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I. Introduction

Scientists and engineers have been aware of the
unique solvent characteristics of supercritical fluids
(SCF) for more than 100 years, but it is only in the
past three decades that SCF solvents have been the
focus of active research and development programs
especially in the area of polymer processing. SCF
solvents have been touted as candidate media for
polymerization processes, polymer purification and
fractionation, and as environmentally preferable
solvents for solution coatings and powder formation.
Understanding the underlying physics and chemistry
of SCF-polymer solution behavior provides the op-
portunity to fully exploit the potential of SCF-based
polymer processing. Although a detailed understand-

ing of the physics and chemistry of polymer-liquid
mixtures has emerged in the past four decades,
significant challenges remain for developing the same
level of understanding of polymer-SCF solution
behavior. At present, efficient development of SCF-
based polymer processing technology suffers from the
limitation that equations of state utilized for process
simulation and modeling are still not facile enough
to describe the unique characteristics of a long-chain
polymer in solution. The underlying issue is how to
account for the intra- and intersegmental interactions
of the many segments of the polymer connected to a
single backbone relative to the small number of
segments in a solvent molecule. In addition, the
challenge of calculating the density dependence of
intermolecular potential functions is exacerbated
when dealing with SCF-polymer solutions that by
their very nature, are highly compressible mixtures
which precludes the application of a rigid lattice
description of solution properties. As a consequence,
the approach taken in this review is to describe a
molecular thermodynamic basis for interpreting poly-
mer-SCF phase behavior that relies on a physico-
chemical interpretation of experimental data. With
this approach the types and the strengths of energetic
interactions are related to the chemical nature of the
SCF solvent and to the chemical architecture of the
polymer. Phase diagrams for polymer-solvent mix-
tures are developed and used to interpret as well as
catalog polymer-SCF solution behavior so as to
provide a template for designing experimental stud-
ies that cover a broad pressure-temperature-
composition (P-T-x) space with a minimum of
experimental data.

In principle, it is possible to extend the results of
a phase behavior study using an equation of state to
model and calculate solubility behavior at other
temperatures, pressures, and in the presence of
alternate cosolvents. Although, as alluded to earlier,
equations of state for polymer solutions have certain
limitations, they are in a state of continual develop-
ment, they can be used to correlate data, and, with
caution, they can be used to simulate other experi-
mental conditions not explicitly measured. The
strengths and limitations of equation of state model-
ing are presented in this review. It should also be
mentioned that an alternative approach to extending
phase behavior results is to perform computer simu-
lations based on first principles. However, computer
simulation techniques suffer from convergence dif-
ficulties as the number of repeat units in the polymer
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chain exceeds a few hundred, as compared to many
thousands found with real polymers, and as realistic
intermolecular potential functions are used either
with the polymer or with the solvent. Computer
simulation studies of polymer solution behavior are
not reviewed here.

Historically the high-pressure, free-radical poly-
ethylene polymerization process developed in the late
1930s represents the earliest applications of SCF
solvents for processing polymers. Although these

processes were commercialized in the late 1930s and
early 1940s, a thorough understanding of the phase
and kinetic behavior of these systems was still
developing at this time. Ehrlich and co-workers were
the first to develop fundamental phase behavior
information that resolved much of the contradictory
kinetic data that were actually obtained while oper-
ating in a two-phase region rather than the presumed
one-phase region.1 The resiliency of free radical
polyolefin polymerization is exemplified by the 1997
statistic that more than six billion pounds of poly-
ethylene alone were produced at kilobar pressures
and elevated temperatures that are certainly super-
critical conditions. The phase behavior of a polymer
in a given solvent depends on polymer molecular
weight, molecular weight dispersity, and degree and
type of chain branching as well as solvent quality.
Examples of these types of dependencies are provided
in this review.

