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The research on donor—acceptor (D-A) cocrystalline structures based on organic semiconductive
molecules has drawn great attention due to their unique optical and electronic properties. Among the
building block molecules, derivatives of perylene-3,4,9,10-tetracarboxylic-3,4,9,10-diimides (PTCDI) are
of particular interest as these molecules form high performance n-type semiconductors with strong air
stability. However, the cocrystal of PTCDIs remains challenging to fabricate, and only few D—A cocrystals
of PTCDIs have been reported. Herein, we report a successful molecular self-assembly design for the
PTCDI cocrystal with a donor molecule, coronene. Within the triclinic cell of the cocrystal, the PTCDI
and coronene molecules achieved 1 : 1 alternated w—t stacking. The cocrystal showed clear red-shifted

absorption and photoluminescence bands, implying the strong charge transfer interaction between
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favors strong one-dimensional self-assembly, leading to the formation of microsized fibril cocrystals and

DOI: 10.1039/c6ra25447k arrays. This presented cocrystal design strategy helps to explore new D-A cocrystalline structures,
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Introduction

The charge transfer (CT) interaction in donor-acceptor (D-A)
materials and the relevant molecular self-assembly (or micro-
structure) have drawn increasing attention in recent years."?
The D-A cocrystal structures, in a format of homogeneous
assembly of the D-A molecules, may possess unique optical or
electrical properties, such as high conductivity,® ambipolar
carrier transport,*® ferroelectricity,® and tunable luminescence,’
which enable many applications in electronic or optoelectronics
devices. However, the design and growth of D-A cocrystals are
still challenging, especially for molecules with low solubility,®
since these molecules are strongly in favor of self-aggregation
into D or A assemblies alone, rather than D-A cocrystals.
Among the building block molecules studied for organic
semiconductors, molecules of perylene-3,4,9,10-tetracarboxylic-
3,4,9,10-diimides (PTCDI, Scheme 1) represent one of the most
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particularly with one-dimensional morphology control.

interesting classes for several unique features correlated real
applications in devices.®** First, PTCDIs form a rare class of air-
stable n-type organic semiconductors, and only few of such
n-type materials have been employed in optoelectronic devices
(e.g., photovoltaics, LEDs, sensors). Second, the two imide
positions in PTCDI are nodes in the front m-orbitals, and
thereby the side-chain modification at the two ends does not
affect the electronic property of PTCDI, offering unlimited
options for structural modification to tune and optimize the
-1 stacking conformation. Third, the band gap of PTCDI is
about 2.5 eV, implying strong absorption in the visible region,
which is desired for development into solar energy utilization.
Lastly, the rigid, planar m-conjugation of PTCDI structure
makes it suited for cofacial molecular stacking, which usually
leads to formation of one-dimensional fiber like materials with
uniaxial optical and electrical properties.*>** But also due to the
strong -7 self-stacking, PTCDI molecules intend to form
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Scheme 1 Molecular structures of coronene and PTCDI-C6.
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homogeneous assembly of themselves, even in the presence of
electron donor molecules.**™® To form D-A cocrystals, the
molecular structure must be designed so that the D-A interac-
tion exceeds the m-m stacking between PTCDIs, while still
maintains the overall geometry matching for the cofacial
intermolecular arrangement for a crystalline phase. Because of
this structural design challenge, few D-A cocrystal structures of
PTCDI was reported,® and the high quality cocrystals are thereby
highly desired. The single crystalline data thus obtained will
provide the theoretical calculation and modeling with precise
geometry and configuration of intermolecular arrangement that
are crucial for studying the structure—-property relationship.

The donor molecule used in this study was coronene
(Scheme 1), which possesses a rigid and planar m-conjugation,
and is correlated to the core of PTCDI (regarding size and
geometry). The matching w—m stacking between coronene and
PTCD], in addition to the D-A interaction, is expected to over-
come the self-stacking of PTCDIs, leading to the formation of
D-A cocrystal as indeed confirmed later in this work. Our X-ray
diffraction (XRD) study proved the single crystal phase of the
D-A assembly of coronene-PTCD], in which the coronene and
PTCDI molecules stack 1 : 1 alternately in a triclinic crystal cell
structure. The significant D-A interaction can be revealed from
the CT absorption band in longer wavelength measured over the
cocrystal, which becomes in dark purple color in comparison to
the light yellow coronene and red color PTCDI crystals. The
cofacial - stacking of D-A molecules, in cooperation with the
moderate hydrogen bonding between adjacent PTCDIs, facili-
tates the one-dimensional (1D) growth of the molecular self-
assembly, leading to formation of fibril cocrystals in microm-
eter size and further fabrication of microfiber array. And beyond
the structure, this stacking feature could further results in the
clear uniaxial optical property of these 1D microstructures, as
shown by the highly polarized photoluminescence.

