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This paper describes the preparation of macroporous
polymer beads by oil-in-water (O/W) suspension polym-
erization using supercritical carbon dioxide (scCO,) as
the porogenic solvent. Carbon dioxide is an inexpensive,
nontoxic, and nonflammable solvent alternative for
polymer synthesis and processing.! Unlike liquids, su-
percritical fluids (SCFs) are highly compressible, and
the solvent properties can be varied over a wide range
by changing the density. In principle, this allows control
over variables such as phase behavior, and should
permit “tuning” of certain chemical reactions and po-
lymerizations.2 DeSimone and others have shown that
scCOz is a versatile medium for both homogeneous and
heterogeneous polymerization.® Previously, we synthe-
sized cross-linked divinylbenzene-based polymers in
scCO; by free-radical precipitation polymerization and
dispersion polymerization.* Microparticulate powders
(0.4—10 um) were formed, but in all cases, the polymers
were found to be completely nonporous. More recently,
we showed that these reaction conditions can be modi-
fied to generate well-defined macroporous polymer
monoliths, thereby using scCO; as a porogenic solvent.>
We show here that this technique can be extended to
the synthesis of macroporous polymer beads and that
the porosity in the beads can be controlled by varying
the CO; density.

Macroporous polymers are important in a wide range
of applications such as ion-exchange resins, chromato-
graphic separation media, solid-supported reagents, and
supports for combinatorial synthesis.®” Unlike gel-type
polymers which swell in the presence of an appropriate
solvent, the cross-link density in macroporous polymers
is sufficient to form a permanent porous structure which
persists in the dry state. Macroporous polymers are
usually synthesized as beads (typical diameter = 10—
1000 um) by O/W suspension polymerization® in the
presence of a suitable porogen. The porogen may be an
organic solvent which is miscible with the monomers?®
or, less commonly, a linear polymer which is soluble in
the monomer phase.l® In general, porogens that are
“good” solvents for the growing polymer network tend
to give rise to smaller pores and higher surface areas
than porogens that are “bad” solvents.® This is because
the degree of solvation imparted by the porogen affects
the phase separation process which occurs during po-
lymerization, thus determining the physical structure
of the porous channels.” Control over average pore size,
pore size distribution, and surface area can be achieved
by optimization of reaction variables such as the nature
and proportion of the porogen,®° the percentage of
cross-linker in the monomer mixture,!* and the struc-
ture of the cross-linker!? and also by the use of chain
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Table 1. Suspension Polymerization of TRIM Using
ScCO; as the Porogenh

mean median
stirring particle intrusion pore surface
pressure speed diam vol diam area yield
(bar)  (rpm)  (@m)®  (cm3g)° (nm)* (mZg)° (%)
1 1 600 180 (44) 0.00 d <5 68
2 100 600 80 (36) 0.28 (19)¢ <5 41
3 200 600 110 (33) 1.05 2206 222 70
4 300 600 128 (25) 1.23 110 253 92
5 400 600 114 (40) 0.69 40 478 90
6 300 300 412 (13) 0.42 (84)¢ <5 70
7 300 1800 46 (11)f 1.13 735 366 44
89 300 600 87 (38) 0.93 102 37 64

a8 Mean diameter calculated from >100 particles. Figure in
parentheses = percentage coefficient of variation, CV, where
CV = (0/Dpn) x 100. o = standard deviation in particle diameter
(um). D, = mean particle diameter (um). ® Measured by mercury
intrusion porosimetry over the pore size range 7 nm—20 um.
¢ Calculated from N3 adsorption/desorption isotherms by applying
the Brunauer—Emmett—Teller method. ¢ Nonporous sample.
¢ Sample has a relatively low pore volume and exhibits a broad,
flat pore size distribution. Thus, the median pore diameter does
not provide much useful information in this case. f CV value is
calculated for whole beads. A significant proportion of fractured
beads and “fines” was also observed. ¢ Monomer mixture = TRIM
(20% viv) + MMA (80% v/v). h Reaction conditions: 20% wi/v
trimethylolpropane trimethacrylate (TRIM), 2,2"-azobis(isobutyro-
nitrile) (AIBN, 2% w/v), poly(vinyl alcohol) (0.5% w/v based on
volume of H,O, My, = 88 000 g/mol, 88% hydrolyzed), 60 °C, 6 h.

