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ABSTRACT: The polymer microspheres were synthesized by emulsion copolymeriza-
tions of styrene with vinyl benzyl terminated poly(methacrylic acid) (PMA) macromono-
mers in an aqueous ethanol solution. In these copolymerization systems, the mac-
romonomer acted not only as a comonomer but also as a stabilizer. The particle
diameters obtained from the water-soluble initiator system showed smaller values than
those obtained from the water-insoluble initiator system. These polymer microspheres
had a very narrow particle-size distribution. The particle diameters depended strongly
on the feed amount and molecular weight of PMA macromonomers, water fraction in
the mixed solvent, and pH in the medium. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci
85: 900–905, 2002
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INTRODUCTION

There have been several reports describing the
preparation of monodisperse polymer microspheres.
These studies were concerned with synthetic meth-
ods involving emulsion and soap-free polymeriza-
tions. In emulsion polymerization, the emulsifier
stabilizes the water-insoluble monomer particles.
More recently, there were several studies describ-
ing the synthesis of polymer microspheres by dis-
persion copolymerization using hydrophilic mac-
romonomers such as poly(N-vinylpyrrolidone),1,2

poly(2-alkyl-2-oxazoline),3,4 and poly(ethylene ox-
ide)2,5–7 instead of using a homopolymer as a stabi-
lizer. The macromonomer that was used acted not
only as a stabilizer but also as a comonomer.

In a previous work,8 we prepared polymer
microspheres by dispersion copolymerization of
methyl methacrylate (MMA) with vinyl benzyl
terminated poly(methacrylic acid) (PMA) mac-

romonomers in an aqueous ethanol solution. As a
result, the particle size (submicrometer to micro-
meter range) and size distribution could be con-
trolled by selecting the solvent composition and
the feed amount and molecular weight of the
PMA macromonomers.

In this article, polymer microspheres were syn-
thesized by emulsion copolymerization of styrene
with PMA macromonomers in an aqueous ethanol
solution. We studied the control of particle size
and particle-size distribution as functions of the
initiator system, the solvent composition, the feed
amount and molecular weight of PMA mac-
romonomers, and the pH in the medium.

EXPERIMENTAL

Macromonomer Synthesis and Characterization

The well-defined vinyl benzyl terminated PMA
macromonomers were derived from the hydroly-
sis of corresponding poly(t-butyl methacrylate)
(PBMA) macromonomers. In short, the PBMA
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macromonomers were prepared by the coupling of
living PBMA initiated by sodium triphenylmeth-
ane with p-chloromethylstyrene in tetrahydrofu-
ran (THF) at �78°C. To obtain the PMA mac-
romonomers, PBMA segments were hydrolyzed
with formic acid.9 Details of the synthesis and
characterization of such macromonomers have
been given elsewhere.8,10 Table I lists the charac-
teristics of PMA macromonomers.

Emulsion Copolymerizations

Copolymerizations were carried out at 80°C un-
der a nitrogen atmosphere in a glass vessel. A
mixture of the PMA macromonomer, styrene, and
potassium persulfate (K2S2O8) or 2,2�-azobi-
sisobutyronitrile (AIBN) were dissolved in a
mixed solvent of ethanol and water. The mixture
was maintained in a thermostated bath at 80°C
with shaking (150 shakes per min). After copoly-
merization, the resulting products were dialyzed
through a cellulose tube for a period of 1 week.
The polymer microspheres were then separated
by centrifugation.

Measurements

The morphology and particle size of the polymer
microspheres were investigated by the use of a
JEOL JSM-T220 scanning electron microscope
(SEM) with a tilt angle of 30°. The particle size
and size distribution were determined by survey-
ing 300 samples picked up from the photographs
that were obtained.

RESULTS AND DISCUSSION

To determine the yield of polystyrene (PS) micro-
spheres, we first examined the relationship be-
tween conversion and time. Two types of the dis-

persion/emulsion copolymerizations were carried
out under the following conditions, varying the
initiator systems: DP10: styrene, 0.5 mL; PMA1,
0.023 g (5 wt % based on styrene); AIBN, 9.2 mg
(2 wt % based on total monomer); and ethanol/
water, 7/3 (mL/mL); EP10: styrene, 0.5 mL;
PMA1, 0.023 g; K2S2O8, 9.2 mg; and ethanol/wa-
ter � 7/3 (mL/mL). Figure 1 shows the time–
conversion curve of the copolymerizations DP10
and EP10. In the dispersion copolymerization
DP10, the polymerization rate increased during
the time in which the conversion reached a pla-
teau value (� 80%) (i.e., after 8 h). At this time,
the second addition of AIBN (9.2 mg) was per-
formed in such a copolymerization system. As a
result, the polymerization rate increased again
and the conversion reached 100% after a total
time of 20 h. On the other hand, in the emulsion
copolymerization EP10, the polymerization rate
increased gradually during the time in which the
conversion reached 100% (i.e., after 24 h). Typical
SEM photographs of the final polymerization
products are shown in Figure 2, where photo-
graphs (a) and (b) indicate the morphological re-
sults of DP10 and EP10, respectively. All of the
products obtained were spherical particles of PS.

