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ABSTRACT: A series of random copolymers, poly(perfluorooctylethylene methacrylate)-poly(propylene
glycol) methacrylate, were synthesized as dispersants for dispersion polymerizations of methyl meth-
acrylate in CO2. The results show that the composition of copolymeric dispersants has a dramatic effect
on the polymerization yield and on the morphology of the resulting poly(methyl methacrylate) particles.
The effect of varying the dispersant concentration, monomer concentration, and the initial medium
pressure on the resultant polymerization was also investigated.

Introduction
Increasingly, CO2 is recognized as an attractive re-

placement for aqueous and organic solvents that are
traditionally used in separations,1 extractions,2 and
polymerizations.3-10 This can be attributed to the fact
that CO2 is nontoxic, nonflammable, inexpensive, and
readily available. In addition, CO2 can be easily sepa-
rated from other components. CO2 is often used as a
supercritical fluid due to its readily accessible critical
point (Tc ) 31.8 °C; Pc ) 75.8 bar). For both supercritical
and liquid CO2 the dielectric constant varies from 1.2
to 1.5, and its viscosity is also low under both super-
critical and liquid conditions.11 Accordingly, liquid and
supercritical CO2 are good solvents for nonionic com-
pounds with low to moderate molecular weight but are
poor solvents for most macromolecules except for some
fluoropolymers,12 poly(siloxanes),13 and poly(ether-car-
bonate) copolymers.14 Poly(methyl methacrylate) (PMMA)
is insoluble in both liquid and supercritical CO2. How-
ever, CO2 can act as a plasticizing agent for PMMA16

and thus is capable of facilitating the diffusion of mon-
omer inside the swollen polymer phase during a het-
erogeneous polymerization, such as dispersion polymer-
ization. Consequently, high polymerization conversion
can be easily obtained in dispersion polymerizations of
MMA using CO2 as the medium.

Dispersion polymerization involves having the mono-
mer and initiator soluble in the reaction medium, while
the polymer formed is insoluble and thus dispersed in
the medium through polymeric dispersant which is
dissolved in the medium prior to the polymerization.
Monodisperse or nearly monodisperse latex particles
that are sterically stabilized by the polymeric dispersant
can be produced with diameters ranging from submi-
crons to tens of microns. Since CO2 is a good solvent for
most liquid vinyl monomers and a poor solvent for most
polymers, recent studies have shown that CO2 can be
used as a successful medium for dispersion polymeri-
zation of various monomers including styrene,17 methyl
methacrylate,3-5 vinyl acetate,18 vinylpyrrolidone,19

acrylonitrile,20 and glycidyl methacrylate,21 and free-

flowing powders of polymers can be produced directly
by simply venting the reactor.

The primary challenge for dispersion polymerization
in CO2 is the choice of the dispersants that can sterically
stabilize the polymer particles as they form. Those
dispersants should contain both “CO2-philic” segment
(s) that are highly soluble in CO2 and “hydrocarbon
polymer anchor” segment(s) that are absorbed on the
surface of the polymer particles. The “CO2-philic” group
extends out from the surface of the polymer particles
into the CO2 phase, acting as steric barriers to prevent
flocculation. The successful dispersants for dispersion
polymerizations in CO2 have been block copolymers that
incorporated either a siloxane4 (e.g., poly(dimethylsi-
loxane)) or a fluorinated polymer3,21 [e.g., poly(fluorooc-
tyl acrylate)] as the CO2-soluble segment. DeSimones
et al. also showed that the homopolymer of fluorooctyl
acrylate (PFOA) can be an effective polymeric dispers-
ant for dispersion polymerization of styrene22 and
MMA.3 However, synthesis of block copolymers can be
complex and may not be economically viable. Homopoly-
meric dispersants, i.e., poly(1,1-dihydrofluorooctyl acryl-
ate), are expensive perfluoro polymers and cannot be
characterized in usual solvents due to their poor solubil-
ity. DeSimone et al.23 employed copolymers of fluoro-
acrylate and styrene as dispersion agents for dispersion
polymerizations of styrene in CO2, in which the amount
of styrene incorporated in copolymers, however, is very
limited (below 16%), and no evident improvement is
observed. Beckman et al.5 synthesized a series of graft
copolymers, poly(methyl methacrylate-co-hydroxyethyl
methacrylate)-g-poly(perfluoropropyl oxide), which are
proven to be effective stabilizers for the dispersion
polymerization of MMA in CO2.

