
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

5:
52

:2
3 

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
View Journal  | View Issue
Intensive near-in
aHefei National Research Center for Physical

Chemical Physics, University of Science and T

China. E-mail: mzhou88@ustc.edu.cn; yiluo
bSchool of Biomedical Engineering, Researc

Materials, Anhui Medical University, H

ybsong860@ahmu.edu.cn
cHefei National Laboratory, University of S

Anhui 230088, China

† Electronic supplementary information (
supplementary text, Fig. S1–S15, and T
crystallographic data in CIF or o
https://doi.org/10.1039/d5sc00671f

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2025, 16, 8910

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th January 2025
Accepted 14th April 2025

DOI: 10.1039/d5sc00671f

rsc.li/chemical-science

8910 | Chem. Sci., 2025, 16, 8910–89
frared emitting Au7Cu10

nanoclusters for both energy and electron
harvesting†

Wei Zhang, ‡a Tingting Xu,‡b Jie Kong, ‡a Yuanming Li,a Xiaoguo Zhou, a

Jiachen Zhang,a Qun Zhang, a Yongbo Song, *b Yi Luo *ac and Meng Zhou *a

Triplet excitons have gained increasing recognition as inherent characteristics of various nanomaterials.

However, the practical application of triplet excitons is limited due to their confinement within the

material where they originate, posing significant challenges to harnessing their potential. In this work, we

report direct extraction of both triplet energy and electrons from newly synthesized atomically precise

Au7Cu10 nanoclusters (NCs). These NCs exhibit intensive near-infrared (NIR) emission with a quantum

yield of 31% at room temperature. They also display near-unity quantum yield of intersystem crossing

(ISC) with strong spin–orbit coupling (SOC) up to 864 cm−1. Consequently, Au7Cu10 NCs can act as

triplet sensitizers, facilitating efficient triplet–triplet annihilation and achieving upconverted emission with

an efficiency of 18.4% in perylene. Furthermore, rapid electron injection from Au7Cu10 NCs in the triplet

state to methyl viologen was clearly observed. This study represents the first direct extraction of both

triplet energy and electrons from the same metal NCs, indicating their potential as molecular triplet

energy and electron surrogates in optoelectronics, photocatalysis, and solar energy conversion.
Introduction

At the forefront of materials science, there is signicant interest
in the intricate interplay between nanomaterials and organic
molecules, particularly in the context of triplet energy transfer
(TET) and photoinduced electron transfer (PET).1–11 Nano-
material–organic hybrids play a central role in facilitating the
precise transfer of triplet excitons and electrons,12–16 which is
fundamental to elds ranging from optoelectronics to
photocatalysis.17–20 The exploration of PET from nanomaterials
to organic molecules has emerged as a promising avenue,
offering an alternative pathway alongside TET for manipulating
triplet exciton utilization.21–26 Despite signicant efforts to
understand triplet exciton utilization in quantum
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nanomaterials, the mechanisms for directly extracting triplet
energy and electrons from nanomaterials remain elusive.

The advent of atomically precise metal nanoclusters (NCs)
has opened new opportunities for exploring and rening triplet
exciton utilization. Metal NCs represent an innovative category
of luminescent nanomaterials, which exhibit molecular-like
behaviors, characterized by tunable band gaps, unique optical
and electronic properties.27–40 These distinctive attributes can
be nely tuned by adjusting parameters such as size, structure,
and metal composition, which have found tremendous
applications.41–51 While there have been some instances of PET
processes from metal NCs to organic materials,52–59 these
occurrences remain limited. Furthermore, the utilization of
metal NCs as a platform for triplet sensitizers was reported
recently, particularly in triplet–triplet annihilation-induced
upconversion (TTA-UC) emission.60–64 Therefore, advancing
the practical applications of metal NCs requires a deep dive into
the mechanisms of electron and energy transfer within these
materials, crucial for their development and utilization in
triplet sensitizers, optical sensing, and catalysis applications.

To achieve triplet energy and electron extraction from metal
NCs, we designed and synthesized a new Au nanocluster alloyed
with Cu heteroatoms. This design strategy was based on two key
factors: (1) the introduction of Cu atoms could enhance the
PLQY;30 (2) heteroatom doping is an effective strategy to engi-
neer and enrich the electronic structures, potentially yielding
unique physicochemical properties and functionalities.46,60,65

Here, we report the direct extraction of both triplet energy and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrons from atomically precise Au7Cu10 NCs that exhibit
intense NIR emission. The crystal structure of Au7Cu10, eluci-
dated through single-crystal X-ray diffraction (SC-XRD), reveals
an icosahedral core comprising seven Au atoms and six Cu
atoms, with an additional four Cu atoms forming the cap. The
PL quantum yield (PLQY) of Au7Cu10 NCs reaches 31% in dea-
erated solution and 24% in oxygen saturated solutions. Theo-
retical calculations conrm the presence of strong spin–orbit
coupling (SOC) and a minimal energy gap (25 meV) between S1
and T2/T3 states, accelerating the intersystem crossing (<0.1 ps)
process. Signicant TET from Au7Cu10 to perylene (Pery for
short) was observed, conrming the phosphorescent nature of
the PL from Au7Cu10, and the triplet state lifetime is up to 3.9
ms. Additionally, the Au7Cu10 NCs act as efficient triplet energy
donors, facilitating upconverted emission of Pery through effi-
cient triplet–triplet annihilation (TTA) with an impressive effi-
ciency of up to 18.4%. Furthermore, femtosecond transient
absorption spectroscopy (fs-TA) captures the rapid PET process
within 12 picoseconds between Au7Cu10 NCs and methyl viol-
ogen. The successful extraction of triplet energy and electrons
from Au7Cu10 can be attributed to its unique structure featuring
a signicant number of exposed metal atoms, which eliminates
the shielding effect and promotes efficient energy and electron
exchange between themetal NCs and energy/electron acceptors.
Results and discussion
Crystal structure and steady state optical properties

