
Introduction

Recently, there is an increasing interest in carrying out
chemical reactions and extractions in environmentally
benign solvents such as supercritical carbon dioxide
(scCO2). The use of scCO2 as a medium for polymeriza-
tions has several potential advantages: low cost, no tox-
icity, eases of medium removal and recycling, andmarked
variations of solubility power, viscosity and polarity by
relatively small changes in temperature and pressure
without altering medium composition. The papers
describing the dispersion polymerization of vinyl mono-
mers such as styrene (S) andmethyl methacrylate (MMA)
in scCO2 have been published since 1994 [1–17].

DeSimone and co-workers have pioneered the prep-
arations of polystyrene (PS) particles by dispersion
polymerizations of S in scCO2 with 2,2¢-azobis(isobuty-
ronitrile) (AIBN) in the presences of PS-b-poly(1,1-di-
hydroperfluorooctyl acrylate) (PFOA) [1], PFOA [2],

poly(dimethylsiloxane) (PDMS)-based macromonomer
[3] and PS-b-PDMS [4] as colloidal stabilizers. More-
over, they reported that poly(MMA) (PMMA) particles
were prepared by dispersion polymerizations of MMA
in scCO2 with AIBN in the presences of PFOA [5–9] and
PDMS-based macromonomer [3] as colloidal stabilizers.
Lepilleur and Beckman [10], Yates et al. [11], Hems et al.
[12] and Christian et al. [13] also prepared PMMA
particles in scCO2 with AIBN using poly (MMA-co-
hydroxyethyl methacrylate)-g-poly(perfluoropropylene
oxide), PDMS-b-poly(methacrylic acid), PMMA-b-
poly(fluoroalkyl methacrylate) and carboxylic termi-
nated perfluoropolyether, respectively. Caputo et al.
prepared PMMA particles by gamma radiation induced
dispersion polymerization with different types of PDMS
in scCO2 [14]. In recent articles, we prepared PMMA
particles by dispersion polymerization in scCO2 with
various types of PDMS-based polymers such as PDMS-
based azoinitiator as an inistab (initiator + stabilizer)

Syuji Fujii

Hideto Minami

Masayoshi Okubo

Preparation of poly(methyl methacrylate)
particles by dispersion polymerization
with organic peroxide in the presence
of trimethylsiloxy terminated
poly(dimethylsiloxane) in supercritical
carbon dioxide

Received: 8 February 2005
Accepted: 4 May 2005
Published online: 18 August 2005
� Springer-Verlag 2005

Abstract Dispersion polymeriza-
tions of methyl methacrylate
(MMA) were conducted with vari-
ous types of organic peroxides as
radical initiator in the presence of
trimethylsiloxy terminated
poly(dimethylsiloxane) in supercriti-
cal carbon dioxide. Micron-sized,
relatively ‘‘monodisperse’’ poly(-
MMA) particles were prepared by
using benzoyl peroxide.

Colloid Polym Sci (2005) 284: 327–333
DOI 10.1007/s00396-005-1372-8 SHORT COMMUNICATION

Part CCLII of the series ‘‘Studies on
Suspension and Emulsion’’

S. Fujii Æ M. Okubo (&)
Graduate School of Science
and Technology, Kobe University,
Kobe 657-8501, Japan
E-mail: okubo@kobe-u.ac.jp
Tel.: +81-78-803-6161
Fax: +81-78-803-6161

H. Minami Æ M. Okubo
Department of Chemical Science
and Engineering, Faculty of Engineering,
Kobe University, Kobe 657-8501, Japan



[15], aminopropyl terminated PDMS [16] and merca-
ptopropyl terminated PDMS as a transtab (transfer
agent + stabilizer) [17].

