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Abstract: Stable poly(methyl methacrylate-co-divinylbenzene) (poly(MMA-co-DVB)) microspheres were prepared
by precipitation polymerization using acetonitrile as the main medium under various polymerization conditions,
including modifications of the agitation speed, monomer and initiator concentrations, DVB content in the monomer
mixture, and the use of various cosolvents. Gentle agitation was required to obtain smooth spherical particles. The
individually stable microspheres were obtained at monomer concentrations of up to 15 vol% in an acetonitrile medium.
The number-average diameter increased linearly with respect to increases in the monomer and initiator concentrations.
We found, however, that the uniformity of the microspheres was independent of the variation of the polymerization
ingredients because nuclei formation was solely influenced by the crosslinking reaction of the monomers. We obtained
higher yields for the polymerization at higher concentrations of monomer and initiator. The concentration of DVB in the
monomer mixture composition played an important role in determining not only the size of the microspheres but also
the yield of the polymerization. In addition, although we employed various cosolvents as the polymerization medium,
we found that acetonitrile/2-methoxyethanol was the only system that provided spherical particles without coagulation.
This finding indicates that the precipitation polymerization is strongly dependent on the solvent used as the medium.
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Introduction

Polymer dispersions, also called polymer suspension and
latex, are nowadays important materials in our daily living
due to their versatility with respect to properties and appli-
cations including coatings, adhesives, inks, leather finishing,
and construction and so on.' Recently, such polymer colloids
have been also considered as candidate materials in advanced
fields such as information technology, electric and electronic
science, and biotechnology including biochemicals and bio-
medicals.”* In order to utilize the polymer colloids in such
applications, precise control of their properties has become
more important. Their size, uniformity of size, functionality
of the base polymer, morphology of the polymer beads, and
the degree of crosslinking etc. are main concerns in controlling
properties.

General synthetic routes to prepare polymer dispersions
are to use heterogeneous polymerizations such as macro-
(conventional)/mini-/micro-emulsion, suspension, dispersion,
and precipitation polymerizations.” Among them, emulsion
and suspension polymerizations are characterized by the
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genuine multi-phases consisting of monomer droplets in
emulsion and suspension, monomer-swollen micelles in
emulsion, and aqueous reaction medium. These multi-phases
are generated at the innitial stage of the polymerization. In
suspension polymerization, the dispersed monomer droplets
stabilized by a protective colloid are converted to polymer
particles. In emulsion polymerization, polymer particles are
generated in the monomer-swollen micelles and the dis-
persed monomer droplets serve as a reservoir of monomer.

Unlike emulsion and suspension polymerizations, a single
phase exists at the beginning of the reaction in dispersion
and precipitation polymerizations. All polymerization
ingredients are initially dissolved in the medium, and the
heterogeneous phases, i.e., growing particles and medium
phase, are developed in the middle of the polymerization by
the precipitation of the growing oligomeric species whose
molecular weight is higher than the critical limit. Conse-
quently, the formation of polymer particles is achieved during
the polymerization.*’

The precipitation polymerization, the most recently
invented by Stover’s group,” provides another pathway to
synthesize spherical polymer particles. The uniqueness of
the precipitation polymerization lies in the absence of any
stabilizing agent such as surfactants or steric stabilizers for
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obtaining spherical particles. In the precipitation polymeri-
zation, the formation of stable spheres is achieved by means
of a self-stabilizing mechanism via crosslinking of polymer
chains. Since high level of crosslinking is developed in indi-
vidual particles, the coagulation between the particles is pre-
vented due to the hard and resilient nature of each particle.

The advantage of the precipitation polymerization would
be the facile preparation of highly crosslinked micron-sized
particles having monodisperse or narrow size distribution.
These materials are used in high-end products such as pack-
ing materials in column chromatography or spacers in liquid
crystal display due to their superior strength, thermal and
chemical resistance, and anti-slip properties.® Since the syn-
thesis of such microspheres is difficult, its production cost is
quite high. Therefore, extensive research interest on the
development of an inexpensive process to prepare fully
crosslinked polymer microspheres has been always there.

