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mal conversion and imaging based
on a cocrystal containing twisted components†

Tao Li,ab Jia-Chuan Liu,a En-Ping Liu,c Bai-Tong Liu, d Jing-Yu Wang,a Pei-Yu Liao,a

Jian-Hua Jia, a Yuanning Feng *b and Ming-Liang Tong *a

On account of the scarcity of molecules with a satisfactory second near-infrared (NIR-II) response, the

design of high-performance organic NIR photothermal materials has been limited. Herein, we investigate

a cocrystal incorporating tetrathiafulvalene (TTF) and tetrachloroperylene dianhydride (TCPDA)

components. A stable radical was generated through charge transfer from TTF to TCPDA, which exhibits

strong and wide-ranging NIR-II absorption. The metal-free TTF–TCPDA cocrystal in this research shows

high photothermal conversion capability under 1064 nm laser irradiation and clear photothermal

imaging. The remarkable conversion ability—which is a result of twisted components in the cocrystal—

has been demonstrated by analyses of single crystal X-ray diffraction, photoluminescence and

femtosecond transient absorption spectroscopy as well as theoretical calculations. We have discovered

that space charge separation and the ordered lattice in the TTF–TCPDA cocrystal suppress the radiative

decay, while simultaneously strong intermolecular charge transfer enhances the non-radiative decay.

The twisted TCPDA component induces rapid charge recombination, while the distorted configuration in

TTF–TCPDA favors an internal non-radiative pathway. This research has provided a comprehensive

understanding of the photothermal conversion mechanism and opened a new way for the design of

advanced organic NIR-II photothermal materials.
Introduction

Near-infrared (NIR) photothermal materials can convert1–3

absorbed NIR light into thermal energy through attenuating
radiative relaxation. Various NIR-absorbing photothermal
materials including inorganic materials,4–7 conjugated
polymers,8–10 inorganic–organic hybrid materials11–15 and small
organic molecules16–19 have been explored to promote efficient
thermal production. Organic photothermal materials have been
discovered as some of the most promising photothermal agents
with economical cost, improved biocompatibility,20 and poten-
tial biodegradability.21 In order to synthesize high-yielding
photothermal conversion materials, great efforts have been
made in two aspects. One is to improve22 NIR absorption
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capacity by expanding the molecular p-conjugated area or
connecting electron donor–acceptor (D–A) fragments cova-
lently. The other one is to attenuate23–25 the radiative transition
process by increasing the concentration of radicals or
enhancing the quenching effect. It is challenging to achieve
NIR-II absorption in organic photothermal materials following
the traditional strategy26,27 since the narrow band gap is difficult
to overcome. Compared with those focusing on visible and NIR-
I light, the literature25,28 focusing on organic photothermal
agents with a competent response to NIR-II light is lacking.
Although high-intensity light can cause damage to skin and
tissues, most photothermal materials require29 input energy far
above the maximum permissible exposure (MPE, i.e., 1064 nm,
1 W cm−2). In order to solve this problem, an important goal is
to investigate new building blocks combined with unique
design strategies which will lead to a decrease in the required
irradiation intensity so as to achieve safe phototherapy in vivo.

In recent years, researchers have been interested in30–33 the
design and synthesis of distorted aromatic compounds. In
contrast to planar, nonplanar aromatic molecules in general are
able to reduce supramolecular aggregation and increase solu-
bility. These distorted p-conjugated molecular scaffolds enable
new possibilities to direct a desired packing arrangement which
entails34–38 the alteration of the physical properties, such as
energy levels of the highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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charge transfer (CT) efficiency as well as electron distribution
and mobility. One of them is the twisted molecule, which has
received39,40 extensive attention in the eld of photo-responsive
organic compounds. The existence of wiggle motion in the
twisted molecule leads to exible molecular conformation
which promotes stronger non-radiative transitions.

Cocrystals are obtained41–43 typically by the self-assembly of
two alternative molecular building blocks, i.e., an electron-rich
donor (D) and an electron-poor acceptor (A). Attributed to the
adjustable energy gaps, solvent processability, and easy recy-
clability44 as a type of crystalline materials, cocrystals present
bright prospects in the elds of eld-effect transistors,45 ferro-
electricity materials,46 dynamic photomechanics,47–49 and
nonlinear optics.50 Because the energy absorption and transfer
can be adjusted through changing their constituting compo-
nents, cocrystals have been applied in photothermal conver-
sion. Hu et al. reported23 in 2018 a cocrystal containing two
molecular components based on D–A interactions to prepare
NIR-I photothermal materials. There is a lack of literature which
report25 the development of cocrystals with satisfactory NIR-II-
absorbing performance. To develop cocrystals that are capable
of fullling the NIR-II photothermal conversion requires over-
coming the current design bottleneck.

