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Abstract In this study, nonspherical poly(methyl meth-

acrylate)/poly(styrene-co-divinylbenzene) [PMMA/P(St-

co-DVB)] particles having multiple dents on the surface

were prepared by seeded soap-free emulsion copolymeri-

zation of St and DVB (used as a crosslinker) on spherical

linear PMMA seed particles. The effect of various poly-

merization parameters on particle morphology, as well as

polymerization kinetics and morphological evolution, were

investigated in detail. It was found that, to prepare this kind

of nonspherical particles, it was necessary to conduct the

polymerization at a relatively low temperature, using batch

monomer addition mode and PMMA seed of relatively

high molecular weight. The formation of the nonspherical

particles was attributed to the phase separation between the

second-stage monomers and the crosslinked P(St-co-DVB)

network being formed during polymerization.

Introduction

Emulsion and dispersion polymerizations always tend to

produce the polymer particles with perfectly spherical

shape as a result of the minimization of surface tension

[1–3]. Accordingly, it is difficult to directly synthesize

polymer particles with nonspherical shape [4, 5] by these

methods. While, it was reported that nonspherical particles

with a single indentation on them were formed in the

course of the soap-free emulsion polymerization of styrene

(St), these particles eventually became spherical at the end

of the reaction [6]. On the other hand, crosslinking of the

seed latex particles, in seeded emulsion or dispersion

polymerization, is often done to impart specific physical

properties to the final product [7]. Owing to the strong

elastic force within the crosslinked seed particles, the

surface tension is quite easily relegated to play a secondary

role in determining the surface morphology. This allows

for the preparation of nonspherical polymer particles under

some conditions. For example, pre-swelling of the cross-

linked seed particles with the second-stage monomer and

subsequent polymerization usually led to the phase sepa-

ration of the monomer from the crosslinked network,

forming single or multiple new domains appended on the

original seed particles. This technique has been applied to

design and synthesize a wide variety of nonspherical par-

ticles having different surface morphologies. These non-

spherical particles include singlets (egg-like or ellipsoidal

particles), doublets (pear-shaped, dumbbell, or mushroom-

like particles), and multiplets (ice cream cone-like, pop-

corn-like, triple rod, diamond-like, or colloidal molecules

NH3 and H2O-like particles) [1, 2, 8–15].

In addition, it is also possible to synthesize nonspherical

polymer particles via the seeded soap-free emulsion poly-

merization by crosslinking the second-stage polymer (using

linear seed particles), as first reported in our previous

article [16]. Submicron-sized poly(methyl methacrylate)/

poly(styrene-co-divinylbenzene) [PMMA/P(St-co-DVB)]

particles which have multiple dents on particle surface

have been successfully synthesized by controlling the

amount of styrene monomer and the concentration of DVB

crosslinker. If the micron-sized seed particles were used,
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the particles having bowl-like morphology can also be

easily obtained [17]. In this article, the seeded soap-free

emulsion copolymerization of St with its crosslinker DVB

was further studied in the presence of the submicron-sized

spherical PMMA seed particles. The effects of the poly-

merization temperature, the monomer addition mode, and

the molecular weight of the PMMA seed on the particle

morphology, as well as the polymerization kinetics and

morphological evolution, were investigated in detail.

Finally, the mechanism for the formation of nonspherical

morphology was also proposed.

Experimental

Materials

Methyl methacrylate (MMA) monomer was purified by

distillation under reduced pressure in a nitrogen atmo-

sphere. St monomer and DVB (55% meta and para iso-

mers) crosslinker were purified by washing repeatedly with

5% aqueous NaOH solution and water, then drying over

anhydrous Na2SO4, and finally, distilling under a reduced

pressure of nitrogen. Potassium persulfate (KPS) initiator

was recrystallized from water. The inhibitor-free St and

DVB were stored under nitrogen at about -10 �C until

used. DVB and 1-butanethiol (BT, used as a chain transfer

agent) were purchased from Sigma-Aldrich. All other

reagents were supplied by Wako Pure Chemical Industries.