In this study, an alternative approach for dispersion
polymerization of MMA in CO2 is demonstrated that
involves using random copolymers of two commercially
available monomers as the dispersants: a monomer
with a large CO2-philic group, i.e., perfluorooctylethyl-
ene methacrylate, and another monomer with a large
“hydrocarbon polymer anchor” group, i.e., poly(propyl-
ene glycol) methacrylate. The impacts of different
comonomer ratios, dispersant concentrations, MMA* Corresponding author.
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concentrations, and pressure variation of CO2 on MMA
polymerization were also investigated.

Experimental Section
Materials. Methyl methacrylate (MMA) was distilled under

reduced pressure to remove the inhibiltors. Poly(propylene
glycol) methacrylate with molecular weight 395 g/mol and
Zonyl TM fluoromonomer (2-(perfluorooctyl)ethyl methacryl-
ate) with molecular weight 534 g/mol were purified by passing
through an basic alumina column. 2,2′-Azobis(isobutyronitrile)
(AIBN) was recrystallized from methanol. All the chemicals
above were purchased from Aldrich. Carbon dioxide (Chro-
matographic grade, 99.995 %) was obtained from Praxair and
was used as received.

Preparation of Copolymeric Dispersants. Random co-
polymers of FOEMA and PPGMA (poly(FOEMA-co-PPGMA)
with various monomer ratios were prepared using radical
polymerization. With 0.05 g of AIBN as the initiator, 2.5 g of
FOEMA and 2.5 g of PPGMA were dissolved in 2.5 mL of
toluene. The solution was heated to 65 °C, and the polymer-
ization was found to be complete after 24 h. The product was
dissolved in 5 mL of acetone and precipitated in 200 mL of
pentane, followed by rinsing with pentane three times and
drying in a vacuum.

Dispersion Polymerizations of MMA in CO2. The po-
lymerization reactions were conducted in CO2 in a 10 mL, high-
pressure stirred reaction vessel. The reactor was charged with
the desired amount of dispersant, MMA and AIBN. Next it
was connected to an ISCO model 260D syringe pump that
allowed adding CO2 to the reactor at a pressure of ap-
proximately 70 bar. The reaction vessel was then heated to
65 °C. As the reaction vessel was heated, the remaining CO2

was added into the reaction mixture until the desired pressure
was reached. Then the reactor was sealed and allowed to
continue the polymerization with stirring for 12 h. At the end
of the reactions, the reactor was cooled in cold water, and the
CO2 was slowly vented. The polymer product was collected.
To quantify the reaction yield, the reaction vessel was rinsed
with acetone to collect any residual PMMA. The polymeriza-
tion yield was determined gravimetrically.

Polymer Characterization. Comonomer ratios incorpo-
rated in the copolymeric dispersant were determined by 1H
NMR spectra using a Bruker DPX-250 MHz NMR spectrom-
eter with CDCl3 as the solvent. Microscopic images of PMMA
particles were obtained from a JEOL JSM-800 scanning
electron microscope. The molecular weights of the copolymeric
dispersants and PMMA were determined using a multiangle
light scattering equipment combined with miniDAWN light
scattering detector from Wyatt Technology Corp. and Shi-
madzu high-performance liquid chromatography with THF as
the solvent at 40 °C using two Polymer Laboratories PLGel
Mixed-D columns in series (300 × 7.5 mm with 5 µm particles)
and a refractive index detector.

Results and Discussion
Copolymeric Dispersants. The copolymeric dis-

persants were synthesized by radical polymerization of
FOEMA and PPGMA in toluene at 65 °C. Because of
the presence of PPGMA units, the resultant copolymers
are unlike poly(FOEMA) in that they dissolved in
chloroform and other organic solvents. Accordingly, 1H
NMR spectra of the copolymers were recorded using an
NMR spectrometer, and the proportion of FOEMA in
the copolymers was thus calculated from 1H NMR
spectra of the copolymers. Table 1 shows the results of
1H NMR measurements. As expected, the proportion of
FOEMA incorporated in the copolymers is similar to the
feed ratios of the comonomers.

