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ABSTRACT: Dispersion polymerizations of methyl methacrylate in supercritical carbon dioxide were conducted with three types of
comblike fluorinate polymer stabilizers: poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl methacrylate) (PHDFDMA),
poly(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl (PTDFOMA), and poly(2,2,3,3,3-pentafluoropropyl
(PPFPMA). The effect of the polymerization pressure was not significant on the mean diameters of the poly(methyl methacrylate)
(PMMA) particles from 20 to 40 MPa. However, the coefficients of variation of the particle diameters produced at 20 MPa

methacrylate) methacrylate)

(\/ 1/(N-1) 3N, (di*;i)z /d, where d is the number-basis mean particle diameter), where the heterogeneous phase was found
before polymerization, were larger than those produced at 30 and 40 MPa, where the homogeneous phase was found. The mean size
of the PMMA obtained with PTDFOMA and PPFPMA strongly depended on the stabilizer concentration compared with that
obtained with PHDFDMA. Moreover, the mean size decreased as the carbon dioxide-philic side chain length increased. As shown
by the results of this study, the best stabilizer among the three types of stabilizers for producing PMMA particles was PHDFDMA.
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INTRODUCTION

By comparison with organic solvents, supercritical carbon
dioxide (scCO,) has many excellent properties; it is nontoxic,
inexpensive, nonflammable, and relatively environmentally
benign. Therefore, scCO, has been used as an extraction and
reaction solvent in a variety of industrial fields."™ In polymer
processing, scCO, is often used as a foaming agent in the pro-
duction of polymer foam, and it is also used as a reaction sol-
vent for the syntheses of perfluoro polymers. Moreover, scCO,
has been considered for use as a medium in the dispersion
polymerization of microsized vinyl polymer particles such as
poly(methyl methacrylate) (PMMA) and polystyrene. With the
exception of amorphous fluorinated or siloxane-based poly-
mers, high-molecular-weight polymers do not dissolve in
$cCO,,"?™*° whereas monomers often dissolve well in scCO,.
Therefore, appropriate stabilizers are normally needed to expe-
dite dispersion polymerization in scCO,. Many studies over
the past 2 decades have focused on dispersion polymerization
since the first report was presented by DeSimone et al.® These
studies have included the effects of the monomer and stabilizer

concentrations and the polymerization pressures on the mor-
phologies of the particles. Increases in the monomer concen-
tration have led to increases in the particle diameter.”™° In an
opposite fashion, the particle size often decreases with
increases in the concentration of the stabilizers.”™'® As for the
polymerization dependency on pressure, the results of the par-
ticle morphology have varied according to the research

The architecture of the stabilizer and the stabilizer concentra-
tion also has crucial effects on the morphology of the polymer
particles and the molecular weight. The stabilizer generally con-
sists of monomer-philic or particle polymer-philic anchor
groups and carbon dioxide (CO,)-soluble groups such as fluo-
rine or siloxane groups. The size and balance of the anchor
group and the CO,-soluble group (called the anchor—soluble bal-
ance) are important factors in dispersion polymerization."**2
The amount of stabilizer that is used, particularly of fluorinated
stabilizers, should be reduced with a molecular design that is
appropriate for the stabilizers because they are generally expen-
sive and toxic, as are their fluorinated monomers.

Additional Supporting Information may be found in the online version of this article.
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The structure and function of the anchor group can be mainly
categorized as one of two types from the viewpoint of how it
contacts the particles. One is an inactive polymer-philic portion
that stabilizes polymer particles via adsorption on the surface,
and the other involves active end groups such as methyl meth-
acrylate (MMA) that react with monomers and hold the par-
ticles. To elucidate the dispersion polymerization with polymer-
type stabilizers, Yuvaraj et al.'® investigated the effect of the
ratio of the anchor portion to the CO,-soluble portion of sta-
bilizers with a nonfluorous random copolymer stabilizer that
was composed of 3-[tris(trimethylsilyloxy)silyl] propyl methacry-
late and 2-dimethylaminoethyl methacrylate (poly{3-[tris(trime-
thylsilyloxy)silyl] propyl methacrylate-co-2-dimethylaminoethyl
methacrylate}). The 3-[tris(trimethylsilyloxy)silyl] propyl meth-
acrylate/2-dimethylaminoethyl methacrylate ratios were set at
89/11, 71/29, and 47/53 w/w in the stabilizers, and the ratio 71/
29 w/w showed the best results. Moreover, Kim et al*' studied
the effects of the backbone structure of a comblike fluorinated
stabilizer using polyheptadecafluorodecylacrylate, poly{oxy[(2-
perfluorooctylethylene) thiomethyl]ethylene}, and poly(p-{[(per-
fluorooctylethylene)thio]methyl}styrene) and showed that the
dispersibility was influenced by the polarity of the backbone on
the basis of dispersion polymerizations with three types of
monomers. Moreover, Lepilleur and Beckman'' investigated the
effects of the backbone, CO,-soluble graft sizes, and graft den-
sity on the graft polymer-type stabilizer of poly(methyl methac-
rylate-co-hydroxyethyl methacrylate)-g-poly(perfluoropropylene
oxide). The results of the polymerization of MMA show that a
long backbone was necessary but not sufficient. Namely, a suffi-
cient amount of CO,-soluble chains was also important for the
stabilizer to be dissolved in scCO,.