transfer agents.’® However, to achieve fine control over
porosity is not always straightforward. For one thing,
the porous structure which develops can be remarkably
sensitive to small changes in polarity of the porogenic
solvent or solvent mixture. This has also been noted in
the synthesis of continuous macroporous polymer mono-
liths.2* Thus, the development of alternative methods
for controlling porosity in macroporous polymers may
offer distinct advantages.

In this study, we have exploited the fact that the
solvent strength of scCO; can be tuned continuously
over a significant range by varying the density.}? As
such, scCO, can be thought of as a “pressure-adjustable”
porogen. In a typical reaction, a mixture of monomer
[trimethylolpropane trimethacrylate (TRIM)], initiator
[2,2'-azobis(isobutyronitrile) (AIBN)], and scCO, was
suspended in water with stirring in the presence of a
stabilizer [0.5% wi/v poly(vinyl alcohol)] to inhibit droplet
coalescence.'® All polymerizations were carried out in
a stainless steel high-pressure vessel fitted with an
impeller stirrer (manufactured by New Ways of Ana-
lytics). Tandem reactions were carried out in a high-
pressure view cell equipped with a sapphire window for
observation of phase behavior.#> This allowed us to
ascertain the degree of miscibility of the monomer phase
with CO,. Table 1 summarizes the results of a series of
polymerizations carried out under various conditions.
In the absence of CO,, the O/W suspension polymeri-
zation of TRIM led to polymer beads with an average
diameter of 180 um (entry 1). Analysis by scanning
electron microscopy (SEM), mercury intrusion porosim-
etry, and N, adsorption/desorption showed that the
beads were nonporous, as reflected by the low surface
area (<5 m?/g). The reaction was repeated in the
presence of scCO, over a range of pressures while
keeping all other variables constant (entries 2—5).
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Figure 1. Electron micrographs of macroporous polymer
beads synthesized using scCO, as the porogen (300 bar).
Average bead diameter = 128 um. (a) Scale bar = 600 um. (b)
Magnification of bead surface showing porous structure, scale
bar = 10 um.
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Figure 2. Mercury intrusion porosimetry data for polymer
beads. Circle points: beads synthesized in the absence of CO;
(Table 1, entry 1); Square points: equivalent data for
macroporous polymer beads synthesized using scCO; as the
porogen (300 bar, Table 1, entry 4); median pore diameter =
110 nm; pore volume = 1.23 cm?/g; BET surface area =
253 m?/g.

Macroporous polymer beads were formed when CO, was
added to the reaction mixture (Figures 1 and 2).
Moreover, our preliminary results suggest that the
degree of porosity, the average pore size, and the surface
area in the beads can be tuned over a wide range by
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Figure 3. (a) Variation in pore volume of the macroporous
beads as a function of reaction pressure, as measured by
mercury intrusion porosimetry over the pore size range 7 nm-
20 um. (b) Variation in BET surface area of the macroporous
beads as a function of reaction pressure, as calculated from
N, adsorption/desorption isotherms.