Details of the synthesis of Au7Cu10 NCs are provided in the ESI.†
The structure in Fig. 1A reveals a core composition of the
Au7Cu10 kernel, which comprises an Au7Cu6 icosahedron that is
capped by one up-Cu atom and three down-Cu atoms. Within
Fig. 1 (A) Crystal structures of Au7Cu10. Color codes: yellow, Au; green,
Au7Cu10. (C) The UV-vis absorption spectrum (solid line) and emission sp
the cluster solution picture without and with UV excitation. (D) Emission
under N2-degassed, air-saturated and O2-saturated conditions (lex= 375
a bin time of 25 ps (monitored at lem ∼ 650 nm and lem ∼ 740 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
the Au7Cu6 icosahedron, the average Aucore–Mshell and Mshell–

Mshell (M = Au or Cu) distances measure 2.663 Å and 2.857 Å,
respectively, which are notably shorter than those observed in
an Au13 icosahedron (2.757 and 2.908 Å),66 indicating that Cu-
doping induces a contraction in the entire icosahedron.
Regarding surface-protecting ligands, the Au7Cu10 kernel is co-
capped by three 1-adamantanethiol (1-Adm), six disphenyl-2-
pyridylphosphine (Ph2PyP), and three Cl atoms through Cu–N/S
and Au–Cl/P coordination (Fig. 1A). The incorporation of Cu–N
enhances the structural rigidity, thereby facilitating the
improvement of its luminescence efficiency.30 Furthermore, the
presence of three [SbF6]

− ions around the entire Au7Cu10
nanocluster suggests a 3+ charge for this nanocluster. Conse-
quently, the precise chemical formula of this nanocluster is
expressed as [Au7Cu10(1-Adm)3(PPh2Py)6Cl3](SbF6)3, abbrevi-
ated as Au7Cu10. Besides, the chemical composition of Au7Cu10
was also testied by electrospray ionization mass spectrometry
(ESI-MS). As shown in Fig. 1B, a main peak at 1400.257 Da was
observed, which can be assigned to [Au7Cu10(1-Adm)3(PPh2-
Py)6Cl3]

3+ (cal. m/z = 1400.250 Da). The experimental isotopic
pattern (red line) is in good agreement with the simulated one
(black line).

The steady-state electronic characteristics of Au7Cu10 NCs
were explored using the absorption and PL spectra (Fig. 1C) in
THF. The absorption spectrum of Au7Cu10 NCs shows distinc-
tive peaks centered at 365 nm and 635 nm. Notably, Au7Cu10
NCs exhibit a pronounced emission band at 740 nm in solution,
with a high PLQY of 26% in air. It is observed that only one
single peak is observed in the PL spectrum (Fig. 1C) of Au7Cu10
and the time-resolved PL measurements exhibit a long lifetime
of 3.5 ms in air (Fig. 1D). To further reveal the emission char-
acteristics, the time-resolved PL decay curves at short-
Cu; magenta, P; light green, Cl; red, S; gray, C; purple, N. (B) ESI-MS of
ectra (dashed lines) of Au7Cu10 in diluted THF solution. The inset shows
decay curves (2.5 ns bin time and probe 740 nm) of Au7Cu10 measured
nm), respectively. The inset shows the PL decay profiles measured with

Chem. Sci., 2025, 16, 8910–8921 | 8911
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wavelength and long-wavelength of the emission band were
examined, wherein we conrmed that there is only one emis-
sion component across the entire emission band because all the
PL decay curves remain the same on different time scales.
Additionally, PL excitation spectra at different emission wave-
lengths (Fig. S1†) closely resemble the absorption spectrum,
providing further evidence that Au7Cu10 possesses only one
luminescent excited state.

