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Stimuli-responsive behaviors of organic charge
transfer cocrystals: recent advances
and perspectives

Lingjie Sun, Fangxu Yang,t Xiaotao Zhang ‘2 * and Wenping Hu (2 *

Organic cocrystals, as an intelligent design strategy of functional materials, have received extensive
attention in the scientific community over recent years. The presence of diverse molecular
arrangements and rich intermolecular interactions, in particular intrinsic charge transfer in organic
cocrystals, depicts such materials as ideal systems to control and tailor their physical properties for
stimuli-responsive applications. However, as a continuous emerging research field, a systematic review
to summarize this promising application area remains unexplored. Herein, we focus on recent research
progress and potential advantages of organic cocrystals in the field of stimuli response. First, an
overview of the basic characteristics of organic charge transfer cocrystals is discussed. Subsequently, the
stimuli-responsive behaviors of organic cocrystals under mechanical force, solvent, acid—base, light and
heat stimuli are highlighted. Lastly, the future developments and prospects of these materials in a
stimuli-responsive field are outlined.

1. Introduction

Stimuli-responsive materials alter their physicochemical pro-
perties such as shape, color, and luminescence, under external
stimuli, which would be desirable candidates for applications
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in memories, sensors, informational displays and encryption.'”
Stimulation styles are usually diverse, which can be force,® light,”®
heat,’ solvent,' acid,""'* and so on. Stimuli-responsive charac-
teristics can be achieved when the material undergoes an internal
structural change under external stimuli, thereby creating new
physical properties."*™® Molecular materials connected by non-
covalent bonds, where this interaction is relatively weak and is
sensitive to external changes, are promising for designing stimuli-
responsive functions.'”'® However, till date, extensive investiga-
tions have been performed on the stimuli-responsive behaviors of
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single-component molecules, while multiple component mole-
cules have been studied to a lesser extent,">>* which could be
attributed to the uncontrolled proportion and inhomogeneous
distribution of amorphous multi-component solids, and their
resulting unpredictable and non-replicable performances.*®
Ordered assembled molecular solids composed of multiple
components, also known as organic cocrystals, are assembled
by noncovalent bonds, such as halogen bonds, hydrogen
bonds, n-n, and charge transfer interactions,”*>* which exhibit
a clear stacking structure, providing a platform to unveil the
structure-property relationship at the molecular level.®*”
Among all, charge transfer cocrystals assembled via donor species
with strong electron donating capacity and acceptor species
possessing strong electron-withdrawing ability”® have proven
beneficial in order to achieve high-quality cocrystals with regular
shapes.”® In addition, the charge transfer effects of organic
cocrystals indicate that freely moving electrons are transferred
from the donor to the acceptor material, which can induce
electron delocalization over the entire supramolecular structure,
thus exhibiting different photoelectric properties from its consti-
tuent materials and generating new properties, which provide vast
opportunity to explore novel types of appealing applications.**?*
For example, metallic conductivity,*® ferroelectricity,****
linear optics,*>*® ambipolar charge transport,*”*® and many other
fascinating phenomena®*° have been created by engineering
charge transfer effect in organic cocrystals. More importantly,
the degree of charge transfer could be detected by spectral
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characterization, and undergoes changes in response to external
stimuli, which, in turn, helps to design and understand the target
functionality. In this regard, we systematically summarize and
introduce the stimuli-responsive behavior of organic charge
transfer cocrystals in this review (Fig. 1). First, the molecular
arrangements of organic cocrystals, preparation methods, and
common donor as well as acceptor molecules are discussed.
Second, the stimuli-responsive behavior of organic cocrystals
under mechanical force, solvent, acid-base, light and heat stimuli
are highlighted. Finally, future outlooks are provided. We hope
this review adds to already existing knowledge in this field as well
as open new research pathways toward the development of novel
material systems for stimuli-responsive applications.

