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Abstract Synthesis and optical properties of cocoon-like poly(methyl methacry-
late) (CPM) particles in the size range of D, = 3.0-6.5 pm were studied. The
synthesis of these anisotropic particles consists of two steps. The spherical
poly(methyl methacrylate) (PMA) particles (D, = 2.2-5.5 pm) cross-linked by
0.2-0.8 wt% ethylene glycol dimethacrylate (EGDMA) were prepared by dis-
persion polymerization, using a combination of poly(vinyl pyrrolidone) (PVP) and
sodium di-(2-ethylhexyl) sulfosuccinate (NaEHS) as a stabilizer in 94:840 water—
methanol. Then, a suspension polymerization of 9:1 methyl methacrylate (MMA)/
EGDMA in the presence of the PMA particles as seed at 85 °C in water gave non-
spherical, cocoon-like CPM particles, depending on the cross-linking densities of
PMA particles. The cocoon-like CPM particles (D, . = 4.0 pm) showed the
characteristic features of regular reflection, which can not be attained for con-
ventional poly(methyl methacrylate) particles with a spherical shape. The effects
of seed PMA particles with different properties on the formation of cocoon-like
CPM particles and their regular reflection properties are described.
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Introduction

Micro-sized polymer particles with a narrow size distribution have attracted much
attention in various areas, such as coatings, electronics, biomedical and information
technology. To address the specialized requirements of this fast-growing technol-
ogy, precise control of size, size distribution, and the morphologic features and
properties of these particles have become more important [1-5]. One of the useful
methods for producing micron-sized particles is dispersion polymerization, and in
most cases polymer particles produced under favorable circumstances take on a
spherical structure so as to minimize the interfacial free energy between the
particles and the medium. So far, several approaches to preparing micron-sized
monodisperse, non-spherical particles, such as snowman-like [5-9], confetti-like
[8], egg-like [10], and disc-like particles [11] have been reported. The non-spherical
particles can offer alternative benefits [12, 13]. These include the ability to show
new optical and fluid properties which can not be achieved with spherical particles.
Optimization of factors such as concentration of monomer, cross-linker, initiator,
stabilizer, medium, and temperature is required for the preparation of these
morphologically well controlled non-spherical particles.

In this work, the influences of the polymerization parameters on the synthesis of
anisotropic, cocoon-like CPM particles from spherical PMA seed particles were
investigated. Furthermore, the light-scattering properties of the anisotropic particles
were examined and compared to those of spherical PMMA particles.

Experimental
Materials

Reagent grade methyl methacrylate (MMA, Mitsubishi Rayon Co. Ltd., 99%) and
ethylene glycol dimethacrylate (EGDMA, Kyoeisha Chemical Co. Ltd.) were
purified by conventional methods before use. Poly(vinyl pyrrolidone) (PVP,
Dai-ichi Kogyo Seiyaku, Kyoto, Japan, M, = 360,000), sodium di-(2-ethylhexyl)
sulfosuccinate (NaEHS, Dai-ichi Kogyo Seiyaku) and ammonium polyoxyethylene
alkyl sulfonate (APOS, CH3(CH2)13,15(OCH2CH20)13SO3NH4, Dai-ichi KOgyO
Seiyaku) were used as received. t-Butyl peroxypivalate (z-BPP, NOF Corporation,
Tokyo, Japan), and benzoyl peroxide (BPO, NOF Corporation) were used as
received. Deionized water was used in all experiments.

Preparation of poly(methyl methacrylate) (PMA) particles

A typical preparation of seed particles was as follows. A solution of PVP (23.3 g)
and NaEHS (6.7 g) in a mixture of methanol (840 g) and water (94 g) was placed in
a 2 L four-necked round-bottom flask, and was warmed at 50 °C under a nitrogen
atmosphere. Then, a mixture of MMA (100 g), EGDMA (0.4 g) and +-BPP (2.4 g)
was added into the solution. The mixture was stirred at 100 rpm for 20 h at
50-51 °C. The particles were separated by using a centrifugal dehydrator, washed
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Table 1 Preparation of seed PMA particles by dispersion polymerization