Block copolymer stabilizers are also useful for dispersion poly-
merization. The influence of the species of the anchor parts on
the particle morphology was investigated by Woods et al.,** and
the stabilizers we used were perfluoropolyether (PFPE)—alcohol,
PFPE—acetate, PFPE-methacrylate, and PFPE-b-PMMA. The
most successful stabilizer was PFPE-b-PMMA, whereas PFPE—
alcohol led to a low yield. The relationships between the
anchor—soluble balance value and both the particle morphology
and molecular weight have also been investigated,
other block copolymers have shown superior performance as
stabilizers;  these  include  poly(1,1-dihydroperfluorooctyl
acrylate)-b-polystyrene,”®  polydimethylsiloxane-b-poly(methyl
methacrylate-co-methacrylic acid),”® poly(ethylene oxide)-b-
poly(1,1,2,2-tetrahydroperfluorodecyl acrylate), poly(ethylene
glycol)-b-perfluoroalkyl diblock and perfluoroalkyl-b-poly(ethyl-
ene glycol)-b-perfluoroalkyl  triblock  copolymers,'*  and
PMMA-b-poly(fluoroalkyl methacrylate).**

and

Reactive macromonomers also can be used as stabilizers in dis-
persion polymerizations in scCO,. Reactive macromonomers
have a reactive anchor that reacts with the monomers during
polymerization and a CO,-soluble portion, and the effect of the
molecular structure on the particle morphologies is well docu-
mented.'”*>° For example, Giles et al.”*® examined the effect of
the molecular weight of polydimethylsiloxane monomethacry-
late macromonomers on the polymerization of MMA, and
the results indicate that the use of a low-molecular-weight mac-

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43813 (2 of 10)

Applied Polymer

CIENCE

poly(heptadecafluorodecyl methacrylate), PHDFDMA

o O/\/(CFQ)T —G F3

n poly(tridecafluorooctyl methacrylate), PTDFOMA

o O/\/(CFz)s_CFa

n  poly(pentafluoropropyl methacrylate), PPFPMA

0% 0" “CF,—CF,

Figure 1. Chemical structures of the comblike fluorinate stabilizers.

romonomer could produce a high yield of PMMA with a high
molecular weight. However, these stabilizers are the basis of
reactive anchor parts, and they are incorporated into particles;
this would induce a deterioration of the functionalities. Wang
et al.?® carried out the dispersion polymerization of MMA with
an ester end-capped PFPE synthesized from acid-terminated
PFPE and 1-butanol. Fine PMMA particles were obtained,
although the anchor portion was short, and the level of the sta-
bilizer residue in the produced particles was very low. The abil-
ity of the PFPE—acetate stabilizer to produce PMMA particles
was also demonstrated by Woods et al.”?

