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ABSTRACT: Fully crosslinked, stable poly(styrene-co-divinylbenzene) microspheres,
which are composed of various concentrations of divilylbenzene from 5 to 75 mol %
based on styrene monomer, were prepared without a significant particle coagulation by
the precipitation polymerization. The number-average particle diameter ranged from
3.5 to 2.8 �m and decreased with an increasing concentration of divinylbenzene in
monomer. In addition, the coefficient of variation of the microspheres was slightly
reduced with the increasing concentration of divinylbenzene. The circularity and the
measured specific surface area indicated that lesser particles are coagulated because of
the improved stability of individual particles at a high divinylbenzene concentration
and that the resulting particles have a smooth surface without micropores. The glass-
transition temperature was not observed for all microspheres formed from the range of
divinylbenzene concentrations. In addition, the onset of the thermal-degradation tem-
perature was increased from 339.8 to 376.9 °C upon higher contents of divinylbenzene.
On the basis of the DSC and thermogravimetric data, the polymer microspheres
prepared by the precipitation polymerization possessed a fully crosslinked structure
and highly enhanced thermal stability. © 2004 Wiley Periodicals, Inc. J Polym Sci Part A:
Polym Chem 42: 835–845, 2004
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INTRODUCTION

Polymer colloids have been used in vast areas
such as various coatings, adhesives, inks, leather
finishing, construction, and so forth.1 Nowadays,
such polymer particles have broadened their ap-
plications to more advanced fields such as infor-
mation technology, electric and electronic science,
and biotechnology including biochemicals and
biomedical.2–4 In accordance with the expansion
of their applications, the precise control of prop-
erties of the polymer colloids has become more
important. Their size, uniformity of size, function-

ality of the base polymer, morphology of the poly-
mer beads, the degree of crosslinking, and so forth
are the main concerns in controlling properties.

Fully crosslinked, micro-meter-sized, spherical
polymer particles have received much attention
because they possess unique applications because
of their superior strength, thermal and solvent
resistance, and antislip properties.5 In addition,
uniformly sized and fully crosslinked polymeric
microspheres larger than 1 �m in diameter are
considered as a specialty material to be used in
high-end products according to their properties
such as packing materials in column chromatog-
raphy and spacers in a liquid-crystal display.
Therefore, the development of a simple technique
to synthesize the fully crosslinked polymer parti-
cles in micrometer size has been the subject of
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intensive research in polymer colloid fields. Indi-
vidually stable, spherical polymer particles are
obtained by the following one mechanism or com-
bined stabilization mechanisms: electrostatic sta-
bilization in emulsion polymerization;6 steric sta-
bilization either in suspension, dispersion, or
seeded polymerization;6 and self-stabilization by
crosslinking in precipitation polymerization.7

The single- or multistep process is generally
used to synthesize fully crosslinked polymeric mi-
crospheres. In multistep processes, the monodis-
perse and relatively small seed polymer particles
are prepared either by emulsion or dispersion
polymerization. Then, these are used for the
swelling process and a subsequent polymerization
of monomer-swollen seed particles in a similar
way to suspension polymerization in aqueous me-
dia.8–11 Obviously, a long, complicated procedure
is a drawback of the multistep process. In addi-
tion, the preparation of fully crosslinked micro-
spheres in a single step has not been easy via
conventional polymerization methods; thus, vari-
ous novel techniques have been developed.
Shirasu porous glass-membrane emulsification
with a subsequent polymerization, which is a
modified suspension polymerization technique,
can simply produce the crosslinked polymer mi-
crospheres in the range of 1–60 �m in a single
step.12,13 By addition of cationic surfactant such
as cetyltrimethylammonium bromide at the early
stage of emulsion polymerization, monodisperse
polystyrene particles with an average diameter of
approximately 2.0–3.0 �m have been successfully
prepared with electrostatic coagulation. With the
electrostatic coagulation method, linear (i.e., un-
crosslinked) polystyrene particles were pre-
pared.14,15 In addition, the dispersion polymeriza-
tion method also produces stable, micro meter-
sized spherical particles ranging from 1 to 10 �m
in the presence of steric stabilizer in organic me-
dia.16 However, the concentration of a crosslink-
ing agent is generally limited below 0.5 wt %
based on main monomer. The addition of a high
amount of crosslinking agent, that is, above 0.5
wt %, to main monomer in dispersion polymeriza-
tion leads to a coarse surface of the final polymer
particles or even popcorn-shaped particles be-
cause of the different local degree of crosslinking
in the microscale.17–19 Stöver’s group7 has intro-
duced a new method to synthesize the fully
crosslinked polymer beads in the micrometer
scale by the precipitation polymerization of a sin-
gle, crosslinkable monomer such as divinylben-
zene and multiple monomers with crosslinkable