In these ways, since some amorphous fluorinated and
PDMS-based polymers have been identified as being
soluble in CO2 or CO2-philic, they have been used as
colloidal stabilizers in the dispersion polymerization in
scCO2. In general, PDMS-based polymers may have
advantages over fluorinated polymers from the view-
points that PDMS-based polymers are much less
expensive and their solubility in conventional organic
solvents makes characterizations of the products ob-
tained easy. Up to the present, there are papers on the
preparations of PS and PMMA particles by dispersion
polymerizations in the presence of PDMS-based poly-
mers in scCO2 [3, 11, 14–17]. In these studies, polymer
particles have not been successfully prepared by dis-
persion polymerization with trimethylsiloxy terminated
PDMS (TS-PDMS) as a colloidal stabilizer in scCO2.
This seems to be based on that stabilization by physical
adsorption of TS-PDMS on the particle surface was
ineffective and little chemical grafting of TS-PDMS to
the surface of the particles took place when AIBN was
used as an initiator [3, 4, 18], because primary radicals
generated by decomposition of AIBN and propagating
polymer radicals, such as PS and PMMA radicals, had
low ability to abstract hydrogens from methyl group of
TS-PDMS. Radicals generated by decomposition of
organic peroxides are known to be able to abstract
hydrogens from methyl groups of TS-PDMS [19]. Using
organic peroxides as radical initiators, chemical grafting
of TS-PDMS to the surface of the particles should be
expected to be possible.

In this article, dispersion polymerizations of MMA
will be conducted with various types of organic perox-
ides as radical initiators in the presence of TS-PDMS for
the preparation of PMMA particles in scCO2.

Experimental

Materials

MMA was purified by distillation under reduced pres-
sure in a nitrogen atmosphere. TS-PDMS with a weight-
average molecular weight (Mw) of about 5,200 g/mol
was used as received from Sigma-Aldrich Co.

Industrial grade CO2, with a purity of 99.5% or
more, was used. Reagent grade benzoyl peroxide (BPO)
and AIBN were purified by recrystallization. Reagent
grade lauroyl peroxide (LPO) and n-hexane were used as
received from Nacalai Tesque Co. Bis(4-t-buty-
lcyclohexyl)peroxy dicarbonate (p-TCP) supplied by
NOF Co. was used as received. The purity of the p-TCP
was 90%.

Dispersion polymerization in scCO2

Dispersion polymerizations were carried out in a 10-mL
stainless steel reactor, which was originally constructed
in our laboratory [20]. The reactor was charged with
MMA, organic peroxide, TS-PDMS and a 5/16-in-sized
stainless steel ball to mix in the reactor and purged with
N2. Then the reactor was pressurized with CO2 to
10 MPa at 25�C using a high-pressure pump (Nihon
Seimitu Kagaku Co., NP-D-321J) and by shaking vig-
orously. The polymerizations were started by heating the
mixture to desired temperature, with shaking at 60 cy-
cles/min. After 24 h, the reactor was cooled in an ice
water bath and the CO2 was vented slowly. The pre-
pared particles were observed with a Nikon MICROP-
HOT-FXA optical microscope and a Hitachi S-2500
scanning electron microscope (SEM) after centrifugal
washing with n-hexane which is a nonsolvent for
PMMA and a good solvent for PDMS [21].

X-ray photoelectron spectroscopy

The polymer composition of the particle surface was
estimated by X-ray photoelectron spectroscopy (XPS)
with a Shimadzu ESCA-3400 electron spectrometer
using magnesium Ka radiation (1,150 eV) at a potential
of 8 kV and an X-ray current of 30 mA. The dried
particles were spread at the surface of an indium plate
with a spatula. Argon ion sputtering was conducted at
5.0·10)4 Pa for 180 s at a constant acceleration voltage
of 1.5 kV and at an ion beam current of 20 mA.

