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ABSTRACT: Monodisperse poly[styrene-co-glycidyl methacrylate (GMA)] microparticles
were synthesized by dispersion copolymerization in a water–ethanol medium. The
effects of various polymerization parameters on the particle size and size distribution of
the dispersion copolymerization were investigated. The dispersion of polymer particles
decreased when the GMA was added if the polystyrene homopolymer particles were
polydispersed. The GMA acted as a comonomer as well as a costabilizer in the disper-
sion copolymerization of styrene with GMA. The solvency of the monomer increased
with the concentration of GMA in the polymerization medium because GMA has a
greater hydrophilicity than styrene, resulting in a large particle size and a slow
polymerization rate. From an HCl–dioxane analysis of the poly(styrene-co-GMA) mi-
croparticles, great amounts of epoxy groups were detected after the completion of
dispersion copolymerization. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 1206–1212,
2001
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INTRODUCTION

There has been great interest in monodisperse
polymer particles in the micron range, which
have been found to have a wide variety of appli-
cations in coatings, inks, and dry toners and in
instrument calibration, chromatography, biomed-
ical treatment, and microelectronics.1–7 Conven-
tionally, monodisperse polymer microspheres
have been prepared using the seeding polymer-
ization, polymerization in the state of activated
swelling, and dispersion polymerization meth-
ods.8–10 Except for dispersion polymerization,

these methods require a multistep polymerization
process.

For the preparation of monodisperse homopoly-
mer microspheres, dispersion polymerization in
polar media is often used because of the simplicity
of the process. Ober et al.,11 Tseng et al.,10 Okubo
et al.,12 and Paine et al.,13 among others, have
studied this method in order to control particle
size and achieve a narrow particle-size distribu-
tion. The technological applications of monodis-
perse microsphere particles have been greatly in-
creased by the use of copolymers. Typical combi-
nations of monomers used to obtain these
particles are styrene–butyl methacrylate,14 sty-
rene–divinylbenzene,15 styrene–urethane acry-
late,16 styrene–methyl methacrylate,17 and sty-
rene–glycidyl methacrylate (GMA).18 However,
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very few reports in the literature deal with parti-
cles prepared by dispersion copolymerization.
This is probably because of the complex nature of
comonomer mixtures, in which each new comono-
mer ratio must be treated as a new polymeriza-
tion system.19 These comonomer systems are
even more complicated if the comonomers poly-
merize at different rates or if they partition dif-
ferently in the system once nucleation has taken
place.

Until quite recently styrene with GMA has
been copolymerized through emulsion polymer-
ization in an aqueous medium. Various of its pa-
rameters have been studied, including the reac-
tivity ratios for styrene and GMA copolymeriza-
tion,20 the main factors affecting size and
morphology of the resulting copolymer particle,21

and the effects of reaction conditions on surfac-
tant-free emulsion polymerization.22 Yang et al.18

first reported forming epoxy-functionalized poly-
mer particles of styrene with GMA by dispersion
copolymerization in a water–ethanol medium us-
ing a stirring system. In their work, reaction con-
ditions of dispersion copolymerization were ob-
served when the polystyrene homopolymer parti-
cles were monodispersed.

This article reports on a study of dispersion
copolymerization of styrene with GMA in a wa-
ter–ethanol medium using a rotation system in
order to evaluate GMA as a comonomer as well as
a costabilizer when polystyrene homopolymer
particles have been polydispersed. The effects of
the comonomer ratio on the particle size, size
distribution, morphology, and polymerization
rate were investigated. The conventional HCl–
dioxane method was used to determine the con-
centration of the remaining epoxy groups after
the polymerization procedure.

EXPERIMENTAL

Materials

Inhibitor in styrene (Junsei Chemical Co., Japan)
and GMA (Junsei Chemical Co.) was removed
through a removing column (Aldrich Chemical
Co., USA). 2,2- Azobisisobutyronitrile (AIBN;
Junsei Chemical Co.) was recrystallized from
methanol before use. Distilled deionized (DDI)
water was used in all experiments. All other ma-
terials were used without further purification:
ethanol (reagent grade, Junsei Chemical Co.),
Poly(vinylpyrrolidone) (PVP K-30, Mw 5 4.0
3 104 gzmol21, Aldrich Chemical Co.), 1,4-dioxane

(Junsei Chemical Co.), potassium hydroxide
(KOH; Junsei Chemical Co.), hydrochloric acid
(HCl; Junsei Chemical Co.), and phenolphthalein
(Shinyo Chemical Co., Japan).

Polymerization Procedure

AIBN, PVP, styrene, GMA, ethanol, and water
were weighed into 20-mL glass vials. After being
sealed in a nitrogen atmosphere, the vials were
submerged in a thermostated water bath and
slowly tumbled around its stem axis at a rotation
speed of 40 rpm. The polymerization was carried
out for 24 h at 70°C. The obtained microparticles
were centrifuged for 10 min at 6000 rpm; then the
supernatant was decanted, and the remaining
precipitate was repeatedly washed by five redis-
persions/centrifugations. The microparticles were
then dried under vacuum at ambient tempera-
ture. The recipe for the dispersion copolymeriza-
tion of styrene with GMA in a water–ethanol
medium is listed in Table I.

