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Abstract

In this paper, we describe the synthesis of porous, cross-linked polymethacrylate monoliths by free radical polymerization using
1,1,1,2-tetrafluoroethane (R134a) as the porogenic solvent. Solvent separations were simple (boiling point R134a=—26.5 °C) and
the reactions were carried out at relatively low pressures (<20 bar). It was found that the surface area and the median pore dia-
meter of the materials could be varied over a wide range (5-320 m?/g and 15 nm-5 um, respectively) by varying the monomer
concentration. By contrast, pressure had little influence on the structure of the materials due to the relatively incompressible nature

of liquid R134a.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Highly cross-linked, permanently porous polymers
are useful in a wide range of applications [1,2]. Unlike
lightly cross-linked gel-type polymers which become
porous when swollen by solvents, more highly cross-
linked polymers have a permanent porous structure
which is formed during their preparation and persists in
the dry state [2]. The internal porous morphology is
characterized by interconnected channels (pores) which
permeate the rigid, extensively cross-linked polymer
matrix. In the literature on porous resins, the term
macroporous is often used to refer to materials with
permanent porosity in the dry state, irrespective of pore
size. To avoid confusion, we have restricted our use of
the terms micropore, mesopore, and macropore to the
definitions recommended by IUPAC [3] i.e., micropores
<2 nm, mesopores 2-50 nm, macropores >50 nm.
When referring to porous structures in general, we have
adopted the expression permanently porous, as pro-
posed by Rohr et al. [4].

Permanently porous materials are often synthesized in
the form of uniform beads by suspension polymeri-
zation [4-8]. This leads to performance limitations in
certain applications, notably the chromatographic
separation of large molecules. The passage of molecules
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within the pores is typically controlled by diffusion.
Diffusion constants for large molecules, such as proteins
or synthetic polymers, are several orders of magnitude
lower than for small molecules, causing problems in
applications such as chromatography where the separa-
tion efficiency is strongly dependent on mass transfer
rates. Modern HPLC methods frequently involve col-
umns packed with porous polymer beads [9-11]. The
flow of the mobile phase between the beads through the
large interstitial voids in the column is relatively unim-
peded, whereas liquid present in the network of resin
pores does not flow and remains stagnant. For large
molecules, diffusional mass transfer rates between the
interstitial voids and the pores may be very slow, thus
causing peak broadening and necessitating low flow
rates or longer columns. A promising approach to this
problem has been the synthesis of continuous, porous
monolithic polymers [12,13] which have been developed
for a variety of applications including HPLC [14], high-
performance membrane chromatography (HPMC) [15],
capillary electrochromatography [16—19], microfluidics
[20,21], molecular imprinting [22], and high-throughput
bioreactors [23]. Typically, a mold is filled with a poly-
merization mixture containing a cross-linking mono-
mer, functional comonomer(s), initiator, and a
porogenic diluent. This mixture is then polymerized,
either thermally or photochemically, to form a con-
tinuous porous monolith which conforms to the shape
of the mold. Many systems have involved the free radi-
cal polymerization of methacrylate or styrene based


http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.elsevier.com/locate/compscitech/a4.3d
mailto:aicooper@liverpool.ac.uk

2380 A.K. Hebb et al. | Composites Science and Technology 63 (2003) 2379-2387

cross-linkers, e.g., ecthylene glycol dimethacrylate
(EGDMA), divinyl benzene (DVB). The porogenic
diluent may be either solvating or non-solvating in nat-
ure, and carefully chosen ternary solvent mixtures can
be used to allow fine control of the porous properties of
the monolithic polymers [16-18,24]. In some cases,
materials have been optimized to incorporate a dis-
tribution of small, diffusive pores (<100 nm), inter-
connected with larger, flow-through pores with
diameters in the range 700-2000 nm [25]. The large
pores provide permeability through the monolith and
also facilitate convection, thus greatly enhancing mass
transport. A key advantage of this methodology is that
the porous polymers can be prepared directly within a
variety of different containment vessels, including wide
bore chromatography columns, narrow bore capillaries,
and microfluidic devices. There are also disadvantages
associated with the monolith approach: for example, the
synthesis is solvent intensive and it may be difficult to
remove solvent residues from the continuous materials
after polymerization. Furthermore, highly cross-linked,
permanently porous polyacrylates are quite often brittle
and easily damaged, thus necessitating suitable perma-
nent containment to allow handling (e.g., in capillaries
or columns).

