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Synthesis of Molded Monolithic Porous
Polymers Using Supercritical Carbon Dioxide
as the Porogenic Solvent**
By Andrew I. Cooper and Andrew B. Holmes*
Macroporous cross-linked polymers are extremely useful
in a wide range of applications.[1] Unlike lightly crosslinked polymers, which become porous when swollen by
solvents, macroporous (or ªmacroreticularº) polymers
have a permanent porous structure, which is formed during
their preparation and persists in the dry state. The internal
macroporous morphology is characterized by interconnected channels (pores), which permeate the rigid, extensively cross-linked polymer matrix. Macroporous resins are
often synthesized in the form of uniform beads by suspension polymerization;[2] however, this can lead to performance limitations in certain applications, notably the chromatographic separation of large molecules. The passage of
molecules within the pores of a macroporous resin 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 major problems in applications such as chromatography where the separation efficiency is strongly dependent
on mass transfer rates.[3] Modern high-performance liquid
chromatography (HPLC) methods frequently involve columns packed with macroporous polymer beads.[4] The flow
of the mobile phase between the beads through the large
interstitial voids in the column is relatively unimpeded,
whereas liquid present in the network of resin pores does
not flow and remains stagnant. For large molecule analytes,
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
very promising approach to this problem has been the synthesis of continuous, macroporous monolithic polymers,[5]
which have been developed for a variety of applications,[6]
including HPLC,[7] high-performance membrane chromatography (HPMC),[8] capillary electrochromatography,[9]
molecular imprinting,[10] and high-throughput bioreactors.[11] Typically, a mold is filled with a polymerization
mixture containing a cross-linking monomer, functional comonomers, initiator, and a porogenic diluent. This mixture
is then polymerized, either thermally or photochemically,
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to form a continuous porous monolith that conforms to the
shape of the mold. Most systems so far have involved the
free radical polymerization of methacrylate- or styrenebased cross-linkers (e.g., ethylene glycol dimethacrylate, divinyl benzene). The porogenic diluent may be either solvating or non-solvating in nature, and carefully chosen ternary
solvent mixtures can be used to allow fine control of the
porous properties of the monolithic polymers.[9] In some
cases, materials have been optimized to incorporate a distribution of small, diffusive pores (<100 nm), interconnected with larger, flow-through pores with diameters in
the range 700±2000 nm.[12] The large pores allow sufficient
permeability through the monolith and also facilitate convection, thus greatly enhancing mass transport.[6] A key advantage of this methodology is that the macroporous polymers can be prepared directly within a variety of different
containment vessels, including both wide bore chromatography columns and narrow bore capillaries.
In this paper we describe for the first time the synthesis
of highly cross-linked macroporous polymer monoliths
using supercritical carbon dioxide (scCO2) as the porogenic
solvent. Carbon dioxide is an attractive solvent for polymer
chemistry because it is inexpensive, non-toxic, and nonflammable.[13] Unlike conventional liquid solvents, supercritical fluids (SCFs) are highly compressible and the density (and therefore solvent properties) can be tuned over a
wide range by varying pressure. Moreover, SCFs revert to
the gaseous state upon depressurization, simplifying the
separation of solvent from solute and eliminating solvent
residues. DeSimone and others have shown that scCO2 is a
versatile medium for both homogeneous and heterogeneous polymerization.[14] Carbon dioxide has also been
used for the formation of microcellular polymer foams and
aerogels by supercritical fluid processing.[15] Recently, we
have demonstrated the synthesis of highly cross-linked
polymers by heterogeneous polymerization in scCO2.[16]
Dry, free-flowing microparticulate powders of various
morphologies were formed, and in all cases the polymers
were found to be completely non-porous.[17] We show here
that the reaction conditions can be modified to allow the
generation of continuous macroporous polymer monoliths
in scCO2, and that it is possible to achieve fine control over
average pore sizes and pore size distributions.
Previously, we showed that highly cross-linked polymer
powders could be formed in scCO2 by the polymerization of
cross-linking monomers such as divinylbenzene (DVB), ethylene glycol dimethacrylate (EDMA), and trimethylolpropane trimethacrylate (TRM).[17] The monomer concentration was typically 20 vol.-% or lower, and under these
conditions the polymers were isolated as free-flowing, nonporous powders, with particles in the size range 0.4±10 mm.
In some cases, uniform polymer microspheres were formed
by the use of CO2-soluble diblock copolymer surfactants.[16,17] In the work described here, we used much higher
monomer concentrations (40±60 vol.-%) in order to generate continuous porous polymer monoliths that conformed
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to the shape of the reaction vessel. The polymerization of
TRM and EDMA (Scheme 1) was carried out in scCO2 at
various monomer concentrations. The surface areas, median