Characterization

Particle size was measured with a field-emission
scanning electron microscope (FE-SEM, JSM-
6340F, JEOL). An average was taken of the more
than 200 individual particle diameters measured
from the SEM photographs. A polydispersity in-
dex (PDI) was obtained as follows23:

Dn 5

O
i51

n

di

N (1)

Table I Standard Recipe for Dispersion
Copolymerizationa

Ingredient Weight (g)

Styreneb 0.714
GMAb 0.286
PVP K-30c 0.070
AIBNd 0.010
Ethanole 8.028
Watere 0.892

a 70°C; 24 h; 10 wt % of monomer concentration based on
total weight.

b Weight ratio of GMA : styrene (2 : 5).
c 0.7 wt % of PVP K-30 (Mw 5 4.0 3 104 g mol21) based on

total weight.
d 1 wt % of 2,29-azobisisobutyronitrile (AIBN) based on

monomer weight.
e Water–ethanol medium (water : ethanol 5 10 : 90 wt %).
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where, Dn is the number-average diameter, Dw is
the weight-average diameter, N is the total num-
ber counted, and di is the diameter of particle i.

Conversion-time curves for this set of polymer-
izations were calculated as24

Conversion ~%! 5
M2 2 M1 3 ~w2 1 w3!

M1 3 w1
3 100

(4)

where M1 is the weight of the sample before dry-
ing, M2 is the weight of the sample after drying,
w1 is the weight percent of the styrene and GMA
in the reactor, w2 is the weight percent of the PVP
in the reactor, and w3 is the weight percent of the
AIBN in the reactor.

The HCl-dioxane method25,26 was used to de-
termine the remaining concentration of epoxy
groups after the completion of the polymerization
procedure. This method utilizes the reaction of
HCl with epoxy groups. The reaction produced a
chlorohydrin while consuming the acid.

OCHOCH2

{ }
O

1 HCl 3
OCHOCH2Cl
P

OH
(5)

With our method, excess 0.1M HCl was added
to a known mass of particles that dissolved in
1,4-dioxane and allowed reacting for 3 h with
stirring at 30°C. The concentration of unreacted
HCl was then determined by titration with 0.1M
KOH using phenolphthalein as the indicator. The
reaction of HCl with the epoxy rings, followed by
titration of the residual HCl with the KOH, was
used as a method of measuring the remaining
epoxy content of the particle. The difference be-
tween the number of moles of HCl initially added
and the number of moles determined by titration
corresponds to the number of moles of HCl that
reacted with the epoxy groups. A minimum of five

duplicate analyses were performed for each sam-
ple.

RESULTS AND DISCUSSION

EFFECT OF GMA

Poly(styrene-co-GMA) (PSG) particles were syn-
thesized at the different weight ratios of styrene:
GMA in a water–ethanol medium (water:ethanol
5 10:90 wt %) at 70°C for 24 h, where the concen-
tration of PVP as a stabilizer was 0.7 and 4 wt %.
Table II has the detailed recipe for the dispersion
copolymerization. Figures 1 and 2 show the mor-
phology of PSG particles prepared with different
amounts of PVP in the preparation of copolymer
particles. The PSG particles prepared with
greater amounts of PVP show stable dispersion
with a narrow particle-size distribution, in the
range of 1.5–2.5 mm [Fig. 1(a–d)]. Some irregular
polystyrene homopolymer particles such as dou-
blets were obtained [Fig. 2(a)] when the prepara-
tion of PSG particles had a lesser amount of PVP
(0.7 wt %), indicating that this weight percent is
too small to exert a stabilizing effect on particle
growth. On the other hand, as the weight ratio of
GMA:styrene increased, the average diameter in-
creased from less than 2 mm to abut 4 mm, with
the particle-size distribution changing from poly-

Table II Effect of GMA on Poly(styrene-co-
GMA) Average Particle Sizes and Size
Distribution with Concentration of Great
Amount of PVP and Low Amount of PVPa

Sampleb

Particle Size
(mm)

PDI
(Dw/Dn) RemarksDn Dw

G/S1-0/5 1.571 1.573 1.001 Monodisperse
G/S1-1/5 1.791 1.793 1.001 Monodisperse
G/S1-2/5 1.931 1.935 1.002 Monodisperse
G/S1-3/5 2.455 2.459 1.002 Monodisperse
G/S2-0/5 1.983 2.453 1.237 Doublet
G/S2-1/5 3.041 3.047 1.002 Monodisperse
G/S2-2/5 3.714 3.721 1.002 Monodisperse
G/S2-3/5 4.149 4.788 1.154 Polydisperse

a 70°C; 24 h; water–ethanol medium (water : ethanol 5 10
: 90 wt %); 10 wt % of monomer concentration based on total
weight; 1 wt % of AIBN, based on monomer weight.

b G : Sa–b : g; a-PVP concentration (1–4 wt %, 2–0.7 wt %)
based on total weight; b : g weight ratio of GMA : styrene.
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disperse to monodisperse. The PSG particles were
spherical and monodisperse at this micron range
[Fig. 2(b,c)], and their surface was smooth [Fig.
2(d)]. However, the particle size was polydis-
persed again and massive coagulation occurred
when the weight ratio of GMA:styrene was
greater than 3:5.