To discern the intricate details governing the emission
behavior of Au7Cu10, a comprehensive investigation involving
PLQY and lifetime measurements was performed under varied
atmospheric conditions – oxygen (O2), air, and nitrogen (N2)
environments. The PLQY of Au7Cu10 exhibits a reduction of
16% in air (QY = 26%) compared to that in N2 (QY = 31%, see
Fig. 1C). In addition, the PLQY exhibits a relatively minor
decrease of only 8% when exposed to O2 as opposed to air
(Fig. 1C). Concomitant PL lifetime measurements were con-
ducted, yielding values of 3.9 ms, 3.5 ms, and 3.2 ms in N2, air, and
O2 atmospheres (Fig. 1C), respectively. These ndings under-
score that the emission of Au7Cu10 remains largely unaffected
by the presence of O2. It is crucial to note that the absence of PL
quenching by O2, indicative of no discernible formation of
singlet oxygen ð1O*

2Þ, does not conclusively establish uores-
cence as the primary emission mechanism of Au7Cu10 NCs. The
low solubility and slow diffusion rate of O2 in organic solvents,
the degree of ligand shielding of the metal core, and inefficient
charge transfer or energy exchange between the metal NCs and
O2 could potentially impede the triplet energy transfer to O2.63

The existence of a microsecond lifetime for Au7Cu10 in the O2

atmosphere further supports the notion that the PL is not
completely quenched. Additionally, the PL decay curves at
650 nm and 740 nm in the nanosecond regime were collected,
Fig. 2 (A) Schematic energy-level diagram of TTA-UC. Steady-state (B)
NCs in the presence of Pery. The inset of (C) shows the Stern–Volmer plo
of Au7Cu10/Pery dissolved in deaerated THF with 630 nm excitation; the P
THF. (F) The kinetic traces of Au7Cu10/Pery in THF with 630 nm excitatio

8912 | Chem. Sci., 2025, 16, 8910–8921
as illustrated in the inset of Fig. 1D, which further demonstrates
a single emissive excited state.
Triplet energy transfer

Direct triplet–triplet energy transfer is an effective route to
utilize the triplet exciton for solar-associated applications.
Fig. 2A illustrates the schematic diagram of the photon up-
conversion mechanism based on TTA. Pery was chosen as an
appropriate triplet annihilator and blue-light emitter,
leveraging its high uorescence quantum yield and the strategic
positioning of its lowest-lying triplet energy level at 1.53 eV.67,68

Notably, the energy gap of T1 energy levels between Au7Cu10 NCs
(Table 1) and Pery is less than 0.15 eV (1.67–1.53 = 0.14 eV),
which can reduce the energy loss during TET from the NCs to
the Pery molecules.

Upon the introduction of Pery, the absorbance and spectral
shape of the absorption band at 600–700 nm for Au7Cu10
undergo minimal changes (Fig. 2B). This observation rules out
the formation of complexes between Au7Cu10 and Pery, sug-
gesting that Au7Cu10 NCs maintain their size and composition
in the presence of Pery. A gradual decrease in the PL intensity of
Au7Cu10 NCs was observed with the increment of the Pery
concentration, as depicted in Fig. 2C. A maximum quenching of
approximately 94% was observed with the addition of 6.6 mM
Pery. It should be noted that the addition of Pery didn't change
the entire PL prole even with a Pery concentration of 6.6 mM.
The Föster energy transfer and inner lter effect mechanisms
that may cause the PL suppression can be safely ruled out
because Pery does not display any appreciable absorption at the
photoexcitation and photoemission wavelengths of Au7Cu10
(Fig. S2†). Therefore, we can conclude that the TET reaction
occurs between Au7Cu10 and Pery as a result of Dexter energy
absorption and (C) emission spectra (excitation at 600 nm) of Au7Cu10
t with the dynamic quenching rate constant KSV. (D) Ns-TA color maps
ery concentration was set at 3 mM. (E) The kinetic traces of Au7Cu10 in
n.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photophysical parameters of Au7Cu10 in THF

Sensitizer sa/ms Eedge
b/eV (nm) ET

c/eV (nm) FISC
d kISC

d/1012 s−1 FP
e

Au7Cu10 3.9 1.77 (700) 1.67 (740) 1 >10 0.31

a Obtained from the PL lifetime via the PL decay proles as shown in Fig. 1D. b Absorption edge energy. c T1 energy level (ET) is evaluated using the
photoluminescence peak. d ISC quantum yield and the ISC rate constant for Au7Cu10 are obtained from the fs-TA experiment. e Absolute PLQY in
solution with saturated N2.
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transfer. Based on the TET results, the PL in Au7Cu10 can be
safely assigned to phosphorescence.

To quantify the effective TET between Au7Cu10 NCs and Pery,
we analyzed PL quenching data using the Stern–Volmer equa-
tion, F0/F = 1 + Ksv[Pery],60,61 where F0 and F represent the
uorescence intensities before and aer the addition of Pery,
respectively, Ksv is the quenching constant. The resultant Stern–
Volmer plot, characterized by a linear dependence (inset of
Fig. 2C), signies a typical hallmark of dynamic quenching.
This implies that diffusion predominantly governs the PL
quenching processes, with a determined Stern–Volmer constant
of 1903 M−1. Besides, the observed decrease in the PL lifetime
(from 3.9 to 0.3 ms) of Au7Cu10 upon interaction with Pery, as
depicted in Fig. S3,† stems from the quenching of the lumi-
nescent state via the TET process. Based on the relation of
kTET = Ksv/s0,60 the corresponding kTET in the presence of
Au7Cu10 NCs and Pery was calculated to be 4.8 × 108 M−1 s−1,
showing an efficient TET process.

