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Nonspherical composite particles having multiple dents on
particle surface were synthesized for the first time by seeded
soap-free emulsion copolymerization of styrene and divinylben-
zene (crosslinker) on spherical, linear poly(methyl methacrylate)
seed particles. The number and depth of the dents were control-
lable by varying polymerization formulation.

There has been increased interest in the fabrication of non-
spherical particles of submicron and micron size in recent
years.1–3 Seeded emulsion (co)polymerization is a frequently
employed strategy to prepare the submicron-sized nonspherical
particles.2,3 In many cases, the preparation of nonspherical par-
ticles by this technique is based on the use of a crosslinked seed
polymer which causes the phase separation of the second-stage
polymer from the seed polymer during seeded emulsion poly-
merization process.3

In this paper, a novel preparation technique, i.e., the forma-
tion of nonspherical particles by crosslinking the second-stage
polymer in seeded soap-free emulsion copolymerization is brief-
ly reported. The styrene (St) and divinylbenzene (DVB, used as a
crosslinker) were copolymerized onto the spherical, linear poly-
(methyl methacrylate) (PMMA) seed particles and the resulting
PMMA/poly(St-co-DVB) (PMMA/P(St-co-DVB)) composite
latex particles were characterized. Several research groups have
recently described the copolymerization of a vinyl monomer
with a divinyl monomer in the presence of seed particles, but
no mention was made of the formation of nonspherical parti-
cles.4

All polymerizations were carried out in a 300-mL four-neck,
round-bottom separated flask equipped with a mechanical
marine-type agitator, a nitrogen inlet and a sampling syringe.
PMMA seed latex particles, which have a number-average diam-
eter of 413 nm with a good monodisperisty (Cv ¼ 3:6%), were
prepared via a standard soap-free emulsion polymerization at
70 �C for 5 h. The seed latex was dialyzed against deionized wa-
ter for 3 days before use. A typical experimental procedure for
seeded soap-free emulsion copolymerization was as follows.
Prescribed amount of PMMA seed polymer, deionized water
and potassium persulfate (KPS, used as a radical initiator) were
charged into the flask and bubbled with nitrogen gas for 30min
under stirring. Then, the oxygen-free St monomer and DVB
(55% meta and para isomers) were added, followed by the initia-
tion of the seeded copolymerization by immersing the flask into
the water bath thermostated at 60 �C. The seeded soap-free
emulsion copolymerization was carried out for 6 h with continu-
ous stirring of 250 rpm. The kinetic study revealed that the seed-
ed copolymerization almost finished within 1 h and the final
monomer conversion attained was about 80% or higher.