Run  Stabilizer BPP Monomer Medium  Temp. (°C) D, (um) C,* Symbol

PVP  NaEHS ® MMA/ H,O/

() (2) EGDMA  CH;OH

(g/2)

1 233 - 2.4 100/0.4 94/840 50-51 0.6, 2.7 - PMA-1
2 326 - 2.4 100/0.4 94/840 50-51 Coagulum PMA-2
3 140 6.7 2.4 100/0.4 94/840 50-51 3.0 112 PMA-3
4 233 6.7 2.4 100/0.4 94/840 50-51 3.0 148 PMA-4
5 326 6.7 2.4 100/0.4 94/840 50-51 2.2 7.6 PMA-5
6 233 6.7 2.4 100/0 94/840 50-51 2.3 140 PMA-6
7 233 6.7 2.4 100/0.2 94/840 50-51 49 229 PMA-7
8 233 6.7 2.4 100/0.8 94/840 50-51 1.5 60.9 PMA-8
9 233 6.7 2.4 100/0.4 280/654  50-51 1.1 13.0 PMA-9
10 233 6.7 2.4 100/0.4 0/934 50-51 3.0 10.2  PMA-10
11 233 8.0 1.6 100/0.4 94/840 50-51 2.5 114 PMA-11
12 233 6.7 2.4 100/0.4 98/840 55-56 Coagulum PMA-12
13 233 6.7 1.6 100/0.4 94/840 55-56 38 17.1  PMA-13
14 233 52 1.6 100/0.4 94:840 55-56 5.5 252 PMA-14

* Coefficient of variation

with water, and then dried. Cross-linked spherical PMMA (PMA) particles as seeds
were obtained in an 85% yield (85 g). Recipes for the preparation of the seed PMA
particles, the number average diameter (D,) and coefficient of variation (C,) of the
PMA particles are shown in Table 1.

Preparation of cocoon-like poly(methyl methacrylate) (CPM) particles

The preparation of cocoon-like CPM particles was carried out as follows. Micron-
size PMA particles (120 g) were added into a solution of APOS (1.8 g) in deionized
water (1,200 mL), and dispersed by using a Nihonseiki ultrasonic disperser US-
600T. A monomer-suspension solution containing MMA (216 g), EGDMA (24 g),
BPO (4.8 g) and APOS (3.6 g) in deionized water was added all at once into the
suspension solution of PMA particles. The mixture was stirred at 80 rpm for 30 min
at room temperature under a nitrogen atmosphere, and then warmed at 85 °C for 4 h
with a stirring speed of 50 rpm. Cocoon-like CPM particles were separated by using
a centrifugal separator and washed repeatedly with hot water (70 °C). The cocoon-
like CPM particles [D,, . = 4.0 pm (D, : average major axis of a particle) and
C, = 20.3%] were obtained in a 95% yield (317 g).

Measurements

Microscopic observation was monitored with a Nikon AFX-DX OPTPHOT-2
optical microscope. The particles were observed by a Hitachi S-1250 scanning
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electron microscope (SEM). The number average diameter (D,)) and coefficient of
variation (C,) of the particles were determined by a Coulter Electronics Multisizer 11
particle distribution counter. The light-scattering property of cocoon-like CPM
particles was measured with a Murakami Color Research Laboratory Gonino
Photometer GP-200.