Previously, we have described the synthesis of highly
cross-linked porous polymer monoliths [26,27] and
beads [28] using supercritical carbon dioxide (scCO») as
the porogenic diluent. Carbon dioxide is an attractive
solvent for polymer chemistry because it is inexpensive,
non-toxic, and non-flammable [29-31]. Unlike conven-
tional liquid solvents, supercritical fluids (SCFs) are
highly compressible and the density (and therefore sol-
vent properties) can be tuned over a wide range by
varying pressure [32]. Moreover, SCFs revert to the
gaseous state upon depressurization, simplifying the
separation of solvent from solute and eliminating sol-
vent residues. In addition to the synthesis of porous
cross-linked vinyl polymers, scCO, has been used for
the formation of aerogels [33], microcellular polymer
foams [34-36], porous biopolymer composites [37], and
emulsion-templated polyHIPE materials [38].

We have shown that permanently porous polymer can
be formed in scCO, by the polymerization of cross-
linking monomers such as EGDMA and trimethylol-
propane trimethacrylate (TRIM). At relatively low
monomer concentrations (<30% w/v), non- porous
microgel powders were observed [39,40]. At higher
monomer concentrations (40-60% v/v), continuous
porous polymer monoliths were produced [26,27]. These
materials conformed to the shape of the reaction vessel
(i.e., they were molded). For polymers formed from
TRIM, an increase in monomer concentration led to a
marked decrease in the median pore size and a corre-
sponding increase in the specific surface area. It was
found that relatively small changes in the monomer

concentration could lead to dramatic changes in the
resulting polymer structure. We showed that polymer
properties such as pore size, pore volume, and surface
area all showed a strong dependence on the CO, pres-
sure [41]. As such, the reaction pressure can be used to
fine tune the pore structure in these materials, thus
exploiting the compressible nature of these SCF solvents
in a practically useful way [28,41].

By contrast, a disadvantage associated with the use of
scCO;, for polymerization is that relatively high reaction
pressures (800—5000 psi) may be required, particularly
in applications that operate well above the critical tem-
perature (7.=31.1 °C) and that require liquid-like sol-
vent densities (>0.7 g/cm?). In the short term, high
pressures translate into increased capital equipment
costs. In the longer term, large pressure differentials
contribute to operating costs and to overall energy
consumption [42]. We have commenced a series of
studies to evaluate hydrofluorocarbon (HFC) liquids,
such as 1,1,1,2-tetrafluoroethane (R134a), as potential
solvents for polymerization. Like CO,, R134a is non-
flammable and has zero ozone depletion potential.
Assessment of the global warming potential (GWP) for
R134a (and other HFCs) requires a detailed knowledge
of both the atmospheric lifetime and the infrared
absorption cross-section in the atmospheric transpar-
ency window (8—12 pum). Although the precise GWP for
7 HFC:s is still the subject of debate, a widely held view
is that the impact of these CFC-replacements on climate
change will be a very small fraction of the total impact,
which will come mainly from the accumulation of CO,
in the atmosphere [43]. Thus, R134a has found wide-
spread use in refrigeration and in auto air conditioning
systems. In addition, the low toxicity of R134a has led
to FDA approval as a propellant in metered dose inha-
lers [44]. In principle, the low pressures required to
liquefy R134a could equate to reduced operating costs.
On the other hand, HFCs are much more expensive
than CO,,! and efficient recycling of these fluids would
certainly be a prerequisite for industrial-scale use.
Energy-efficient solvent recycling may be practical for
R134a since the fluid was originally developed as a
refrigerant. Previously, HFC solvents have been eval-
uated in applications such as electrochemistry [45,46],
particle formation [47,48], extraction [49], and polymer
foaming [50].