monomer in the absence of stabilizer in an or-
ganic medium. Several monomers including
methacrylate,20 maleic anhydride,21 and chlorom-
ethylstyrene22 have been copolymerized with di-
vinylbenzene as the crosslinkable monomer by
the precipitation polymerization, resulting in mi-
crospheres.

In this study, the fully crosslinked, stable poly-
(styrene-co-divinylbenzene) microspheres, which
is composed of various concentrations of divinyl-
benzene from 5 to 75 mol % based on styrene
monomer, were successfully prepared by precipi-
tation polymerization, and the properties such as
the circularity, specific surface area, particle size
and distribution, characteristics of the sol, and
thermal properties of the particles were investi-
gated.

EXPERIMENTAL

Materials

Styrene (Junsei Chemicals, Japan) and divinyl-
benzene (55% mixture of isomers, Aldrich Chem-
ical Co.) were purified with an inhibitor removal
column (Aldrich) and stored at �5 °C before use.
As an initiator, an analytical grade of 2,2-azobi-
sisobutyronitrile (AIBN; Junsei) was used with-
out further purification. Acetonitrile (Junsei) was
used as the polymerization medium in analytical
grade. To compare the thermal properties of the
synthesized microbeads by the precipitation poly-
merization, two commercial grades of poly(sty-
rene-co-divinylbenzene) bead samples containing
0.5 and 4 mol % divinylbenzene produced by sus-
pension polymerization (purchased from Poly-
Sciences, Inc.) were used.

Polymerization

The polymerization ingredients consisted of me-
dium, various compositions of styrene and divi-
nylbenzene comononer mixture, and AIBN. The
total amount of monomers was set at 2 vol % for
the medium and 2 wt % of AIBN with respect to
the total amount of monomers used. After charg-
ing 18 mL of polymerizing mixture in a glass vial,
nitrogen was purged for 15 min and sealed. Poly-
merization was carried out in a shaking water
bath with an agitation speed of 30 rpm at 70 °C
for 24 h. After completion of the polymerization,
the resultant particles were obtained by centrifu-
gation and washed with methanol repeatedly.
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Characterization

A Hitachi scanning electron microscopy (SEM)
S-4300 was used to examine the morphology of
the poly(styrene-co-divinylbenzene) particles.
The number-average diameter (Dn) and the coef-
ficient of variation were achieved with Scion Im-
age Analyzer software by counting 100 individual
particles from SEM microphotographs. The parti-
cle size distribution and circularity of the micro-
spheres were measured with FPIA-2100 (Malvern
Instruments, United Kingdom). The specific sur-
face area of the particles, measured with ASAP
2000 (Micrometrics Instrument Co., USA) auto-
mated gas-adsorption system with nitrogen as an
adsorbent at 100 K, was obtained based on the
Brunauer–Emmett–Teller equation. The molecu-
lar weight and the polydispersity index (PDI) of
the sol after polymerization were measured by a
Waters gel permeation chromatographer (GPC)
equipped with a 510 differential refractometer
and Viscotek T50 differential viscometer at a flow
rate of 1.0 mL/min with tetrahydrofuran (THF) as
the eluent. 105, 103, and 102 Å �-Styragel, packed,
high-resolution columns were used. The universal
calibration curve was obtained based on 10 poly-
styrene standard samples (Polymer Laboratories,
United Kingdom) with molecular weights ranging
from 7,500,000 to 580 g/mol. Once the sol part
was collected by precipitating the dissolved poly-
mer, it was dissolved in THF for GPC measure-
ment. Differential scanning calorimetry (DSC;
PerkinElmer DSC-7, United Kingdom) was used
to observe the glass-transition temperature of the
beads (gel) and sol. Thermal degradation of the
crosslinked microspheres was examined with a
thermogravimetric analyzer (TGA; PerkinElmer
TGA-7) under air atmosphere. The yield of the
polymerization was determined gravimetrically.
The chemical structures of styrene, divinylben-
zene, and the sol were investigated with a Varian
400-MHz 1H NMR with CDCl3 as the solvent.

