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ng for deep understanding of
aggregation-induced photothermal enhancement
in conjugated systems†

Peiyang Gu, *a Tengfei He,*c Zuoyu Wang,d Shifan Wang, ab Liming Dong,b

Hanning Yao,e Tao Jia, *d Guankui Long, c Guangfeng Liua and Hua Sun*ab

Organic photothermal materials based on conjugated structures have significant potential applications in areas

such as biomedical diagnosis, therapy, and energy conversion. Improving their photothermal conversion

efficiency through molecular design is critical to promote their practical applications. Especially in similar

structures, understanding how the position of heteroatoms affects the conversion efficiency is highly desirable.

Herein, we prepared two isomeric small D–A molecules with different sulfur atom positions (TBP–MPA and i-

TBP–MPA), which display strong and broad absorption in the UV-visible region due to their strong

intramolecular charge transfer characteristics. Compared to i-TBP–MPA, TBP–MPA demonstrates aggregation-

induced photothermal enhancement (AIPE). Under simulated sunlight (1 kW m−2) irradiation, the stable

temperature of TBP–MPA powder reached 60 °C, significantly higher than the 50 °C achieved by i-TBP–MPA.

Experimental and theoretical results indicate that the S/N non-covalent interactions in TBP–MPA impart

a more rigid conjugated framework to the molecule, inducing ordered molecular stacking during aggregation.

This ordered stacking provides additional non-radiative transition channels between TBP–MPA molecules,

enhancing their photothermal performance in the aggregated state. Under 1 sun irradiation, TBP–MPA achieved

a water evaporation rate of 1.0 kg m−2 h−1, surpassing i-TBP–MPA's rate of 0.92 kg m−2 h−1.
Introduction

The utilization of organic conjugated molecules as carriers for
achieving light-to-light, electric-to-light, and light-to-electric
conversions has gradually progressed. Breakthroughs have
been witnessed in the elds of organic photoluminescence,1

organic electroluminescence,2 and organic photovoltaics.3

However, the conversion of light to heat is oen taken for
granted. Therefore, research on light-to-heat (photothermal)
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conversion based on organic conjugated molecules has been
relatively limited. Novel applications of photothermal conver-
sion, such as solar-driven water evaporation,4 photothermal
therapy,5 and photoacoustic imaging,6 have sparked enthu-
siasm for studying the photothermal properties of organic
conjugated molecules. Two factors must be addressed to ach-
ieve efficient photothermal conversion: broad-spectrum light
absorption and sufficient non-radiative transition.

By endowing organic conjugated molecules with strong
intramolecular charge-transfer (ICT) or radical characteristics,7

the absorption spectra can be effectively broadened. We reason
that besides efforts on light-absorption efficiency, under-
standing the photophysical processes, including structure–
efficiency relationships for the absorptive and emissive radia-
tive transitions and radiationless transitions (e.g., R + hv / *R,
*R / R + hv and *R / R + heat), is a fundamental issue for
designing future conjugated molecular systems with good
photothermal properties. In addition to molecular structure,
the aggregation behavior of organic conjugated molecules and
the molecular motion behind the aggregation signicantly
impact the photophysical processes of the excited state return-
ing to the ground state.8 The ourishing development of
aggregation-induced emission (AIE) has led to in-depth
research on the relationship between conjugated molecule
aggregation behavior and emissive radiative transitions.9 In
contrast to the evident luminescence phenomenon, the study of
Chem. Sci., 2024, 15, 13351–13358 | 13351
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photothermal conversion dominated by dark processes in
conjugated molecular systems is not extensive.10 It has recently
been demonstrated that enhancing molecular motion in the
aggregated state can facilitate the return of excited-state mole-
cules to the ground state through non-radiative transitions,
thereby improving photothermal performance.11 Inspired by
the reverse consideration of the AIE phenomenon, it is also
reasonable to infer that the p–p interactions, which provide
diverse non-radiative channels for decay from excited states
back to the ground state in the aggregated state, should also be
applicable for enhancing the photothermal properties of
organic conjugated systems.