Herein, a D–A type molecule, namely TTF–TCPDA, is
designed based on a tetrathiafulvalene (TTF) donor and
a 1,6,7,8-tetrachloro-3,4,9,10-perylenetetracarboxylic dianhy-
dride (TCPDA) acceptor as the components. Substituted Cl
atoms on each side of the perylene backbone repel each other,
inducing a twisted conformation in the cocrystal. Single-crystal
X-ray diffraction (SC-XRD) and theoretical calculation reveal
strong intermolecular interactions and unique spin states in
TTF–TCPDA, respectively. The TTF component tends to transfer
one electron intermolecularly to its adjacent TCPDA unit which
contains a twisted p-conjugated backbone, forming a stable
Fig. 1 XRD superstructure of the TTF–TCPDA cocrystal. (a) Chemical st
while showing the intermolecular hydrogen bonds in the cocrystal. (b) A
cocrystal indicating the face-to-face overlaying between TTF and TCPDA
representation of 2TTF–TCPDA groups indicating the twisted backbone

© 2024 The Author(s). Published by the Royal Society of Chemistry
radical cation. The stable radical is generated via CT in this D–A
system, resulting in strong and wide-ranging NIR-II absorption.
According to the characterization of ultrafast transient absorp-
tion (TA), photoluminescence spectroscopy and theoretical
calculations, the photothermal performance depends on
presumably the twisted molecular backbone that enables effi-
cient space charge separation and inhibits radiative recombi-
nation. The twisted conformation in the TTF–TCPDA cocrystal
is conducive to the realization of internal non-radiative
pathways.

Results and discussion
(Super)structural determination

The solid-state superstructure of the TTF–TCPDA cocrystal was
characterized (Fig. 1 and Table S1†) by SC-XRD. The TCPDA
backbone is twisted (Scheme S4†) through its long axis with
a torsional angle of 34° between two dichloronaphthalic anhy-
dride units. Each TCPDA interacts (Fig. 1a) with four neigh-
bouring TTF components through four [C–H/O]
intermolecular hydrogen bonds (2.61 Å), extending into a two-
dimensional (2D) layer. The alternative arrangement of the
interlayer superstructure is observed (Fig. 1b) in the TTF–
TCPDA cocrystal. The centroid-to-centroid distance between
two donors is determined to be 7.35 Å, whereas it is 8.02 Å
between two dichloronaphthalic anhydride acceptors. The
highly ordered TTF–TCPDA cocrystal consists of TCPDA and
TTF in a 1 : 2 ratio. Each TCPDA faces two TTFs, which are axis-
symmetrically located in parallel at both sides of TCPDA. The
2D layers are stacked (Fig. 1c) in an ABAB packing mode which
contains [p/p] interactions between TCPDA and TTF compo-
nents. The face-to-face distance between TTF and dichlor-
onaphthalic anhydride units is ∼3.6 Å (Fig. 1d), while the
dihedral angle is less than 3°. These parameters are favourable
ructures and tubular representations of TTF and TCPDA components,
bilayer stick representation of the TTF and TCPDA components in the
components. (c) ABAB packingmode viewed along the b-axis. (d) Stick
of the TCPDA and the [p/p] interaction.

Chem. Sci., 2024, 15, 1692–1699 | 1693
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for D–A interactions. The phase purity of products is conrmed
(Fig. S2†) by powder X-ray diffraction (PXRD), in which the
positions of diffraction peaks differ (Fig. S3†) signicantly from
those in either TTF or TCPDA alone.

Detailed analyses of the geometry and bond parameters
resulting from SC-XRD crystallography give us detailed infor-
mation on the intermolecular interaction. Instead of (Scheme
S1†) a planar structure, the TTF unit exhibits (Scheme S2†)
a torsional angle of 2.7° between two thiophenes in the TTF–
TCPDA cocrystal. The central C]C and average C–S bond
distances are 1.32 and 1.72 Å, respectively, whereas the bond
length distortion for both le and right pentagons rings is
distributed asymmetrically. These bond parameters are
Fig. 2 (a) UV-Vis-NIR diffuse reflectance spectra, (b) overlaid solid-
state EPR spectra, (c) cyclic voltammetry graph at the same scan rates
(0.03 mV s−1), and (d) fitting of XPS spectra of S 2p orbitals of TTF–
TCPDA cocrystals.