Two-step swelling method has been firstly introduced by
Ugelstad, in which relatively small seed polymer particles
are prepared by either emulsion or dispersion polymerization.
Then these are used for swelling process and a subsequent
polymerization of monomer-swollen seed particles.”'
Obviously, a long and complicated procedure is a drawback
of the swelling process. Dispersion polymerization method
also produces stable micron-sized spherical particles ranging
from 1 to 10 gm in organic media.® However, high degree of
crosslinking is not achieved in the dispersion polymerization
since the concentration of crosslinking agent is generally
limited below 0.5 wt% based on main monomer. The addition
of high amount of crosslinking agent (more than 0.5 wt%)
causes a coarse surface of the final polymer particles or even
popcorn-shaped particles in dispersion polymerization.”'>'*
Precipitation polymerization as briefly mentioned earlier
has found that fully crosslinked microspheres can be pre-
pared in a simple single stage process.'> Various monomers
including methacrylate,' maleic anhydride,” and chloro-
methyl styrene'® have been copolymerized to form miscro-
spheres with divinylbenzene (DVB) as the crosslinkable
monomer using the precipitation polymerization.

We have also conducted the precipitation polymerization
of various compositions of styrene (S) and DVB and found
unexpected superior thermal properties due to the fully cross-
linked microstructure of microspheres.'** Furthermore, we
have reported the mechanism? of the precipitation polymeri-
zation based on the surface properties of the microspheres,
and the comparison* with dispersion polymerization based
on the variation of the final size with respect to the polymer-
ization ingredients.

In this article, poly(MMA-co-DVB) microspheres are pre-
pared by the precipitation polymerization and characterized
in terms of the polymerization parameters, including the
agitation speed, monomer and initiator concentrations, DVB
content in the monomer composition, and the use of various
cosolvents having a wide range of solubility parameters.
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Experimental

Materials. Methyl methacrylate (MMA; Samchun, Korea)
and divinylbenzene (DVB; 55% mixture of isomers, Ald-
rich, USA) were purified using an inhibitor removal column
(Aldrich) and stored at -5°C prior to use. As an initiator,
analytical grade of 2,2-azobisisobutyronitrile (AIBN; Jun-
sei, Japan) was used without further purification. As the
polymerization media, analytical grade acetonitrile (Junsei),
methanol (Samchun), ethanol (Samchun), 2-methoxyetha-
nol (Junsei), 2-propanol (Kanto, Japan), benzene (Junsei),
THF (J.T. Baker, USA), toluene (Oriental Chemical, Korea)
were used.

Polymerization. The polymerization ingredients simply
consist of medium, various compositions of MMA and DVB
comononer, and AIBN. The total amount of monomers was
varied from 4 to 12 vol% of the medium. The concentration
of AIBN was increased from 2 to 8 wt% with respect to the
total amount of the monomers. After charging 18 mL of
polymerizing mixture in a scintillation vial, it was purged
with nitrogen for 15 min and sealed. Polymerization was
carried out in a shaking water bath with an agitation speed
in the range of 0-100 rpm at 70 °C for 24 hrs. After comple-
tion of the polymerization, the resultant particles were
obtained by centrifugation and washed with methanol,
repeatedly.

Characterization. Hitachi SEM (Scanning Electron
Microscopy) S-4300 was used to study the morphology of
poly(MMA-co-DVB) particles. The average diameters of
the particles were obtained using Scion Image® Analyzer
software by counting individual 100 particles from SEM
microphotographs using the following equations.
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where, D, is the number-average diameter, D, is the
weight-average diameter, N is the total number counted, d; is
the diameter of particle i, and the uniformity is the ratio of
the D, to the D,.

The circularity of the microspheres was measured by
Flow Particle Image Analyzer, FPIA-2100® (Sysmex Co.,
Japan), by flowing approximately 5 mL of particle-sus-
pended sheath reagent through flat sheath flow cell. The
molecular weight and the polydispersity index (PDI) of the
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sol separated after polymerization were measured by Waters
GPC (Gel Permeation Chromatography) equipped with 510
differential refractometer and Viscotek TS50 differential vis-
cometer at a flow rate of 1.0 mL/min using THF as the eluent.
10°, 10°, and 10° Api-styragel packed high-resolution columns
were employed. Universal calibration curve was obtained
using ten PS standard samples (Polymer Laboratories, UK)
with molecular weight ranging 580-7,500,000 g/mole. Once
the sol part was collected by precipitating the dissolved
polymer, it was dissolved in THF for GPC measurement.
The yield of the polymerization was determined gravimetri-
cally.

