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We report a facile and mild strategy for constructing diverse fluorescent nano/microstructures via self-

assembly and phase separation of trigonal azobenzene chromophores (3N1s) showing aggregation-

induced emission enhancement (AIEE) in polymer matrices [poly(methyl methacrylate) (PMMA) and/or

poly(4-chlorostyrene) (PSCI)]. Thermal treatment above the glass transition temperature enhances the

large-scale molecular motions of the polymer chains, which causes AIEE-active 3N1 molecules to

assemble into fluorescent nanorods and long nanosticks in the confined homopolymer (PMMA and PSCI,

respectively) matrices. Strikingly, as-prepared 3N1/PMMA/PSCI ternary mixtures exhibit a splendid

raspberry-like morphology. In other words, the uneven island-like surfaces with micrometer-scale round

protuberances are decorated with red fluorescent nanospheres. This result can be interpreted as surface-

directed phase separation of immiscible PMMA and PSCI during quick solvent evaporation, which would

help the 3N1 components instantaneously assemble into nanospheres on uneven surfaces. By annealing

above the glass transition temperature, a distinct morphological transformation from a raspberry-like to a

bead-like structure could readily be visualized via (i) the inherent assembly of 3N1 molecules into red

fluorescent spherical or 1D aggregates and (ii) the selective fluorescence marking due to the difference in

compatibility between 3N1 and PMMA or PSCL

Introduction

Fluorescent organic spherical or one-dimensional (1D)
nano/microstructures have received increasing attention over the
past decade because of their applications in both biomedical
materials and optoelectronic devices for organic transistors, light
emitting diodes, 1D lasing, optical waveguides, solar cells, etc."?
Common methods for preparing organic 1D nano/microstructures
include vapor-deposition,’ template-assisted synthesis,* and self-
assembly.’ In particular, the molecular self-assembly of small
functional components into supramolecular architectures requires
neither templates nor auxiliaries, but rather is driven via weak
noncovalent interactions, including n—n stacking, van der Waals
and hydrogen bonding interactions.® Thus, the morphologies of
self-assembled nanostructures are significantly influenced by not
only the molecular structure (including electronic and steric
factors) but also weak intermolecular interactions.

Polymer blends have a number of practical applications due to
their potential to improve individual homopolymer attributes and
develop functional composite materials.”” The surface chemical
composition of polymer blends differs from the bulk composition
due to the active thermal molecular motions of polymer chains in
the asymmetrical environment at the air-polymer interface. Their
morphologies can be determined via the selective migration of
minor functional components® or a polymer with the lowest
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surface free energy to the surface. Recently, Moffitt er alb®
developed a strategy for the fast and efficient patterning of
photoluminescent quantum dots in polymer films via spinodal
decomposition and selective wetting of polymer mixture
components. Thara et al.”* reported an energy-transfer spectral
conversion process in a phase-separated nanodomain (induced via
self-assembly of fluorescent organic gelators) in a polymer matrix.
Their approach for using phase-separated nanodomains has an
advantage of modulating emission wavelength and efficient
fluorescence resonance energy transfer.

We have recently synthesized a distorted trigonal azobenzene
chromophore (3N1, Scheme 1) that exhibits aggregation-induced
emission enhancement (AIEE).'" In a previous report, we
described that 3N1 has a strong tendency to assemble into
fluorescent crystalline nanofibers in aqueous solution.'™ Our
detailed investigations revealed that partially increased
planarization and inclined arrangements of the chromophores are
responsible for the increase in fluorescence efficiency in the
crystalline state. The shape and size control of 1D nanostructures,
such as rods, sticks, wires, and belts, is of great interest because
they can serve as building blocks and offer better stability,
conductivity, charge transport, and optoelectronic performance.'?
Nevertheless, tailoring their size and shape is difficult because the
nanofibers are prone to form entangled agglomerates and
consequently separate from the solvent during storage.
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An understanding of how the desired size, shape and spatial
distribution of the nanostructures assembled from such
functional organic components are controlled in polymer
matrices would help us to develop new functional

s nanomaterials. In this context, here we describe a facile
approach for constructing diverse self-assembled architectures
with a specific size and morphology. Thermal treatment
accelerates large-scale molecular motions of polymer chains and
self-assembly of AIEE-active 3N1 molecules into fluorescent

10 rods and sticks in the confined homopolymer [poly(methyl
methacrylate) (PMMA) and poly(4-chlorostyrene) (PSCI)]
matrices, respectively. Especially, 3N1/PMMA/PSCI ternary
mixture films display a marked change from a raspberry-like to
a bead-like structure upon annealing above the glass transition

15 temperatures.

