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ABSTRACT: The visualization of microphase separation in : LT R
immiscible polymer blends is of great academic and industrial \ £ 4 N
significance as the phase-separated structures are directly & US 2 ‘/\ |
associated with the properties and performances of the blend ISR
materials and ultimately influence the corresponding product . Te® ©

quality. However, conventional techniques for detecting micro- Strong fluorescence High-contrast Weak fluorescence
phase separation are generally expensive and time-consuming in rigid matrix in soft matrix
with troublesome and even destructive sample preparation :
procedures. Complicated and highly material-dependent chem- D"’/ m’

ical reactions or interactions are often involved in some LE state ’

characterization approaches. In this work, we demonstrated a 5o chifted fluorescence Red.shifted fluorescence
simple, fast, and powerful method for high-contrast visualization in non-polar matrix in polar matrix

and differentiation of micrometer-sized phase separation in

polymer blends using luminogens with aggregation-induced emission characteristics (AlEgens) as fluorescent probes. This
method relies on the sensitive fluorescence response of AlEgens to the change of environmental rigidity and polarity and
operates based on the mechanisms of “restriction of intramolecular motions” and “twisted intramolecular charge transfer”. The
working principle indicates that this visualization strategy is applicable to a wide scope of polymer blends comprised of
components with different rigidities and/or polarities.

B INTRODUCTION the microphase separation have a direct effect on their electrical
and mechanical properties and hence the device perform-
ances.” '® Therefore, it is of considerable academic and
industrial significance to detect the phase-separated structure
in a polymer blend, so as to understand the underlying
morphology—performance relationship and ultimately to realize
a control on the performance of immiscible polymer mixtures
by manipulating their phase separation.

To achieve this goal, various modern microscopic and

Polymeric materials play an essential and ubiquitous role in our
daily life. They are widely used in packaging, housewares, paint,
pipes, fabric, automotive parts, biomedical supplies, etc. To
meet the application requirements in various fields, blending
has been commonly used in polymer technology to generate
new materials by simply mixing two or more polymers together.
The resulting blends generally possess more desirable structural
and physical characteristics in the solid state than those of

individual components."”” Nevertheless, the vast majority of spectroscopic approaches have been applied,' ™' and among
polymer blends are immiscible and will easily and inevitably them, scanning electron microscopy (SEM), transmission
undergo phase separation process.”* The phase-separated electron microscopy (TEM), and atomic force microscopy
structures greatly affect the macroscopic properties, such as are the most commonly used characterization techniques.'®
toughness, processability, transparency, chemical and weather However, these methods are generally expensive and time-
resistance, thermal stability, flowability, etc., of a material and

have strong impact on the performance of the corresponding Received: May 11, 2017
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Figure 1. Schematic representation of the proposed working mechanisms for the visualization of phase-separated morphology in polymer blends
using fluorescent AIE probes. (A) AlEgens based on RIM mechanism are possible to visualize and differentiate polymer blends with different
rigidities by the variation in emission intensity. (B) AlEgens with TICT properties may be capable of distinguishing polymer blends with different
polarities by the different emission colors in respective polymer component.

consuming for industrial applications, and skillful technicians
are often required to operate the instruments.'” In addition, the
sample preparation procedures are often troublesome and may
irreversibly change or even damage the sample. For example,
the specimen for TEM analysis needs to be pretreated by time-
consuming and challenging cryo-ultramicrotomy to make it
thin enough to be electron transparent. On the other hand, to
enhance the contrast of heterophase polymers, selective
chemical staining using heavy-metal compounds, such as
osmium tetroxide and ruthenium tetroxide, is generally
required, which is very toxic and can introduce artifacts to
the specimen.'®'®'” In most cases, the identification of
polymer components in a blend are realized indirectly either
by their mechanical property difference or by selective phase
removal by certain solvents.”””' Concerning the intrinsic
limitations of the existing strategies, the development of a
simple and powerful tool for the direct visualization and
differentiation of microphase separation is thus critically
important and highly desirable.

