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Abstract: We prepared thermally robust fully crosslinked poly(methyl methacrylate-co-divinyl benzene) [poly(MMA-
co-DVB)] microspheres successfully by precipitation polymerization in the absence of a stabilizing agent. The DVB
concentration plays a pivotal role not only in the formation of the individually stable microspheres but also in the
polymerization characteristics, including the particle size, the uniformity of size, the polymerization yield, and the
thermal properties. The number-average diameter of the microspheres increased linearly, from 0.72 to 2.15 um, and
the particle size distribution became narrower, by elevating the uniformity from 1.35 to 1.12, as the DVB concentra-
tion increased from 20 to 75 mol%. In addition, the yield of the polymerization increased, from 73.4 to 98.6%, as the
DVB concentration increased. Since the prepared particles possess fully crosslinked microstructures, no glass transi-
tion temperatures were observed, but all the samples prepared with DVB concentrations ranging from 20 to 75 mol%
possess enhanced thermal properties. Based on the DSC and TGA data, the thermal stability of the microspheres
prepared by the precipitation polymerization is significantly improved as a result of crosslinking with DVB.
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Introduction

Polymer colloids have been extensively used in vast tradi-
tional areas including coatings, adhesives, inks, leather fin-
ishing, and construction and so on.' Nowadays, such
polymer particles have broadened their applications to more
advanced fields such as information technology, electric and
electronic science, and biotechnology including biochemi-
cals and biomedicals.”® In accord with the explosive expan-
sion of their applications, precise control of the properties of
the polymer colloids has become more important. Their
size, uniformity of size, functionality of the base polymer,
morphology of the polymer beads, and the degree of cross-
linking are the main concerns in controlling properties.

Fully crosslinked micron-sized spherical polymer parti-
cles have received much attention since they possess unique
applications due to their superior strength, thermal and solvent
resistance, and anti-slip properties.” Such polymer micro-
spheres are used in high-end products such as packing mate-
rials in column chromatography or spacers in liquid crystal
display. Since the synthesis of such microspheres is not easy,
its production cost is quite high. Therefore, extensive research
on the development of an inexpensive process to prepare fully
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crosslinked polymer microspheres is always in interest.

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. Shirasu porous glass (SPG) mem-
brane emulsification with a subsequent polymerization,
which is a modified suspension polymerization technique,
can also produce crosslinked polymer microspheres in the
range of 1 -60 um in a single step with an additional emulsi-
fication apparatus.'" In addition, dispersion polymerization
method produces stable micron-sized spherical particles
ranging from 1 to 10 ym 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%) in dispersion polymerization introduces a coarse
surface of the final polymer particles or even popcorn-
shaped particles.'>"’

Most recently, the precipitation polymerization of cross-
linkable monomer has been found that fully crosslinked
microspheres can be prepared even without any stabilizers
in the polymerization system.'® Several monomers includ-
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ing methacrylate,'” maleic anhydride,” and chloromethyl
styrene”’ have been copolymerized to form microspheres
with DVB as the crosslinkable monomer using the precipi-
tation polymerization. The precipitation polymerization is
quite similar to dispersion polymerization beside the absence
of steric stabilizer. The formation of individually stable
microsphere is achieved with crosslinkable monomer by high
degree of crosslinking in the precipitation polymerization.

In our previous study, polystyrene microspheres contain-
ing various concentrations of DVB from 5 to 75 mol% were
synthesized by the precipitation polymerization and their
unexpectedly superior thermal properties to those of poly-
styrene prepared by emulsion and suspension polymerization
were found due to fully crosslinked microstructure.” In this
article, poly(MMA-co-DVB) microspheres with various
concentrations of DVB are prepared by the precipitation
polymerization and the characteristics and thermal properties
of the microspheres are investigated.

