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Organic cocrystal engineering provides a promising route to promote the near-infrared (NIR) light
harvesting and photothermal conversion (PTC) abilities of small organic molecules through the rich
noncovalent bond interactions of D/A units. Besides, the single-bond rotatable groups known as “rotors”
are considered to be conducive to the nonradiative transitions of the excited states of organic
molecules. Herein, we propose a single-/double-bond dual-rotor strategy to construct D—A cocrystals
for NIR PTC application. The results reveal that the cocrystal exhibits an ultra-broadband absorption
from 300 nm to 2000 nm profiting from the strong m—m stacking and charge transfer interactions, and
the weakened p- interaction. More importantly, the PTC efficiency of cocrystals at 1064 nm in the
NIR-II region can be largely enhanced by modulating the number of rotor groups and the F-substituents
of D/A units. As is revealed by fs-TA spectroscopy, the superior NIR PTC performance can be attributed

Received 1st January 2024 to the nonradiative decays of excited states induced by the free rotation of the single-bond rotor (-CHjx)
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from the donors and the inactive double-bond rotor (=C(C=N),) being in the active form of [-

DOI: 10.1039/d4ra00002a C(C=N),] in the excited states from the acceptors. This prototype displays a promising route to extend
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Introduction

Due to the ability to directly convert UV-VIS-NIR light into
thermal energy, photothermal conversion (PTC) materials have
exciting prospects in a wide range of practical applications
including photothermal imaging," photothermal therapy,” and
solar water evaporation.® At present, the reported PTC materials
mainly consist of metal nanomaterials,* semiconductors,®
carbon-based materials,® and organic polymers.” The narrow
absorption region far away from the NIR region makes small
organic molecules seem not suitable for PTC application.
However, since the first dibenzotetrathiafulvalene (DBTTF)-
1,2,4,5-tetracyanobenzene (TCNB) cocrystal for NIR PTC and
imaging was reported by Hu's group in 2018, organic donor-
acceptor (D-A) cocrystal engineering provides a promising route
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the functionalization of small organic molecules based on organic cocrystal engineering.

to improve the NIR light harvesting and PTC abilities of small
organic molecules based on the rich noncovalent interactions of
D/A units.?

It is revealed that strong D-A intermolecular interactions,
e.g., - stacking, charge-transfer interaction, are conducive to
the narrowing of the optical band gap, the red-shifting of the
absorption band, and the exciton quenching of cocrystals.® But
the p-m interaction may have negative influence on these
properties, which should be reduced or avoided in the rational
design of cocrystals. From the perspective of molecular
structure, a large conjugated skeleton is often favorable to the
dense stacking and strong interactions of D/A units.*® The
existence of single-bond rotatable groups (e.g. -CF;, -Ph, etc.)
available in the ground states as the “rotors” can promote the
possible nonradiative transitions of excited states of organic
materials under light excitation."'> Our previous reports
reveals that the inactive double-bond rigid moieties (=
C(C=N),) of conjugated quinoid molecules (e.g. tetracyano-
ethylene (TCNE), 7,7',8,8'-tetracyanodimethyl-p-benzoquinone
(TCNQ)) in the ground states can convert into active single-bond
rotatable moieties (-C(C=N),) in the excited states, which can
also serve as the rotors to strengthen the nonradiative transi-
tions of excited states of cocrystals.'® It is very attracting that,
when a certain conjugated skeleton of D/A units is satisfied, can
the PTC properties of cocrystals be improved notably if we
combine these two kinds of rotatable groups together?
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To answer this significant question, we propose a single-/
double-bond dual-rotor strategy to construct D-A cocrystals for
the NIR PTC application. In detail, as described in Scheme 1,
the anthracene-based donors provide the single-bond rotor (-
CHj;): e.g. 9-methylanthracene (MAT), 9,10-dimethylanthracene
(DAT). The acceptors with different strengths of electron affinity
provide the double-bond rotor (=C(C=N),): e.g. TCNQ, 2,3,5,6-
tetrafluoro-7,7',8,8'-tetracyanodimethyl-p-benzoquinone
(FATCNQ). The polycyclic aromatic anthracene has a well-
conjugated planar structure,* which facilitates it to be a good
donor candidate for cocrystals by connecting the electron-
donating methyl units to endow MAT and DAT with
a stronger electron-donating capacity. TCNQ and FATCNQ have
strong electron affinity and commonly serve as the acceptors for
cocrystals.” Three kinds of cocrystals, MAT-TCNQ (MTQ), DAT-
TCNQ (DTQ) and DAT-FATCNQ (DFQ), were synthesized by
a conventional solution self-assembly method.