Fig. 3 Frontier molecular orbitals of TTF, TCPDA and TTF–TCPDA alon
respectively.

1694 | Chem. Sci., 2024, 15, 1692–1699
inconsistent with reported51–54 values of neutral TTF, suggesting
the occurrence of the radical cation state. Bond lengths and
angles in the TCPDA component are changed in the cocrystal—
i.e., the distortion of the central hexagonal ring of TCPDA is
reduced, and the torsional angle is reduced from 41.9 (Scheme
S3†) to 34.3° (Scheme S4†), revealing the strong [p/p] stacking
between D and A fragments in TTF–TCPDA. This angle decrease
indicates that the hexagonal ring in the core of TCPDA
changes55 from helical to planar aromaticity. We hypothesize
that the CT process occurs during the assembly process of TTF–
TCPDA cocrystals, which induces the deformation of TTF
through partial CT and generates TTFc+ radical cations.
Physical characterization

TTF–TCPDA crystalline samples show (Fig. S4†) a color darker
than the amorphous TCPDA solid. Solid-state UV-Vis-NIR
absorption analyses of TTF, TCPDA and TTF–TCPDA were
carried out (Fig. 2a) to investigate this color difference. The
TTF–TCPDA cocrystal exhibits (Fig. S5†) a broad absorption
band in the NIR-II region, which results presumably from the
occurrence of radical cationic (TTFc+) and CT from TTF to
TCPDA. To conrm the formation of radicals, electron para-
magnetic resonance (EPR) and electron spin resonance (ESR)
spectroscopies were performed. The EPR signal of TTF–TCPDA
(Fig. 2b) with a factor of 2.0033 shows good stability in air (Fig.
S6†) and under light (Fig. S7†), whereas no signicant signal is
observed in the ESR spectrum of individual TTF or TCPDA. In
order to further understand the proposed radical generation
mechanism, cyclic voltammetry (CV) was carried out (Fig. 2c) for
TTF, TCPDA, and TTF–TCPDA. The CV plot of TTF–TCPDA
exhibits three redox potential signals located at 0.17, 0.46, and
−0.69 V (vs. Ag/Ag+), which can be attributed to TTF/TTFc+,
TTFc+/TTF2+, and TCPDA/TCPDAc− redox couples, respectively.
Compared with the redox state of TTF and TCPDA alone (Fig.
S8†), the potentials of TCPDA in TTF–TCPDA cocrystals (Fig.
g with their corresponding energy gaps, i.e., 5.79, 2.68 and 0.93 eV,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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S9†) do not shi signicantly, whereas the oxidative signal of
TTF (TTF/TTFc+) upshis 0.19 V. This phenomenon is further
validated by X-ray photoelectron spectroscopy (XPS) analysis.
The S 2p core-level XPS spectrum of TTF–TCPDA can be
deconvoluted (Fig. 2d) into two bands that are assigned51,56 to
TTF0 (164.0 eV) and TTFc+ (165.1 eV), respectively. These anal-
yses indicate that TTF undergoes a CT process and forms
radical cationic TTFc+ during the assembly.
Theoretical calculation

To attain a deeper comprehension of the geometric and elec-
tronic properties of the TTF–TCPDA cocrystal and its compo-
nents, density functional theory (DFT) calculations were
conducted (Fig. 3) at the B3LYP/6-311+G** D3(BJ) level. Visu-
alized diagrams demonstrate that the HOMOs of TTF–TCPDA
are distributedmainly on the electron donating TTF component
with an energy level of −5.20 eV, whereas the LUMOs of TTF–
TCPDA are localized mostly on the electron accepting TCPDA
component with an energy level of −4.27 eV. The calculated
HOMO–LUMO energy gap (DEgap) of TTF–TCPDA is 0.94 eV,
which is smaller than that of individual components. During
the formation of cocrystals of TTF and TCPDA, their bond
length and angle undergo distortion, which matched with
calculated results. The result shows that (Fig. S10†) that the
HOMO level of the distorted TTF increased by 0.16 eV, whereas
the LUMO energy level of the distorted TCPDA decreased by 0.04
Fig. 4 (a) Photothermal conversion behaviour of TTF–TCPDA powder un
W cm−2). (b) Anti-photobleaching properties of TTF–TCPDA powder duri
cm−2) irradiation. (c) Temperature rises under 1064 nm laser irradiation o
with our TTF–TCPDA cocrystal which exhibits superior photothermal con

