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system crossing enhances NIR
emission in Au52(SR)32 nanoclusters by surface
ligand engineering

Linlin Zeng, a Yitong Wang, b Junjun Tan,c Quanbing Pei,a Jie Kong, a

Wei Zhang, a Shuji Ye, a Rongchao Jin,*b Yi Luo *ac and Meng Zhou *a

Surface ligand modification is an effective strategy for enhancing the photoluminescence (PL) of atomically

precise gold nanoclusters. Nevertheless, the underlying mechanism of PL enhancement, particularly the

role of triplet states remains vague. In this work, we picture the formation and relaxation of triplet states

in a series of four Au52(SR)32 nanoclusters with different –R groups by probing their excited state

dynamics. Electronic pump–probe spectroscopy reveals that the nanoclusters with fewer methyl groups

on the ligand exhibit a faster intersystem crossing (ISC) pathway, hence boosting the triplet-state-related

emission. Additionally, the metal core of the four nanoclusters exhibits similar low-frequency vibrations,

suggesting that the variation in non-radiative relaxation is primarily mediated by ligand vibrations, rather

than the metal core vibrations. These findings establish that ligand-induced PL enhancement is driven by

both accelerated ISC and reduced vibrational dissipation. This work sheds light on the mechanism by

which ligand engineering enhances PL in gold nanoclusters, highlighting the critical role of triplet state

dynamics in tailoring their emission properties, which hold promise in applications such as sensing,

bioimaging, optoelectronics, and solar energy conversion.
Introduction

Atomically precise gold nanoclusters, consisting of a central
gold core and surface-protecting ligands, exhibit unique and
intriguing photoluminescence (PL) properties.1,2 Their
moderate energy gaps (0.5–2 eV) enable highly desirable near-
infrared (NIR) emission,2 making them promising candidates
for applications in biological imaging, optoelectronic devices
and sensitizers.3–10 However, according to the energy gap law,
the non-radiative relaxation rate increases as the energy gap
decreases, resulting in relatively low NIR photoluminescence
quantum yields (PLQYs).11 To enhance the PLQY of gold nano-
clusters, considerable efforts have focused on increasing radi-
ative rates and suppressing non-radiative relaxation. Increasing
the rigidity of protecting ligands and heteroatom doping have
emerged as two key strategies to enhance PL.2,12 For instance,
the emission intensity of Au22(SG)18 increased nine-fold upon
binding tetraoctylammonium (TOA) cations to the glutathione
anion ligands, which effectively rigidied the ligand shell.13
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Similarly, Au13 clusters protected by rigid N-heterocyclic car-
bene (NHC) ligands exhibited higher PLQYs compared to those
protected by phosphine ligands.14 As for heteroatom doping,
a notable example is the silver-doped, rod-shaped Ag13Au12
cluster, which achieved a remarkable PLQY increase to 40.1%,
far surpassing its undoped rod-shaped Au25 counterpart.15,16

Recently, Shi et al. reported that replacing six gold atoms with
copper in Au22(

tBuPhChC)18 enabled near unity NIR lumines-
cence.17 Additionally, bisNHC ligands incorporating naphtha-
lene linkers have been found to enhance Au13 PL through strong
CH–p interactions that increase the ligand rigidity.18 While
these strategies have demonstrated signicant improvements
in PL, their underlying mechanisms remain only partially
understood. The existing explanations largely attribute PL
enhancement to suppressed non-radiative decay via ligand
rigidication or modied electronic structures via doping,2 yet
the role of excited state dynamics in governing the emission
efficiency is oen overlooked.

With deeper insights into origins and mechanisms of PL in
gold nanoclusters, triplet excited states may serve as key inter-
mediates. Experiments involving triplet energy transfer (TET)
and triplet–triplet annihilation upconversion have demon-
strated that metal nanoclusters can efficiently populate triplet
excited states and exhibit room-temperature
phosphorescence.7,8,19–21 This underscores the need to
consider triplet state dynamics when designing strategies to
enhance PL. With this perspective, two fundamental questions
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc03898g&domain=pdf&date_stamp=2025-10-11
http://orcid.org/0009-0000-8837-6739
http://orcid.org/0000-0002-1955-5511
http://orcid.org/0000-0002-7532-3950
http://orcid.org/0000-0002-4459-1602
http://orcid.org/0000-0002-3286-5258
http://orcid.org/0000-0003-0007-0394
http://orcid.org/0000-0001-5187-9084
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03898g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016040


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 5
:0

3:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
arise: (1) Is ligand-induced PL enhancement solely a conse-
quence of suppressed non-radiative relaxation through
increased rigidity? (2) What role do triplet state formation and
relaxation play in ligand-induced PL enhancement?