Results and Discussion

The Influence of Agitation on Particle Formation. Fig-
ure 1 shows the agitation effect on the formation of PMMA
particles obtained by the precipitation polymerization in
acetonitrile. Without agitation, the spherical particles are
developed, however, partial coaguiation and protrusion on
the particle surface are frequently observed. The most stable
and spherical particles are obtained at 20 rpm. As the agita-
tion speed increases up to 100 rpm, severe coagulation of the
particles is observed. This result implies that the formation
of stable particles is quite sensitively affected by the agitation.
A gentle agitation is required to achieve individually grown
smooth spherical particles due to the absence of a stabilizing
agent in this system. It is noted that the final conversion is

not influenced by the agitation speed.

The Effect of the Concentration of Polymerization
Ingredients. A drawback of precipitation polymerization
lies in the fact that the solid content is substantially low
compared to other heterogeneous polymerizations. Precipita-
tion polymerization resembles dispersion polymerization in
many aspects except the mechanism of the particle formation.
In dispersion polymerization, a monomer concentration up
to 40 vol% relative to the polymerization medium is used
without resuliing a coagulation.™* However, a moderate
monomer concentration results in the fused particles arisen
from the collision of the particles since no stabilizing agent
is employed in the precipitation polymerization. For exam-
ple, Stover’s group, where the precipitation polymerization
of crosslinkable monomer was explored, used a monomer
concentration in the range 2- 10 vol%.""* Figure 2 represents
the poly(MMA-co-DVB) microspheres prepared with the
increasing concentration of the mixture of monomer and
comonomer. It is seen that individually stable particles are
generated without coagulation up to 15 vol% of monomer
concentration in acetonitrile medium. However, a significant
coagulation was observed above 20 vol% of monomer. The
effect of the monomer concentration on the size and uniformity
of the microspheres is listed in Table I. The number-average
diameters linearly increase from 3.17 um for 4 vol% of
monomer to 4.55 um for 15 vol%. However, the uniformity
remains intact at nearly 1.04 with the variance in the mono-
mer concentration. The increase in the size of the final
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Figure 1. Effect of agitation speed on the precipitation polymerization of 50/50 mol% MMA and DVB with 2 wt% AIBN in acetonitrile
at 70°C for 24 hrs. (a) 0 rpm, (b) 20 rpm, (¢) 50 rpm, and (d) 100 rpm. Total amount of monomer was 4 vol%.
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Figure 2. Effect of the total concentration of monomer (50/50 MMA/DVB) on the particle morphology with 4 wt% AIBN in acetonitrile
at 70°C for 24 hrs. (a) 4 vol%, (b) 8 vol%, (¢) 12 vol%, and (d) 15 vol%.

microspheres is attributed to the change of the solvency of
the medium. The solubility parameters (&) of acetonitrile,
MMA, and DVB are 12.1, 9.2, and 8.5 (cal/cm®)'?, respecti-
vely.” It is noted that the solubility parameter of DVB was
calculated according to the Hansen group contribution me-
thod." When the solubility parameter of the polymerization
system becomes close to that of monomer, oligomeric species
having a relatively high molecular weight is dissolved in the
medium. Subsequently the number of primary particles
formed by precipitation of the oligomeric species is reduced
and finally the particle size becomes larger. When the
monomer concentration is increased, the solubility parameter
of the reaction system approaches to that of monomer,
which results in the larger particles.

