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Polymer synthesis and characterization in liquid / supercritical 
carbon dioxide 
Andrew I Cooper* and Joseph M DeSimonet 

The use of carbon dioxide as an inert solvent has emerged 
recently as an important development in polymer chemistry. 
The past year has seen major advances in the synthesis of a 

variety of polymeric materials in carbon dioxide. At the same 

time complementary studies have successfully elucidated the 

physical behavior of a range of polymers in carbon dioxide 

solution. Herein we review both synthetic and physical studies 

that are defining the scope of this approach. 
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Abbreviations 
sccos supercritical carbon dioxide 
SCF supercritical fluid 

P, critical pressure 
PFOA poly (1,l -dihyroperfluorooctylacrylate) 
PMMA poly (methyl methacrylate) 
SANS small angle neutron scattering 
SAXS small angle X-ray scattering 

Tc critical temperature 
TFE tetrafluoroethylene 
vocs volatile organic compounds 

Introduction 
Until recently, most solution polymerizations have been 
carried out in traditional organic solvents or in aqueous 
media. Concern over the emission of volatile organic 
compounds (VOCs) and polluted aqueous waste streams 
into the environment has prompted many researchers to 
look for less harmful solvent alternatives. Carbon dioxide 
has intrinsic environmental advantages; it is nontoxic, 
nonflammable, and can be easily separated and recycled. 
Furthermore, CO* is widely available and inexpensive 
which suggests potential for large scale industrial use. 

Carbon dioxide only acts as a good solvent under relatively 
high pressures in the liquid or supercritical state [l]. A 
supercritical fluid (SCF) is defined as a substance which is 
above its critical temperature (T,) and critical pressure (PC). 
Under these conditions the substance does not behave 
as a typical gas or liquid but exhibits hybrid properties 
of these two states. Like gases, SCF solvents have low 
viscosities and are highly compressible. It is therefore 
possible to tune the density of a SCF isothermally, simply 
by raising or lowering the pressure. Since the density of 

CO;! varies with pressure from vapor-like to liquid-like, 
one can control solvent properties such as density, viscosity 
and dielectric constant over a considerable range. From a 
practical standpoint, CO2 has rather modest supercritical 
parameters (T, = 3 1. l’C, PC = 73.8 bar) and supercritical 
conditions are therefore quite easily obtained. (For an 
excellent general introduction to the properties and 
applications of supercritical fluids, see [I]). 

This review deals with the most recent advances in 
polymer synthesis in CO;! before focusing on physical 
studies of the behavior of polymeric materials in scCOz 
solution. It should be noted that the use of scCOz for the 
processing of polymers is also an important area of research 
that lies beyond this discussion [l]. 

Homogeneous polymerizations in carbon 
dioxide 
Whilst CO2 is a good solvent for many small molecules 
(e.g. monomers) [l], only two classes of polymer have 
shown significant solubility in CO2 under practical con- 
ditions; amorphous (and low melting) fluoropolymers and 
polysiloxanes [l-4]. Polymers with an affinity for COz have 
been termed ‘COz-philic’ [S]. 

The first homogeneous polymerization using scCOz as 
an inert reaction medium was reported by DeSimone, 
Guan and Eisbernd in 1992 and involved the free-radical 
polymerization of a semifluorinated acrylate [Z]. More 
recently, the same group has described the free-radical 
telomerization of tetrafluoroethylene (TFE) in scCO2 by 
means of a perfluoroalkyl iodide telogen [6]. At the 
temperatures used this reaction was homogeneous at low 
monomer to telogen ratios, but showed precipitation as 
the ratio (and therefore product molecular weight) was 
increased. Telomerizations were initiated by both free 
radical and thermal methods giving high yields of telomers 
(7590%). In all cases, the separation of the polymer 
from homogeneous COz solution was quite simple. Upon 
venting CO2 from the reaction vessel, the polymer 
precipitated from solution leaving a dry, solvent-free 
product. To date, however, the number of homogeneous 
polymerization reactions in CO2 is still relatively small 
(Table 1). 