The need to understand high-pressure polymer
solution behavior was not alleviated once the specifics
of the polyethylene-ethylene system were resolved.
The polyethylene manufacturing industry recognized
the potential of producing higher value added,
ethylene-based copolymers using existing high-pres-
sure process facilities. Three examples of these
type copolymers are poly(ethylene-co-vinyl acetate),
poly(ethylene-co-methyl acrylate), and poly(ethylene-
co-acrylic acid). Poly(ethylene-co-vinyl acetate)
copolymers have higher gloss and are more flexible
than low-density PE (LDPE),2 making them prefer-
able to LDPE for film applications. Poly(ethylene-co-
vinyl acetate) is a biocompatible copolymer that has
been used as the matrix for controlled drug release
devices.3,4 Poly(ethylene-co-methyl acrylate) copoly-
mers have elastomeric properties and they possess
excellent temperature and chemical resistance.2 Poly-
(ethylene-co-acrylic acid) copolymers have very good
adhesion to metalized film, paper, and foil, which
makes them excellent as packaging materials and
films.2 Maintaining a single phase in the reactor is
significantly more challenging with ethylene-based
copolymers since nonpolar ethylene repeat units can
be copolymerized with acids, acrylates, and acetates
which means that functionalized branch points are
incorporated in the backbone and chemical composi-
tion distribution can have a significant effect on
phase behavior. Consider that it takes on the order
of seconds to form a high molecular weight ethylene-
based copolymer yet the copolymer needs to remain
in solution during and after the polymerization
process for perhaps minutes before purposefully
being precipitated from solution. It is apparent that
for some fraction of reactor residence time ethylene,
comonomer, and copolymer species are all present in
the solution. With certain copolymers it may be
necessary to add a cosolvent to maintain a single
phase during the isobaric polymerization process.
Hence, the range of variables has now expanded with
the addition of a comonomer or a cosolvent to the
solution. Included in this review are phase behavior
studies on ternary mixtures consisting of a polymer,
an SCF solvent, and a cosolvent.
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polymers in liquid and supercritical fluid (SCF) solvents. He is currently a
senior graduate student at Johns Hopkins University working with Dr.
McHugh to develop high-pressure optical techniques to characterize
polymer configurational properties in SCF solvents across wide ranges
of pressure−temperature space. His is major focus is on the application
of time-resolved light-scattering methods to investigate the kinetics of phase
separation and the microstructures produced via pressure quenches in
polymer-supercritical fluid (SCF) solvent solutions. The objective of his
research is to correlate the microscopic properties of a polymer−solvent
mixture with the observable macroscopic phase behavior.

Mark A. McHugh received his Ph.D. from the University of Delaware in
1981. He was on the faculty of Chemical Engineering at the University of
Notre Dame for four and a half years before joining the Department of
Chemical Engineering at the Johns Hopkins University where he is
Professor of Chemical Engineering. He has conducted research in the
area of high-pressure phase equilibria, including extensive studies on
polymer−supercritical fluid (SCF) mixtures and solid−SCF mixtures. His
main research interest is in the physical chemistry of hydrocarbon and
fluorocarbon (co)polymers in SCF solvents at high-pressures. His research
group has incorporated video techniques with high-pressure techniques
to visualize and record phase behavior and they are currently integrating
light, X-ray, and neutron scattering techniques with high-pressure phase
behavior techniques to elucidate and characterize polymer dimensions
and intermolecular interactions at the macromolecular length scale.

566 Chemical Reviews, 1999, Vol. 99, No. 2 Kirby and McHugh



By themselves, experimental polymer-SCF data
are used as a basis for designing polymerization,
separation, and recycle processes for polymers and
copolymers. For example, high-pressure phase
behavior data are useful for identifying an SCF
solvent for fractionation of polymers and copolymers
by both molecular weight and backbone composition.
Information on the molecular weight and chemical
composition polydispersity provides a means to
determine the validity of the assumptions used in
reactor simulation studies (e.g., is the reactor well
stirred, is it isothermal, is there hold-up in the
reactor, etc.). These data can also be used to assess
the reliability of the various kinetic rate constants
used to model the reaction. Likewise, phase behavior
data provides guidance in choosing a particular
solvent for a polymer purification process. For
example, to design a process for removing residual
solvent, monomer, spent catalyst, and other low
molecular weight components, it is necessary to know
the operating temperatures and pressures where
these components preferentially dissolve relative to
the polymer. Purity issues may be especially impor-
tant when dealing with fluorocopolymers since the
removal of “impurities” is essential if these polymers
are to be used in the high-tech, medical, and elec-
tronic industries.