Results and discussion
Preparation of PMA particles

Homopolymers such as PVP [6, 14] and poly(acrylic acid) [15] have been applied as
steric stabilizers in a dispersion polymerization. It has been widely accepted that
the particles can be stabilized by the absorption of the polymer stabilizers onto the
surface of the particles and/or the anchoring of grafted stabilizers formed during the
polymerization into the resulting particles [4]. The addition of cross-linking agents
in a dispersion polymerization system usually makes it difficult to control particle
shape, size and size distribution [16]. The formation of uniformly sized particles
depends strongly on the type and quantity of stabilizers. So, we first examined the
effectiveness of PVP as a stabilizer to prepare cross-linked poly(methyl methac-
rylate) (PMA) particles having the desired sizes (2.0-5.0 um) with a narrow size
distribution, which will be used as seeds for subsequent suspension polymerization.
The fixed and varied factors used for the preparation of the PMA particles are
summarized in Table 1. When PVP =233 g was used as a stabilizer, the
polymerization of 100:0.4 MMA/EGDMA gave particles with a bimodal distribu-
tion (D, = 0.6 and 2.7 um). Further addition of PVP (32.6 g) resulted in the
formation of individual particles within aggregates, but they could not be broken up.
It is well known that co-stabilizers with low molecular weights such as surfactants
and alcohols with long alkyl chains are effective to control particle size and size
distribution [17, 18]. In this study we used sodium di-(2-ethylhexyl) sulfosuccinate
(NaEHS) as a co-stabilizer. As shown in Figs. 1b and 2a, monodispersed spherical
particles (PMA-4, D,, = 3.0 um) were formed for the dispersion polymerization of
100:0.4 MMA/EGDMA in the presence of PVP (23.3 g) and NaEHS (6.7 g),
although their surface was not so smooth. No significant change in spherical particle
size (PMA-3) was observed when PVP = 14.0 g was used, but rather small
particles (PMA-5) were obtained by an increase in PVP (32.6 g). Thus, the
combination of PVP and NaEHS function well as stabilizers for the preparation of
seed PMA particles.

Particle size is also governed by the concentration of initiator and polymerization
temperature, i.e., in a system of higher concentrations of radicals, growing polymer
chains are liable to undergo termination to give soluble oligomers in the medium
before reaching enough chain length to form nuclei. Therefore, concentrations of
polymers with high molecular weights capable of forming nuclei become relatively
low in a dispersion medium. In the following growth step, the fewer particles which
existed in the polymerization system had a chance to grow larger due to the
incorporation of a sufficient amount of monomers and the flocculation of oligomers
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Fig. 1 Size distribution curves of PMA particles obtained by dispersion polymerization in the presence
of a PVP and b PVP and NaEHS

Fig. 2 Scanning electron microscope (SEM) photographs of a PMA-4 and b PMA-14 particles produced
under the conditions listed in Table 1

into the nuclei. As described above, for the dispersion polymerization of MMA and
EGDMA with r-butyl peroxypivalate (+-BPP, #;,, = 19 h at 50 °C) at 50-51 °C,
spherical particles with D,, = 3.0 pum can be obtained. Attempts to prepare particles
with a relatively large size were carried out at a higher temperature. Polymerization
with -BPP = 2.4 g at 55-56 °C, however, led to the formation of ill controlled
aggregated precipitates, suggesting that the radical concentration was too high to
control the particle formation processes. By using a low concentration of ~-BPP
(1.6 g) and NaEHS (5.2 g), particle sizes with D, = 5.2 pm (PMA-14) can be
obtained, although their surface was somewhat rough, as shown in Fig. 2b.

Seed PMA particles with different cross-linking densities were prepared as
described in Table 1 (run 4 and run 6-run 8). As EGDMA increased from 0.2 to
0.8 wt% (on the basis of MMA), the average particle diameter decreased from
4.9 pm (PMA-7) to 1.5 pm (PMA-8). The PMA-8 particles, however, have ill
controlled and broader size distributions, suggesting that higher cross-linking
density hinders uniform growth by the flocculation of primary particles [4].

Particle sizes and size distribution are also affected by media solvency. The
particle size increased from D, = 1.1 um (PMA-9) in 280:654 water/methanol to
D,, = 3.0 um (PMA-10) in methanol. The results can be simply explained in terms
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of the critical polymer chain length in a given media for the nucleation process. In
the water/methanol dispersion media, nucleation is favorable for PMMA with lower
molecular weights due to the decreasing solubility of those with increasing water
content. This results in the generation of more nuclei in the early stage of
polymerization, which finally leads to the formation of smaller particles. As will be
described later, the medium used for the preparation of the PMA particle is
unexpectedly important, i.e., particles formed by seeded suspension polymerization
of MMA and EGDMA take different shapes, depending on the medium of the seed
particle polymerization.