RESULTS AND DISCUSSION

Synthesis of Fully Crosslinked Poly(styrene-co-
divinylbenzene)

Figure 1(a–f) shows the SEM microphotographs
of poly(styrene-co-divinylbenzene) microspheres
prepared by the precipitation polymerization in
neat acetonitrile with 2 wt % AIBN at 70 °C for
24 h, where a monomer composition consists of an
increasing amount of divinylbenzene from 5 to 75

mol % based on styrene. As seen in Figure 1,
when up to 20 wt % of divinylbenzene was used,
doublet- or triplet-shaped particles were observed
because of the softness of the particles. Although
above 40 wt % of divinylbenzene was added, very
clear and smoothly shaped particles were ob-
tained, implying that a higher concentration of
crosslinking agent gave a better surface property.
No particles were obtained when styrene was
solely used without divinylbenzene, remaining in
a transparent solution after 24 h of polymeriza-
tion.

Some of the characteristics of the precipitation
polymerization are similar to those of the disper-
sion polymerization in which all polymerization
ingredients are soluble in the medium, but the
resulting polymers are not soluble in the medium.
However, unlike dispersion polymerization, pre-
cipitation polymerization produces stable micro-
spheres without the aid of a surface stabilizing
agent such as the steric stabilizer. The presence
of a crosslinkable monomer such as divinylben-
zene is an essential feature of precipitation poly-
merization. The formation of stable spherical mi-
crospheres by precipitation polymerization is
strongly dependent on the degree of crosslinking
of the particles. In dispersion polymerization, the
polymeric stabilizer absorbed on the surface of
the polymer particles prevents collision between
the individual particles, but the high degree of
crosslinking within the polymer particles pre-
pared in the course of the precipitation polymer-
ization prevents fusion (i.e., coagulation) between
the particles because of the improved hardness
and resilience of individual particles, as repre-
sented in Scheme 1.

Figure 2 depicts the number-average particle
size and the coefficient of variation of the particles
shown in Figure 1 as a function of the concentra-
tion of divinylbenzene. The Dn the ranged from
3.5 to 2.8 �m and decreased with an increasing
concentration of divinylbenzene in monomer com-
position. In addition, the coefficient of variation of
microspheres was slightly reduced with the in-
creasing concentration of divinylbenzene. Be-
cause the solubility parameters of polymerization
ingredients play a significant role in determining
the successful formation of a stable spherical
shape,23 as in dispersion polymerization, a solu-
bility parameter was considered for explaining
the variation of the sizes. In Table 1, the solubility
parameters for styrene, divinylbenzene, and ace-
tonitrile are listed. Because the solubility param-
eter of divinylbenzene is difficult to find, it was
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calculated with Hansen’s group contribution
method24 and is given in parentheses. For a rea-
sonable comparison, the value for styrene was
also calculated and is shown in parentheses. The
divinylbenzene used in this study consisted of
55% (meta � para) isomers and the remnant was
mainly ethylvinylbenzene. The calculated solubil-
ity parameter for meta and para isomers pos-
sesses the same value of 8.5 (cal/cm3)1/2. The final
particle size was determined from the initial
number of nuclei that grow to become individual
particles at the end of polymerization. The num-