Results and discussion

Coronene can be molecularly dissolved in chloroform, and the
UV-vis absorption and fluorescence spectra of the solution show
highly structured peaks in the region 250-350 and 400-500 nm,
respectively (Fig. 1a). The PTCDI molecule selected in this study
is the one substituted with two cyclohexyl groups (-C6), namely
PTCDI-C6 (Scheme 1). PTCDI-C6 can also be dissolved in chlo-
roform, forming homogeneous molecular solution, which
demonstrates the typical absorption and fluorescence (photo-
luminescence) spectra of PTCDI shown in Fig. 1a. In solid state,
the absorption and fluorescence of coronene is red-shifted
(compared to the molecular solution) due to the molecular
aggregation, consistent with the light yellow color in appearance
and brightly green photoluminescence.”** Solid state of PTCDI-
C6 shows broad absorption ranging up to 640 nm and excimer
emission centered at 650 nm (Fig. 1b, ¢ and S17}). In comparison
to the pure solid of coronene and PTCDI, the cocrystal powders
appears in dark purple color (Fig. S1at), which is consistent with
the new absorption band in longer wavelength region from
650 nm to 700 nm (Fig. 1b). Such significant red-shifted
absorption band is usually referred as the donor-acceptor CT
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Fig. 1 (a) Absorption (dash lines) and fluorescence (solid lines) spectra
of chloroform solution of coronene (green, 1 mmol L™ and PTCDI-C6
(red, 1 mmol LY. (b) Absorption spectra (baseline corrected)
measured on the solid sample of coronene (green), PTCDI-C6 (red)
and the cocrystal (black). (c) Fluorescence spectra measured on the
solid sample of coronene (green), PTCDI-C6 (red) and the cocrystal
(black). (d) Fluorescence spectra of the cocrystal measured at room
temperature (298 K, black) and 77 K (gray) on the same area of the
sample and under the same photoexcitation intensity.

band, which was also observed in other donor-acceptor systems
containing PTCDI structures.”»** Correspondingly, the photo-
luminescence of the cocrystal is also red-shifted to 730 nm (with
quantum yield ®p;, = 5.5%). To confirm that the photo-
luminescence of the cocrystal was generated from the CT tran-
sition, the excitation spectra of solid PTCDI-C6 and the cocrystal
were measured and compared (Fig. S21). The result showed that
the luminescence of cocrystal is mostly contributed by the new
D-A absorption band, whereas the relative luminescence of
PTICD-C6 at different wavelengths matches well the absorption
spectra (Fig. 1b). Additionally, such CT luminescence was found
to be temperature-dependent (Fig. 1d). At 77 K, the luminescence
peak was blue-shifted to 660 nm and became asymmetric, and
meanwhile the intensity was increased by more than five times.
The increased emission is ascribed to the weakened nonradiative
decay, which is likely caused by the more localized frontier
molecular orbitals.*

With the single crystal structure, we performed the density-
functional theory (DFT) calculation for the molecular orbitals
based on a D-A stack model, for which the two cyclohexyl side
groups were replaced with hydrogen to simplify the calculation.
Because the two nitrogen atoms of the diimide of PTCDI are
nodes in T-orbitals, changing the side group does not signifi-
cantly change the electronic property of PTCDI. The calculated
lowest unoccupied molecular orbitals (LUMO), the highest
occupied orbitals (HOMO), and the next two lower orbitals
HOMO-1 and HOMO-2 are shown in Fig. S3.f And the results
clearly demonstrated that the LUMO of the cocrystal only locates
in the PTCDI molecules. So under light irradiation, the CT
process may occur from the coronene to PTCDI-C6, as indicated
by the electron transition from HOMO, HOMO-1 and HOMO-2 to

RSC Adv., 2017, 7, 2382-2387 | 2383
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LUMO, which results in electron redistribution and localization
in PTCDI part (Table S17). These calculations support well the
photoinduced CT observed by the spectral measurements (Fig. 1).