We have found that R134a (7.=101.1 °C, P.=40.6
bar) can be used as a solvent for dispersion polymeri-
zation at much lower pressures than are feasible with
scCO, [51,52]. We have also shown that it is possible to
carry out dispersion polymerization in R134a using
inexpensive hydrocarbon stabilizers, as opposed to the

' Current price for refrigeration grade R134a is approximately $2
per pound.
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relatively expensive fluorinated materials used in con-
junction with CO»-based processes [29,30].

In this paper, we demonstrate that R134a may be
used as a porogenic solvent for the synthesis of porous
cross-linked polymethacrylate monoliths. Solvent separa-
tion is simple because the solvent reverts to the gasecous
state upon depressurization (b.p. R134a=-26.5 °C).
Moreover, these reactions may be conducted at much
lower pressures (<20 bar) than are possible with scCO».

2. Experimental section
2.1. Materials

Trimethylolpropane trimethacrylate (TRIM, Aldrich)
was used as received. 2,2-Azobisisobutyronitrile (AIBN)
was recrystallized twice from methanol and dried under
vacuum before use. 1,1,1,2-Tetrafluoroethane (R134a,
refrigeration grade) was purchased from Ineos Fluor
(Runcorn, UK) and was passed over an Oxisorb cata-
lyst (Messer Griesheim) in order to remove any traces of
oxygen.

2.2. Equipment

R134a was added to the reaction vessel using an Isco
260D syringe pump. The pressure in the reactor was
measured with a pressure transducer (A105, RDP Elec-
tronics) and a digital display (E308, RDP Electronics).
The internal reactor temperature was measured with an
industrial mineral isolated thermocouple (Type K, RS
Electronics). A PTFE-coated magnetic stir bar was used
to mix the contents of the reactor before polymeri-
zation. The reactor was placed on its side such that the
long axis was horizontal.

2.3. Polymerization

Reactions were carried out in a 10 cm? stainless-steel
view cell, as described previously [40]. Briefly, the
monomer and the initiator were added to the reactor
which was then purged with a slow stream of R134a for
10 min to remove any oxygen. A measured volume of
liquid R134a was then added to the reaction vessel and
the mixture stirred at room temperature until a single
homogeneous phase was observed. The reactor was then
heated to 60 °C (0.5 °C) in order to initiate the poly-
merization. Phase behavior was observed through the
sapphire window in the reaction vessel. The R134a was
removed at the end of the reaction by depressurization.
The rate of pressure release had no obvious influence on
the polymer morphology since the materials were highly
cross-linked and not subject to expansion or foaming
[34-37]. No cracks were observed to form in the mono-
lithic materials, even when the pressure was released

quite rapidly. Monomer conversions were 95-100% in
all cases.

2.4. Characterization

For analysis, the continuous polymer samples were
fractured into millimeter-sized pieces with a scalpel.
Pore size distributions were recorded by mercury intru-
sion porosimetry using a Micromeritics Autopore IV
9500 porosimeter. Samples were subjected to a pressure
cycle starting at approximately 0.5 psia, increasing to
60,000 psia in predefined steps to give pore size /pore
volume information. Polymer surface areas were mea-
sured using the BET method with a Micromeritics
ASAP 2010 nitrogen adsorption analyzer. Samples were
outgassed for 3 h at 60 °C under N, flow before analy-
sis. BET surface areas, pore volumes, and micropore
surface areas (BJH) were calculated using the Micro-
meritics software package (version 5.0). Absolute den-
sities were measured using a Micromeritics Helium
AccuPyc 1330 pycnometer. Polymer morphologies were
investigated with a Hitachi S-2460N scanning electron
microscope (SEM). Samples were mounted on alumi-
nium studs using adhesive graphite tape and sputter
coated with approximately 10 nm of gold before analysis.