Results and Discussion

We have employed AIEE-active 3N1 (containing Br and N),
PMMA, and PSCI (containing Cl) instead of polystyrene (PS
containing only C and H) in this investigation. These specific
20 elements (Br, N and Cl) were chosen with the intention of
efficiently identifying and analyzing phase-separated domains by
energy dispersive X-ray spectroscopy (EDS). The two polymers
have similar glass transition temperatures (7, of 105 °C and 110
°C, respectively). We dissolved 3N1 and PMMA (or PSCI) in
2s chloroform (3N1: polymer = 1:10, w/w) and cast the transparent
solution onto clean quartz and glass substrates. The film
thicknesses were determined to be approximately 0.5-5 pum based

on cross-sectional scanning electron microscopy (SEM)
experiments.
s Unlike homogeneous optical microscopy (OM) and

corresponding fluorescence optical microscopy (FOM) images
for the as-prepared 3N1/PMMA mixed films (Fig. la and 1b),
annealing at 180 °C for 30 min led to the formation of a large
number of red fluorescent rod-like aggregates (Fig. 1c and 1d).
35 The surface and cross-sectional SEM observations (Fig. le and
1f) provide convincing evidence that cylindrical rods 100-500
nm wide and less than 5 pm long are dispersed throughout the
PMMA matrix. Their size and shape scarcely depended on the
annealing temperatures ranging from 120 °C to 198 °C (above the
40 glass transition temperature). Evidently, the nanorods protrude
from loose PMMA holes (Fig. 1f), which presumably arise from
the poor compatibility between 3N1 and PMMA in the solid
state.
For comparison, 3N1 and PSCI, which seems to be more
45 compatible with 3N1 than PMMA, were dissolved in chloroform,
and the mixed solution was cast onto glass and quartz substrates.
The surface and cross-sectional SEM images show that the
annealed 3N1/PSCI film contains even longer sticks with lengths
ranging from several to tens of micrometers (inset of Fig. 2a),
so which is in good agreement with the FOM image in Fig. 2b. In
contrast to the short nanorods within loose PMMA holes, these
longer sticks (Fig. 2a and 3a) as well as distinguishable
nanoaggregates less than 50 nm in size stick tightly to the PSCI
matrix, which is most likely attributable to the good compatibility
ss between 3N1 and PSCL
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Fig. 1 Characterization of a 3N1/PMMA film (a, b) before and (c-f)
after annealing at 180 °C for 30 min. The images were obtained via
(a, ¢) OM, (b, d) FOM (Aex = 520550 nm), and both (e) surface and
(f) cross-sectional SEM. Loose and empty voids are clearly visible in
the cross-sectional SEM image shown in Fig. 2f. (g) UV-vis
absorption and (h) uncorrected fluorescence spectra. The black and
red lines correspond to before and after thermal treatment,
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Fig. 2 (a) Cross-sectional and surface (inset) SEM and (b) FOM
images of a 3N1/PSCI mixture film annealed at 198 °C for 30 min.

Fig. 1g shows the changes in the absorption spectra before and
after annealing the 3N1/PMMA film. The as-prepared
3N1/PMMA film exhibits two intense absorption bands with
maxima at 363 and 477 nm, which can be assigned to the n—m*
transition of the azobenzene unit and the energetically similar
(m,m*) and (n,m*) states, respectively.'® These positions are quite
comparable to those (362 and 476 nm) of a dilute 3N1 solution.
This experimental observation can be explained as follows: Upon
casting the 3N1/homopolymer mixed solution, quick evaporation
of the volatile chloroform rapidly freezes the sample and prevents
any appreciable 1D growth of the 3N1 molecules. That is, the
3Nl1s are quite homogeneously dispersed over a microscopic
range throughout the frozen polymer matrix, as evidenced by Fig.
laand 1b.

Upon annealing the 3NI/PMMA film, the emission
wavelength was red-shifted from 585 nm to 590 nm when excited
at 500 nm (Fig. 1h). The fluorescence quantum yield of 3N1
(@~ 0.002)'* increased by 2-3 times. When compared with a
slight red-shift in the absorption bands to 369 and 483 nm for the
annealed 3N1/PMMA film, much larger red-shifts were observed
to 377 and 503 nm for the annealed 3N1/PSCI mixed film (Fig.
3b). These spectral changes are probably due to the formation of
short nanorods and longer sticks via inclined arrangements (i.e.,
J-aggregation) of the trigonal azobenzene chromophores in the
polymer matrices."!