ber of nuclei strongly depends on the solubility of
the polymerization medium. If the medium acts
as a good solvent for the nuclei, it dissolves
most of small nuclei with low molecular weight,
resulting in a reduction in the number of nu-
clei. The nuclei is formed, and monomers are
adsorbed onto the surface of the nuclei and poly-
merized. A small number of nuclei in the ini-
tial stage of polymerization leads to a larger
particle size after completion of the polymeriza-
tion. According to the “Like dissolves like” princi-
ple, acetonitile used as the medium in this

Figure 1. SEM photographs of poly(styrene-co-divinylbenzene) particles prepared by
precipitation polymerization composed of various concentrations of divinylbenzene with
2 wt % AIBN in acetonitrile at 70 °C: (a) 5 mol %, (b) 10 mol %, (c) 20 mol %, (d) 40 mol
%, (e) 50 mol %, and (f) 75 mol %.
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precipitation polymerization seems to be a better
solvent for styrene rather than divinylbenzene
because the solubility parameter is close to sty-
rene. As the concentration of divinylbenzene in
monomer composition increases, the solubility of
the nuclei in acetonitrile would become poor, and
then the final particle size would become smaller
because of the large number of nuclei formed in
the initial stage.

Figure 3(a–c) shows the particle size distribu-
tion of the poly(styrene-co-divinylbenzene) micro-
spheres containing 10, 50, and 75 mol % DVB,
respectively. As mentioned in Figure 2, the size
uniformity is enhanced as the concentration of
divinylbenzene increases. In addition, no signifi-
cant particle coagulation is observed in Figure 3.

Particle Shape and Morphology

Figure 4 represents the circularity of the micro-
spheres as a function of the concentration of divi-
nylbenzene measured by FPIA-2100. The circu-
larity of the particles is defined as the ratio be-
tween the circumference of circle of the
equivalent area to the particle and the perimeter
of the particle itself as follows:

circularity

�
circle circumference

perimeter of projected particle image (1)

The circularity is a measure of the specificity of
the shape of the particles. When the the particle

is more spherical, its circularity is closer to unity,
and when the particle is more elongated, its cir-
cularity is lower. As seen in Figure 4, the circu-
larity increases from 0.85 to 0.99 for 5 and 75 mol
% of divinylbenzene, respectively, implying that
lesser particles are coagulated because of the im-
proved stability of individual particles at a high
concentration of divinylbenzene. This observation
confirms the SEM images as seen in Figure 1.

The measured specific surface area of the poly-
(styrene-co-divinylbenzene) microspheres prepared
with various concentrations of divinylbenzene from
5 to 75 mol % in monomer composition and 2 wt %
AIBN in acetonitrile at 70 °C and the calculated
values are compared in Figure 5. The calculated
surface area of monodisperse microspheres was ob-
tained with a diameter of d �m and a density of �
g/cm3 according to the following equation:

calculated surface area (m2/g) �
6

�d (2)

In calculation, the density (�) was the amorphous
polystyrene (i.e., � � 1.065 g/cm3).25 The calcula-
tion was made by first considering the number of
monodisperse particles with a diameter of d in
1 g, where each particle has a surface area of �d2.
The experimental surface area values lay in the
range of 7.10–6.08 m2/g and showed a slight de-

Figure 2. Number-average particle size and the co-
efficient of variation of poly(styrene-co-divinylbenzene)
particles prepared with varying concentrations of divi-
nylbenzene in acetonitrile with 2 wt % AIBN at 70 °C
for 24 h.