In this study, we focused on the effects of the CO,-philic per-
fluoro side chain length on the morphologies of the PMMA
particles and their molecular weights for dispersion polymeriza-
tion in scCO,. With respect to the influences of CO,-philic side
chains, in addition to the research of Lepilleur and Beckman''
described previously, Giles et al.’' investigated PMMA produc-
tion with homo graft polymer stabilizers with different side
chain lengths: poly(methyl vinyl ether-alt-maleic anhydride) and
poly(maleic anhydride-alt—1-octadecene) with 1H,1H,2H,2H-
perfluorooctan-1-ol and 1H,1H,2H,2H-perfluorohexan-1-ol. In
that study, the long CO,-philic side chain led to a better stabi-
lizer performance. To systematically accumulate knowledge of
the effect of the perfluoro side chain structure, in this
study, three comblike stabilizers were prepared from the same
backbone species and graft densities but with differences in the
side chain lengths, as shown in Figure 1: poly(3,3,4,
4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl methacrylate)
(PHDFDMA), poly(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl
methacrylate) (PTDFOMA), and poly(2,2,3,3,3-pentafluoro-
propyl methacrylate) (PPFPMA). First, the phase boundaries
were measured for the CO,—stabilizer binary systems and CO,—
stabilizer—-MMA ternary systems. The dispersion polymeriza-
tions were then investigated at 70 °C with three types of stabil-
with  different average weights.  The
polymerization conditions had stabilizer/MMA ratios ranging
from 0.11 to 0.81 w/w and pressures that ranged from 20 to 40
MPa.

izers molecular
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Figure 2. Schematic diagram of the experimental apparatus for polymer-
ization in scCO,: (1) high-pressure cell, (2) aluminum block, (3) pressure
gauge, (4) cartridge heaters, (5) magnetic stirring bar, (6) thermocouple,
(7) sapphire window, (8) temperature indicator, (9) temperature control-
ler, (10) cold trap, (11) CO, cylinder, and (12) vacuum pump. [Color fig-
issue, which is available at

ure can be viewed in the online

wileyonlinelibrary.com.]

EXPERIMENTAL

Materials
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodecyl methac-
rylate (>97%) used for the preparation of PHDFDMA was pur-
chased from Sigma-Aldrich Co. 3,3,4,4,5,5,6,6,7,7,8,8,8-
Tridecafluorooctyl methacrylate (>95%) and 2,2,3,3,3-penta-
fluoropropyl methacrylate (>95%) were supplied by Daikin
Industries, Ltd., and were also used as monomers for
PTDFOMA and PPFPMA, respectively. Moreover, MMA
(>99%) was purchased from Sigma-Aldrich Co. for the synthe-
sis of PMMA particles. These monomers were purified via
either a distillation or an inhibitor-remover prepacked column.
As an initiator of polymerization, 2,2’-azodiisobutyronitrile
(AIBN; >98.0%) was purchased from Tokyo Chemical Industry
Co. and was used as received. CO, with a purity of greater than
99.5 vol % was purchased from Chugoku Sanso Co. and used
without further purification.
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Preparation and Characterization of the Stabilizers

All three stabilizers were synthesized by solution polymerization
in benzene at 70 °C for 24 h under a nitrogen atmosphere. After
the polymerization, the synthesized stabilizers were purified,
and solid masses of the stabilizers were obtained. The yields of
the stabilizers synthesized are listed in Table S1 in the Support-
ing Information. The yields of most PHDFDMA (52-89%) were
lower than those of PTDFOMA and PPFPMA (75-86%),
although the definite reasons remain unclear. The molecular
weight distribution and average molecular weight of the stabil-
izers could not be obtained via gel permeation chromatography
(GPC) because limited solvents such as scCO, and CFCs (chlor-
ofluorocarbons) could dissolve the polymers containing per-
fluoro groups. Only PPFPMA could be dissolved in
tetrahydrofuran, but it was difficult to prepare appropriate con-
ditions for GPC. Therefore, the zero-shear viscosities that were
obtained via rotational rheometry (Paar Physica Co., UDS200)
at 130 °C were used as indices of the molecular weights. The
ranges of the zero-shear viscosities for each stabilizer were as
follows: from 17.1 to 235 Pa s for PHDFDMA, 295 to 416 Pa s
for PTDFOMA, and 1860 to 13,500 Pa s for PPFPMA. The
names of the stabilizers are expressed as a combination of the
value of the zero-shear viscosity and the stabilizer species in the
following section. The ranges of viscosities were quite different
depending on the stabilizer species. These differences were
caused not only by the molecular weight but also by the differ-
ences in the structures of the side chains. Therefore, the values
of the zero-shear viscosities were used to evaluate the differences
in the molecular weights within the same species of the stabil-
izers. Moreover, the Fourier transform infrared spectra of 124-
PHDFDMA, 416-PTDFOMA, and 4760-PPFPMA obtained by
the spectrometer (Thermo Scientific Co., Nicolet is5) are shown
in Figure S1 in the Supporting Information. In every spectra,
peaks were found that could be assigned to CF, wagging,’* CF,
asymmetric  stretching,”® and C=O stretching® vibration
modes.
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Figure 3. Phase boundary pressure for the CO,—stabilizer binary and CO,—stabilizer—-MMA systems: (a) relationships between the stabilizer concentration
and the phase boundary pressure for (A,O,J) the CO,—91.8-PHDFDMA system and (A,®,HM) the CO,—91.8-PHDFDMA-MMA system (MMA/
CO, =0.1 w/w) at 60, 70, and 80 °C, respectively; (b) dependence of the temperature on the phase boundary pressure at a stabilizer concentration of
approximately 5 wt % (MMA free) for (A,O,[]) the binary system and (A,®,M) the ternary system (MMA/CO,=0.1 w/w) with 17.1-PHDFDMA,
88.0-PHDFDMA, and 235-PHDFDMA), respectively, as the stabilizers and for the ("/,¥) binary and (<>,#) ternary systems with 4760-PPFPMA and
416-PTDFOMA, respectively, as the stabilizers; and (c) effect of the MMA concentration on the phase boundary pressure for the CO,—91.8-
PHDFDMA-MMA system at the stabilizer concentration of 5 wt % (MMA free). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4. SEM images of the PMMA particles produced with 124-PHDFDMA as a stabilizer at 70 °C. The stabilizer/MMA ratios and the pressures of
polymerization ranged from 0.46 to 0.80 w/w and from 20 to 40 MPa, respectively.