3. Results and discussion

From the viewpoint of a synthetic polymer chemist,
the solvent properties of R134a are somewhat similar to
those of scCO,. For example, we have found that the
majority of common vinyl monomers are soluble (at
least up to 20-50%v/v) in liquid R134a at room tem-
perature and above [51,52]. Similarly, most hydro-
carbon polymers that we have investigated so far (with
the exception of polyvinylacetate) [52] exhibit very low
solubility in liquid R134a under moderate conditions (7'
<100 °C, P <50 bar) when the molecular weight is
higher than a few thousand mass units. An important
difference between R134a and CO, is solvent polarity:
CO, is symmetrical and has no dipole moment, while
R134a is moderately polar and has a significant dipole
moment (2.1 D) [53]. The critical temperature for R134a
is 101.1 °C: thus, it is possible to carry out reactions in
the liquid state at quite moderate pressures (5-50 bar) at
temperatures between ambient and 100 °C. Moreover,
the solvent density under these conditions (for pure
R134a) ranges between 0.9 and 1.3 g/cm> [54]. This is
significant because many polymerization reactions pro-
ceed at temperatures that are well above ambient.
Liquid CO, can be used as a solvent at relatively low
pressures ( <70 bar), but only for reactions occurring at
temperatures below 31.1 °C. In the case of the free-
radical polymerization, this requires the use of low-
temperature initiators that may be difficult to transport
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5‘%’0 AIBN, R134a cross-linked
4 © 60°C, 4 h, P < 250 psi polymer

TRIM

Fig. 1. Preparation of cross-linked polyTRIM monoliths using R134a
as the porogenic solvent.

and handle. All of the reactions described here were
carried out using a common free radical initiator at a
temperature (60 °C) where R134a exists in the liquid state.

3.1. Effect of monomer concentration

A series of experiments was conducted in which we
synthesized polyTRIM monoliths (Fig. 1) over a range
of monomer concentrations with respect to the solvent
(i.e., the porogen), as summarized in Table 1. Apart
from the ratio of monomer (TRIM) to solvent (R134a),
all other variables (i.e., reactor volume, initiator con-
centration, heating rate, reaction temperature) were
kept constant. Fig. 2 shows the effect of the monomer to
solvent ratio on the BET surface area for these materi-
als. Low monomer concentrations (<0.4 g/cm?) were
not sufficient to form continuous monoliths materials,
and the polymers were isolated as loosely agglomerated
microgel powders, as noted previously for the pre-
cipitation polymerisation of cross-linking monomers
such as DVB, EGDMA, and TRIM in scCO, [39,40].
These materials exhibited low BET surface areas (<20
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Fig. 2. Variation in BET surface area for polyTRIM monoliths syn-
thesized over a range of TRIM concentrations using R134a as the
porogenic solvent.

m?/g, Fig. 2). At higher monomer concentrations (0.5—
1.2 g/cm?), a sharp increase in the BET surface area was
observed (Fig. 2) and the materials were isolated as
continuous, porous monoliths that conformed to the
shape of the reaction vessel. A maximum in the BET
surface area of ~320 m?/g was observed at monomer
concentrations of around 1.2 g/cm® TRIM. In this con-
centration range, the materials varied in nature from
soft, crumbly materials (0.6 g/cm® TRIM) to harder,
brittle monoliths (1.2 g/cm® TRIM). All of the materials

Table 1

Effect of monomer to porogen ratio on physical properties of macroporous crosslinked TRIM monoliths synthesized using R134a as the porogenic
solvent®

Monomer/R134a Final pressure Surface area Absolute density Median pore Intrusion volume
(g/em?)® (psi)® (m*/g)* (g/em?’)® diameter (nm)* (em*/g)°