Scheme 1. Illustration of polymer particles with dif-
ferent level of crosslinking after collision during pre-
cipitation polymerization: (a) polymer particles with
low crosslinking density and (b) polymer particles with
high crosslinking density.
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crease with a corresponding decreasing diameter
from 3.45 �m (5 mol % divinylbenzene) to 2.88 �m
(75 mol % divinylbenzene). The calculated surface
area varied from 1.96 to 1.63 m2/g upon the addi-
tion of divinylbenzene from 5 to 75 mol %, respec-
tively. Although the measured specific surface
area of the beads was approximately three times
higher than the calculated value, it was satisfac-
tory because the deviation was not an order mag-
nitude. The difference between the measured and
the calculated one is believed to arise from several
factors including the particle size distribution,
roughness of the surface, and circularity of the
particles. If the microsphere particles contain mi-
cropores or the surface is not smooth, the specific
surface area has the value of several hundreds
(m2/g).26 Therefore, the agreement of the specific
surface area between the experiment and calcu-
lation indicates that the surface of the particles is
smooth and micropores do not exist.

Table 1. Solubility Parameters (�) of the Polymerization Ingredientsa24

�b

(cal/cm3)1/2
�d

(cal/cm3)1/2
�p

(cal/cm3)1/2
�h

(cal/cm3)1/2

Styrene 9.3 (8.7) 8.2 (8.7) 4.4 (0.5) 0 (0)
Divinylbenzene (8.5) (8.5) (0.4) (0)
Acetonitrile 12.1 5.0 5.4 9.6

a The values in parentheses were calculated by the Hansen group contribution method in ref. 24.
b � � (�d

2 � �p
2 � �h

2)1/2.

Figure 3. Particle size distribution of poly(styrene-
co-divinylbenzene) microspheres prepared by precipita-
tion polymerization with 2 wt % AIBN in acetonitrile at
70 °C for 24 h: (a) 10 mol % DVB, (b) 50 mol % DVB, and
(c) 75 mol % DVB.

Figure 4. Circularity of poly(styrene-co-divinylben-
zene) particles prepared by precipitation.
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Thermal Properties of Microspheres

The thermal properties of the poly(styrene-co-di-
vinylbenzene) microspheres obtained from the
precipitation polymerization were characterized
with DSC and TGA. First, the observation of the
glass-transition temperature of the microspheres
containing the various concentrations of divinyl-
benzene is demonstrated in Figure 6. A broaden-
ing and an increase in the endothermic transition
followed by the disappearance of the glass-tran-
sition temperature with the divinylbenzene con-
tent was initially expected. However, no existence
of the endothermic transition representing the
glass-transition temperature was observed for all
examined microspheres. The glass-transition tem-
peratures of the poly(styrene-co-divinylbenzene)
beads produced by suspension polymerization were
observed for all compositions of divinylbenzene
from 5.2 to 49.0 mol %.27 In addition, the commer-
cial poly(styrene-co-divinylbenzene) beads prepared
by suspension polymerization showed well-distin-
guished glass transitions at 120.8 and 123.5 °C for
0.5 and 4 mol % divinylbenzene, respectively, as
seen in Figure 7. In our previous study,28 the glass-
transition temperatures of the poly(styrene-co-divi-
nylbenzene) beads prepared by emulsion polymer-
ization were observed for the divinylbenzene con-
tents from 2 to 10 mol %.

The possible explanation for the preceding ob-
servation would be the yield of polymerization

given in Figure 8. The use of the yield term is
more reasonable than conversion because the
monomer is converted to polymer during polymer-
ization, and the polymerized substances are clas-
sified into two different substances: gel and sol.
Although polymeric molecules are formed in the
precipitation polymerization, a significant portion

Figure 5. Specific surface area of poly(styrene-co-di-
vinylbenzene) particles prepared with varying concen-
trations of divinylbenzene with 2 wt % AIBN in aceto-
nitrile at 70 °C for 24 h.

Figure 6. DSC thermograms of poly(styrene-co-divi-
nylbenzene) microspheres containing increasing con-
centrations of divinylbenzene prepared by precipitation
polymerization with 2 wt % AIBN in acetonitrile at 70
°C for 24 h.