Figure 1 Time–conversion curves of dispersion/
emulsion copolymerizations, varying initiator systems:
(a) DP10, (b) EP10.

Table I Characteristics of Poly(Methacrylic
Acid) Macromonomers

Code 10�4 M� n
a M� w/M� n

b Functionalityc

PMA1 0.75 1.02 0.95
PMA2 0.83 1.07 1.06
PMA3 2.14 1.003 0.99

a Determined by universal calibration11 (log[�]M versus
elution volume) on gel permeation chromatography (GPC) for
corresponding PBMA macromonomers.

b Determined by GPC profiles of corresponding PBMA
macromonomers.

c Determined by ultraviolet (UV) spectra.
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It is found from these photographs that the par-
ticle size distribution of these microspheres is
very narrow (Dw/dn � � 1.006). Figure 3 shows
the time dependence of particle size and size dis-
tribution for DP10 and EP10 series. The particle
sizes of PS microspheres increase gradually for
both copolymerization systems. It is noticed also
that the particle sizes for EP10 are smaller than
those for DP10.

The copolymerization mechanisms for both
systems can be explained as follows (Fig. 4). The
copolymerization DP10 is a heterogeneous pro-
cess in which a water-insoluble styrene is dis-
persed in ethanol/water in the form of droplets.
The droplets are stabilized with PMA mac-
romonomers. Polymerization is initiated by
means of a monomer-soluble initiator (AIBN) so
that the locus of polymerization is in the individ-
ual droplets. The whole process may therefore be
viewed as being made up of many separate bulk
polymerizations. As polymerization proceeds, the
PS particles continue to grow. The conversions
are constant at some specific value. This phenom-
enon seems to originate from the dead-end poly-

merization mechanism of styrene monomers.
That is to say, the initiator is consumed at the
final stage of polymerization and polystyryl radi-
cals are terminated with a combination process.

The copolymerization EP10 is also a heteroge-
neous process such as the DP10 system. Water-
soluble initiator (K2S2O8) is used so that the ini-
tial locus of polymerization is in the aqueous
phase. The polymer is formed as a latex of PS
particles stabilized by PMA macromonomers. Re-
action of primary radicals (surface ion radical,
SO4

��) with monomer molecules present in the
aqueous phases produces short-chain radicals
that are captured by the emulsified monomer
droplets at rates proportional to their surface ar-
eas. The propagation of polystyryl radicals pro-
ceeds with a living radical-like mechanism. As
polymerization proceeds, the latex particles con-
tinue to grow. The surface areas are stabilized
with not only PMA macromonomers but also with
sulfate ions. Therefore, the particle sizes are
smaller than those obtained in the DP10 system.
We employed the EP system (polymerization
time, 24 h) in the following experiments.

We then examined the effect of the solvent
composition on particle sizes. These emulsion co-
polymerizations were carried out at 80°C for 24 h

Figure 3 Time dependence on particle diameter and
size distribution, varying initiator systems: (a) DP10,
(b) EP10.

Figure 2 SEM photographs of final polymerization
products: (a) DP10, (b) EP10.
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under the following conditions: styrene, 0.5 mL;
PMA1 macromonomer, 5 wt % (based on styrene);
and K2S2O8, 2 wt % (based on total monomer),
while varying the solvent composition [water/eth-
anol � 3/7–9/1 (mL/mL)]. Figure 5 shows the ef-
fect of the solvent composition on the particle

diameter and size distribution. It is found from
these plots that the particle diameters decrease
with an increment of water content in the me-
dium (Dn � 0.55–0.16 �m). Moreover, the parti-
cle-size distribution is very narrow (Dw/Dn
� 1.003–1.02). Thus, we observed a tendency in

Figure 4 Schematic representation of polymerization mechanisms for DP10 and
EP10.

MICROSPHERE SYNTHESIS USING MACROMONOMERS 903



which the more hydrophilic the media became,
then the smaller the particle size. This may be
because the critical degree of polymerization (i.e.,
the level at which the oligomers form nuclei) de-
creases in the more hydrophilic solvent, and thus,
the number of nuclei increases.

Figure 6 shows the effect of the concentration
of macromonomer PMA1 on the particle diameter
and size distribution. These copolymerization se-
ries were carried out under the following condi-
tions: styrene, 0.5 mL; K2S2O8, 2 wt % (based on
total monomer); and water/ethanol � 3/7 (mL/
mL), while varying the macromonomer PMA1

concentration, 0.2–10.0 wt % (based on styrene).
The particle diameters decrease with an incre-
ment of macromonomer concentration (Dn �
0.66–0.42 �m). The submicron-sized polymer mi-
crospheres that were produced had a narrow size
distribution (Dw/Dn � 1.01). It is remarkable that
the macromonomer is able to stabilize the PS
particles at even a macromonomer concentration
of 0.2 wt %.