Thermal treatment gives rise to the large-scale molecular
motions of the polymer chains, which allows neighboring 3N1
molecules to interact with one another via m—m stacking.
Consequently, the 3N1 molecules stack into relatively short
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Fig. 3 (a) Length distributions for the 1D structures observed from
the SEM and OM images of the annealed films. (b) UV-vis
absorption and fluorescence spectra of annealed mixture films. The
red and yellow dashed lines correspond to fluorescence from the
annealed 3N1/PMMA and 3N1/PMMA/PSCI films, respectively.

30 cylindrical rods and sticks in the confined homopolymer (PMMA

and PSCI) matrices, respectively, instead of elongated fibers.

We next prepared 3N1/PMMA/PSCI (1:2:8) ternary mixture
films from the corresponding chloroform solution to examine
how the 3N1 assembly is affected by phase separation in an

35 immiscible PMMA/PSCI mixture system. Unexpectedly, for the

as-prepared sample, a raspberry-like morphology was observed in
the FOM image (Fig. 4a). The laser confocal microscopy (LCM)
image shown in Fig. 4b offers direct evidence that uneven island-
like surfaces with micrometer-scale round protuberances are

before

affer annealing

Fig. 4 Characterization (a-c) before and (d-f) after annealing
3N1/PMMA/PSCI (1:2:8) ternary mixtures at 198 °C for 30 min.
The images were obtained via (a, d) FOM (A = 520-550 nm), (b,
e) LCM, and (c, f) SEM.
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Fig. 5 (a) Surface and (b) cross-sectional SEM images of annealed 3N1/PMMA/PSCI films. (c) EDS spectra corresponding to four points (1-4)

on the surface SEM image (Fig. 5a).

decorated with red fluorescent nanospheres 50-200 nm in
diameter. Clearly, the magnified SEM image (Fig. 4c) confirms
the existence of not only nanospheres detached from round holes
(orange arrows) but also empty holes (yellow arrows), which are

s most likely due to the high vacuum required for the SEM sample
preparation.

This splendid morphology seems to result from both the rapid
surface-directed phase separation of the PMMA and PSCI and the
resultant instantaneous assembly of 3N1 molecules into

10 nanospheres on the surface.®” That is, the considerably restricted
molecular motion for the polymer segments due to the quick
solvent evaporation prevents the 3N1 molecules from further
growing into long 1D structures. Eventually, the growth stops at
the nanosphere level.

15 Notably, thermal treatment led to a drastic change in the blend
morphology. The raspberry-like structure disappears completely,
and the surface becomes smooth with no defined structures (Fig.
4d-4f and 5). The FOM, LCM, and SEM images show that the
annealed 3N1/PMMA/PSCI film contains three different phases:

20 (1) red fluorescent cylindrical rods, (ii) fluorescent micrometer-
scale bead-like structures, and (iii) dark surrounding matrices.

We performed surface SEM and EDS measurements to analyze
the elemental composition of the respective phases. The
penetration depth for a 10—15 kV electron beam is expected to be

2 approximately 2 pum.'? Therefore, the EDS method collects both
surface and depth information. Fig. Sc shows the respective EDS
data corresponding to four points (1-4) in the SEM surface image
(Fig. 5a). While the atomic [Br]/[C]] ratio (percentage number of
atoms) was found to be 8.9 and 8.3 for 1 and 2, respectively,

30 points 3 and 4 in the 1D structure contained significantly more Br
and N (only from 3N1) than CI (only from PSCI). The [Br]/[Cl]

Assembly of trigonal azobenzenes into short rods or long

sticks with AIEE characteristics in homopolymer matrices
' 3N1 nanoreds in PMMA nanosticks in Ci\

—
THF/H,0

S5, 5 3N1/PMMA/PSC
KD

bead-like

raspberry-like

morphologic;il transformation
from the newborn raspberry-like to the bead-like structure

Fig. 6 Formation and visualization of self-assembled morphologies
via self-assembly and phase separation of AIEE-active 3N1
molecules in polymer matrices.
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ratio (percentage number of atoms) was estimated to be 36.8 and
45.6 for 3 and 4, respectively. Accordingly, we conclude that the
red fluorescent rods (3 and 4) are primarily produced via the
assembly of 3N1 molecules. Nevertheless, it is still difficult to
confirm that points 1 and 2 correspond to PMMA and PSCI,
respectively, because of the electron beam penetration depth and
phase-separated domains in the bulk regions.