Figure 7. DSC thermograms of standard poly(sty-
rene-co-divinylbenzene) microspheres containing dif-
ferent divinylbenzene contents obtained from Poly-
Science: (a) 0.5 mol % and (b) 4 mol %.
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of the polymer having a low degree of crosslinking
is dissolved in an organic medium as sol. Only the
insoluble portion of the polymer because of the
high crosslinking level is precipitated into the
microsphere particles and obtained as gel. There-
fore, the term of yield means the portion of mono-
mer converted to microspheres.

Figure 8 depicts the yield of polymerization
with an increasing concentration of divinylben-
zene in monomer composition. When no divinyl-
benzene was added, no polymer particle was ob-
tained because all polymeric molecules were dis-
solved in acetonitrile after completion of the
polymerization. The concentration of divinylben-
zene is an important parameter to increase the
yield of polymerization. When the divinylbenzene
concentration was 75 mol %, 63.5% of yield was
obtained, and the remaining 36.5% of the polymer
existed as a sol form dissolved in acetonitrile. The
DSC thermograms of the sol part substance taken
from the precipitation polymerization of styrene
and various concentrations of divinylbenzene
with 2 wt % AIBN are portrayed in Figure 9.
Initially, it was expected that the glass-transition
temperature would be observed from the sol part
because it was thought to have a relatively small
molecular weight because of a low degree of
crosslinking. However, as seen in Figure 9, the
glass-transition temperature was not observed.
All DSC runs were made twice or three times by
taking different samples from the same batch for
the reproducibility and reliability of the data. To

investigate the unexpected observation, the mo-
lecular weight of the sol part was measured with
GPC as given in Figure 10 where the examined
sample was taken from the polymerization prod-
uct of 95 mol % styrene with 5 mol % divinylben-
zene. As a consequence, the observed weight-av-

Figure 8. Yield of polymerization as a function of the
concentration of divinylbenzene with 2 wt % AIBN in
acetonitrile at 70 °C for 24 h.

Figure 9. DSC thermograms of sol part obtained as a
remnant of precipitation polymerization containing in-
creasing concentrations of divinylbenzene with 2 wt %
AIBN in acetonitrile at 70 °C for 24 h.

Figure 10. GPC trace of the sol obtained as a rem-
nant of precipitation polymerization of 5 mol % divinyl-
benzene and 95 mol % styrene with 2 wt % AIBN in
acetonitrile at 70 °C.

842 SHIM ET AL.



erage molecular weight was 519 g/mol and the
PDI was 3.48, which implies that the scarcely
reacted monomer exists as sol in acetonitrile. This
might be related to the mechanism of the nucle-
ation and the growth of the polymer microsphere
in the precipitation polymerization or imply the
limit of the solubility of acetonitrile because it is a
poor solvent for polystyrene. To elucidate the
chemical structure of the sol, the 1H NMR spec-
trum is compared to the styrene and the divinyl-
benzene reactants in the region of 1.0–6.0 ppm in
Figure 11. Styrene in Figure 11(a) shows a typical
spectrum, whereas divinylbenzene in Figure
11(b) exhibits two peaks at 1.2 and 2.6 ppm and
two extra peaks at 5.3 and 5.8 ppm, which origi-
nated from ethylstyrene because the divinylben-

zene used in this study also contained ethylsty-
rene. For a typical 1H NMR spectrum of polysty-
rene,29 there are only two peaks around 2.0 ppm
in the range of 0–6.0 ppm. The 1H NMR spectrum
of the sol in Figure 11(c) reveals that it is com-
posed of a reacted polystyrenic substance and the
remnant ethylstyrene without any existence of
divinylbenzene. This is confirmed by the reactiv-
ity ratio of divinylbenzene and styrene as listed in
Table 2. m-Divinylbenzene has the same reactiv-
ity ratios as styrene, but p-divinylbenzene has a
fourfold of reactivity ratio of r2 than r1, implying
no existence of divinylbenzene in the sol.