Fluorescence-based techniques have the advantages of high
sensitivity, large contrast, visible detection, and fast response.
Although fluorescence microscopy has been widely used in life
science for biological sensing and imaging, it is much less
explored in polymer research. The lack of efficient fluorescent
labels for polymeric materials may be a possible reason. As
most of the commodity polymers are inherently nonfluorescent
or show very weak fluorescence, thus similar to bioimaging,
external fluorophores are needed to label the polymers to allow
their observation under fluorescence microscope. In this regard,
one known strategy is the covalent introduction of fluorescent
moiety to polymer, which, however, involves fussy polymer-
ization design and complicated synthetic procedure.”” " A
simple alternative way is to disperse low-molecular-weight dye
molecules in the polymer blend. Nevertheless, conventional
fluorophores often suffer from fluorescence quenching with
increasing concentration due to the notorious aggregation-
caused quenching (ACQ) effect.””*® Meanwhile, the character-
ization of phased-separated structures using conventional ACQ_
fluorophores generally relies on the selective introduction of
dye molecules to one polymer component by chemical
interactions, which is not workable for blend systems where
both polymer matrices exhibit similar interactions with the
fluorophore moiety.23’27 On the other hand, luminogens with
aggregation-induced emission characteristics (AlEgens) show
intense emission when their intramolecular motions are
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restricted, and their emissions are very sensitive to the change
of their surrounding microenvironments. Since the first report
in 2001 by our group, AlEgens have attracted tremendous
attention and have found many applications.28’29 Until now, a
large variety of AlEgens have been developed, and some are
even commercialized. AlEgen-based imaging systems possess
the merits of large absorptivity, high brightness in the solid
state, low background noise, etc. In addition to bioimaging,
AlEgens have been used for the direct and high-contrast
visualization of breath-figure formation,*® gelation process,31
microscopic damage,*” macrodisgersion of inorganic fillers in
organic—inorganic composites,3 etc. Previously, we have
reported a chemical-staining method to detect the micro-
meter-sized morphology of polymer blends comprising a
noncoordinating polymer and a Lewis-basic polymer by using
a Lewis-acidic AIEgen.17 However, such method is based on the
chemical reactions between the functional group in the AIEgen
and the reaction site on the polymer component, which is
material-dependent and is only suitable for a limited scope of
polymer blends.

In this work, we demonstrated a proof-of-concept study on a
simple, low-cost, time-saving, and more general fluorescent
method for high-contrast observation and direct differentiation
of phase-separated morphology in polymer blends based on the
sensitive photophysical change of AlEgens in different polymer
phases. By utilizing the presented method, phase structures of
various immiscible polymer blends, such as polystyrene (PS)/
polybutadiene (PB), poly(methyl methacrylate) (PMMA)/PB,
and poly(ethylene glycol) (PEG)/PB, can be easily and clearly
observed. The effects of blend ratios, polymer concentrations,
and molecular weights on the phase morphologies of PS/PB
thin films were systematically investigated and the formation of
phase-separated structure in PS/PB blend film during the
solvent evaporation of its preparation process was dynamically
visualized and monitored, which are hard to be achieved by
conventional characterization techniques. The details of the
design concept and the corresponding experimental verification
and applications of this method will be discussed in turns.

