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ABSTRACT: We previously discovered a novel method for the e e
preparation of polymer particles that have a cylindrical shape. ~ ~
Polystyrene (PS) or poly methyl methacrylate (PMMA) spherical

particles were deformed into a cylindrical shape by stirring with a .

magnetic stirrer in a polyvinylpyrrolidone (PVP) aqueous solution. o 0 with?:;;i:{ig';%rrer %
In this study, cylindrical “Janus” particles consisting of PS and | T+ SV | m=m—————— > ﬁ
PMMA were prepared by this stirring method. In the case of 133‘1.;”;'\;;23"

spherical Janus particles, cylindrical particles were obtained after pvpaq. o ’ e §
stirring; however, the direction of the interface between the PS and

PMMA phases was random. However, in the case of snowman-like — ~ =

Janus particles, cylindrical Janus particles with the interface at the
center of the long axis were successfully prepared. This indicated
that the extension direction can be controlled owing to the
anisotropic shape and supported the proposed deformation mechanism of the cylindrical particles. Moreover, amphiphilic cylindrical
Janus particles were also successfully prepared by hydrolysis of only one phase to introduce carboxy groups.

PS/P(MMA-S-tBMA)
snowman-like Janus particles

B INTRODUCTION

Typically, polymer particles prepared by heterogeneous
polymerization tend to become spherical in shape to minimize
the interfacial free energy between the particles and medium.
However, nonspherical polymer particles have unique proper-
ties, such as mechanical, rheological, and optical properties,
and they are applied in paint as antisagging agents and in
cosmetics."”” Recently, we reported that polystyrene (PS) or
polymethylmethacrylate (PMMA) spherical particles could be
transformed into a cylindrical shape by stirring in a
polyvinylpyrrolidone (PVP) aqueous solution.” We proposed
a mechanism of particle deformation for the stirring method as
follows: the particles were plasticized by the PVP aqueous
solution and then stretched by applying shear stress from the
medium by stirring with a magnetic stirrer. This method

case of Janus particles with hydrophobic and hydrophilic
surfaces, micelle-like particles were formed in aqueous
solution.'” We succeeded in arranging a one-dimensional
colloidal structure of Janus particles that includes different
stabilizers on each side by utilizing hydrogen-bonding
interactions.'® Moreover, Janus particles that have a non-
spherical shape are expected to have different assembly
behaviors from spherical particles when used as building
Matchstick-shaped Janus
particles produce a unique structure that cannot be produced

blocks for colloidal structures.'”

by spherical Janus particles.”” Lee et al. reported the control of
the self-assembly of Janus particles that have a cylindrical shape
by changing the polarity of the medium.”’ These cylindrical
Janus particles were prepared by a sequential micromolding

provides a facile and highly efficient approach for preparing
cylindrical particles, which is distinguishable from the
ellipsoidal shape obtained by other previous methods. Zou et
al. recently reported the preparation of cylinder-like PS—silica
composite particles using the same method.”

Janus particles are composite particles’ that have two
different surfaces on each half. There are many reports about
preparation methods for Janus particles, such as Pickering
emulsion,”” toposelective surface modification,”” phase
separation method by seeded polymerization,”'’ and micro-
fluidic method.'""* Nonspherical Janus particles can be also
synthesized by using the microfluidic technique'’ and self-
assembly of block copolymers,'* besides the molding method.
These particles can be used as particulate surfactants'® and as
building blocks for a colloidal structure.'® For example, in the
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method, which still involves a complicated procedure.

In this study, we attempted to prepare Janus particles that
have a cylindrical shape consisting of PS and PMMA by the
stirring method. Using this method, we expected to easily
synthesize such Janus particles having a cylindrical shape.
Additionally, we demonstrated the preparation of amphiphilic
cylindrical Janus particles.
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Figure 1. SEM image of PS seed particles prepared by dispersion polymerization (a). SEM image (b) and TEM image of ultrathin cross sections
(c) of the obtained particles prepared by seeded dispersion polymerization of MMA. Optical micrograph (d), SEM image (e), and TEM image of
ultrathin cross sections (f) of PS/PMMA composite particles after the SARM process in the presence of SDS. Particles of (c,f) were stained with

RuO, vapor.