The solubility of the copolymers in the mixtures of
CO2 and MMA at 65 °C and 330 bar was determined
and is shown in Figure 1. The solubility of the copoly-
mers in the mixture of CO2 and MMA decreased
gradually as the amount of CO2-philic monomer (FOE-
MA) decreased in the copolymers. The copolymer con-
taining 52% poly(propylene glycol) methacrylate still
remained soluble in CO2 at 65 °C and 330 bar. This may
be due to the fact that the poly(propylene glycol) ester
itself is quite miscible with CO2.15 Figure 1 also shows
that the solubility of copolymers in pure CO2 is very
limited. The solubility of the copolymers increases
dramatically when a small amount of MMA is mixed
with CO2. Consequently, polymerization mixtures al-
ways started with a homogeneous phase even when a
large amount of copolymeric dispersants was used. CO2-
philic groups on the copolymers are perfluorooctyl
groups (-(CF2)8-F), and “hydrocarbon polymer anchor”
groups are poly(propylene glycol) containing more than
five of the propylene glycol units. During the dispersion
polymerization, the copolymer dispersant may gradually

Table 1. Properties of Copolymeric Dispersants Based on
FOEMA and PPGMA

FOEMA %
(wt) feed

FOEMA %
(wt) measd

solubility (g/mL) in CO2
at 330 bar and 65 °C Mn, PDIa

30 31 insoluble 87 000, 4.78
50 52 0.0016 74 000, 3.33
67 67 0.0030 92 000, 3.52
75 75 0.0040

100 100 0.0060
a PDI ) polydispersity index of the molecular weight distribu-

tion (Mw/Mn). As polymer with 75% FOEMA and PFOEMA cannot
dissolve in THF, Mn and PDI for those two polymers were not
obtained.

Figure 1. Solubility of copolymers in the mixture of CO2 and
MMA at 65 °C and 330 bar: (0) 52% FOEMA; (O) 67%
FOEMA; (4) 75% FOEMA; (2) 100% FOEMA.
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be absorbed on PMMA particles with its poly(propylene
glycol) anchors and prevent particle aggregation with
its perfluorooctyl groups that stretch out in CO2 as
MMA is consumed in the polymerization.

Effect of Different Copolymeric Dispersants. The
data for dispersion polymerizations of MMA in CO2
using different copolymeric dispersants are summarized
in Table 2. Figure 2 shows representative electron
micrographs. For the purpose of comparison, five dis-
persant copolymers with differing proportions of FOE-
MA to PPGMA (31%, 52%, 67%, 75%, and 100% FOE-
MA) were studied. Three concentration levels (2%, 5%,
and 10%) of these dispersants were employed in the
polymerization of MMA.

The polymerizations using the copolymer with 31%
FOEMA or less as the dispersant were not successful.
At all the three dispersant concentrations, the poly-
merization reaction started out homogeneously and then
formed a colloidal dispersion of PMMA that flocculated
later during the polymerization. The polymerizations
gave high conversions of PMMA, but the polydispersiv-
ity of molecular weight was high. Because of the large
proportion of PPGMA structural units in the copolymer
chains, this copolymeric dispersant is quite miscible
with MMA and even with PMMA, which makes it an
unacceptable dispersant in the later portion of the
polymerization reaction. Therefore, the SEM images
(Figure 2a) of these particles showed significant ag-
gregation.

The dispersion polymerizations carried out in the
presence of the copolymer with 52% FOEMA started out
slightly translucent and formed stable colloidal disper-
sion of PMMA at all three concentrations for the course
of polymerization reaction. High conversions with low
polydispersivity of molecular weight were observed
under these conditions. The mechanism for particle
formation in the polymerizations may involve nucleation
by aggregation of oligomeric radicals with the copoly-
meric dispersant and nuclei growth as monomers con-
tinuously diffuse into nuclei and are polymerized while
new oligomeric radicals are absorbed onto the par-
ticles.24 The polymerization reactions were completed
in 12 h and gave free-flowing polymer powders upon
venting the CO2.

The polymerization reactions using the copolymers
with 67% and 75% FOEMA as the dispersants were able
to produce spherical PMMA particles at similar high
conversions. However, the particle size increased com-

pared to the use of 52% FOEMA. These copolymers
contain higher amounts of FOEMA structural units and
thus are more soluble in CO2. During the polymeriza-
tions, the copolymers may be either absorbed onto
polymer particles or dissolved in the reaction medium.
The competition between absorption and dissolution
caused the dispersants to be less efficient, and polymer
particles formed were larger in size.