Double-distilled water was used in all experiments.

Preparation of PMMA seed particles

PMMA seed latex particles were prepared by soap-free

emulsion polymerization [18, 19]. To a 300 mL round

bottom flask equipped with a mechanical marine-type

agitator, a nitrogen inlet and a syringe for sampling, pre-

scribed amounts of MMA, KPS, water, and BT (if used)

were added. The mixture was purged with nitrogen for

30 min under stirring (300 rpm) and then heated to 70 �C

to initiate the soap-free emulsion polymerization. The

polymerization was performed for 6 h, when the monomer

conversion usually achieved 96% or more. The obtained

PMMA seed latexes were dialyzed against water for

3 days. The dialysate was changed every 12 h. The

detailed polymerization recipes for the preparation of

PMMA seed latex particles are given in Table 1.

Preparation of PMMA/P(St-co-DVB) particles

PMMA/P(St-co-DVB) particles were prepared by seeded

soap-free emulsion copolymerization of St and DVB in the

presence of PMMA seed particles. The appropriate

amounts of PMMA seed latex, water, and KPS were

charged into the flask (identical with that used for seed

preparation) and purged with nitrogen for 30 min with

stirring constantly at 300 rpm. Then, the flask was

immersed into the water bath thermostated at the given

temperature, and the oxygen-free monomer mixture of St

and DVB were added into the flask either batchwise or

continuously. For batch monomer addition mode, the flask

was sealed immediately after the charge of monomer

mixture. The polymerization was carried out for 4 h. For

continuous monomer addition mode, the monomer mixture

was fed to the flask over different periods of time using a

microfeeder. The polymerization was further performed for

4 h after the completion of monomer addition. In all seeded

soap-free emulsion copolymerizations, the content of DVB,

used as a crosslinker, was held constant at 4.9 wt% based

on the St monomer.

Characterization

Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra for the freeze-dried PMMA and PMMA/

P(St-co-DVB) particles were obtained on a JASCO FT/IR-

8000 spectrometer using the pressed-KBr-pellet method.

The specimens for the measurements, with a diameter of

3 mm, were prepared using a Micro KBr Pellet Die

(JASCO Parts Center).

Gel permeation chromatography (GPC)

The number-average molecular weight (Mn) and weight-

average molecular weight (Mw) of the PMMA seed particles

Table 1 Polymerization recipes and characteristics of the PMMA seed particles

No. MMA (g) BT (wt%)a KPS (g) H2O (g) Dn (nm) Dw (nm) Dw/Dn Mn (g/mol) Mw (g/mol) Mw/Mn

1 30 0 0.16 170 413 415 1.005 1.2 9 105 4.4 9 105 3.7

2 30 0.25 0.16 170 426 427 1.002 1.7 9 104 4.7 9 104 2.8

3 30 0.5 0.16 170 429 430 1.002 1.0 9 104 2.5 9 104 2.5

4 30 1.0 0.16 170 478 479 1.002 6.7 9 103 1.7 9 104 2.5

5 30 2.0 0.16 170 493 497 1.008 3.9 9 103 8.9 9 103 2.3

a Based on the amount of MMA monomer
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were measured by GPC using a TOSOH column (TSKgel

GMHHR-M) and a differential refractometer (RI-8020).

Tetrahydrofuran (THF) was used as eluent at a flow rate of

1.0 mL/min. The calibration curves for GPC analysis were

obtained from five linear polystyrene samples (Mw =

4.74 9 102–7.75 9 105 g/mol, Mw/Mn = 1.01–1.20).

X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed on a Perkin Elmer ESCA

5600 spectrometer with a MgKa X-ray source (1253.6 eV)

that was operated at an anode voltage of 15 kV and anode

power of 400 W. Pass energies of 187.85 and 58.70 eV

with corresponding energy step of 1.60 and 0.25 eV were

used for the survey and multi measurements, respectively.