It is well known that in dispersion copolymeriza-
tion, monodisperse poly(styrene-co-comonomer) mi-
croparticles have been obtained with the addition of
more than 1 wt % comonomer for the styrene given
the condition that the polystyrene homopolymer
particles have been polydispersed.10 These results
are due to the stability improvement of the primary
particle during dispersion copolymerization stem-
ming from the costabilizing effect of the comonomer.
In our experiments PSG particles were also more
monodisperse and larger than the polystyrene ho-

mopolymer particles [Fig. 2 (a)]. This may indicate
that the GMA used as a comonomer exerts a costa-
bilizing effect on the primary particle at an opti-
mum concentration, leading to a monodisperse mor-
phology of the PSG particles.

The average size and distribution of PSG par-
ticles prepared with the greater concentration
(Fig. 1) and the lower concentration (Fig. 2) of
PVP are summarized in Table II. Because GMA
has a greater hydrophilicity than styrene,27 the
monomer solvency in the medium increased with
an increase in the concentration of GMA in the
polymerization formulation, which caused an in-
crease in the PSG particle size. Despite the in-
crease in stability of the PSG particles from add-
ing GMA, PSG particle size distribution broad-
ened [Fig. 2(e)] when the GMA was used at more
than optimum concentration. This polydispersed

Figure 1 SEM photographs of poly(styrene-co-GMA) microparticles produced by dis-
persion copolymerization with a weight ratio of GMA:styrene in a large amount of
PVP-dissolved water–ethanol medium as follows: (a) G:S1—0:5, (b) G:S1—1:5, (c)
G:S1—2:5, (d) G:S1–3:5.
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size distribution arose from an extended forma-
tion stage of new primary particles. These results
clearly show that a balance between stability of

the primary particle and the period of stable pri-
mary particle formation is important in preparing
monodisperse particles.

Figure 2 SEM photographs of poly(styrene-co-GMA) microparticles produced by dis-
persion copolymerization with a weight ratio of GMA:styrene in a small amount of
PVP-dissolved water–ethanol medium as follows: (a) G:S2–0:5, (b) G:S2–1:5, (c) G:S2–
2:5, (d) G:S2–2/5, (e) G:S2–3/5.
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Rate of Polymerization

Figure 3 shows a plot of conversion versus time
for dispersion copolymerization in water-ethanol
medium at different weight ratio of GMA/styrene
(1/5, 2/5, and 3/5), compared with styrene disper-
sion polymerization (0/5) in water-ethanol me-
dium. As the concentration of the GMA increases,
the polymerization rate decreases. Because hy-
drophilicity of GMA is greater than that of sty-
rene, the solvency of dispersion copolymerization
of styrene with GMA in a water–ethanol medium
increases with an increase in GMA concentration
in the polymerization formulation. This increased
solvency causes a decrease in the number of pri-
mary particles, indicating a decrease in the total
surface area of particles. Therefore, the equilib-
rium distribution of monomer toward the particle
phase was less favorable, which eventually re-
sults in a slow polymerization rate.

Determination of Epoxy Content

Table III represents the measured epoxy contents
of PSG particles produced by dispersion polymer-
ization according to the recipe in Table II. Th
epoxy content data, reported as a percentage of
the initial moles of epoxy in the recipe, indicate

that most epoxy groups remained after comple-
tion of dispersion copolymerization.

CONCLUSION

Micron-size polymer particles with a narrow size
distribution were prepared by dispersion copoly-
merization of styrene with GMA. The size distri-
bution of the copolymer particle was enhanced
when GMA was added in a polymerization me-
dium in which polystyrene homopolymer particles
had a polydispersed morphology. The GMA
played an important role as a costabilizer as well
as a comonomer in the styrene with GMA disper-
sion copolymerization. The ability of GMA to be a
costabilizer depends on the weight ratio of GMA
to styrene. Because GMA has a greater hydrophi-
licity than styrene, the solvency of the monomer
in the medium increased with an increase in
GMA concentration, leading to a larger copolymer
particle size and a slower polymerization rate as
compared with those for the polymerization of
homopolystyrene. In our copolymerization system
it is likely the stable primary particles were
formed because of the costabilizing effect of GMA
during dispersion copolymerization. These stable
primary particles grow without formation of new
primary particles, resulting in the production of
monodisperse polymer particles. After the disper-
sion copolymerization of styrene with GMA, large
amounts of unreacted epoxy groups remained in
the PSG particles, which will make these parti-
cles useful in many applications.
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