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Abstract: Multi-component organic
nanocrystals that are comprised of two
or more supramolecular building
blocks can be used to extend the
design and assembly scope of solid mo-
lecular materials. Herein, we report the
use of ultrasonication to prepare halo-
gen-bonded stilbene-based nano-coc-
rystals that exhibit different photoemis-

mensional

Introduction

Organic m-conjugated nanocrystals have recently received
much attention, owing to their promising optoelectronic ap-
plications in the fields of waveguides!! light-emitting
diodes,”” lasers,” and chemical sensors.!! The size-depend-
ent effect of such materials has also provided great opportu-
nities to tune their emission for multiple-color displays.”!
During the last few years, although a great deal of attention
has been devoted to the synthesis of pure organic chromo-
phore nanocrystals,”” the investigation of the optical proper-
ties of multi-component organic nanocrystals is still in its in-
fancy.” It is expected that the synthesis of photofunctional
nanocrystals that are organized from two or more organic
units (based on supramolecular synthesis)® would greatly
extend the design and assembly scope of solid organic mate-
rials, and result in unique photophysical properties.
Cocrystals are molecular solids that are composed of
more than one neutral chemical species, which are held to-
gether by weak non-covalent interactions, such as hydrogen-
and halogen-bonding interactions.’’ This “cocrystal” ap-
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sion properties, including one- and
two-phonon emission and fluorescence
lifetimes, relative to those of macrodi-
crystals.
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transformation from nano-cocrystals
into nanocrystals upon heating results
in a luminescence red-shift from green-
ish blue to yellow. The temperature-de-
pendent ratiometric luminescence may
allow such nano-cocrystals to be used
as fluorescent sensors and thermosensi-
tive materials.

The structural

proach has received a great deal of recent attention, owing
to its ability to allow the tuning and control of the physico-
chemical properties!'” (e.g., bioavailability,'* stored chemi-
cal energy,'™ photoemission,'”! and electronic behav-
ior!"®) of organic solids, which is beneficial for the develop-
ment of new types of medical, fluorescent, energetic, and
semiconductor materials. Moreover, it has been reported
that nanosized cocrystals (i.e., nano-cocrystals)!!! exhibit
different properties to their macroscopic counterparts, such
as enhanced dissolution rates!"'?! and mechanical behav-
ior,"™d which are advantageous for various applications,
such as drug formulation. However, the luminescence and
other optical properties of nano-cocrystals have as yet re-
mained unexplored. Moreover, from the perspective of mo-
lecular recognition, although nano-cocrystals with hydrogen-
bond-organized interactions have been successfully pre-
pared,!! the formation of nano-cocrystals based on halogen-
bonding interactions, as alternative supramolecular-bonding
interactions,"®! has not yet been reported, which may be at-
tributed to relatively weak interactions between the two
building blocks.?"!

Herein, we demonstrate that nano-cocrystals that are sus-
tained by halogen-bonding interactions can be synthesized
by using a facile sonochemical method. 1,4-Bis-p-cyanostyr-
ylbenzene (bpcb, A, Scheme 1), which exhibits high fluores-
cent quantum yields, and the co-former 1,4-diiodotetrafluor-
obenzene (B) were selected as the model compounds, owing
to their ability to self-assemble through C=N--1 halogen
bonds.!*¥ Unlike cocrystals that are formed from hydrogen-
bonded supramolecular synthons, the A-B (1:1) cocrystal is
difficult to prepare by using conventional solution-based
crystallization techniques, although it is readily accessible by
using a mechanochemical (i.e., milling) method."** A typi-
cal SEM image of the mechanochemically obtained A-B
cocrystal is shown in the Supporting Information, Figure S1,
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Scheme 1. The ultrasound-assisted formation of halogen-bond-assembled
nano-cocrystals of 1,4-bis-p-cyanostyrylbenzene (bpcb, A) and its co-
former, 1,4-diiodotetrafluorobenzene (B).

which shows that the aggregation of the organic particles is
accompanied by a variation in the individual crystal sizes
from the nanometer-scale to the micrometer-scale. This ag-
glomeration and inhomogeneity in the particle size of the
cocrystal may be attributed to the high concentration of het-
erogeneous interactions between the surfaces of the two ad-
ducts during the solid-phase reaction.