B RESULTS AND DISCUSSION

On the basis of the working mechanism of AIE, we proposed a
possible design concept, as schematically illustrated in Figure 1,
for fluorescence visualization of microphase separation in
polymer blends by using AIEgens. Polymer blends composed of
rigid (plastic) and soft (rubber) components are commonly
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used in polymer industry to tune the mechanical properties of
products. Such polymer blends are commercialized as themo-
plastic elastomers or as rubber-toughened plastics.”* For
example, PS is a very stiff and brittle material, whereas PB is
rubbery and can absorb energy under stress. By blending PS
with a small amount of PB, the resulting polymer is known as
high-impact polystyrene and is tougher, more ductile, and less
likely to break upon bending than the unmodified one.
However, the phase-separated structure of PS/PB blend is
hard to be detected by electron microscopy without toxic
chemical staining. Additionally, there is no reactive functional
group present in PS or PB. Thus, fluorescent imaging based on
chemical-sensing mechanism is not applicable. The restriction
of intramolecular motions (RIM) is a well-accepted working
mechanism for the AIE phenomenon,” which allows AlEgens
to exhibit different emission behaviors in response to the local
rigidities of their surrounding microenvironments. As shown in
Figure 1A, when AlEgens with multiple molecular rotors are
dispersed in a glassy or rigid polymer matrix, the restriction of
their intramolecular motions makes them show strong emission
upon photoexcitation. Conversely, when AlEgens are mixed in
a rubbery or soft polymer matrix, the movement of the polymer
segments at room temperature and relatively large free volume
between the polymer chains will enable the AIEgens to undergo
intramolecular motions with little constraint. These dynamic
motions will nonradiatively dissipate the exciton energy and
quench their light emission.”®’ Considering the distinct
difference in the emission intensity of AlEgens in different
polymer environments, we envisioned that AlEgens based on
RIM mechanism are promising fluorescent probes for the
visualization and differentiation of the microphase separation of
polymer blends with different rigidities, such as the PS/PB
mixture. Meanwhile, polymer blends comprising components
with different polarities are also widely investigated. These
materials have found many applications in tissue engineering,
drug delivery, biomedical materials, etc,,'”?57*" as their
biocompatibility and biodegradability can be controlled by
tuning the hydrophobic/hydrophilic compositions in the blend
or by selecting polymer components with proper polarity
difference.””~** This type of polymer blend may be composed
of homopolymers with similar rigidities, such as PB and PEG.
As such, the RIM mechanism may not function well as an
indicator in this system. Thanks to the big and diversified AIE
toolbox,*® AlEgens with twisted intramolecular charge transfer
(TICT) effect may be capable of solving such a challenge. The
emission color of AlEgens with electron donor (D) and
acceptor (A) units often changes with the environmental
polarity due to the TICT effect.** Inspired by the
solvatochromism of TICT-active AlEgens, we envisioned that
in a nonpolar polymer matrix the AIEgen will be in the locally
excited (LE) state with its D and A units existing in an almost
parallel fashion. In a polar polymer environment, however, the
excited state of a D—A-type luminogen will undergo a geometry
rearrangement by intramolecular rotation. This brings the D
and A units into a twisted conformation and leads to a total
charge separation. The luminogen is now located at the TICT
state, and as the bandgap of the TICT state is narrower than
that of the LE state, the emission of the dye molecule will red-
shift in a polar polymer matrix (Figure 1B). Based on this
assumption, the TICT-active AlEgens are anticipated to be able
to distinguish polymer blends with different polarities by the
different emission colors in respective polymer component.
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To demonstrate our design concept, commercially available
AlEgens, namely tetraphenylethene (TPE) and triphenylamine-
substituted [(Z)-4-benzylidene-2-methyloxazol-5(4H)-one]
(TPABMO), were selected as the representative staining
reagents based on RIM and RIM + TICT mechanisms,
respectively, to dope with the commodity polymer blends of
PS, PB, PMMA, and PEG. Their structures are provided in
Schemes S1 and S2.

The general experimental workflow is illustrated in Figure 2,
and the experimental details can be found in the Supporting
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Figure 2. Experimental workflow: (1) physically mixing AIEgens with
polymers, (2) preparing polymer blend thin films by solution spin-
coating, and (3) subsequent observation under a fluorescent
microscopy.

Information. First, a polymer blend solution was prepared by
well mixing the solution of each polymer component, into
which the as-prepared AlEgen solution was subsequently added
to mix with the polymer blend, generating a homogeneous
polymer/AlEgen mixture under ultasonication. Afterward,
uniform thin films were fabricated by spin-coating the blend
solution onto quartz plates. During spin-coating, the fast
evaporation of solvent will lead to the easy formation of
separated binary phase in the polymer blend film. Last, the
morphology of the blend films was observed under a
fluorescent microscope. The whole experimental procedure is
quite simple and time-saving and involves no sample
destruction step.