Experimental

Materials. Methyl methacrylate (MMA; Samchun Chem-
icals, Korea) and divinylbenzene (DVB; 55% mixture of
isomers, Aldrich Chemical Co., 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-azobisisobuty-
ronitrile (AIBN; Junsei Chemicals, Japan) was used without
further purification. Acetonitrile (Junsei, Japan) as the poly-
merization medium was in analytical grade. For a comparison
of the thermal properties of PMMA prepared by the disper-
sion polymerization, poly(N-vinyl pyrrolidone) (PVP;
weight-average molecular weight = 40,000; Aldrich), was
used as a steric stabilizer. In dispersion polymerization, eth-
anol and methanol (Samchun Chemicals) were used as a
reaction medium and for the purification of the resulting
microspheres, respectively.

Polymerization. The polymerization ingredients simply
consist of medium, various compositions of MMA and
DVB comononer mixtures, 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 the monomers was
used. After charging 18 mL of polymerizing mixture in
glass vial, nitrogen was purged for 15 min and then the vial
was sealed. Polymerization was carried out in a shaking
water bath with an agitation speed of 30 rpm at 70 °C for 24
hrs. After completion of the polymerization, the resultant
particles were obtained by centrifugation and washed with
methanol, repeatedly.

Dispersion polymerization was carried out in a 50 mL
capped vial with magnetic stirring under nitrogen atmo-
sphere. 25 g of ethanol was first introduced and 10 wt%
MMA (2.5 g) relative to the medium was charged in the
vial. 12 wt% PVP (0.3 g) relative to MMA was used as a
stabilizer. The amount of AIBN (0.025 g) was fixed at 1
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wt% relative to the monomer and the dispersion polymer-
ization was conducted at 70°C under nitrogen atmosphere
for 24 hrs and the resultant was rinsed off with methanol
repeatedly.

Characterization. Hitachi SEM (Scanning Electron
Microscopy) S-4300 was used to study the morphology of
poly(MMA-co-DVB) particles. Number-average diameter
(D,) and uniformity (D,/D,, where D, denotes weight-aver-
age diameter.) were achieved using Scion Image® Analyzer
software by counting individual 100 particle from SEM
microphotographs. The circularity of the microspheres as a
function of the DVB concentration was measured by Flow
Particle Image Analyzer, FPIA-2100® (Sysmex Co., Japan).
The glass transition temperature of the beads (gel) and sol
was measured using the differential scanning calorimeter
(DSC; Perkin-Elmer DSC-7, USA). The thermal degradaticn
of the crosslinked microspheres was studied using a thermo-
gravimetric analyzer (TGA; Perkin-Elmer TGA-7, USA)
under atmospheric environment. The yield of the polymeri-
zation was determined gravimetrically.

Results and Discussion

Synthesis of Fully Crosslinked Poly(MMA-co-DVB).
Figure 1(a)-(e) show the SEM microphotographs of poly
(MMA-co-DVB) particles prepared by the precipitation
polymerization in neat acetonitrile with 2 wt% AIBN at
70°C for 24 hrs, where a monomer composition consists of
increasing amount of DVB from 10 to 75 mol% relative to
MMA. It is noted that the formation of the particles is not
obtained in the absence of DVB in the precipitation poly-
merization of MMA. After the 24 hrs of the polymerization
period, the final resultant remains in transparent solution
since no particles are generated. At 10 mol% of DVB as
seen in Figure 1(a), only coagulum is achieved due to the
lack of DVB. The final resultant is jelly-like cream instead
of particle-suspended solution. However, the coagulum was
not soluble in THF for a molecular weight analysis. Above
20 mol% of DVB relative to MMA, individually stable
spherical microspheres are obtained without discernable
coagulation. In our previous study of precipitation copoly-
merization of styrene and DVB, the microspheres were
achieved from 5 mol% of DVB relative to styrene.”> This
would be related to the difference in chemical affinity of
DVB with styrene and MMA since DVB has a quite similar
structure to that of styrene.

Table I represents the circularity of the microspheres as a
function of the DVB concentration measured by FPIA-
2100°. The circularity of the particles? is defined as the ratio
between the circumference of circle of the equivalent area to
the particle and the perimeter of the particle itself as follows:

Circulairty = Circle circumference (1)
Y= Perimeter of projected particle image
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Figure 1. SEM micrographs of poly(MMA-co-DVB) particles prepared with varying concentrations of DVB in acetonitrile at 70°C. (a)

10 mol%, (b) 20 mol%, (c) 40 mol%, (d) 50 mol%, and (e) 75 mol%.

