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Morphology-controlled assembly and enhanced emission of
fluorescence in organic nanospheres and microrods based on 1,2-
diphenyl-4-(4-dibenzothienyl)phenyl)-1,3-cyclopentadiene

Junwei Ye,” Xueming Huang,” Yuan Gao,’ Xiaoxiao Wang,” Ting Zheng,” Yuan Lin,’ Xin Liu,*® and
Guiling Ning**®

1,2-diphenyl-4-(4-

dibenzothienyl)phenyl)-1,3-cyclopentadiene (DPCP) have been prepared via controlling the solvent composition. The

Fluorescent organic nanospheres, pod-like connecting spheres and microrods based on
influence of concentration, surfactants and solvents on the morphologies of products was examined. The formation of
particles with different morphology could be attributed to the solubility controlled crystalline nucleation. Single crystal X-
ray analysis reveals the molecule of DPCP has non-coplanar geometry, and two molecules are packing to form a dimer as
X-aggregates. Further, one-dimensional chain of DPCP additionally avoided the maximum face-to-face stacking. The
solution of DPCP in methanol has weaker emission with a peak at 455 nm, however, the nanospheres, pod-like connecting
spheres and microrods exhibite remarkably enhanced fluorescence emission with peaks at 447, 448, 468 nm, respectively.

Additionally, fluorescent change behavior was further verified by DFT calculation and time-resolved emission decay

measurements.

Introduction

Organic micro/nanomaterials are the subject of intensive
research due to their potential applications in many fields such
as light-emitting devices, organic field effect transistors,
photovoltaic cells, photocatalysis, drug delivery, bio-labeling
and chemosensors.”™ Since H. Nakanishi and coworkers®
demonstrated that perylene microcrystals showed different
and size-dependent luminescent properties from those of bulk
materials, self-assembly of fluorescent small organic molecules
has attracted considerable research interest for their unique
electronic and optical properties.6 Particularly, m-conjugated
organic molecule-based micro/nanomaterials are considered
to be promising candidates for optical-related applications.”A
number of methods including reprecipitation, solvent
evaporation, physical/chemical vapor deposition, template-
assisted growth and electrochemical deposition have been
used to prepare most organic micro/nanostructures with
different mophologies.w'lz. For example, microrods, nanowires
and polyhedral microparticles of 9,10—dipheny|anthracene13
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and 2,5,8,11—tetra—t«.=rt—buty|perylene14 were synthesized via a
surfactant-assisted method, respectively. Particles of 4-amino-
3-(2-(2-hydroxybenzylidene)hydrazinyl)-1H-1,2,4-triazole-
5(4H)-thione with different crystal packing were fabricated in
the presence or absence of water."” However, the morphology
and size-controlled assembly of conjugated organic molecules
and understanding of the formation mechanism of their
aggregates is still a major challenge.

In our continuing research on the synthesis and fluorescent
properties of conjugated organic molecules,ls' Y we are
interested in assembling micro/nanostructures of
cyclopentadiene derivatives (CPDs) for their interesting
aggregation induced emission enhancement (AIEE) property
and promising application in photo- and electro-luminescent
18,19 Especially, morphology and size of the particles
have a significant influence on the performance of CPDs. For

devices.

example, Yao and co-workers reported crystalline 1,2,3,4,5-
pentaphenyl-1,3-cyclopentadiene (PPCP) nanoribbon prepared
using an adsorbent-assisted physical vapour deposition (PVD)
method, which exhibited a fascinating multicolor emission
properties.18 Therefore, it is highly desirable to explore the
facile approaches towards CPDs micro/nanostructures with
different morphologies. Herein, we report the morphology-
controlled assembly of a new cyclopentadiene derivative, 1,2-
diphenyl-4-(4-dibenzothienyl)phenyl)-1,3-cyclopentadiene
(DPCP) (Scheme 1). Fluorescent nanospheres and microrods of
DPCP were easily obtained by solvent-induced assembly
method.
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Scheme 1 Structure of DPCP.

Experimental
Materials and methods

All commercial chemicals were of analytical grade and were
used without further purification. The samples were
characterized by powder X-ray diffraction (PXRD, Rigaku-DMax
2400) in reflection mode (Cu-Ka radiation) with a 28 scan in
the range of 5-80°. The shapes and structures of samples were
obtained with scanning electron microscope (SEM, Quanta-
450, operated at 20 kV) and transmission electron microscopy
(TEM, TecnaiF30, operated at 20 kV). All '4- and *c-NMR
spectra were obtained using a Bruker AVANCE-400 MHz
magnetic resonance spectrometer. HRMS were acquired on
Micromass-GTC spectrometer. Fluorescence microscopy
images were carried out with fluorescence microscope
(OLYMPUS BX51). UV-Vis absorption measurements were
conducted on HITACHI U-4100 UV-Vis Spectrophotometer.
The photoluminescence (PL) studies were performed using a
JASCO FP-6300 spectrofluorimeter with a 150 W Xe lamp. The
relative fluorescence quantum yields were estimated relative
to solutions of 0.05 mM quinine sulfate with @ = 0.55in 0.1 M
sulfuric acid solution as a standard sample. Fluorescence
lifetimes were measured with an Edinburgh Instruments
0B920 fluorescence spectrometer.

