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A B S T R A C T

A new charge transfer cocrystal of 1,2,4,5-tetracyanobenzene (TCNB)-phenazine (PTC) was prepared by
solvent evaporationmethod. The donor and acceptor molecules of cocrystal are stacked face to face with
a mixed-stacking, implying a strong charge transfer (CT) interactions in the cocrystal system. The
spectroscopic studies, single-crystal X-ray diffraction structure, density functional theory (DFT) and
Hirschfield surfaces calculations are carried out to explore the relationship between structure and
properties of cocrystal system, which show that the intermolecular interactions in PTC are stronger than
those of single components, leading to the stability and photophysical behaviors of cocrystal different
from their constitute units. This study will be helpful for the design and preparation of multifunctional
cocrystal materials.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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In recent years, the demand for multifunctional materials is
increasing. Cocrystal engineering, a method of preparing new
materials with unique optical and electrical properties by non-
covalent bond interactions, has attracted much attention. For
example, organic cocrystal can be applied to organic field effect
transistor (OFET) [1–3], photoresponse [4–6], organic light-
emitting transistor (OLET) [7], room temperature phosphores-
cence [8–10], two-photon absorption properties [11–13] and so on
[14–16]. Recently, many excellent luminescent crystal materials
have been reported to promote the practical application in single
components [17], and cocrystal engineering for high-performance
luminescent materials has also received great attention and still in
its infancy stage [18–24]. However, selecting suitable molecules to
prepare cocrystal with novel properties is still a great challenge.

The interactions between different molecules in cocrystal have
a nonnegligible effect on the properties of cocrystal, supramolec-
ular interactions in organic cocrystal include charge transfer
interactions, p-p interactions, hydrogen bond and halogen bond
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interactions [25]. Among them, CT interactions are most often
found in the cocrystal composed of strong electron-donating donor
and easy electron-withdrawing acceptor molecules. By combining
different donor and acceptor molecules, its performance can be
effectively regulated [22,26]. Exploring the interactions between
molecules of the cocrystals is helpful to understand the relation-
ship between structure and properties in cocrystal system. At
present, the most common methods to prepare organic cocrystal
include solution method [27,28], physical vapor transport (PVT)
method [29,30] and mechanochemical preparation [31]. Various
preparation methods make it more possible to prepare cocrystal
with different morphologies, structures and properties. The
solution method has the advantages of simple operation, flexible
design and low cost. Here, we designed and prepared a new
cocrystal, wherein the TCNB as electron acceptors (A), and
phenazine as electron donors (D), shown in Fig. 1a. The surface
electrostatic potentials (ESP) of TCNB and phenazine were
calculated in order to confirm whether they were suitable for
growth cocrystal (Figs. 1b and c). The red regions indicate negative
potential, while the blue areas indicate positive potential. The two
molecules exhibit complementary electrostatic potential energy,
which makes it possible to recognize each other between donor
and acceptormolecules, and realize supramolecular self-assembly.
Meanwhile, the differences of crystal structure, intermolecular
interactions and properties between cocrystal and single
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) The optical images of TCNB, phenazine powder and PTC crystal with the
molecular structures. ESP map of TCNB (b) and phenazine (c).
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component crystals were demonstrated through a variety of
spectral measurements and calculations.

The TCNB-phenazine cocrystal (PTC) can be obtained by slowly
volatilizing the acetone solution of TCNB and phenazine (same
molar ratio) at room temperature. As shown in Fig. 1a, the TCNB
and phenazine crystals are white and yellow, respectively, while
the PTCs display slightly darker yellow comparing with their co-
formers. Meanwhile, phenazine tends to grow into rod-like
crystals in acetone solution and PTC is a large block crystal
(Fig. S1 in Supporting information), which implies the successful
realization of cocrystallization rather than simple mixing between
TCNB and phenazine.