II. Molecular Thermodynamics of Polymer−SCF
Mixtures

The principles of molecular thermodynamics pro-
vide the vehicle for connecting classical thermody-
namics with the physicochemical properties of the
components in solution.5 A molecular thermodynam-
ics approach coupled with an experimental protocol
in which solvent and solvent properties are varied
systematically elucidates the underlying chemical
features of the components that fix the conditions
needed to dissolve a polymer in an SCF solvent. This
type of molecularly directed experimental approach
provides the insight needed by polymer chemists to
design polymers and copolymers that are miscible in
SCF solvents at low pressures. In addition, it pro-
vides a rational methodology for choosing cosolvents
to reduce operating pressures and temperatures
needed to obtain a single phase.

To form a stable polymer-SCF solvent solution at
a given temperature and pressure, the Gibbs free
energy must be negative and at a minimum.5 The
Gibbs free energy of mixing is

where ∆Hmix and ∆Smix are the change of enthalpy
and entropy, respectively, on mixing. Enthalpic
interactions depend predominately on solution den-
sity and on polymer segment-segment, solvent-
solvent, and polymer segment-solvent interaction
energies. ∆Smix depends on both the combinatorial
entropy of mixing and the noncombinatorial contri-
bution associated with the volume change on mixing,

a so-called equation of state effect.6 It is reasonable
to assume that the combinatorial entropy of mixing
a polymer with an SCF solvent should not vary
significantly with temperature and pressure near the
conditions where the polymer dissolves in solution
as long as the solvent density does not change
dramatically. The combinatorial entropy always pro-
motes the mixing of a polymer with a solvent.
Although it is not possible to rigorously decouple the
impact of energetic and entropic contributions to the
Gibbs free energy of mixing, it is possible to design
phase behavior experiments that magnify or attenu-
ate the impact of energetic relative to entropic
contributions. For those situations, the principles of
molecular thermodynamics provide a means for
quantifying the interactions that govern the phase
behavior of polymer-SCF mixtures.

For a dense SCF solution, ∆Hmix is expected to be
approximately equal to the change in internal energy
on mixing, ∆Umix. The scaling of the solution energet-
ics with density, assuming pairwise additivity, is
shown in the following expression for the internal
energy of an isotropic, homogeneous mixture relative
to an ideal gas mixture:7

where xi and xj are mole fractions of components i
and j, respectively, Γij(r,T) is the intermolecular pair-
potential energy of the solvent and the polymer
segments, g(r,F,T) is the radial distribution function,
r is the distance between molecules, F(P,T) is the
solution density, and k is the Boltzmann constant.
Imbedded in eq 2 is the radial distribution function
that describes the spatial positioning of molecules or
segments of molecules with respect to one another.
It is in this spatial description of the solution that
the connectivity of the segments in the backbone of
the polymer chain precludes the possibility of rigor-
ously decoupling energetics from chain conformation
in solution, i.e., the solution of segments is not
random. Nevertheless, important generalities can
still be gleaned from this approach. For example,
given that the internal energy of the mixture is
roughly proportional to density, the solubility of a
polymer is expected to improve by increasing the
system pressure or using a denser SCF solvent.
However, the polymer will dissolve only if the ener-
getics of polymer segment-solvent interactions out-
weigh polymer segment-segment and solvent-
solvent interactions. In other words, the integral in
eq 2 cannot be ignored completely. Stated differently,
for certain polymer-SCF solvent mixtures, hydro-
static pressure alone will not overcome a mismatch
in energetics between the components in solution.
The balance of such interactions in solution is
described by the interchange energy, ω, defined as

where z is the coordination number, or number of
different pairs in solution.5 An approximate form of

∆Gmix ) ∆Hmix - T∆Smix (1)

∆Umix ≈
2πF(P,T)

kT
∑
i,j

xixj∫Γij(r,T) gij(r,F,T) r2 dr

(2)

ω ) z[Γij(r,T) - 1/2(Γii(r,T) + Γjj(r,T))] (3)
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the attractive part of the intermolecular potential
energy, Γij(r,T), for small molecule mixtures is

where R is the polarizability, µ is the dipole moment,
Q is the quadrupole moment, and C1-5 are constants.5