2. Basic properties of organic charge
transfer cocrystals
2.1 Common packing modes

As known, the packing patterns in organic cocrystals play an
important role in the control of their bulk properties.®* In the
crystal structure of the cocrystal, there is a clear stoichiometric
distribution ratio between donor and acceptor molecules, where
the value may be of equal (i.e. 1:1) or non-equal (i.e. 2:1,3:1,3:2
and 4:3) ratios.*"*> Among all, the pattern ratio of 1:1 stacked
cocrystals, which includes segregated and mixed stacking,
presents the most common structures. For segregated stacking
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Fig. 1 An overview of this review addressing the key points of organic
cocrystals towards stimuli-responsive applications.

cocrystals, the donor and acceptor molecules are arranged in
adjacent molecular columns (-DDDD- and -AAAA-).** These adja-
cent molecular columns connect with intermolecular forces to form
a three-dimensional network structure. However, the donor and
acceptor molecules of the mixed stacking cocrystals are alternately
arranged in a similar molecular column (-DADA-), while the
adjacent molecular columns are connected to each other forming
a tightly packed stack (Fig. 2).*>* It is worth noting that the donors
and acceptors are stacked along their respective columns in
segregated stacking cocrystals, allowing most of these systems to
display preference for a large degree of charge transfer and thus
exhibit metallic properties as expressed following the example
of TTF-TCNQ co-crystals.”® By contrast, the donor molecules are
inserted by acceptors into the mixed stacking cocrystals, and most
of those systems are prone to a small degree of charge transfer, and
thus, they have been regarded as insulators/semiconductors.*®

2.2 Preparation methods

Similar to the habits of monomolecular crystals, the morpho-
logies of cocrystals can be divided into micro/nano and bulk
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Fig. 2 Packing modes of cocrystals in a 1: 1 stoichiometric ratio.>® (Reprinted
with permission from the Royal Society of Chemistry. Copyright 2018.)
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crystals based on their sizes, which are affected by the methods
of preparation.”” > Till date, the liquid-phase and vapor
methods are being commonly employed to prepare coctystals.”>*
In general, some liquid-phase methods, such as drop-casting and
liquid-liquid interfacial precipitation methods, can facilitate the
rapid identification of donors and acceptors, and their assembly
and nucleation to form micro/nano-sized cocrystals (Fig. 3a).>*>°
The advantages of these types of methods include simplicity,
rapidity and cost-effectiveness, and these micro/nano-sized
cocrystals not only can be used to analyze the internal driving
force and growth orientation,” but are also suitable for the
construction of high-performance devices such as OFET and
OLET.”® Notwithstanding, some liquid-phase methods such as
solvent evaporation and diffusion method offer the opportunity
to design and develop large-sized cocrystals following a slow
solvent evaporation process.>® These methods have proven to
be time-consuming, but the prepared cocrystals are able to
grow into well-ordered structures with high quality, which can
be used for the X-ray single-crystal structure characterization
and anisotropic studies of physical properties. With respect to
the vapor methods, which mainly refer to the physical vapor
transport (PVT), these methods are useful to grow cocrystals for
insoluble compounds (Fig. 3b).*°®* Additionally, when the
intermolecular force of the cocrystal is relatively strong, the
resulting products can be prepared via either the vapor
or liquid-phase methods. For instance, the perylene-TCNQ
cocrystals are grown along the [001] direction with strong
charge transfer interactions, which are prepared via drop-
casting® or PVT*' producing nanowires (Fig. 3c-e). Moreover,
the solid-state grinding approach is also an important method
to prepare organic cocrystals.**®®> This preparation method is
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Fig. 3 (a) Cocrystals grown by liquid-phase methods.>*~>¢ (Reprinted
with permission from American Chemical Society. Copyright 2017, 2015,
2013.) (b) Cocrystals grown by vapor methods.®* (Reprinted with permis-
sion from Wiley-VCH. Copyright 2017.) (c) TEM and SAED results of
perylene-TCNQ cocrystals, and (d) perylene-TCNQ cocrystals grown by
drop-casting.®® (Reprinted with permission from Wiley-VCH. Copyright
2015.) (e) Perylene-TCNQ cocrystals grown by PVT.*! (Reprinted with
permission from American Chemical Society. Copyright 2014.)
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not only simple and effective, but can also effectively expand
the molecular system for synthesizing cocrystals, especially for
those molecules with poor solubility.

2.3 Common donors and acceptors of charge transfer
cocrystals

Typically, donor and acceptor molecules are constituent units
of cocrystals that play important roles in determining the
physicochemical properties of cocrystals. Compared to donors,
the types of acceptor molecules used for cocrystal preparation
are relatively limited as shown in Fig. 4. They are mainly
concentrated in tetracyanoquinodimethane (TCNQ) and its
derivatives, naphthalenediimide (NDI) and perylenediimide
(PDI), and their derivatives, fullerene (Ceo, Cs), 1,2,4,5-tetra-
cyanobenzene (TCNB) and tetrafluoroterephthalonitrile (TFP).>?
Moreover, the chemical structures of the acceptor molecules are
relatively simple. For example, TCNQ and its derivatives as well as
fullerene can assemble with appropriate donors to form charge
transfer cocrystals with good electrical properties, while TCNB-
based charge transfer cocrystals usually display luminescent
properties.”® In order to rationally predict the functions of
cocrystals based on these acceptors, it is crucial to choose a
suitable donor material. This is because the choice of donor not
only affects the selected preparation method, but also affects
the stacking structure of cocrystals, which ultimately deter-
mines the bulk properties of the cocrystals. Therefore, some
representative donor materials (tetrathiafulvalene and their
derivatives, acene and their derivatives as well as stilbene
and their derivatives) that provide guidance in the rational
design of functional cocrystals are discussed in the following
section.