Scheme 1.

pore diameters, total intrusion volumes, and bulk densities
for the polymers are listed in Table 1. For polymers formed
from TRM, an increase in the monomer concentration led
to a marked decrease in the median pore size and a corresponding increase in the specific surface area (samples 1±3).
It was found that relatively small changes in the monomer
concentration could lead to dramatic changes in the resulting polymer structure. For example, the polymer formed
from 40 vol.-% TRM (sample 1) had a median pore diameter of 7880 nm and a specific surface area of 5.2 m2/g. An
increase in the monomer concentration of 10 % led to a
product (sample 2) with a median pore diameter of only
100 nm and a specific surface area of 269.4 m2/g (i.e.,
50 times greater than sample 1). Figure 1 shows the pore
size distributions for samples 1±3, as measured by mercury
intrusion porosimetry. The pore size distributions for samples 1 and 2 were unimodal and narrow (Fig. 1a,b), while
the polymer formed using 60 vol.-% TRM (sample 3) had a
broader distribution (Fig. 1c), consisting mainly of pores
less than 100 nm in diameter. Following IUPAC definitions,
samples 1 and 2 would be termed macroporous, while sample 3 is predominantly macroporous but appears to contain
a number of pores in the mesopore/micropore size range.
The morphology of samples 1±3 was examined by scanning
electron microscopy (SEM). Figure 2 shows clearly how the
variation in median pore diameter and surface area can be

Fig. 1. Effect of monomer concentration on the differential pore size distribution for molded porous monoliths produced in scCO2. Reaction conditions: 50 C, 12 h, 310 bar, 2 % w/v AIBN. a) Sample 1, 40 vol.-% TRM.
b) Sample 2, 50 vol.-% TRM. c) Sample 3, 60 vol.-% TRM.

explained by the internal structure of the polymer monoliths. Sample 1 (Fig. 2a) consisted of relatively large particles, fused together to form an open, porous structure. Samples 2 and 3 (Fig. 2b,c) were found to contain much smaller
primary particles which were fused together to form a network of narrower pores. We rationalize this variation in
polymer structure by considering the mechanism of formation of the polymeric matrix.[1,18] Carbon dioxide is a very
poor solvent for most polymers, with the exception of certain amorphous fluoropolymers and polysiloxanes.[13] In our
system, the monomer (TRM) can be considered as a much
better thermodynamic solvent for the growing polymer than
CO2. Polymer network phase separation might therefore be
expected to occur somewhat later in reactions involving

Table 1. All reactions were carried out in a stainless steel autoclave (10 cm3 or 40 cm3) at 50 C using AIBN (2 % w/v based on monomer).