Equation 4 serves only as a guide for qualitatively
evaluating the effects of intermolecular interactions
on polymer-solvent phase behavior. Induction
interactions are not shown in eq 4 since their
contribution to the potential energy tends to be much
smaller than dispersion and polar interactions.5
Equation 4 is not expected to describe rigorously the
interaction of a polymer segment with another seg-
ment or with the solvent since segmental motion is
constrained by chain connectivity. Note that nonpolar
dispersion interactions, the first term in eq 4, depend
only on the polarizability of the components in
solution and not on temperature. Therefore, the
pressures needed to dissolve a nonpolar polymer in
a nonpolar SCF solvent should decrease as the
polarizability of the solvent increasessa trend
expected for SCF solvents from the same chemical
family. SCF solvents consisting of heteroatoms have
bond dipoles due to the difference in electron affinity
of the various atoms that results in a dipole moment
or, higher order polar moments, such as a quadrupole
moment. The leading terms in the expansions for the
potential energy of dipolar and quadrupolar interac-
tions in eq 4 are inversely proportional to tempera-
ture. At elevated temperatures thermal energy
disrupts the configurational alignment of the polar
moments of the molecules so that they behave as if
they were nonpolar. Hence, it may be possible to
dissolve a nonpolar polymer in a polar SCF solvent,
such as dimethyl ether (D ) 1.3), if the temperature
is high enough to diminish ether-ether polar inter-
actions that are quite significant at lower tempera-
tures. Hydrostatic pressure can now be applied to the
solution to obtain a single phase at a suitable SCF
density. Specific interactions such as complex forma-
tion or hydrogen bonding can also contribute to the
attractive pair potential energy. Once again the
strength of these “directional” interactions are also
very temperature sensitive. Equations 2-4 describe
how the solvent quality of a supercritical fluid can
be tuned with changes in pressure as well as
temperature, a degree of flexibility not available with
liquid solvents.8

Table 1 lists the properties for a variety of different
SCF solvents. Notice that the polarizability within a
given chemical family increases with increasing
molecular size of the solvent. Although the critical
properties of the alkenes do not differ significantly
from those of the alkanes, the double bond in the
alkenes provides a quadrupole moment and a poten-
tial site for π complexing. Examples are provided in
this review where the presence of the double bond
can shift the binodal curve by 10 to 100 degrees. The

properties of the fluorocarbon solvents are utilized
in the section describing fluoropolymer-SCF solvent
phase behavior. Finally, note that the polarizability
of CO2 is similar to that of perfluoromethane, fluo-
roform, and dihydrodifluoromethane. In fact, it is also
very close to that of methane, a very weak SCF
solvent. Insight into the effect of SCF solvent proper-
ties on the phase behavior will be described by
comparing the solubility characteristics of a single
polymer or copolymer in a series of SCF solvents.

It is important to note that configurational interac-
tions such as dipolar and quadrupolar moments scale
differently with respect to volume. The strength of
dipole interactions scale inversely with the square
root of the molar volume, v, where µi* ) µi/vi

1/2

whereas the strength of quadrupole interactions scale
inversely with the molar volume to the 5/6 power, Qi*
) Qi/vi

5/6.5 Recognition of this scaling becomes
important when interpreting solubility data of poly-
mers from the same chemical family dissolved in a
given SCF solvent.

III. Phase Diagrams of Polymer−SCF Mixtures

Although there are countless polymer-SCF solvent
binary mixtures possible, fortunately there are
essentially only two types of phase diagrams that
describe the characteristic phase behavior observed
for these mixtures. These polymer-SCF solvent
phase diagrams are best described by comparison to
the diagrams for binary mixtures of low molecular
weight components.8 Throughout this review the
cataloging scheme adapted by McHugh and
Krukonis8 is utilized to classify different types of
phase diagrams. The reader is directed to the work