All the seeded soap-free emulsion copolymerizations were
found to progress without appreciable agglomeration. The pre-
pared PMMA/P(St-co-DVB) composite particles were freeze-
dried and subjected to Fourier transform infrared spectroscopy
(FT-IR, JASCO FT/IR-8000) analysis. A distinct peak near
700 cm�1 (characteristic absorption of aromatic C–H bending)
was detected in the FT-IR spectra, suggesting that the second-
stage P(St-co-DVB) polymer was successfully introduced into
PMMA seed particles (no new P(St-co-DVB) particles were
formed in the seeded polymerization as shown below). The com-
posite particles were observed by field emission scanning elec-
tron microscopy (FE-SEM, JEOL JSM-6700F) after sputter-
coating with gold (150 �A). Figure 1 shows the FE-SEM micro-
graphs of PMMA/P(St-co-DVB) composite particles prepared
by using different concentrations of DVB crosslinker. In contrast
to the smooth-surfaced spherical particles prepared without any
DVB in seeded polymerization (Figure 1a), the nonspherical par-
ticles with multiple dents on their surface were obtained when
0.6, 2.5, and 4.9% DVB were copolymerized to the second-stage
polymer polystyrene (PSt) (Figures 1b–1d). The number and
depth of the dents increased as the DVB concentration increased,
though the exact quantification is difficult. It is also obvious
from FE-SEM that the seeded copolymerization proceeded in
the absence of secondary nucleation of new particles because
no by-produced P(St-co-DVB) particles were observed.
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Figure 1. FE-SEM micrographs of PMMA/P(St-co-DVB)
composite particles prepared by seeded soap-free emulsion
copolymerization using DVB concentrations (wt%, based on
St) of: (a) 0%, (b) 0.6%, (c) 2.5%, and (d) 4.9%. PMMA seed
polymer: 0.6 g, St: 1.46 g, deionized water: 130mL, KPS: 20
mg, temperature: 60 �C. Scale bar: 400 nm.
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To confirm whether a 3-D network had been effectively
formed in PMMA/P(St-co-DVB) composite particles, the solu-
bility of the composite particles in tetrahydrofuran (THF) was
studied. 0.01 g of freeze-dried particles and 1.99 g of THF were
weighed into a capped 50-mL vial to give 0.5% dispersion,
which were then shaken horizontally (100 cycles/min) at ambi-
ent temperature for 10 days. The particles prepared without ad-
dition of DVB dissolved completely and gave a clear dispersion;
however, those prepared with addition of 0.6, 2.5, and 4.9%
DVB did not dissolved completely and gave turbid dispersions.
These clear and turbid dispersions were cast directly on FE-SEM
stud and examined by FE-SEM. As shown in Figure 2, the
former yielded a smooth film (Figure 2a), but the latter yielded
discontinuous films which consisted of particles embedded in
amorphous matrix (Figure 2b) or connected with small tendrils
(Figures 2c and 2d). In particular, the composite particles with
0.6% DVB addition considerably distorted, whereas those with
4.9% DVB addition almost retained their as-polymerized surface
morphology. These results indicated that a crosslinked network
was successfully developed by copolymerization of DVB cross-
linker with St during seeded soap-free emulsion copolymeriza-
tion, and the more DVB crosslinker added, the more were the
gel fractions contained.

Figure 3 shows the effect on particle morphology of chang-
ing the amount of St added in seeded copolymerization while
maintaining the other polymerization conditions. Reducing
the St amount from 1.46 g (seed/monomer = 1:2.4) to 0.6 g
(seed/monomer = 1:1) produced normal spherical composite
particles (Figure 3a). On the contrary, increasing the St amount
to 2.5 g (seed/monomer = 1:4) resulted in the composite parti-
cles having severely deformed surface morphology. According-
ly, it seems that a sufficient amount of the second-stage mono-
mers is necessary to prepare the dented PMMA/P(St-co-DVB)
composite particles by the present technique.

Based on the foregoing description, it is evident that the for-
mation of the dented PMMA/P(St-co-DVB) composite particles

is a direct result of the introduction of crosslinked network into
the second-stage PSt polymer. Once the crosslinked PSt network
was developed around PMMA seed particle during seeded co-
polymerization,5 it tended to be swollen by absorbing the un-
reacted monomers, and subsequently contract as the monomers
polymerized to relax the network polymer chains. However,
the uneven crosslinking structure of PSt network led to uneven
contraction of growing particles. As a result, the composite par-
ticles with multiple dents were formed at the end of the polymer-
ization. Our ongoing study has demonstrated that this swelling
and contracting process depended strongly on the polymeriza-
tion temperature, the addition mode of the second-stage mono-
mers, and the property of PMMA seed particles. The effect of
these polymerization parameters on the surface morphology as
well as the kinetic study will be detailed in a forthcoming article.
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Figure 2. FE-SEM micrographs of THF-cast films of PMMA/
P(St-co-DVB) composite particles prepared by seeded soap-free
emulsion copolymerization using DVB concentrations (wt%,
based on St) of: (a) 0%, (b) 0.6%, (c) 2.5%, and (d) 4.9%.
PMMA seed polymer: 0.6 g, St: 1.46 g, deionized water: 130
mL, KPS: 20mg, temperature: 60 �C. Scale bar: 400 nm.
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Figure 3. FE-SEM micrographs of PMMA/P(St-co-DVB)
composite particles prepared by seeded soap-free emulsion
copolymerization with addition amounts of St of: (a) 0.6 g, and
(b) 2.5 g. PMMA seed polymer: 0.6 g, DVB: 4.9% (wt%, based
on St), deionized water: 130mL, KPS: 20mg, temperature:
60 �C. Scale bar: 400 nm.
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