Results and Discussion

Structure and morphology: To guarantee the homogeneity
of the particle size, a sonocrystallization approach was em-
ployed. Specifically, compounds A and B were separately
dissolved in CH,Cl, and MeOH, respectively, and then si-
multaneously injected into a sonicated solution of EtOH
and water (1:5 v/v). After 1 min, the suspension was filtered
or dispersed over a glass substrate. During such a process,
we assumed that the energy for the formation of C=N--1
halogen bonds could be continuously supplied by the ultra-
sonic radiation; moreover, cocrystal A-B can rapidly nucle-
ate, thereby resulting in a uniform particle size on the nano-
meter scale. XRD analysis of the obtained powder is shown
in Figure 1. All of the reflections can be indexed to a mono-
clinic lattice with P2,/n symmetry. The main characteristic
reflections appear at 6.72° (002, d=1.26 nm), 11.07° (110,
d=0.76 nm), 12.73° (004, d=0.67 nm), 18.96° (111, d=
0.44 nm), and 26.39° (024, d=0.32 nm), which fit well with
the simulated crystal structure from cocrystal A-B. The lack
of reflections of pristine A and B also confirms the phase
purity of the product. Moreover, the cocrystal could not be
formed without ultrasound treatment, thus confirming the
key role of external perturbance in the molecular recogni-
tion between compounds A and B.

SEM was performed to estimate the particle size. Typical
images of the nanoparticles that were filtered and extended
over a glass slide are shown in Figure 2a and Figure 2b, re-
spectively. The obtained cocrystals exhibit approximately
spherical morphology with a uniform size of about 60-70 nm
(Figure 2b, inset), thus demonstrating the formation of
nano-dimensional A-B cocrystals.

Elemental analysis confirmed that the corresponding mo-
lecular formula of the cocrystal could be expressed as:
(CyHy4N»)1 046(CsLF,). Energy-dispersive X-ray spectroscopy
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Figure 1. Powder XRD profile of A-B cocrystals, as prepared by using
the ultrasound method, and the simulated single-crystal XRD pattern of
the cocrystal.

Figure 2. SEM images (a,b), EDX profile (c), and fluorescence microsco-
py image (d) of A-B nano-cocrystals; scale bar in (d): 1 pm.

(EDX, Figure 2¢) also suggested that the ratio of A to B in
the obtained solid was approximately the same as that of
the idealized components (1:1) within the cocrystal. Under a
fluorescence microscope with UV irradiation (365 nm), the
nano-cocrystals showed a well-defined blue color with a ho-
mogeneous distribution over its entire area (Figure 2d).

Photophysical properties: One of the goals of this work was
to compare the photophysical properties of the nano-cocrys-
tals with these on the micrometer scale. Figure 3 A (a) shows
a representative fluorescent spectrum of powdered A-B coc-
rystals that were prepared by using the grinding method;
the dominant peak is located at 468 nm, whilst the secon-
dary emission at 494 and 537 nm can be attributed to the
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Figure 3. A) Fluorescence spectra of microsized (a) and nanosized A-B
cocrystals (b). B) Fluorescence spectra of A-B cocrystals, excited at 700
and 800 nm.

formation of an excimer and/or aggregation with the cocrys-
tal. In the case of the nano-cocrystal sample (Figure 3 A (b)),
the main peak undergoes a blue-shift of 3 nm. Such a phe-
nomenon may be assigned to the size-effect of the nanopar-
ticles: A decrease in size results in lattice softening and
weaker interaction energies, thus further increasing the
band gap.¥ Moreover, a shoulder peak at 443 nm can also
be resolved. Notably, the emission from a dilute solution of
compound A appears at about 445 nm (see the Supporting
Information, Figure S2); therefore, the emission from nano-
cocrystal A-B at 443 nm very likely originates from the addi-
tional presence of molecules of monomer A. Such behavior
is consistent with the fact that the relative amount of mole-
cules of compound A, which lack strong m—m interactions,
on the outer surface of the cocrystal further increase upon
decreasing the particle size. Moreover, noting the up-conver-
sion phenomenon of the stilbene compounds, the prepared
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nano-cocrystals were also excited at 700 and 800 nm by
using a Xe lamp as an excitation source™! on a standard
spectrofluorimeter (Figure 3B). Compared with the micro-
sized sample of cocrystal A-B, which was prepared by using
the grinding method, the emission spectra for the nano-coc-
rystal exhibit a sharp main band with a blue-shift of 3 nm.
For the samples that were prepared by using both the grind-
ing and ultrasound methods, no obvious red- or blue-shifts
occurred compared to the samples that were excited with
360 nm UV light, thus demonstrating that the same emission
processes from one-photon- and two-photon-excited states
to the ground state are involved. Analysis of the fluores-
cence decays (Figure 4) reveals that the fluorescence life-
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Figure 4. Comparison of the fluorescence-decay profiles for nanosized
and microsized cocrystals.

time of the nano-cocrystals is prolonged to 0.50 ns compared
to that of the microsized cocrystals (0.33 ns). This increase is
related to the de-aggregation of the cocrystals, which de-
crease the excited-state nonradioactive relaxation, owing to
excitonic coupling between the cocrystal particles.”) To the
best of our knowledge, although size-dependent optical
properties have largely been reported in both inorganic and
purely organic nanomaterial systems,'® very few studies
have focused on such multicomponent organic nanocrystals.