1 0.190 250 12 1.345 4090 4.307

2 0.364 252 3 1.254 5396 3.483

3 0.626 251 2 1.220 3964 1.144

4 0.849 244 120 1.227 135 1.219

5 0.936 230 188 1.253 47.9 0.944

6 0.950 236 203 1.230 51.5 1.000

7 1.100 237 318 1.283 45.6 0.833

8 1.145 231 259 1.242 32.8 0.646

9 1.311 249 266 1.217 35.0 0.640

10 1.403 233 273 1.240 33.1 0.463

11 1.446 230 290 1.236 22.1 0.290

12 1.486 216 285 1.222 314 0.532

13 1.502 218 311 1.213 31.4 0.264

14 1.831 204 143 1.219 12.8 0.226

15 2.163 200 113 1.213 15.7 0.181

4 Reaction conditions: AIBN (2%w/w based on TRIM), 60 °C, 4 h.
> Mass of TRIM monomer divided by volume of R134a added.
¢ Pressure recorded at 60 °C after reaction in complete.

4 Measured by N, adsorption-desorption using the Brunauer-Emmett-Teller method

¢ Measured by helium pycnometry

f Measured by mercury intrusion porosimetry over the pore size range 7 nm°~100 pm.
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Fig. 3. Variation in total intrusion volume (pore volume) for poly-
TRIM monoliths synthesized over a range of TRIM concentrations
using R134a as the porogenic solvent (measured by mercury intrusion
porosimetry over the pore diameter range 7 nm—100 pum).

were opaque white in appearance. At higher TRIM
concentrations (1.2-2.2 g/cm?), the BET surface area
fell sharply (~100 m?/g at ~2.2 g/cm? TRIM, Fig. 2).
At these higher monomer concentrations, the materials
were isolated as denser, semi-transparent, brittle mono-
liths. The variation in the total intrusion volume (i.e.,
the pore volume, as measured by mercury intrusion
porosimetry over the range 7 nm—100 pm), is shown in
Fig. 3. It was found that the intrusion volume fell
exponentially as a function of the monomer to solvent
ratio. Similarly, the median pore diameter, as measured
by mercury intrusion porosimetry, was also found to
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Fig. 4. Variation in median pore diameter for polyTRIM monoliths
synthesized over a range of TRIM concentrations using R134a as the
porogenic solvent (measured by mercury intrusion porosimetry over
the pore diameter range 7 nm—100 pm).

fall very sharply as the monomer concentration was
increased (Fig. 4). (It should be noted that the pore size
distributions in these samples are often broad: as such,
the changes in the median pore diameter measured by
mercury intrusion porosimetry reflect general shifts in
the position of the pore distribution envelope, rather
than the position of a well-defined, sharp peak.) The
monomer concentration has almost no effect on the
absolute density of these materials, as measured by
helium pycnometry (Fig. 5).

All of these effects are consistent with studies invol-
ving more conventional organic solvents as porogens
[16-18,24,25]. At low monomer concentrations
(TRIM]<0.4 g/cm?), monolithic polymers are not
formed and the products are isolated as microgel pow-
ders. These powders have a relatively coarse structure
(see Fig. 6a) and hence exhibit low surface areas. As the
monomer concentration is increased ([TRIM]=0.5-1.2
g/cm?), monolithic polymers are observed that conform
to the interior of the reaction vessel. These materials
exhibit much finer internal structures (i.e., the fused
polymer particles that make up the material are much
less coarse, see Figs. 6b and 6¢). Consequently, there is a
sharp increase in the surface area of these materials over
this concentration range because the average pore size
(i.e., the width of the spaces between the fused particles)
decreases dramatically (Fig. 4). This sharp decrease in
the median pore diameter outweighs the decrease in the
total pore volume (Fig 3) observed as the monomer
concentration is increased over this range (i.e., even
though the pore volume decreases significantly, the pore
size decreases much more dramatically and hence sur-
face area increases). As the monomer concentration is
increased over the range 1.2-2.2 g/cm?, the reverse trend

1.64

—
>

—
N

Absolute Density (g/cm?)
| ]

1.0 ‘ . . . 1
0.0 0.5 1.0 1.5 2.0 2.5

Monomer / Solvent (g/cm?)