Isomers are compounds with the same molecular formula
but different photophysical and electrochemical properties.
Many studies have been conducted on isomer effects in organic
light-emitting diodes,12 organic eld-effect transistors,13 and
organic photovoltaics.14 Because of the accurate quantitative
variation, the isomers provide an ideal platform for a clear study
of the mechanism behind the molecular structures and pho-
tothermal performances.15 Recently, Zhao et al. reported on
covalent organic frameworks (COFs) based on azulene and its
structural isomer naphthalene, namely COF-Azu-TP and COF-
Na-TP, respectively, and systematically studied their photo-
thermal properties. In comparison to COF-Na-TP, COF-Azu-TP,
based on azulene, exhibits a broader optical absorption range
from ultraviolet to infrared light and signicantly enhanced
photothermal performance. This enhancement is primarily
attributed to azulene's unique aromatic structure, which
provides a narrow bandgap and a large dipole moment.16 In Pt-
bridged dimeric complexes, it has been conrmed that cong-
uration isomers also exhibit distinct photophysical properties,
which consequently manifest as differences in photothermal
performance.17 However, for metal-free organic conjugated
systems, the topic of such isomerism is rarely addressed in
photothermal conversion. Therefore, studying the effect of
isomers on photothermal performance is necessary, as it may
provide new insights for developing good-performance photo-
thermal materials.

Herein, because the electronic and aggregation structures
are critical to the photothermal properties of organic conju-
gated systems, we designed and synthesized two regioisomeric
organic conjugated small molecules, TBP–MPA and i-TBP–MPA.
The 4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline (MPA)
unit was chosen as the electron donor and molecular rotor,
while dithieno[2,3-a:30,20-c]benzo[i]phenazine (TBP) and
dithieno[3,2-a:20,30-c]benzo[i]phenazine (i-TBP) could not only
act as the acceptor units allowing for high electron delocaliza-
tion but also provide platforms for intermolecular interactions,
leading to strong ICT from the donor to acceptor and the
formation of the broad-spectrum light absorption. Further-
more, changes in sulfur atom orientation not only affect the
electronic structure of molecules but also signicantly inuence
intra/intermolecular interactions. Recently, in the paper by
Tang et al., single-crystal diffraction data on TBP derivatives
demonstrated that the rigid planar structure of TBP tends to
form tightp–p stacking arrangements.18 The S/N non-covalent
interactions formed between sulfur and nitrogen atoms in the
13352 | Chem. Sci., 2024, 15, 13351–13358
TBP structural unit enhance the rigidity of the conjugated
rings,14 suppressing the vibration of the conjugated ring
framework, promoting ordered molecular stacking of TBP–MPA
and increasing non-radiative transition channels under aggre-
gated states, thereby exhibiting the phenomenon of
aggregation-induced photothermal enhancement (AIPE). Under
simulated sunlight irradiation (1 sun, 1 kW m−2), the temper-
ature of TBP–MPA powder reached around 60 °C, while the
maximum stable temperature of i-TBP–MPA powder was
maintained at approximately 50 °C. Despite only differing in the
orientation of sulfur atoms, TBP–MPA and i-TBP–MPA exhibited
a 10 °C difference in photothermal conversion under simulated
sunlight. For a schematic representation of the mechanism,
please refer to Scheme 1. For further application of TBP–MPA
and i-TBP–MPA, loaded cellulose papers in solar-driven water
evaporation showed promising results.
Results and discussion
Molecular design and synthesis