Through the analysis of single crystal X-ray diffraction, PTC is
triclinic and belong to the space group P-1with the cell parameters
of a = 7.52 Å, b = 7.78 Å, c = 8.06 Å, α = 74.43�, β = 82.81� and
g = 83.33� (Table S1 in Supporting information). As shown in Fig. 2a
and c, the donor and acceptor molecules of PTC are stacked face to
face, showing a mixed stacking structure [32]. The intermolecular
D-A distance of PTC is 3.341 Å (short contact), meaning that there
may be CT nature in the cocrystal [33]. It is worth mentioning that
the distance between two adjacent molecules in the p-p direction
of PTC are shorter than that of donor molecular, while longer than
that of acceptor (Fig. S2 in Supporting information). In the
meantime, due to the abundant intermolecular ��N� � �HC��
interactions of cocrystal (A-A molecules ��N� � �HC�� distances of
2.510 Å, D-A molecules ��N� � �HC�� distances of 2.702 Å and
2.676 Å) (Fig. 2b), the structure of PTC becomes more stabilization.

On account of the supramolecular interactions in the two
different directions (D-A and C��H� � �N), the cocrystal has three-
dimensional block morphologies. The morphology prediction
(Fig. 2d) based on Bravais Friedel Donnay Harker (BFDH) model
[(Fig._2)TD$FIG]

Fig. 2. (a-c) Crystal structure of the PTC cocrystal. (d) The calculated growth
morphology of PTC cocrystal.
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is basically consistent with the experimental results. According to
the area ratio of crystal planes (Table S2 in Supporting informa-
tion), (100), (010) and (001) may be dominant in the formation of
bulk crystals. PTC displays different peaks from the constitute
components by analyzing the powder X-ray diffractometer (PXRD)
pattern (Fig. 3a). And the measured PXRD result of PTC is basically
consistent with the data calculated through CIF file.

The spectra of PTC were studied to determine its CT properties.
In Fig. 3b, the Fourier transform infrared spectra (FTIR) spectrum of
PTC is basically the combination of the TCNB and phenazine. The
sharp peaks of cocrystal imply that PTC has excellent crystal
quality. The shift of the PTC peak can be attributed to the various
interactions between molecules in the cocrystal. For example, in
PTC the TCNB 3112 cm�1 band (C��H str) is shifted to 3109 cm�1,
3047 cm�1 (C��H str) is shifted to 3043 cm�1, 2245 cm�1 (CRN
str) is shifted to 2244 cm�1 [34]. These peaks have different
degrees of redshift, indicating that the electron cloud density of
benzene ring on TCNB molecule has increased to a certain extent.
At the same time, some of the corresponding phenazine peaks in
the cocrystal have blue shift as well, which indicates that the CT
interactions exist in PTC [35]. From the energy level diagram and
molecular orbital diagram obtained by calculation (Fig. 3c), it can
be demonstrated that electron clouds in highest occupied
molecular orbital (HOMO) of the cocrystal aremainly concentrated
on phenazine molecule. While the electron clouds in lowest
unoccupied molecular orbital (LUMO) of PTC are concentrated on
acceptor. The evident transfer of electron density between donor
and acceptor molecules further indicates the existence of CT
transition in the cocrystal. And the cocrystal has narrower band
gap than the single components.

The interactions between donors and acceptors in PTC cocrystal
are further analyzed by calculation. Through the calculation and
analysis of the intermolecular forces in the system (Fig. S3 in
Supporting information), it is found that the CT interactions
between the donor and acceptor molecules are the strongest
intermolecular interactions in the PTC cocrystal systems (�49.6
kJ/mol), and they are also stronger than the intermolecular
interactions of co-formers. Hirshfeld surface analysis (Figs. 4a
and b) and 2D fingerprint plots (Fig. 4c) were performed on PTC to
better comprehend the difference of intermolecular interactions in
the cocrystal and single components. The white, blue and red
regions of Hirshfeld surface mean that the intermolecular distance
is equal to, greater than and less than the van der Waals distance,
Fig. 3. (a) PXRD, (b) FTIR and (c) the calculated energy level diagrams andmolecular
orbital diagrams of TCNB, phenazine and PTC.
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Fig. 4. (a, b) Hirshfeld surface (dnorm) of PTC in different directions. (c) Fingerprint
plot of PTC. (d) The proportion of different type of intermolecular interactions in
PTC.
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Fig. 6. (a) The absorption and (b) fluorescence spectra of TCNB (black), phenazine
(red) and PTC (blue). (c) Normalized absorption and PL spectra of PTC. (d) Time-
resolved fluorescence measurements of PTC.
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respectively. The red areas on the surface of PTC (Figs. 4a and b)
display the ��N���HC�� between TCNB and phenazine molecules.
The 2D fingerprint plot (Fig. 4c) shows the abundant interactions of
the cocrystal and their contribution proportion [36]. Fig. 4d is
plotted according to the proportion of various interactions, and it
can be clearly seen that the p-p interactions of PTC account for
18.0%, and N��H interactions account for the largest proportion
(41.3%). At the same time, the Hirshfeld surfaces and fingerprint
plots of the co-formers are analyzed (Fig. 4 and Fig. S4 in
Supporting information), and it’s found that the proportion of C��C
interactions and hydrogen bond interactions can be significantly
increased through cocrystallization. Furthermore, the outstanding
CT nature of cocrystal can be attributed to the largely overlaid p-p
stacking between the donor and acceptor molecules in cocrystal
system. The changes of intermolecular interactions have a
significant effect on the properties and stability of crystal.