All the measurements were made with an analysis area of

approximately 800 lm in diameter and at a take-off angle

of 45�. The carbon and oxygen atomic concentrations

(at.%) were determined from peak-areas of C 1s and O 1s,

after correcting with the appropriate sensitivity factors (C,

17.059; O, 41.068). The freeze-dried PMMA/P(St-co-

DVB) particles were used for XPS measurements.

Field emission scanning electron microscopy (FE-SEM)

The PMMA and PMMA/P(St-co-DVB) particles were

observed by FE-SEM (JEOL, JSM-6700F). For PMMA

particles, a droplet of the latex, after being sufficiently

diluted with water, was dropped onto the double-sided

carbon tape and dried in a desiccator at ambient tempera-

ture. For PMMA/P(St-co-DVB) particles, the freeze-dried

particles were directly placed onto the double-sided carbon

tape. All samples were sputter-coated with gold (150 Å)

before the FE-SEM observation. By counting at least 100

individual particles from the FE-SEM images, the number-

average diameter (Dn) and weight-average diameter (Dw)

of PMMA seed particles were calculated according to the

following equations:

Dn ¼
P

niDiP
ni

Dw ¼
P

niD
4
iP

niD
3
i

where ni is the number of PMMA particles with diameter

Di.

Transmission electron microscopy (TEM)

The internal morphology of PMMA/P(St-co-DVB) parti-

cles was observed by TEM (JEOL, JEM-1200EXII) on the

ultrathin cross-sections. The PMMA/P(St-co-DVB) latexes

were coagulated by centrifugation and vacuum-dried. Two

or three pieces of the dried solid chips were embedded in

epoxy (EPON 812 resin kit, TAAB) and then the epoxy

was cured at 60 �C for 24 h. The cured blocks were trim-

med and microtomed using the ultramicrotome supernova

(JEOL, JUM-7) with a procedure similar to that described

in the literature [20]. The obtained ultrathin cross-sections

(ca. 60 nm in thickness) were collected on a carbon-coated

micro grid, dried in open air, and exposed to the ruthenium

tetraoxide (RuO4) vapor for 3 h at 25 �C. The RuO4-

stained ultrathin cross-sections were observed by TEM at

an accelerating voltage of 80 kV.

Results and discussion

PMMA seed particles

Five series of PMMA seed particles were prepared by soap-

free emulsion polymerization under the conditions listed in

Table 1. Different concentrations of BT, a chain transfer

agent, were added to control the molecular weight of the

PMMA seed polymers. As it is clear from Table 1, the Mn

was varied from 1.2 9 105 to 3.9 9 103 g/mol, decreasing

with increasing the concentration of BT from 0 to 2.0 wt%.

The FE-SEM images of these particles are given in Fig. 1.

The prepared PMMA seed particles were all perfectly

spherical with featureless smooth surface. The particle

sizes (Dn) were in the range of 410–500 nm with very good

monodispersity (Dw/Dn = 1.002–1.008). Because of the

high monodispersity of the particle size, these particles

tended to arrange regularly during drying, forming the

colloidal crystals in 2 or 3 dimensions.

Kinetic study of the seeded soap-free emulsion

copolymerization

The prepared PMMA particles were used as seeds for the

soap-free emulsion copolymerization of St with DVB under

various conditions. To investigate the polymerization

kinetics, reaction mixture of 1.5 mL was withdrawn from the

reactor at various time intervals and immediately freeze-

dried. The freeze-dried PMMA/P(St-co-DVB) particles

were then analyzed by FT-IR. Figure 2a shows the repre-

sentative FT-IR spectra of PMMA/P(St-co-DVB) and

PMMA particles. A very sharp absorption peak appeared

near 700 cm-1 in the spectrum of PMMA/P(St-co-DVB) as

compared with that of PMMA. This peak could be reason-

ably assigned to the characteristic absorption of aromatic

C–H bending vibration, indicating that PS component had

been successfully introduced into the PMMA seed particles.