To unravel the origin of Au7Cu10 PL and conrm the efficient
energy transfer with Pery, a time-resolved spectroscopic inves-
tigation of PL quenching was conducted. Fig. 2D and S4A†
present the ns-TA spectra of the Au7Cu10 NCs in the presence
and absence of Pery, respectively. The ns-TA spectra (Fig. S4A
and B†) show the excited-state absorption (ESA) with
a maximum at 500 nm and another band with several features
extending over the range of 670–950 nm. The ground-state
bleaching (GSB) at 630 nm is not observable due to over-
lapping with the excitation beam. The tting of TA kinetic traces
at different wavelengths for pure Au7Cu10 NCs reveals time
constants of 2.9 ms (Fig. 2E). It is observed that the lifetime
obtained from ns-TA is slightly shorter than that from PL decay
proles (Fig. 1D). This slight difference is attributed to the fact
that the two lifetimes were measured using different instru-
ments, each with distinct instrument response functions and
detection limits, leading to the small variation in the observed
lifetimes. By comparing the ns-TA kinetic traces of Au7Cu10 NCs
before and aer the addition of Pery (Fig. 2F), we found that the
decay of ESA bands between 700 and 900 nm is much acceler-
ated with Pery addition. Besides, two new ESA bands appear at
450–500 nm (Fig. 2D), which can be assigned to the triplet–
triplet absorption of Pery. The rise time (z0.36 ms, Fig. 2F) of
the triplet signal of Pery matches well with the decay time of the
ESA bands of the Au7Cu10 NCs (0.36 ms), indicating that the
triplet state of Pery (3Pery*) was solely generated via TET from
the Au7Cu10 NCs. The triplet signal of 3Pery* in Fig. 2D, in
accordance with previous reports,69–71 further conrms the
accuracy of the assignment. Global analysis (Fig. S4D†) suggests
© 2025 The Author(s). Published by the Royal Society of Chemistry
a two-species model as the best t for the data, and the rst
component can be assigned to the TET process.

Using the obtained triplet lifetime from ns-TA, the TET
quantum efficiency (FTET) was calculated according to FTET = 1
− s/s0, where s0 and s represent the triplet lifetime of Au7Cu10 in
the absence and presence of Pery, respectively. A satisfactory
FTET value approaching 90% was achieved. The kinetic trace
(Fig. S5†) further conrms that the TET rate increases signi-
cantly with an increase in the Pery concentration, which
supports the conclusion of diffusion-controlled energy transfer.
The kTET value (4.8 × 108 M−1 s−1) is two orders of magnitude
smaller than the estimated diffusion-limited rate constant (kd)
of ∼1.51 × 1010 M−1 s−1 (see the ESI†). This is because the rate
constant for Dexter-type energy transfer decays exponentially
with the distance between the donor and acceptor. As illustrated
in Fig. S6,† the spin density distribution of the lowest triplet
state of Au7Cu10 is mainly localized on the metal core rather
than the surface ligand moieties, which sterically inhibits the
electron exchange between Au7Cu10 and Pery and thus reduces
the TET rate.
Ultrafast intersystem crossing

To thoroughly understand the excited state relaxation mecha-
nism of Au7Cu10 NCs, we focused on the ISC process from
singlet to triplet states by employing time-resolved fs-TA
experiments and theoretical calculations. Fs-TA data maps of
Au7Cu10 in THF obtained upon 360 nm excitation are presented
in Fig. S7B.† The initial TA spectrum displays two ESA peaks at
∼500 and ∼590 nm, along with a broad ESA band at ∼700–
770 nm. Notably, the ESA bands at 590 and 685 nm rapidly
disappear within the rst picosecond (∼360 fs), accompanied
by the rapid decay at 685 nm and the generation at 750 nm
(Fig. 3A), while the remaining characteristic peaks persist for up
to ∼10 ms (Fig. S7A and E†). These long-lived ESA bands are
assigned to the T1 state.

Further assignment of the sub-picosecond (∼360 fs)
component observed in Au7Cu10 with 360 nm excitation was
conducted by ultrafast spectroscopy with a long-wavelength (l=
630 nm) excitation (Fig. S7D†), revealing only a long-lived
component with the absence of the sub-picosecond compo-
nent. A comparison of fs-TA with excitation at 360 nm and
630 nm (Fig. 3B) suggests that the pure ISC process of Au7Cu10 is
too fast to be resolved using the current TA spectrometer (IRF =

100 fs). The 360 fs process is then attributed to the internal
conversion coupled ISC process. Therefore, it can be deduced
that the kISC is much faster compared to kuor so that uores-
cence is completely suppressed, which indicates an almost
Chem. Sci., 2025, 16, 8910–8921 | 8913
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Fig. 3 (A) Fs-TA kinetic traces and fittings at selected probe wavelengths pumped at 360 nm. (B) Comparison of the TA kinetic trace of 750 nm at
different excitationwavelengths of 360 and 600 nm. (C) Molecular orbitals corresponding to the hole and electron distributions of the S1 and T1–3
states. SOC values between S1 and Tn are shown. (D) Simplified energy diagram showing the ultrafast ISC processes of Au7Cu10. The low-lying
excited states energy level values are derived from TD-DFT. ISC: intersystem crossing; IC: internal conversion.
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unity ISC yield. A near unity ISC yield makes Au7Cu10 an ideal
triplet sensitizer for TTA-UC.

