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ABSTRACT The nucleation and growth mechanism and
polymorph-property correlations in the molecular cocrystal
field are widely sought but currently remain unclear. Herein, a
new wire-like morphology of phenazine (Phz)-chloranilic acid
(H,ca) cocrystal (PHC) is demonstrated for the first time, and
the self-assembly of Phz and H,ca is controlled to selectively
prepare kinetically stable wires and thermodynamically stable
plates. Specifically, low precursor concentration is beneficial
for one-dimensional (1D) self-assembly along the [010] crys-
tallographic direction, while only supersaturation can trigger
2D self-assembly along the [100] and [010] directions, re-
spectively. This is understandable in terms of the (020) face
showing the largest attachment energy (E,,,) and the (002) face
possessing the smallest surface energy (E,,). Moreover, ani-
sotropic Raman spectra related to the mode symmetry and
atomic displacements in two types of PHCs are revealed, and
the same Raman-active vibrational bands of PHC wire and
plate show different polarization responses, which is in-
trinsically ascribed to their different molecular orientations.
Overall, this is the first case that morphologies of cocrystal are
precisely tuned with comprehensive investigations of their
anisotropic vibrational characteristics.

Keywords: molecular cocrystal, polymorph, self-assembly,
Raman spectroscopy, anisotropy

INTRODUCTION

Single crystals of organic molecule [1] and polymer [2,3]
with few grain boundaries, defects, traps and impurities,
are ideal for fundamental research and advanced appli-

, Yunli Wang Chengcheng Huang Lingyun Zhu’, Yonggang Zhen', Huanli Dong',

cations in electronics [4,5], photonics [6,7], spintronics
[8,9], and energy science and technology [10,11]. Mole-
cular cocrystal (also named as “co-crystal”), similarly, a
highly single-crystalline single phase material composed
of two, three or more different compounds in a specific
stoichiometric ratio [12], shows new, unpredicted physi-
cochemical properties based on the multi-component
synergistic and collective (MCSC) effect [13]. Examples
include white-light emitting [14], ambipolar charge car-
rier transport [15], ferroelectricity [16,17],
temperature phosphorescence (RTP) [18], and optical
second harmonic generation (SHG) [19,20]. In contrast to
crystals of singe-component material, co-crystallization
offers an alternative but efficient approach for achieving
multifunctional smart materials, and a material research
paradise for exploring new chemical and physical phe-
nomena, properties, and functionalities [13,21]. For the
property-oriented materials science research, co-crystal-
lization is easier, greener and more efficient than the
conventional organic synthesis. However, one of the best-
known challenges in this research field is effective co-
crystallization between different molecules towards de-
sired functions [22], while the nucleation and growth
mechanism of molecular cocrystal is key but remains
largely elusive [23], which in fact prevents further rational
design and synthesis of functional cocrystals, arrays, and
devices [10].

Our laboratory is interested in such fundamental
questions and has been directing this research field since
2012 [24,25]. Fortunately, polymorph of cocrystals offers

room-
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the possibility to answer these fundamental questions,
due to their distinct different molecular packings, self-
assembling manners and the resulting crystal morpholo-
gies [10]. In this regard, governing the molecular self-
assembly and crystal growth kinetics of these micro-nano
cocrystal systems to obtain individual ones with definite
crystal phase, morphology and size becomes particularly
important, because it in turn helps to understand the
intrinsic cocrystal formation and growth mechanism,
establish the structure-function relationships [10], and is
convenient for large-area device fabrications and appli-
cations [26,27]. However, selective synthesis of cocrystals
is challenging, because (i) similar to single-component-
material crystals [28], different polymorphs of cocrystal
always crystallize concomitantly in one-pot process [29-
31]; (ii) the theoretical models for single crystal growth,
such as the Kossel-Stranski model and Bravais rule [24],
might be not suitable for molecular cocrystals; (iii) some
cocrystals with segregated-stacking are not stable [32],
and phase transition is easy to happen at ambient con-
ditions [33,34].