In this work, we choose a series of four Au52(SR)32 nano-
clusters with an identical metal core but different thiolate
ligands (i.e., different substituents on the aromatic –SPh ligand)
as a platform to explore the mechanism by which ligands
regulate PL enhancement. By employing ultrafast transient
absorption spectroscopy, we probed the triplet state dynamics
and coherent oscillation of the gold core. Our results reveal that
the intersystem crossing (ISC) rate plays a crucial role in PL
enhancement of Au52(SR)32: nanoclusters exhibiting the stron-
gest NIR emission predominantly populate the T1 state through
a faster ISC pathway. Furthermore, modications to the carbon
tails of the ligands have a negligible effect on the core vibra-
tions. This work illustrates the important role of both efficient
ISC and suppressed ligand vibration in enhancing the PL of
metal nanoclusters, offering new insights into the fundamen-
tals of ligand-regulated luminescence.
Results and discussion

Fig. 1A shows the Au52S32 framework of Au52(SR)32 and the four
distinct thiolate ligands. Au52(SR)32 has an Au32 core, sur-
rounded by four Au(SR)2 staples along the midsection and eight
Au2(SR)3 staples attached to the top and bottom.22,23 The UV-vis
absorption spectra of all Au52(SR)32 in toluene solution display
two characteristic peaks near 400 and 800 nm (Fig. 1B),
consistent with the pervious study.22 Photoluminescence
measurements of the four Au52(SR)32 nanoclusters in toluene
under ambient conditions reveal near-infrared emission above
900 nm (Fig. 1C, colored proles). Among these nanoclusters,
Au52(p-MBT)32 exhibits the highest PL intensity, and the PLQY
decreases in the order: Au52(p-MBT)32 > Au52(4-EBT)32 > Au52(-
IPBT)32 > Au52(TBBT)32.22 In addition to solution-phase studies,
we also investigated Au52(SR)32 embedded in poly(methyl
Fig. 1 (A) The structure of Au52(SR)32 and the four different thiolate ligand
toluene (colored lines) and in PMMA films (black lines). (C) Normalized P
films (black lines) under 650 nm excitation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
methacrylate) (PMMA) lms. The absorption and PL properties
of Au52(SR)32 lms (Fig. 1B and C, black proles) closely
resemble those observed in toluene. Furthermore, these nano-
clusters exhibit higher PLQY in lms compared to solutions.22

To explore the evolution of excited states of Au52(SR)32
nanoclusters, nanosecond transient absorption (ns-TA) experi-
ments were rst conducted. The ns-TA data maps show a broad
excited-state absorption (ESA) signal spanning 450–700 nm, and
a prominent ground-state bleaching (GSB) signal at ∼800 nm,
which aligns well with the absorption peak in the steady-state
UV-vis spectra (Fig. 2A and S1A–C). Only a long-lived excited-
state is observed in ns-TA. By tting the kinetic trace at
562 nm, the excited-state lifetime was determined (Fig. 2B, S1D–
F and Table S1). Au52(p-MBT)32 exhibits the longest excited-state
lifetime of 604 ns, while Au52(TBBT)32 has the shortest lifetime
of 145 ns. For comparison, the PL lifetimes of Au52(SR)32 in
toluene under ambient conditions were also measured by time-
correlated single photon counting (TCSPC) (Fig. 2C and S2).
Both the TA and PL lifetimes decrease progressively as the
number of –CH3 on the carbon tail increases. In addition, the
excited-state lifetimes obtained from ns-TA and PL measure-
ments are comparable (Fig. 2D), indicating that the excited-state
observed in ns-TA is the origin of the PL emission in Au52(SR)32.