Various studies have shown that tetrathiafulvalene (TTF)-like
molecules have good planarity, which interact with TCNQ mole-
cules to form cocrystals. Most of the prepared cocrystals exhibit
segregated stacking structures and a relatively strong charge
transfer effect that occurs between the donors and acceptors,

TCNQ F,TCNQ F,TCNQ SNTCNQ DTTCNQ
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Fig. 4 Molecular structures of typical acceptors of cocrystals.
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leading to cocrystals exhibiting good electrical conductivity.
Typically, the investigation of TTF-like charge transfer cocrystal
has been kicked off since A. J. Heeger et al. discovered TFF-TCNQ
cocrystals exhibiting extraordinary conductivity,’> which is
absent in their monomers and can be used as an organic metal
electrodes for high-performance devices based on all-organic
materials. Subsequently, it is unexpectedly found that (BEDT-TTF)
(F,TCNQ) (bis(ethylenedithio)-tetrathiafulvalene, BEDT-TTF;
2,5-difluoro-7,7,8,8-tetracyanoquinodimethane, F,TCNQ) cocrystals
possess ambipolar charge transport behaviors under low-
temperature conditions,’® and the research boom of TTF-
based donor-based ambipolar charge transport materials has
been developed. Among them, the charge-carrier mobilities of
the (BEDT-TTF)-TCNQ cocrystal at room temperature were
up to (0.6-3) x 1072 em® V' ' s for electrons and (0.4-2) x
1072 em® V' 57! for holes.*” Goetz et al. showed that the
B-polymorph of DBTTF-TCNQ (DBTTF: dibenzothiatetrathia-
fulvalene) cocrystal displayed ambipolar transport behaviors
with mobilities of pnoe = 0.1 & 0.07 em? V' s and gereceron =
0.03 + 0.02 cm® V' s7.% In addition, the charge transfer
cocrystals formed by TTF-like molecules not only impart good
electrical properties, but also help to reduce the band gap of the
cocrystal, even develop it into the near-infrared absorption
region, obtaining a high-performance near-infrared photo-
thermal conversion material. More recently, Wang et al
obtained a DBTTF-TCNB cocrystal following a simple evapora-
tion method with strong charge transfer interactions between
DBTTF and TCNB molecules.®® Theoretical and experimental
studies fully demonstrated the charge transfer nature of the
ground and excited states, which results in the generation
of cocrystals with a narrow band gap of 1.3 eV. This corre-
sponded to a significant red-shifted near-infrared (NIR)
absorption (904 nm). At the same time, the radiation transi-
tion process of the excited state of DBTTF-TCNB cocrystal was
suppressed by solid-state fluorescence quenching and under-
went rapid non-radiative decay. Therefore, the DBTTF-TCNB
cocrystal exhibited high-performance photothermal conver-
sion characteristics with high cyclic stability. Moreover,
the prepared cocrystal materials also show a great potential
for photothermal imaging in real-time and time-resolved
response (Fig. 5).

The acenes and their derivative molecules can form stable
charge transfer complexes with classical acceptors, such as
TCNB, TCNQ and fullerene. As shown in Fig. 6, small-molecular-
weight acenes such as naphthalene, anthracene and pyrene can
assemble with TCNB to form charge transfer cocrystals, and
those cocrystals usually display tunable emission properties. For
instance, the naphthalene-TCNB cocrystals demonstrate blue
emission;”® the phenanthrene-TCNB cocrystals demonstrate
green emission;”’ the pyrene-TCNB cocrystals demonstrate
orange emission,** and so on. By increasing the molecular
weight or the m-conjugation of acenes, the charge transport in
the acenes can be improved.”® It was found that perylene or
corannulene molecules can act as donors and interact with
TCNQ to form cocrystals with good electrical properties, showing
excellent application prospect in the fields of photodetector and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 5 (a) Diagram of photothermal imaging process. (b) IR camera
images of cocrystal-patterned letters TIJU.%° (Reprinted with permission
from Wiley-VCH. Copyright 2018.)
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Fig. 6 Molecular structures of typical donors of cocrystals.