Synthesis

According to our previous works,17 DPCP was synthesized by
aldol condensation reaction then followed by Suzuki coupling
reactions between 1,2-diphenyl-4-(4-bromophenyl)-1,3-
cyclopentadiene and 4-dibenzothienylboronic acid in the
presence of K,COj3 as base source and Pd(PPhs), as catalyst (for
details see ESI, Scheme S1). The solvent evaporation method
was used to fabricate DPCP particles. In a typical procedure, a
50 pL of DPCP in methanol solution with different
concentration was dropped on a substrate located in a glass
container with a cover. After evaporation of the solvents at
room temperature, the monodispersed and pod-like
connecting spheres were obtained on the substrate.

In order to investigate the effect of water on the
morphologies of DPCP aggregates, 1.0 mL stock of 0.05 mM
DPCP/methanol was injected into 4.0 mL of distilled water at
room temperature. After vigorous stirring for 10 minutes and
leaving the mixture to stand for 5 h, the solution containing

2| J. Name., 2012, 00, 1-3

suspended nanoparticles was dropped on a glass-substrate in a
container with a cover, and the microrods were obtained after
evaporation of the solvents.

Results and discussion

Fig. 1 shows the scanning electron microscopy (SEM) and
fluorescence microscopy (FM) images of the DPCP particles
with different morphology which were obtained by the
solvent-induced assembly method via changing the solvent
composition. As shown in Fig. 1a, monodispersed spheres with
the size in the range of 300-500 nm were prepared on the
substrate by using DPCP/methanol solution with a lower
concentration of 0.01 mM. FM image revealed that the
nanospheres have strong blue emission under UV irradiation
(Fig. 1b). With the increase of concentration of
DPCP/methanol solution, the size of spheres was increased
and the bigger connecting spheres were obtained. When
concentration was higher than 0.05 mM, the pod-like
connecting spheres with the length of 1.5-3.5 um were formed
together with some monodispersed spheres (Fig. 1c), which
also showed strong blue emission under UV irradiation (Fig.
1d). Furthermore, water is often used to induce organic
molecular aggregation for investigating aggregation-induced
emission (AIE) or AIEE properties of organic molec.:ules,20 but
there are just few reports on the water molecule-induced
assembly of organic molecules.” Interestingly, when 1.0 mL

Fig. 1 SEM and FM images of DPCP particles: spheres (a, b), pod-like
connecting spheres (c and d) and microrods (e and f) obtained by using
DPCP/methanol solution (a-d) and DPCP/methanol-water mixture solution
(e and f).

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 7



Page 3 of 7

CrystEngComm

stock of 0.05 mM DPCP/methanol was injected into 4.0 mL of
water, the crystallographic microrods with the diameter of 1.0-
1.4 um and the length of more than 5 um were obtained (Fig.
1le) and the emission of particles was enhanced, as shown in
Fig. 1f. Other good solvents were also chosen to dissolve DPCP,
such as tetrahydrofuran and ethanol, but no samples with
regular morphologies as that prepared from methanol were
obtained (Fig. S1).

The surfactants have been widely used to tailor the size
and shape of inorganic micro/nanostructure,21 the usage of
surfactants as reaction media to grow organic particles is
expected. In our experiments, including
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly-
(ethylene glycol) (P123) and hexadecyltrimethylammonium
bromide (CTAB) were used to prepare micro/nanostructures of
DPCP. 1.0 mL stock of 0.05 mM DPCP/methanol was injected
into 4.0 mL of P123 aqueous solution (1 mg/mL) under
vigorous stirring, and then the mixture was stirred for 10

two surfactants

minutes and left standing for 5 h for stabilization. After
evaporation of the solvents, the nanospheres with 140-170 nm
were prepared on a glass-substrate (Fig. 2a), which are smaller
than that formed from pure DPCP/methanol solution.
Unexpectedly, the smallest nanospheres with 60-120 nm were
prepared under the same conditions except P123 was replaced
by CTAB (Fig. 2b). This structure was further confirmed by
transmission electron microscopy (TEM) (inset in Fig. 2b).
These particles also showed blue emission under UV
irradiation (Fig. S2). The effect of initial concentration of
surfactant on size and morphology was also studied, and
obtained particles had only minor changes in the size without
obvious modification of the shapes (Fig. S3). The above results
demonstrated that the composition solution composition has a
significant influence on morphologies of DPCP particles.