Figure 7 shows the effect of the molecular
weight of macromonomers on the particle diame-
ter and size distribution under the following con-
ditions: styrene, 0.5 mL; PMA macromonomer, 5
wt % (based on styrene); K2S2O8, 2 wt % (based on
total monomer); and water/ethanol, 5/5 (mL/mL).
The particle diameters decrease gradually with

Figure 8 Effect of pH in solvent medium on particle
diameter and size distribution.

Figure 5 Effect of solvent composition on particle
diameter and size distribution.

Figure 6 Effect of macromonomer concentration on
particle diameter and size distribution.

Figure 7 Effect of molecular weight of PMA mac-
romonomers on particle diameter and size distribution.
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an increment of the macromonomer molecular
weight. The microspheres have a narrow size dis-
tribution (Dw/Dn � 1.003), regardless of any vari-
ation in molecular weight of macromonomers.

It is expected from the above results that the
pH of the solvent medium drastically affects the
particle size of microspheres. Figure 8 shows the
effect of pH of the solvent medium on particle
diameter and size distribution in water/ethanol
� 5/5 (mL/mL) under the following conditions:
styrene, 0.5 mL; PMA1 macromonomer, 5 wt %
(based on styrene); and K2S2O8, 2 wt % (based on
total monomer). Typical SEM photographs of the
PS microspheres are shown in Figure 9, where
photographs (a) and (b) indicate the morphologi-
cal results at pH � 5 and 8, respectively. The
microspheres obtained at pH � 5 show a broad
size distribution (Dw/Dn � 0.38–1.04 �m). On the
other hand, the microspheres at pH � 8 have a
small particle diameter (Dn � 0.29 �m) and a
narrow size distribution (Dw/Dn � 1.03). It is

found from Figure 8 that the particle diameters
decrease gradually with increasing pH until pH
� � 8. Beyond this pH region, inversely, the
particle diameters increase with increasing pH.
PMA macromonomer as an emulsifier is an an-
ionic polyelectrolyte. In general, the hydrody-
namic radius of PMA increases as the pH in an
aqueous solution increases, because of the high
degree of dissociation of carboxyl groups. That is
to say, high expansion of macroions, such as PMA
macromonomer, is favorable to the steric stability
on PS particles formed by copolymerization. How-
ever, it is also well known that the viscosity of
PMA aqueous solution exhibiting high neutral
decreases suddenly because of an analogous effect
such as thixotropy. In such a pH region, the hy-
drodynamic radius of PMA macromonomers
seemed to decrease because of a shielding effect
for the fixed charges.12,13 The interaction of coun-
terions with the macroions modifies the electro-
static forces between the fixed charges. The PS
particles obtained in this work are expected to
possess interesting solution properties such as
pH-responsive character.

REFERENCES

1. Akashi, M.; Yanagi, T.; Yashima, E.; Miyauchi, N. J
Polym Sci, Polym Chem Ed 1989, 27, 3521.

2. Akashi, M.; Chao, D.; Yashima, E.; Miyauchi, N.
J Appl Polym Sci 1990, 39, 2027.

3. Kobayashi, S.; Uyama, H. Kobunshi Ronbunshu
1993, 50, 209.

4. Kobayashi, S.; Uyama, H.; Lee, S. W.; Matsumoto,
Y. J Polym Sci, Polym Chem Ed 1993, 31, 3133.

5. Hoshino, F.; Sasaki, M.; Kawaguchi, H.; Ohtsuka,
Y. Polym J 1987, 19, 383.

6. Westby, M. J Colloid Polym Sci 1988, 266, 46.
7. Ito, K. in Macromolecular Design: Concept and

Practice; Mishra, M. K., Ed.; Polymer Frontiers
International: New York, 1994; p 129.

8. Ishizu, K.; Tahara, N. Polymer 1996, 37, 2853.
9. Newkome, G. R.; Behera, R. K.; Moorefield, C. N.;

Baker, G. R. J Org Chem 1991, 56, 7162.
10. Ishizu, K.; Yamashita, M.; Ichimura, A. Polymer

1997, 38, 5471.
11. Grubisic, Z.; Rempp, P.; Benoit, H. J Polym Sci,

Part B: Polym Phys 1967, 5, 753.
12. Huizenga, J. R.; Grieger, P. F.; Wall, F. T. J Am

Chem Soc 1950, 72, 2636.
13. Sakamoto, T.; Imahori, K. Nippon Kagaku Kaishi

1962, 83, 389.

Figure 9 SEM micrographs of PS microspheres,
varying pH in solvent medium: (a) pH 5, (b) pH 8.
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