The PS content in PMMA/P(St-co-DVB) particles (relative

to PMMA) was quantified by the absorbance ratio of the peak

at 700 cm-1 (for PS) to that at 1375 cm-1 (CH3 bending, for
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PMMA), with a calibration curve obtained from the mixture

of PMMA and PS latex particles. From the PS content, the

monomer conversion was calculated [21]. Figure 2b dis-

plays a representative plot of monomer conversion versus

polymerization time. It is clear that the monomer conversion

increased almost linearly with the polymerization time and

the polymerization completed within 1 h. The final mono-

mer conversion was about 93%.

Evolution of nonspherical PMMA/P(St-co-DVB)

particles during seeded soap-free emulsion

copolymerization

The seeded soap-free emulsion copolymerization of St and

DVB, the kinetic data of which had been shown in Fig. 2b

eventually led to the formation of nonspherical multidented

PMMA/P(St-co-DVB) particles. The FE-SEM images for

the PMMA/P(St-co-DVB) particles sampled at different

polymerization times are shown in Fig. 3. At the early stage

of polymerization, the obtained PMMA/P(St-co-DVB) par-

ticles were spherical (Fig. 3a, b). As the polymerization

proceeded to 15 min (25.4% monomer conversion), the size

of resultant particles increased to some extent but the parti-

cles still maintained their sphericity (Fig. 3c). However, at

the polymerization time of 20 min (38.8% monomer con-

version), the particles with slightly deformed surface were

observed (Fig. 3d). As the polymerization further progressed

to 30, 40, and 50 min (55.9, 73.4, and 87.9% monomer

conversions), the particle surface became more and more

deformed (Fig. 3e–g). Finally, when the polymerization was

Fig. 1 FE-SEM images of the PMMA seed particles prepared by soap-free emulsion polymerization with different concentrations of BT:

a 0 wt%, b 0.25 wt%, c 0.5wt%, d 1.0 wt%, and e 2.0 wt%

Fig. 2 a The typical FT-IR spectra of PMMA (0 wt% BT) and

PMMA/P(St-co-DVB) particles, and b the plot of monomer conver-

sion versus polymerization time for the synthesis of PMMA/P(St-co-

DVB) particles by seeded soap-free emulsion copolymerization.

Polymerization conditions: PMMA seed (0 wt% BT) = 0.6 g,

St = 1.46 g, DVB = 4.9 wt%, KPS = 0.02 g, H2O = 130 mL, tem-

perature = 60 �C, batch monomer addition mode
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completed (ca. 93.2% monomer conversion), the PMMA/

P(St-co-DVB) particles with multiple dents on the surface

were formed (Fig. 3h, i).

On the other hand, the solubility experiment of the

resulted particles in THF, a good solvent for both PS and

PMMA, showed that a 3D network had effectively formed

from the polymerization time of 15 min (the particles

became insoluble in the solvent). This suggests that the

formation of the dented PMMA/P(St-co-DVB) particles

was a direct result of the formation of the 3D crosslinked

network in the particles during the seeded soap-free

emulsion copolymerization.

Influence of polymerization temperature on particle

morphology

It was found that the polymerization temperature had a

great effect on the surface morphology of PMMA/P(St-co-

DVB) particles in the seeded soap-free emulsion copoly-

merizations of St and DVB on the PMMA seed particles.

The polymerization temperatures were varied from 60 to

80 �C, while maintaining other conditions unchanged. The

polymerization at 60 �C, in which no samples were with-

drawn from the reactor during polymerization, was a

control experiment for that studying the polymerization

kinetics and morphological evolution described above. The

FE-SEM images for the PMMA/P(St-co-DVB) particles

obtained in this set of experiments are shown in Fig. 4. It is

evident that the polymerization at 60 �C produced highly

dented PMMA/P(St-co-DVB) particles (Fig. 4a). In con-

trast, the polymerizations at both 70 and 80 �C resulted in

the particles having normal smooth surface (Fig. 4b, c).