Ligand-protected metal nanoclusters have emerged as novel
triplet sensitizers for photon upconversion,24–28 primarily due to
their ability to readily populate triplet excited-states facilitated
by strong spin–orbit coupling (SOC). In the previous report,22

the singlet oxygen emission at 1274 nm was observed when
Au52(SR)32 solutions were purged with O2, which occurs through
energy transfer from Au52(SR)32 triplet states to O2 (triplet
ground state), resulting in singlet O2 (excited state) and then
phosphorescence emission at 1274 nm. Additionally, an
abnormal and non-monotonic blue shi of the Au52(SR)32
emission peak was detected as the temperature decreased.22

These ndings conrmed that both phosphorescence and
thermally activated delayed uorescence (TADF) coexist in the
PL of Au52(SR)32. Here, we further investigate the triplet-state-
s. (B) Normalized UV-vis spectra of the four Au52(SR)32 nanoclusters in
L spectra of the four Au52(SR)32 in toluene (colored lines) and in PMMA
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Fig. 2 (A) Ns-TA data map of Au52(p-MBT)32 in toluene with 400 nm excitation. (B) TA kinetic trace and corresponding fit at 562 nm. (C) PL decay
trace and fitting of Au52(p-MBT)32 in toluene at 850 nm under ambient conditions (lex = 375 nm). (D) Comparison of the excited-state lifetimes
derived from ns-TA and PL measurements.
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related emission in Au52(p-MBT)32 through TET experiments.
The UV-vis absorption spectra of mixed Au52(p-MBT)32 and
rubrene in solutions are shown in Fig. 3A. No new absorption
peaks were observed with the addition of rubrene, ruling out the
formation of a ground-state complex between clusters and
rubrene. As the rubrene concentration increased, the PL life-
time of Au52(SR)32 decreased (Fig. 3B). The data t well with the
Fig. 3 (A) UV-vis spectra of Au52(p-MBT)32, rubrene and Au52(p-MBT)3
Au52(p-MBT)32/rubrene mixed solutions at 850 nm under a N2 atmosph
rubrene concentrations.

18846 | Chem. Sci., 2025, 16, 18844–18851
linear Stern–Volmer equation, indicating that the PL quenching
of the clusters occurs through collisional interactions with
rubrene.29 This PL quenching is attributed to TET from
Au52(SR)32 to rubrene during collisions, with a determined TET
rate constant of 2.1 × 108 M−1 s−1. The successful observation
of TET in Au52(p-MBT)32 provides direct evidence for the phos-
phorescence of Au52(SR)32.
2/rubrene mixed solutions. (B) PL decay traces of Au52(p-MBT)32 and
ere. (C) Stern–Volmer plot of PL lifetimes of Au52(p-MBT)32 at varying

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Modifying ligands on Au52(SR)32 signicantly inuences
their triplet excited state emission. Au52(p-MBT)32 exhibits
a PLQY of 18.3%, whereas Au52(TBBT)32 shows a much lower
PLQY of 3.8%.22 The intersystem crossing from singlet to triplet
states plays a critical role in facilitating triplet excited state
emission, and may account for the large differences in PLQY
among the Au52(SR)32 nanoclusters. To investigate ISC in these
clusters, femtosecond TA (fs-TA) spectroscopy was employed to
further probe their excited-state dynamics. Upon excitation of
Au52(SR)32 at 380 nm, an initial broad ESA signal spanning the
entire probe wavelength range was observed, with two peaks at
∼550 and ∼700 nm (Fig. S3 and S4). At a delay time of
approximately 1 ns, the ESA signal became narrower and the
ESA signal intensity above 650 nm decreased signicantly. The
change of TA spectral proles suggests that a state-to-state
evolution occurred. Kinetic traces probed at ∼600 nm
revealed a rapid decay within the rst 1 ps, corresponding to
this excited-state evolution (Fig. 4A). In contrast, when pumped
at 800 nm, the relatively narrow ESA signal appeared instanta-
neously, and the broad ESA observed with 380 nm excitation
was absent (Fig. S5). Furthermore, kinetic traces probed at
∼600 nm did not exhibit the fast decay (Fig. 4B). Since excitation
at 800 nm corresponds to near-bandgap excitation and directly
populates the lower excited-state, the fast ESA decay can be
Fig. 4 Fs-TA kinetic traces and corresponding fits at ∼600 nm for Au52(S
photoluminescence mechanism for Au52(SR)32 in toluene under 380 nm

© 2025 The Author(s). Published by the Royal Society of Chemistry
attributed to the internal conversion (IC) from a higher excited-
state to a lower excited-state.