Table 1. Physical Properties of Supercritical Fluid
Solvents208,209a

solvent Tc (°C) Pc (bar)
R × 1025

(cm3) µ (D)

ethane 32.3 48.8 45.0 0.0
propane 96.7 42.5 62.9 0.1
butane 152.1 38.0 81.4 0.0
hexane 234.1 29.7 118.3 0.0
ethylene 9.2 50.4 42.3 0.0
propylene 91.9 46.2 62.6 0.4
1-butene 146.5 39.7 82.4 0.3
2-trans-butene 155.5 39.9 84.9 0.0
dimethyl ether 126.9 52.4 51.6 1.3
tetrafluoromethane -45.6 37.4 28.6 0.0
hexafluoroethane 19.7 29.8 47.6 0.0
octafluoropropane 71.9 26.8 66.7 0.0
hexafluoropropylene 94.0 29.0 60.4 0.4
difluoromethane 78.5 53.4 24.8 2.0
trifluoromethane 26.2 48.6 26.5 1.6
chlorotrifluoromethane 28.8 38.7 45.8 0.5
chlorodifluoromethane 96.2 49.7 44.4 1.4
difluoroethane 113.1 45.2 41.5 2.3
tetrafluoroethane 101.1 40.6 43.8 2.1
pentafluoroethane 66.3 36.3 45.6 ?
sulfur hexafluoride 45.4 37.6 54.6 0.0
carbon dioxide 31.0 73.8 27.6 0.0

a The polarizability, R, is calculated with the method of
Miller and Savchik.210 The dipole moments, µ, of C3F8 and C3F6
are assumed to be equal to those of propane and propylene,
respectively. C2F6 has a quadrupole moment of (-0.65 × 10-26)
erg1/2 cm5/2 and carbon dioxide has a quadrupole moment of
(-4.3 × 10-26) erg1/2 cm5/2.

Γij(r,T) ≈ - [C1

RiRj

r6
+ C2

µi
2µj

2

r6 kT
+ C3

µi
2Qj

2

r8 kT
+

C4

µj
2Qi

2

r8 kT
+ C5

Qi
2Qj

2

r10 kT
+ complex formation] (4)
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of Scott and van Konynenburg9,10 for an alternative
approach to cataloging phase diagrams. Figure 1A
shows a generalized P-T diagram of type III phase
behavior for binary mixtures of small molecules. In
Figure 1A the two pure-component critical points are
labeled C1 and C2, where component 1 represents the
more volatile component and component 2 represents
the less volatile component. In Figure 1A the dashed
line with a steep, negative slope at low temperatures
is an upper-critical-solution-temperature (UCST)
curve which describes the pressure dependency of a
liquid+liquid (LL) f liquid transition as the tem-
perature is isobarically increased. Enthalpic interac-
tions between the two components in solution typi-
cally govern the location of the UCST curve.11 Since
the temperatures are fairly low and the phases in
question are dense liquids, it is not too surprising
that this UCST curve is relatively insensitive to
pressure. Not shown in this diagram are the compo-
sitions of the mixtures at each point along the UCST
curve. It should also be noted that for certain
mixtures the UCST curve does not occur. This type
of phase behavior is termed type V in both the Scott
and van Konynenburg9,10 and the McHugh and
Krukonis8 cataloging schemes.

The dashed curve starting at C2 in Figure 1A is a
slightly different type of critical solution temperature
curve; it is a critical-mixture curve that represents
the locus of liquid-vapor critical points for mixtures
of differing composition. As the temperature is low-
ered the critical-mixture curve exhibits a maximum
in pressure and eventually intersects a three phase,
liquid + liquid + vapor (LLV) line near C1. As this
critical-mixture curve approaches C1 it takes on the

characteristics of a lower-critical-solution-tempera-
ture (LCST) curve which describes the pressure
dependency of a liquid+vapor (LV) f liquid transi-
tion as the temperature is isobarically decreased. The
location of the LCST curve is generally, but not
always, controlled by the free volume difference
between each component in solution. As the temper-
ature increases one of the components exhibits a
much greater volume expansion relative to the other
component (i.e., the so-called free volume difference6)
leading to a large negative entropy of mixing that
eventually induces the solution to phase separate.
The difference in free volume decreases with increas-
ing pressure, which then requires higher tempera-
tures for the entropy of mixing to dominate the
enthalpy of mixing and induce the solution to phase
separate. The phase behavior shown in Figure 1A is
typical for small molecule mixtures in which there
is significant size difference between the two species,
such as methane and hexane, or the intermolecular
potential functions of the two species differs consid-
erably, such as ethane and ethanol.12