XRD measurement of coronene-PTCDI cocrystal helped to
resolve the crystalline structure as shown in Fig. 2a. Within the
cocrystal, the coronene and PTCDI-C6 molecules stack alter-
nately along the g-axis, with perfect alignment on every
condensed ring. The crystalline cell is triclinic and each cell
contains one coronene and one PTCDI-C6 molecule. It should
be noted that there is a plane angle between the molecule
stacking direction and the (100) face. Therefore, based on the
XRD spectrum shown in Fig. 2b, one can calculate the plane
spacing of (100) to be 3.56 A. On the other hand, the distance
between the D-A stacking of coronene and PTCDI can be
calculated to be 3.30 A (Fig. 2c) using the interatomic arrange-
ment obtained from the crystalline structure. This calculated
distance is consistent with the typical m-m stacking distance
reported for other molecular assemblies.******

In the cocrystal, the molecular stacking configuration is
quite different from what observed for the single component
crystals of coronene and PTCDI-C6. According to our previous
study,* assembly of PTCDI-C6 molecules takes two orientations
within one monoclinic crystal cell, as usually observed for other
PTCDIs that have tertiary or quaternary carbon atoms directly
linked to the imide nitrogen atoms.>”” Within the PTCDI-C6
crystal, the stacking molecules twist by an appropriate angle
to minimize the steric hindrance of cyclohexyl groups. But with
the inserting of coronene molecules, the distance between the
two PTCDI-C6 molecules was almost doubled, thus diminishing
the steric hindrance of side groups. Therefore, the untwisted
(parallel aligned) stacking between the PTCDI planes is enabled
in the D-A cocrystal with the assistance from coronene. To this
regard, the coronene molecule acts as both a spacer and inter-
locker that stabilizes D-A cocrystalline structure.

To further explore the intermolecular interaction in self-
assembly, we performed solution phase photoluminescence and
proton nuclear magnetic resonance (*H NMR) characterizations

Fig. 2 (a) Triclinic cell showing the alternate stacking of coronene and
PTCDI in the cocrystal. (b) XRD spectrum recorded on the cocrystal. (c)
The wt—T stacking between coronene and PTCDI-C6 with a spacing of
3.30 A. (d) The hydrogen bonds between the perylene hydrogen and
the imide oxygen of nearby PTCDlIs.
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over the D-A assembly of coronene and PTCDI-C6 (Fig. S47).®
Concentrated solutions of coronene and PTCDI-C6 (1 mM for
each) were prepared in chloroform, with the former being color-
less and the latter in orange color. When these two solutions were
1 : 1 mixed, the mixture turned to be dark red, indicating that the
strong CT interaction between coronene and PTCDI-C6 exists in
the solution state, which is a driving force to facilitate the
molecular assembly.” Meanwhile, the fluorescence of PTCDI-C6
was quenched upon mixing with coronene, as shown in
Fig. S4a.t Comparative "H NMR measurements over the deuter-
ated chloroform (CDCI;) solutions of coronene, PTCDI-C6 and the
1 : 1 mixture demonstrate that the D-A assembly causes upfield
shifting for the signals assigned to the hydrogens on the aromatic
rings in both coronene and PTCDI-C6 (Fig. S4bt). Such shifting is
likely due to the shielding from the aromatic ring current of the
neighbouring coronene and PTCDI core stacking,* which is
consistent with the m-m stacking arrangement in the single
crystal structure. So we attribute the strong D-A 7— stacking (in
association with the CT interaction) is the major driving force for
the cocrystal growth. Interestingly, upon D-A assembly, the
original pair of roofed doublets of the central eight hydrogens of
PTCDI-C6 (~8.6 ppm) are further splitted into two separated
doublet peaks. This indicates that half of the eight hydrogens are
now in different chemical environment from the other half with
the process of crystallization of coronene and PTCDI-C6, which is
probably caused by the moderate interaction between these
hydrogen atoms and the imide groups in PTCDI cores. To find
more clear evidence, we turned back to the study on the cocrystal
solid.