Table L. Circularity of the Poly(MMA-co-DVB) Microspheres
Prepared by Precipitation Polymerization with Varying Con-
centration of DVB in Neat Acetonitrile at 70°C

DVB mol% Circularity Particle Shape
10 N/A Coagulum
20 0.993 Spherical
40 0.991 Spherical
50 0.993 Spherical
75 0.995 Spherical

The circularity is a measure to specity the shape of particles:
the more spherical particle, the closer its circularity to unity,
and the more elongated particle, the lower its circularity is
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observed. As seen in Table I, the circularity values in the
range of DVB concentration of 20-75 mol% are close to
unity. This means that the poly(MMA-co-DVB) micro-
spheres in this range of DVB concentration are individually
stable as a spherical shape without a formation of doublets
or multiplets. This observation confirms the SEM micro-
graphs as seen in Figure 1.

The particle size and its uniformity of the microspheres
are depicted in Figure 2. At 20 mol% of DVB, the poly
(MMA-co-DVB) microspheres have the number-average
diameter of 0.72 yum and the uniformity of 1.35. As the
DVB concentration increases up to 75 mol%, the particle
size linearly increases to 2.15 um, whereas the particle size
distribution becomes narrower by decreasing the uniformity
of 1.12. Although the dispersion polymerization is quite
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similar to the precipitation polymerization except the exist-
ence of stabilizer in the polymerization system, the effect of
a crosslinking agent on the particle size and uniformity can
not be studied since the concentration of a crosslinking
agent above 5 mol% relative to a main monomer causes a
significant coagulation or deterioration of the final particle
shape."”"’

Figure 3 represents the effect of DVB on the yield of the
polymerization. The use of “yield” term is more reasonable
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Figure 2. Number-average particle diameter and its uniformity
of the poly(MMA-co-DVB) microspheres prepared with varying
concentrations of DVB in acetonitrile at 70°C.
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Figure 3. Yield of the precipitation copolymerization of MMA
and DVB upon varying concentrations of DVB in acetonitrile at
70°C. Yield indicates the percent of the resultant obtained as
microspheres.
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than “conversion” because the monomer is converted to
polymer during the precipitation polymerization and the
polymerized substances are classified into two different spe-
cies; gel and sol. Although polymeric molecules are formad
in the precipitation polymerization, significant portion of
the polymer having a low degree of crosslinking is dis-
solved in the medium as sol. Only insoluble portion of the
polymer due to high degree of crosslinking is precipitated
into the spherical particles to be obtained as gel form.
Therefore, the term of “yield” means the portion of the
monomer converted to spherical particles.

Interestingly, neither coagulated resultants nor micro-
spheres are obtained in the absence of DVB. Therefore, the
polymerization system remains transparent after completion
of the polymerization for 24 hrs. The presence of crosslink-
able monomer such as DVB is an essential feature in the
precipitation polymerization. The formation of stable spher-
ical particles by precipitation polymerization is strongly
dependent on the degree of crosslinking of the particles.

As shown in Figure 1(a), a porous resin-like coagulum
instead of particles is achieved due to insufficient stability
arisen from the low concentration of DVB at 10 mol%, thus
the yield of the polymerization falls zero. The yield of the
polymerization is therefore meaningful above 20 mol% of
DVB: it increases from 73.4% for 20 mol% DVB to 98.6%
for 75 mol% DVB. For the system with 20 mol% DVB, the
rest of 26.6% is still dissolved in acetonitrile in a sol portion.
The dependence of the yield on the DVB concentration may
be explained in terms of the reactivity ratios®® of MMA and
DVB as listed in Table II. The DVB used in this study con-
sists 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 r,. This indicates that
DVB is depleted much faster than MMA during the copoly-
merization. When the concentration of DVB is low, the for-
mation of particles is suppressed since small amount of
DVB is much quickly consumed than MMA. Therefore, the
polymerized resultant exists completely in sol in the case of
0 mol% of DVB and only 73.4% of yield is achieved with
20 mol% DVB.