B RESULTS AND DISCUSSION

First, 1.78 ym monodisperse PS particles were obtained via
dispersion polymerization (Figure 1a). The seeded dispersion
polymerization of methyl methacrylate (MMA) was carried out
using these PS particles as the seeds, resulting in 2.03 pm
particles. The diameters of the obtained particles were larger
than those of the PS seed particles (Figure 1b), suggesting that
composite particles were successfully prepared. From the
transmission electron microscopy (TEM) observation of the
ultrathin cross sections of the obtained particles stained with
RuO,, which preferentially stains the PS phase, clearly, the
obtained particles had a core—shell structure that consisted of
a PS core and a PMMA shell (Figure 1c).

To change the morphology from core—shell to Janus, the
solvent-absorbing/releasing method (SARM) process in the
presence of emulsifiers on the core—shell composite particles
was carried out in which the interfacial tension values between
the polymer phases and the medium decreased. Figure le
shows the scanning electron microscopy (SEM) image of the
composite particles after the SARM process in the presence of
sodium dodecyl sulfate (SDS). After the SARM process, the
obtained particles were spherical, and the size was not changed.
However, the phase boundary was likely observed at the center
of the particles according to the optical micrograph (Figure
1d). To identify the phase boundary of the Janus particles, one
particle in SEM was colored (Figure le). According to the
TEM image of the ultrathin cross sections of the composite
particles (Figure 1f), the inside of the particles changed to a
Janus structure. Although a composite particle having irregular
morphology was observed (upper in Figure 1f) due to
coagulation during the preparation of ultrathin cross sections,
such a particle was rarely observed.

To deform the spherical Janus particles into a cylindrical
shape, they were stirred in a 1 wt % PVP aqueous solution
(solid content: 1 wt %) using a magnetic stirrer (360 rpm) at
room temperature, which were the optimal conditions for
deformation in our previous paper.” High stirring speed and
high temperature would induce formation of irregularly shaped
particles. However, most of the particles were not deformed

and remained as spherical shapes even after stirring for 72 h
under the optimal conditions. The result was based on the
difference in the degree of plasticization by PVP between the
PS and PMMA phases, although the reason was not clear. To
confirm this, PS and PMMA homopolymer particles were
separately stirred in a PVP aqueous solution under the same
conditions. After stirring for 72 h, approximately 80% of the PS
particles deformed into a cylindrical shape, whereas only
approximately 50% of the PMMA particles deformed (only the
deformed particles with the aspect ratio of more than 1.1 were
counted), and the length of the cylindrical shape was shorter
than that of the PS cylindrical particles (Figure S1). Moreover,
PS and PMMA homopolymer particles were stirred together in
a PVP and coumarine 6 (fluorescence dye) aqueous solution
for 72 h, in which coumarine 6 preferentially adsorbed to the
PMMA particles. Both polymer particles were stirred together
in a PVP aqueous solution, and the deformation degree of the
PS particles (non-fluorescence) was larger than that of the
PMMA particles (fluorescence) (Figure 2), indicating that the
PS phase should be more easily plasticized than the PMMA
phase. Thus, to approach the degree of plasticization between
PS and PMMA phases in composite particles, 10 wt % styrene
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Figure 2. Optical micrograph (a) and confocal laser scanning
microscopy image (b) of PS and PMMA particles dispersed in aq
coumarine 6 after stirring in aq PVP for 72 h. PMMA particles
produced green fluorescence.
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based on MMA was polymerized with MMA in the seeded
polymerization. After seeded dispersion copolymerization, the
core—shell composite particles [2.09 ym (using 1.78 ym PS
seed particles)] were also successfully prepared (Figure 3a,b).
After the SARM process, PS/poly(MMA-styrene) [PS/
P(MMA-S)] Janus particles were also obtained in the same
way as the PS/PMMA particles (Figure 3c,d).