[a] Measured by N2 adsorption/desorption using the Brunauer±Emmett±Teller method. [b] Measured by mercury intrusion porosimetry over
a pore size range 7 nm±100 mm. [c] Bimodal pore size distribution observed. [d] TRM (20 cm3), H2O (5 cm3), AOT (0.2 g), AIBN (0.4 g).
[e] TRM (15 cm3), MAA (5 cm3), AIBN (0.4 g).
Adv. Mater. 1999, 11, No. 15
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Fig. 2. SEM images showing the internal structure of porous monoliths produced in scCO2 at different monomer concentrations. Reaction conditions:
50 C, 12 h, 310 bar, 2 % w/v AIBN. a) Sample 1, 40 vol.-% TRM. b) Sample 2, 50 vol.-% TRM; c) Sample 3, 60 vol.-% TRM.

higher monomer concentrations (samples 2 and 3, 50 vol.% and 60 vol.-% TRM, respectively). Consequently, when
phase separation does occur, the microgel particles that are
formed remain relatively small and discrete (Fig. 2b,c), and
are fused together by further polymerization in the CO2
phase. At lower monomer concentrations (sample 1,
40 vol.-% TRM), phase separation would be expected to occur at somewhat lower conversions. Again microgel parti1272
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cles are formed, but in this case significantly more polymer
is generated after phase separation in both the monomerswollen microgel particles and in the CO2 phase. This leads
to growth of the particles and in-filling of small pores between particles, thus forming large, fused aggregates with
relatively low surface areas (Fig. 2a). If the monomer concentration is reduced even further (£20 vol.-% TRM), the
concentration of polymer becomes too low for the formation of a fused monolith, and the microgel particles appear
as a fine powder.[17]
Similar trends were observed for polymers synthesized
from EDMA (Table 1, samples 4±6), although average
pore diameters were somewhat larger and specific surface
areas were correspondingly lower. This is in agreement
with our previous studies, where EDMA-based polymer
powders synthesized in scCO2 were found to have larger
particle sizes and lower surface areas than the TRM-based
equivalents.[17] Samples 4 and 5 exhibited bimodal pore size
distributions, while sample 6 showed a narrow, unimodal
distribution. As might be expected, the mechanical stability
of the monoliths improved with increasing monomer concentration: samples 1 and 4 were easily crushed to form
chalky powders, while samples 2, 3, 5, and 6 were isolated
as hard, brittle monoliths, which fractured into millimetersized pieces when broken. The polymers were white and
opaque in appearance but were found to become translucent when swollen with a solvent (e.g., toluene). The samples could absorb 80±140 % of their weight in solvent when
soaked in toluene for 2 h. Interestingly, swelling with toluene tended to cause the monoliths to expand and break
apart, whereas this was not observed when the polymers
were re-exposed to scCO2. The latter is important since
one of our primary goals is to prepare materials for applications that involve supercritical fluid solvents. Bulk polymer
densities ranged between 0.5±0.8 g/cm3 depending on the
sample morphology (Table 1), although it should be remembered that mercury intrusion porosimetry does not account for the volume of pores with diameters of less than
about 7 nm. This would tend to affect bulk density and total intrusion volume measurements, mostly for samples 3,
6, and 8 which had a certain percentage of pores with diameters in this size range. Absolute (or ªskeletalº) density,
rabs, was measured by helium pycnometry, and this did not
appear to vary significantly with polymer morphology
(rabs = 1.30 ± 0.05 g/cm3 for TRM polymers; rabs = 1.55 ±
0.05 g/cm3 for EDMA polymers).