Type III phase behavior for small molecules is
extrapolated to that expected for a polymer-solvent
mixture in Figure 1B. It is possible to induce the
single fluid phase to split into two phases by isobari-
cally lowering the temperature and crossing the
UCST curve or increasing the temperature and
crossing the LCST curve. At high temperatures, the
LCST curve does not reach a distinct end point since
polymers do not have critical points. Also, the LLV
lines for a polymer-solvent mixture essentially
superpose onto the vapor pressure curve of the
solvent. Note that the LCST curve is more sensitive
to pressure since it is typically at temperatures in
the vicinity of the solvent critical temperature where
the solvent is highly compressible. Hence, increased
hydrostatic pressure decreases the molar volume of
the solvent and reduces the free volume difference
between the solvent and polymer. Numerous poly-
mer-solvent phase behavior studies are available in
the literature demonstrating the effect of solvent
quality on the location of the LCST for type III
mixtures.11-19

It is important to be aware that the binary
polymer-solvent diagram in Figure 1B actually
represents multicomponent phase behavior since all
polymers have a molecular weight polydispersity
fixed by the synthesis technique used to make the
polymer. For polymer-solvent mixtures the transi-
tion from a transparent single phase to an opaque
two-phase system at either the UCST or LCST is
termed a cloud-point which is the multicomponent
analogue of a binodal point.20-26 The maximum of the
isothermal P-x loop measured as a cloud-point does
not coincide with the mixture-critical point12 as it
would for a binary mixture of monodisperse compo-
nents. The critical point is shifted to higher overall
polymer concentration and lower pressure than the
maximum in the P-x loop. For polydisperse systems
the composition of the two coexisting phases at each
pressure of a P-x loop is not defined by a horizontal
line as it would be for a true binary mixture since
each of the coexisting phases contain oligomers with

Figure 1. Schematic pressure-temperature phase dia-
grams for binary mixtures of low molecular weight solvent
with a low molecular weight solute (A) and with a high
molecular weight polymer (B). Points C1 and C2 represent
the critical points of components 1 and 2. LL represents a
liquid-liquid region, LV represents a liquid-vapor region,
and LLV represents a liquid-liquid-vapor line.8
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different molecular weights, which leads to a partial
fractionation of the parent polymer. A so-called
“shadow curve” is determined by measuring the
composition of the phase that precipitates at the
cloud-point. The true critical point of the polydisperse
polymer-solvent mixture is the intersection of the
shadow and cloud-point curves which also occurs at
the intersection of the spinodal and binodal curves.
Although spinodal curves exist for both polydisperse
and monodisperse polymer-solvent mixtures, these
curves are not reported in this review since few of
them have been measured at high pressures. Polymer
molecular weight polydispersity will be ignored in
this review although it is noted that the cloud-point
transition does occur over a pressure interval that is
greater than that observed for a mixture of mono-
disperse components. In practice the cloud-point
pressure transition is usually on the order of 5-7 bar
as long as the polymer has a molecular weight
polydispersity of less than ∼3.0. If the molecular-
weight polydispersity of the polymer is large the LLV
line shown schematically in Figure 1A actually
represents the highest pressure at which three
phases exist.

Another distinction between small molecule and
polymer-SCF solvent behavior shown in Figure 1 is
that the curves in the small molecule diagram are
the locus of points for mixtures with differing com-
positions and the curves in polymer-SCF solvent
diagram are at essentially one fixed composition.
Figure 2 shows that the maximum/minimum tem-
perature of the temperature-composition loop for a
polymer-SCF solution is relatively insensitive to
composition in the range of 3-15 wt % polymer. The
pressure maximum/minimum of a pressure-compo-
sition (P-x) loop is also insensitive to composition.
This means that a single cloud-point curve in the
composition range of 3-15 wt % polymer defines the
maximum pressure of the P-T trace of the P-x
loopssthat is, cloud-point curves with compositions
between 3 and 15 wt % essentially superpose.14,27-29