Thermal Properties of Poly(MMA-co-DVB) Micro-
spheres. Figure 4 shows the DSC thermograms of pcly
(MMA-co-DVB) prepared by the precipitation polymeriza-
tion with varying concentration of DVB. The thermogram
for the PMMA with 10 mol% DVB represents the coagulum.
It was initially expected that the glass transition temperature

Table II. Reactivity Ratios in Copolymerization of MMA (1)
and DVB (2)®

Monomer (2) " r
m-divinylbenzene 0.43 0.62
p-divinylbenzene 0.11 0.85

Macromol. Res., Vol. 12, No. 2, 2004



Thermally Robust Highly Crosslinked Poly(MMA-co-DVB) Microspheres by Precipitation Polymerization

DVB mol.%

e

Heat Flow (mW)
K
o

b e e e e —e

H ! 1 1 !

80 100 120 140 160 180

Temperature (°C)

Figure 4. DSC thermograms of the poly(MMA-co-DVB) pre-
pared with varying concentrations of DVB in acetonitrile at 70°C.
Dashed line denotes the thermogram of neat PMMA prepared by
dispersion polymerization in the absence of crosslinking agent.

would be observed at low concentration of DVB. Contrary
to our expectation, the glass transition region was not
observed for the all samples involved with DVB from 10 to
75 mol%. Disappearance of the glass transition temperature
was reported to observe above 40 mol% of DVB with sty-
rene in emulsion polymerization.” In Figure 4, the glass
transition temperature of PMMA prepared by the dispersion
polymerization in the absence of DVB is drawn in dashed
line; the glass transition temperature is clearly observed at
105.7°C. No observation of the glass transition temperature
would be sought from the different mechanism between the
precipitation and dispersion polymerization. In the precipi-
tation polymerization, only crosslinked intermediate species
having higher molecular weight than the critical limit, i.e.
insoluble in medium, precipitate into primary particles.
Therefore, the formed particles possess a fully crosslinked
microstructure which causes no glass transition temperature.
In addition, it is noted that disappearance of the glass transi-
tion temperature was not caused by the low conversion of
monomer since the higher yield above 70% was generally
achieved as shown in Figure 3.

In Figure 5, the TGA thermograms of the poly(MMA-co-
DVB) microspheres prepared with DVB concentrations are
portrayed. As a reference, the TGA trace of the PMMA par-
ticles prepared in the absence of DVB by the dispersion
polymerization shows higher weight loss, implying that the
thermal degradation starts much earlier and that no residual
char is formed due to the absence of crosslinks. In the TGA
thermograms, three distinct degradation regions are observed
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Figure 5. TGA thermograms of the poly(MMA-co-DVB) pre-
pared with varying concentrations of DVB in acetonitrile at 70°C.
*Dashed line denotes the thermogram of neat PMMA prepared
by dispersion polymerization in the absence of DVB.

for the crosslinked microspheres. In the range of 100~300
°C, 5~10% of weight loss was first observed. This is due to
the degradation of relatively small molecular weight spe-
cies. In the precipitation polymerization, it has been known
that the spherical particle achieved at the end of the poly-
merization contains approximately 5~10% of sol.*' Thus the
sol portion causes the initial thermal degradation at this tem-
perature range. Next, the ordinary weight loss in the range
of 300~450°C occurs due to a random chain scission as the
second degradation, resulting the thermal properties of the
poly(MMA-co-DVB) with DVB concentration is enhanced.
Above 450°C, the similar trend was observed representing
the less weight loss and increased amount of the residual
char with DVB content.