The prepared nano-cocrystal also displayed interesting
temperature-dependent luminescence behavior: On heating
the A-B nano-cocrystal from 30 to 110°C, the luminescence
intensity of the photoemission peaks at 494 and 537 nm
gradually increased, with a concomitant disappearance of
the shoulder peak at 443 nm (Figure 5 A). When the temper-
ature increased to 150°C, the fluorescence emission at
around 532 nm became dominant. The emission intensity
also increases upon further increasing the temperature
within the range 150-240°C, thus suggesting enhanced fluo-
rescence quantum yields. The intensity ratio of Iys/ls3, sys-
tematically decreases from 3.15 to 0.43 across the whole
temperature range (Figure 5 A, inset). Therefore, the nano-
cocrystal undergoes an obvious color change from greenish
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Figure 5. A) Fluorescence spectra of the nano-cocrystals within the tem-
perature range 30-240°C (insets show the fluorescence-intensity ratios at
Lyss/L4oq and Is/l53, and the dependence of the color coordinates on tem-
perature). B) Changes in the fluorescence spectra over two heating/cool-
ing cycles (insets show the reversible response of the intensity ratio at
Ligs/ Loy and /153, over three consecutive cycles).

blue (color coordinates: (0.171, 0.250)) through green and
yellow (color coordinates: (0.259, 0.560)) on heating the
sample from 30 to 240°C, as shown in Figure 5 A, inset, and
Table 1. The change in luminescence may be related to a
structural transformation of the nano-cocrystal A-B. It was
also found that the change in the luminescence color of the
nano-cocrystal could be reversed within the temperature
range 30-110°C. When the nano-cocrystal was cooled to
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Table 1. Fluorescence-color coordinates of the nano-cocrystal at different
temperatures.

Temperature [°C] Color coordinates

30 (0.171, 0.250)
50 (0.193, 0.363)
80 (0.189, 0.416)
110 (0.192, 0.427)
150 (0.221, 0.498)
200 (0231, 0.543)
240 (0.259, 0.560)

30°C for 3 min, the emission spectra partially recovered its
original position, together with the associated reverse fluo-
rescence-color changes. Figure 5B shows the typical spectro-
scopic changes over two consecutive heating/cooling cycles
and the ratio of I /14, and Is/ls;, can be readily repeated
at least three times, as shown in the Figure 5B, inset. As pre-
viously reported, the thermosensitive ratiometric emission
between different wavelengths from a solid-state nanocrystal
is seldom observed compared with solution-state systems.['’]
Based on the response of the fluorescence-intensity ratios
Lis/ Lo, and Is/1s3, to temperature, this nano-cocrystal could
serve as a new type of molecular temperature sensor or mo-
lecular thermometer.

To further investigate the possible temperature-dependent
structural transformation of the nano-cocrystal, in situ high-
temperature powder XRD experiments were performed on
the nano-cocrystal sample, as shown in the Supporting Infor-
mation, Figure S3A. It can be observed that the (002) and
(004) reflections systematically move to a higher 260 angle
upon increasing the temperature from 30°C to 150°C, with
a gradual decrease in their peak intensity. This result indi-
cates an expansion of the lattice spacing in the <00/> di-
rection and a decrease in the crystallinity of the nano-coc-
rystal, which may be related to an increase in the C=N--1
distance and a weakening of the halogen bond; this process
can be regarded as the pre-disassembly of such a 1D supra-
molecular polymer (see the Supporting Information, Fig-
ure S4A). In addition, similar lattice-expansion behavior
can also be observed in the <110> and <111> directions,
which is related to an increase in the distance between A
molecules and either adjacent co-former B or parallel neigh-
boring A molecules (see the Supporting Information, Fig-
ure S4B and S4C). These structural changes demonstrate
that the interactions between the chromophore and its co-
former and the aggregation of pure A molecules weaken,
which can further modify the emission behavior of the crys-
tal. Moreover, it was also observed that a contraction in the
(007) and (110) basal spacing occurred on cooling the cocrys-
tal powder (see the Supporting Information, Figure S3B),
thus suggesting that the halogen-bond interactions can be
restored by the heating/cooling treatment within the temper-
ature range 30-100°C, which is responsible for the reversed
luminescent change, as described above. By further increas-
ing the temperature, the characteristic reflections of the
pure A crystal gradually appear at about 19.29°, 24.18°, and
25.35°, accompanied by a decrease in the intensities of the
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peaks that correspond to the nano-cocrystal. This result is
due to the decomposition of the nano-cocrystal and to its
transformation into nanocrystals of compound A, which is
consistent with the irreversible change in the luminescence
at higher temperatures. Moreover, upon heat treatment at
200°C, the obtained A crystal maintains its nanometer di-
mensions, as shown in the Supporting Information, Fig-
ure S5. Such structural transfer from nano-cocrystal A-B
into nanocrystal A has seldom been observed in the litera-
ture. It can be expected that, based on a structure- and fluo-
rescence-transfer mechanism (Scheme 2) with a predictable
decomposition temperature of the nano-cocrystal, these as-
prepared samples can find potential applications as a new
type of thermosensitive materials.