The reader is cautioned, however, that the pressure
maximum of the P-x loop does shift to lower and
lower polymer concentrations as the molecular weight
becomes very high and as the molecular weight
polydispersity becomes greater than ∼3.0. In these
instances, a cloud-point curve at a fixed polymer
concentration between 3 and 15 wt % may not

represent the maximum pressure needed to maintain
a single phase at all concentrations.22

Fortunately, the effect of polymer molecular weight
on the phase behavior in an SCF solvent is analogous
to that observed in a liquid solvent. Figure 3 shows
a schematic representation of the diminishing effect
of polymer molecular weight on the UCST in a liquid
solvent for a molecular weight greater than ∼100 000.
The same diminishing effect is observed with poly-
mer-SCF mixtures for both the UCST and LCST
curves which suggests that experiments should be
conducted with molecular weights near 100 000. If
molecular weight effects are a concern, it is possible
to obtain a straight-line extrapolation of the effect of
molecular weight by plotting the inverse UCST
temperature versus the inverse square root of mo-
lecular weight from several cloud-point curves.

When the two components in solution differ con-
siderably with respect to their molecular size and/or
intermolecular potentials, such as CO2 and hexa-
decane, the UCST curve shifts to higher tempera-
tures and merges with the LCST curve to give type
IV behavior8 shown in Figure 4A. The dashed curve
starting at C2 in Figure 4A no longer intersects an
LLV line but rather it exhibits a minimum in
pressure and then exhibits a steep negative slope
reminiscent of the UCST curve. Type IV phase
behavior is extended to a polymer-solvent mixture
in Figure 4B. For the polymer-solvent system, the
pressures of the cloud-point curve are relatively
constant at high temperatures, and rise sharply with
decreasing temperature. Many polymer-SCF solvent
mixtures exhibit this type of phase behavior espe-
cially if one of the two components is nonpolar and
the other component is polar.

Figure 5 shows that some of the fluid-phase
behavior can be obscured if the polymer is semicrys-
talline. Polymer solubility is extremely low at
temperatures less than the solidification temperature
of the polymer, which depends on solvent quality and
hydrostatic pressure. For all practical purposes the
solubility is so low at temperatures below the solidi-
fication boundary that polymer fractionation or
extraction processes would not be operated in this
regime. It should be recognized that most of the
experimental data presented in this review are
obtained at a fixed temperature with changes in
pressure. As a general observation, the solution
remains very dark at temperatures below the

Figure 2. Schematic representation of the impact of
pressure on the UCST (maximum) and LCST (minimum)
temperature for a polymer-solvent mixture. The curves
are relatively flat at the maximum (minimum) in the range
of 3-15 wt % polymer. L + L represents a two-phase
region.

Figure 3. Schematic representation of the influence of
polymer molecular weight on the phase behavior of a
polymer-SCF solvent mixture at an arbitrary pressure.
The same type of behavior is expected if pressure is
substituted for the temperature axis.
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“crystallization” or “solidification” boundary regard-
less of the system pressure. To ascertain whether this
region represents solid + fluid or liquid + fluid
equilibria the temperature is increased rapidly while
maintaining the pressure constant. If the solution
becomes clear once the temperature increases one-
to-two degrees, a liquid + fluid region exists at the
lower temperature. However, if it takes 10-20 °C to
make the solution clear a solid + fluid region exists
at the lower temperature.

It should now be apparent that a very good
representation of polymer-SCF phase behavior can
be obtained with a single cloud-point curve at a fixed
composition and molecular weight. The experimental
technique used to obtain a cloud-point curve is
mentioned briefly before proceeding to examples of
polymer-SCF phase behavior.8,30,31 Figure 6 shows
a diagram of a high-pressure cell used to obtain
cloud-point data. A known amount of polymer is
loaded into the cell along with a known amount of
SCF. It is much more efficient to hold the system
temperature constant and vary the pressure than to
vary the temperature since the thermal mass of the