OFET. In 2015, Wu et al. demonstrated that the coronene-TCNQ
cocrystal exhibited an n-type transistor behavior with a mobility
of 0.02 cm® V™' s, an I,/ ratio of 1 x 10° and a very small
threshold voltage of 0.7 V, which are much better than those of
its acceptor.”

The stilbene-like molecules are one well-documented class
of organic donor materials, which can be combined with small
molecular acceptors to obtain organic cocrystals with multiple
functions, showing promising optoelectronic applications
in the fields of optical waveguide properties,”*”> nonlinear
optics,>> pure organic room-temperature phosphorescent
properties,”® organic light-emitting transistors (OLET)”” and
stimuli-responsive properties,”® etc. More recently, Li et al. have
reported that the cocrystals of naphthylvinylpyridine (Npe) and
tetrafluoroterephthalic acid (TFA) exhibited photoactuating
behaviors due to the occurrence of photoinduced [2+2] cyclo-
addition reactions, providing a detailed understanding of
the relationship between their self-assembled structures and
photoactuating performances.”®

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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3. Stimuli-responsive behaviors of
organic charge transfer cocrystals
3.1 Mechanical stimuli

The pressure-sensitive materials refer to those with the changes
in some physicochemical properties under the stimulation of
external mechanical forces such as grinding force, shearing
force, tensile force and static pressure, which have been exten-
sively researched in recent years.®*® At present, organic
substances, metal complexes and polymer materials have been
developed to exhibit controlled fluorescence characteristics
under the stimulation of these forces.’®®° So far, related
investigation of organic substances has become more popular
due to their advantages including low cost, flexibility and large-
scale production.”® Organic cocrystals are composed of different
molecules with non-covalent bonds, structures or intermolecular
forces that are modifiable under mechanical stimuli, which
ultimately affects the functioning of the materials.”’** Herein,
the research on external force stimulation based on charge
transfer cocrystals mainly focuses on isotropic static pressure
and anisotropic grinding forces, and is discussed in this
section. With respect to the isotropic static pressure, which is
usually conducted on a diamond anvil cell device, silicone oil or
the mixed organic solution (such as the mixture of methanol
and ethanol) is widely employed as the pressure-transmitting
medium. Note that the molecular orbitals of charge transfer
cocrystals are related to the highest occupied molecular orbitals
(HOMO) of the donor, and the lowest unoccupied molecular
orbitals (LUMO) of the acceptor, thus a narrowed band gap will
be obtained, which gives rise to the red-shifts of the ultraviolet-
visible (UV-vis) adsorption and emission spectra compared
to their single components.”® Generally, when applying the
static pressure on the organic charge transfer cocrystals, the
unidirectional pressure can lead to enhanced intermolecular
interactions and the degree of the charge transfer, causing
the rearrangement of the HOMO of donor and the LUMO of
acceptor, which will affect the spectral properties of the
cocrystals.’® Specifically, the UV-vis adsorption and emission
spectra are gradually red-shifted to longer wavelength regions
than those of pristine cocrystals with the increase in pressure,
while the bulk properties of the cocrystals will be restored to the
initial state when completely removing the external pressure.
Therefore, the pressure-induced charge transfer cocrystals offer
the opportunity to adjust the photoemission continuously and
reversibly, providing a simple and effective method to control
the cocrystal functions in situ. For example, Xu et al. prepared
a mixed stacking charge transfer cocrystal composed of
9-acetylanthracene (9ACA) and tetrafluoroterephthalonitrile
(TFP) in a 2:1 ratio, which exhibited continuous redshifts in
its emission spectra with a large range (from 490 to 620 nm)
with the pressure increasing.”” The well-grown 9ACA-TFP
cocrystals were placed on the diamond anvil device to study
the in situ tunable properties of the fluorescence emission
under ambient pressure. In the cocrystal compression process,
as shown in Fig. 7a, the fluorescence colors of the 9ACA-TFP
cocrystal changed from aquamarine blue to green, orange and