The molecular structures of TBP–MPA and i-TBP–MPA are
shown in Fig. 1a. The details of synthetic procedures and
characterization are provided in the ESI,† following previously
reported literature.18 Thermogravimetric analysis revealed
excellent thermal stabilities for TBP–MPA and i-TBP–MPA, with
decomposition temperatures (Td, 5% weight loss, Fig. S1, ESI†)
reaching 443 °C and 453 °C, respectively. As expected, density
functional theory (DFT) calculations revealed that the lowest
unoccupied molecular orbital (LUMO) electron densities of
TBP–MPA and i-TBP–MPA are distributed over the TBP and i-
TBP electron-withdrawing structural units. In contrast, the
highest occupied molecular orbital (HOMO) electron clouds are
primarily localized at the MPA and thiophene structural units
(Fig. 1b). The intramolecular push–pull electronic interactions
between the donor and acceptor structural units confer ICT
characteristics to TBP–MPA and i-TBP–MPA molecules,
enhancing their light absorption capability. In the ground state,
the optimized molecular conformations of TBP–MPA and i-
TBP–MPA (see Fig. 1b) reveal that the TBP and i-TBP units form
planar structures in two dimensions, while the MPA end-groups
adopt a three-dimensional propeller-like conguration. The
dihedral angles between the phenyl ring and the TBP and i-TBP
planes are 24° and 23°, respectively. In addition to its electron-
donating characteristics, the propeller-shaped MPA units also
serve as end rotors to regulate the molecular motion.19
Photophysical properties

The UV-vis absorption spectra of TBP–MPA and i-TBP–MPA are
shown in Fig. 1c and e, respectively. In the solution state, TBP–
MPA exhibits strong light absorption in the range of 250–
650 nm, with two prominent absorption peaks at 376 and
539 nm, with molar extinction coefficients of 58 037 and 17
322 M−1 cm−1 (Fig. S2†), respectively. In comparison, i-TBP–
MPA shows a slight redshi in its chloroform solution absorp-
tion spectrum, with the onset of absorption around 700 nm. The
characteristic absorption peaks appear at 312, 425, and 593 nm,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The schematic diagram of AIPE in this work.
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with molar extinction coefficients of 60 162, 67 003, and
6963 M−1 cm−1 (Fig. S2†), respectively. The TBP–MPA and i-
TBP–MPA absorption bands in the low-energy region (539 and
593 nm) are attributed to the ICT transition from the electron-
rich MPA units to the electron-decient TBP and i-TBP units.
Fig. 1 (a) Chemical structures of TBP–MPA and i-TBP–MPA. (b) DFT c
absorption spectra of (c) TBP–MPA and (e) i-TBP–MPA in chloroform s
solvents of various polarities. (g) ESP surfaces of TBP–MPA and i-TBP–M

© 2024 The Author(s). Published by the Royal Society of Chemistry
Compared to i-TBP–MPA, the ICT absorption peak of TBP–MPA
is signicantly stronger. Upon closer examination, a shoulder
peak around 478 nm for TBP–MPA is observed. Theoretical
calculations (Fig. S3a and Table S1†) reveal that the absorption
of TBP–MPA in the range of 450–650 nm arises from transitions
alculation results for TBP–MPA and i-TBP–MPA. Normalized UV-vis
olution and as films. PL spectra of (d) TBP–MPA and (f) i-TBP–MPA in
PA.

Chem. Sci., 2024, 15, 13351–13358 | 13353
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Fig. 2 Temperature change curves of (a) TBP–MPA and (b) i-TBP–
MPA powders under 1 sun irradiation for 1 h. Photobleaching resis-
tance properties during five cycles of on–off processes of (c) TBP–
MPA and (d) i-TBP–MPA powders.
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between the ground state (S0) and the rst singlet state (S1) and
second singlet state (S2), while the absorption band of i-TBP–
MPA in the range of 500–700 nm originates from the S0–S1
transition, with a lower oscillator strength. The differences in
electronic processes also result in distinct macroscopic char-
acteristics between i-TBP–MPA and TBP–MPA (see the inset in
Fig. 1c and e). In the lm state, the absorption spectrum of TBP–
MPA exhibits a pronounced redshi of 116 nm and a broad-
ening of characteristic peaks compared to its solution state. The
shoulder peak of the S0–S2 transition becomes more
pronounced. Conversely, the UV-vis absorption prole of the i-
TBP–MPA lm resembles that of its solution, with a redshi of
43 nm based on the onset. The pronounced redshi indicates
strong intermolecular interactions in the aggregated state of
TBP–MPA, whereas the intermolecular interactions in the
aggregated state of i-TBP–MPA are comparatively weaker.
Changes in the UV-vis absorption spectra of TBP–MPA and i-
TBP–MPA with increasing solvent polarity were insignicant
(see Fig. S3b and c†), suggesting that the polarity of the solvent
has minimal effect on the molecules in their ground state.

