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ARTICLE INFO ABSTRACT

Keywords: Nonspherical polymer particles have been studied for several decades because their properties, such as me-
Nonspherical particle chanical and optical properties, differ from those of spherical particles. Their potential in advanced applications
Polymer

has continued to drive interest in developing shape-controlled synthesis methods. In this study, we investigated
the shape control of poly(methyl methacrylate) (PMMA) particles during seeded dispersion polymerization (SDP)
of styrene using PMMA as seed particles in the presence of various hydrocarbons. By systematically varying the
polymerization temperature (T,) and hydrocarbon type, we successfully fabricated PMMA particles with diverse
morphologies, specifically golf ball-like, bowl-like, and barrel-like structures. Results revealed that the difference
between T; and the glass transition temperature (Tg) of the seed particles (T,—Tg) plays a critical role in
determining the particle shape. Furthermore, an index was formulated based on Hansen solubility parameters to
quantify the affinity differences between the seed and second polymers for the medium, which helped explain the
behavior of the second polymer domain during polymerization. The use of a hydrophilic initiator suppressed the
submergence of domains into the seed particle, facilitating the formation of polyhedral and disk-like particles.
This paper contributes to the development of a generalized strategy for the synthesis of shape-controlled

Seeded dispersion polymerization
Glass transition temperature
Hansen solubility parameters

nonspherical polymer particles via SDP.

1. Introduction

Polymer particles produced using heterogeneous systems, such as
dispersion polymerization and emulsion polymerization systems,
generally adopt spherical morphologies to minimize the interfacial free
energy between the particles and the surrounding media. While spher-
ical particles can be produced using relatively simple methods, they do
not always satisfy the functional requirements of advanced applications.
Consequently, nonspherical particles have been extensively studied for
decades due to their unique physical properties [1-3]. Their utilities as
functional materials have been recognized in various applications,
including coatings [4], cosmetics [5], light-scattering agents [6], and
catalyst support [7-9]. The physical properties of nonspherical particles
differ from those of spherical particles in terms of mechanical and fluid
dynamic characteristics, prompting extensive research on their synthesis
methods over the years [10,11].

Several approaches have been developed to fabricate such
nonspherical particles, including techniques based on microfluidics [12]
and the application of mechanical stress [13-15]. Okubo et al. prepared
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diverse nonspherical particles, such as those with golf ball-, tetrapod-
and disk-like morphologies, through seeded dispersion polymerization
(SDP) of 2-ethylhexyl methacrylate (EHMA) in the presence of hydro-
carbons using polystyrene (PS) particles as seeds [16,17]. Furthermore,
Qiao et al. successfully controlled the shape of disc-like particles through
SDP of EHMA in the presence of decane using PS particles with shells of
varying degrees of hydrophilicity as seeds [18]. SDP is advantageous
because it enables the formation of thermodynamically unstable struc-
tures whose morphologies can be controlled by varying their polymer-
ization conditions. They have also formed golf ball-like particles using
poly(methyl methacrylate) (PMMA), a widely used general-purpose
polymer, as seeds in SDP [19]. Additionally, Asua et al. prepared
nonspherical hybrid polymer particles composed of PMMA and PS via
seeded emulsion polymerization using PMMA particles as seeds [20,21].
These studies demonstrate that seeded polymerization can be an effec-
tive strategy for morphology control even in relatively polar,
general-purpose polymers such as PMMA, providing valuable insights
into particle shape design. However, the shape control of PMMA-based
particles remains underexplored.
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In this study, to expand SDP applicability to various type of polymer
particles for producing varioiu shape of nonspherical particles, we aim
to fabricate nonspherical particles through SDP of styrene using PMMA
particles as seeds in the presence of hydrocarbons. We achieve various
particle shapes by modulating the polymerization parameters, specif-
ically the hydrocarbon type and the reaction temperature (T,) (= the
polymerization temperature). Furthermore, by investigating the rela-
tionship between the polymerization conditions and the obtained par-
ticle morphologies, we elucidate the key factors governing shape
formation in SDP as compared with PS seed system.