Fig. 5. Variation in absolute density for polyTRIM monoliths syn-
thesized over a range of TRIM concentrations using R134a as the
porogenic solvent (measured by helium pycnometry).
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Fig. 6. Electron micrographs for polyTRIM monoliths synthesized
using R134a as the porogenic solvent at different TRIM concentra-
tions (scale bar =10 um in all images): (a) sample 1,surface area =12
m?/g; (b) sample 6, surface area =203 m?/g; (c) sample 7,surface area
=318 m?/g; (d)sample 15,surface area =113 m?/g.

is observed: the decrease in pore diameter is relatively
small (Fig. 4) and the decrease in the total pore volume
(Fig. 3) dominates,? such that a reduction in surface
area is observed.

It is clear that the pore volume should fall as the ratio
of monomer to porogen is increased. By contrast, the
factors that affect the polymer structure and the average
pore size are more subtle [2,16-18,24-27]. We rationa-
lize the observed variations by considering the mechan-
ism of formation of the polymeric matrix. R134a is a
very poor solvent for most polymers, and is certainly a
non-solvent for PMMA (i.e., the linear equivalent of
polyTRIM) [51,52]. The monomer (TRIM) can be con-
sidered as a much better thermodynamic solvent for the
growing polymer matrix than R134a. Thus, at low
TRIM concentrations, phase separation would be
expected to occur at rather lower polymer conversions.
Fused microgel particles are formed, a significant
quantity of polymer is generated after phase separation,
both in the monomer-swollen microgel particles and in
the R134a-rich phase. This leads to growth of the fused
particles and to in-filling of small pores between the
particles, thus forming larger, fused aggregates with
relatively low surface areas (Figs 6a,b). By contrast,
polymer network phase separation might be expected to
occur somewhat later in reactions involving higher
monomer concentrations, since TRIM is the better sol-

2 Note that mercury intrusion porosimetry only measures pores
with diameters > 7 nm.
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Fig. 7. Pore size distributions for polyTRIM monoliths synthesized
using R134a as the porogenic solvent at different TRIM concentra-
tions (measured by mercury intrusion porosimetry over the pore dia-
meter range 7 nm—100 um); Filled diamond points: sample 2, median
pore diameter =5.4 pm; Open circle points: sample 4, median pore
diameter =47.9 nm; Filled square points: sample 7, median pore dia-
meter =45.6 nm; Cross points: sample 15, median pore diameter =
15.7 nm.

vent for the polymer network. When phase separation
does occur, the microgel particles are therefore rela-
tively small and discrete, and are fused together by fur-
ther polymerization in the R134a-rich phase, giving rise
to smaller pores (Fig. 6¢,d).

Fig. 7 shows the pore size distributions, as measured
by mercury intrusion porosimetry, for four polyTRIM
materials synthesized at increasing TRIM concentra-
tions. The median pore diameter can be shifted over a
very wide range (10 nm—10 pm) in this system. Some
materials (e.g., sample 4) exhibit broad pore size dis-
tributions that encompass larger pores (100 nm-10 mm)
interconnected with small pores (<50 nm). Materials
such as this may be very useful for flow-through appli-
cations since the large pores facilitate flow whilst the
small pores provide surface area (BET surface area for
sample 4 =120 m?/g).

3.2. Effect of reaction pressure

Previously, we showed that pressure has a strong
effect on polymer properties such as pore size, pore
volume, and surface area for cross-linked polymers
produced in scCO, [41]. In the system presented here,
the porogen is used in the liquid state; as such, the
compressibility is much lower and one might expect the
effect of pressure to be much less marked for fluids used
in the liquid state. This was indeed found to be the case.
Table 2 lists the properties for a series of polyTRIM
materials synthesized at a fixed monomer concentration
but at varying R134a-pressures (i.e., the reactor was fil-
led and slightly overpressurized above the liquid vapour
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Table 2

Effect of R134a pressure on physical properties of macroporous crosslinked TRIM monoliths?