With these considerations in mind, we herein choose
phenazine (Phz) and chloranilic acid (H,ca, Fig. 1a) as
the prototype, which previously form hydrogen-bonded

(H-bond) cocrystals with plate-like morphology by slow
evaporation of mixed solution (Fig. S1) or by the co-
sublimation in a vacuum-sealed glass tube [16]. We de-
monstrate, for the first time, that a new wire-like mor-
phology is selectively obtained and fully experimentally
confirmed by atomic force microscopy (AFM), trans-
mission electron microscopy (TEM), X-ray diffraction
(XRD), ultraviolet-visible (UV-Vis) absorption spectro-
scopy, differential scanning calorimetry (DSC), and solid-
state nuclear magnetic resonance (NMR) measurements.
The solution self-assembly of Phz and Hjca is controlled
by tuning the precursor concentration in solvent eva-
poration to form kinetically stable Phz-H,ca cocrystal
(PHC) wires and thermodynamically stable PHC plates,
which is attributed to the Material Studio software si-
mulation results that the (020) face of PHC shows the
largest attachment energy (E,,) and the (002) face pos-
sesses the smallest surface energy (E,,). This thereby
allows us to propose a nucleation and growth mechanism
for PHC, providing a standard reference for further
controlling polymorph of organic cocrystals. Moreover,
different polarizations of Raman characteristic peaks in
the anisotropic experiments related to the mode sym-
metry and atomic displacements of PHC wire (or plate)

Co-crystallization
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Phz-H,ca cocrystal

- i 2.184 A
H-bond

Figure 1 Cocrystal morphology and structure. (a) Co-crystallization of Phz and H,ca toward wire- and plate-like Phz-H,ca crystals. The optical
images of (b) wires and (d) plates on glass substrate. TEM and SAED images of individual (c) wire and (e) plate. (f) The corresponding molecular

packing and intermolecular interactions in PHC.
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are revealed. It will be seen that the same Raman bands of
two types of PHCs exhibit different anisotropic responses,
which are intrinsically attributed to their different mole-
cular orientations. The results herein help to rationally
control the polymorph of cocrystals, and gain a deeper
understanding of intrinsic physicochemical properties in
molecular solids.

EXPERIMENTAL SECTION
Materials, chemicals, and all the experimental details can
be found in the Supplementary information.

RESULTS AND DISCUSSION

Structures and characterizations of wires

The Phz and H,ca molecules self-assemble into wire-
(Fig. 1b) and plate-like (Fig. 1d, and Fig. S2) crystals,
which are clearly different from those of single-compo-
nent-material crystals (Figs S3-S5), and the intersection
angles of hexagon plate are found to be 147° and 108°,
respectively. The XRD patterns of these wires and plates
on glass substrates are different from those of Phz and
H,ca crystals (Figs S6-S10) but in accord with the si-
mulated pattern exported from the .cif file of PHC (room-
temperature phase, CCDC 269940, Tables S1, S2, and
Fig. S11) [35]. It indicates that the wires and plates are in
fact the cocrystals of Phz and H,ca, and both of them
belong to the same cocrystal phase (Fig. S12). Note that

the plate-like morphology of PHC has been demonstrated
in 2005 [16], while the wire-like morphology has not yet.

To further confirm the cocrystal nature of the obtained
wires, they were collected under low solution con-
centration. The obtained crystal powder shows black
color (Fig. 2a), which is clearly different from Phz (light-
yellow) and Hjca (red) crystals. The corresponding ab-
sorption spectra (Fig. 2b) are consistent with the cocrystal
color, and show significantly red-shifted absorption,
which is not simply the sum of those collected from in-
dividual component crystals. Similarly, the DSC mea-
surement of the wires (Fig. S13) shows only one strong
melting peak (272.4°C) [36], which is lower than Hjca
crystals (282°C)[37], but higher than Phz crystals (176°C)
[38], reflecting a new single-phase solid with different
intermolecular interactions from Phz or H,ca. Moreover,
the chemical shift (~10 ppm) of H,ca is changed to
13.5 ppm in the 'H NMR spectra of wires (Fig. 2c and
Fig. S15), demonstrating the formation of H-bond.
Opverall, these allow us to conclude that the obtained wire
is a new morphology of Phz-H,ca cocrystal.