The thermal stabilities of the cocrystal and the single
component were compared and analyzed. The smooth curves of
thermogravimetric analysis (TGA) curve (Fig. 5a) show that there
are no solvent molecules in PTC lattice. And the sublimation
temperatures of TCNB and phenazine are 207 ℃ and 148 ℃,
respectively. It can be seen that there are two gradients in the TGA
curve of PTC. The phenazine component and TCNB component in
the cocrystal correspond to the sublimation temperature of 165℃
and 229 ℃, respectively. When the temperature reaches 224.5 �C,
the phenazine molecules are completely lost, and the PTC remains
47.8% of the initial mass, which is almost the same as the actual
weighted mass ratio of the acceptors and donors in the cocrystal
[37,38]. In general, the sublimation temperature of the single
component in cocrystal is higher than that of their single crystals,
which indicate that the interactions between molecules in the
[(Fig._5)TD$FIG]

Fig. 5. (a) TGA and (b) DSC spectra of TCNB, phenazine and PTC.
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cocrystal are stronger than that in single component crystal.
Differential scanning calorimetry (DSC) diagram demonstrate
(Fig. 5b) that the melting points of PTC, TCNB and phenazine
are 231 �C, 265 �C and 176 �C, respectively, meaning the cocrystal
has new crystal lattice. And the high-melting-point indicates that
PTC has stable structure.

The spectra of PTC were studied to determine its photophysical
properties. Fig. 6a exhibits the UV–vis absorption spectrum of PTC,
it has a prominent red shift compared with the single component
crystals TCNB and phenazine. This is mainly owing to the CT
interactions in the cocrystal system [39]. In order to further study
the photoluminescence (PL) properties of cocrystals, we have
measured its PL spectra (Fig. 6b). The emission peak of PTC appears
at 501 nm, and it has apparent red shift compared with single
component, which can be attributed to CT nature [34]. Meanwhile,
the full width at half-maximum (FWHM) and Stokes shift are
93 nm and 4394 cm�1 (Fig. 6c), respectively, and the Stokes shift of
cocrystal is much larger than that of single components (Fig. S5 in
Supporting information). The double exponential decay of
t1 = 6.13 ns (36.98%) and t2 = 24.45 ns (63.02%) were obtained by
time-resolved PL measurement (excitation: 375 nm and emission:
501 nm, Fig. 6d), and the fitting constant (χ2) was 1.1267. According
to the formula: t = (B1t1

2 + B2t2
2)/(B1t1 + B2t2), the t of cocrystal is

17.67 ns (B1 = 518.1725, B2 = 221.4039), which is higher than that of
single components (TCNB: 5.10 ns and phenazine: 7.88 ns) (Fig. S6
and Table S3 in Supporting information). In the meantime, the
photoluminescence quantum yield (PLQY) of PTC (0.28%) is also
different from TCNB (3.40%) and phenazine (0.03%). It’s mean that
the emission, PLQY and fluorescence lifetime of TCNB and
phenazine can be effectively regulated through cocrystallization.

In conclusion, a new organic cocrystal of TCNB-phenazine has
been obtained by molecular self-assembly. The complementary
electrostatic potential energy of donor and acceptor molecules
makes the cocrystals have excellent CT interactions. FTIR spectra,
UV–vis absorption spectra, fluorescence spectra, DFTand Hirshfeld
surfaces calculations show significant differences in stabilities and
photophysical behaviors between cocrystal and single compo-
nents. It provides some suggestions for the preparation of
multifunctional cocrystal materials.
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