Synthesis of cocoon-like CPM particles

Sheu et al. [5] showed that for a monomer-swollen cross-linked particle in the seed
polymerization system, the elevation of temperature causes monomer phase-
separation from the particles, which leads to forming a monomer bulge out of each
particle. It is believed that the extent of such monomer-transfer through a polymer
network giving rise to anisotropic particles depends strongly upon the interfacial
tensions of the particle and the aqueous phase, the particle and the monomer, and
the monomer and the aqueous phase [9, 19].

Although there are many parameters which affect seed suspension polymeriza-
tion, in this study, except for seed particles with a different degree of cross-linking
and concentration of the emulsifying agent (APOS), all parameters such as
concentrations of MMA, EGDMA, BPO, polymerization temperature, polymeriza-
tion time, and agitation rate were fixed, as described in the Experimental section.
The PMA seeds were allowed to stand for 30 min at room temperature until the
monomer and additives were absorbed by the seed PMA particles, and then the
mixture was warmed to a temperature of 85 °C. Figure 3 shows SEM photographs
of the polymer particles (CPM) obtained from the suspension polymerization. Non-
spherical, cocoon-like PMMA particles (CPM-I), which resemble snowman-like
particles in shape, were formed when the seed particles, PMA-4, were used.
Similarly, the cocoon-like particles, CPM-VI and CPM-VII were obtained by using
the PMA-13 and PMA-14 seed particles, respectively (Table 2). The surface of the
CPM particles was smooth and their size (average major axis of the particle, D, .)

Fig. 3 Scanning electron microscope (SEM) photographs of a cocoon-like CPM-I and b CPM-VIIL
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Table 2 Preparation of

cocoon-like CPM particles by Seed PMA D, . (um) C, Particle shape Symbol

suspension polymerization particle

using selected PMA particles o/ 4.0 203 Cocoon-like CPM-I
PMA-6 2.8 12.1 Sphere CPM-II
PMA-7 2.8 10.5 Sphere CPM-III
PMA-8 1.7 67.4 Disordered CPM-1V
PMA-10 42 13.8 Sphere CPM-V
PMA-13 4.8 22.7 Cocoon-like CPM-VI
PMA-14 6.5 29.3 Cocoon-like CPM-VII

* Coefficient of variation

increased with increasing the seed’s size. The particle shape is expected to be
affected by media [7]. In fact, the cocoon-like particles could not be obtained for the
PMA-4-seeded suspension polymerization in 94:840 or 280:654 H,O-EtOH,
indicating that the increase of media solvency imposes an unfavorable influence.

The decrease in the total concentration of the emulsifying agent (APOS = 2.7 g)
for seed suspension polymerization resulted in the formation of anisotropic particles
but with ill controlled shapes, whereas its increase (APOS = 8.1 g) brought about
the formation of undesired small particles, probably due to the involvement of
emulsion polymerization.

As expected, spherical particles were obtained for the polymerization of MMA
and EGDMA when noncross-linked PMA-6 particles were used. Similarly,
spherical particles were obtained for the seed suspension polymerization using
0.2 wt% cross-linked PMA-7 particles. Meanwhile, when PMA-8 particles with
0.8 wt% EGDMA were used, non-spherical particles (CPM-IV) were produced but
some aggregates and by-product particles were formed. These results indicate that
the degree of cross-linking of seed particles definitely affects the formation of
cocoon-like particles.

For the formation of anisotropic particles, it has been shown that cross-linked
seed particles first overswell and then shrink, leaving a monomer droplet on the
surface of the particle. The shape of the monomer droplets will be primarily
governed by the seed particle/monomer wetting properties and the kinetics of the
swelling and contraction of seed [7, 18]. Figure 4 showed optical micrographs of
PMA-4 and PMA-8 in a suspension solution of MMA and EGDMA at 35 °C.
For the PMA-4 particles, a new bulb on the seed particles was formed (Fig. 4a).
The shape observed was physically similar to that of final cocoon-like particles,
and the boundary between the particle and the monomer bulb was not observed,
suggesting that the surface of the seed particles is compatible with the
monomers. Contrary to this, for the PMA-8 particles the swelling caused shape
deformation, which was again similar to the final particles with disordered shape
(Fig. 4b).