2. Experimental section
2.1. Materials

Methyl methacrylate (MMA) and styrene were obtained from Nacalai
Tesque Inc. (Kyoto, Japan); they were purified via distillation under
reduced pressure in a No atmosphere. The initiator 2,2-azobis(iso-
butyronitrile) (AIBN; Fujifilm Wako Pure Chemical Co., Osaka, Japan)
was purified in methanol via recrystallization. Hexadecane, decahy-
dronaphthalene (decalin), tetralin, cyclohexanol, chlorobenzene, tetra-
hydrofuran (THF), acetone, acetic anhydride, N-methyl-2-pyrrolidone,
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), acetoni-
trile, 1-pentanol, 1-butanol, ethanol, methanol, poly(vinylpyrrolidone)
(PVP, K-30: My, = 4.0 x 104), and polyethylene glycol (PEG-OH: M,, =
2.0 x 103) were obtained from Nacalai Tesque Inc. (Kyoto, Japan) and
used as received. Hexane, toluene, VPE-0201, and 2,2-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V-70) were obtained from Fujifilm
Wako Pure Chemical Co. (Osaka, Japan) and used as received. Phenyl-
cyclohexane, m-cresol, and indan were obtained from Tokyo Chemical
Industry Co. (Tokyo, Japan) and used as received. Acetic acid, 1,4-
dioxane, and 2-propanol were obtained from Junsei Chemical Co. Ltd.
(Tokyo, Japan) and used as received. Ruthenium tetraoxide (RuO4) was
obtained from Filgen Inc. (Aichi, Japan) and used as received. The uti-
lized water was purified using an ErixUV purification system (Merck
Millipore, Tokyo, Japan,; resistivity, >5 MQ cm).

2.2. Preparation of PMMA particles via dispersion polymerization

MMA (65 g), PVP (K-30, 15 g), and AIBN (1.3 g) were dissolved in a
mixture of methanol (455 g) and water (195 g). This solution was
poured into a separate flask (1000 mL) and stirred at 300 rpm (me-
chanical stirrer) in a water bath at 65°C for 24 h in a N3 atmosphere. The
obtained PVP-stabilized PMMA particles were washed with methanol,
and the medium was replaced with methanol via centrifugation.

2.3. Preparation of nonspherical particles via seeded dispersion
polymerization of styrene

The typical SDP procedure was performed as follows: styrene
(0.125 g), AIBN (3 mg), and PVP (K-30, 50 mg) were dissolved in a
mixture of methanol (8 g) and water (2 g), and this solution was poured
into a Schlenk flask (25 mL). The PMMA seed particles (0.25 g) and
decalin droplets (1.25 g) were also dispersed in the solution. The
resulting mixture was stirred at 400 rpm (magnetic stirrer) in a water
bath at 65°C for 24 h in a Ny atmosphere. After polymerization, the
obtained particles were washed with methanol via centrifugation to
remove hydrocarbons.

We controlled the particle morphology by modifying the hydrocar-
bon (decalin, tetralin, or indan), T, (between 40°C and 70°C), and the
hydrophilicity of the second polymer using an initiator (AIBN-VPE-
0201).
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2.4. Measurement of glass transition temperature via differential scanning
calorimetry (DSC)

The PMMA seed particles were dried in a vacuum. The glass transi-
tion temperature (Ty) was measured using approximately 5 mg of the
dried PMMA particles or the PMMA particles soaked in different hy-
drocarbons (decalin, indan, or tetralin) through DSC (7000X, Hitachi
High-Tech Science Co., Japan) at —40°C to 130°C at 5 °C/min under a
Ny flow. Heating and cooling operations were each performed three
times, and the evaluation used data from the second heating cycle.