Mater. Chem. Front., 2020, 4, 715-728 | 719
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Fig. 7 (a) Fluorescence images (Al and A2) of the 9ACA-TFP co-crystal during compression and decompression. Fluorescence spectra and the plots of

the emission wavelength with pressure (b). The UV-visible absorption spectra (c). Raman spectra (d) of the 9ACA-TFP co-crystal during compression.
Fluorescence spectra and the plots of the emission wavelength with pressure (e). The UV-visible absorption spectra (f) of the 9ACA-TFP co-crystal during
decompression.®” (Reprinted with permission from the Royal Society of Chemistry. Copyright 2018.)

finally to red during the gradual increase in pressure. From the
fluorescence spectra collected under high pressure (Fig. 7b),
the intensity of the emission peak gradually weakens and
moves toward the long wavelength with the increase in
pressure. In addition, the emission wavelength and the pres-
sure increase linearly. The authors speculated that these results
may be due to the enhanced degree of intermolecular charge
transfer under high pressure. To further demonstrate this
opinion, the authors impressively performed in situ UV-vis
absorption spectroscopy and in situ Raman spectroscopy
to analyze the intermolecular forces of the cocrystal under
external pressure. In situ UV-vis absorption spectroscopy
showed that the absorption spectrum was red-shifted (134 nm)
as a whole and the cocrystal band gap was narrowed (from
2.63 eV to 0.59 e V) during the cocrystal compression process
(Fig. 7¢), indicating that the interplanar distance was increased
and the intermolecular interactions were increased under high
pressure. The HOMO of the donor molecule and the LUMO of
the acceptor molecule were rearranged, and the cocrystal band
gap was thus narrowed. Meanwhile, the frequency regions of the
Raman vibration mode of the 9ACA-TFP cocrystal were shifted to
the high wavenumber during the compression process (Fig. 7d),
which further indicated that the bond lengths of the cocrystal
molecule became shorter and the strength of the intermolecular
interactions were enhanced with the increase in pressure, con-
sistent with the results of in situ UV-vis absorption spectroscopy.
However, the results of the cocrystal fluorescence colors, the
fluorescence spectra and the UV-vis absorption spectra are

720 | Mater. Chem. Front., 2020, 4, 715-728

opposite to those of the compression process releasing the
pressure (Fig. 7a, e and f), indicating that photoemission
properties of the cocrystal material can achieve in situ reversible
regulation under the external pressure stimulation.

On the other side, the exertion of grinding forces on organic
materials is also mostly investigated due to its easy operation,
which does not need some special devices, and the mortar
in the laboratory can meet the requirements. Unlike static
pressure, the grinding force is an anisotropic force. Generally,
the crystal state of the organics can be deformed into amor-
phous solids, and the molecular arrangements are destructed
when they are operated by mechanical grinding and hence
leading to the change in bulk properties. For instance, Yan et al.
demonstrated that the photoemission band of (2,5-diphenyl-
oxazole) (1,4-diiodotetrafluorobenzene) cocrystals moved from
393 nm to 384 nm accompanied by the appearance of a
shoulder peak at 374 nm and a slight increase in the lumines-
cence intensity, displaying a change in fluorescence properties
upon grinding.®® They performed the powder X-ray diffraction
(XRD) measurement to explain this phenomenon and found
that several diffraction peaks of original cocrystals disappeared
after grinding, suggesting the formation of amorphous phase,
which accounted for the change in fluorescence. Undoubtedly,
the external mechanical forces can perturb the molecular
arrangement of cocrystal materials, so research on materials
that respond to multiple mechanical stimuli will be more
attractive. Impressively, Tian et al. found that isotropic static
pressure and anisotropic grinding forces have different effects

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 8 Transition modeling schematic of the molecular stacking mode in
CT-R cocrystals under different mechanical force stimuli.??> (Reprinted
with permission from Wiley-VCH. Copyright 2018.)