It is exciting that the DFQ cocrystal exhibits an ultra-
broadband absorption from 300 nm to 2000 nm, which is
much broader than that of the anthracene-FATCNQ cocrystal
with only one double-bond rotor from our previous work."
Under laser irradiation at 1064 nm in the NIR-II region, the DFQ
cocrystal has a high PTC efficiency n of up to 73.6%, which is
about 29.1% higher than that of the anthracene-FATCNQ coc-
rystal.’ The MAT/DAT cocrystals have a board absorption band
from 300 nm to 1100 nm/1300 nm and a PTC efficiency n of up
to 48.6%/62.6%. Single crystal structural analysis, Fourier
transform infrared absorption, electron paramagnetic reso-
nance (EPR), ultrafast transient absorption and theoretical
calculations are combined to explain these phenomena. The
results unambiguously reveal that the DFQ cocrystal has the
highest degree of charge transfer (DCT) in these cocrystals with
the interaction between the electron-pushing methyl substit-
uent and strong electron-attracting FATCNQ. The J-aggregated
stacking structure endows the DFQ cocrystal strong m-m
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Scheme 1 Dual-rotor strategy to construct D—A cocrystals in this
work.
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interactions and weak p-m interactions, which affect its optical
band gap and the width of ultra-broadband absorption, the free
rotation of rotors and the relaxation dynamics of excited states,
and the final photothermal performance.

Results and discussions

The DFQ/DTQ/MTQ cocrystals are synthesized via a simple
solution volatilization method (Fig. 1a and Sla and bf¥).
According to the crystal structures obtained by the XRD spectra
(Fig. S2a—-ct), all these three cocrystals display a mixed stacking
mode (...D-A-D-A...), where the -7 and p-m interactions play
important roles in the self-assembly stacking process. For the
DFQ/DTQ/MTQ cocrystals, one m-7 conjugated interaction
between the benzene ring of donors and the six-membered ring
of acceptors shows the distances of 3.36/3.47/3.53 A (Fig. 1b and
Sic and df), while the p-m intermolecular interaction between
the benzene ring of donors and the C=C double bond of
acceptors shows the distances of 3.38/3.47/3.45 A (Fig. 1c and
Sie and ff). Interestingly, the J-aggregated stacking structure
makes the DFQ cocrystal only have one p—m noncovalent bond
on one side of acceptors (Fig. 1c), while the DTQ/MTQ cocrystals
have two p-m bonds. From the D-A interaction distances and
bond number, it is revealed that the DFQ cocrystal has the
strongest -7 interaction and the weakest p-m interaction
compared to the DTQ/MTQ cocrystals. Such strong m—m inter-
action can enhance the red-shift absorption of cocrystals, while
the weak p-m interaction facilitates the free rotation of the
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Fig.1 (a) DFQ cocrystal via the cocrystallization of the DAT/FATCNQ

monomers. The bond positions marked by a/b/c/d are adopted for the
DCT calculation in subsequent analysis. (b) T—m and (c) p— interac-
tions between the DAT donor and FATCNQ acceptor. (d) Diffuse
reflection absorption spectra and (e) EPR spectra of the DFQ/DTQ/
MTQ cocrystals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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double-bond rotors (=C(C=N),), thus favors the nonradiative
electron leaps. As is clearly shown in Fig. S3, the DFQ/DTQ/
MTQ cocrystals exhibit a large red-shift up to ~2000/1300/
1100 nm compared to their D/A monomers. More significantly,
the red-shift for the DFQ cocrystal is much larger than that of
the DTQ/MTQ cocrystals (Fig. 1d), which unequivocally
demonstrates the feasibility of extending the absorption range
of cocrystals by modulating the intermolecular -7 interaction.