Phase Boundary Measurements

The phase behaviors of the CO,—stabilizer and the CO,—-MMA—
stabilizer systems were measured to establish the phase bounda-
ries for each condition and system. An apparatus based on a
synthetic method consisting of a variable-volume optical high-
pressure cell with two sapphire windows and a CO, injection
system was used to measure the phase separation pressure at a
constant temperature and composition. Because the experimen-
tal apparatus was described in detail in previous studies,™ a
brief explanation of the apparatus, and the procedure is shown
here. In the experiments, certain amounts of the stabilizer and
MMA were introduced into the cell. The air in the cell was then
purged with CO, at atmospheric pressure. The CO, in the sam-
ple cylinder was introduced into the cell via a freeze—thaw
method. The cell was then heated to the experimental tempera-
ture with the mixture in the cell stirred by a Teflon-coated mag-
netic stirring bar. After the cell temperature reached the desired
value, the pressure in the cell was raised until a transparent
homogeneous phase appeared. The phase in the cell then
became stable and transparent, the pressure in the cell gradually
decreased, and the phase behavior was observed through the
sapphire view windows. In this study, the phase boundary pres-
sures where the transparent phase changed to a cloudy phase
were determined by visual observation.

Dispersion Polymerization of MMA and Estimation of the
Mean Particle Diameters

The apparatus used for the dispersion polymerization of the
MMA is shown in Figure 2 and was based on a synthetic
method that differed from that use for the apparatus used to
measure the phase boundary pressure. The apparatus also
mainly consisted of a variable-volume optical cell (30 mm in

Mﬁk\;’?\iﬂﬁ WWW.MATERIALSVIEWS.COM
1

43813 (4 of 10)

diameter with a maximum volume of about 114 c¢m®) with a
sapphire window, a CO, injection system, and a hand pump.
The cell was surrounded by an aluminum block, which was
heated by four 300-W cartridge heaters. The temperature was
measured via a thermocouple connected to an indicator (Shi-
maden Co., SR94), and the uncertainty of the temperature mea-
surement was estimated to within =1 °C. A precision pressure
gauge was used to measure the pressure (Huba Control Co.,
type 680, uncertainty of =0.005 MPa). In this experiment, cer-
tain amounts of MMA, stabilizer, and AIBN were introduced
into the cell at room temperature. The air in the cell was
purged with atmospheric CO,. Then, CO, was introduced into
the cell via the freeze—thaw method. To initiate polymerization,
the temperature and pressure in the cell were raised to the poly-
merization conditions, 70 °C and 20, 30, or 40 MPa, via the car-
tridge heaters and a hand pump. The polymerization
temperature was chosen on the basis of the temperature of the
10-h half-life for AIBN (65 °C) and the dispersion polymeriza-
tion reported by Shin et al.’® The polymerizations were carried
out at cell volumes of approximately 20-24 c¢m? for all of the
experiments. Slight variations in the volumes were caused by
differences in the compositions of the mixtures for each of the
individual polymerizations, although the pressures were con-
stant (at 20, 30, and 40 MPa). The mixture in the cell was agi-
tated via a Teflon-coated magnetic stirring bar at a constant
speed of about 400 rpm during polymerization, which was con-
ducted for 24 h in all of the experiments. The morphologies of
the PMMA particles produced were observed with a scanning
electron microscope (S-5200, Hitachi High-Technologies Co.),
and the mean particle diameters and their coefficients of varia-
tion (CVs) were obtained by the analysis of more than 1000
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Figure 5. SEM images of the PMMA particles produced with three different types of PHDFDMA with a stabilizer/MMA ratio of 0.56 w/w at 30 MPa