on fluorescence properties of the charge transfer cocrystal
(Fig. 8).>> In detail, they prepared a block-shaped red charge-
transfer cocrystal by a solvent evaporation process, also called
CT-R, in which 1,4-bis-p-cyanostyrylbenzene (CNDSB) severed
as a donor and TCNB as an acceptor. When the anisotropic
grinding force was applied, the emission spectrum of CNDSB-
TCNB cocrystals was blue-shifted, and the photoluminescence
quantum yield (PLQY) was increased from 13.0% to 22%. The
diffraction peak of powder XRD after grinding is completely
different from that of the pristine cocrystal, indicating that the
CT-R cocrystal may undergo a structural reorganization during
the grinding process. However, the CT-R cocrystal red-shifted in
both the absorption spectrum and the fluorescence spectrum
under the isotropic static pressure. Besides, the intensity of the
fluorescence emission decreased with the increase in pressure,
different from those of the grinding process. Moreover, when
the external pressure is removed, the fluorescence behavior of
the cocrystal material could be restored to the initial state.
Therefore, we know that the CT-R cocrystal exhibits significant
differences in fluorescence behavior under different external
force stimuli. According to the analysis of the single-crystal
structure, the CNDSB-TCNB cocrystals exhibited two poly-
morphs, that is, one was a 1:1 mixed stacking crystal phase
called CT-O, and the other was the previously mentioned 4:3
segregated stacking for CT-R. The PLQY value of the CT-O
crystal phase was 26.2%, and its fluorescence spectrum was
very close to that of the ground CNDSB-TCNB cocrystal, and the
powder XRD pattern of the CNDSB-TCNB cocrystal could
correspond well to those of CT-O. Thus, these data indicated
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that a structural reorganization occurred from the segregated-
stacked to the mixed-stacked under the exertion of an aniso-
tropic grinding force, resulting in the weakening of n-n and
charge transfer interactions among CNDSB and TCNB and,
thus, weak exciton coupling between the pairs of neighboring
CNDSB and CT transition strength, which contributed to the
blue-shift of fluorescence spectrum and the improved PLQY.
However, the hydrostatic pressure induced the molecules to
form a tighter packing structure and enhanced n-n and charge
transfer interactions, eventually leading to red-shift emission.

3.2 Solvent stimuli

Solvents are of paramount importance in crystal growth by liquid
phase methods, which are typically related to morphology, size
and polymorph of the crystals.”® Moreover, in the process
of multiple-component cocrystallization, a rational choice of
solvent can also effectively adjust the molar ratio of donors
to acceptors.®® Even when the intermolecular forces between
the donor and acceptor are insufficient to form a well-ordered
structure, solvent molecules can enter the frameworks to
promote efficient crystallization.”® Therefore, the bulk phase
properties of the cocrystal can be regulated by selecting
different solvents during the crystal growth process.'® For
instance, Zhang et al. demonstrated that the solvent accom-
modation not only tuned the structure-stacking modes and,
hence, affected the degree of charge transfer of the cocrystals,
but also switched off electron-transport behaviors of coronene-
F,TCNQ cocrystals (1:1) in an ambient atmosphere, which
implied that organic charge transfer cocrystals might provide
an effective way to control the functions on demand by a
solvent-mediated method.'® However, the solvent-stimulated
cocrystal materials herein are well-grown cocrystal molecules
that can be invaded by an external solvent molecule or
an internal solvent molecule and can be removed from the
cocrystal, which have potential applications in the areas of
multi-color photoluminescence switching, memory and smart
materials. For example, Park et al. prepared a weakly charge-
transfer organic cocrystal composed of a distyrylbenzene-based
donor (4M-DSB) and a dicyanodistyrylthiophene-based acceptor
(Thio-Y), where a loosely packed molecular arrangement was
designedly obtained as a result of the noncentrosymmetric
chemical structure of molecule A1 (Fig. 9a).°® The intended
loosely packed molecular organization of the cocrystal could
be characterized by distinct free volume and relatively weak
intermolecular interactions (D-A interaction: 3.5 A, ~CN- - -HC-
interaction: 2.6 A, Fig. 9b), allowing for a reversible-phase
alteration in response to external stimuli. The pristine D1-A1l
spin-coated cocrystal films emitted red fluorescence in the case
of nonpolar solvent and polar protic solvent vapor annealing
(SVA), while it exhibited blue light emission once stimulated by
polar aprotic solvents (Fig. 9¢). They explained that the cocrystal
exhibited mixed packing in the former case, but when a polar
aprotic solvent was used, the packing mode was closer to the
structure of the donor material in the demixed phase, which
indicated that the crystal packing structure could undergo
a controlled transformation under the condition of adopting
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Wiley-VCH. Copyright 2016.)

suitable solvent, thus affecting fluorescence properties. Based on
this feature, they further designed a multistimuli-responsive
programmable fluorescence memory system (Fig. 9d), providing
important insights for the supramolecular control of intermole-
cular interactions by the strategic selection of external triggers.