Nano-cocrystals A.B (greenish blue emission)

High
temperature

Nanocrystals A (yellow emission)

Scheme 2. Mechanism for the structural transformation from A-B nano-
cocrystals into A nanocrystals.

Theoretical calculations: To better understand the difference
in energy levels, electronic structure, and fluorescence char-
acteristics between the A-B nano-cocrystal and the pure A
system, periodic density functional theoretical (PDFT) cal-
culations were performed on an individual molecule of com-
pound A, the crystal structure of compound A, and cocrystal
A-B. Frontier-orbital analyses (Figure 6 and the Supporting
Information, Figure S6) show that the electron densities of
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Figure 6. Total and partial electronic densities of states (TDOS and
PDOS) for pure compound A. The energy gap between the HOMO and
the LUMO is about 2.05 eV.

the HOMOs and the LUMOs were distributed over the
whole m-conjugated chain of molecule A, thus suggesting
that no intramolecular energy transfer appeared during the
photoexcitation process for the pure A molecule, as shown
in Figure 7. The calculated energy gap is about 2.05 eV.

< p \ b %
HOMO-1 * HoMO °©
< l ;’ %’ ?l E < i S a % 5 o
< <
Lumo € Lumo+1 ©
Figure 7. Frontier-orbital-distribution ~ profiles (HOMO-1, HOMO,

LUMO, LUMO+1) for pure compound A. The blue/yellow colors
denote +/— electronic wavefunctions.

Total electronic densities of states (TDOS) and partial
electronic densities of states (PDOS) analysis (see the Sup-
porting Information, Figures S7 and S8) revealed that the
energy gap decreased to 1.70 eV upon the formation of crys-
talline A. Moreover, intermolecular energy transfer can also
be observed between the HOMO and the LUMO of the
crystal unit cell (see the Supporting Information, Figure S9),
thus demonstrating the presence of strong molecular aggre-
gation. For cocrystal A-B, TDOS, PDOS, and energy-band
analysis (see the Supporting Information, Figures S10 and
S11) showed that the sample had a band gap of 1.94 eV at
the G point (0,0,0) in the first Brillouin zone. The difference
between this theoretical value and that of pure compound A
(0.24 V) is close to the strong red-shift in the luminescence
of nano-crystal A, formed from the decomposition of nano-
cocrystal A-B, which was determined from the experimental
luminescence results to be 0.32 eV. The frontier-orbital dis-
tribution further shows that electronic densities in co-former
B are populated in most of the HOMO-—1 and in part of the

www.chemeurj.org — 8217
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HOMO (Figure 8). This result can be attributed to the
strong electron-withdrawing effect of the fluorine atoms in
co-former B, which decreases the electron density in mole-

LUMO+1

Figure 8. Frontier-orbital-distribution  profiles (HOMO-1, HOMO,
LUMO, LUMO-+1) in the crystal structure of cocrystal A-B (the blue/
yellow colors denote +/— electronic wavefunctions.

cule A in the crystal. Therefore, it can be concluded that co-
former B not only tunes the aggregation and packing of
chromophore molecule A through halogen-bond interac-
tions, but that it also adjusts the frontier-orbital distribution,
the energy gaps, and the electronic structure in the nano-
cocrystal. Both of these effects give rise to the difference in
luminescence between nano-cocrystal A-B and nanocrystal
A.