To delve into a comprehensive understanding of the near
unity ISC yield of Au7Cu10, an analysis of decisive factors
determining the ISC was carried out through density functional
theory (DFT) and time-dependent-DFT (TD-DFT) calculations
(Fig. S8†). According to El-Sayed's rules,72 an efficient ISC is
characterized by the simultaneous presence of strong spin–
orbit coupling and a small singlet–triplet energy gap of different
character states. Electronic structure calculations predict
sizable spin–orbit coupling (SOC) values between S1 and T2/T3

states ($860 cm−1, very large) for Au7Cu10 (Fig. 3C). Beside the
intensive SOC, these two triplet states present small vertical
energy gaps with respect to S1 (only 25–28 meV), hence
providing the necessary ingredients for efficient ISC. Moreover,
the electron/hole pair densities for the S1 and T1–3 states of
Au7Cu10 (Fig. 3C and S9†) show that the electrons of T1–3 and S1
are almost the same, mainly delocalized on the surface of the
metal core. We noted that the ligands show minimal impact on
the molecular orbital isosurface of Au7Cu10 as shown in Fig. 3C.
The electron, hole, and charge density difference (CDD) anal-
yses in Fig. S9† further support this observation. Since the
investigation of ISC pathways is the primary focus of this work,
we have not extensively discussed ligand-associated charge
transfer.
8914 | Chem. Sci., 2025, 16, 8910–8921
As illustrated in Fig. S9,† the CDD indicate a charge transfer
character, clearly demarcating the boundary between “elec-
trons” and “holes” in these states. Specically, the hole distri-
bution in the T1 state closely resembles that in the S1 state,
whereas the hole distributions in T2 and T3 states are perpen-
dicular to that in S1, respectively. This alteration in orbital
angular momentum associated with a 90° rotation can trigger
effective SOCs and rapid ISC between S1 and T2/T3, as it can
compensate for the change in the spin angular momentum
associated with ISC. Consequently, these calculations indicate
that the ultrafast ISC process from S1 to the T2/T3 represents the
most probable ISC pathways (Fig. 3D), owing to the relatively
small DEST energy gaps and substantial SOC values. Moreover,
these triplet states exhibit distinct spatial localization relative to
the relaxed S1 state (Fig. 3C and S9†). The presence of metal
atoms, along with a non-zero overlap in singlet–triplet wave
functions, engenders a robust SOC, facilitating efficient singlet-
to-triplet ISC in Au7Cu10. Meeting all El-Sayed's criteria, Au7Cu10
undergoes an ultrafast spin-ip process driven by inherently
strong spin–orbit coupling, complemented by a small DEST.
TTA-UC performance

The broad absorption in the visible region, coupled with effi-
cient ISC and a long-lived triplet excited state, positions Au7Cu10
as a promising candidate for triplet photosensitizers in TTA-UC.
© 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/d5sc00671f


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

5:
52

:2
3 

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
To validate this potential, TTA-UC experiments were conducted
on Au7Cu10 dissolved in deaerated THF, employing Pery as the
annihilator and blue emitter (Fig. 4). Upon excitation at 663 nm,
triplet Au7Cu10 NCs efficiently sensitize 3Pery* with a note-
worthy anti-Stokes shi exceeding 0.88 eV (Fig. 4A). Relative to
other NIR to visible UC systems, the anti-Stokes shi of 0.88 eV
observed in this work represents an effective UC perfor-
mance.73,74 The intensity of upconverted uorescence progres-
sively increases with increasing Pery concentration, saturating
when the concentration exceeds 2.5 mM. The highest upcon-
version quantum yield is estimated to be 18.4% at a Pery
concentration of 2.5 mM (the FUC calculation can be found in
the ESI and Fig. S10†). It's worth mentioning that a decline in
quantum yield is observed with further increments in the Pery
concentration, attributed to the formation of Pery excimers, as
reported previously.75,76 Besides, compared to the previously
reported Au4Cu4-DPA (9,10-diphenylanthracene) system,60

which achieved an upconversion quantum yield of 28%, higher
than the efficiency in our work, several factors could account for
this difference: (1) the triplet energy gap between Au4Cu4 and
DPA is near zero, whereas for Au7Cu10 and Pery it is approxi-
mately 0.14 eV. (2) The DPA concentration in the previous study
was 40 mM, signicantly higher than the 2.5 mM concentration
of Pery used in our study. (3) The excited-state lifetime of
Au4Cu4 was 7.9 ms, longer than the 3.9 ms lifetime of Au7Cu10,
and a longer excited-state lifetime allows more excited
Fig. 4 (A) PL spectra of Au7Cu10 and Pery at various concentrations with e
UC emission process. (B) Relationship of the TTA-UC quantum yield with
defined as 100%.73 (C) Dependence of the TTA-UC fluorescence intensi
integrated TTA-UC fluorescence intensity with the excitation power d
fluorescence of Pery.

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoclusters to participate in TET with organic acceptors (note
that both lifetimes were obtained from photoluminescence
decay curves in degassed THF).