In addition, Hu group also found that the charge transfer
cocrystal could undergo macroscopic mechanical bending
behaviors under the stimulation of external solvents and clearly
demonstrated the crystal bending mechanism at the molecular
scale.’®® They reported a red-emitting solvent-included charge
transfer cocrystal (perylene-TCNB)-2THF, also called PT2TC.
When the ternary solvated PT2TC cocrystal was placed in the
air condition, the THF solvent molecules escaped from the
cocrystal, and the fluorescent color changed from red to green.
However, when it was again placed in the THF solvent atmo-
sphere, it formed the original three-component cocrystal
coupled with mechanical bending behaviors (Fig. 10a). In order
to reveal the mechanism for this phenomenon, they performed
time-resolved FTIR, absorption and photoluminescence (PL)
spectra (Fig. 10b). Studies had shown that after the three-
component PT2TC cocrystal was placed in air for 10 minutes,
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Fig. 10 (a) Reversible structural and color changes between ternary
PT2TC and binary PTC (upper). Schematic of mechanical bending of a
cocrystal rod ("+" represents the inclusion of THF, “—" displays the removal
of THF, below). (b) Time-resolved FTIR spectra, absorption and PL spectra
of PT2TC when exposed to air. (c) Schematic of mechanical bending
mechanism of PT2TC at the molecular scale.X°? (Reprinted with permission
from American Chemical Society. Copyright 2018.)

the IR bands originated from the constitute unit kept unchanged,
but the characteristic IR peaks of the three components (1065,
1461, 2860, and 2974 cm ™ ') disappeared, and the PXRD pattern of
the resultant crystals displayed obvious shifts when compared to
the initial ternary PT2TC, indicating the change in material
composition from the PT2TC into binary PTC when exposed to
air. At the same time, its absorption spectrum was red-shifted
accompanied by a decrease in emission intensity upon exposure
to air, demonstrating that the degree of charge transfer of the
THF-excluded PTC was higher than that of PT2TC. As for the
changes in the mechanical behavior mentioned, the authors
explained that after removal of the THF molecule, a straight
rod-like appearance could be maintained due to the rigid crystal
structure of the perylene-TCNB cocrystal. However, there are some
voids in the perylene-TCNB cocrystal structure, and the strong
charge transfer interaction would cause the TCNB to move slightly
toward the center of the perylene plane, which was responsible for
the fluorescent color change from red to grayish-green. When
exposed to THF solvents, the voids in the loose crystals would
again be occupied by the new THF molecules. The invasion of the
THF molecule would force the TCNB to return to its original
position, thereby driving the TCNB to slide between the layers
toward the [010] direction (Fig. 10c). Subsequently, the rigidity of
PT2TC on the molecular scale was reduced, further favoring the
bending.
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3.3 Acid-base vapor stimuli

Generally, external acid/base compounds interact with certain
components of organic cocrystals, giving rise to the change
in the stacking structure or intermolecular forces, which
ultimately affects the cocrystals’ luminescence behaviour.'®?
For example, Yan et al. used 4-(1-naphthylvinyl)pyridine (Npe)
as the donor molecule and 4-benzoylbenzoic acid (BBA) as the
acceptor molecule,'® in which the donor molecule with the
pyridine unit provides the nitrogen atom and hydrogen, and
the acceptor molecule offers the oxygen atom in the carboxylic
acid and the hydrogen atom on the hydroxide, which are
interconnected by intermolecular hydrogen bonds (OH-- N,
1.63 A; CH- - -0, 2.58 A) to form a three-dimensional network
in Npe-BBA cocrystal structures. The Npe-BBA cocrystals
emitted green fluorescence (516 nm) under UV light. When it
is placed in a NH; atmosphere for 30 seconds, the luminescent
color changes to blue (435 nm). The authors speculate that the
mechanism may be the deprotonation of pyridine nitrogen
atoms of Npe under alkaline conditions. Interestingly, by
placing it in an acidic atmosphere, the fluorescent color can
be reversible back to the initial state (Fig. 11). Moreover, they
also prepared a cocrystal with adjustable fluorescence emission
properties under acid-base stimulation. The donor used Npe
derivative 4-[2-(4-quinolinyl)vinyl]phenol (qv), and the acceptor
adopted tetrafluoroterephthalic acid (a). In an acidic atmo-
sphere of HCl, the gqv-a cocrystal has a slight red-shift to the
red light region of 597 nm due to the proton transfer process
between the HCl and the cocrystal, and the fluorescence
intensity is greatly enhanced; however, when it is placed in
an alkaline atmosphere of NH;, the spectrum blue-shifts back
to 517 nm and the fluorescence intensity is weakened. Notably,
reversible transformation of the fluorescent color by acid-base
stimulation can be repeated multiple times. This indicates that
acid-base stimulation could be an effective tool for regulating
the fluorescence emission behavior of organic cocrystals, which
provides a new idea and basis for the development of new
stimuli-responsive materials and photo sensors.