Conclusion

In summary, we have demonstrated that nano-cocrystals
that are sustained through halogen-bonding interactions can
be prepared by using an ultrasound-assisted crystallization
method. The resulting nano-cocrystals exhibit different opti-
cal properties (such as one- and two-phonon luminescence
emission and fluorescence lifetimes) compared with their
micrometer-sized analogues and, thus, present new insights
into the size-dependent luminescence effects of multi-com-
ponent organic nanocrystals. These nano-cocrystals also
show reversible changes in their luminescence within the
temperature range 30-110°C. A structural transfer from
nano-cocrystal A-B into nanocrystal A above 200°C results
in an irreversible luminescence red-shift from greenish blue
to yellow and the temperature-dependent ratiometric lumi-
nescence suggests that such nanocrystals can be potentially
used as fluorescent antiforgery devices. Theoretical calcula-
tions demonstrate that the introduction of the co-formers
can change both the geometric and electronic structures of
the chromophore in the cocrystal, which provides new in-
sight into the structure—property relationships in the nano-
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cocrystal solids. Owing to the diversity and versatility of the
modular cocrystal approach,® it is expected that the strategy
presented herein can be readily extended and employed for
the construction of other nano-cocrystal systems with intri-
guing optical properties. We also anticipate that halogen-
bond design and assembly principles based on molecular
recognition and nano-cocrystal-to-nanocrystal transforma-
tion can provide considerable flexibility and potential appli-
cations in the fabrication of other new types of luminescent
materials that are sensitive to heat stimuli.!"®

Experimental Section

Experimental details: Reagents. 1,4-bis-p-cyanostyrylbenzene (A), 1,4-
diiodotetrafluorobenzene (B), CH,Cl,, and MeOH were purchased from
Sigma Chemical Co. Ltd and used without further purification.

Preparation of the nano-cocrystal system. In a typical ultrasound-assisted
experiment, dilute solutions of compounds A (5x10° mol) and B (5x
10~ mol) in CH,Cl, (10 mL) and MeOH (10 mL), respectively, were si-
multaneously injected into a solution of EtOH and water (1:5 v/v) under
ultrasonic conditions (frequency: 40 kHz, power: 50 W). After 1 min, the
suspension was filtered or extended on a glass substrate (79 % yield). El-
emental analysis (%) calcd for (CyHeN,), 046(Cel,F,): found: C49.81,
H 2.36, 3.98. EDX analysis gave the content of elemental C and N atoms
as 66.54% and 4.97 %, respectively, and the calculated ratio of A to B
was about 1.2, which was approximately consistent with the nominal ratio
of 1:1.

Instrumentation. Powder X-ray diffraction (XRD) and insitu tempera-
ture-dependent XRD were performed on a PANalytical X-Pert PRO
MPD powder X-ray diffractometer by using Cug, radiation (1=
0.154184 nm) at 30kV, 40 mA, with a scanning rate of 10°min~! and
26 =5-30°. Solid-state one- and two-photon fluorescence spectra were re-
corded on a Shimadzu RF-5301PC fluorospectrophotometer at excitation
wavelengths of 360, 700, and 800 nm. Upon excitation at 700 and 800 nm,
a light filter was used to eliminate frequency doubling at 350 and 400 nm,
respectively. The width of both the excitation and emission slits was
3nm. The fluorescence decays were measured on a LifeSpec-ps spec-
trometer by laser excitation at 372 nm and the lifetimes were calculated
by using the F900 Edinburgh instruments software. The 1931 CIE color
coordinates were measured on an HORIBA Jobin—Yvon FluoroMax-4
spectrofluorimeter that was equipped with an F-3018 integrating sphere.
The fluorescence images were obtained on an Olympus U-RFLTS50 fluo-
rescence microscope. The morphology was investigated by using a scan-
ning electron microscope (SEM Hitachi S-3500) that was equipped with
an EDX attachment (EDX Oxford Instrument Isis 300) at an accelerat-
ing voltage of 20 kV. Elemental analysis was carried out on a Perkin—
Elmer Elementarvario elemental analyzer.

Periodic density functional theory (PDFT) calculations: The PDFT
method was performed by using the Dmol3/**! module with the Material
Studio software package.””” Molecule A and the crystal structures of pure
A and cocrystal A-B were selected as the initial models, which were opti-
mized by using the Perdew-Wang (PW91)?! generalized gradient ap-
proximation (GGA) method with the double numerical basis sets and the
polarization function (DNP). The SCF convergence criterion was within
1.0x 10~° Hartree/atom and the convergence criterion of the structure op-
timization was 1.0 x 10~ Hartree/bohr. The Brillouin zone (BZ) was sam-
pled by 1x1x1 kpoints and test calculations revealed that a higher
number of k points did not affect the results.
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