Results and discussion

The dispersion and precipitation polymerizations of
MMA were carried out in scCO2 for 24 h with different
types of organic peroxides as radical initiators utilizing
the 10-mL stainless steel reactor under the conditions
listed in Table 1. The initiator concentration and ini-
tiation rate of radical polymerization, Ri, were kept
constant. Ri is given by fqi, where f is the initiator
efficiency and qi is the generation rate of radicals. The
qi is expressed as 2 kd[I], where kd is the rate coefficient
for initiator decomposition, and [I] is the initiator
concentration. The initiator concentration and poly-
merization temperature were determined on the basis of
the idea described as follows. In general, dispersion
polymerizations were carried out in Ri range of 1013 –
1014 mL)1 s)1 [22–24]. Guan et al. [25] reported that kd
and f values of AIBN in scCO2 were, respectively,
about 2.5 times lower and about 1.5 times higher than
those observed in benzene at the same temperature and
at atmospheric pressure because of low dielectric con-
stant and low viscosity of scCO2. In this experiment,
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assuming that the kd and f values of organic peroxides
in scCO2 have the same tendency as those of AIBN in
scCO2, the initiator concentration and polymerization
temperature giving Ri of 2.1·1013 mL)1 s)1 were cho-
sen. The kd and f values used in the calculations were
4.4·10)6 s)1 and 1.0 for the organic peroxides, and
4.4·10)6 s)1 and 0.9 for AIBN, respectively. These
values calculated for pure scCO2 may be somewhat
different from those for the mixture of scCO2 and
MMA. Actually, there are reports that the rates of
AIBN decomposition in a mixture of CO2 and
cosolvent such as tetrahydrofuran [25, 26] and metha-
nol [27] were higher than that in pure CO2. In calcu-

lating the kd value in scCO2 using Arrhenius equation,
the activation energies of 118.7 and 126.2 kJ/mol were
used for p-TCP and LPO, respectively [28]. In the case
of the precipitation polymerization with BPO, PMMA
was obtained as very glutinous liquid and thick irreg-
ular translucent films on the interior wall of the reac-
tor. In the case of the dispersion polymerization with
AIBN in the presence of TS-PDMS, PMMA was ob-
tained as glutinous liquid. The conversions of the pre-
cipitation and dispersion polymerizations were
gravimetrically determined to be 9% and 17%,
respectively. In the cases of p-TCP and LPO in the
presence of TS-PDMS, glutinous liquids were obtained,
and the conversions were 10% and 15%, respectively.
These results indicate that anchoring of the TS-PDMS
on PMMA precipitated in the scCO2 medium during
the dispersion polymerization was inefficient. On the
other hand, in the case of BPO in the presence of

Fig. 1 An optical micrograph (a) and a SEM photograph (b) of
centrifugally washed PMMA with n-hexane, which were prepared
by dispersion polymerization of MMA with BPO (4.0 mmol/L) in
the presence of TS-PDMS (10 wt% based on MMA) in scCO2. In
Fig. 1a, PMMA were redispersed in n-hexane

Table 1 Recipes for precipitation polymerizationa and dispersion
polymerizations of methyl methacrylate (MMA) with various types
of initiators in the presence of trimethylsiloxy terminated

poly(dimethylsiloxance) (TS-PDMS) in supercritical carbon diox-
ide (scCO2) for 24 h at the same initiation rate of the radical
polymerization (Ri= 2 kd f[l] = 2.1 · 103 mL)1 s)1)

Ingredients

MMAb (g) 0.5 0.5 0.5 0.5 0.5
TS-PDMSc (g) – 0.05 0.05 0.05 0.05
BPO (g) 0.0097 0.0097 – – –
p-TCP (g) – – 0.0159 – –
LPO (g) – – – 0.0159 –
AIBN (g) – – – – 0.0073
Temperature (�C) 70 70 36.7 54.6 59.9
Conversion (%) 9 32 10 15 17

a 10-mL stainless steel reactor; 60 cycles/min
b 0.5 mol/L (5 w/v%)
c Weight-average molecular weight (Mw), ca. 5200; 10 wt% based on MMA
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TS-PDMS, the product was obtained as thick irregular
white turbid films, and the conversion was 32%. The
reason that why PMMA was obtained not as glutinous
liquid but as solid films even at the conversion of 32%
must be based on the extraction of most of residual
MMA together with the vent of CO2.

Figure 1 shows an optical micrograph (a) of PMMA
dispersion prepared by sonication of the PMMA film in
n-hexane, which was prepared by the dispersion
polymerization with BPO initiator in scCO2, after the
centrifugal washing with n-hexane, and its SEM photo-
graph (b). n-Hexane is a nonsolvent for PMMA and a
good solvent for PDMS. In these photographs, many
spherical PMMA particles were observed in addition to
the coagulants.