© 2024 The Author(s). Published by the Royal Society of Chemistry
eV. The change in energy on the orbital indicates the occurrence
of intermolecular CT between D and A, which further demon-
strates that TTF donates one electron to form radical cationic
TTFc+. In addition, the interaction energy (DEint) is calculated to
be −19.22 kcal mol−1 for the TTF–TCPDA D–A system (Table
S2†), conrming the key role of p/p stacking in structural
stability. According to the calculated electrostatic potential
distribution (Fig. S11†) on the molecular surface, TCPDA is
relatively easy to attract electrons, whereas TTF is prone to repel
electrons. The excited state calculation using time-dependent
density functional theory (TD-DFT) demonstrates (Fig. S12 and
Table S3†) that the sharp band in the visible region and the
broad band in the NIR region involve the transition from the
donor's to acceptor's orbital, conrming intermolecular CT in
the cocrystal. The calculated absorption spectrum of the TTF–
TCPDA matches (Fig. S13†) with the experimental absorption
spectrum. The consistent calculation provides theoretical
evidence for the occurrence of CT.
NIR-II photothermal conversion measurement

Inspired by the wide absorption spectrum (Fig. S5†) and excel-
lent thermal stability (Fig. S14†), we explored the photothermal
conversion performance of the TTF–TCPDA cocrystal by
recording (Fig. 4a) the temperature changes under an IR camera
over time. Under the irradiation of a 1064 nm laser (0.1 W cm−2)
for 20 s, the temperature of TTF–TCPDA powder increases (DT=
der the irradiation of a 1064 nm laser with different intensities (0.1 to 0.5
ng five cycles of heating–cooling processes under 1064 nm laser (0.5W
f various materials in previous literature are summarized and compared
version properties. (d) Thermographic images of TTF–TCPDA powder.

Chem. Sci., 2024, 15, 1692–1699 | 1695
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35 °C) dramatically, from 22 to 57 °C. When the laser intensity
increases to 0.5 W cm−2, the DT boosts to 145 °C. In compar-
ison, the temperature rises of either TTF or TCPDA as well as
their simple mixture are negligible (Fig. S15†) under the same
conditions.

The photothermal effect depends on NIR laser intensity
linearly (Fig. 4a) from 0.1 to 0.5 W cm−2, revealing the
controllability of photothermal behaviour. Aer ve irradiation
cycles, imperceptible degradation of the photothermal perfor-
mance of TTF–TCPDA powder is observed (Fig. 4b), indicating
its satisfactory thermal and photostability. The photothermal
conversion of TTF–TCPDA powder can be recorded using ther-
mographic (Fig. 4d) cameras under the irradiation of a 1064 nm
laser (0.1 W cm−2). Compared with (Fig. 4c and Table S4†) other
reported NIR-II photothermal materials, the TTF–TCPDA coc-
rystal has remarkable performance in terms of temperature
rises under 1064 nm laser irradiation with different intensities.
The conversion performance is still competitive when the irra-
diation wavelength is blue-shied (Fig. S16†) to 660, 808 or
980 nm.
Mechanism analysis

The outstanding photothermal behaviour of TTF–TCPDA
including intense absorption in the NIR-II region and high
photothermal conversion efficiency encouraged deeper investi-
gation of the mechanism. In order to demonstrate the radical
Fig. 5 (a) Overlaid femtosecond transient absorption (fs-TA) spectra of T
respectively. (b) Fs-TA kinetic fitting results of TTF–TCPDA at 839, 968 a
data following kinetic analysis. (d) Variable temperature fluorescence sp

1696 | Chem. Sci., 2024, 15, 1692–1699
formation resulting from intermolecular CT during the
assembly, the spin density distribution of TTF–TCPDA is
calculated (Fig. S17†), illustrating that it delocalized mainly on
central C and S atoms in TTF. The atom sustaining the spin is
located in the core of the molecule, conrming that the spin
state of solid-state TTF–TCPDA depends on intermolecular D–A
interactions. The calculated results are consistent with the CV
and XPS data (Fig. 2c and d). The band gap between the lowest
singly unoccupied molecular orbital (SUMO) and the singly
occupied molecular orbital (SOMO) of the organic radical is
constantly smaller than that between the LUMO and HOMO of
the closed-shell molecule,21,57,58 which is further reduced
through the radical formation driven by intermolecular CT.
This phenomenon indicates presumably the strong p/p

interaction between TTF and TCPDA components. The energy
gap and radical intermediate in TTF–TCPDA play a synergistic
role in promoting the NIR-II bio-window absorption.