The photoluminescence (PL) spectra of TBP–MPA and i-TBP–
MPA in different solvents are shown in Fig. 1d and f, respec-
tively. Due to the twisted intramolecular charge transfer (TICT)
effect, TBP–MPA and i-TBP–MPA exhibit obvious uorescence
only in low-polarity toluene solutions. The emission peak of
TBP–MPA in toluene is around 627 nm, with a uorescence
quantum yield of approximately 2%. i-TBP–MPA exhibits broad
emission in toluene solution with emission peaks at 685 and
710 nm and a uorescence quantum yield of about 0.5%. In
toluene, the uorescence lifetimes of TBP–MPA and i-TBP–MPA
are 1.49 ns and 2.77 ns, respectively (Fig. S4†). The weaker
emission and longer uorescence lifetime of i-TBP–MPA in
toluene may result from the more active molecular motion in
solution. For the excited state of i-TBP–MPA, the process of
returning to the ground state through radiative transition
involves a more complex molecular conformational change,
resulting in an overall longer emission lifetime and lower
emission efficiency. The shoulder peak of i-TBP–MPA may be
attributed to the high-frequency vibrations of the molecular
skeleton.20 On the other hand, the weak uorescence emission
of i-TBP–MPA enhances the visibility of ne structural vibra-
tions in the spectrum. This could be another reason for the
pronounced appearance of the shoulder peak and the spectral
broadening. For TBP–MPA, the difference is attributed to the
S/N non-covalent interactions within the TBP structure,21

where the sulfur atom in the TBP unit interacts with the
nitrogen atom to enhance molecular rigidity and suppress non-
radiative transitions caused by skeletal vibrations, thus
increasing uorescence quantum yield.

The electrostatic potential (ESP) calculation results (Fig. 1g)
support this assertion, demonstrating that in solution, fused
negative charge centers form between the sulfur and nitrogen
atoms within the TBP structural unit, whereas in the i-TBP
structure, the negative charge centers on the sulfur and
nitrogen atoms remain separate. These S/N non-covalent
interactions effectively suppress the vibrations in the TBP
structure, enhance the rigidity of conjugated units, andmitigate
13354 | Chem. Sci., 2024, 15, 13351–13358
non-radiative transition losses, resulting in a higher uores-
cence quantum yield. TBP–MPA and i-TBP–MPA exhibit nearly
identical optical bandgaps. Through photoelectron spectros-
copy testing (Fig. S5†) combined with the UV-vis absorption
spectra of TBP–MPA and i-TBP–MPA in thin lms, we obtained
HOMO energy levels of −5.40 and −5.43 eV for TBP–MPA and i-
TBP–MPA, respectively, and LUMO energy levels of −3.76 and
−3.78 eV, respectively.
Photothermal properties