The TEM and selected area electron diffraction (SAED)
images of PHC wire and plate (Fig. 1c, e) indicate they are
highly single crystalline. The crystal structure of PHC
belongs to the space group of P2,/n with cell parameters
of a=12.399 A, b=3.853 A, c=16.957 A, a=90°, f=107.89°,
y=90° [35], and thus the SAED pattern collected from
individual wire with d-spacing value of 3.92 A can be
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Figure 2 Characterizations of PHC wires. (a) The optical images of Phz, Hyca crystals, and PHC wires. (b) The typical absorption spectra of Phz,
H,ca crystals, and PHC wires on quartz slides The absorption spectrum fitting result of PHC wires is shown in Fig. S14. (c) The solid-state 'H NMR

result. More detailed results can be found in Fig. S15.
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indexed to (010), showing that it grows along the [010]
direction. This is also verified by the XRD result (Fig. S6),
in which b miller index is not observed. In contrast, only
(002) peak appears in the XRD pattern of plates, and the
d-spacing values with intersection angle 90° of individual
plate are attributed to (100) and (010), respectively, which
illustrates the hexagon plate grows along the [100] and
[010] directions. In order to reveal the driving forces for
the PHCs’ growth, Fig. 1f shows that molecules pack in a
segregated fashion with m-m interactions in both of the
Phz and H,ca molecular columns (Fig. S11), which are
connected with each other by strong hydrogen bonds
(2.184 A), resulting in a unique supramolecular archi-
tecture. In this sense, the n-m interactions are the driving
force for the 1D growth of wires, and also responsible for
[010] growth of plates with another direction ([100])
contributed from the hydrogen bonds.

Cocrystal nucleation and growth

The self-assembly of Phz and H,ca is controlled by
changing the applied experimental conditions to prepare
PHC wires and plates. In a typical experiment, PHCs
were obtained by using a solution drop-casting method
(Fig. S1). Phz and H,ca show good solubility in acet-
onitrile solvent (Fig. 3a), but when the two materials were
mixed (1.8 mg Phz + 2.1 mg H,ca + 5 mL CH;CN in the
vial), the solution surprisingly became muddy. From
drop-casting of the muddy suspension immediately, we
obtained both of wires and plates on the substrate
(Fig. 3b) but no spare Phz and H,ca crystals were de-
termined (see the XRD in Fig. S8). The similar case was
also observed, even if less solvent (1.8 mg Phz + 2.1 mg
H,ca + 1 mL CH;CN in the vial) was applied (Fig. S9).
This clearly demonstrates that the muddy suspension is
contributed from cocrystals rather than individual com-
ponent materials. After standing the muddy suspension
for 2 h, precipitates appeared at the bottom of the vial,
and only wires were obtained from drop-casting of the
upper solution (Fig. 3c). However, if more solvent was
used (1.8 mg Phz + 2.1 mg Hyca + 7 mL CH,CN in the
vial), all the starting material was completely dissolved
without forming precipitates, and only wires were ac-
quired from drop-casting (Fig. 3d). Hence, the above
observations allow us to infer that the precipitates are
PHCs, and the solubility of the formed Phz-H,ca com-
plex in acetonitrile is significantly lowered than those of
single-component materials, Phz or H,ca. Phz-H,ca can
be regarded as a new dimolecular single species, rather
than a simple mixture of Phz and Hjca nor a so-called
“molecular level heterojunction” [25].

172 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Here we know that PHC wires can be selectively pre-
pared from drop-casting of low-concentration solution,
while plates are only formed under oversaturation. More
interestingly, after standing the mixed solution (1.8 mg
Phz + 2.1 mg H,yca + 5 mL CH;CN in the vial) for 3 d,
wires disappeared and more plates were found on the
substrate (Fig. S10a, b) from drop-casting of muddy
suspension (not the upper solution). The corresponding
XRD profiles of the obtained crystals on the substrate
(Fig. S10c) with significantly lowered (10—1) and (20-2)
diffraction peaks further confirm that the plates are
dominated with almost no wires, consistent with the
captured optical images. It thereby indicates that the plate
is a more thermodynamically stable morphology of PHC.

In order to understand the different self-assembly
processes triggered by different applied experimental
conditions, the growth and equilibrium morphology of
PHC was simulated using the Materials Studio software
(Accelrys Inc., USA) [39-42] (Fig. 3e, f). Based on the
calculation results, the attachment energy [39] E,,, (hkI) of
cocrystal faces (hkl) follows the order: E,, (020) > E,,
(200) > E,, (10-1) = E,, (002) (Table 1), and the pro-
posed formula [43]:

R{f/iz} =A4x E{ahtlt{l}n

where Ry, is the relative growth rate of face (hkl); A is a
proportional constant, illustrates that the growth rate of
crystal face is proportional to its E,; (E,, means the en-
ergy released when two layers of the crystal structure {hki}
are brought together). Thus the (020) face with the largest
E,, can grow fast to form 1D wire along the [020] di-
rection even under low precursor concentration in the
experiment (vide supra), whereas the (002) and (10-1)
faces with the smallest E, finally become the largest faces,
and thus can be detected by the XRD measurements
(Fig. S6). In this regard, wire belongs to the growth
morphology of PHC and is kinetically stable. In com-
parison, the calculated E¢ (hkl) of PHC follows the or-
der: E. (10-1) > E, (200) = E (020) > E, (002).
Based on the following equation [39]:

R{rhelil}ooc X exp(—AG{ik,}/ kBT)s

where AG is the activation free energy for the growth
crystal face (hkl), C is the concentration of growth units
(here is the Phz-H,ca complex), kg is the Boltzmann
constant, and T is the Kelvin temperature, and the relative
growth rate of face (hkl) R,y depends on the kinetic
growth barrier AG. Because the growth barrier of crystal
face is inversely proportional to its E, the crystal faces
with higher E ¢ and lower growth barrier therefore can

surl
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Figure 3 Cocrystal nucleation and growth. (a) Optical images of solutions prepared from different experimental conditions. Optical images of (b) the
cocrystals obtained from drop-casting of the 5 mL solution immediately, (c) the wires obtained from the same 5 mL solution after standing for 2 h (the
supernatant solution) and (d) the wires obtained from drop-casting of the 7 mL solution. All the scale bars are 50 pm. The simulated (e) growth and
(f) equilibrium morphology of PHC from the Materials Studio Package. (g) The proposed nucleation and growth mechanism for PHCs.

grow faster [39]. Hence, the growth barrier of (200) and
(020) faces smaller than that of (002) can be overcome
under oversaturation in the experiments, while that of
(002) face with the smallest E . (the largest growth
barrier) still cannot. It therefore leads to the expansion
along the [200] and [020] directions with a dominant
(002) face, which is detected in the XRD experiment
(Fig. S6). Moreover, the simulated equilibrium mor-
phology with intersection angles of 147° and 108° (Fig. 3f)

January 2021 | Vol.64 No. 1
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is in accord well with the experimental results (Fig. 1d, e).
Thus, the 2D plate belongs to the equilibrium morphol-
ogy of PHC and is thermodynamically stable.

A nucleation and growth mechanism for PHC is
therefore proposed (Fig. 3g). In a typical crystal nuclea-
tion and growth process, Phz and H,ca molecules start to
recognize each other to form a new dimolecular species
when the solvent is gradually evaporated, and self-
assemble via m-m stacking, hydrogen-bonding, and van
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Table 1 The calculated E,; and E by using the Materials Studio

Package [39]

i
(002) 0.16 30.1% —31.31 36.3%
(110) 0.22 12.0% —82.34 9.2%
(11-2) 0.23 10.5% —84.36 0.6%
(200) 0.24 10.9% —64.26 /
(10-1) 0.25 8.3% —34.10 34.6%
(020) 0.24 / —108.23 /

der Waals forces from “one to few”, large aggregates to
initial crystal nucleus and bulk crystals. If low precursor
concentration was applied initially, the (020) face of co-
crystal nucleus is predominately grown (1D self-assem-
bly) under the driving force of n-m interactions; if the
applied solution was highly oversaturated, the growth
barrier of (200) and (020) faces is overcome, and the 2D
self-assembly along these two directions under the driv-
ing forces of hydrogen bond and m-m interactions re-
spectively is triggered immediately, leading to hexagon
plate morphology. Therefore, the formation mechanism
and different self-assembly manners of PHCs are fully
understood and clearly exhibited, providing a standard
reference for further controlling the polymorph of or-
ganic cocrystals.

Raman spectroscopy and anisotropy

The vibrational characteristics of PHC wires and plates
were fully investigated. In a typical experiment, micro-
area Raman spectra of crystals were obtained on an
inVia-Reflex Raman spectrometer (Renishaw, UK) with
the A = 785 nm laser excitation (Fig. 4a). Raman signals
were collected from the in-situ position where the laser