and 70 °C.

particles. Moreover, the GPC system with a column (Shodex-
804L) was used for the determination of the molecular weights
of PMMA particles. Calibration with standard PMMA was used
for the estimations of the molecular weights.

RESULTS AND DISCUSSION

Phase Behaviors for the CO,—Stabilizer and CO,—Stabilizer—
MMA Systems

The relationships between the stabilizer concentrations and the
phase boundary pressures for the CO,~PHDFDMA binary and
CO,-PHDFDMA-MMA ternary systems (MMA/CO,=0.1 w/
w) at temperatures ranging from 60 to 80 °C are shown in Fig-
ure 3(a). The phase boundary pressure increased with increases
in the temperature; this was typical lower critical solution tem-
perature behavior and is often observed in solvent—polymer sys-
tems. The addition of 0.1 w/w MMA against CO, drastically
decreased the phase boundary pressure. This behavior approxi-
mated the data of the CO,~PHDFDMA system, as reported by
Shin et al*® The phase boundary pressures of this study were
slightly higher than the literature values, although the reason
remained unclear.

Furthermore, the relationships between the temperature, molec-
ular weight, and phase boundary pressure for the three types of
stabilizers at a stabilizer concentration of 5 wt % are shown in
Figure 3(b). A slight molecular weight (represented by the zero-
shear viscosity) dependency of the phase boundary pressure was
observed for the CO,~-PHDFDMA-MMA systems, and the
order of the phase boundary pressures at 70 °C was as follows:
91.8-PHDFDMA > 88.0-PHDFDMA > 235-PHDFDMA > 17.1-
PHDFDMA, where the number indicates the zero-shear vis-
cosity. This result also might have been caused by the effect
of the polydispersity of the stabilizers’ molecular weights and
the values of the molecular weights.

The phase boundary pressures of both the binary and ternary
systems, including 4760-PPFPMA and 416-PTDFOMA, are
described in Figure 3(b). As for the CO,—4760-PPFPMA (5 wt
%) binary system, the value of the phase boundary pressure was
similar to that of the CO,~PPFPMA (3 wt %) systems reported
by Yoon et al.’” As shown in the figure, the phase boundaries
for the binary systems, including 4760-PPFPMA and 416-
PTDFOMA, were lower than that of PHDFDMA, although
there was a smaller number of fluorinated groups in PPFPMA
and PTDFOMA than that in PHDFDMA. The results of the
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investigation into the effect of the addition of MMA on the
C0O,—91.8-PHDFDMA system at 70 °C and at a PHDFDMA
concentration of 5 wt % (MMA free) are also shown in Figure
3(c). The phase boundary pressure was decreased as the concen-
tration of MMA increased to at least an MMA/CO, weight ratio
of about 0.15 w/w, and this behavior was considered to be
based mainly on the entraining effect of MMA.