Heterogeneous polymerizations in carbon 
dioxide 
Lipophilic and hydrophilic polymers tend not to be soluble 
in CO2 and these polymers have been described as 
‘COz-phobic’. Nevertheless, heterogeneous polymeriza- 
tions of CO*-soluble hydrophilic and lipophilic monomers 
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Table 1 

Summary of selected polymerization reactions in liquid / supercritical CO, 

Monomer Phase* Tern&Z) Press (bar) <M,s(kg/mol) PDU Yield (a/o) References 

CF, =CF2 (MMA) HIP 66-l 60 165-345 0.6-9OOt 1.35-l 440 13-90 (6,7’,23’,24) 
CF,=CFO(CF2)2CFs (PPVE)/TFE P 35 90-l 10 >lOOO# n/a 99-l 00 I1 O”] 
CF2 =CF(CFs) (HFP)/TFE P 35 50-l 00 >lOOO¶ n/a 3-62 [ 10”) 
CHP =CF2 (VF,)e H 60 260-340 -0.6b 1.05 32-35 (26) 
CH2 =CH-C(O)O-CH#F&CFs (FOA) H 60 207 ll-1600** n/a 65 LXG”l 
CH2 =CH-Ph (styrene) D/Ptt 65 204-345 3.0-84.3 1.4-5.3 12-96 [9,15’,161 
CH2=CH(CHs)C(0)O-CH, (MMA) DlPtt 30-65 69-345 65-390 2.1-5.3 1 O-96 [7’,13,14”,16”1 
(CHs)s C==CHz (isobutylene) P 32.5-36 75-l 35 0.5-2.5 1.5-3.4 5-35 I211 
CHZ =CH-CO1H (acrylic acid) P 62 125-345 2.9-l 53 1.3-3.9 s90 161 
CHz=CH-C(O)-NH* (acrylamide) E 60 340 4900-7ooott n/a 91.4-99.8 [7’,221 
Norbornene P 65 66-345 15-511 2.0-4.5 6-7588 [7’,194 
Cyclic/vinyl ethers H/PM -1 O-60 290-345 7-l 52 1.2-9.4 43-91 (7’,20’] 
2,6Dimethylphenylene oxide PlDpP 25-40 345 0.9-l 7.2 1.6-5.6 16-66 (171 

‘Phase behavior during polymerization: H=homogeneous, P=precipitation, D=dispersion, E=emulsion. tPolydispersity index of molecular weight 

distribution. *Reaction conducted as both telomerization and polymerization. §PDI refers to telomerization reaction (61. ‘Incorporation of PPVE 
in copolymer=2.9-6.6wt. %. Plncorporation of HFP in copolymer=1 1.2-l 3.6wt.%. velomerization reaction. **Molecular weights have been 
determined by both gel permeation chromatography (GPC) [13”] and small angle neutron scattering (SANS) [43”). ttA dispersion is only observed 

in the presence of a stabilizer. Wiscosity average molecular weight (Mv) is reported. @Methanol used as a cosolvent in some reactions. HOnly 

fluorinated systems were found to be homogeneous. PSome evidence for dispersion in presence of stabilizer, at least in early stages of reaction. 

in liquid or supercritical CO2 have proved very successful of 2,6-dimethylphenylene oxide, even when the polymer 
in the past few years [7*] (Table 1). was observed to precipitate from solution [17]. 

In the absence of a stabilizing or solubilizing agent, 
COz-phobic polymers will precipitate rapidly from CO2 
solution as they are formed. The polymerizations of acrylic 
acid [8], styrene [9] and the copolymerization of tetrafluo- 
roethylene [lo”] in scCOz are good recent examples. The 
latter process provides a convenient route to commercially 
important, melt-processable fluoropol.ymers. In certain 
systems such as these, particularly where the polymer 
is insoluble in its corresponding monomer, precipitation 
polymerizations can be quite efficient and can give high 
molar mass products in good to excellent yields [8,10**]. 
However, for amorphous polymers precipitation often 
leads to undefined morphologies and, in many cases, low 
degrees of polymerization [ll]. The use of CO*-soluble 
amphiphilic stabilizers, as pioneered by DeSimone and 
coworkers, has proved to be an effective way to overcome 
these problems and to extend the range of COZ-based 
polymerization reactions [12,13”]. Carbon dioxide has 
been employed for a variety of dispersion polymerizations, 
in which monomer and initiator are soluble whilst the 
resulting lipophilic polymer is insoluble in the CO2 
continuous phase. High degrees of polymerization are 
observed because the insoluble polymer is stabilized 
sterically as a colloid and does not precipitate (Fig. la). 
Stabilization effects will depend strongly on the precise 
chemical structure of the polymeric stabilizer (Fig. lb). 
The free radical initiated dispersion polymerizations of 
methyl methacrylate [13,14”] and styrene [1.5*,16] have 
demonstrated that it is possible to synthesize polymers 
in CO2 with well defined particle morphologies (Fig. lc). 
In these cases it is often possible to isolate the polymer 
as a dry, free flowing powder. It has also been shown 
that amphiphilic stabilizers increase both yield and 
molecular weight in the oxidative coupling polymerization 