The TPE/PS/PB system serves first as a model system to
test the feasibility of our design principle in Figure 1A and
meanwhile provides feedback for further optimization of the
experimental condition. In an initial attempt, 1.0 wt % TPE was
doped in the thin films of pure PS, pure PB, and PS/PB blend
with a mass fraction of PB (wpg) of 50%, respectively. As shown
in Figure S1, the TPE/PS film emits much stronger
photoluminescence (PL) with a higher fluorescence quantum
yield (@ = 19.6%) than that of TPE/PB (®p = 1.7%).
Encouraged by this result, we then investigated the phase
morphology of these TPE/polymer films using a fluorescent
microscope. While the bright-field and fluorescent images of
TPE/PS and TPE/PB films show smooth surface topography
(Figures 3A—3A2 and 3B—3B2), a clear and high-contrast
spatial distribution of phase-separated morphology was
observed in the images of TPE/PS/PB blend with a large
field of view (Figure 3C—3C2). Notably, when viewed under
UV irradiation, an even distribution of brightly emissive
spherical domains was seen in a faintly emissive matrix.
Because the TPE/PS film exhibits a much stronger emission
than that of TPE/PB, it is unambiguous to assign the brightly
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Figure 3. (A—C) Bright-field, (A1—C1) fluorescent, and (A2—C2) merged images of 1.0 wt % TPE-doped PS, PB, and PS/PB (50/50, w/w) films.
Scale bar: 200 ym.
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Figure S. Fluorescent images of 1.0 wt % TPE-doped thin films of PS/PB blends with different mass fractions of PB (wpy). Scale bar: 200 ym (main)
and 20 pm (inset).
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emissive “isolated islands” with diameters of 4—28 ym as PS-
rich domains, which are surrounded by the continuous and
weakly emissive PB phase. The merged image in Figure 3C2
clearly reveals the correspondence between the bright-field
morphology and the fluorescent pattern of the dye-doped blend
film. To test the dye’s capability, we decreased the doping
concentration to 0.1 wt %. As indicated by the results given in
Figure S2, clear microphase separation was still observed in the
PS/PB blend, but the contrast is not as good as that at high
doping concentration. Thus, 1.0 wt % was chosen as a suitable
probe concentration for the following investigation.

To demonstrate the advantage of the present method over
the traditional ones, SEM measurement on the same TPE/PS/
PB film was conducted. As the polymer specimen is
nonconductive, an ultrathin gold layer was first coated on its
surface by high-vacuum evaporation. However, after the
expensive and troublesome sample treatment, only a SEM
image with an ambiguous phase-separated morphology in poor
contrast was obtained (Figure 4A). Although the bright-field
image taken by the phase-contrast microscopy shows a clear
phase-separated structure (Figure 4B), it cannot provide
detailed information on the blend composition. Additionally,
the bright-field morphology may give misleading information
due to the inherent roughness of the film and the interference
by the optical effect. For instance, the circle domains in Figure
4B can be either hollow microtubes or solid spheres. Now,
these shortcomings can be overcome by fluorescence imaging
using AlEgens. The fluorescent image shown in Figure 4C
provides more valuable and detailed insights into the
microscopic morphology of PS/PB without the problems
stated above. The three-dimensional fluorescent images of the
thin film of PS/PB further confirmed its phase-separated
structure where the PS-rich spherical domains were embedded
in the continuous PB-rich phase (Figure S3 and Videos S1 and
S2). On the other hand, the present method also enables direct
and easy differentiation of the domain composition by the
obvious difference in the emission intensity of the AlEgen in
different phases.

