESR) experiments with 2,2,6,6-
tetramethylpiperidine (TEMP) as a radical trapping agent (Figs. S4c,
S5b, S5d and S6 in Supporting information).

After confirming the catalytical production of 10,, we started
the photo-catalytic oxidation investigation. Sulfur has an abun-
dance of oxidation states, and its redox processes also play a piv-
otal role in life [51,52]. Because of the interconversion of thioether,
sulfoxide, and sulfone, the precise and controlled conversion be-
tween multiple valence states of sulfur is somehow challenging
[53]. Herein, we demonstrated the highly selective oxidation of
thioether to sulfoxide catalyzed by Auy;Cd and Au,gCds under blue
light irradiation (Fig. S7 in Supporting information). Both nanoclus-
ters also displayed good stability in the presence of sulfide in
CHCls3, as shown in Fig. S8 (Supporting information). For compar-
ison, Auys, Auy,Cd, commercial-grade photosensitizer tetraphenyl
porphyrin (TPP), Cd(NO3), and the mother nanoclusters Auy; and
Auy3 were also investigated, and the results are shown in Table
S1 (Supporting information), which demonstrate: (i) the Cd-doping
(including the case of Au,s doping) significantly improves the cat-
alytic yield, especially, the Cd-doping of Auy; improves the catalytic
yield by ~100%, manifesting that one-metal atom change of a nan-
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Fig. 2. (a) The impact of various parameters (light; O, and photocatalyst) on the
disulfidation (red circle represents the inhibited reaction, while the green circle rep-
resents the smooth reaction). (b) Catalysis performance on different sulfur ligands
with AuyeCds, AuyCd, Auys, Auyy, AuysCd, and Auys as photocatalysts. Notes: The
X, Y, Z-axis represent substrates, photosensitizers, and conversion of reactions, re-
spectively. The values on the top of the cylinders represent the conversion of the
reactions.

ocluster can dramatically influence its property. Such a dramatic
enhancement is attributed to both electronic and atomic structure
changes indicated by UV-vis-NIR spectrum (Fig. 1a) and SCXRD
(Fig. S12a in Supporting information), respectively; (ii) metal nan-
oclusters are promising candidates for photocatalysts since only
two nanoclusters among the investigated six nanoclusters were
inferior to the commercial-grade photosensitizer TPP in terms of
the conversion rate. To test the photocatalysis oxidation univer-
sality, some other reactions were also considered. Sulfhydryl lig-
ands, including thiols and thiophenols, are susceptible to oxidation
by different oxidizing agents, and disulfide is one kind of oxida-
tion products [54]. The formation and breaking of disulfide bonds
are essential in living organism metabolisms linked to enzyme-
catalyzed redox. As a trial, AuygCds was picked up for catalyzing
phenylethanethiol to disulfide, with a > 99% selectivity, a ca. 66%
conversion achieved (Table S2 in Supporting information).

EI-MS, 'H-NMR, and 3C-NMR confirmed the disulfide prod-
uct (Figs. S13-S15 in Supporting information). Also, three
sets of comparison experiments were carefully studied (Fig.
2a), and the results showed that the light, catalyst, and O,
are all necessary, indicating the mentioned reaction is pho-
tocatalytic oxidation involving singlet oxygen. n-Butyl mer-
captan, 1-adamantanethiol, 4-bromothiophenol, and 4-methoxy-
benzenethiol were further chosen as substrates for investiga-
tion (Fig. 2b), and the experimental results revealed that steric
hindrance, as well as electron-withdrawing, has a negative in-
fluence on the catalysis efficiency. As a comparison, AuygCds,
Auq;Cd, Auqz, Augq, AuyyCd, and Auys were also tested for the
selective oxidation of n-butyl mercaptan to a disulfide. The ex-
perimental results showed the same catalysis efficiency order:
AuyeCds > AuyCd > AuyCd > Augz > Auyp > Auys, further in-
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dicating that the Cd-doping could enhance the photocatalytic oxi-
dation efficiency of gold nanoclusters, given the consideration that
Au,6Cds, AuqCd, and Au,4Cd are the Cd-doping products of Auys,
Auqq, and Auys, respectively. Among the investigated nanocluster
catalysts, AuygCds with the highest content of Cd achieved the best
catalytic efficiency, which might also provide another support for
the opinion that the Cd-doping promotes the photocatalysis of gold
nanoclusters involving singlet oxygen. Further experiments reveal
that the AuysCds and Auy;Cd are not very robust in some cases
(Fig. S16 in Supporting information), which indicates that efforts
might be made to improve the stability of such catalysts in the fu-
ture.

In conclusion, a “RLE-AGR” combination method was devel-
oped to separately synthesize interconvertible Au;;Cd and Au,gCds
nanoclusters by controlling the reactions conditions (kinetics and
thermodynamics). Both nanoclusters are precisely characterized
by SCXRD, ESI-MS, etc., and they show the interesting property
for photocatalytic production of singlet oxygen ('0,) and ex-
hibit enhanced efficiencies in selectively photocatalyzing thioether
(sulfhydryl) oxidation compared with their non-alloyed mother
nanoclusters, indicating that the Cd-doping might promote the
photocatalytic performance of gold nanoclusters. By comparing
the photocatalysis efficiencies of nanoclusters with that of a
commercial-grade photosensitizer TPP, we revealed that metal nan-
oclusters are tunable and promising photocatalysts for organic ox-
idation involving singlet oxygen. Overall, our work has important
implications for the syntheses, properties, and applications of nan-
oclusters, and is expected to stimulate more work in related fields.
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