Less expensive siloxane-based alternatives have been 
used as stabilizers for the dispersion polymerization of 
methyl methacrylate in CO2 [18”]. In this case the 
stabilization mechanism is rather different; small amounts 
of a COZ-soluble poly(dimethylsiloxane) macromonomer 
are grafted chemically onto the growing poly(methy1 
methacrylate) (PMMA) chains, thus preventing coales- 
cence and precipitation. High molecular weights and 
yields of PMMA were obtained (120-380 kg mol-1, SO-90%) 
in the presence of siloxane stabilizer and the resulting 
polymer existed as well defined spherical particles, with 
diameters ranging from l.l-5.8pm depending on the 
reaction conditions. In the absence of stabilizer, a tacky 
polymer was formed in low yield (24%) and with much 
lower molecular weight (65 kg mol-1). 

Other examples of heterogeneous polymerizations in CO2 
include the ring opening metathesis polymerization of 
norbornene [ 19.1, the cationic polymerization of cyclic and 
vinyl ethers [‘ZO’] and the carbocationic polymerization 
of isobutylene [‘Zl]. There are fewer examples of the 
synthesis of hydrophilic polymers in CO2. Adamsky and 
Beckman have reported the inverse emulsion polymer- 
ization of acrylamide in scCOz/water mixtures [ZZ]. It 
appears that a latex is formed in the presence of fluorinated 
surfactants, but the precise stabilization mechanism is still 
somewhat unclear. In fact, very high yields were obtained 
in all cases, regardless of surfactant concentration. 

In the future, the use of CO2 in conjunction with 
a second immiscible solvent phase could become very 
important. The free radical polymerization of TFE has 
been carried out in hybrid mixtures of CO2 and water, 
giving high molecular weight products (Fig. 2) [23*,24]. 
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Mechanism of a dispersion poiymerization in scCOp. (a) Schematic 
representation of a polymer particle stabilized by PFOA in scCO2. 
The extension of the PFOA chain into the Cop continuous phase 
prevents coalescence and precipitation [‘i”,i 3’9. (b) Structure of 
the stabilizer PFOA. The iipophiiic backbone anchors the fluorocarbon 
steric stabilizing moieties to the growing polymer particle. (Adapted 
from [‘?*I.) (c) Scanning electron micrograph (SEM) of poly(methyl 
methac~iate) (~~) particles synthesized in scCOp with PFOA 
(0.48 wt.%) as a steric stabilizer. Particle diameters=i.5-3pm. (Note 
the 2 pm scale bar in the SEM.) 

CO, in Ii,0 Hz0 in CO, 

Free radical polymet~at~on of TFE. (a) The po~meti~t~on of TFE 
in a hybrid COl/watet mixture [23**]. (b) Scheme illustrating the 
continuum of possible CO2 : water compositions. Each composition 
will give rise to a unique environment for polymerization. The design 
of effective surfactantsiphase transfer catalysts will be vital to tailor 
these solvent systems to particular needs. 

This novel system has the advantage that CO;! and water 
have low mutual solubilities and the resulting biphasic 
solvent system allows compartmentalization of monomer, 
polymer and initiator based on their respective solubility 
characteristics. In this case, the use of CO2 as a continuous 
phase gives an added safety advantage. TFE forms 
explosive mixtures with air and can also disproportionate 
violently under anaerobic conditions, however mixtures 
of CO2 and TFE can form a “psuedoazeotrope” which 
may be handled more safely. Further examples of 
the homogeneous or heterogeneous polymerization of 
fluorinated monomers suggest that CO2 could become 
an important general solvent for fluoropolymer synthesis 
[10”,20’,25,26]. 

It is well known that CO2 can plasticize and swell 
many polymeric materials [1,27-29). Indeed, this is an 
intrinsic advantage in the heterogeneous polymerizations 
mentioned above; CO2 swells the growing polymer 
particle and allows diffusion of monomer into the particle 
interior. Researchers have exploited this effect further by 
forming novel composite materials, in which a second 
monomer is polymerized inside a COz-swollen polymer 
host [30,31*,32] (Fig. 3). In addition to plasticizing 
the polymer and facilitating diffusion of reactants, CO2 
diffuses rapidly from the polymer matrix upon depressur- 
ization thus leaving no solvent residues [33,34,35]. 