Influence of monomer addition mode on particle

morphology

In all the seeded soap-free emulsion copolymerizations

described above, the second-stage monomers were charged

to the reactor batchwise. In addition, we also performed the

polymerization using continuous monomer addition mode

at various monomer feed rates. The mixture of St and DVB

was fed to the reactor over 10, 20, 30, and 60 min. The

Fig. 3 FE-SEM images of the PMMA/P(St-co-DVB) particles sam-

pled at different polymerization times: a 5 min, b 10 min, c 15 min,

d 20 min, e 30 min, f 40 min, g 50 min, h 60 min, and i 240 min.

Polymerization conditions: PMMA seed (0 wt% BT) = 0.6 g,

St = 1.46 g, DVB = 4.9 wt%, KPS = 0.02 g, H2O = 130 mL, tem-

perature = 60 �C, batch monomer addition mode
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FE-SEM images of resulting PMMA/P(St-co-DVB) parti-

cles are given in Fig. 5. The FE-SEM image of Fig. 5a was

for the control experiment using batch monomer addition

mode, which showed the heavily dented PMMA/P(St-co-

DVB) particles as expected. In contrast, the polymerizations

using continuous monomer addition mode produced the

particles having less deformed surface. The deformation

extent of the particle surface decreased as the monomer feed

time increased from 10 min to 30 min (Fig. 5b–d). At the

monomer feed time of 60 min, the normal spherical particles

with smooth surface were obtained (Fig. 5e).

In seeded polymerization using continuous monomer

addition mode, a starve-fed condition can be achieved if

the monomer is fed to the reactor at a sufficiently slow rate.

The kinetics of the seeded soap-free emulsion polymeri-

zation at monomer feed time of 60 min was investigated,

and the result is presented in Fig. 6. It is evident that the

monomer conversion line was essentially parallel to the

monomer feed line, a characteristic of a starve-fed poly-

merization [22]. As shown in Fig. 5e, the starve-fed seeded

soap-free emulsion copolymerization of St and DVB

resulted in the smooth-surfaced particles.

Influence of molecular weight of PMMA seed

on particle morphology

As introduced previously, we prepared five kinds of PMMA

seed particles having different molecular weights by varying

the concentration of BT in the soap-free emulsion poly-

merization of MMA. The PMMA particles that possessed

the highest molecular weight (Mn = 1.2 9 105 g/mol,

BT = 0 wt%) were used in all the seeded soap-free emulsion

copolymerizations discussed above. In this study, the effect

of molecular weight of PMMA seed particles on the particle

morphology was also investigated, and the results are given

in Fig. 7. In this set of experiments, except for the kind of

PMMA seed particles, all other parameters were left con-

stant. Batch monomer addition mode was adopted. In

comparison with the highly distorted PMMA/P(St-co-DVB)

particles obtained using PMMA seed of 0 wt% BT, the

particles obtained using PMMA seed of 0.25 wt% BT

(Mn = 1.7 9 104 g/mol) appeared less distorted (Fig. 7a,

b). Further increasing the concentration of BT to 0.5 and

1.0 wt%, which reduced the Mn to 1.0 9 104 and 6.7 9 103

g/mol, led to the PMMA/P(St-co-DVB) particles with cir-

cular indentations on their surface (Fig. 7c, d). The number

of these indentations tended to decrease as the concentration

of BT increased. Finally, at BT concentration of 2.0 wt%, the

normal spherical PMMA/P(St-co-DVB) particles were pre-

pared (Fig. 7e). In addition, some new particles with much

smaller size were inevitably formed when PMMA seed

particles of relatively low molecular weight were used.