Femtosecond transient absorption (fs-TA) characterization
was carried out (Fig. 5a) to investigate the excited state
dynamics of the radical TTF–TCPDA, especially for charge
separation and recombination. Three broad absorption bands
are observed and assigned (Fig. 5b) to the excited state
absorption. There is an excited state absorption band in the
range of 800–1200 nm originating from the absorption of the
TTFc+ radical cation and belonging to23,59 the CT1 excited state.
TA kinetics have no essential change (Fig. S18 and S19†) at
different detection wavelengths in the range of 800–1200 nm.
TF–TCPDA after laser irradiation for 10−3, 2, 50, 200, 500 and 1000 ps,
nd 1035 nm, respectively. (c) Evolution-associated spectra of the fs-TA
ectra (lex = 365 nm) of TTF–TCPDA from 20 to 300 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Kinetic analysis shows (Fig. 5c) that the TA spectrum decays
with three components with time constants of 2.8 ± 0.4, 91 ± 1,
and 922 ± 30 ps, and the evolution-associated spectra show no
change in shape during these processes. This kinetic analysis
suggests that the CT exciton that is formed immediately upon
excitation can migrate through the cocrystal while simulta-
neously experiencing CT exciton annihilation and charge
recombination. The longest-lived population still undergoes
sub-nanosecond charge recombination, which enables the
molecule to complete the energy dissipation cycle of the excited
state rapidly following excitation without trapping the energy in
metastable states such as localized triplet excitons, which is
favorable for the photothermal conversion.

According to the energy gap law, a small energy gap favors
the non-radiative decay process, which weakens the uores-
cence intensity. The TTF–TCPDA cocrystal exhibits weak uo-
rescence with low quantum efficiency, which is quenched (Fig.
S20†) upon aggregation almost completely. This results from
the synergistic effect of TTF and TCPDA components in TTF–
TCPDA cocrystals as a result of the face-to-face packing mode.
The dense stacking superstructure enhances60,61 (i) the intra-
molecular and intermolecular interactions, (ii) the p-electron
delocalization and (iii) radical stability, resulting in diminish-
ing of the photon emission process. Variable temperature
uorescence experiments indicate (Fig. 5d) that the uores-
cence intensity increases when temperature decreases. The
vibration and rotation of molecules are restricted signicantly,
leading to the dominance of radiative decay at lower tempera-
tures. These results validate that intramolecular motions play
a crucial role in the non-radiative decay of TTF–TCPDA
cocrystals.

We further employed DFT calculations to decipher the
different conformations of TCPDA to reveal energy changes
between different twisted conformations. We conjectured that
the main molecular motion of TCPDA in the free state was
dynamic twisting motion because of the conformational exi-
bility in the backbone. TCPDA can undergo multistep confor-
mational transformations and is conducive to the dissipation of
excited energy through non-radiative relaxation. To conrm this
hypothesis, we used the intrinsic reaction coordinate (IRC) to
search (Fig. 6a) for the energy landscape of the conformational
changing process of the isolated optimized TCPDA geometry.
Changes in the torsional angle between two dichloronaphthalic
Fig. 6 (a) Energy landscape for the conformational transformation of
the TCPDA at the B3LYP/def2-SVP D3(BJ) level. (b) Stick-and-ball
representations of calculated TCPDA conformations at five repre-
sentative intrinsic reaction coordinates (IRC).

© 2024 The Author(s). Published by the Royal Society of Chemistry
anhydride units result in different energy levels. Transient state
geometry ③ was found (Fig. 6b) to be 55 and 102 kJ mol−1

higher than geometry ① and ②, respectively. The energy
landscape demonstrated that the TCPDA is prone to undergo
successive conformational distortion processes. The crystal
structure of free TCPDA appeared to have no stationary points
on the IRC path. We hypothesize that the twisted TCPDA in the
cocrystal is revealed partially by the torsional angle of 2.7°
between two thiophene rings in TTF. The continuous energy
dissipation resulting from multiple twisted conformations in
the cocrystal enhances the internal non-radiative pathway,
which increases presumably the photothermal conversion
efficiency.