beam was focused on. The glass substrate with samples
was on a commercially purchased rotary table for the
anisotropic investigations. The Raman spectra (Fig. 4b)
with sharp strong peaks collected from individual crystals
illustrate that they are highly single crystalline in nature,
consistent with the TEM and SAED results (vide supra),
and both of the wires and plates show the same result but
different from those of Phz and H,ca crystals. It clearly
demonstrates that the wires and plates are indeed a
composite of Phz and H,ca materials, and the inter-
molecular interactions are significantly changed after co-
crystallization. More specifically, the 732 cm ' Raman
band of Phz (assigned to CCC planar deformation, v9)
[44,45] is shifted to 745 cm ', and the 1010 cm ' band
(CH bend, v8) is changed to 1016 cm ', while the
1403 cm ' (v, phen ring) and 1417 cm ' (combination
band) bands are shifted to 1410 cm ' in PHCs. And the
542 cm ' Raman band of Hyca (C-Cg,, C=C,, asym.
Def.) [46] is changed to 529 cm ', while the 1653 cm '
(C=C,,) band is shifted to 1635cm ' after co-crystal-
lization. All the above spectroscopic shifts imply the
formation of strong hydrogen bond in the cocrystals [16],
which is similarly reflected by the changes in the Fourier
transform infrared (FTIR) spectra (Fig. S16).
Furthermore, anisotropic Raman spectra of individual
PHC wire and plate were studied in order to investigate
the photon-lattice interactions and gain a deeper under-
standing of the structure information and structure-
property relationship [47]. The Raman spectroscopic
technique is known as a powerful tool to study the
phonon symmetries [48], atomic displacement [48], lat-
tice dynamics [49] and intermolecular transfer integrals
(responsible for the charge mobility and can be modu-
lated by Peierls electron-phonon coupling) [50]. In a ty-
pical experiment, a A = 785 nm excitation semiconductor

a b — Wire

—Plate
529 1410
(S
[e2]
(e}
3 ——Phzorystal 1403 T
| 2 a
My l'l h' A n _n.? e A oy 3?
‘542 —H,ca crystal 1§53
| |
I |
U ey’ Yy N r wol's "I “I'
500 800 1100 1400 1700 2000

Raman shift (cm™")

Figure 4 Raman spectroscopy. (a) Schematic diagram of the Raman spectrometer in the experiments. (b) The collected Raman spectra of individual

crystals on the glass substrate (1., = 785 nm).
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laser was used and the glass substrate with PHCs on it
was rotated (Fig. 5b, substrate rotation angle 6 = 0°). The
Raman spectra recorded from individual PHC wire is
largely varied when 6 is changed (Fig. 5a), and the re-
lationship between the intensity of Raman signal and 0 is
displayed (Fig. 5¢-f). The 528 cm ' band (C-Cyg,, C=Cy,,
asymmetric deformation of H,ca molecules in the wire)
gives a maximum when the polarization of excitation
laser is almost parallel to the growth direction ([010])
(Fig. 5¢, 8 = 90°), while the 743 cm ' Raman signal (CCC
planar deformation of Phz molecules in the wire) reaches
a maximum when the laser polarization is nearly per-
pendicular to the elongated axis ([010] direction) (Fig. 5d,
6 = 170°). Moreover, the corresponding anisotropic ratio
(maximum/minimum) of 528 cm ' band (rsy) is 2.13,
while that of 743 cm ' band (7543) is calculated to be 1.81.
These clearly illustrate the different symmetries [48,49] of
two Raman-active vibrational modes in the wire, and the
1409 cm ' (6 = 170°, Fig. 5f) and 416 cm ' (6 = 0°, Fig. 5e)
modes show the similar results as that of 743 cm ' band.
Notably, the variation of these Raman bands may also be
related to the atomic displacements in the wire (proton-
displacive and oxygen atom motion), as noted previously
[16,47,48].

In comparison, individual PHC plate exhibits different
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anisotropic Raman spectra (Fig. 6a). The polarization of
528 cm ' Raman-active vibrational mode in the plate is
nearly parallel to its [100] direction (Fig. 6¢c, 6 = 20°),
whereas the 743 cm ' band is changed to a maximum
when the elongated axis ([010] direction) of the plate is
almost perpendicular to the laser polarization (Fig. 6d,
0 = 10°), and polarizations of the 416 cm (Fig. 6e, 0 =
100°) and 1409 cm ' bands (Fig. 6f, 8 = 170°) are also
exhibited. The corresponding anisotropic ratio rs,s is
measured to be 1.68, and r,,; is 5.53, different from those
of PHC wires. Similarly, different Raman bands show
different polarizations, and it is attributed to the different
symmetries of Raman modes and the atomic displace-
ments in the plate. More interestingly, the same Raman
bands of PHC wire and plate show different polarizations
(Fig. 5¢ vs. Fig. 6c, Fig. 5e vs. Fig. 6e, and Table 2), which
is intrinsically due to their distinct molecular packings/
orientations, consistent with the TEM, SAED, and XRD
results (vide supra), though they belong to the same co-
crystal phase. Importantly, ferroelectric cocrystal material
is one of promising systems for advanced electronic de-
vices and applications [17], so we performed piezo-
response force microscopy (PFM) measurement.
Surprisingly, as a typical displacive-type ferroelectric
material (Curie temperature T, = 253 K) [16,36], the two