Generally, in addition to the m-m stacking, the hydrogen
bonding also plays important role in formation of cocrys-
tals.>*'"** Indeed, moderate hydrogen bonds may exist in the
coronene and PTCDI-C6 cocrystal. Due to the weak acidity of
hydrogen on the perylene rings of PTCDI, they can form
hydrogen bonds with the surrounding oxygen in the imide
groups,* for which the shortest distance between the hydrogen
and oxygen atoms is 2.92 A within the cocrystal, fitting into the
typical “moderate” hydrogen bond length. To probe the exis-
tence of hydrogen bonding, the Fourier transform infrared
(FTIR) spectroscopy measurement was performed on the coro-
nene, PTCDI-C6 and the D-A cocrystal (Fig. S51). PTCDI-C6
crystal can be considered as a reference because the twisted
stacking of PTCDI-C6 molecules does not allow for effective
hydrogen bonding between the hydrogen and imide oxygen,
which are separated too far. As clearly shown in Fig. S5,1 the
stretching vibration band of C=0 are red-shifted from v;(C=0)
=1698.1 cm " and 7,(C=0) = 1659.4 cm™ " (measured for the
D-A cocrystal) to v,(C=0) = 1689.3 cm ™' and »,(C=0) = 1655.4
cm ' (measured for pure PTCDI-C6 crystal). Such shifting could
be interpreted as the weakening of C=0 bond caused by the
formation of hydrogen bond. On the other hand, the vibration
of PTCDI ring (v(ring) = 1593.9 ecm™") is very similar in both
cocrystal and PTCDI-C6, that will act as an internal standard to
exclude the possible environment difference between the two
samples. Moreover, the weak intermolecular hydrogen bonding
was also consistent with the previous '"H NMR measurement
(Fig. S4b¥), wherein the eight hydrogen atoms of the PTCDI core

This journal is © The Royal Society of Chemistry 2017
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(a) Polar plot of fluorescence intensity measured on a cocrystal microfiber as a function of the angle (a) between the fluorescence

polarization direction and the long axis of fiber. (b) Unit cell stacking pattern and exposing facets in a cocrystal microfiber. (c) Anisotropic
fluorescence recorded over multiple microfibers under two different angles (marked) of polarized fluorescence light. Scale bar is 100 pm.

changed from the originally chemical environment (as evi-
denced by the pair of roofed doublets) to more different
chemical environments (as evidenced by the separated doublet
peaks).

As discussed above, the formation of the D-A cocrystal was
mainly driven by the -7 stacking of coronene and PTCDI-Cé6.
The - stacking with limited lateral offset usually leads to
1D crystal growth.* Indeed, microsized fibril D-A cocrystal
structures were fabricated via the solvent vapor diffusion
induced self-assembly** (see Experimental details). The micro-
fibers obtained are roughly in the shape of belt (rectangular
cross-section), with width of 30-60 pm, thickness of 10-30 um,
and length of over several hundred micrometers (Fig. 3, S6 and
S77). These 1D cocrystals provided a good platform to investi-
gate the polarized photoluminescence at single fiber level, with
the aim to determine the relative angle between the long axis of
fiber and the cofacial stacking direction.”**® Since the polari-
zation is along the -7 staking direction, measuring the rela-
tionship between the luminescence intensity and its
polarization will reveal the tilted angle of the molecular stacking
(relative to the fiber long axis) as shown in Fig. 3a. The
maximum luminescence was measured when the polarizer was
aligned at 67° to the along axis of fiber, while the minimum
luminescence was observed by rotating the polarizer 90° from
the maximum position. The anisotropic ratio of the polarization
(Imax/Imin) is calculated as ca. 3.

A crystal growth simulation based on energy minimization
was also performed based on the D-A cocrystal structure, from
which the crystalline cell repeating pattern was obtained, as
illustrated in Fig. 3b. From the top view, the direction of PTCDI-
C6 stacking is consistent with the polarization measurement.
The elongating growth direction (the left and right facets) can
be confirmed as {100}, while the thickness (the top and bottom
facets) and width direction (the front and behind facets) can be
determined as {011}, {001}, respectively. As shown in the XRD
data in Fig. 2b, these three groups of facets have relative high

This journal is © The Royal Society of Chemistry 2017

plane-to-plane spacing, so they would easily become the final
outside facets. The facet ratios calculated from the facet energy
(Table S27) are also well consistent with the three-dimensional
morphology of the microfibers (width vs. thickness vs. length),
implying that the growth of the cocrystal was mainly a thermo-
dynamically controlled process.”” Additionally, based on this
simulation, the angle of the cofacial stacking direction with
respect to the long axis of fiber is consistent with the measured
direction with maximum photoluminescence, which was 67°.
Polarized luminescence was also measured simultaneously over
multiple fibers as shown in Fig. 3c and S6.7 With the rotation of
polarizer different fibers showed different intensity of lumi-
nescence depending on the polarization direction, and after
calculation for each microfiber, their directions with the
maximum photoluminescence were between near to 67°.
Furthermore, the well-defined 1D shape and the strong rigidity
of the D-A cocrystal allow for fabrication of large-area array of
aligned microfibers, which are usually desired for application in
electronic devices.*® For example, by evaporating the solvent at
a controlled rate from the 1 : 1 D-A solution in chloroform, we
could obtain highly aligned microfibers, and the array also had
highly polarized fluorescence with an anisotropic ratio over 2.5

(Fig. S77).