In all cases discussed so far, CO:! has acted as an inert 
medium towards polymerization. However, there is much 
large literature which has showed that CO2 can be used as 
a comonomer, particularly with epoxides to form aliphacic 
polycarbonates. As yet, there are only preliminary reports 
of the use of SCCOZ as both monomer and solvent in a 
copolymerization process [36*], although this is likely to be 
an attractive area for future research since CO2 is a very 
inexpensive Cl feedstock. 
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Figure 3 
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Schematic illustration of the formation of a polymer blend in a scC02-swollen polymer host [30,31’,321. (a) The polymer host (P) is placed in a 

solution of a second monomer (M) and an initiator (I) in scCO2. (b) Monomer and initiator diffuse into polymer substrate at a temperature where 

polymerization does not occur. (c) Temperature is raised to polymerize the impregnated monomer, either in the presence or absence of CO2 as 

a swelling agent. A phase segregated polymer blend (PB) is formed. 

It should be noted that the synthesis of polymers in liquid 

and supercritical CO2 has also been reviewed in greater 

detail elsewhere [37]. 

Behavior and characterization of polymers in 
carbon dioxide 
Until now, advances in COZ-based polymer synthesis have 

tended to outpace discoveries concerning the underlying 

physical chemistry of these systems. However, this trend 

appears to be changing as researchers explore new 

methods to probe the behavior of polymers in supercritical 

solution. 

An understanding of the factors which influence polymer 

solubility in CO2 is of key importance for the design 

of new synthetic methods [3,4]. It has been suggested 

that the anomalously high solubility of fluoropolymers in 

CO2 may result in part from a solute-solvent interaction 

between the quadrupole moment of CO2 and multipoles 

along the CF2 polymer chain. Fourier transform infrared 

(FT-IR) studies of fluorinated alcohols in scCOz produced 

no direct evidence for any such specific interaction [38]. 

More recent work has employed high pressure, high 

resolution NhlR (HPHR-NMR) to investigate the inter- 

action of poly(l,l-dihydroperfuorooctylacrylate) (PFOA) 

with CO2 in homogeneous scCO2 solution [39’] (see 

Fig. lb for PFOA structure). The 1H and 1oF chemical 

shifts for PFOA showed qualitatively different trends 

when the CO2 density was varied at constant temperature. 

The variation in tH chemical shifr as a function of 

CO2 densiry for a particular proton was determined 

soley by the bulk magnetic susceptibility of the CO2 

continuous phase and was independent of the position 

of the proton on the polymer chain. By contrast, the 

variation in the 19F chemical shift for a fluorine nucleus 

showed distinct deviations which depended strongly on 

the location of the fluorine nucleus. This may suggest 

a specific solvent-solute interaction for the fluorinated 

segment which is not uniform along the segment. 

Spectroscopic studies of PMMA films subjected to high 

pressures of CO2 have provided important evidence for 

a specific intermolecular Lewis acid-base type interaction 

between CO2 and the carbonyl groups of PMMA [40**,41]. 

Similar interactions were observed in other polymer 

films with basic functional groups [40”]. Although these 

particular polymers were not actually soluble in scCO2, 

it is reasonable to expect interactions of this type 

to occur with COz-soluble polymers containing closely 

related functional groups (e.g. PFOA). If this is true, the 

development of methods to quantify the energy of these 

interactions could be of considerable importance in the 

future. 

In order to design more effective surfactants and stabilizers 

for use in COz, it is vital that we can understand and, 

ideally, predict their behavior in supercritical solution. Re- 

cently much progress has stemmed from the use of small 

angle X-ray scattering (SAXS) and small angle neutron 

scattering (SANS) techniques. In collaboration with the 

Pacific Northwest Laboratory and Oak Ridge National 

Laboratory, DeSimone and his coworkers have used SAXS 

and SANS to investigate the aggregation behavior of am- 

phiphilic molecules in scCO2. Three types of aggregation 

behavior were observed from SAXS measurements [42”]. 