The UV-vis absorption spectra of TBP–MPA and i-TBP–MPA
powders are generally similar (see Fig. S6†), exhibiting good
light absorption in the range of 250–800 nm, covering the entire
UV-visible region. There is a slight enhancement in light
absorption around 700 nm for TBP–MPA powder compared to i-
TBP–MPA, corresponding to the higher oscillator strength of
TBP–MPA within this range. The photothermal properties of
TBP–MPA and i-TBP–MPA were evaluated by investigating the
temperature variation of TBP–MPA and i-TBP–MPA powders (5
mg) under simulated sunlight exposure. Under 1 sun irradia-
tion, the temperature of TBP–MPA powder rapidly increased to
55 °C within 350 s and stabilized around 60 °C aer approxi-
mately 1000 s (Fig. 2a). In contrast, the temperature of i-TBP–
MPA powder under sunlight rapidly rose to 50 °C within 350 s
and remained at that temperature (Fig. 2b). Compared to the i-
TBP–MPA powder, TBP–MPA took longer to reach a stable
temperature. This is likely due to the low bulk thermal
conductivities of organic semiconductors. During the temper-
ature increase from 55 °C to 60 °C, there is a delay in the
conduction of accumulated heat within the material. Both TBP–
MPA and i-TBP–MPA demonstrate excellent photothermal
stability and photobleaching tolerance. Under prolonged illu-
mination, both TBP–MPA and i-TBP–MPA powders can main-
tain stable temperatures around 60 and 50 °C, respectively.
Through 5 cycles of on–off heating and cooling processes, TBP–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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MPA and i-TBP–MPA exhibit good photothermal responsiveness
(Fig. 2c and d). In each cycle, accompanied by simulated
sunlight (1 sun) radiation, TBP–MPA and i-TBP–MPA powders
stabilize at approximately 60 and 50 °C, respectively, and rapidly
return to room temperature without light. The stability and
cycling tests thoroughly conrm that the superior photothermal
performance of TBP–MPA over i-TBP–MPA is an intrinsic
property of the material.

Excitingly, as structural isomers, TBP–MPA and i-TBP–MPA
differ only in the orientation of sulfur atoms in their molecular
structures, yet TBP–MPA exhibits a signicant improvement in
photothermal performance compared to i-TBP–MPA. We aim to
explain this impressive phenomenon through both experi-
mental and theoretical approaches. PL measurements were
conducted by gradually increasing the fraction of poor solvents
in solution to study the luminescent properties of TBP–MPA
and i-TBP–MPA from their monomeric state to aggregated states
(Fig. 3a and d). In the tetrahydrofuran (THF)/water system,
water serves as a poor solvent. With the increase in water
volume fraction (fwater), the uorescence of both molecules is
weakened (Fig. 3a and d). This is because adding water
increases the polarity of the mixed solvent system, leading to
the quenching of the uorescence of the D–A type molecules
inuenced by the TICT effect (Fig. S7a and b†). However, as the
poor solvent increases, TBP–MPA and i-TBP–MPA exhibit
signicantly different luminescent properties in the aggregated
state. For TBP–MPA, when fwater increases to 60%, the uores-
cence intensity shows a certain enhancement, further
increasing upon adding water. This is because adding a large
amount of poor solvent causes TBP–MPA to aggregate, thereby
hindering the intramolecular motion necessary to form the
TICT state. However, the uorescence intensity of TBP–MPA in
the aggregated state is lower than that in the THF solution (Fig.
S7a†), and it does not exhibit the AIE phenomenon. A
comparison of PL spectra reveals a signicant redshi of
Fig. 3 PL spectra of (a) TBP–MPA and (d) i-TBP–MPA in a THF/H2O mixt
TBP–MPA films. Calculated reorganization energy (environment: toluen

© 2024 The Author(s). Published by the Royal Society of Chemistry
130 nm for TBP–MPA in the aggregated state compared to that
in THF, with a noticeable broadening of the spectrum. This
indicates strong intermolecular interactions in the aggregated
state of TBP–MPA. For i-TBP–MPA, as fwater exceeds 40%,
molecules aggregate, and restricted molecular motion induces
the AIE effect,22 signicantly increasing uorescence intensity.
When fwater reaches 90%, i-TBP–MPA exhibits the strongest
emission, with a uorescence intensity 15-fold higher than that
of the pure THF solution (Fig. S7b†). Compared to the THF
solution, aggregated i-TBP–MPA undergoes a 35 nm blue-shi.
This indicates weaker intermolecular interactions among i-
TBP–MPA molecules in the aggregated state. Aer aggregation,
the environment surrounding the molecules is less polar than
THF, resulting in the observed blue-shi. TBP–MPA and i-TBP–
MPA exhibit signicantly different uorescence properties in
various thin lm states. As shown in Fig. S7c and e,† poly(-
methyl methacrylate) (PMMA) lms doped with a small amount
of TBP–MPA (1 wt%) exhibit signicantly enhanced lumines-
cence compared to pure TBP–MPA lms, with a spectral blue-
shi of up to 79 nm. This indicates strong intermolecular
interactions among TBP–MPA molecules in the aggregated
state, suppressing molecular radiative transitions. However, i-
TBP–MPA demonstrates completely opposite results. Pure i-
TBP–MPA lms exhibit stronger luminescence than PMMA
lms doped with a small amount of i-TBP–MPA (Fig. S7d and
e†), further conrming the AIE characteristics of i-TBP–MPA
molecules. The PL spectrum of the doped i-TBP–MPA lm only
experiences a 13 nm blue-shi compared to the pure lm. The
above results clearly demonstrate that, compared to the
monomeric state, molecular aggregation suppresses the radia-
tive transitions of TBP–MPA, while the radiative transitions of i-
TBP–MPA are enhanced in the aggregated state.