Figure 12 represents the onset temperature of
the thermal degradation of the poly(styrene-co-
divinylbenzene) microspheres prepared by vari-
ous polymerization techniques. In the case of the
precipitation polymerization, the degradation
temperatures varied from 339.8 to 376.9 °C for 5

Figure 11. 1H NMR spectra of (a) styrene, and (b)
divinylbenzene (55% mixture of isomers), and (c) the sol
obtained as a remnant of precipitation polymerization
of 5 mol % divinylbenzene and 95 mol % styrene with 2
wt % AIBN in acetonitrile at 70 °C.

Table 2. Reactivity Ratios in Copolymerization of
Styrene (1) and Divinylbenzene (2)30

Monomer (2) r1 r2

m-Divinylbenzene 0.58 0.58
p-Divinylbenzene 0.26 1.18

Figure 12. Thermal stability of poly(styrene-co-divi-
nylbenzene) microspheres containing an increasing
concentration of divinylbenzene prepared by precipita-
tion polymerization in acetonitrile at 70 °C for 24 h
(solid circles) and the beads produced by suspension
(open squares) and by emulsion polymerization (open
triangles).
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and 75 mol % divinylbenzene, respectively. For
the commercial beads by suspension polymeriza-
tion, the onset temperature increased from 291 to
321 °C with 0.5 and 4 mol % divinylbenzene,
respectively. However, the onset degradation
temperature of the beads by emulsion polymer-
ization varied from 313 to 340 °C for 2 and 10 mol
% divinylbenzene, respectively. From the DSC
and TGA data, the thermal stability of the micro-
spheres by the precipitation polymerization was
significantly improved as compared with those
produced by other techniques.

CONCLUSIONS

The fully crosslinked, stable poly(styrene-co-divi-
nylbenzene) microspheres composed of various
concentrations of divinylbenzene from 5 to 75 mol
% based on styrene monomer were prepared with-
out significant particle coagulation by the precip-
itation polymerization in neat acetonitrile. Dou-
blet or triplet particles fused after intercollision
were frequently observed at lower concentrations
of divinylbenzene because the particles were soft
enough during the growing stage of the polymer-
ization. However, almost completely spherical
particles were observed at higher concentrations
of divinylbenzene. The Dn decreased from 3.5 to
2.8 �m with divinylbenzene concentration in
monomer composition. In addition, the coefficient
of variation was slightly reduced with the concen-
tration of divinylbenzene. The calculation of sol-
ubility parameters for styrene and divinylben-
zene indicated that acetonitrile acts as a better
medium for styrene than for divinylbenzene.
Therefore, the increase in divinylbenzene concen-
tration reduced the size of microspheres because
of the large number of nuclei at the beginning
stage of the polymerization. The circularity and
the measured specific surface area of the synthe-
sized microsphere particles determined that
lesser particles are coagulated because of the im-
proved stability of individual particles at high
divinylbenzene concentrations and that the re-
sulting particles have a smooth surface without
micropores.

Unexpectedly, no glass-transition temperature
was observed for the synthesized microspheres,
implying that the polymer particles consisted of
fully crosslinked, insoluble gel. In addition, the
onset of the thermal-degradation temperature
was increased from 339.8 to 376.9 °C. From the
DSC and TGA data, the thermal stability of the

microspheres by the precipitation polymerization
was significantly improved as compared with
those produced by other techniques
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APPENDIX A

Surface area of monodisperse microspheres in 1 g
� (number of microsphere in 1 g) � (surface area
of a microsphere)

Number of microsphere in 1 g � (1 g)/(mass of
a microsphere)

(Mass of a microsphere) � (volume of a micro-
sphere) � (density of the polymer)

Dimension

(Volume of a microsphere) � (L3/N) (L: length, N:
number)

(Density of the polymer) � (m/L3) (m: mass)
(Mass of a microsphere) � (m/N)
Number of microsphere in 1 g � (m)/(m/N)

� (N)
Surface area of monodisperse microspheres in

1 g � (N/m) � (L2/N) � (L2/m)
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Polym Sci Part A: Polym Chem 1998, 36, 2223.
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