In Figure 3, the change in the circularity of the micro-
spheres with the increasing concentration of monomer is rep-
resented. The circularity of the particles is a useful indicative
of the stability of microspheres and it is defined as the ratio
between the circle circumference of the equivalent area to the
particle and the perimeter of the particle itself as follows:

Circle circumference

Circulairty = - —— — )
Perimeter of projected particle image

The more spherical particle, the closer its circularity to
unity, and the more elongated particle, the lower its circularity
is obtained. The particle number density (N,) as the particle
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Table L. Effects of Monomer Concentration on the Particle
Size and Uniformity

Conccym(;gggrlle(rvo]%) D, (um) D, (um) Uniformity
4 3.17 3.29 1.04
8 3.50 3.65 1.04
12 4.17 4.28 1.03
15 4.55 4.88 1.07

number of unit quantity was calculated as follows™:

My
nrp

N,=6 &)

where, M is the monomer added, Y is the yield of the poly-
merization, r is the number average-radius of the micro-
sphere, and p is the density of the polymer. The density (o) was
taken to be that of amorphous PMMA (i.e. p=1.17 glem®).”’
It is natural that the particle number density correspond-
ingly increases with the concentration of monomer since the
increased particle diameter cannot compensate increased
monomer concentration as seen in Figure 3. The higher particle
number density in the medium leads to the higher possibility
of particle collision. Therefore, the circularity of the micro-
spheres decreases from 0.99 for 4 vol% monomer to 0.96
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Figure 3. Circularity vs. particle number density in polymeriza-
tion medium with the concentration of monomer (50/50 MMA/
DVB) ranging 4 - 15 vol% and with 4 wt% AIBN in acetonitrile
at 70°C for 24 hrs.

for 15 vol%. However, the microspheres obtained at 15 vol%
of monomer concentration still remains individually stable
in Figure 2.

The concentration of initiator also significantly affects the
size of the microspheres as shown in Figure 4. As the AIBN
concentration is increased from 2 to 8 wt%, the final diameter
of the microspheres increases from 2.88 to 3.56 um. The
formation of larger microspheres at a higher initiator con-
centration is also attributed to the reduced number of primary
particles in the early stage of the polymerization. A higher
initiator concentration generates more oligomeric species,
which have a low molecular weight and they prefer to stay
in the medium. Consequently, a smaller amount of the oligo-
mers are precipitated to give the reduced number of primary
particles during the nucleation step.

As observed in Table I and Figure 4, the uniformity of the
microspheres is found to be independent of the variation of
the polymerization ingredients. This reason could be accounted
from the mechanism of the particle formation. In dispersion
polymerization, the increase in monomer and initiator con-
centration with the same concentration of other ingredients
respectively gives larger particles with broadened particle
size distribution.® The constant uniformity in precipitation
polymerization would be due to the different mechanism of
the particle formation. Compared to the dispersion polymeri-
zation in which polymeric stabilizer, initially dissolved in
polymerization medium causes the formation of nuclei,?
the nuclei formation in the precipitation polymerization is
solely attributed to the crosslinked polymer molecules having
the chain length larger than the critical limit which can not
be further soluble in medium. Once the nuclei are formed,
they grow to particles by continuously adsorbing the mono-
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Figure 4. Size and uniformity variation of the microspheres pre-
pared by precipitation polymerization of 50/50 styrene and divi-
nylbenzene with various concentration of AIBN in actonitrile at
70°C for 24 hrs. Total amount of monomer was 4 vol%.

mer or oligomeric species on the particle surface. Since no
giant molecule, such as polymeric stabilizer used in disper-
sion polymerization, exists in the polymerization medium,
the low molecular weight species are readily adsorbed onto
the particle surface, which minimizes the formation of sec-
ondary particles. Thus, the particle size distribution would
not be much influenced by the changes in the concentration
of monomer or initiator.

Figure 7 illustrates the yield of the polymerization with
respect to the concentration of initiator with changing
monomer content in acetonitrile, It is noted that the yield of
the polymerization indicates the amount of monomer con-
verted to microspheres. As seen in Figure 5, the yield of the
polymerization increases with the concentration of initiator
and the amount of monomer in the medium. This may be due
to the fact that the higher initiator and monomer concentrations
would lead to the formation of precipitating large oligo-
meric species. Therefore, the highest yield in polymerization
was obtained at the lowest monomer concentration along
with the highest initiator concentration.