PFOEMA (100% FOEMA) without “hydrocarbon poly-
mer anchor” groups seemed to be too soluble in the
mixture of CO2 and MMA and thus was not a good
dispersant for the polymerization of MMA. The reac-
tions at all three concentrations produced aggregated
polymers with poor conversions. Molecular weights of
PMMA in this case were low and the polydispersity of
molecular weight was high compared with those of the
products using other copolymeric dispersants.

Therefore, the copolymeric dispersant with 52% FOE-
MA seemed optimal. The use of the dispersants with
67% and 75% FOEMA also can produce high yields of
polymer beads with nearly monodispersity in size. Since
almost half of the nonfluoro monomer was incorporated
in the copolymer, the 52% dispersant should be inex-
pensive compared with PFOA that structurally is very
similar to PFOEMA and has been successfully used as
the dispersant for the polymerizations of styrene22 and
MMA in CO2.3

Effect of Copolymeric Dispersant Concentra-
tions. Dispersion polymerizations of MMA using vari-
ous amounts of the copolymeric dispersant that con-
tained 52% FOEMA were conducted in CO2 at 65 °C
and a pressure of 330 bar (Table 3). When 1% of the
copolymeric dispersant was used, precipitation was
observed after 6 h, and thus the yield of the polymeri-

Table 2. Characterization of PMMA Particles Prepared at
30% MMA/CO2 (w/v), 1% AIBN/MMA (w/w), and 65 °C with

the Initial Pressure of 330 bar

no.

position
in

Figures

copolymeric
dispersant

(% of MMA (wt/wt))
yield
(%)

Dn
(µm) Mn, PDI

1 31% FOEMA at 2% 78 217 000, 2.25
2 52% FOEMA at 2% 92 3.30 311 000, 1.80
3 67% FOEMA at 2% 90 3.50 117 000, 1.90
4 75% FOEMA at 2% 92 5.31 296 000, 1.76
5 100% FOEMA at 2% 42 84 000, 2.64
6 Figure 2a 31% FOEMA at 5% 86 213 000, 2.17
7 Figure 2b 52% FOEMA at 5% 91 2.68 243 000, 1.58
8 Figure 2c 67% FOEMA at 5% 93 3.10 208 000, 1.96
9 Figure 2d 75% FOEMA at 5% 91 3.67 283 000, 1.56

10 Figure 2e 100% FOEMA at 5% 48 78 000, 2.45
11 31% FOEMA at 10% 87 210 000, 2.15
12 52% FOEMA at 10% 93 2.77 260 000, 1.50
13 67% FOEMA at 10% 93 3.44 234 000, 1.66
14 75% FOEMA at 10% 92 3.71 240 000, 1.64
15 100% FOEMA at 10% 51 154 000, 2.52

Figure 2. Scanning electron micrographs of PMMA particles
prepared with various copolymeric dispersants at the concen-
tration of 5%: (a) 31% FOEMA; (b) 52% FOEMA; (c) 67%
FOEMA; (d) 75% FOEMA; (e) PFOEMA. Reaction conditions:
3.0 g of MMA, 0.03 g of AIBN, 65 °C, 330 bar, 12 h.
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zation was low. For the higher copolymeric dispersant
concentrations (2-16.7%), the polymerization reaction
always gave the products as freely flowing powders with
over 90% yields, and the particles did not agglomerate
as shown in Figure 3. The particle sizes were affected
by the amount of the copolymeric dispersant used in the
polymerization reaction. Typically, an increase in the
dispersant concentration produces smaller particles.21

Figure 3 and Table 3 illustrate that particle sizes
generally changed from 3.30 to 2.46 µm as the dispers-
ant concentration was varied from 2% to 16.7%. How-
ever, this regulation was not followed as can be seen
by comparing parts c and d of Figure 3. This phenom-
enon may indicate that the particles size control is not
strong for the 5-10% copolymeric dispersant level.
Similar results were observed by others4 in the disper-
sion polymerization of MMA with CO2 as the reaction
medium.