Conclusions

We propose a supramolecular strategy to incorporate TTF and
TCPDA, obtaining a TTF–TCPDA cocrystal. Stable TTF radicals
are generated in TTF–TCPDA through charge transfer from the
TTF donor to TCPDA acceptor, exhibiting paramagnetic signals
and wide-range NIR-II absorption. Under 1064 nm laser irradi-
ation (0.1 W cm−2), the temperature of TTF–TCPDA powder
increases signicantly and quickly—i.e., DT = 35 °C in 20 s.
Compared with other photothermal materials, TTF–TCPDA
exhibits superior conversion efficiency under low-intensity
irradiation, capability for NIR-II imaging and a linearly
controllable photothermal behaviour. No photothermal
conversion occurs in either components or their mixture under
the same conditions. Single crystal X-ray diffraction analysis,
theoretical calculation, ultrafast transient absorption, and
photo-luminescence spectroscopy demonstrated that the effec-
tive photothermal conversion is due to the twisted components.
Introduction of twisted structures elevates space charge sepa-
ration and inhibits radiative recombination. The twisted
conformation and intermolecular interaction in TTF–TCPDA
cocrystals promote non-radiative relaxation by accelerating
charge recombination and facilitating intermolecular charge
transfer. To the best of our knowledge, this is the rst example
of using multiple twisted conformation-induced components in
a cocrystal to increase the efficiency of photothermal conver-
sion. The facile preparation of the TTF–TCPDA material and
deep analysis of the photothermal properties provide a prom-
ising platform and new ideas for rational design of radical-
based photothermal materials and a comprehensive under-
standing of the photothermal conversion mechanism.
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The data that support the ndings of this study are available in
the main text and the ESI.†

Author contributions

Prof. M.-L. T. guided the project. Dr Y. F. provided constructive
suggestions. T. L. designed and carried out the synthesis and
characterization in this work. J.-C. L. conducted the DFT
calculations. Dr E.-P. L. conducted the photothermal
Chem. Sci., 2024, 15, 1692–1699 | 1697

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03532h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
25

 2
:2

0:
43

 P
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
measurement. Dr B.-T. L. conducted the experiments on struc-
tural determination. J.-Y. W. conducted electrochemical
measurements. Y. F. assisted in the uorescence titration. P.-Y.
L. conducted the variable temperature uorescence measure-
ments. T. L. draed the manuscript. J.-C. L., Dr B.-T. L., Prof. J.-
H. J. Dr Y. F. and Prof. M.-L. T. commented on the manuscript.
T. L. and Dr Y. F. responded to the reviewers and revised the
manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors thank Prof. Ryan M. Young at Northwestern
University for his enormous contribution to the data analysis on
transient absorption spectra for the revised manuscript. The
authors thank Mr Zihao Wen for his assistance with the calcu-
lated IRC data. We gratefully acknowledge the nancial support
from the National Natural Science Foundation of China (grant
no. 22071274, 22131011, and 21821003) and the Pearl River
Talent Plan of Guangdong (2017BT01C161). Y. F. would like to
thank the University of Oklahoma for generous nancial
support as startup funds.

Notes and references

1 Y. Yang, Y. Yang, S. Chen, Q. Lu, L. Song, Y. Wei and
X. Wang, Nat. Commun., 2017, 8, 1559.

2 J. T. Robinson, S. M. Tabakman, Y. Liang, H. Wang,
H. S. Casalongue, V. Daniel and H. Dai, J. Am. Chem. Soc.,
2011, 133, 6825–6831.

3 Y. Lu, D. Liu, Y.-J. Lin and G.-X. Jin, Chem. Sci., 2020, 11,
11509–11513.

4 Z. Yu, W. K. Chan, Y. Zhang and T. T. Y. Tan, Biomaterials,
2021, 269, 120459.

5 J. Chen, Z. Ye, F. Yang and Y. Yin, Small Sci., 2021, 1,
2000055.

6 Y. Lyu, J. Li and K. Pu, Small Methods, 2019, 3, 1900553.
7 Y. Liu, P. Bhattarai, Z. Dai and X. Chen, Chem. Soc. Rev., 2019,
48, 2053–2108.