2.5. Hansen dissolution tests for polymers

Hansen solubility/dissolution tests were conducted for the three
polymers, PMMA pellet, PS pellet, and poly(2-ethylhexyl methacrylate)
(PEHMA) prepared via bulk polymerization. Each polymer pellet was
mixed with each tested solvent (hexane, hexadecane, decalin, phenyl-
cyclohexane, toluene, 1,4-dioxane, tetralin, cyclohexanol, chloroben-
zene, THF, m-cresol, acetic acid, pyridine, acetone, acetic anhydride, N-
methyl-2-pyrrolidone, DMF, DMSO, acetonitrile, 1-pentanol, 1-butanol,
2-propanol, ethanol, methanol, and water), and the resulting mixtures
were continuously stirred at room temperature overnight. The solubility
of the polymers in each solvent was visually checked and recorded in the
software HSPiP (Pirika, Japan) to prepare Hansen spheres. The center
coordinate of each sphere was defined as the Hansen solubility param-
eter (HSP) of the corresponding polymer. The HSPs for the solvents and
hydrocarbons were obtained from the software.

2.6. Characterization

The obtained particles were analyzed through optical microscopy
(ECLIPSE 80i, Nikon Corporation, Tokyo, Japan) and scanning electron
microscopy (SEM; JSM-6510, JEOL, Tokyo, Japan; at 20 kV). The
number-average diameter (D) and coefficient of variation (Cy) were
determined by counting over 100 particles using the image analysis
software WinROOF (Mitani Co., Fukui, Japan). The interior morphology
of the nonspherical particles was analyzed using ultrathin sections
(thickness: 100 nm) obtained using an EM UC6 microtome with an EM
FC7 cryochamber (Leica, Tokyo, Japan). In microtomy, the dried par-
ticles were stained with RuO4 vapor at room temperature for 30 min in
the presence of a RuO4 crystal and embedded with epoxy-matrix and
kept overnight at room temperature. Next, the ultrathin cross sections
were observed via transmission electron microscopy (TEM; JEM-1230,
JEOL, Tokyo, Japan; at 100 kV).

3. Results and discussion

Micron-sized monodisperse PMMA particles were prepared via
dispersion polymerization using PVP as the dispersion stabilizer (Fig. 1).
The obtained PMMA particles were spherical and monodisperse, with D,
and Cy values of 1.9 pm and 3.8 %, respectively. Subsequently, the
nonspherical PMMA particles were prepared through SDP of styrene in
the presence of the hydrocarbon droplets and the PMMA seed particles.
The SDP mechanism in the presence of hydrocarbons was as follows
(Scheme 1). The second monomer was dissolved in the medium, which
contained hydrocarbon droplets. The polymer obtained through the
polymerization of the second monomer had a higher affinity for the seed
polymer than the medium, precipitating the second polymer on the seed
particle. As the hydrocarbon exhibited a higher affinity for the second
polymer than the seed polymer, it was predominantly absorbed in the
precipitated second polymer, forming domains on the seed particle. The
domains remained separate on the seed particle surface at a sufficiently
high viscosity of the seed particle, thereby forming a golf ball-like par-
ticle. At a low viscosity of the seed particle, the domains migrated and
coalesced on the seed particle surface, forming bowl-, barrel-, or disk-
like particles. After polymerization, the hydrocarbon was removed,
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Fig. 1. SEM image of PMMA seed particles prepared via dispersion
polymerization.

allowing for the formation of indentations on the particle surface, where
the second polymer remained. Considering the considerable effect of the
viscosity of the seed particles on the preparation of the nonspherical
particles, we investigated the possible effects of varying the temperature
difference relative to the T, of the seed particles by changing the T;.
Here, decalin was used as the hydrocarbon, as it had a higher affinity for
PS than PMMA in terms of the HSP distance (Table 1).

The nonspherical particles were prepared through SDP of styrene in a
methanol-water (80/20, w/w) medium in the presence of decalin
droplets and PMMA seed particles at 40°C-70°C. The particles were
washed with methanol to remove the hydrocarbon, which is a poor
solvent for PMMA and PS.