A high yield of polymer was obtained when the
polymerization produces spherical particles with nearly
homogeneous size distribution (Figure 2b-d; Figure
3b-e). Additionally, under the same conditions, the
molecular weight of the product was higher and molec-
ular weight distribution was narrower, whereas a poor
conversion corresponded to a nondescript morphology,
as can be seen in the polymerizations using PFOEMA
and the copolymer with 31% FOEMA as the dispersants
(Table 2 and Figure 2a,e and Figure 3a). This phenom-
enon suggests that successful stabilization of the nuclei
is crucial for the polymerization to reach high yields.
Because the monomers are miscible with both its
polymers and CO2, the polymerization system should
contain two phases, i.e., PMMA particle phase swollen
with MMA and CO2 and CO2/MMA continuous phase.
The polymerization takes place in both the continuous
phase and particle phase.23 In most cases the latter is
more important because the gel effect in polymer
particles can substantially increase the rate and yield
of polymerization. The extent to which each of these
reaction pathways occurs depends on the partitioning
of the monomer, initiator, and free radicals between the
two phases.24 The initiator (AIBN) is more soluble in
the PMMA particle phase. As particles are formed, a
larger portion of AIBN may transfer into the PMMA
particle phase. If the polymer particles in the initial
stage of polymerization cannot be stabilized well, they
may aggregate together and form large chunks of
polymers, and thus AIBN in the PMMA particle phase
may be buried deeply and not be able to act as the
initiator efficiently because monomers need to penetrate
inside the polymers to reach the new formed radicals
in the polymer phase. Additionally, oligomeric radicals
that are formed from AIBN remaining in the CO2/MMA
continuous phase may be adsorbed on the surface of
polymer chunks and soon covered or terminated by
other oligomeric radicals due to small surface areas of

polymer chunks. In contrast, if polymer particles in the
initial stage are stabilized perfectly by the dispersant,
particle sizes can be very smallsin the submicron range.
In this case, the monomers in the CO2/MMA phase may
be able to continuously diffuse inside polymer particles
that are in the micron range and further be polymerized
by reactions with the radicals in the particles until all
the monomers in the CO2 continuous phase are con-
sumed. Because the polymerization system contains a
large number of polymer particles with large surface
areas, newly formed oligomeric radicals in the reaction
medium may also easily be absorbed on polymer par-
ticles and further react with monomers. Therefore, the
polymerization reactions always gave high yields of
polymers.

Effect of Monomer Concentrations. The disper-
sion polymerizations were carried out at five different
concentrations of MMA, and the results are summarized
in Figure 4 and Table 4. The copolymer with 52%
FOEMA structural units was used as the dispersant in
all the cases, and its concentration was maintained at
2% (w/w) relative to MMA for all the polymerizations.
In the first reaction (Figure 4a) with 10% (w/v) of MMA,
only irregular PMMA particles were obtained perhaps
because the concentration of the dispersant was low in
the reaction medium (0.2% w/v). PMMA particles with
diameters in the micron range with nearly homogeneous
size distribution were produced using 20%, 30%, and
40% (w/v) of MMA concentrations. As a variety of
factors, such as the monomer/CO2 ratio, stirring rate,
concentration, of dispersant can affect particle size, it
is reasonable that the sizes of PMMA particles in above

Table 3. Characterization of PMMA Particles Prepared at
Different Concentrations of the Copolymeric Dispersant
(52% FOEMA), 30% MMA/CO2 (w/v), 1% AIBN/MMA (w/w),

and 65 °C with the Initial Pressure of 330 bar

position in
Figures

concn of the dispersant
(52% FOEMA)

(wt/wt % to MMA)
yield
(%)

Dn
(µm) Mn, PDI

Figure 3a 1 74 124 000, 2.37
Figure 3b 2 92 3.30 311 000, 1.80
Figure 3c 5 91 2.68 243 000, 1.58
Figure 3d 10 93 2.77 260 000, 1.50
Figure 3e 16.7 92 2.46 293 000, 1.76