Polymerization of MMA with PHDFDMA

The polymerization of MMA with PHDFDMA was carried out
at 70 °C and at pressures that ranged from 20 to 40 MPa. Four
types of PHDFDMA were used as stabilizers: 17.1-PHDFDMA,
124-PHDFDMA, 145-PHDFDMA, and 235-PHDFDMA. Figure
4 shows the scanning electron microscopy (SEM) images of
PMMA particles that were obtained with 124-PHDFDMA at
pressures ranging from 20 to 40 MPa and at stabilizer/MMA
weight ratios ranging from 0.46 to 0.80 w/w. As shown in the
figure, spherical particles were obtained at 30 and 40 MPa
regardless of the value of the stabilizer/MMA weight ratio. On
the other hand, nonspherical grains of stabilizers and PMMA
were found along with spherical particles at 20 MPa. Further-
more, the distributions of the particle sizes at 20 MPa appeared
to be larger than those at 30 and 40 MPa. The images of the
PMMA particles obtained with 17.1-PHDFDMA, 124-
PHDFDMA, and 235-PHDFDMA at a stabilizer/MMA weight
ratio of 0.56 w/w and 30 MPa are shown in Figure 5 for the
discussion of the effect of the molecular weight of the
PHDFDMA. Spherical PMMA particles were also observed in
the images, regardless of the molecular weight of PHDFDMA.
On the basis of the analyses of the SEM images and the GPC
studies, the particle diameters, their CV values, and the molecu-
lar weights are summarized in Table I. The effects of the poly-
merization pressure, stabilizer concentrations, and types of the
stabilizers on the mean particle diameter and CV value are
shown in Figure 6. As shown in Figure 6(a), the mean particle
diameters that were number bases showed values between
approximately 1 and 2 pm regardless of the pressure,
PHDFDMA/MMA weight ratio, or molecular weight of
PHDFDMA. The mean particle diameters decreased slightly
with increasing pressure at a stabilizer/MMA ratio of 0.56 w/w
for 124-PHDFDMA and at ratios of 0.57 and 0.80 for 145-
PHDFDMA. Conversely, the mean particle diameters increased
somewhat with increasing pressure at stabilizer/MMA ratios of
0.46 and 0.80 w/w for 124-PHDFDMA. The reason the different
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Table I. Experimental Results for the Dispersion Polymerizations with PHDFDMA

Zero-shear viscosity Stabilizer/MMA Pressure d CV Particle size M,, (10%
at 130°C (Pa s) (wiw) (MPa) (um)? (%)° distribution® g/mol) MM,
171 0.55 30 1.68 14.2 1.05 12.8 1.8
30 1.43 20.7 1.10 8.9 2.0
124 0.26 30 1.08 13.9 1.05 17.4 1.9
0.46 20 1.56 39.0 1.57 16.1 2.3
30 1.64 16.2 1.07 7.9 2.0
40 1.85 16.7 1.08 9.4 1.7
0.56 20 1.73 33.8 1.36 14.0 3.3
30 1.38 14.3 1.06 13.1 1.8
30 1.21 151 1.08 10.3 2.5
40 1.06 15.6 1.07 10.5 1.8
0.80 20 1.02 25.0 1.18 12.5 1.7
30 1.25 132 1.04 9.4 2.0
40 1.63 16.5 1.07 9.4 1.8
145 0.57 20 2.02 29.2 1.23 14.5 3.3
30 1.42 26.8 1.34 8.3 21
40 1.23 13.2 1.05 6.6 1.8
0.80 20 1.53 40.6 1.87 14.7 2.0
30 1.27 15.0 1.07 16.0 3.6
40 1.35 17.9 1.08 9.0 1.6
235 0.55 30 1.55 16.9 1.07 14.6 1.5
30 1.52 12.7 1.04 13.8 1.7

M,,, number-average molecular weight, M,,, weight-average molecular weight.
#Number-basis mean particle diameter.

b\ /1/(N-1) T, (d—d)?/d.
SN d/ TNy dB) /(N di/N).

pressure dependencies appeared could not be found, and previ-  pressure dependency obtained in this study was considered to
ous works show that the pressure effect depends on the research  be insignificant, as was the case with the results obtained with
groups, as described in the Introduction. However, the range of  poly(1,1-dihydroperfluorooctyl acrylate) as a stabilizer reported
differences in the mean diameter was small, and therefore, the in the literature.” On the other hand, the CV values of the
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Figure 6. Effects of the pressure, stabilizer concentration, and molecular weight of the stabilizer on the (a) mean particle sizes and (b) CV values with
PHDFDMAs as the stabilizers: ((J,A,O) 124-PHDFDMA with stabilizer/MMA ratios of 0.46, 0.56, and 0.80 w/w, respectively; (A, ®) 145-PHDFDMA with sta-
bilizer/MMA ratios of 0.57 and 0.80) w/w, respectively; and (+,X) 17.1-PHDFDMA and 235-PHDFDMA, respectively, with a stabilizer/MMA ratio of 0.55 w/w.