It is clear that the ratio of solvent to monomer has a very
pronounced effect on the pore size distribution of the polymers. Preliminary results suggest that pressure has a more
subtle influence on polymer morphology. The polymer prepared from 50 vol.-% TRM at 155 bar (sample 7) was
found to have a narrow, unimodal pore size distribution
that peaked at 185 nm, somewhat higher than the median
pore diameter of 100 nm for the same polymer synthesized
at 310 bar (sample 2). This suggests that it might be possible to ªfine tuneº the pore size distribution by changing the
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pressure, which in turn changes the solvent strength of the
supercritical medium.[13] This is analogous to varying the
pore size by changing porogenic solvent composition, and
our early results are in accordance with previous studies
where a decrease in the porogenic solvent strength led to
larger average pore diameters.[18]
Another method for the control of pore size distributions
in cross-linked polymers is ªreverse micellar imprintingº,
as described by Zhu et al.[19] We have shown that this can
be achieved in scCO2 by polymerizing TRM in the presence of an aqueous microemulsion, which acts as a template for pore formation. When TRM was polymerized at
50 vol.-% in scCO2 (sample 2), the pore size distribution
was narrow and unimodal, peaking at 100 nm (Fig. 1b).
When this experiment was repeated in the presence of a
water-in-CO2 microemulsion (sample 8) stabilized by sodium bis(2-ethylhexyl) sulfosuccinate (AOT), the pore size
distribution was significantly broader and shifted to include
a wide range of pores with much smaller diameters (median
pore diameter = 25 nm). Before polymer phase separation,
a clear, transparent aqueous microemulsion was observed
in the reaction vessel. Previous studies have shown that it is
very difficult to form stable aqueous microemulsions in
pure scCO2 by using conventional surfactants, and highly
fluorinated stabilizers have usually been required.[20] The
stability of the microemulsions in our experiments was presumably a result of the high concentration of monomer in
the CO2 phase.
In order to generate a functional porous monolith,
methacrylic acid (MAA) was chosen as a comonomer in
the polymerization of TRM (sample 9). The copolymer
was found to have a larger median pore diameter than the
analogous TRM homopolymer (sample 2), leading to a
lower surface area. The formation of materials such as sample 9 suggests that our methods may have potential for the
formation of well-defined, non-covalently imprinted monoliths,[10] particularly since CO2 is a non-polar, aprotic solvent, which, like perfluorocarbons, should not interfere
with most template±comonomer interactions.[21] In addition, there is some evidence that the formation of molecular imprints is favored at elevated pressures.[22]
We conclude that it is possible to synthesize well-defined,
highly porous cross-linked monoliths using scCO2 as a nonsolvating porogenic diluent. We have demonstrated the
synthesis of polymers with narrow, unimodal pore size distributions, without the use of complex ternary solvent mixtures. The separation of solvent from polymer is very simple, and no solvent residues are left in the polymer after
depressurization. This may be useful, for example, in the
formation of molded macroporous polymers within narrow
bore capillaries, where the removal of the porogenic solvent can be difficult. Preliminary results show that it is possible to fine-tune the pore size distribution with pressure or
by reverse micellar imprinting. The copolymerization of a
functional monomer has been demonstrated, which suggests future applications such as molecular imprinting,
Adv. Mater. 1999, 11, No. 15