varying the CO; density. When the polymerization was
carried out at 100 bar, porous beads were generated but
the pore volume was relatively low (0.28 cm?/g), as was
the surface area of the sample (<5 m?/g). This was
explained by observation of the phase behavior, which
showed that the monomer phase and the CO, phase
were not fully miscible at this temperature and pres-
sure.16 By contrast, at 200 bar, the monomer was com-
pletely miscible with CO,, and a homogeneous monomer/
CO; mixture was dispersed as droplets throughout the
aqueous phase. As a result, the beads were found to
have increased pore volume (1.05 cm?3/g) and much
higher surface area (222 m?/g). When the synthesis was
repeated at elevated CO, pressures (300 and 400 bar),
the products exhibited even greater surface areas, up
to a maximum of 478 m2/g at 400 bar (entry 5). This
can be explained by the fact that the pore volume in
the materials tended to increase with pressure (Figure
3a),1” while the median pore diameter decreased sig-
nificantly as the pressure was raised (Table 1). The
combination of these two trends resulted in a sharp rise
in polymer surface area as a function of CO, pressure
(Figure 3b). This variation in polymer structure is likely
to stem from a combination of physical effects. At lower
pressures (<100 bar), we observed that the monomer
phase and the CO; phase were not fully miscible. As
the pressure was increased, more CO, was dissolved in
the monomer-rich droplets. This caused a change in the
composition of the polymerization mixture and influ-
enced polymer phase separation. The significant differ-
ence in morphology observed for the polymers synthe-
sized at 100 and 200 bar may be attributed to this effect.
However, at pressures in excess of 200 bar, we observed
what appeared to be a single dispersed phase in the
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reaction vessel (i.e., the monomer and CO, were fully
miscible). Clearly, as the pressure was increased from
200 to 400 bar, yet more CO, was dissolved in the
monomer droplets. However, in all of these experiments,
the volumetric ratio of water to monomer was kept
constant, while the CO, pressure was varied. Given that
the surrounding water phase was relatively incompress-
ible, then the combined volume of compressed CO, and
monomer (i.e., the total volume of the dispersed phase)
was approximately constant at the beginning of each
experiment. This holds true even though the molar ratio
of monomer to CO, varied dramatically.’® As phase
separation proceeds and the monomer is depleted, a CO,
rich phase is formed which finally becomes the porous
structure in the beads. As such, we believe that the
variation in pore diameter (and the associated change
in surface area) in the beads is affected by the density
of the CO, phase, especially since systems of this type
are known to be very sensitive to the porogen solvent
quality.8~1914 The trends observed support this inter-
pretation, with higher CO, densities (i.e., increased
solvent strength) leading to smaller pores and larger
surface areas. Broadly similar trends have been ob-
tained for porous monolithic polymers synthesized in
scCO,,5 although direct comparison is difficult because
one would expect differences in swelling behavior and
polymer shrinkage phenomena due to interfacial effects
which are present in the case of the suspension poly-
merizations.!® Another factor to consider in these ex-
periments is polymer plasticization. Previously, Quadir
et al. studied the influence of scCO, on the kinetics of
the surfactant-free O/W emulsion polymerization of
methyl methacrylate (MMA).2° In the case of linear
polymers such as PMMA, the overall effect was a small
change in molecular weight and molecular weight
distribution. The authors ascribed this to plasticisation
and swelling of the particles by scCO,, which reduces
the viscosity and increases termination rates. Similar
plasticization effects are also likely to have a significant
impact on gelation kinetics?! in suspension polymeriza-
tions carried out via our new route.

In addition to varying the CO; density, we are also
investigating the influence of more standard reaction
parameters such as monomer-to-cross-linker ratio, stir-
ring speed, stabilizer morphology, and stabilizer con-
centration. The optimum stirring speed in this particu-
lar system appears to be around 600 rpm. Slower
stirring leads to larger beads with much lower surface
areas and intrusion volumes (entry 6), while faster
stirring leads to a significant proportion of fractured
beads and microparticulate “fines” (entry 7). As might
be expected,>!! the level of cross-linking also has a
strong effect on the properties of macroporous polymers
prepared by this route (entry 8).

In conclusion, we have demonstrated that well-
defined macroporous polymer beads can be synthesized
in the absence of any organic solvents using scCO; as
the porogen. These preliminary results are perhaps the
most dramatic example yet of a system where polymer
properties can be tuned by varying the supercritical
fluid solvent density.
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