To confirm the composition and purity of the obtained
samples, the particles were dissolved in CD,Cl, and
characterized by using 'H-NMR and MS (ESI*). All these spectra
are identical to that of the original DPCP, which suggests that
prepared micro/nanostructures have the same molecular
structure of DPCP. The PXRD was used to further characterize
the structures of the as-prepared samples, as shown in Fig. 3
and Fig. S4. PXRD pattern of samples show a broad band peak
arising from the poor crystallinity of the samples. No other

peak is observed in Fig. 3a, which indicates that obtained
nanospheres of DPCP are amorphous or weakly crystalline

Fig. 2 SEM images of DPCP samples prepared by using different surfactants.
(a) P123 and (b) CTAB. Inset is TEM images of spheres.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 PXRD patterns of DPCP with different morphologies. (a) nanospheres,
(b) pod-like connecting spheres, (c) microrods and (d) simulated.

materials. The PXRD pattern of pod-like connecting spheres
show two sharp peaks at 15.2° and 22.8° (26) (Fig. 3b),
respectively, indicating a slightly crystalline structure of DPCP
molecules in these particles. Furthermore, the PXRD pattern of
microrods (Fig. 3c) show sharp and intense peaks which are at
the similar positions as those of the stimulated XRD pattern
obtained from DPCP single crystal diffraction data (Fig. 3d),
indicating that molecular structure of DPCP remains
unchanged and microrods are highly crystalline.

The morphology evolution from nanospheres to microrods
based on DPCP is remarkable, although the formation
mechanism of such particles is not yet clear. For understanding
nucleation and growth processes for these particles, the
crystal structure of DPCP was successfully solved by single
crystal X-ray analysis (Tables S1 and S2). Single crystals of DPCP
were obtained by the slow evaporation of their

methanol/CH,Cl, mixture solution (Fig. S5). DPCP is non-planar
and terminal 4-dibenzothiphene has certain distortions from
the bulky conjugation skeletons with dihedral angles of 37.35°
(Fig. 4a). Two single molecules are packing by aromatic C-
H---minteractions to form a dimer (Fig. 4b) as X-aggregates

[20b]

Fig. 4 Molecular structure (a), dimer structure(b) and packing arrangement (c)
in the crystal structure of DPCP.
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Scheme 2 Schematic illustration of the possible growth mechanism for DPCP
particles with different morphologies.

which increase the resistance between molecules.
Interestingly, the molecules are stacked alternately to form a
one-dimensional (1-D) chain along b-axis. This structure
feature further avoided the maximum face-to-face stacking
(Fig. 4c), which further improve the fluorescence intensity in
aggregation state. Based on the experimental findings and
crystal structure analysis, the proposed assembling mechanism
is depicted schematically in scheme 2. The formation of
particles with different morphology can be attributed to the
solubility controlled crystalline nucleation. When DPCP was
dissolved in methanol with lower concentration, twisted
molecules prefer to aggregate via weak C-Heeert interactions
to form a spherical structure, and the surrounding methanol
molecule became the driving force for limiting their further
growth.6 When the concentration of DPCP/methanol solution
was increased, more and more nanospheres had the
predisposition toward pod-like connecting spheres due to the
effect of van der Waals contacts.”® When DPCP/methanol
solution was injected into water, solvophobic tendency
between the DPCP and the water causes supersaturation of
DPCP, leading to crystal nucleation and adjusting the
orientation during the growth stage. Finally, crystallographic
microrods were obtained.

To further investigate formation mechanism of the
products, a series of experiments with different DPCP
concentrations in methanol/H,0 mixture solution were carried
out. Compared to obtain the monodispersed spheres at low
concentration of DPCP (0.01 mM) in methanol (Fig. 1a), pod-
like connecting spheres coexist with a small amount of
irregular rods under the same concentration in the presence of
H,0, as shown in Fig. 5a. When the concentration of DPCP was
increased to 0.05 mM, microrods became predominate
product (Fig. 5b). When the concentration was 0.1 mM and 0.5
mM, microrods with different sized were observed (Figs. 5c
and 5d), respectively. According to previous works,15 the
solution compositions had very important effect on
microenvironment of organic molecules during self-assembly
of micro-/nanostructures. The formation of such different
structures might be relative to the amount of free DPCP and
crystal seeds in solution. The results indicated that
concentration is important kinetically control fact for
assembling progress.