On the basis of the preliminary results, we then further
utilized this fluorescence imaging method to systematically
investigate the microphase separation in PS/PB mixtures with
different blend ratios. As indicated by Figure S, the phase-
separated morphology and domain size of PS/PB are strongly
affected by the blend ratio. In a thin film of PS/PB blend with
wpg of 10%, uniform dispersion of faintly emissive PB domains
in a brightly emissive PS matrix was observed. PS is the major
component in this case, and PB separates from the PS phase as
small and round-shaped domains. As wpy increases, the isolated
PB spheres tend to coalesce together to form large domains and
finally generate irregular domain structures. Bicontinuous
interpenetrating networks appear when wpy reaches 30%.
Further increment of wpy to 40% leads to a reversed
morphology: the blue emissive PS phase is embedded in a
dark PB matrix, and PS becomes a minor component. Both
irregular-shaped and spherical PS domains are observed in one
image. At wpg of 50%, all the PS domains are spherical in shape.
With the gradual increase of PB fraction from 60% to 80%, the
average size of the island-like PS domains becomes smaller and
smaller. At 90% wpyp, the PS domains are hard to be observed
because their size is probably smaller than the spatial resolution
limit (about 200 nm) of traditional microscopy. In addition, the
effects of polymer concentration and molecular weight on the
phase morphologies of PS/PB thin films were also studied by
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this approach. The fluorescent image in Figure S4A suggested
that when the polymer concentration of the coating solution
was lowered from 42 to 17 mg/mL, the phase shape of the PS/
PB thin film with wpg of 50% remained almost unchanged with
uniform spherical PS domains dispersing in the continuous PB
phase. However, the average diameter of the PS domains
significantly decreased from ~17 to ~7 um. Phase separation
can also be clearly observed in PS/PB blend (50/50, w/w)
comprised of PS with low molecular weight (M,, = 42000 g/
mol) (Figure S4B), in which the PS domains appear as granular
morphology with an average diameter of ~8 ym. These results
are consistent with the general rule that smaller domains will be
generated in the phase structures of spin-coated thin films at
lower polymer concentration and lower molecular weight.”
The above-mentioned results demonstrate that it is a good
strategy to use AlEgens with rotors for clear analysis of the
spatial distribution and phase composition of polymer blends
with different rigidities by the difference in emission intensity.
We then verified the feasibility of the design principle in Figure
1B, in which the emission color serves as an indicator for the
phase composition in a polymer blend. TPABMO is an AlEgen
with both molecular rotors and D—z—A structure (Scheme
$1).* This luminogen is found to be very sensitive to the
change of environmental polarity. Its emission color undergoes
a significant red-shift with increasing the solvent polarity due to
the strong TICT effect (Figure 6A). Even there is a small
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Figure 6. (A) Photographs of TPABMO in solvents with different
polarities taken under UV irradiation. Af = solvent polarity parameter.
Af = ~0 (hexane), 0.014 (toluene), 0.025 (dioxane), and 0.209
(THF). Solution concentration: 10 zM. (B) Emission spectra of 1.0 wt
% TPABMO-doped polymer films. Excitation wavelength: 410 nm.
Inset: photos of TPABMO-doped polymer films taken under 365 nm
UV irradiation from a hand-held UV lamp.

change in polarity when changing the solvent from hexane to
toluene, distinct color variation from blue to green was still
observed. Inspired by this, we doped 1.0 wt % TPABMO to
stain polymers with different structural polarities, including PB,
PS, PMMA, and PEG. The PL behaviors of these TPABMO-
doped homopolymer films were first investigated. Delightfully,
TPABMO also shows a sensitive response to the polarity
change in the polymer matrix. As depicted in Figure 6B,
TPABMO emits blue and orange color at 499 and 567 nm in
nonpolar PB and relatively polar PEG matrix, respectively,
while TPABMO/PS and TPABMO/PMMA films are green
emissive at 512 and 525 nm, respectively. It is surprising to find
out that a subtle difference in the structural polarity between PS
and PB can result in such an obvious change in the emission
color of TPABMO.
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Figure 7. Fluorescent images of 1.0 wt % TPABMO-doped thin films of (A—C) PS, PB, and PS/PB (50/50, w/w), (A1—C1) PMMA, PB, and
PMMA/PB (50/50, w/w), and (A2—C2) PEG, PB, and PEG/PB (50/50, w/w). Scale bar: 200 ym (main) and 20 pum (inset).
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Figure 8. (A) Following the phase structure formation of PS/PB blend by adding one drop of its solution (50/50, w/w) with 1.0 wt % TPE on a
quartz plate followed by photo taking at different scans. The scan number of each image is shown on the upper left corner, and additional
information is provided in Video S3. Irradiation time: SO0 ms/scan. (B) Plots showing the change of grayscale intensity in the chosen areas (as
labeled by red and yellow arrows in (A)) with the increase of the irradiation time. Inset: fluorescence images indicating the phase composition.