For the snowman-like particles prepared from cross-linked seed particles swollen
by a different monomer, the polymer chains formed by the seeded polymerization is
immiscible with the cross-linked seed polymer [6, 8]. When the seed particles are
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Fig. 4 Optical micrographs of a PMA-4 and b PMA-8 particles in the suspension solution of MMA and
EGDMA at 35 °C

swollen by monomers having the same components, it appears that the growth of
monomer droplets on the seed particles is favorable and the compatibility between
seed particles and monomers containing growing polymer chains is mild favorable,
depending on the degree of cross-linking of the seed particles and media solvency.
Thus, the formation of the cocoon-like particles seems to be based on similar
formation mechanism of anisotropic particles.

Interestingly, the seed suspension polymerization of MMA and EGDMA using
PMA-10 particles, which were prepared from 100:0.4 MMA/EGDMA in methanol,
gave spherical particles (CPM-V) but not cocoon-like particles. This result may be
explained in terms of the cross-linking density of seed particles. In methanol a
number of PMMA polymer chains with relatively high molecular weights can
participate in the nucleation process during dispersion polymerization. This may
bring about an increase in PMMA chain length between branching monomer
EGDMA units in the particles, i.e., the formation of particles with low cross-linking
density. For these seed particles with relatively loose structures it seems that the
homogeneous growth of the seed is preferred rather than anisotropic growth on the
surface, suggesting that the medium for the preparation of the seed particles is also
an important key for the preparation of cocoon-like CPM particles. Thus,
anisotropic PMMA particles can be obtained from cross-linked spherical PMMA
particles under specific sets of conditions.

Light-scattering properties of cocoon-like CPM particles

PMMA is well known to show intrinsically excellent optical properties. It is highly
interesting to examine how particles with anisotropic structures affect optical
properties. A preliminary examination of the light-scattering properties of CPM-I
was examined. The intensity distribution of reflected and diffused light by
illuminating CPM-I is shown in Fig. 5. For conventional PMMA particles with
spherical structures (D,, = 4.0 pm), the particles diffuse incident light at a 10°
(® = 10°). The same result was obtained at ® = 45°. Compared to this behavior,
CPM-I (D,, = 4.0 um) showed regular reflection with relatively strong intensity,
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Fig. 5 Regular reflection properties of cocoon-like CPM-I particles (left) at ® = 10° and (right)
© = 45°. a Cocoon-like CPM-I particles with D, = 4.0 um, b spherical PMMA particles with
D, = 4.0 um, ¢ spherical PMMA particles with D,, = 6.0 um

together with very weak diffused light. The regular reflection of the particles
became marked at ® = 45° Thus, cocoon-like CPM-I particles have features
characteristic of regular reflection properties.

Conclusions

For the dispersion polymerization of MMA and cross-linker EGDMA using a
combination of PVP and NaEHS as the stabilizer, the effects of the polymerization
parameters, i.e., initiator and EGDMA concentrations, temperature, and medium on
the cross-linked particle size and size distribution were investigated. Spherical
cross-linked PMA particles in the size range of 1.1-5.5 um were obtained under
favorable circumstances, which can be used for subsequent seed suspension
polymerization of MMA and EGDMA. The seed suspension polymerization of
PMA particles cross-linked by 0.4 wt% EGDMA prepared in a water/methanol
medium gave non-spherical, cocoon-like CPM particles with a size range of
D, . = 4.0-6.5 pm. However, particles with higher (8 wt%) or lower (2 wt%) wt%
of cross-linker than 4 wt% did not give cocoon-like particles. Thus, cocoon-like
particles can be obtained only under specific conditions. As expected, the cocoon-
like CPM particles showed characteristic regular reflection, reflecting their
anisotropic shapes.
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