Figure 3. Scanning electron micrographs of PMMA particles
prepared with various concentrations (w/w % to MMA) of the
copolymeric dispersant (52% FOEMA): (a) 1%; (b) 2%; (c) 5%;
(d) 10%; (e) 16.7%. Reaction conditions: 3.0 g of MMA, 0.03 g
of AIBN, 65 °C, 330 bar, 12 h.
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three cases are different from each other. When the
concentration of MMA reached 50% (w/v), PMMA par-
ticles with various sizes were found in the polymeriza-
tion product. Dispersion polymerization is expected to

produce monodisperse polymer particles because the
number of nuclei should remain constant in the entire
polymerization reaction after the initial period of nucle-
ation, and then the nuclei continue to grow and become
polymer particles as more monomers are polymerized.
However, perhaps in this case, the solvent strength of
the reaction medium changed significantly during the
polymerization, resulting in multiple nucleation mech-
anisms and polymer beads with different sizes. Hsiao
et al.25 noted increasing particle diameters with increas-
ing monomer concentration when poly(FOA) was used
as the dispersant. No trend in particle diameter with
monomer concentration was observed in this study.

Effect of Initial Reaction Pressure. To monitor the
effect of the initial pressure of the reaction medium, the

Figure 4. Scanning electron micrographs of PMMA particles prepared with various MMA concentrations (w/v%): (a) 10%; (b)
20%; (c) 30%; (d) 40%; (e) 50%. Reaction conditions: 2% (w/w to MMA) of copoly(52% FOEMA-48% PPGMA), 1% AIBN (w/w to
MMA), 65 °C, 330 bar, 12 h.

Table 4. Characterization of PMMA Particles Prepared at
2% (w/w to MMA) of Copolymeric Dispersant (52%

FOEMA), 1% AIBN/MMA (w/w), and 65 °C with the Initial
Pressure of 330 bar

position in
Figures

MMA/CO2
(w/v %)

yield
(%)

Dn
(µm) Mn,PDI

Figure 4a 10 79 204 000, 2.05
Figure 4b 20 90 2.43 294 000, 1.68
Figure 4c 30 92 3.30 311 000, 1.80
Figure 4d 40 92 2.65 254 000, 1.71
Figure 4e 50 91 197 000, 1.83

Macromolecules, Vol. 36, No. 13, 2003 Dispersion Polymerization of MMA 4783



polymerization conditions for monomer and initiator
concentrations, temperature, and stirring rate were held
constant. The copolymeric dispersant with 52% FOEMA
was chosen for this study, and its concentration was
held constant at 2% monomer. The initial reaction
pressure was varied from 110 to 420 bar. The results of
polymerizations are shown in Figure 5 and Table 5. At
110 bar, although the polymerization started in one
homogeneous phase, large agglomerates were formed
with a yield of 64%. In contrast, a freely flowing powder
was obtained with a conversion of over 90% at pressures
> 110 bar, and the diameters for those polymer particles
increased modestly as the initial pressure increased.
This result is similar to the observations by DeSimone
et al.21

Reaction Kinetics. Figure 6 shows the conversion
rate vs the reaction time for all five copolymeric dis-
persants (5%). Curve shapes for polymerizations stabi-
lized by 52% FOEMA, 67% FOEMA, and 75% FOEMA
copolymeric dispersants were very similar to each other.
At the beginning, the polymerization proceeds slowly
as the reaction mainly occur in the bulk solution. When
more PMMA particles are formed in the reaction
mixture (between 4 and 5 h), the main location of
polymerization shifts to the interior of the particles, and
thus the reaction rate increases steeply due to the “gel
effect” which occurs inside the latex particles. This
strong rate increase is typically observed in dispersion
polymerizations.24 A similar “gel effect” rate increase
also occurs in the polymerization stabilized by 31%
FOEMA copolymeric dispersant. However, the poly-
merization rate decreases in the post period of poly-
merization, perhaps because flocculation of latex par-

ticles takes place as shown in SEM micrographs. No gel
effect is observed for polymerization using PFOEMA as
the dispersant which caused the resulting low yield of
PMMA.

Conclusion

The dispersion polymerization of MMA in CO2 was
successfully conducted using random copolymers of
FOEMA and PPGMA as the dispersants. Generally
spherical PMMA particles with high conversions can be
produced when the copolymers containing 50-75%
FOEMA are chosen as the dispersants for the polymer-
izations. Slight adjustment of particle size was possible
by varying the concentrations of dispersants and mono-
mers as well as the initial pressures of the reaction
medium.
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