Table 2 shows cross-linking efficiencies of the or-
ganic peroxides and AIBN, which were estimated by
the amount of dimers of pentadecane prepared during
the decompositions of the organic peroxides in penta-
decane [29, 30]. BPO, p-TCP, LPO and AIBN were,
respectively, decomposed for 3 h at temperatures of
104.4�C, 74.6�C, 90.8�C and 93.1�C, at which they had
a half life of 15 min. The cross-linking efficiency in-
creases with an increase of ability to abstract hydrogen
[29, 30]. Assuming that these values measured for
pentadecane could be applied to TS-PDMS, hydrogen

abstraction from methyl groups of TS-PDMS should
occur more frequently in the case of BPO than in the
cases of p-TCP, LPO and AIBN. From the above
consideration, it seems that some amount of PDMS-g-
PMMA, which must work as an effective colloidal
stabilizer, were generated by abstraction of hydrogens
from methyl group of TS-PDMS using BPO and
resulted in the production of PMMA particles. On the
other hand, when p-TCP, LPO and AIBN were used,
too small amount of PDMS-g-PMMA might be gen-
erated to prepare PMMA particles during the disper-
sion polymerization in scCO2.

In order to generate larger amount of PDMS-g-
PMMA, dispersion polymerizations were conducted
with larger amounts of TS-PDMS under the conditions
listed in Table 3. The larger the amount of TS-PDMS
was loaded, the larger the amount of PMMA particles
were prepared in comparison with that of PMMA films
as shown in Table 3, and the degree of coagulation of the
PMMA particles decreased as shown in Fig. 2.

At TS-PDMS concentration of 400 wt% based on
MMA, all PMMA was obtained as particles and the
conversion was 67% after the washing with n-hexane for
the removal of excess TS-PDMS. The conversion was
much higher than that in the system in which PMMA
coagulants were prepared. This result was consistent

Table 2 Chemical formulas of benzoyl peroxide (BPO), bis(4-t-butylcyclohexyl)peroxy dicarbonate (p-TCP), lauroyl peroxide (LPO) and
2, 2¢-azobis(isobutyronitrile) (AIBN), and their cross-liking efficienciesa estimated by the amount of dimers of pentadecane prepared
during the decompositions of initiators in pentadecaneb

Chemical formulas Cross-linking efficiencies Temperature for decomposition (�C)

BPO 28 104.4

p-TCP 24 74.6

LPO 8 90.8

AIBN 1 93.1

a Percentage of the radicals used in dimerization of pentadecane
b Decomposition reactions were conducted for 3 h at temperature where the initiator had a half time of 15 min

Table 3 Dispersion polymerizationa of MMA with BPO at different TS-PDMS concentrations in scCO2 for 24 h at 70�C

Ingredients TS-PDMS (wt% based on MMA)

10 100 200 400

MMAb (g) 0.5 0.5 0.5 0.5
TS-PDMSc (g) 0.05 0.5 1.0 2.0
BPOd (g) 0.0097 0.0097 0.0097 0.0097
PMMA particlese

(wt%)
1 47 44 100

a 10-mL stainless steel reactor; 60 cycles/min
b 0.5 mol/L (5 w/v%)
c (Mw), ca. 5200

d 4.0 mmol/L; Ri (=2 kd f[l]), 2.1·1013 mL)1 s)1
e The amount of PMMA particles based on the total amount of
PMMA prepared
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with those of other dispersion polymerization systems in
scCO2 [1–6, 8, 12, 13, 15–17]. Even after the washing, the
PMMA particles were stably dispersed in n-hexane.
Because the solubility parameter values of both PDMS
and n-hexane are the same, 14.9 (MPa)1/2 [31] and n-
hexane is a good solvent for PDMS, PDMS chains must
extend into n-hexane medium. These suggest that PDMS
component bonded at the particle surface extended into
the n-hexane medium and worked as a colloidal stabi-
lizer. Since the PDMS component is CO2-philic, it

should effectively operate as a colloidal protective layer
to disperse the PMMA particles stably in scCO2 medium
during the dispersion polymerization. The number-
average diameter (Dn), particle size distribution (Dw/ Dn)
and the coefficient of variation (Cv) for the PMMA
particles prepared at the TS-PDMS concentration of
400 wt% measured on the SEM photograph with image
analysis software (MacScope, Mitani Co.) were 1.51 lm,
1.06% and 15%, respectively. The weight percentage of
the PDMS component in the washed PMMA particles
was determined to be 1.0%, from 1 H NMR spectra
measured with a Bruker DPX250 NMR spectrometer
operating at 250 MHz for proton with 200 scans. The
Mw and Mw/ Mn ratio for the washed PMMA particles
were, respectively, 1.0·105 g/mol and 3.2, which were
determined from gel permeation chromatograms with
tetrahydrofuran as the eluent.