Density functional theory calculations reveal that the highest
occupied molecular orbital (HOMO) of three cocrystals is close to
the HOMO of donors, while the lowest unoccupied molecular
orbital (LUMO) is close to the LUMO of acceptors (Fig. S4t), which
is attributed to the intermolecular charge transfer interactions that
allow the electron cloud to rearrange to form new molecular
orbitals. Meanwhile, compared with the bandgaps of the precur-
sors, the much narrower bandgaps of three cocrystals (Fig. S5) are
conducive to the red-shift absorption,' which accords well with the
characteristics of their absorption spectra shown in Fig. 1d.

It is well known that the degree of charge transfer (DCT) plays
a crucial role in the red-shifted absorption of cocrystals."” Then
the EPR measurements are utilized to probe the relationship
between the obtained radical concentration and photophysical
properties of cocrystals. As shown in Fig. 1e and S6,} three coc-
rystals have distinct intensities of the EPR signals with the g-factor
of ~2.0028, which is close to the value (2.0032) for free electrons
and indicates the presence of unpaired electrons and active
radicals in all three cocrystals.”® Notably, the EPR signal of the
DFQ cocrystal is much stronger than that of the DTQ/MTQ coc-
rystals. Namely, the DFQ cocrystal has the highest DCT and forms
the strongest 7-conjugation cocrystal system. The commonly used
bond length parameters (Fig. 1a) from crystal cell structure'** are
utilized to reconfirm the DCT of cocrystals. The DCT value of
cocrystals can be calculated from the parameters ax = ¢/(b + d)
with the equation as: DCT = (acy — ag)/(_1 — ap), where the
subscripts CT, 0, and —1 refer to the cocrystal, neutral acceptor,
and acceptor anion, respectively. The obtained DCT values are
0.2263/0.0871/0.0836 for the DFQ/DTQ/MTQ cocrystals. Further-
more, the Fourier transform infrared absorption,* also supports
the highest DCT of the DFQ cocrystal, which is revealed by the
obvious red-shift natures of several characteristic peaks of the
backbone vibrations, e.g. the by, v;g mode of the C=N stretching
vibration, the stretching vibrations of the C-F and C=C groups
for the cocrystals compared to the D/A monomers (Fig. S71). Based
on the peak red-shift of the b;,v;3 mode of the C=N vibration,*
the calculated DCT values are ~0.15/0.1/0.1 for the DFQ/DTQ/
MTQ cocrystals. Compared to the TCNQ acceptor without F-
substituents in the DTQ cocrystal, the FATCNQ acceptor with
four F-substituents on the skeleton structure largely improves the
DCT in the DFQ cocrystal. The EPR signal of the DTQ cocrystal is
higher than that of the MTQ cocrystal, which reveals that more
methyl groups improve the electron-donating ability of the donors
and further enhance the intermolecular charge transfer interac-
tion.” Thus, the DFQ cocrystal exhibits the broadest red-shift
absorption (300-2000 nm) in the full solar spectrum (250-2500
nm). Meanwhile, the red-shift absorption (300-1300 nm) of the
DTQ cocrystal is broader than that (300-1100 nm) of the MTQ
cocrystal (Fig. 1d).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As is expected, three cocrystals constructed by dual-rotor
strategy showcase excellent NIR PTC performance profiting
from the intense -7 stacking and charge transfer interactions,
the weakened p-m interaction, and the enhanced NIR light
harvesting ability. Based on the tests through a homemade
photothermal measuring system (Fig. S87), the temperatures of
the DFQ/DTQ/MTQ cocrystals are rapidly increased to 94.3/79.2/
47.6 °C under the irradiation of the 1064 nm laser at 1.0 W
cm 2, while the temperature of the blank quartz glass is virtu-
ally unchanged (Fig. 2a and S97). From the cooling curves with
detailed procedures shown in the ESI,j* the obtained PTC effi-
ciency n of the DFQ/DTQ/MTQ cocrystals are 73.6/62.6/48.6%
(Fig. S10-S137). Clearly, the DFQ cocrystal has the best NIR PTC
performance, which is about 29.1% higher than that (~57%) of
the anthracene-FATCNQ cocrystal reported in our previous
work.'® Besides, the efficiency n of the DTQ cocrystal with the
DAT donor modified by two methyl moieties is about 29.1%
higher than that of the MTQ cocrystal with the MAT donor
modified by only one methyl moiety.