Alternatively, the cross-sectional SEM images in Fig. 5b
indicates that the matrix surrounding the bead-like domains and
thin bottom layer is mainly composed of PMMA.'*'* That is, as
the sample evolves towards thermodynamic equilibrium during
the thermal treatment, the PSCI forms bead-like structures on
top of a PMMA bottom layer that wets the hydrophilic SiOx
substrate, as expected from the previous report by Harris et al.”®
Noticeably, Fig. Sb displays that a large number of
nanoaggregates comparable to those observed in the 3N1/PSCI
mixture (Fig. 2a) stick to the bead-like PSCl domains.
Considering the compatibility difference of 3N1 with PMMA
and PSCI, it is reasonable that 3N1 is favorably delivered to the
more congenial PSCI phase. As a consequence, the bead-like
PSCI domains are distinguished from the PMMA domain by the
selective fluorescence marking.

Conclusions

While the AIEE-active 3N1 molecules are quite homogenously
dispersed in the as-prepared 3N1/homopolymer (PMMA or PSCI)
mixed films, thermal treatment causes the 3N1 molecules to
assemble into relatively short rods and even longer sticks in the
confined PMMA and PSCI matrices, respectively (Fig. 6). In
stark contrast, for the 3N1/PMMA/PSCI ternary blend, the
restricted molecular motion and surface-directed phase separation
of mixed PMMA and PSCI significantly affect the 3N1 assembly
and spatial variation, which results in the formation of a unique
raspberry-like surface morphology decorated with fluorescent
nanospheres. Thermal treatment above the glass transition
temperatures leads to large-scale phase separation and the
selective migration of 3N1 molecules toward congenial PSCI
domains with a resultant fluorescence marking, eventually
producing the morphological transformation from the raspberry-
like structure to the bead-like structure. This facile construction
strategy for developing fluorescent nano/microstructures has
important implications for guiding new luminescent polymer
composite materials capable of operating as polymer-based light-
emitting devices, antireflection coatings, and biocompatible
membranes.

Experimental Section
Materials

A detailed synthetic procedure for 3N1 is described in a previous
work.'™ Poly(methyl methacrylate) (PMMA, M,, = 996,000, T, =
105 °C) and poly(4-chlorostyrene) (PSCI, M,, = 250,000, T, =
110 °C) homopolymers were purchased from Aldrich. PMMA,
PSCl and 3N1 mixtures were prepared by dissolving each
component in spectroscopic grade chloroform to polymer
concentrations of 5 and 10 wt%. The mixtures were stirred for 30
min to obtain transparent solutions.
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Instrumentation

Optical microscopy (OM), fluorescence optical microscopy
(FOM, A = 520-550 nm), and laser confocal microscopy (LCM)
images were obtained using an Olympus BX51 microscope and
LEXT OLS4000 3D laser microscope (Ao, = 405 nm) after
placing a few drops of the 3N1 suspension on a quartz substrate
cleaned with KOH/ethanol. Absorption and fluorescence spectra
were obtained using an Agilent 8453 diode array spectrometer
and JASCO FP-8500 spectrofluorometer, respectively. A JEOL
JSM-7500FA field-emission scanning electron microscope (FE-
SEM) operating at 2 kV was used to investigate the morphologies
of the films after coating with approximately 10 nm of osmium
using a Filgen osmium plasma coater (OPC60A). Energy
dispersive X-ray spectroscopy (EDS) operating from 10-15 kV
was used to determine the elemental compositions of the films.
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Facile morphological control of fluorescent nano/microstructures via self-assembly and phase
separation of trigonal azobenzenes showing aggregation-induced emission enhancement in

polymer matrices

Mina Han, Yukikazu Takeoka and Takahiro Seki

We report a facile strategy for constructing diverse nano/microstructured morphologies (nanorods,
nanosticks, raspberry-like, and bead-like) via self-assembly and phase separation of trigonal azobenzene

chromophores (3N1s) showing aggregation-induced emission enhancement (AIEE) in polymer matrices.