Figures 3 and 4 show, respectively, optical micro-
graphs and SEM photographs of centrifugally washed
PMMA particles with n-hexane, which were prepared at
different BPO concentrations giving Ri in the range of

Fig. 2 Optical micrographs of n-hexane redispersions of centrifu-
gally washed PMMA particles with n-hexane, which were prepared
by dispersion polymerizations with BPO (4.0 mmol/L) at different
TS-PDMS concentrations (wt% based on MMA) in scCO2

Fig. 3 Optical micrographs of n-hexane redispersions of centrifu-
gally washed PMMA particles with n-hexane, which were prepared
by dispersion polymerizations at different concentrations of BPO
(mmol/L) in the presence of TS-PDMS (400 wt% based on MMA)
in scCO2 for 24 h
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1.1·1013 –1.1·1014 mL)1 s)1 under the conditions listed
in Table 4. In BPO concentration range of 2–20 mmol/L,
all PMMA were obtained as particles. At 2.0 mmol/L,
the conversion and Dn were 24% and 930 nm, respec-
tively. At 20 mmol/L, polydisperse PMMA particles
were prepared, and the conversion, Dn, Dw/ Dn and Cv

were 67%, 465 nm, 2.80% and 59%, respectively. The
conversion at 4.0 mmol/L was almost the same as that at
20 mmol/L, and it did not increase even if the poly-
merization time was extended to 48 h.

Figure 5 shows XPS Si2p spectra before (a) and after
(b) argon ion sputtering of the PMMA particles washed
with n-hexane to remove free PDMS. In Fig. 5a, a peak
due to PDMS component was observed at 103 eV, and
in Fig. 5b, the peak was weakened and shifted to 101 eV
after the sputtering. The intensity of Si2p peak due to
PDMS component was not weakened when pure
PDMS-based azoinitiator (VPS-0501, Wako Pure
Chemical Industries, Ltd.) was sputtered under the same

conditions. These results indicate that the surfaces of the
washed PMMA particles were occupied by the PDMS
component that was etched by the sputtering.

From the aforementioned results, it was concluded
that micron-sized, relatively monodisperse PMMA par-
ticles could be prepared by the dispersion polymeriza-
tion in the presence of TS-PDMS in scCO2 with BPO
initiator.

Fig. 4 SEM photographs of centrifugally washed PMMA particles
with n-hexane, which were prepared by dispersion polymerizations
at different concentrations of BPO (mmol/L) in the presence of TS-
PDMS (400 wt% based on MMA) in scCO2

Table 4 Dispersion polymerizationa of MMA at different BPO
concentrations in the presence of TS-PDMS in scCO2 for 24 h at
70�C

Ingredients BPO (mmol/L)

2.0 4.0 20.0
Ri(=2kdf[l])(mL)1s)1)· 10)13 1.1 2.1 11

MMAb (g) 0.5 0.5 0.5
TS-PDMSc (g) 2.0 2.0 2.0
BPO (g) 0.0048 0.0097 0.0484

a 10-mL stainless steel reactor; 60 cycles/min
b 0.5 mol/L (5 w/v%)
c (Mw), ca. 5200; 400 wt% based on MMA

Fig. 5 XPS Si2p spectra for PMMA particles, which were prepared
by the dispersion polymerization with BPO (4.0 mmol/L) in the
presence of TS-PDMS (400 wt% based on MMA) in scCO2, before
(a) and after (b) argon ion sputtering at 5.0·10)4 Pa for 180 s at a
constant acceleration voltage of 1.5 kV and at an ion beam current
of 20 mA
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