Fig. 2 shows the optical microscope and SEM images of the obtained
PMMA/PS particles. At T; of 40°C (Figure S1, SEM and TEM), 50°C (a,
a’), and 60°C (b, b’), the observed particles have a golf ball-like struc-
ture. This was because the relatively high viscosity of the seed particle
suppressed the migration and coalescence of the domains that formed on
it. Note that V-70 was used for the reaction at 40°C instead of AIBN,
given the low decomposition rate of AIBN at 40°C. Bowl- and barrel-like
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Hydrocarbon

Seed
polymer
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v

Polymer/hydrocarbon
domain
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particles were obtained at T, of 65°C (c, ¢’) and 70°C (d, d’) due to the
low viscosity of the seed particle, which caused the formation, migra-
tion, and coalescence of domains on its surface. Furthermore, the low
affinity of the PS—decalin domains for the medium caused the domains
to be submerged inside the seed particle. In addition, particle defor-
mation did not occur when polymerization was carried out at 65°C
without styrene or decalin (Figure S2, S3). This confirmed that both the
second monomer and the hydrocarbon were essential for particle
deformation, as shown in Scheme 1. Based on the formation mechanism
of nonspherical particles via SDP (Scheme 1), nonspherical particles can
also be obtained by selectively extracting the second polymer phase
using an appropriate solvent, while retaining their original morphology
essentially [22]. Here, the significant change in the particle shape after a
slight temperature shift from 60°C to 65°C suggested that the seed
particle viscosity rapidly decreased at approximately 65°C.

We confirmed the change in the Ty of PMMA in the presence of the
hydrocarbon by performing DSC measurement on PMMA particles (dry
state and soaked in decalin), resulting in Ty values without and with
decalin at 112°C and 65°C, respectively (Fig. 3). The results indicated
that decalin did not dissolve the PMMA particles but swelled and plas-
ticized them, reducing their viscosity near the lowered Tg. Therefore, the
decrease in viscosity of the seed polymer, PMMA, caused the golf ball-
like particles to transform into bowl-like particles.

The particle shape change caused by the T, decrease of PMMA was
further examined by changing the hydrocarbon into tetralin and indan
during SDP of styrene at 65°C in a methanol-water (80/20, w/w) me-
dium. Tetralin and indan are poor-solvent, however, they were expected
to have a higher affinity for PMMA than decalin from the viewpont of

Table 1
Measured HSPs of PMMA, PS, and hydrocarbons and HSP distances between
each polymer and each hydrocarbon.

8D 8P 8H HSP distance
(Dispersion) (Polarity) (Hydrogen-bond) vs PMMA vs PS
PMMA 16.9 10 6.5
PS 17.6 7.5 4.8
Decalin 17.8 0 0 12.06 8.91
Tetralin 19.6 2 2.9 10.3 7.06
Indan 19 3 29 8.92 5.63

(% C(C?/ Polymer

r'e

‘8

Non-spherical seed
polymer particle

Scheme 1. Preparation of nonspherical polymer particles via SDP.
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Fig. 2. Optical micrographs of PMMA-PS-decalin composite particles prepared via SDP of styrene in presence of decalin droplets at various temperatures (a—d). SEM
images of PMMA-PS particles obtained after extracting decalin from composite particles using methanol (a’-d’).
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PMMA
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50 70 90 110 130
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Fig. 3. DSC second-heating curves of PMMA particles with and
without decalin.