chromatographic separations, or polymer-supported catalysis. We believe that our methods may be applied to the synthesis of a wide range of porous materials, and that the approach may be particularly valuable for the preparation of
specialized cross-linked porous materials for applications
that involve subsequent re-exposure to supercritical fluid
solvents.

Experimental
High-pressure reactions were carried out in a stainless steel reactor
(either 10 cm3 or 40 cm3), equipped with a sapphire window for observation
of phase behavior [16,17]. In a typical polymerization, the reactor was
charged with monomers, initiator (2,2¢-azobisisobutyronitrile (AIBN), 2 %
w/v based on monomer), and the system was purged with a slow flow of
CO2 for 15 min. The reactor was then pressurized with liquid CO2 (22 ±
2 C, 100 ± 5 bar) and stirring (poly(tetrafluoroethylene), PTFE stir bar)
was commenced, whereupon the monomer(s) and initiator were observed to
dissolve over a period of a few minutes to form a clear solution. Stirring was
ceased once the solution had become fully homogeneous. The reactor was
then heated to achieve the required reaction conditions (50 C, 310 ±
10 bar) and left overnight. After cooling to around 40 C, the CO2 was
vented slowly while still under supercritical conditions. (Safety note: Due to
the nature of the porous monolithic products, it is possible that residual
pressure could be trapped within the polymer matrix. To minimize this risk,
the system was typically allowed to vent overnight before opening the reactor.) The polymers were removed from the reactor as dry, white, continuous
monoliths.
For analysis [23], the monoliths were crushed and sieved to a particle size
of greater than 2 mm, in order to eliminate any contribution from fine powder. Pore size distributions were recorded by mercury intrusion porosimetry
using a Micromeritics Autopore II 9220 porosimeter. Samples were subjected to a pressure cycle starting at approximately 0.5 psia (73 MPa), increasing to 60 000 psia (8.7  106 MPa) in predefined steps to give pore size/
pore volume information. Polymer surface areas were measured using the
Brunauer±Emmett±Teller (BET) method with a Micromeritics ASAP 2010
nitrogen adsorption analyzer. All samples were outgassed overnight at 60 C
under vacuum before analysis. Absolute densities were determined using a
Micromeritics Accupyc 1330 helium pycnometer. Polymer morphologies
were investigated with a JEOL JSM-5800 LV SEM. Samples were mounted
on aluminum studs using adhesive graphite tape and sputter coated with approximately 10 nm gold before analysis.
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Electric Field and Wavelength Dependence of
Charge Carrier Photogeneration in Soluble
Poly(p-phenylenevinylene) Derivatives**
By Thomas K. Däubler, Vera Cimrovµ,* Steffen Pfeiffer,
Hans-Heinrich Hörhold, and Dieter Neher*
The photogeneration of charge carriers in conjugated polymers such as poly(p-phenylenevinylene) (PPV) is of potential interest for applications in photoreceptors, photodiodes,
and solar cells. Despite intensive research, absolute values
and, in particular, the mechanism of charge carrier photo±
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generation in PPVs are still subjects of controversy.[1±9] A
band-to-band transition into free carriers, the direct field-induced dissociation of the singlet exciton, as well as the dissociation of a thermalized charge transfer state have been
discussed. Moses et al. performed steady-state photoconductivity experiments on sandwich samples of poly(5-(2¢ethylhexyloxy)-2-methoxy-1,4-phenylenevinylene) (MEHPPV).[5] They concluded that the observed temperature as
well as the field dependence of the photocurrent is due to the
transport of the photogenerated charge carriers and that the
photogeneration mechanism is consistent with a direct bandto-band transition. A low photogeneration efficiency of only
0.1 % was reported. Work by Friend and co-workers on
MEH-PPV sandwich cells revealed a pronounced wavelength dependence of the photocurrent quantum yield.[6] It
was concluded that the nature of the initially excited excitonic state determines the efficiency for charge carrier photogeneration. These conclusions have, however, been extracted
from stationary photoconductivity measurements on thin
polymer films sandwiched between two electrodes. In this geometry, external effects might affect the photocurrent
through the sample.[7,8,10] Bässler and co-workers demonstrated that high photocurrent quantum yields might be
caused by photoinduced electron transfer processes at the interface between the polymer and the electrodes.[7,8] Results
of experiments performed under certain conditions could,
however, be attributed to bulk photoionization. The pronounced field dependence of the generation efficiency for
several PPV derivatives was explained by Onsager's theory
for the dissociation of coulombically bound electron±hole
(e±h) pairs. Our recent work on photoconductivity of sandwich cells of poly (phenylimino-1,4-phenylene-vinylene-2,5dioctyloxy-1,4-phenylenevinylene 1,4-phenylene) (PA-PPV)
indicated that different photoconductivity gain mechanisms
contribute to the photocurrent depending on the thickness of
the polymer layer and on the experimental conditions.[10,11]
Taking these mechanisms into account, photogeneration
efficiencies of approximately 0.6 % at a field of 6.5 V/mm
were found.
Here, we report on the determination of the charge carrier photogeneration efficiency Z in PA-PPV (1) and MEHPPV by means of emission-limited photoinduced xero-
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graphic discharge (XD).[12] Under emission-limited conditions, the photoinduced discharge quantum efficiency Z¢ is
independent of both sample thickness and light intensity
and equals Z. Using this technique, the photoinjection and
other problems connected with a second electrode can be
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