The intermolecular aggregation behaviors were investigated
by conducting grazing-incidence wide-angle X-ray scattering
(GIWAXS) tests on the spin-coated TBP–MPA and i-TBP–MPA
ure with different fwater. 2D GIWAXS patterns of (b) TBP–MPA and (e) i-
e) of (c) TBP–MPA and (f) i-TBP–MPA at different wavenumbers.
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Fig. 4 Three-dimensional fs-TA spectra of (a and b) TBP–MPA and (c
and d) i-TBP–MPA in solution (a and c) and as films (b and d).
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lms on silicon substrates. As shown in Fig. 3b, strong
diffraction signals are observed in the two-dimensional (2D)
GIWAXS patterns of the TBP–MPA lm in both the out-of-plane
and in-plane directions. This indicates a preferred growth
orientation of TBP–MPA in both directions. The TBP–MPA lm
exhibits crystal texture characteristics. Near 1.75 Å−1 in the out-
of-plane direction, diffraction signals of TBP–MPA can be
observed, consistent with the p–p stacking of TBP planar rings,
as suggested by recent work by Tang and colleagues on TBP
molecules.18 The p–p distance of around 3.6 Å matches closely
with the 3.5 Å for similar molecules. The well-crystallized nature
of the TBP–MPA lm suggests good self-assembly properties
between TBP–MPA molecules during lm formation, inducing
ordered growth and strong intermolecular interactions in the
aggregated state. In contrast, the 2D GIWAXS pattern of the i-
TBP–MPA lm shows no distinct diffraction signals (Fig. 3e),
indicating disordered molecular stacking during aggregation,
resulting in an amorphous lm state.

To further elucidate the intrinsic relationship between
molecular structure, molecular aggregation, and photothermal
properties, we conducted computational calculations of the
recombination energy (l) using the MOMAP program23 in the
single-molecule state (with the simulated environment being
toluene) to investigate the geometric distortion and vibrational
coupling of TBP–MPA and i-TBP–MPA molecules returning
from the excited state to the ground state. As shown in Fig. 3c
and f, although both molecules have comparable l values,
1561 cm−1 for TBP–MPA and 1339 cm−1 for i-TBP–MPA, there
are noticeable differences in the vibrational behavior of the
molecules. The molecular vibrations of TBP–MPA primarily
arise from low-frequency vibrations corresponding to skeletal
stretching or structural unit oscillations. By rening the
contributions of each component to the recombination energy
(Fig. S8 and S9†), it can be clearly observed that the dihedral
angles in the MPA structural unit mainly contribute to the
molecular vibrations of TBP–MPA. In contrast, the recombina-
tion energy of i-TBP–MPA is widely distributed in both low and
high-frequency regions. The Huang–Rhys factor of i-TBP–MPA
is signicantly larger than that of TBP–MPA molecules (Fig. S8
and S9†). This indicates that, compared to TBP–MPA, the high-
frequency vibrations from the i-TBP unit contribute signi-
cantly to the overall vibration of the molecule. This result
effectively explains the low uorescence quantum yield of i-
TBP–MPA in toluene. The non-radiative transition losses due to
the active molecular motion of i-TBP in the monomeric state are
suppressed in the aggregates due to the restricted intra-
molecular motion, leading to enhanced radiative transitions
and exhibition of AIE behavior. Meanwhile, the rigid conjugated
structure of TBP facilitates the formation of intermolecular p–p
interactions in aggregates, increasing the channels for non-
radiative transitions and exhibiting the AIPE phenomenon.