Furthermore, the upconversion emission spectral intensity
demonstrates a direct correlation with the excitation power
density. Fig. 4C shows the integrated upconversion emission
intensity of Pery within the 450 to 600 nm range as a function of
the laser power density. The integrated upconversion emission
intensity of Pery from 450 to 600 nm exhibits a quadratic-to-
linear dependence on the laser power density (Fig. 4D), indi-
cating typical behavior observed in TTA-UC systems. Speci-
cally, the slope of the linear t changes prominently from 2.1
(77 to 2000 mW cm−2) to 1.08 (2290 to 5200 mW cm−2), show-
casing an approximate threshold excitation intensity (Ith) value
of approximately 2065 mW cm−2. In TTA-UC systems, the
quadratic-to-linear dependence is a distinctive signature of two-
photon-induced upconversion luminescence, signifying the
TTA-UC process. Additionally, we observe a millisecond time-
scale photoluminescence lifetime of Pery in the mixed solu-
tion with Au7Cu10 nanoclusters (inset of Fig. 4D), signicantly
longer than the uorescence lifetime of pure Pery (Fig. S11†).
Such long delayed uorescence behavior signies that the
observed emission stems from the long-lived TTA process of the
emitter molecules, suggesting that the NIR emission from
Au7Cu10 can be successfully upconverted to the blue emission of
Pery through efficient TET induced upconversion.
xcitation at 663 nm, where the inset shows the photograph of the TTA-
the Pery concentration. Note that the theoretical maximum of FUC is

ty on the excitation power density. (D) Double logarithmic plot of the
ensity, where the inset shows the lifetime measurement of delayed
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Photoinduced electron transfer

Au–Cu alloyed nanoclusters have been well known for their
wealth of rich redox chemistry in addition to photophysical
properties.60,77,78 Since doping heteroatoms into gold nano-
clusters can modulate the energy level scheme and excited state
properties, it is reasonable to expect that Au7Cu10 would engage
in the PET process. In the context of metal nanoclusters, most
research has focused on the triplet energy aspects, neglecting
the importance of electrons. Electrochemical measurements
(Fig. S12†) indicate that Au7Cu10 can effectively participate in
both donating and accepting electrons, demonstrating its
capability of acting as an intermediate in the electron transfer
process. In addition, the rapid ISC process and long-lived triplet
state lifetime of Au7Cu10 provide ample time for electron
transfer processes to occur in the triplet state. Such a PET is
essential for converting light energy into chemical energy,
including applications in dye-sensitized solar cells, organic
photovoltaics, articial photosynthesis, etc.79–81

Methyl viologen (MV2+), with strong electron-accepting
properties and suitable oxidation potential in methanol
(MeOH), was employed to probe the excited-state intermolec-
ular electron-transfer between Au7Cu10 (Fig. 5A). Furthermore,
MV2+ can engage in noncovalent interactions with counter ions
on the surface of Au7Cu10 nanoclusters via coulombic attrac-
tion, enhancing the feasibility of subsequent PET processes.
Fig. 5B illustrates the steady state absorption and emission
spectra of Au7Cu10 NCs with varying concentrations of MV2+.
The absorption band of Au7Cu10 located at 630 nm remains
unchanged upon MV2+ addition, providing clear evidence of no
ground-state interaction between the two components.
Concurrently, the emission intensity of Au7Cu10 NCs decreases
with an increasing MV2+ concentration (Fig. 5C), with over 90%
Fig. 5 (A) Schematic illustration of PET between excited Au7Cu10 and M
600 nm) of Au7Cu10 NCs in the presence of MV2+. The inset of (B) shows
shows a Stern–Volmer plot. (D) fs-TA of Au7Cu10 NCs in deaerated MeO
kinetic traces after laser excitation at 400 nm of Au7Cu10 NCs in the prese
MV+ radical) and 700 nm (ESA of Au7Cu10). Below: kinetic traces of Au7Cu
fs-TA of Au7Cu10 NCs in the presence of MV2+.

8916 | Chem. Sci., 2025, 16, 8910–8921
uorescence intensity quenched at 15 mM MV2+. This efficient
quenching indicates that the excited-state deactivation occurs
through the PET pathway. The absorption spectra of MV2+ show
no spectral overlap with Au7Cu10 nanocluster emission, ruling
out Förster resonance energy transfer from Au7Cu10 to MV2+.

We then employed the Stern–Volmer relationship to analyze
the PL quenching process (inset of Fig. 5C), which demonstrates
a diffusion-controlled mechanism with a quenching constant
(KSV) of 689 M−1. Examining the thermodynamic feasibility of
the PET, a negative free energy of −0.98 eV (DGET) is estimated
by applying the Rehm–Weller equation (Table S1†), conrming
the thermodynamically favorable electron transfer from
Au7Cu10 to MV2+. To further clarify the PET mechanism, fs-TA
spectroscopy was carried out to investigate the excited-state
dynamic processes between the Au7Cu10 and viologen units. It
is observed that the initial spectral evolution of Au7Cu10 in the
presence of MV2+ (Fig. 5D) corresponds to the formation of the
triplet signal of Au7Cu10 ð3Au7Cu*

10Þ, closely resembling the fs-
TA spectra of pure Au7Cu10 in the initial 1 ps (Fig. S13†),
which can be attributed to the rapid internal conversion-
coupled ISC process as we discussed above.