Figure 3. SEM image (a) and TEM image of the ultrathin cross
sections (b) of the obtained particles prepared by seeded dispersion
polymerization of MMA and styrene. SEM image (c) and TEM image
of the ultrathin cross sections (d) of the PS/P(MMA-S) composite
particles after the SARM in the presence of SDS. Particles of (b,d)
were stained in the PS phase with RuO, vapor.

Figure 4 shows the optical micrograph and SEM image of
the PS/P(MMA-S) Janus particles after stirring in a PVP
aqueous solution. Unlike the case of PS/PMMA Janus
particles, more than half of the particles were successfully
deformed into a cylindrical shape, and the average aspect ratio
of the cylindrical particles was around 1.5; distribution is
shown in Figure S2. However, after removal of the PMMA
phase of these particles with acetic acid (a good solvent for
PMMA but not for PS), the position and direction of the
interface between the PS and PMMA phases were random
(Figure 4c). In the case of the spherical particles, the

elongation direction was random in the flow during stirring
because of the isotropy of the particles. To obtain cylindrical
Janus particles that had a boundary with the center of the
cylindrical particles, anisotropic snowman-like Janus particles
were used.

The preparation of snowman-like Janus particles has been
reported, in which the SARM process was carried out using
nonionic Emulgen 911 instead of SDS.”” Figure 5a,b shows the
optical micrograph and SEM image of the composite particles
after the SARM process in the presence of Emulgen 911. The
shape of the obtained particles changed from spherical to
snowman-like. According to the TEM image of the ultrathin
cross sections of these particles (Figure Sc), the insides of the
particle were also changed to Janus structures (snowman-like
shapes). The aspect ratio of snowman-like particles was about
1.2, which should be enough to align with the shear direction.

Figure 6a,b shows the optical micrograph and SEM image of
the snowman-like Janus particles after stirring in a PVP
aqueous solution. Around 70% of the particles were also
deformed into a cylindrical shape, although some particles had
an ellipsoid shape. The aspect ratio statistics of the deformed
particles are also shown in Figure S3. When the PMMA phase
of these particles was extracted with acetic acid, the interface
between the polymer phases was uniformly positioned
perpendicular to the center of the long axis of all particles
(Figure 6¢). This result supports the deformation mechanism
for the stirring method.

Additionally, to prepare amphiphilic cylindrical Janus
particles, the PMMA phase was hydrolyzed to introduce
carboxy groups. In the seeded dispersion polymerization, 10 wt
% tert-butyl methactylate (tBMA) based on MMA and styrene
was polymerized with MMA and styrene because PtBMA is
susceptible to hydrolysis compared with PMMA. After the
seeded dispersion polymerization, PS/poly(MMA-styrene-
tBMA) [PS/P(MMA-S-tBMA)] spherical composite particles
were also obtained (Figure S4), and then, snowman-like Janus
particles were prepared using the SARM process in the same
manner (Figure 7a). PS/P(MMA-S-tBMA) cylindrical Janus
particles were also prepared via the stirring method (Figure
7b) in PVP aqueous medium. To introduce the carboxy groups
on half of the cylindrical Janus particles, the tert-butyl group of
the PMMA phase was hydrolyzed using a trifluoroacetic acid
(TFA) aqueous solution. The shapes of the particles did not
change after the TFA treatment (Figure 7c). To confirm the
presence of a carboxy group, Fourier-transform infrared
spectroscopy (FT-IR) measurements were carried out;
however, the characteristic peaks were not observed owing to
their small intensity (carboxy groups were only on the surface
of the PMMA phase). However, a Pickering emulsion was