An evident slow rise in the ESA signal within 100 ps,
following the rapid IC, was observed in the excited-state
dynamics of Au52(SR)32 nanoclusters. Aer 100 ps, the ESA
signal intensity remained constant throughout the measured
time range (Fig. 4A). The long-lived excited-state, which does
not decay within the fs-TA measurement window, corresponds
to the emissive triplet excited-state identied in ns-TA. Thus,
the slow rise in ESA is attributed to ISC. Interestingly, the
amplitude of this rise (Fig. 4A) correlates well with the PLQY of
the various Au52(SR)32 nanoclusters by an inverse relationship,
that is, Au52(p-MBT)32, which exhibits the highest PLQY, shows
the least observable rise in its kinetic trace (Fig. 4A), whereas the
other three nanoclusters with lower PLQYs display more and
more pronounced rise amplitudes. The time constant of the ISC
is about 11 ps (Table S2). However, under 800 nm excitation, all
four nanoclusters exhibit a slow rise in the ESA signal (Fig. 4B
and Table S3). This suggests that the involvement of higher
excited-states (Sn, Tn) is pivotal in facilitating the ISC process. A
similar phenomenon has been reported in other metal clus-
ters.25,27,30,31 In Au13 nanoclusters, negligible SOC exists between
S1 and T1 according to the El-Sayed rule (i.e., a change in orbital
type for achieving stronger ISC).32 However, large SOC matrix
R)32 in toluene under 380 nm (A) and 800 nm (B) excitation. Proposed
(C) and 800 nm (D) excitation.

Chem. Sci., 2025, 16, 18844–18851 | 18847
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elements between S1 and higher triplet excited-states (e.g., T2,
T3, T4) contribute to the ultrafast and near-unity ISC.25 In
isomeric Au28(CHT)20 clusters (where CHT denotes cyclo-
hexanethiolate), the ISC rate from S1 to T2 is several orders of
magnitude faster than from S1 to T1, with T2 serving as a critical
intermediate for excited-state relaxation.30 For the rise observed
in Au52(SR)32 fs-TA dynamics, we ascribe it to a direct ISC
process from S1 to T1. With near-bandgap excitation, the
nanoclusters are directly excited to S1 and subsequently
undergo ISC to T1, resulting in the observed rise in all four
nanoclusters (Fig. 4D). In contrast, with 380 nm excitation, the
nanoclusters are initially populated in higher singlet excited-
states (Sn), which rapidly undergo IC to S1, but for Au52(p-
MBT)32, ultrafast ISC from Sn to Tn may occur, which was not
captured by our fs-TA (time resolution ∼ 100 fs). For the other
three nanoclusters, the ISC process (∼11 ps) primarily occurs
between S1 and T1, leading to the observed rise in their TA
kinetic traces (Fig. 4C). As the proportion of the picosecond ISC
pathway increases, the PLQY of Au52(SR)32 progressively
decreases.

When these four Au52(SR)32 nanoclusters were embedded in
PMMA lms, both their excited-state lifetimes (Figure S7) and
PLQYs were signicantly increased compared to those in solu-
tions.22 To understand the origin of PL enhancement, we
further investigated the excited-state dynamics of the nano-
clusters in lms. The fs-TA data maps of Au52(SR)32 lms
exhibited spectral features similar to those observed in toluene
solutions, including a broad ESA signal with peak around
550 nm (Fig. 5A and S6A–C). However, the dynamics of
Au52(SR)32 lms were distinctly different (Fig. 5B) compared to
solutions. For instance, Au52(TBBT)32 showed the most
pronounced ESA rise in toluene (1–100 ps), but no such distinct
slow rise was observed in the lm. This absence of rise indicates
that the ISC from S1 to T1 occurs much more rapidly in the lm
than in the solution. Theoretically, the ISC rate can be expressed
using rst-order perturbation theory:33,34

kISC ¼ 2p

ħ
jV j2r

where V = <JSjĤSOjJT> represents the SOC between the singlet
and triplet states, and r is the Frank–Condon weighted density
of states. In the high temperature limit, r can be written as:34
Fig. 5 (A) Fs-TA datamap of Au52(TBBT)32 film under 800 nm excitation. (
for Au52(TBBT)32 in solution and in film. (C) Proposed photoluminescenc

18848 | Chem. Sci., 2025, 16, 18844–18851
r ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkBT

p exp

"
� ðDE þ lÞ2

4lkBT

#

where DE is the energy gap between the singlet and triplet
states, and l is the reorganization energy. In the PMMA lm
environment, the better alignment of energy levels between S1
and T1 reduces the energy gap DE, facilitating both ISC and
reverse intersystem crossing (RISC), thus enhancing the
PLQY.35,36 Additionally, the SOC may be enhanced in the lm,
further contributing to faster ISC observed in the solid state
(Fig. 5C).37

The emission mechanism of Au52(SR)32 is strongly associ-
ated with triplet states. For metal nanoclusters involving TADF,
the strong SOC induces ultrafast ISC (10−15 to 10−12 s), leading
to a rapid equilibrium between the S1 and T1 states before
emission occurs.38 Notably, the ISC dynamics observed in our
transient absorption measurements already indicate the
establishment of this equilibrium. Consequently, faster ISC not
only increases the triplet state population but also accelerates
the S1–T1 equilibration, thereby facilitating both phosphores-
cence and TADF.