A successive 15-cycle (5 hours) heating-cooling experiments
confirm the great photothermal stability of three cocrystals
(Fig. 2b). Furthermore, the irradiation power dependence
results from 0.2 W cm > to 1.0 W cm 2 display that the
maximum temperature rising AT of three cocrystals increases
proportionally with the laser irradiation power (Fig. 2c and d).
That is, the photothermal behaviors of cocrystals can be flexibly
controlled by fine adjustment of the excitation power. From the
thermogravimetric analysis (TGA), the inflection point temper-
atures of weight loss are much higher than the maximum
temperature rising AT of three cocrystals under laser irradiation
(Fig. S1471). And the diffraction peaks of three cocrystals before
and after laser irradiation are basically consistent with the
simulations based on the powder X-ray diffraction (PXRD).
Hence, these three cocrystals have an excellent photothermal
stability (Fig. S157).

The high PTC efficiency of three cocrystals indicate the active
nonradiative decay processes of excited states. To gain deeper
insights into the dissipation mechanism of cocrystals, femto-
second transient absorption (fs-TA) technique is employed to
trace the excited-state dynamics of these cocrystals (Fig. 3a—c
and S16-S187).>*2* As shown in Fig. S16a and b to S18a and b,
the DFQ/DTQ/MTQ cocrystals display the excited-state absorp-
tion (ESA) bands peaked at around 330 nm under 400 nm-laser
excitation. In particular, for the DFQ cocrystal, a significant ESA
band of 330 nm is detected at 0.37 ps with the maximum
intensity and then rapidly decreases. Similarly, the DTQ/MTQ
cocrystals exhibit an ESA band of 330/329 nm at 0.52/0.36 ps
with the maximum intensities. Meanwhile, under an 800 nm-
NIR laser excitation, the fs-TA spectra of three cocrystals show
similar kinetic processes (Fig. S16¢ and d to S18c and df). The
DFQ/DTQ/MTQ cocrystals display the ESA bands peaked at 324~
336 nm under 800 nm-laser excitation. In detail, the DFQ/DTQ/
MTQ cocrystals exhibit an ESA band of 336/324/328 nm at 0.41/
0.52/0.92 ps with the maximum intensities.

Because the dominant radiative or non-radiative decay
process largely decides the photoluminescence emission or PTC
property of cocrystals subject to light excitation,”®* our

RSC Adv, 2024, 14, 4503-4508 | 4505
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Fig. 2 (a) Typical photothermal cyclic tests and (b) successive heating and cooling curves of three cocrystals under the 1064 nm laser at 1.0 W
cm~2. (c) Photothermal cycling curves of three cocrystals under different laser powers. (d) The relationship between the temperature T of
cocrystals and laser power.
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Fig.3 The comparison of decay kinetics and the corresponding fitting curves of ESA in the three cocrystals excited at 400 nm (a) and 800 nm (b).
(c) The dynamics parameters of the ESA evolution of three cocrystals obtained from fs-TA spectra excited at 400 nm/800 nm. (d) Jablonski
diagram of excited-state evolution. The single-wavelength fitting of the decays of ESA was completed based on the equation:

(t - to)z
S(t)=e tp X Y A; et~%/%_Herein, the t is referred to the delay time, and to means the zero time. The to, Ajand 1; represent the instrument
i

response value of ~120 fs, the proportion (weight factor) and the lifetime of the ith process, respectively. Because the lifetime of the rise kinetics
of ESA of cocrystals is close to the instrument response time, it is hard to resolve reliable information from this parameter and not discussed at
here.
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emphasis focuses on the dominant ultrafast decay. As is clearly
shown in Fig. 3a—c for the two excitation wavelengths (400 nm/
800 nm), the first ultrafast decay with a lifetime of 7; (0.78 ps/
0.79 ps) and a dominant weight factor of 4, (83.7%/89.0%) for
the DFQ with the highest PTC efficiency is obviously faster than
those for the DTQ/MTQ cocrystals. If this ultrafast decay can be
attributed to the nonradiative transition processes of ESA, this
result conforms to the common rule well that the faster non-
radiative charge recombination largely corresponds to the
higher PTC efficiency.***

To exclude the possible radiative transition channels of
excited states, we evaluate the luminescence emissions of three
cocrystals. The results reveal that no emission was detected
from these cocrystals compared to the strong emissions of the
donors. Hence, the excited-state evolution is mainly dominated
by the nonradiative decay processes. A Jablonski diagram of
excited-state evolution is shown to illustrate the possible non-
radiative relaxation channels of excited states responsible for
the superior NIR PTC performance of cocrystals. Generally, the
ultrafast decay of these ESA bands following the excitation can
be attributed to the nonradiative decays of the excited charge
transfer (CT) states from the CT, states to the CT,/CT, states
mainly through internal conversion (IC) and vibrational relax-
ation (VR). The first lifetime 7, can be assigned to the IC tran-
sition from the higher excited states ('CT,,) to the lower excited
states ('CTy). And the second lifetime 1, is assigned to the
vibrational relaxation (VR) process from the excited states (*CT,)
to the ground states (*CT,)."'*'*23-2¢ From the perspective of D/A
molecular structure, the detailed IC transition and VR can be
produced easily by the free rotation of the single-bond rotor (-
CH3;) from the donors,"*> and the double-bond rotor being in
the form of [=C(C=N),] in the ground states but being in the
form of [-C(C=N),] in the excited states from the conjugated
quinoid acceptors.”® These nonradiative decay processes
together help the cocrystals efficiently convert the absorbed
light into heat energy.

To better illustrate the validity of dual-motor strategy to
improve the PTC ability of cocrystals, we made a more careful
comparison of MTQ/DTQ/DFQ with the anthracene-TCNQ/
FATCNQ cocrystals' in the ESI (Table S2t). From the perspec-
tive of the ultrafast decays of ESA, the common rule works well
that the faster nonradiative charge recombination largely
corresponds to the higher PTC efficiency, and the ultrafast
decay of ESA often dominates the PTC property of cocrystals.
Furthermore, different decay processes may have a nonlinear
additive contribution to the final PTC property.”® From the
perspective of D/A structure, the rotor mechanism may rely on
the structural match and stacking distance of D/A units, which
affect the possible free space for rotor rotation.

Conclusion

A single-/double-bond dual-rotor strategy is proposed to build
organic cocrystals for the NIR PTC application. Profiting from
the strong -7 stacking and charge transfer interactions, the
weakened p-7 interaction, and the enhanced NIR light har-
vesting ability, the DFQ cocrystal exhibits an ultra-broadband

© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorption from 300 nm to 2000 nm. Besides, the PTC effi-
ciency at 1064 nm in the NIR-II region can be largely enhanced
by modulating the number of rotor groups in the donors and
the F-substituents on the skeleton structure of the acceptors.
The internal mechanism responsible for the superior NIR PTC
performance is uncovered utilizing fs-TA technique. The non-
radiative decay processes of excited states including the internal
conversion and vibrational relaxation together promote the
cocrystals to efficiently convert the absorbed light into heat
energy. From the perspective of D/A molecular structure, the
detailed decays can be produced by the free rotation of the
single-bond rotor (-CH;) from the donors and the double-bond
rotor (=C(C=N),) in the form of [-C(C=N),] in the excited
states from the quinoid acceptors. This work proves the validity
of dual-rotor strategy and provides a promising route to extend
the functionalization of small organic molecules based on
organic cocrystal engineering through the rich noncovalent
bond interactions.
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