8 Z. Huang, Y.-H. Luo, W.-Y. Geng, Y. Wan, S. Li and C.-S. Lee,
Small Methods, 2021, 5, 2100036.

9 Z. Mi, P. Yang, R. Wang, J. Unruangsri, W. Yang, C. Wang
and J. Guo, J. Am. Chem. Soc., 2019, 141, 14433–14442.

10 X. Tang, Z. Chen, Q. Xu, Y. Su, H. Xu, S. Horike, H. Zhang,
Y. Li and C. Gu, CCS Chem., 2022, 4, 2842–2853.

11 X. Ye, L. H. Chung, K. Li, S. Zheng, Y. L. Wong, Z. Feng,
Y. He, D. Chu, Z. Xu, L. Yu and J. He, Nat. Commun., 2022,
13, 6116.

12 Y. Lu, D. Liu, Y.-J. Lin and G.-X. Jin, Chem. Sci., 2020, 11,
11509–11513.

13 Q. Ma, P. Yin, M. Zhao, Z. Luo, Y. Huang, Q. He, Y. Yu, Z. Liu,
Z. Hu, B. Chen and H. Zhang, Adv. Mater., 2019, 31, 1808249.

14 B. Lu, Y. Chen, P. Li, B. Wang, K. Mullen and M. Yin, Nat.
Commun., 2019, 10, 767.
1698 | Chem. Sci., 2024, 15, 1692–1699
15 L.-L. Dang, T.-T. Li, T.-T. Zhang, Y. Zhao, T. Chen, X. Gao,
L.-F. Ma and G.-X. Jin, Chem. Sci., 2022, 13, 5130–5140.

16 C. Xu, R. Ye, H. Shen, J. W. Y. Lam, Z. Zhao and B. Z. Tang,
Angew. Chem., Int. Ed., 2022, 61, e202204604.

17 G. Chen, J. Sun, Q. Peng, Q. Sun, G. Wang, Y. Cai, X. Gu,
Z. Shuai and B. Z. Tang, Adv. Mater., 2020, 32, e1908537.

18 J.-S. Ni, X. Zhang, G. Yang, T. Kang, X. Lin, M. Zha, Y. Li,
L. Wang and K. Li, Angew. Chem., Int. Ed., 2020, 59, 11298–
11302.

19 S. Gao, G. Wei, S. Zhang, B. Zheng, J. Xu, G. Chen, M. Li,
S. Song, W. Fu, Z. Xiao and W. Lu, Nat. Commun., 2019, 10,
2206.

20 D. Xi, M. Xiao, J. Cao, L. Zhao, N. Xu, S. Long, J. Fan, K. Shao,
W. Sun, X. Yan and X. Peng, Adv. Mater., 2020, 32, 1907855.

21 L. Zhao, Y. Liu, R. Xing and X. Yan, Angew. Chem., Int. Ed.,
2020, 59, 3793–3801.

22 G. Wu, F. Li, B. Tang and X. Zhang, J. Am. Chem. Soc., 2022,
144, 14962–14975.

23 Y. Wang, W. Zhu, W. Du, X. Liu, X. Zhang, H. Dong and
W. Hu, Angew. Chem., Int. Ed., 2018, 57, 3963–3967.

24 T. Yan, Y.-Y. Li, J. Su, H.-Y. Wang and J.-L. Zuo, Chem.–Eur. J.,
2021, 27, 11050–11055.

25 S. Tian, H. Bai, S. Li, Y. Xiao, X. Cui, X. Li, J. Tan, Z. Huang,
D. Shen, W. Liu, P. Wang, B. Z. Tang and C. S. Lee, Angew.
Chem., Int. Ed., 2021, 60, 11758–11762.

26 L. Wu, F. Li, Y. Rao, B. Wen, L. Xu, M. Zhou, T. Tanaka,
A. Osuka and J. Song, Angew. Chem., Int. Ed., 2019, 58,
8124–8128.

27 Z. Chen, Y. Liu, W. Wagner, V. Stepanenko, X. Ren, S. Ogi
and F. Würthner, Angew. Chem., Int. Ed., 2017, 56, 5729–
5733.

28 S. Zhang, W. Guo, J. Wei, C. Li, X.-J. Liang and M. Yin, ACS
Nano, 2017, 11, 3797–3805.

29 C. Xu and K. Pu, Chem. Soc. Rev., 2021, 50, 1111–1137.
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