A graft copolymer consisting of a COz-philic, fluorinated 

backbone and COZ-phobic, poly(ethylene oxide) grafts 

(PFOA-g-PEO) was found to associate into micellar struc- 

cures in the presence of water to promote hydrogen bond- 

ing in the micelle core (Fig. 4). A commercially available 

surfactant (F(CF&_loCH$ZH20(CH2CH20)3H) formed 

classic reverse micelle structures with a radius of about 

84A. By contrast, a semifluorinated diblock molecule 

(F(CF2)tt$CH2)10H) showed little tendency to aggregate 

at the temperatures and pressures studied. SANS studies 

on the COz-soluble polymer PFOA determined both 

molecular weights and important solution parameters (i.e. 

radii of gyration and second virial coefficients) [43”]. In 

particular, it was shown that the second virial coefficient 



was positive and that there was no evidence for a 
collapsed chain conformation, confirming that CO2 is a 
good solvent for this polymer. Another approach has been 
developed by Johnston and coworkers who have used 
tensiomctric methods to establish the effect of surfactants 
(including PFOA) on the interfacial tension between 
scCOz and poly(ethylene glycol) [44’]. This method could 
prove extremely valuable for the evaluation of candidate 
surfactants, because the measured interfacial tension can 
be correlated with the surfactant activity. 

The general insolubility of hydrophiles (e.g. biopolymers) 
in CO2 is a major constraint on its use as a solvent 
and there has been considerable effort to develop 
surfactants which can form water-in-CO2 microemulsions 
[5,42*“,45-47,48*]. Johnston, Harrison, Clarke, Howdle, 
Heitz et a/. have demonstrated recently that an aqueous 
microemulsion is formed in scCOz in the presence of 
an ammonium carboxylate pe~uoropolyether surfacrant 
[49’*] (Fig. 5). Several spectroscopic techniques were 
used to characterize the system and it was shown that 
the polarity of the water droplets approached those 
of bulk water. Importantly, the protein bovine serum 
albumin (MW = 67 kg mol-1) was found to be soluble in the 
microemulsion. This is a very promising development and 
could lead to the manipulation of biological molecules in 
SCCOZ, particularly if nontoxic surfactants can be found. 

Conclusfons and outlook 
A growing body of work by various research groups has 
established that carbon dioxide is an important solvent 
for polymer chemistry. Environmental aspects aside, it 
also appears that CO2 may be uniquely suited for 
certain applications and could open up new directions in 
polymer synthesis and processing. Most of the COz-based 
polymerizations reported so far involve polymers which 
are already quite well understood; this is a logical place 
to begin when developing new methods. Also, polymer 
synthesis in CO2 has attracted a great deal of industrial 
interest and the production of high volume commodity 
plastics is therefore of particular relevance. The discovery 
of inexpensive surfactants and stabilizers for use in CO2 
could help to promote industrial implementation of these 
techniques. 

As this field of research grows and the understanding 
of general SCF properties increases, one can expect to 
see more novel polymeric materials being synthesized in 
carbon dioxide. We have already seen that the synthesis 
of polymer blends in COz-swollen substrates can be 
achieved. An interesting extension of this would be to 
exploit the plasticization effects of scCOz in order to 
synthesize composite polymer materials with more rigidly 
defined structures. To do this, it would be crucial to 
have a clear understanding of the relative solubilities (or 
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Figure 4 

PFOA b&&one as shell 

Representation of 8 PFOA-g-PEO micelle in scCOp solution (total b&V= 100 kg moi-r, graft h4VV=5 kg mot-% Small angle X-ray scattering 
measurements showed that the overall radius of these micelles was about t IS A. A low size polydispersity was observed which suggests very 
uniform aggregates. Each micelle contained approximately 600 gra& in the aggregate core. Reproduced with permission from [42”1. 
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FT-IR spectra demonstrating the emulsification of D20 in CO* by use 

of a perfluoropolyether (PFPE) surfactant. (a) Spectrum of monomeric 

D,O dissolved in CO2 (2000 psi, 31-C) in the absence of surfactant; 

no emulsion is formed. (b) In the presence of the PFPE surfactant, 

a DpO-in-CO2 microemulsion is formed (2300 psi, 31 ‘C, W=l5, 

1.4wt% PFPE surfactant). The IR spectrum shows a very broad 

absorption arising from bulk D20 in the microemulsion. Small features 

in the spectrum correspond to residual monomeric D20 (arrowed) 

and interfacial D20 (dotted arrow) respectively. 

perhaps the relative COz-phobicities) of the composite 
constituents. 

It is hoped that this review has demonstrated that there 
is a strong link between the synthesis of polymers in 
carbon dioxide and the understanding of the fundamental 
parameters which describe the SCF solution. As synthetic 
projects become increasingly ambitious, the need for 
complementary physical data will remain vitally important. 
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