The internal morphology of PMMA/P(St-co-DVB)

particles obtained in this set of experiments was examined

by TEM on the ultrathin cross-sections. The corresponding

TEM images are given in Fig. 8. It is obvious that all

PMMA/P(St-co-DVB) particles showed a typical core/shell

structure. The dark P(St-coDVB)-rich phase formed the

shell encasing the bright PMMA-rich core. In particular, at

higher BT concentrations of 1.0 and 2.0 wt%, some small

P(St-co-DVB) phases of ca. 30 nm in diameter were

observed in the region of PMMA-rich core, as shown in

Fig. 8c, d. The amount of these small P(St-co-DVB) phase

seemed to increase as the BT concentration increased.

In the present seeded soap-free emulsion copolymeri-

zation, the internal morphology of the resulting particles is

determined by the combined effect of particle/water

interfacial tension and local viscosity of polymerization

loci at reaction temperature, the former acting as thermo-

dynamic factor and the latter as kinetic factor [23]. During

the seeded soap-free emulsion copolymerization, the newly

formed second-stage P(St-co-DVB) polymer would show a

strong tendency to penetrate into the interior of PMMA

seed particle (and vice versa) so as to form the relatively

hydrophilic PMMA/water interface instead of hydrophobic

P(St-co-DVB)/water interface. The extent of this phase

migration mainly depended on the internal particle

Fig. 4 FE-SEM images of the PMMA/P(St-co-DVB) particles

prepared at different polymerization temperatures: a 60 �C,

b 70 �C, and b 80 �C. Polymerization conditions: PMMA seed

(0 wt% BT) = 0.6 g, St = 1.46 g, DVB = 4.9 wt%, KPS = 0.02 g,

H2O = 130 mL, monomer conversion = 93 ± 3%, batch monomer

addition mode
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viscosity, which closely relates to the molecular weight of

seed particles [24]. The smaller the molecular weight, the

lower the intraparticle viscosity, and the easier the P(St-co-

DVB) phase migrated into the particle interior. Accord-

ingly, though most P(St-co-DVB) phase was located on the

particle periphery, some had penetrated into the particle

interior in the cases that PMMA seed particles of relatively

low molecular weight were used, as shown in Fig. 8c, d.

On the other hand, the atomic concentrations of carbon and

oxygen on the top surface of PMMA/P(St-co-DVB) parti-

cles were investigated by XPS, and the results are listed in

Table 2. Although no appreciable difference was observed

in the P(St-co-DVB)-rich shell from the TEM images, the

concentration of oxygen atom, which originates mainly

from the PMMA, increased as the concentration of BT

increased. At 2.0 wt% BT concentration, the concentration

of oxygen was almost two times than that of 0 wt% BT

concentration. This indicates that more PMMA chains

diffused to the particle surface when the molecular weight

of PMMA seed particles decreased.

Formation mechanism of the dented PMMA/P

(St-co-DVB) particles

The formation of the dented PMMA/P(St-co-DVB) parti-

cles was attributed to the elastic force introduced by

crosslinking the second-stage polymer in the seeded soap-

free emulsion copolymerization. As the polymerization

proceeded to certain extent, P(St-co-DVB) 3D network

developed around the original PMMA seed particles. The

formed P(St-co-DVB) network, which was still growing,

was proposed to swell by absorbing the unreacted mono-

mers and then contract to relax the polymer chains [13, 25].

However, the uneven crosslinking structure of the 3D

network provoked phase separation of St and DVB

monomers (and possibly some linear PMMA and PS

chains) from the denser regions to the looser regions of the

crosslinked network [26]. As monomer conversion further

Fig. 5 FE-SEM images of the PMMA/P(St-co-DVB) particles

prepared using batch monomer addition mode a and continuous

monomer addition mode at different feeding times: b 10 min,

c 20 min, d 30 min, and e 60 min. Polymerization conditions:

PMMA seed (0 wt% BT) = 1.2 g, St = 4.4 g, DVB = 4.9 wt%,

KPS = 0.08 g, H2O = 130 mL, temperature = 60 �C, monomer

conversion = 87 ± 8%

Fig. 6 Plots of the monomer conversion (triangle) and the fraction of

the monomer that had been fed to the flask (square) versus time for

the seeded soap-free emulsion copolymerization. Polymerization

conditions: PMMA seed (0 wt% BT) = 1.2 g, St = 4.4 g, DVB =

4.9 wt%, KPS = 0.08 g, H2O = 130 mL, temperature = 60 �C,

monomer feeding time = 60 min
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increased, PMMA/P(St-co-DVB) particles with multiple

dents on their surface were eventually formed.