3.4 Other stimuli

Other important stimuli forms such as light and heat are also
common means to explore the response characteristics of

282 ¢

2

Normalized intensity / a.u.

2

Fig. 11 Changes in luminescence behavior of charge transfer cocrystal
under external acid—base vapor stimulation.’®* (Reprinted with permission
from Wiley-VCH. Copyright 2018.)
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Fig. 12 Remarkable self-healing behavior in coronene—TCNB cocrystals.
Images recorded using an optical microscope equipped with a variable-
temperature hot stage.® (Reprinted with permission from Wiley-VCH.
Copyright 2015.)

organic charge transfer cocrystals. For example, under light
stimulation, the resulting photogenerated carriers usually change
the conductivity of semiconductor materials, which is the basic
principle of photodetectors.'® %" At present, this photoelectric
conversion phenomenon has been widely reported in organic
charge transfer cocrystals.®>”> Besides, photomechanical
response phenomenon has been discovered in azobenzene
cocrystals, which remarkably undergo a crystal-to-crystal cis-trans
isomerisation accompanied by large-scale bending.'°® Moreover,
recently, Wang et al. have explored an effective photothermal
conversion property in charge transfer cocrystals.®” The strong
D-A interaction leads to a narrow bandgap with NIR absorption.
It was remarkably found that the temperature of cocrystals is
sharply increased in a short time using the NIR laser illumination
with high photothermal conversion efficiency.

Molecular crystals can have different crystal polymorphs in
the molecular packing mode. Heat stimulation is the most
important method for tuning the mutual transformation of
crystal polymorphs. In general, stable thermodynamic products
tend to form at high temperatures, and kinetic products tend to
form at low temperatures. This thermally stimulating crystal
polymorph transition has been found in organic charge
transfer cocrystals. For instance, Liu et al. reported a remarkable
self-healing behavior in coronene-TCNB cocrystals (Fig. 12)."* The
as-prepared cocrystals show an interesting thermo-mechanical
response during thermally induced reversible single-crystal-to-
single-crystal (SCSC) phase transitions. After the microscopic
observations and crystallographic studies, it was revealed that
the global similarity of the packing patterns of both phases with
local differences, such as molecular stacking sequence and orien-
tations, is the origin of the self-healing behavior of these crystals.

4. Conclusions and perspectives

Organic cocrystals have gained increasing interest as an emer-
ging field of research, which alloys two different molecules
together, providing a higher degree of freedom for achieving
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many novel physical properties. In this review, we focus on
the application of organic cocrystals in the field of stimuli-
response. The natural characteristics of organic cocrystals
include different molecular compositions, clear molecular
packing modes, multiple intermolecular interactions, and elec-
tronic delocalization between D-A molecules, which makes this
material an ideal system for designing and application in rich
stimuli-responsive functions. In the first section, the molecular
packing mode of cocrystals, the main preparation methods,
and the common donor and acceptor molecules in the cocrystal
are briefly introduced. These basic knowledge of organic
cocrystals is fundamental to understanding and designing
its functional applications. Subsequently, the functional
properties of organic cocrystals under external stimuli are
highlighted, with emphasis on mechanical forces, solvents,
acid-base, light and heat stimuli.

In general, the application of organic cocrystals in the field
of stimuli response is still in its early stages and the amount of
related research work reported is still limited. Therefore, it was
highly necessary to provide an outlook on future developments
in this field. (1) In cocrystal assembly, the monomer with
stimuli-responsive behaviors could be selected. The benefit is
that the stimuli-responsive property of the monomer will be
retained after cocrystallization and a richer function is expected
to be emerged. (2) The charge transfer between the donor and
acceptor molecules in the organic cocrystals, and the resulting
spatial electron delocalization, directly determines the extrinsic
properties such as photoelectric properties of the material,
considering that the regulation of external stimuli to adjust
the degree of CT in cocrystals could stand as an effective means
towards the design and incorporation of stimuli-responsive
functions. (3) The relationship between internal molecular
stacking structure and response property needs to be further
understood, which will guide the rational design and synthesis
of organic charge transfer cocrystals for stimuli-responsive
applications.

In conclusion, the unique advantages of organic cocrystals
have gradually opened up new research pathways for usage in
stimuli-responsive applications. With increasing research inter-
est towards this field, it is believed that more significant
and interesting works will be explored and reported, thereby
fostering deep understanding and promoting the development
of organic cocrystals in stimuli-responsive fields.
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