the HSP distance, resulting in a Ty decrease. The Ty of PMMA in the
presence of tetralin or indan was also measured via DSC as in the decalin
system, resulting in Ty values with tetralin and indan at approximately
20°C and 0°C, respectively (Figure S4). Thus, indan and tetralin plasti-
cized the PMMA particles more than decalin. Fig. 4 shows the optical
microscope images of the obtained PMMA/PS-hydrocarbon composite
particles and SEM and TEM images of the obtained PMMA/PS particles
after washing with methanol. The optical microscope images (Figs. 4(a)-
4(c)) show that the particles obtained using indan or tetralin as the
hydrocarbon were more swollen than those prepared using decalin, and
the domains on the composite particles were submerged. According to
the SEM (Fig. 4(a’)-4(c’)) and TEM (Fig. 4(a’’)-4(c’’)) images, the
particles synthesized using indan as the hydrocarbon exhibited
shrinkage of the concavities during washing and drying at room tem-
perature due to PMMA plasticization, resulting in small, bowl-like

particles. In the case of tetralin, PMMA had high viscosity and main-
tained its shape during washing and drying, resulting in large, bowl-like
particles. When using indan or tetralin, optical microscopy images
revealed spherical objects (Figs. 4(a)-4(b)). However, with careful
observation, a smaller inner domain was observed within the swollen
particle. This inner domain was considered to be the PS phase swollen
with hydrocarbon. The depression part observed in the SEM image was a
void formed by the removal of hydrocarbon. Additionally, the shrinkage
factor (defined as the particle diameter from SEM images divided by that
from optical microscopy images) was calculated. The shrinkage factors
for particles with decalin, tetralin, and indan were 0.72, 0.64, and 0.57,
respectively. These results were consistent with the swelling behavior
predicted from the HSP distance, suggesting that the swelling behavior
of polymer particles in the presence of hydrocarbons could be estimated
based on the HSP distance between the hydrocarbon and the seed
polymer. Therefore, the T; and Ty of the seed polymer (Tgseed) Were
important for particle shape control during SDP.

We quantified the above results by comparing the shape change of
the PMMA particles in this study with that of PS seed particles in a
previous study [16] based on their T, and T, differences. The T, of the
PMMA seed particles (Tgpmma) with decalin as the hydrocarbon was
65°C. At T; of 40°C, 50°C, 60°C, 65°C, and 70°C, the T;—Tg pmma values
were —25, —15, —5, 0, and 5, respectively. The resulting particle mor-
phologies were as follows: core-shell at T,—Tg pmma of —25, golf
ball-like at T,—Tg,pmma of —15 to —5, bowl-like at T;—Tg pyma of 0, and
barrel-like at T,—Tgpmma of 5. With tetralin and indan as the hydro-
carbons, the Tgpyma values were 20°C and 0°C, respectively. At T, of
65°C, the T,—Tgpmma values were 45 and 65, respectively, with
bowl-like particles formed in both cases. Thus, in SDP of styrene using
PMMA particles as seeds, core-shell structures formed at T;—Tg pvma Of
—25 or lower, golf ball-like structures formed at T,—Tgpmma of
approximately —15 to around —5, and bowl- or barrel-like structures
formed at T,—Tgpmma of O or higher. In the case of SDP of EHMA using
PS particles as seeds [16], the Tg values of the PS seed particles (Tgps)
with hexadecane, tetradecane, dodecane, and decane as hydrocarbons
were 54°C, 49°C, 42°C, and 35°C, respectively. At T; of 60°C, the cor-
responding T,—Tgps values were 6, 11, 18, and 25, respectively. The
resulting particle morphologies were as follows: golf ball-like at T,—Tj ps
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Fig. 4. Optical micrographs of PMMA-PS-hydrocarbon composite particles prepared via SDP of styrene at 65°C in presence of indan (a), tetralin (b), or decalin (c).
SEM images of PMMA-PS particles obtained after extracting indan (a’), tetralin (b’), or decalin (c¢’) from composite particles using methanol. TEM images of ultrathin
cross sections of PMMA-PS particles obtained after extracting indan (a”’), tetralin (b*’), or decalin (¢’’) from composite particles using methanol.

of 6, polyhedron-like at T,—Tgps of 11-18, and disk-like at T,—Tg,ps of
25. Therefore, the particle deformation increased with T;—Tyg seed.