To further elucidate the photophysical properties of TBP–
MPA and i-TBP–MPA molecules, we investigated the electronic
processes of TBP–MPA and i-TBP–MPA in solution and thin
lms using femtosecond transient absorption spectroscopy (fs-
TA) measurements. Fig. 4 shows strong positive signals of the
differential absorption (DA) were observed in the three-
13356 | Chem. Sci., 2024, 15, 13351–13358
dimensional fs-TA spectra of both TBP–MPA and i-TBP–MPA
in both solution and thin lms. The positive DA signals are
distributed over a wide energy range, consistent with the char-
acteristics of excited-state absorption (ESA), originating from
S1–Sn photo-induced absorption. In solution, TBP–MPA exhibits
a broader energy distribution of ESA signals, suggesting the
presence of richer singlet-to-singlet internal conversion
processes within TBP–MPA molecules. TBP–MPA and i-TBP–
MPA show no long-lived signals in solution and thin lm states,
indicating a simple singlet decay process back to the ground
state, consistent with theoretical calculations (Table S1†).
Fitting the dynamics curves of TBP–MPA reveals a decay time of
115.7 ps in solution (650 nm, Fig. S10a†) and 30.2 ps in thin lm
(680 nm, Fig. S10b†), while i-TBP–MPA exhibits decay times of
390.4 ps in solution (635 nm, Fig. S10c†) and 34.1 ps in thin lm
(650 nm, Fig. S10d†). In solution, the singlet decay lifetime of i-
TBP–MPA is much longer than that of TBP–MPA, possibly due to
diverse molecular conformation changes induced by the active
skeletal vibrations of the i-TBP conjugated unit. In thin lms,
the decay lifetimes of TBP–MPA and i-TBP–MPA are compa-
rable, which is attributed to restricted molecular motion in the
aggregated state. Notably, TBP–MPA exhibits a signicant
redshi in ESA signals in thin lms compared to solution,
further conrming strong intermolecular interactions in the
aggregated state of TBP–MPA.

Based on targeted experiments and computational results, we
provide the following mechanistic explanation for the AIPE exhibi-
ted by TBP–MPA compared to i-TBP–MPA (also refer to Scheme 1).
In the single-molecule state, the S/N noncovalent interactions
within TBP–MPA molecules endow the conjugated units of TBP
with a rigid structure, effectively suppressing the vibration of the
conjugated backbone at the single-molecule level. During aggrega-
tion, the planar rigid backbone is endowed with self-assembly
properties through intermolecular p–p interactions, forming
ordered molecular stacking and strong intermolecular interactions
within the aggregate. These interactions not only enhance light
absorption but also signicantly promote non-radiative transitions,
resulting in enhanced photothermal performance. In contrast, due
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the absence of S/Nnon-covalent interactions, vibrations of the i-
TBP conjugated unit are active in the single-molecule state. As
aggregation occurs, the weak interactions between adjacent mole-
cules lead to the formation of disordered aggregates. Moreover, in
the aggregated state, vibrations of the i-TBP structural unit are
constrained, inhibiting non-radiative transitions and favoring
luminescence, consistent with the AIE phenomenon observed in i-
TBP–MPA molecules. Additionally, as a Y-shaped molecule, TBP–
MPA may form asymmetric molecular stacking,18 providing more
excellent space for the motion of rotor units, facilitating the move-
ment of rotor structures, and contributing to enhancing the pho-
tothermal properties.