Figure 4. Optical micrograph (a) and SEM image (b,c) of PS/P(MMA-S) cylindrical Janus particles after stirring in 1 wt % PVP aqueous solution
for 72 h. The particles shown in (c) are the removed PMMA phase (P(MMA-S) portion) particles with acetic acid.
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Figure S. Optical micrograph (2) and SEM (b) and TEM images of the ultrathin cross sections (c) of the PS/P(MMA-S) composite particles after
the SARM process in the presence of Emulgen 911. The particles shown in (c) were stained in the PS phase with RuO, vapor.
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Figure 6. Optical micrograph (a) and SEM images (b,c) of PS/P(MMA-S) cylindrical Janus particles prepared by stirring the PS/P(MMA-S)
snowman-like Janus particles in 1 wt % PVP aqueous solution for 72 h. The particles shown in (c) were the removed PMMA phase (P(MMA-S)

portion) particles with acetic acid.

Figure 7. SEM images of the PS/P(MMA-S-tBMA) composite particles after the SARM in the presence of Emulgen 911 (a), after stirring in 1 wt %
PVP aqueous solution for 72 h (b) and after hydrolysis by 5.6 wt % TFA aqueous solution (c).

prepared using these particles as a particulate surfactant, and
there was a large difference in the adsorption behavior of the
particles at the oil droplet interface. Regarding the particles
before hydrolysis, the long axis of the adsorbed particle became
parallel to the interface of the oil droplet (Figure 8a) owing to
the increased adsorption area,”” which also indicated that both
phases of the Janus particles had the same hydrophobicity.
However, in the case of the hydrolyzed Janus cylindrical
particles, the cylindrical particles adsorbed vertically to the

(@)

~: 10 ym ,\ D > 10 um

Figure 8. Optical micrographs of the Pickering emulsion using PS/
P(MMA-S-tBMA) cylindrical Janus particles before (ab) and after
hydrolysis.

interface (Figure 8b). By through-focus observation (Figure
SS5), the adsorption behaviors can be more clearly observed.
This result strongly suggests that the carboxy groups were
introduced to the surface of one side of the Janus particles, that
is, amphiphilic cylindrical Janus particles were successfully
prepared. In the case of this adsorption method, the emulsion
is expected to be more stable because the adsorption energy of
the particles at the oil—water interface became large. We also
tried to observe the adsorption behavior of Janus particles on
oil droplet with SEM by replacing the oil phase from octane to
hexadecane, for which the melting point is above room
temperature. However, the behavior could not be observed
because the hexadecane melted and the adsorbed morphology
of the cylindrical particles had collapsed during the observation
with the SEM.

B CONCLUSIONS

We produced cylindrical Janus particles by stirring snowman-
like Janus particles prepared by seeded dispersion polymer-
ization and the SARM process. Control of the elongation
direction of the particles by using anisotropic particles was
important for preparation of the cylindrical Janus particles that
had a boundary with the center of the cylindrical particles.
These results also strongly supported the elongation
mechanism of the particles during stirring. Additionally, these

https://dx.doi.org/10.1021/acsomega.0c04538
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amphiphilic cylindrical Janus particles are expected to be used
for the preparation of colloidal structures via self-assembly.

B EXPERIMENTAL PROCEDURE

Materials. Styrene, MMA, and tBMA (Nacalai Tesque,
Inc., Kyoto, Japan) were purified via distillation under reduced
pressure in a N, atmosphere. Reagent-grade 2,2’-azobis-
(isobutyronitrile) (Wako Pure Chemical Industries, Osaka,
Japan) and 2,2'-azobis-(2,4-dimethyl valeronitrile) (V-65,
Wako Pure Chemical Industries, Osaka, Japan) were purified
by recrystallization in methanol. Reagent-grade methanol,
ethanol, toluene, octane, NaOH, TFA, PVP (K-30; weight-
average molecular weight = 4.0 X 10%, and K-15; M, = 1.0 X
10, Nacalai Tesque, Inc., Kyoto, Japan), SDS (Wako Pure
Chemical Industries, Ltd., Japan), and commercial grade
polyoxyethylene nonylphenyl ether (Emulgen 911, Kao Co.,
Japan) were used as received. All water used for these
experiments was purified using an ErixUV (Millipore, Japan)
purification system and had a resistivity of 18.2 MQ cm.