Conclusions

In summary, we have successfully designed and fabricated
a D-A cocrystal through molecular self-assembly of coronene
and a PTCDI molecule in a 1 : 1 chloroform solution. Driven by
the m-m stacking interaction, the D-A cocrystal grows mostly
along one dimension, forming 1D microstructures. The crys-
talline structure is consisted of triclinic cell, within which the
PTCDI and coronene molecules stack alternately at a titled
angle of 67° with respect of the long axis of the microfiber. Such
1D dominant crystal demonstrated significant polarization of
photoluminescence, with anisotropic ratio about 3. Due to the

RSC Adv., 2017, 7, 2382-2387 | 2385
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strong CT interaction between coronene and PTCDI, the coc-
rystal also showed clear red-shift absorption and photo-
luminescence bands. Additionally, a simple solution method
could be used to directly fabricate the D-A cocrystal into large
area alignment of the microfibers, which are conducive to
further fabrication into electronic devices. Combination of
these features will open great potential for applying such D-A
cocrystal materials, along with further study of the basic opto-
electronic properties and relationship with the intermolecular
arrangement.

Experimental
Materials

PTCDI-C6 was synthesized following our previous published
method.” Coronene (97%) and the synthesis precursor of
PTCDI-C6 (perylene-3,4,9,10-tetracarboxylic dianhydride and
cyclohexylamine), and solvents (diethyl ether, diisopropyl ether,
and chloroform) were purchased form Sigma-Aldrich, and used
without further treatment.

Cocrystal growth

Chloroform solution containing coronene (1 mmol L ') and
PTCDI-C6 (1 mmol L™ ') was prepared as the stock solution. For
the large cocrystal growth in the single crystal XRD measure-
ment, 5 mL of this solution was put into a 10 mL glass vial,
which was then put in a large container where saturated diiso-
propyl ether vapor was maintained. Such slow vapor diffusion
into the chloroform solution leads to growth of the cocrystal in
a size that is sufficiently large for single crystal XRD measure-
ment. The similar method was also used for making the
microsized fibers (like those shown in Fig. 3) but using diethyl
ether as the solvent vapor source instead. To prepare the coc-
rystal microfibers array (Fig. S71), 8 mL of the stock solution was
added to a 10 mL glass vial. A glass or silicon substrate was put
inside the vial (with the substrate parallel to the vial wall). As the
solvent evaporated slowly, the microfibers formed with the
growth along the direction of solvent front moving.*

Spectral measurement

Chloroform solutions of coronene (1 mmol L™') and PTCDI-C6
(1 mmol L"), and solid samples of coronene, PTCDI-C6 and the
D-A cocrystal on the quartz slides were prepared for UV-vis
absorption and fluorescence spectral measurement. The
absorption was measured with an Agilent Cary 100 series UV-vis
spectrophotometer, and the fluorescence (including the exci-
tation spectra) was measured with an Agilent Cary Eclipse
Fluorescence Spectrophotometer. The temperature-dependent
fluorescence was measured with Ocean Optics USB4000
detector and the sample was excited by a 532 nm 10 ns pulse
laser. Fluorescence quantum yield was measured with the coc-
rystal powders deposited on a polytetrafluoroethylene film
using a Hamamatsu Absolute PL Quantum Yield Spectrometer
(C11247) via the integrating sphere method. The 'H NMR
spectra were recorded on a Varian Unity 300 Spectrometer, for
which CDCl; solutions of coronene and PTCDI-C6 (both ca.
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2 mmol L") and their 1 : 1 mixture were used. FTIR spectra of
coronene, PTCDI-C6 and the D-A cocrystal were obtained using
a Nicolet Magna 750 Fourier transform infrared spectrometer
equipped with a liquid-nitrogen-cooled mercury cadmium
telluride detector.

Polarized fluorescence measurement

The fluorescence polarization was measured with a Leica
DMI4000B inverted microscope, which was equipped a rotat-
able linear polarizer to polarize the fluorescence beam after the
excitation by a non-polarized green light from a mercury lamp.
The spectra of the polarized fluorescence was measured by
a Princeton Instrument SpectraPro 2300i monochromator and
PIXIS 400 CCD for spectra measurement.
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