MA‘d\T%u"} WWW.MATERIALSVIEWS.COM 43813 (6 of 10) J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43813
1


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP

295-PTDFOMA

0.25

Stabilizer/MMA [wt/wt]
n
(@)}

0.80

Figure 7. SEM images of the PMMA particles produced with 295-PTDFOMA and 416-PTDFOMA at 30 MPa and 70 °C. The stabilizer/MMA ratios of
the polymerizations ranged from 0.25 to 0.80 w/w. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. SEM images of the PMMA particles produced with three different types of PPFPMA at 30 MPa and 70 °C. The stabilizer/MMA ratios of the

polymerizations ranged from 0.25 to 0.80 w/w.
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Table II. Experimental Results for the Dispersion Polymerizations with PTDFOMA at 30 MPa
Zero-shear viscosity Stabilizer/MMA d (um)? CV (%)° Particle size M,y (10% g/mol) MM,
at 130°C (Pa s) (w/w) distribution®
295 0.25 291 27.0 1.63 12.8 1.9
0.55 2.41 141 1.06 12.1 2.2
0.80 1.85 13.3 1.05 12.3 1.8
416 0.25 427 33.0 1.54 12.2 2.2
0.57 2.24 221 1.16 13.5 2.1
0.81 1.54 18.4 1.15 15.6 2.0

M., number-average molecular weight, M,,, weight-average molecular weight.

2Number-basis mean particle diameter.
°\/1/(N-1) SN, (d—d)?/d.
(SR df/ Sy dF)/ (s di/N).

particles produced at 20 MPa were much higher than those pro-
duced at either 30 or 40 MPa. The large CV values of the par-
ticles synthesized at 20 MPa could have been caused by a
pressure that was below the phase boundary pressure for the
CO,~PHDFDMA-MMA system, as shown in Figure 3. The
polymerization would have begun in the phase behavior of the
coexistence of the separated phases unlike at 30 and 40 MPa.

The weight-average molecular weight (M,) values of the
PMMA particles ranged from 6.6 X 10* to 17.4 X 10* g/mol.
Although the range of M,, values were broad, the effects of the
molecular weight and concentration of the stabilizer and the
polymerization pressure were not significant.

Polymerization with PTDFOMA and PPFPMA and Effects of
the Perfluoro Side Chain Length of the Stabilizer on the
Morphologies of the PMMA Particles

The dispersion polymerization of MMA was also carried out
with PTDFOMA and PPFPMA to investigate the effect of the

perfluoro side chain length of the stabilizer on the morphologies
of the PMMA particles. The PMMA particles in the SEM
images shown in Figure 7 were synthesized at 30 MPa with sta-
bilizer/MMA weight ratios ranging from 0.25 to 0.80 w/w with
295-PTDFOMA and 416-PTDFOMA. The particle size appeared
to be more widely distributed and larger at a stabilizer/MMA
weight ratio of 0.25 w/w for both stabilizers; this differed from
the results obtained with PHDFDMA. Moreover, the SEM
images of the PMMA particles produced at 30 MPa and with
stabilizer/MMA weight ratios ranging from 0.25 to 0.80 w/w
with three types of PPFPMA are also shown in Figure 8. The
images show that spherical particles were obtained even when
we used stabilizers with a short fluorinated side chain length,
and this also indicated a trend similar to those of the particle
made with PTDFOMA, as shown in Figure 7. However, the
agglomerated polymer masses were found along with the poly-
mer particles after polymerization with PPFPMA. The chemical
structures of the agglomerate and particulate polymers were

Table III. Experimental Results for Dispersion Polymerizations with PPFPMA at 30 MPa

Zero-shear viscosity Stabilizer/MMA d (pm)?

at 130°C (Pa s) (w/w)

1860 0.25 3.36
0.57 2.76
0.80 2.31

4760 0.11 3.84
0.25 3.20
0.46 2.86
0.56 2.49
0.79 2.35

13,500 0.25 3.20
0.55 3.10
0.80 2.55

CV (%)° Particle size M,y (10% g/mol) MM,
distribution®
22.2 117 8.4 2.7
20.7 111 10.2 2.3
20.3. 1.09 12.0 2.0
42.0 171 8.3 2.5
25.8 1.23 8.4 18
16.9 1.07 10.8 21
16.7 1.07 2.9 18
132 1.04 12.4 2.8
28.8 1.28 7.7 2.4
21.5 111 121 2.6
10.3 1.03 10.8 21

M., number-average molecular weight, M,,, weight-average molecular weight.