In order to wunderstand effects of
morphologies on photophysical properties, the

such different

4| J. Name., 2012, 00, 1-3
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Fig. 5 SEM images of products synthesized in the presence of H.0 with

different concentrations of DPCP. (a) 0.01 mM, (b) 0.05 mM, (¢) 0.1 mM,
(d) 0.5 mM.

photoluminescence spectra (PL) of DPCP in solution and at
solid state were examined. Interestingly, these structures with
different morphologies exhibit distinct fluorescence behaviour.
Solution of DPCP in methanol are weaker emission with a peak
at 455 nm, however, the nanosphere, pod-like connecting
spheres and microrods exhibit remarkably enhanced
fluorescence emission with peaks at 447, 448, 468 nm,
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Fig. 6 photoluminescence spectra of the DPCP in solution (0.01 mM) and at
solid state (a) and DPCP particles dispersed in different solution. Inset:
fluorescent images of samples under 365 nm UV irradiation.
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Fig. 7 Calculated molecular orbital amplitude plots of HOMO and LUMO
levels of DPCP.

respectively (Fig. 6a). Obviously, the PL spectra of microrods
have a red-shift in comparison to that of the original solutions,
which may be caused by a water-triggered structural
formation.” Such enhanced emission could be attributed to
the synergetic effect of crystallization effect and restricted
intramolecular rotation. Furthermore, there is a shoulder peak
in the PL spectra of particles, which might be attributed to the
excimer formation by aggregation.ZObThe exact mechanism of
the morphology-dependent luminescent properties
entirely clear, but it should be related to the difference in
molecular packing structure and molecular interactions.™

To confirm the possible AIEE properties during assembling
process, the spectroscopic behaviors with water added into
organic solvent were studied. As shown in Fig. S6, the
absorptions of DPCP in the water/acetone mixture solution
with different volume proportion are different. A level-off tail
caused by the formation of aggregates was seen in the visible
spectral region when the water fraction was over 50%. The
maximum absorption wavelength of DPCP moved to longer
wavelength which was the mark of the formation of
aggregates.20 With increasing water contents, the enhanced
emissions of DPCP were detected which was interpreted as
typical AIEE effect.”” 2> More interestingly, The PL spectra of
particles dispersed in different solution are different (Fig. 6b).
It was observed that the fluorescence emission of the samples
synthesized in CH3;0H/CTAB-H,0 was extremely stronger than
that formed from CH3;0H/P123-H,0 and CH3;OH/H,0. The
fluorescence quantum vyields of samples are 14.60% in CH3;0OH,
20.53% in CH30H/H,0 and 25.74% in CH3;OH/P123-H,0,
respectively. This phenomenon could be attributed to small-
size effect of nanostructures.”® Such fluorescent change
behavior was further verified by time-resolved emission decay
measurements. The fluorescence lifetime curves were
illustrated in Fig. S7. The fluorescence lifetime of the DPCP in
methanol solution with different concentration (0.01 and 0.05
mM) ranged from 0.06 to 0.10 ns, which meant that
concentration had slight effect on fluorescence
However, the emission lifetime of aggregate formed in
methanol/water mixture solution showed a biexponential
feature with average lifetime of 0.37 ns. It is probably
suggesting that the different structures are responsible for the
fluorescence lifetime.
quantum chemistry computation
conducted using the DFT (density functional theory) with
B3LYP level and the 6-31G/ basis set on Gaussian 09 program.
Fig. 7 shows the optimized geometries and the orbital
distributions of the highest occupied molecular orbital (HOMO)

is not

lifetime.

Furthermore, was

This journal is © The Royal Society of Chemistry 20xx

and the lowest unoccupied molecular orbital (LUMO) energy
levels of DPMPCP. For HOMO and LUMO levels, the electron
clouds are mainly located on the centered five-membered ring
and benzene ring on 1- and 2-position of itself, revealing there
is no remarkable electron transfer or intermolecular charge-
transfer (ICT) transition in the molecule. The enhanced
emission of fluorescence DPCP particles should be the result of
molecular aggregation.

Conclusions

In conclusion, the fluorescence organic nanospheres, pod-like
connecting spheres and microrods based on 1,2-diphenyl-4-(4-
dibenzothienyl)phenyl)-1,3-cyclopentadiene have been
successfully grown by simply controlling the
compositions. DPCP molecules are non-planar and are packing
to form a one-dimensional chain, which was responsible for
the morphologies and luminescent properties difference. The
morphologies and size of DPCP particles can be tuned by
varying the concentration of DPCP and the surfactant,
respectively. DPCP molecule exhibits aggregation induced
emission enhancement property. More importantly, changes
in morphologies are accompanied by changes in fluorescence
emission. This strategy may provide a useful strategy to tune
the morphologies and luminescent properties of organic
micro/nanostructures, which could be exploited as building
blocks for optoelectronic devices.

solution
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