Figure 5 Anisotropic Raman spectra of PHC wire. (a) The Raman spectra of individual wire. (b) The corresponding optical image of individual wire
on the glass substrate (the substrate rotation angle 8 = 0°). The polarization of excitation 785 nm laser is also shown. The collected intensities of
(c) 528 cm ', (d) 743 cm ', (e) 416 cm ' and (f) 1409 cm ' Raman peaks are changed as the substrate rotates. Inserts are the corresponding optical
images of PHC on the glass substrate when the Raman signal gives a maximum.
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Figure 6 Anisotropic Raman spectra of PHC plate. (a) The Raman spectra of individual plate. (b) The corresponding optical image of individual plate
on the glass substrate (the substrate rotation angle 8 = 0°). The polarization of excitation 785 nm laser is also shown. The collected intensities of (c)
528 cm |, (d) 743 cm ', (e) 416 cm ', and (f) 1409 cm ' Raman peaks are changed as the substrate rotates. Inserts are the corresponding optical images

of PHC on the glass substrate when the Raman signal gives a maximum.

types of PHCs show different mag-voltage and phase-
voltage curves (Fig. S17) at room temperature under
ambient conditions, again corresponding to their differ-
ent molecular packings/orientations [51].

CONCLUSIONS

As a final remark, a new wire-like morphology of PHC
has been firstly demonstrated and fully confirmed by
AFM, TEM, XRD, crystal color, UV-Vis absorption
spectra, DSC, and solid-state 'H NMR measurements.
The structure characterizations indicate that the new
obtained PHC wires are grown along the [010] direction,
which is different from the 2D hexagon plates expanding
along the [010] and [100] directions. By tuning the ap-
plied experimental conditions, we find that low Phz-H,ca
precursor concentration is beneficial for 1D self-assembly
along the [010] direction under the driving force of m-n
interactions to form kinetic stable wires, while only su-
persaturation starts the 2D self-assembly along [100] and
[010] directions under the driving forces of hydrogen
bond and m-m interactions respectively to generate ther-
modynamically stable plates. The Materials Studio soft-
ware  simulations  attribute these  experimental
observations to the largest E,, of (020) face and the

176 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Table 2 The anisotropic Raman response of PHC wire and PHC plate

PHC wire PHC plate
Raman signal
Direction r Direction r
528 cm ' [|[010] 2.13 [|[100] 1.68
743 cm’" 1[010] 1.81 [|[100] 5.53
1409 cm ' 1[010] / [|[100] /
416 cm' 1[010] / [|[010] /

smallest E¢ of (002) face. The self-assembly and growth
kinetics of PHCs are therefore rationally controlled and a
reasonable nucleation and growth mechanism is pro-
posed, thus providing a standard reference for further
controlling polymorph of organic cocrystals. The vibra-
tional characteristics of two types of PHCs are in-
vestigated by Raman and FTIR spectra, both of which
clearly demonstrate the formation of strong hydrogen
bond. And different Raman-active vibrational modes of
the wire (or plate) exhibit distinct anisotropic response,
which is due to the different symmetries of Raman modes
and the atomic displacements in PHCs. Moreover, the
same Raman bands of PHC wire and PHC plate display
different polarizations, which is intrinsically due to their
distinct molecular packings/orientations as shown in the
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TEM and XRD experiments. The work helps to rationally
prepare cocrystal materials with desired functions, and
gain a deeper understanding of their intrinsic physico-
chemical properties. Further related research, underway
in our laboratory, are focusing on the polymorph and
formation mechanism of molecular cocrystals, developing
temperature-dependent and ultrafast time-resolved Ra-
man spectroscopy to reveal their structural information,
as well as achieving high T, organic ferroelectrics.
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