Final pressure Surface area Micropore surface area Micropore surface area Absolute density Median pore diameter Intrusion volume

(Kpsi)® (m?/g)° (m?/g)! (%) (g/em?) (nm)® (em?/g)®
16 0.237 281 28 10.1 1.230 425 0.445
17 0.260 298 64 214 1.230 34.1 0.718
18 0.266 390 80 20.6 1.225 46.8 0.604
19 0.293 355 62 17.5 1.234 39.9 0.766
20 0.376 345 61 17.5 1.238 38.5 0.670
21 0.387 351 60 17.2 1.216 315 0.700
22 0.465 321 50 15.6 1.231 42.0 0.929

b Pressure recorded at 60 °C after reaction in complete.

Reaction conditions: TRIM (5.5 cm?, 6.06 g), AIBN (2% w/w based on TRIM), 60 °C, 4 h.

¢ Measured by N, adsorption-desorption using the Brunauer-Emmett-Teller method.

d Measured by helium pyknometry.

¢ Measured by mercury intrusion porosimetry over the pore size range 7 nm—100 pm.

pressure of R134a). A degree of variation was observed
in the surface area of the materials (Fig. 8), but the
dependence of pressure was relatively small. The median
pore diameter (Fig. 9) did not vary at all as a function
of R134a pressure, quite unlike the equivalent system
involving scCO,, where a strong pressure-dependence
was found [41]. Both of these observations are con-
sistent with the fact that the solvent quality of the
porogen that affects the process of phase separation in
these materials. Solvent quality varies dramatically with
pressure in the case of SCFs, whereas for relatively
incompressible liquid solvents, it does not [32].

3.3. In situ synthesis of porous chromatography packings

We have shown that this technique can be used to
prepare porous monolithic polymer materials directly
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Fig. 8. Variation in BET surface area for polyTRIM monoliths syn-
thesized at various R134a pressures.

within common stainless steel chromatography col-
umns. Fig. 10 shows a photograph of such a material.
This particular packing was produced using scCO, as
the porogen, although R134a can be used in a similar
way. Under the appropriate conditions (particularly
with respect to monomer concentration), it is possible to
prepare these materials without significant shrinkage,
thus forming a porous packing that fills the entire col-
umn. Again, no organic solvents are used in this pro-
cess, and it is possible to remove any monomer residues
by in situ supercritical fluid extraction at the end of the
polymerization. Control over pore volume and pore size
distribution is vital in the production of chromato-
graphic stationary phases, and we believe that our
approach has the potential to allow fine tuning of these
parameters as well as greatly reducing the volume of
organic solvent used in the process.
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Fig. 9. Variation in median pore diameter for polyTRIM monoliths
synthesized at various R134a pressures (measured by mercury intru-
sion porosimetry over the pore diameter range 7 nm—100 pm).
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Fig. 10. Porous polyTRIM monolith synthesized in a 10 mm diameter
stainless steel column using scCO, as the porogen (column volume =8
cm?; TRIM volume =4 cm?; P=4000 psi; 2%w/v AIBN). Note that
the porous polyTRIM material fills the entire column without sig-
nificant shrinkage, either during polymerization or during depressur-
ization.

4. Conclusions

In this paper, we show that R134a can be used as a
porogenic solvent for the preparation of cross-linked
polymethacrylate monoliths. Due to the low boiling
point of the porogen (—26.5 °C), solvent separation is
simple and no washing or drying steps are required.
Moreover, since R134a is non-toxic, this approach may
offer a potential route to solvent-free biocomposites.
The polymer synthesis is carried out at much lower
pressures than are possible with scCO, (i.e., 15-20 bar
compared to 150-300 bar). Average pore sizes and sur-
face areas in the materials may be varied over a wide
range by varying the monomer concentration. By con-
trast, pressure has rather little effect due to the relatively
incompressible nature of liquid R134a. Future studies
will focus on the applications of materials produced by
this route.
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