The fewer methyl groups present on the ligand, the stronger
the restriction on its motion.22 The correlation between ligand
exibility, ISC dynamics and PLQY observed in Au52(SR)32
nanoclusters reveals an important structure–property relation-
ship. However, whether the general trend—that more exible
ligands lead to slower ISC and consequently reduced PLQY—
can be extended to other metal nanoclusters requires further
studies. Differences in core structure and ligand–metal inter-
actions may result in distinct excited-state behaviors. Therefore,
while our ndings provide valuable insights, further investiga-
tions on a broader range of ligand-protected nanoclusters will
be necessary to establish the universality of this mechanism.

A broadband laser pulse can not only populate electronic
excited-states but also induce superpositions of vibrational
states, resulting in coherent vibrational wavepackets.39–44 These
wavepackets manifest as periodic oscillatory modulation in the
amplitude of pump–probe signals.45 As shown in Fig. 6A and S8,
the early-time TA maps of Au52(SR)32 lms display clear oscil-
latory modulations across the entire ESA region. To determine
the frequency of the coherent vibrational motion, we performed
fast Fourier transformation (FFT) on the pure oscillation
B) Comparison of fs-TA kinetic traces and corresponding fits at 600 nm
e mechanism for Au52(SR)32 film under 800 nm excitation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03898g


Fig. 6 (A) Fs-TA data map of Au52(IPBT)32 film within the first 3 ps upon 800 nm excitation. (B) FFT analysis of the kinetic trace at 562 nm. (C)
Oscillation dynamics and the corresponding fits.
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signals, which were obtained by subtracting the excited-state
population dynamics (Fig. S9). The FFT analysis reveals
a dominant frequency of ∼2.4 THz (80 cm−1) for all four
Au52(SR)32 nanoclusters (Fig. 6B and S10). Since these oscilla-
tions appear in the ESA signals, the ∼2.4 THz wavepacket
motion is attributed to vibrations on the potential energy
surface of the excited electronic state.

Low-frequency coherent vibrations in metal nanoclusters are
typically associated with the acoustic vibrations of the metal
core.46–52 In spherical Au25 and Ag44 clusters, a similar oscilla-
tion frequency (∼2.4 THz) had been observed and assigned to
the breathing mode, characterized by symmetric, in-phase
radical oscillations of the metal atoms.46,51,53 Accordingly, the
2.4 THz vibration mode observed in Au52(SR)32 nanoclusters
herein should be attributed to the breathing mode of the gold
core. The similarity in coherent vibration frequency in these
four Au52(SR)32 suggests that their metal cores share a similar
structure, consistent with the X-ray crystallographic results.22

The damping dynamics of the coherent vibrations were extrac-
ted by tting the residual oscillations with exponentially deca-
ying cosine functions (Fig. 6C). The oscillation period was ∼0.4
ps for all Au52(SR)32 nanoclusters, consistent with the vibra-
tional frequencies (∼2.4 THz) obtained from FFT analysis
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Table S4). The damping time constants ranged from 0.19 to
0.69 ps. A previous report on Au10 nanoclusters highlighted that
the rigidity of surface ligands can inuence the metal core
vibrations, hence, reducing the amplitude of acoustic vibrations
and enhancing the core structural relaxation time in electronic
dynamics.54 This suppression leads to enhanced PL due to
reduced non-radiative relaxation caused by core structural
changes. In contrast, such a suppression of coherent vibration
amplitude or damping time was not observed in the Au52(SR)32
nanoclusters, although the reduction of methyl groups
restricted surface ligand motions.22 This nding indicates that
the rigidity of surface ligands has a negligible effect on the
metal core vibrations of Au52(SR)32. Instead, non-radiative
relaxation may be predominantly mediated by the high-
frequency vibrational and rotational motions of the surface
thiolate ligands.
Conclusion