2Number-basis mean particle diameter.
*J1N-D T (d-3)
N (ZiNﬂ di/ sy d?)/(Zfil dv’/N)-
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Figure 9. Dependence of the stabilizer concentration on the (a) mean particle diameters and (b) CV values for the PMMA particles produced with dif-
ferent types of stabilizers at 30 MPa: (O) 17.1-PHDFDMA, (=) 124-PHDFDMA, (@) 235-PHDFDMA, ([J) 295-PTDFOMA, (M) 416-PTDFOMA, (A)

1860-PPFPMA, () 4760-PPFPMA, and (A) 13,500-PPFPMA.

analyzed via Fourier transform infrared spectroscopy, and the
agglomerates were identified as PPFPMA rather than PMMA.
As an example, the spectra of the agglomerates and particles
synthesized with 4760-PPFPMA at a PPFPMA/MMA ratio of
0.56 w/w and at 30 MPa are shown in Figure S2 in the Support-
ing Information along with the pure 4760-PPFPMA and pure
PMMA synthesized in benzene without any stabilizer. The
shapes of the spectra of the agglomerates were similar to that of
pure PPFPMA, but that of the polymer particles was similar to
that of pure PMMA. A transparent phase was observed at 70 °C
and 30 MPa in the phase boundary measurement of both the
CO,-PPFPMA binary and CO,~PPFPMA-MMA ternary sys-
tems described previously. Therefore, the agglomerates might
have formed during the depressurization process after polymer-
ization because the short perfluoro side chains of PPFPMA led
to a weak repulsive force between the stabilizers. In this study,
only the particle parts were evaluated.

For the PMMA particles produced with PTDFOMA and
PPFPMA, the dependencies of the stabilizer/MMA weight ratio
on the mean particle diameter, the CV values, the M,, and the
polydispersity at 30 MPa are listed in Tables II and III. The val-
ues for M, of the PMMA particles produced with PTDFOMA
and PPFPMA ranged from 12.1 X 10* to 15.6 X 10" g/mol and
from 7.7 X 10* to 12.4 X 10* g/mol, respectively. The depend-
ency of the stabilizer species and concentration on the molecu-
lar weights of the PMMA particles was not large and not
systematic. The mean particle diameters of the PMMA that was
produced and their CV values are shown in Figure 9 along with
the results of the particles produced with PHDFDMA. As
shown in the figure, both the mean particle diameter and CV
values of the particles synthesized with both PTDFOMA and
PPFPMA showed a dependency on the stabilizer/MMA weight
ratios compared with that obtained with PHDFDMA. The
mean particle diameter was decreased as the perfluoro side
chain length increased, although the molecular weight had no
notable influence. The effect of the length of the grafted per-
fluoro chain obtained in this study corresponded to the results
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reported by Giles et al®' However, the reason that an increase
in the perfluoro chain length led to a decrease in the mean par-
ticle diameter remained unclear, although the longer CO,-philic
perfluoro chain showed a higher steric effect in the dispersion
polymerization. Also, the CV value of the particles produced
with PTDFOMA and PPFPMA were relatively larger than that
obtained from PHDFDMA. Therefore, in this study, the best
stabilizer for producing PMMA particles
PHDFDMA.

seemed to be

CONCLUSIONS

In this study, the dispersion polymerization of MMA in scCO,
was carried out with three types of fluorinate stabilizers with
fluorinated side chains of differing lengths: PHDFDMA,
PTDFOMA, and PPFPMA. Spherical PMMA particles were
obtained by all stabilizers. No significant differences were found
for mean particle sizes at pressures ranging from 20 to 40 MPa,
regardless of the concentration of PHDFDMA. On the other
hand, the CV values of the particle diameters produced at 20
MPa where the heterogeneous phase was found for the scCO,—
stabilizer-MMA mixture at the start of polymerization were sig-
nificantly larger than those at 30 and 40 MPa where the homo-
geneous phase was obtained before polymerization started. The
mean particle size of the PMMA obtained with PTDFOMA and
PPFPMA strongly depended on the stabilizer concentration
compared with that obtained with PHDFDMA. Moreover, the
mean particle size decreased as the CO,-philic side chain length
increased. On the other hand, a systematic dependency of the
particle molecular weight on the structure of the stabilizer was
not found. The best stabilizer among the three types of stabil-
izers investigated in this study for producing PMMA particles
was PHDFDMA.
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