The morphologies of PS/PB, PMMA/PB, and PEG/PB
blends stained by TPABMO were then investigated using a
fluorescence microscope (Figure 7). The images of TPABMO-
doped homopolymers all show smooth morphology. In
contrast, clear phase-separated structures were observed in
the images of polymer blends. Different from the TPE probe
which operates in the RIM mechanism, the phase composition
in this case is identified by comparing the emission color of
TPABMO in each domain with that of the corresponding
homopolymers. For example, from the fluorescent image of

TPABMO/PS/PB, we can easily point out that the green-
emissive spherical domains are responsible for the PS phase and
the blue-emissive continuous matrix belongs to the PB phase
(Figure 7A—C and Figure SS). A similar phenomenon was
observed in the TPABMO/PMMA/PB system, where the
green-emissive irregular PMMA domains are surrounded by
continuous, blue emissive PB matrix (Figure 7A1—C1 and
Figure S6).

For polymer blends comprising components with both
different polarities and different rigidities, both TPE and

DOI: 10.1021/acs.macromol.7b00973
Macromolecules 2017, 50, 58075815


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00973/suppl_file/ma7b00973_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00973/suppl_file/ma7b00973_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00973/suppl_file/ma7b00973_si_002.zip
http://dx.doi.org/10.1021/acs.macromol.7b00973

Macromolecules

TPABMO work well to visualize their phase-separated
structures. However, for polymer blends composed of
homopolymers with similar rigidities but different polarities,
such as PEG/PB blend, TPABMO will be a more suitable
candidate. As indicated in Figure 7A2—C2 and Figure S7, the
TPABMO-stained PEG/PB blend shows a high-contrast and
well-resolved phase separation structure with dual colors. By
comparison with the emission color of TPABMO in pure PEG
and PB, the orange emissive, irregular-shaped, and large-sized
domains should be the PEG-rich phase, which is embedded in
the blue emissive continuous PB phase.

To further extend the applications of this AIE technique, we
then tested the possibility of using the presented method to
visualize and monitor the formation of phase-separated
morphology from the PS/PB blend solution during solvent
evaporation in a dynamic fashion. One drop of AlEgen/PS/PB
blend solution was added on a quartz plate followed by
immediate observation under a fluorescence microscope. The
grayscale intensity values of a certain domain in the
corresponding images were calculated using a NIS-Elements
microscope imaging software. When TPE was used as the
fluorescent probe (Figure 8 and Video S3), the blend solution
keeps almost nonemissive at the beginning, and no phase
separation is detected (stage I). Once the solvent starts to
evaporate, the viscosity of the solution rises and the phase-
separated morphology can be clearly visualized. The corre-
sponding emission intensity in the chosen area will also
increase accordingly (stage II). With gradual solvent evapo-
ration, the formed phase morphology basically remains the
same. After the solvent is completely evaporated, the emission
intensity in each domain will keep essentially unchanged (stage
III). In the phase-separated structure, TPE always shows
stronger emission in PS-rich domains than that in PB-rich
continuous phase due to the RIM mechanism. TPABMO is also
demonstrated to be suitable for such an application but using
emission color as an indicator for the phase evolution (Figure
S8 and Video S4). These results suggest that the presented AIE
method is able to directly visualize and monitor the structure
formation via polymer demixing in drop-casting films, which is
hard to be achieved by other commonly used characterization
techniques.

Bl CONCLUSION

In summary, this work provides an expedient, time-saving, and
powerful visualization method of micrometer-sized phase
separation in polymer blends by using AlEgens as fluorescent
probes. The domain structure and composition of a polymer
mixture can be readily identified with high-contrast and low
background noise by comparing the fluorescence properties,
including the emission brightness and emission color, of
AlEgens in each domain with those of the associated
homopolymers. This detection method is simply based on
the physical property change of AlEgens in different polymer
matrices. No destructive, complicated, and material-dependent
chemical reaction or modification is involved. The sample
preparation procedure is facile and noninvasive. With these
superior advantages over traditional analytical methods, the
present visualization strategy is helpful to expedite the process
for studying phase separation morphologies, dynamics, and
mechanisms in various polymer blends in both academic and
industrial areas. This work will not only widen the application
of conventional fluorescence microscopy in polymer research
but also facilitate the use of AlEgens as fluorescent probes in
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more advanced observation instruments, such as near-field
scanning optical microscopy’® and super-resolution techniques,
thereby achieving nanostructured imaging of a wide variety of
polymer blends by monitoring the fluorescence of AlEgens.
Further extension of the scope of AlEgens to be applied in this
method is undergoing in our lab.
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