The Effect of DVB Concentration. Table II summarizes
the effect of DVB concentration on the number-average
diameter, uniformity of size and yield of the polymerization.
When DVB is not incorporated in the polymerization recipe,
the yield of the polymerization is zero since the polymerized
resultant is in a sol state, which is completely dissolved in the
medium. At 10 mol% DVB, a porous resin-like coagulum
instead of particles is obtained due to an insufficient stability
caused by the low concentration of DVB, thus the yield of
the polymerization falls zero. Stable microspheres are
obtained from 20 mol% DVB. The increased DVB concen-
tration results in the bigger size of the microspheres having
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Figure 5. Yield of polymerization of 50/50 MMA/DVB with
respect to the concentration of initiator for several monomer con-
centrations in acetonitrile at 70 °C for 24 hrs.

the improved uniformity. In addition, the yield of polymer-
ization increases from 73.4% for 20 mol% of DVB to
98.6% for 75 mol%. In the previous study, the similar trend
was also observed for poly(S-co-DVB) microspheres in the
precipitation polymerization. It has been reported that the
increased DVB concentration accelerates the polymerization
rate (R,), i.e. R, = [DVB].*" however, the difference in the
final conversion is negligibly marginal in dispersion poly-
merization.”® However, the concentration of DVB plays an
important role in determining the final yield in the precipita-
tion polymerization. The relationship between the yield and
DVB concentration could be explained by the difference in
the reactivity ratios of MMA and DVB. It is reported that
the reactivity ratios of r; and r, are 0.43 and 0.62 for m-divi-
nylbenzene and 0.11 and 0.85 for p-divinylbenzene in copo-
lymerization of MMA(1) and DVB(2).”' The DVB used in
this study consists of 55% (meta+ para) isomers and the
remnant is mainly ethylvinylbenzene. It is seen that the m-
DVB has the similar reactivity ratios as MMA, but the p-
DVB has a 7.7 times higher reactivity ratio of r, than ry.

Table II. Effects of DVB Concentration on the Particle For-
mation and Yield of the Polymerization

DVB mol% D, (um) Uniformity Yield (%)
10 - - -
20 0.72 1.35 734
40 1.37 1.13 95.5
50 1.48 1.16 96.7
75 2.15 1.12 98.6
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This indicates that DVB is consumed much faster than
MMA during the copolymerization. When the concentration
of DVB is high, the formation of particles becomes easy
during the entire polymerization period since the precipitating
oligomers with a high molecular weight are continuously
generated by crosslinking.

Figure 6 depicts the molecular weight and polydispersity
of the sol separated after the polymerization. As the DVB
content increases, the molecular weight and polydispersity
index decrease. This phenomenon could be explained by the
poor solvency of acetonitrile for the DVB-rich polymer. The
similar result has been reported for the precipitation copoly-
merization of ethylene glycol dimethacrylate (EGDMA) and
DVB.'® In addition, the increased yield would leads to the
formation of larger microspheres.

The Effect of Various Cosolvents. Various solvents
having the solubility parameter (&) from 8.9 to 14.5 (cal/
cm®)'? were employed as the polymerization medium as
listed in Table III. The amount of the cosolvents was fixed at
25 vol% of total volume of the medium, i.e., acetonitrile +
cosolvents. It is noted that individually stable microspheres
were not synthesized when each cosolvent used as the main
medium. However, the spherical particles without coagula-
tion were obtained for acetonitrile sorely and acetonitrile/2-
methoxyethanol system. In addition, the particle size with
acetonitrile only is smaller than in acetonitrile/2-methoxy-
ethanol system. The reason was sought by comparing the
solubility parameters. The total solubility parameter (6) and
each component (9, §,, and §,) of 2-methoxyethanol are
quite close to those of acetonitrile. Although ethanol and 2-
propanol have similar solubility parameter, they do not
serve as a good medium for particle formation. Thus, the
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Figure 6. The molecular weight and polydispersity index of the
sol with respect to DVB concentration. The polymerization was
conducted for 10 vol% of monomer concentration with 2 wt%
AIBN.
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quite sensitive solvency-dependency is observed in the pre- cosolvents listed in Table III are successfully utilized in dis-
cipitation polymerization, whereas this behavior is not  persion polymerization.”*“** The SEM microphotographs
observed in dispersion polymerization since a variety of in Figure 7 clearly show the effect of the various cosolvents