Due to the broad ESA of Au7Cu10 in the visible region, it
remains challenging to identify the absorption peak of the
oxidized 3Au7Cu*

10. Compared to the spectra of pure Au7Cu10,
new ESA emerges at approximately 600 nm within about 30
picoseconds (Fig. 5D), which is attributed to the reduction of
MV+c by Au7Cu10 NCs. The kinetic trace monitored at 700 nm
reveals an additional decay (∼12 ps, Fig. 5E) which is not
observed in pure Au7Cu10. Simultaneously, a distinct raised
signal from the reduced methyl viologen radical (MV+c) is
evident with absorption maxima around 600 nm (Fig. 5D and
E).55 However, the triplet signal of pure Au7Cu10 persists even at
V2+. Steady-state (B) absorption and (C) emission spectra (excitation at
the absorption spectra of Au7Cu10 and MV2+ in MeOH. The inset of (C)
H after 400 nm laser excitation in the presence of MV2+. (E) Top: TA
nce of MV2+ collected from fs-TA monitored at 600 nm (absorption of

10 NCs in the absence of MV2+. (F) Global analysis results derived from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of the (A) TET and (B) PET processes between Au7Cu10 NCs and organic acceptors, represented by a single
Au7Cu10 NC for simplicity. S: singlet state; T: triplet state; GS: ground state. In the TET process, the NIR emission of Au7Cu10 is quenched as triplet
energy is transferred to Pery, resulting in TTA and the subsequent blue fluorescence of Pery. In the PET process, the NIR emission of Au7Cu10 is
quenched due to electron transfer from Au7Cu10 to MV2+. The numbers in (B) indicate the sequence of electron motion: (1/ 2) excitation of an
electron from the ground state to the singlet state in Au7Cu10 upon photoexcitation, (2 / 3) spin flip via ISC from the singlet state to the triplet
state, and (3 / 4) PET from Au7Cu10 to MV2+.
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longer time delays (Fig. S14C†), indicating an equilibrium
process between the triplet state of Au7Cu10 NCs and the PET
process. The charge-separated state can undergo back either
electron transfer to reform the triplet state or charge recombi-
nation to the ground state. Consequently, the fs-TA data of
Au7Cu10 in the presence of MV2+ can be well reproduced
through global tting using two decay components.

The corresponding evolution-associated difference absorp-
tion spectra (EADS) and time constants are depicted in Fig. 5F.
It is observed that the rst EADS corresponds to the triplet
Au7Cu10. 12 ps later, the second EADS, indicative of the equi-
librium state between the triplet state of Au7Cu10 NCs and the
PET process, becomes apparent. Besides, noteworthy differ-
ences are observed in the ns-TA spectra of the Au7Cu10 NCs in
the absence and presence of MV2+ (Fig. S14†): (1) the lifetime of
triplet Au7Cu10 in the presence of MV2+ (370 ns) is much shorter
than that in the absence of MV2+ (2.8 ms), indicating effective
quenching of 3Au7Cu*

10 by MV2+; (2) a distinct band at around
600 nm emerges in the presence of MV+c, and the kinetic trace
tting at 600 nm reveals a lifetime of 1.2 ms, which can be
assigned to the relaxation to the ground state of MV+c. One
might wonder why the quenching efficiency of Au7Cu10 by O2 is
low, while its quenching efficiencies by Pery and MV2+ are
relatively high. As the degree of ligand shielding of the metal
core shows similar effects on both O2 and Pery/MV2+ quenching,
we tentatively assign the differences to factors including the CT
driving force, O2 solubility, slow diffusion of O2, and the triplet
energy level matching between the donor nanocluster and
acceptor O2, all contributing to the low-efficiency quenching of
Au7Cu10 by O2.

It is essential to clarify that the PET process between Au7Cu10
and MV2+ (12 ps−1) is much faster than the TET with the Pery
molecule (360 ns−1). This is because TET involves a two-step
electron exchange process,82 while MV2+ can be adsorbed on
© 2025 The Author(s). Published by the Royal Society of Chemistry
the counterions around the nanocluster, accelerating the one-
step PET. In the crystal structure of Au7Cu10, multiple Cu
atoms are exposed to the ambient environment, and the spin
density distribution of the triplet state shows that the electrons
primarily localize on the copper atoms (Fig. S6†), allowing for
efficient TET with suitable molecules and achieving high-
efficiency upconversion luminescence. Additionally, our
results indicate that both PET and TET can quench the PL of
Au7Cu10. The key distinction between these two mechanisms
lies in the nature of the quenching product. PET involves elec-
tron transfer, leading to the formation of an anion radical of the
organic molecule (MV+c), whereas TET involves energy transfer,
resulting in the formation of the triplet state of the organic
molecule (3Pery*). Compared to previously reported AuxCuy
nanoclusters,60 the newly synthesized Au7Cu10 stands out as
a dual-function nanocluster capable of serving as both a triplet
energy sensitizer and an electron donor (Scheme 1). These
advances, supported by extensive experimental and theoretical
evidence, position Au7Cu10 as a versatile platform for applica-
tions in optoelectronics, photocatalysis, and solar energy
conversion. Additionally, directly extracting electrons and the
generation of long-lived charge-separated excited states make
the systems a potential light-harvesting sensitizer and photo-
induced catalyst, opening avenues for numerous
applications.83–85
Conclusion