In summary, this study elucidates that the impact of ligand
modications on the ISC governs the PL properties of Au52(SR)32
nanoclusters. By selecting a model system with an identical
metal core but distinct thiolate ligands, we have systematically
Chem. Sci., 2025, 16, 18844–18851 | 18849
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studied how ligand modications inuence the excited-state
dynamics. TA results demonstrate that ligand variations
signicantly impact the ISC channels in Au52(SR)32. For the
Au52(p-MBT)32 nanoclusters, a stronger SOC likely exists
between high-lying singlet and triplet states (Sn and Tn), facili-
tating a faster ISC on the femtosecond scale. This highly effi-
cient ISC pathway promotes the population of the triplet
excited-state, leading to higher PLQY. In contrast, for the
other three clusters, the ISC predominantly occurs from S1 to T1.
This slower ISC process results in lower PLQYs compared to
Au52(p-MBT)32. Furthermore, while all four nanoclusters exhibit
similar core vibrational frequencies, their non-radiative relaxa-
tion primarily occurs through ligand vibrations, and the
suppression of these vibrations further enhances PLQY. These
ndings provide a rened mechanistic framework for under-
standing ligand-induced PL enhancement in metal
nanoclusters.
Author contributions

L. Z. performed the spectral experiments and data analysis. Y.
W. synthesized and characterized the metal nanoclusters. J. T.,
Q. P., J. K., W. Z. and S. Y. helped in the spectral measurements.
L. Z. and M. Z. wrote the manuscript. R. J., Y. L. and M. Z.
designed the project and revised the manuscript. All authors
approved the nal version of the manuscript.
Conflicts of interest

Authors declare that they have no conict of interest.
Data availability

Data for this article are available from the corresponding
authors upon reasonable request.

The data supporting this article have been included as part
of the SI. Supplementary information: Materials and methods,
SI Text, Fig. S1–S13, Tables S1–S4. See DOI: https://doi.org/
10.1039/d5sc03898g.
Acknowledgements

MZ acknowledges the nancial support from the Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDB0450202), National Natural Science Foundation of China
(22273095) and Chinese Academy of Sciences (YSBR-007).
References

1 R. Jin, C. Zeng, M. Zhou and Y. Chen, Chem. Rev., 2016, 116,
10346–10413.

2 Z. Liu, L. Luo and R. Jin, Adv. Mater., 2024, 36, 2309073.
3 A. Baghdasaryan, F. Wang, F. Ren, Z. Ma, J. Li, X. Zhou,
L. Grigoryan, C. Xu and H. Dai, Nat. Commun., 2022, 13,
5613.
18850 | Chem. Sci., 2025, 16, 18844–18851
4 H. Liu, G. Hong, Z. Luo, J. Chen, J. Chang, M. Gong, H. He,
J. Yang, X. Yuan, L. Li, X. Mu, J. Wang, W. Mi, J. Luo, J. Xie
and X.-D. Zhang, Adv. Mater., 2019, 31, 1901015.

5 X.-H. Ma, J. Li, P. Luo, J.-H. Hu, Z. Han, X.-Y. Dong, G. Xie
and S.-Q. Zang, Nat. Commun., 2023, 14, 4121.

6 B. Niesen and B. P. Rand, Adv. Mater., 2014, 26, 1446–1449.
7 D. Arima and M. Mitsui, J. Am. Chem. Soc., 2023, 145, 6994–
7004.

8 D. Arima, S. Hidaka, S. Yokomori, Y. Niihori, Y. Negishi,
R. Oyaizu, T. Yoshinami, K. Kobayashi and M. Mitsui, J.
Am. Chem. Soc., 2024, 146, 16630–16638.

9 Y. Xiao, Z. Wu, Q. Yao and J. Xie, Aggregate, 2021, 2, 114–132.
10 W. Zhang, T. Xu, Y. Chen, G. Zhang and Y. Song,

Polyoxometalates, 2025, 4, 9140082.
11 R. Englman and J. Jortner, Mol. Phys., 1970, 18, 145–164.
12 H. Lin, X. Song, O. J. H. Chai, Q. Yao, H. Yang and J. Xie, Adv.

Mater., 2024, 36, 2401002.
13 K. Pyo, V. D. Thanthirige, K. Kwak, P. Pandurangan,

G. Ramakrishna and D. Lee, J. Am. Chem. Soc., 2015, 137,
8244–8250.

14 M. R. Narouz, S. Takano, P. A. Lummis, T. I. Levchenko,
A. Nazemi, S. Kaappa, S. Malola, G. Yousefalizadeh,
L. A. Calhoun, K. G. Stamplecoskie, H. Häkkinen,
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