During this process, the presence of monomers, which

had not yet participated in polymerization, was necessary

for the phase separation caused by the swelling and con-

tracting of the uneven 3D network. Therefore, the starve-

fed seeded soap-free emulsion copolymerization led to the

formation of normal spherical PMMA/P(St-co-DVB)

particles, as shown in Fig. 5. To prepare the dented parti-

cles, it was also essential to form a relatively ‘‘pure’’

Fig. 7 FE-SEM images of the PMMA/P(St-co-DVB) particles

prepared using PMMA seed particles of different BT concentrations:

a 0 wt%, b 0.25 wt%, c 0.5 wt%, d 1.0 wt%, and e 2.0 wt%.

Polymerization conditions: PMMA seed = 0.6 g, St = 1.80 g,

DVB = 4.9 wt%, KPS = 0.02 g, H2O = 130 mL, temperature =

60 �C, monomer conversion = 89 ± 5%, batch monomer addition

mode

Fig. 8 TEM images of the ultramicrotomed PMMA/P(St-co-DVB)

particles prepared using PMMA seed particles of different BT

concentrations: a 0 wt%, b 0.25 wt%, c 1.0 wt%, and d 2.0 wt%.

P(St-co-DVB) phase was stained dark with RuO4 vapor. Scale bars:

400 nm. Polymerization conditions: PMMA seed = 0.6 g, St =

1.80 g, DVB = 4.9 wt%, KPS = 0.02 g, H2O = 130 mL, tempera-

ture = 60 �C, monomer conversion = 89 ± 5%, batch monomer

addition mode

Table 2 Carbon and oxygen atomic concentrations on the surface of

PMMA/P(St-co-DVB) particles obtained by XPS measurement

No. BT (wt%) C 1s at.% O 1s at.%

1 0 86.6 13.4

2 0.25 85.1 14.9

3 0.5 84.4 15.6

4 1.0 79.2 20.8

5 2.0 75.8 24.2
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P(St-co-DVB) 3D network on the particle surface so that

the elastic force can dominate the surface tension, which is

known to favor the spherical particle. When more linear

PMMA chains were present on the particle surface, the

particles would preferentially grow to the spherical ones

under the effect of the surface tension, as shown in Fig. 7.

On the other hand, the degree of phase separation was

reduced by elevating the polymerization temperature, giv-

ing the normal spherical particles at 70 and 80 �C, as

shown in Fig. 4. We cannot yet provide very satisfactory

explanation about this phenomenon at present. However, the

kinetic study showed that the higher temperature brought

about the higher polymerization rate (not shown for brevity).

It was speculated that, at higher temperature, the polymeri-

zation probably tended to finish before phase separation

occurred because the contracting of a crosslinked network

upon swelling is a somewhat time-consuming process [13].

As a result, the spherical PMMA/P(St-co-DVB) particles

with smooth surface were obtained.

Conclusion

We demonstrated the preparation of nonspherical dented

PMMA/P(St-co-DVB) particles by seeded soap-free

emulsion copolymerization of St and DVB in the presence

of spherical linear PMMA particles. Various polymeriza-

tion parameters such as polymerization temperature,

monomer addition mode, and molecular weight of PMMA

seed were found to influence the particle morphology. The

generation of such nonspherical particles was ascribed to

the formation of uneven crosslinked network during the

seeded soap-free emulsion copolymerization.
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