We further studied the adsorption behavior of the domains on the
seed particle by focusing on the affinity of the seed and second polymer
for the medium (Table S1). The absolute difference between the HSP
distance of the seed polymer to the medium and that of the second
polymer to the medium was defined as H. Here, when PMMA and PS
were used as the seed and second polymer, respectively, H = 2.44.
However, with PS and PEHMA as the seed and second polymer,
respectively, H = 0.33. The significant difference in the affinity of the
seed polymer and the second polymer to the medium in the case of the
PMMA seed particles caused the domains to submerge into the seed
particles, resulting in bowl-like particles. Therefore, shifting H of PMMA

and PS closer to 0 should suppress domain submergence.

To change the hydrophilicity of the second polymer, we conducted
SDP of styrene using AIBN/VPE-0201 (1/1, w/w) as initiators, in which
VPE-0201 had hydrophilic poly(ethylene glychol) segments. Fig. 5
shows optical microscope images of the obtained PMMA/PS-hy-
drocarbon composite particles and SEM and TEM images of the obtained
PMMA/PS particles. With decalin as the hydrocarbon, slightly flattened
bowl- or barrel-like particles were observed. With tetralin as the hy-
drocarbon, shallow bowl- or disk-like particles were obtained. Thus, the
use of the hydrophilic initiator suppressed the submergence of the do-
mains composed of the second polymer and hydrocarbons. Furthermore,
the morphology of these polymer particles could be controlled by
modifying the internal viscosity of the seed particle (T;—Tgseed) and the
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Fig. 5. Optical micrographs of PMMA-PS-hydrocarbon composite particles
prepared via SDP of styrene at 65°C in presence of decalin (a) or tetralin (b)
using AIBN/VPE-0201 (1/1, w/w) as initiators. SEM images of PMMA-PS
particles obtained after extracting decalin (a’) or tetralin (b’) from composite
particles using methanol. TEM images of ultrathin cross sections of PMMA-PS
particles obtained after extracting decalin (a’’) or tetralin (b’’) from composite
particles using methanol.

H value during SDP. However, the particle morphology obtained using
PEG-OH instead of VPE-0201 was comparable to that obtained using
only AIBN as an initiator (Figure S5(a)). This observation implied that
VPE-0201 contributed to particle deformation by functioning as an
initiator. Furthermore, nonspherical PMMA particles were obtained by
extracting the PS phase using cyclohexane (a good solvent for PS but not
for PMMA), in which the PMMA particle morphology was essentially the
same as before extraction (Figure S5(b)).

4. Conclusion

We successfully produced PMMA particles with various morpholo-
gies—golf ball-like, bowl-like, barrel-like, and disk-like structures—by
conducting SDP using PMMA particles as seeds; using decalin, tetralin,
and indan as hydrocarbons; varying the reaction temperature; and using
a highly hydrophilic initiator. Furthermore, we demonstrated the po-
tential of predicting the degree of particle deformation based on the
difference between the reaction temperature and the glass transition
temperature of the seed particles in the presence of hydrocarbons. In
addition, we formulated an HSP-based index to characterize particle
shape transformations in SDP and validated its effectiveness. These
findings contribute to the establishment of a generalized method for
particle shape control in the fabrication of nonspherical polymer

Next Materials 10 (2026) 101432

particles via SDP for any polymer species.

What’s Next?

This study demonstrated a promising strategy for controlling the
shapes of polymer particles using seeded dispersion polymerization
(SDP), offering new pathways to engineer materials with specific func-
tions. By understanding the influence of reaction temperature, material
compatibility, and initiator type on particle morphology, this approach
can be extended to other polymers beyond PMMA and PS. Designed
particles will be applicable for specialized applications in fields such as
drug delivery, sensors, and advanced coatings. Additionally, investi-
gating how particle shape affects collective behavior and performance in
functional systems could further unlock new frontiers in material sci-
ence and nanotechnology.
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