Preparation of PS/PMMA, PS/P(MMA-S), and PS/
P(MMA-S-tBMA) Composite Particles. PS/PMMA compo-
site particles were prepared by seeded dispersion polymer-
ization of MMA using PS seed particles. MMA (0.16 g), V-65
(4 mg), and PVP (K-30, 0.032 g) were added to a PS
dispersion [S wt % solids in methanol/water (1.92 g/1.28 g)].
The polymerization was performed at 50 °C for 24 h with
shaking at S0 cycles/min (3 cm strokes). After polymerization,
the obtained particles were washed with methanol/water via
centrifugation to remove excess PVP; then, the medium was
replaced with water. PS/P(MMA-S) and PS/P(MMA-S-
tBMA) particles were also prepared by seeded dispersion
polymerization under the same conditions.

Preparation of PS/PMMA Janus Particles. The PS/
PMMA Janus particles were prepared using the SARM process,
which was proposed by Okubo et al.”™ for adjusting the
morphology of composite particles to obtain a thermodynami-
cally stable structure. A typical procedure was performed as
follows. Toluene (1.2 g), which is a good solvent for PS and
PMMA, and SDS (0.047 g) were added to the composite
particle dispersion (0.7 wt % solid content) in a S0 mL glass
vial, and the mixture was gently stirred for several hours to
absorb toluene into the composite particles. The absorbing
toluene was evaporated from the dispersion by stirring with a
magnetic stirrer at room temperature for 24 h in an uncovered
glass cylindrical vessel (solvent-releasing process). After the
releasing process, the SDS present on the surface of the
obtained particles was removed by centrifugal washing three
times with water.

Preparation of Cylindrical Janus Particles. Janus
particles prepared by the SARM were deformed into a
cylindrical shape via the stirring method. The particle
dispersion (2.0 g, 2.0 wt % solids) was added to a PVP (K-
15) aqueous solution (2.0 g, 2.0 wt %) and stirred in a 15-mL
glass vial for 72 h using a magnetic stirrer (360 rpm) at room
temperature. A cylinder type stirring bar (¢ S X 15 mm,
polytetrafluoroethylene) was adopted. After stirring, the
particles were washed with water three times to remove excess
PVP.

Hydrolysis of PS/P(MMA-S-tBMA) Cylindrical Janus
Particles. To prepare amphiphilic cylindrical Janus particles,
tBMA units of the PMMA phase were hydrolyzed using a 6 wt
% TFA aqueous solution in a hermetically sealed glass reactor
at 60 °C for 9 h.

33051

Preparation of the Pickering Emulsion. The Pickering
emulsion was prepared by emulsifying octane (oil) and an
aqueous PS/P(MMA-S-tBMA) cylindrical Janus particle
dispersion using a homogenizer at 6000 rpm for 5 min,
wherein the ratio of particles/octane/water was 0.025/0.25/
1.75 (w/w/w).

Characterization. The obtained particles were observed
using an optical microscope (ECLIPSE 80i, Nikon) and a
scanning electron microscope (JSM-6510, JEOL, Tokyo,
Japan) at 20 kV. The number-average diameter (D,) and
coefficient of variation (C,) were determined by counting over
200 particles in the SEM images using image analysis software
(WinROOF, Mitani Co., Ltd., Japan). To observe the interior
morphology of the core—shell and Janus particles, the dried
particles were stained with ruthenium tetraoxide (RuO,) vapor
at room temperature for 30 min in the presence of RuO,
crystal, which was embedded in an epoxy matrix, cured at
room temperature overnight, and subsequently microtomed.
Ultrathin (100-nm-thick) cross sections were observed using a
transmission electron microscope (JEOL JEM-1230) at 100
kv.
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