In summary, we present the direct extraction of triplet energy
from Au7Cu10 NCs through the TET process, inducing triplet–
triplet annihilation and upconverted blue uorescence from
Pery. Meanwhile, the PET process enables efficient electron
transfer from Au7Cu10 to MV2+, resulting in the formation of an
MV+c radical and quenching of the nanocluster's NIR emission.
Chem. Sci., 2025, 16, 8910–8921 | 8917
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The crystal structure analysis revealed an icosahedral core of
Au7Cu6 (M13) surrounded by four Cu atoms in Au7Cu10. These
NCs exhibited a high NIR PLQY exceeding 31% under N2

conditions at room temperature. Transient spectroscopy of
Au7Cu10 unveils the remarkably ultrafast (<1 ps) internal
conversion coupled ISC process and a long-lived triplet state
(3.5 ms in the air). DFT calculations prove that the strong SOC
(864.8 cm−1) signicantly promotes ultrafast ISC (<100 fs).
Despite the modest quenching inuence of O2 on photo-
luminescence, the robust TET corroborates the near unity ISC
yield, affirming the origin of emission in Au7Cu10 from the
triplet state. When combined with the blue light emitter Pery,
Au7Cu10 exhibited remarkable upconversion photo-
luminescence, converting red excitation to blue emission with
an efficiency of 18.4%. Additionally, we demonstrated that
Au7Cu10 can serve as a light absorber, enabling rapid and effi-
cient electron injection into organic molecules. These ndings
highlight the tailored design of nanoclusters to facilitate effi-
cient triplet energy and electron transfer, promising advance-
ments in light harvesting and photoenergy conversion
applications.

Data availability

Data available on request from the authors.

Author contributions

W. Z. and J. K. performed the spectral measurements and the
theoretical calculations. T. X. and Y. S. synthesized and char-
acterized the metal nanoclusters. Y. L. and X. Z. provided help
in the measurements of TTA-UC experiments. J. Z and Q. Z.
provided help in measuring photoluminescence quantum yield
of metal nanoclusters. Y. S., Y. L. andM. Z. designed the project.
W. Z., and J. K. wrote the dra. W. Z., J. K., Y. S., Y. L. and M. Z.
revised themanuscript. All authors approved the nal version of
the manuscript.

Conflicts of interest

The authors declare that they have no conict of interest.

Acknowledgements

We acknowledge the nancial support from the Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDB0450202), the Fundamental Research Funds for the
Central Universities (WK9990000145), the National Natural
Science Foundation of China (22273095 and 22171007), the
Innovation Program for Quantum Science and Technology
(2021ZD0303303), and the Chinese Academy of Sciences (YSBR-
007).

References

1 C. Mongin, S. Garakyaraghi, N. Razgoniaeva, M. Zamkov and
F. N. Castellano, Direct observation of triplet energy transfer
8918 | Chem. Sci., 2025, 16, 8910–8921
from semiconductor nanocrystals, Science, 2016, 351, 369–
372.

2 K. Wang, R. P. Cline, J. Schwan, J. M. Strain, S. T. Roberts,
L. Mangolini, J. D. Eaves and M. L. Tang, Efficient photon
upconversion enabled by strong coupling between silicon
quantum dots and anthracene, Nat. Chem., 2023, 15, 1172–
1178.

3 K. Wu and T. Lian, Quantum conned colloidal nanorod
heterostructures for solar-to-fuel conversion, Chem. Soc.
Rev., 2016, 45, 3781–3810.

4 C. Nie, X. Lin, G. Zhao and K. Wu, Low-Toxicity ZnSe/ZnS
Quantum Dots as Potent Photoreductants and Triplet
Sensitizers for Organic Transformations, Angew. Chem., Int.
Ed., 2022, 61, e202213065.

5 X. Luo, Y. Han, Z. Chen, Y. Li, G. Liang, X. Liu, T. Ding,
C. Nie, M. Wang, F. N. Castellano and K. Wu, Mechanisms
of triplet energy transfer across the inorganic nanocrystal/
organic molecule interface, Nat. Commun., 2020, 11, 28.

6 Z. Huang, Z. Xu, T. Huang, V. Gray, K. Moth-Poulsen, T. Lian
and M. L. Tang, Evolution from Tunneling to Hopping
Mediated Triplet Energy Transfer from Quantum Dots to
Molecules, J. Am. Chem. Soc., 2020, 142, 17581–17588.

7 N. A. Anderson and T. Lian, Ultrafast Electron Transfer at the
Molecule-Semiconductor Nanoparticle Interface, Annu. Rev.
Phys. Chem., 2005, 56, 491–519.

8 B. Shan, T.-T. Li, M. K. Brennaman, A. Nayak, L. Wu and
T. J. Meyer, Charge Transfer from Upconverting
Nanocrystals to Semiconducting Electrodes: Optimizing
Thermodynamic Outputs by Electronic Energy Transfer, J.
Am. Chem. Soc., 2019, 141, 463–471.

9 N. J. Thompson, M. W. B. Wilson, D. N. Congreve,
P. R. Brown, J. M. Scherer, T. S. Bischof, M. Wu, N. Geva,
M. Welborn, T. V. Voorhis, V. Bulović, M. G. Bawendi and
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