Table IIL. Solubility Parameters™ of Various Solvents Used and Particle Shape of the Resulting Polymer when Used with Aceto-
nitrile as a Main Medium

(Co) Solvent 8 S g% &* Particle Shape Particle Size (tm)
Acetonitrile 12.1 5.0 54 9.6 spherical 1.48
Methanol 14.5 5.7 6.4 11.7 partial coagulum -
Ethanol 12.8 6.2 S5 9.8 partial coagufum -
2-methoxyethanol 17 6.4 49 8.5 spherical 3.32
2-propanol 11.4 6.8 4.8 7.8 partial coagulum -
Benzene 9.1 7.9 42 2.0 coagulum -
THF 9.1 6.5 54 33 coagulum
Toluene 8.9 8.0 3.9 0.8 coagulum -
Methyl methacrylate 92 6.6 49 42 -

DVB' 8.5 - - - -

*Dimension: (callem*)”. "8 = (82+8,2+8,)". " Solubility parameter of DVB: calculated by Hansen method.

28-Nov-03 5-4300 WD16. omm 15, 0%y 3.0k Toum

5-4300 WD16.0;

SE 20-Nov-03 £-4300 WD15.8mm 15,0kV x3.0k  10um

Figure 7. The effect of cosolvents on the precipitation polymerization of 50/50 MMA/DVB with 2 wt% AIBN for 2 vol% monomer in
acetonitrile at 70°C for 24 hrs with (a) 2-methoxyethanol, (b) 2-propanol, (c) benzene, (d) ethanol, (¢) methanol, (f) THF, and (g) tolu-
ene. The amount of cosolvent was 25 vol% for total medium.
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on the morphology of the final poly(MMA-co-DVB) par-
ticles.

Conclusions

Stable poly(MMA-co-DVB) microspheres were prepared
by the precipitation polymerization under various polymeri-
zation conditions using acetonitrile as the main medium.
The formation of microspheres was investigated in terms of
agitation speed, monomer and initiator concentrations, DVB
content in the monomer mixture, and the use of various co-
solvents. Unlike other heterogeneous polymerizations, the
degree of agitation sensitively affected the morphology of
the resultant particles. A gentle agitation was required in
order to achieve individually grown smooth spherical par-
ticles due to the absence of a stabilizing agent in the poly-
merizing system. The individually stable microspheres were
obtained up to 15 vol% of monomer concentration in aceto-
nitrile medium. However, a significant coagulation was
observed above 20 vol% of monomer. The number-average
diameter linearly increased from 3.17 um for 4 vol% of
monomer to 4.55 um for 15 vol% since the increased mono-
mer amount caused a reduction in the solubility parameter
of the system. Furthermore, the circularity of the micro-
spheres decreased from 0.99 for 4 vol% monomer to 0.96
for 15 vol% since the increased monomer content caused
the greater probability of inter-collision among the particles.
As the AIBN concentration was increased from 2 to 8 wt%,
the final diameter of the microspheres correspondingly
increased from 2.88 to 3.56 um. The formation of larger
microspheres at a higher initiator concentration is attributed
to the reduced number of primary particles in the nucleation
stage. However, the uniformity of the microspheres was
found to be independent of the variation of the polymeriza-
tion ingredients since the nuclei formation was solely attrib-
uted to the crosslinking reaction of monomers. The higher
yield of the polymerization was obtained at a higher con-
centration of monomer or initiator. The concentration of
DVB in the monomer mixture composition was found to
play an important role in determining not only the size of
microspheres but also the yield of the polymerization. In
addition, various co solvents were employed as the polymeri-
zation media, however, the spherical particles without coagu-
lation were only achieved for acetonitrile/2-methoxyethanol
system. This indicates that the precipitation polymerization
is strongly sensitive to the solvency of the medium.
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