Beneting from their excellent photothermal properties, we
employed TBP–MPA and i-TBP–MPA as light absorbers to ach-
ieve solar-driven water evaporation. Due to their conjugated
bicyclic structure, both TBP–MPA and i-TBP–MPA exhibit
hydrophobic characteristics, with contact angles measured at
90° and 92.3°, respectively (Fig. S11†). To enhance solar-driven
water evaporation efficiency, we have loaded TBP–MPA and i-
TBP–MPA onto cellulose papers. The cellulose papers serve as
oating carriers supporting organic photothermal small mole-
cules and utilize their own capillary pore structure to quickly
transport water to the air/liquid interface, facilitating solar-
driven interfacial steam generation.24 Under simulated
sunlight (1 sun, 1 kW m−2) exposure, cellulose paper loaded
with TBP–MPA (5 mg on 1.57 cm2) rapidly heats up and stabi-
lizes at around 60 °C (Fig. 5a), whereas cellulose paper loaded
with i-TBP–MPA (5 mg on 1.57 cm2) stabilizes at around 50 °C
(Fig. 5c), a signicantly higher temperature than the 37 °C for
blank cellulose paper. For water evaporation performance, TBP–
MPA showed a water evaporation rate of 1.0 kg m−2 h−1 with
a solar-to-vapor conversion efficiency of 69.3% (Fig. 5b), while i-
TBP–MPA exhibited a water evaporation rate of 0.92 kg m−2 h−1

and a solar-to-vapor conversion efficiency of 63.7% (Fig. 5d).
The superior water evaporation performance of TBP–MPA is
Fig. 5 Temperature change curves of (a) TBP–MPA cellulose paper
and (c) i-TBP–MPA cellulose paper and blank cellulose papers under
a power density of 1 kW m−2 upon 20 min irradiation. Water evapo-
ration curves of (b) TBP–MPA cellulose paper and (d) i-TBP–MPA
cellulose paper.

© 2024 The Author(s). Published by the Royal Society of Chemistry
attributed to its enhanced photothermal conversion efficiency,
which results from its AIPE characteristic. It's inspiring that
these results suggest further derivatization of TBP–MPA mole-
cules to extend their light absorption range into the infrared
region. This could leverage the AIPE properties of TBP–MPA-like
molecules for efficient photothermal tumor therapy and pho-
toacoustic imaging. Additionally, exploring their potential
application in infrared photothermal imaging for anti-
counterfeiting purposes would be worthwhile.
Conclusions

We have designed and synthesized two isomeric conjugated small
molecules with aD–A structure,TBP–MPA and i-TBP–MPA. Utilizing
isomerism as an ideal platform for structure–property relationship
studies, we systematically investigated the relationship between
molecular structure, molecular aggregation behavior, and photo-
thermal performance. Compared to i-TBP–MPA, TBP–MPA exhibi-
ted the AIPE phenomenon. As expected, TBP–MPA also
demonstrated superior solar-drivenwater evaporation performance.
Under 1 sun, TBP–MPA achieved a water evaporation rate of 1.0 kg
m−2 h−1 with a solar-to-vapor conversion efficiency of 69.3%.
Meanwhile, i-TBP–MPA showed a water evaporation rate of 0.92 kg
m−2 h−1 and a solar-to-vapor conversion efficiency of 63.7%. We
elucidated the underlying mechanisms behind the AIPE phenom-
enon through experimental and theoretical calculations. We hope
that the research on AIPE mechanisms in this work can provide
instructive guidelines for designing organic conjugated molecules
with high photothermal conversion efficiency in the aggregated
state. Targeted molecular design can reconcile seemingly contra-
dictory molecular motion and ordered molecular stacking. For
instance, considering the TBP–MPA molecule, it can be viewed as
a Y-shaped molecule. The upper end of the Y-shape can introduce
rotors as a motion center (similar to the MPA unit), while the lower
end's rigid p-conjugated TBP unit can establish strong intermo-
lecular interactions between adjacent molecules, constructing non-
radiative transition channels, thereby enhancing photothermal
performance in the aggregated state.
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