Figure 6 depicts the degradation onset temperature and
the amount of char at 500°C from the TGA thermogram
curves in Figure 5. For the case of uncrosslinked PMMA
microspheres prepared by the dispersion polymerization
(open symbols in Figure 6), the thermal degradation onset
temperature is 300.6°C and the amount of residual char at
500°C is only 0.22%. It is seen that both the thermal degra-
dation temperature and residual char increase with DVB
concentration. Up to date, a clear relationship between the
thermal stability and the degree of crosslinking is not yet
established. For example, the thermal stability was not
increased for PMMA or PS (polystyrene) crosslinked with
up to 40 mol% diacrylate relative to MMA or styrene.” The
enhanced thermal stability of PMMA or PS was achieved
using DVB as a crosslinker;”® the aromatic character of
DVB was rationalized to be responsible for the improved
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Figure 6. Thermal degradation onset temperature of the poly
(MMA-co-DVB) prepared with varying concentrations of DVB
in acetonitrile at 70°C. Open symbols denote the data for the
neat PMMA prepared by dispersion polymerization in the
absence of crosslinking agent.

thermal stability.

In Figure 7, the mechanism?* explaining the improvement
of the thermal stability due to DVB is illustrated. The ther-
mal degradation of PMMA is known to take place by an
unzipping radical chain reaction without chain transfer to
give monomer.”*?’ The onset of the degradation for cross-
linked poly(MMA-co-DVB) microspheres begins at the sol
part consisting of neat PMMA or at a gel part having a low
degree of crosslinking, producing a tertiary radical which is
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capable of depropagation to form monomer. This step occurs
in the relatively low temperature range of 100~300 °C. Once
the crosslinked points are reached, the degradation is stopped
since the benzene ring deactivates radical (IT) and further
stabilization is achieved by hydrogen abstraction from
methylene groups. This step takes place in the temperature
range of 300~450°C. The new double bond (II) could par-
ticipate in new crosslinking reactions at higher temperatures,
increasing the fraction of non-volatile residue. This step
occurs at the temperature above 450°C. The formation of
the char residue correspondingly increases with the DVB
concentration as shown in Figure 6. Apparently, the residual
char for the uncrosslinked PMMA microspheres prepared
by the dispersion polymerization in the absence of DVB
exists no longer, which supports the mechanism of the ther-
mal degradation of the PMMA crosslinked with DVB.
Therefore, the enhancement of the thermal stability is attrib-
uted by crosslinking of DVB.

Based on the DSC and TGA data, it is obviously seen that
the thermal stability of the microspheres prepared by the
precipitation polymerization is significantly improved.

Conclusions

The thermally robust crosslinked poly(MMA-co-DVB)
microspheres, which are difficult to synthesize by other meth-
ods, are prepared by the precipitation polymerization in the
absence of a stabilizing agent. It is found that the DVB con-
centration plays a pivotal role in the not only formation of
individually stable microspheres but also polymerization
characteristics including the final size, uniformity of the size,
yield of the polymerization, and the thermal properties. The
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Figure 7. Thermal degradation mechanism for poly(MMA-co-DVB) copolymer.?*
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stable microspheres without discernable coagulation are
achieved above 20 mol% of DVB relative to MMA. In the
absence of DVB, neither coagulum nor particle is obtained
and the resultant remains a transparent solution. At
10 mol% of DVB, only jelly-like coagulum is achieved due
to the lack of DVB. The circularity values in the DVB con-
centration ranging 20 to 75 mol% are close to unity, indicat-
ing the poly(MMA-co-DVB) microspheres are individually
stable without coagulated doublets or multiplets. The num-
ber-average diameter of the microspheres linearly increases
from 0.72 to 2.15 yum and the particle size distribution
becomes narrower by decreasing the uniformity from 1.35
to 1.12 with the DVB concentration from 20 to 75 mol%. In
addition, the yield of the polymerization increased from
73.4 to 98.6% with the DVB concentration as well. The
dependence of the yield is ascribed to the much faster reac-
tivity ratio of DVB than that of MMA. No glass transition
temperatures and the enhancement of the thermal properties
for the all poly(MMA-co-DVB) particles are observed and
attributed by crosslinking of DVB. Based on the DSC and
TGA data, it is obviously seen that the thermal stability of
the microspheres prepared by the precipitation polymerization
is significantly improved.
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