cell is very large. The cell is fitted with a sapphire
window and a fiber optic light source and detector
so that the turbidity of the solution can be observed
both visually and photoelectrically as the pressure
is changed. To obtain a single phase the solution is
heated, pressurized, and well stirred. Once in solu-
tion, the pressure is slowly decreased until the
solution becomes hazy. The cloud-point is determined
when the stir bar is no longer visible, similar to the
technique used by Cowie and McEwan,19 or when the
light transmitted through the solution decreases to
10% of its original value.32 Usually both methods are
in good agreement as long as the polymer has a
molecular weight polydispersity of less than ∼3.0.
However, visual turbidity measurements are not
reliable when working with copolymers that have
broad chemical composition distributions. For
example, McHugh and DiNoia report that the cloud-
point for a solution with 5 wt % poly(vinylidene
fluoride-co-4.5 mol % hexafluoropropylene) in difluo-
romethane at 213 °C is 1170 bar as measured
visually and is 910 bar as measured by fiber optics.33

This result, and similar results reported in the
literature,34 reinforce the need to fractionate copoly-
mers with respect to backbone composition before
measuring the phase behavior. With the apparatus
shown in Figure 6 it is not possible to obtain cloud-
point data for solutions with greater than ∼25 wt %
polymer since the stir bar cannot be dislodged from
the polymer-rich phase.

A wide range of polymer-SCF phase behavior
studies is described in the following sections. Table
3 provides a compilation of polymer-SCF phase
behavior studies found in the literature. Likewise,
Table 4 provides a compilation of polymer-CO2
studies found in the literature.

IV. Homopolymer−SCF Phase Behavior

1. SCF Solvent Quality
The phase behavior of the polyethylene-ethylene

system appears as perhaps one of the earliest poly-
mer-SCF phase behavior studies reported in the
technical literature likely due to its commercial
interest.35,36 Since those early studies, other poly-
ethylene-SCF phase behavior studies appeared37

perhaps because now it is possible to synthesize
polyethylene with a variety of different chain archi-

Figure 4. Schematic pressure-temperature phase dia-
grams for binary mixtures of a low molecular weight
solvent with a low molecular weight solute (A) and with a
high molecular weight polymer (B).8 The notation is the
same as that in Figure 1.

Figure 5. Effect of polymer solidification on the phase
behavior of polymer-SCF mixtures.

Figure 6. Schematic diagram of the experimental equip-
ment used to obtain polymer-SCF cloud-points.8
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tectures that lend themselves to fundamental stud-
ies.38 The phase behavior of nonpolar polyethylene
in a variety of different solvents is considered in this
section. Figure 7 shows the phase behavior of 5 wt
% polyethylene (LDPE, Mw ) 108 900; Mw/Mn ) 3.0;
Tmelt ) 113 °C) in ethylene,39 propylene,39 1-butene,40

and 2-trans-butene.41 Several trends are evident in
this figure. Note that the pressures needed to obtain
a single phase decrease significantly with increasing
size of the solvent. For example, at 120 °C it takes
1600 bar to obtain a single phase in ethylene. With
propylene the cloud-point pressure decreases 1000
bar to ∼600 bar and with the two slightly different
butenes the pressure drops another 400 bar to ∼200
bar. The increase in SCF solvent quality follows
directly from the increase in polarizability with
molecular size (see Table 1). However the reduction
in cloud-point pressure is less dramatic as the size
of the solvent increases, or, stated differently, as the
solvent quality increases. This diminishing returns
of solvent quality with increasing solvent size is a
recurring theme that suggests that the largest changes
in phase behavior will be observed with much smaller
hydrocarbon solvents.

In 1963, Ehrlich and Kurpen1,42 showed that poly-
ethylene-alkane mixtures exhibit very similar trends
to those found with the alkene solvents shown in
Figure 7. The polyethylene-propane and polyethyl-
ene-butane curves essentially superpose onto the
propylene and butene curves but the ethane curve is
more than 400 bar lower pressures than the ethylene
curve.1,39-41 The reason for the large disparity for the
C2 hydrocarbon case is that the double bond of
ethylene makes it a strong quadrupolar solvent that
favors ethylene-ethylene interactions relative to
nonpolar PE-ethylene interactions. As the system
temperature increases the PE-ethylene cloud-point
curve drops in pressure as quadrupolar ethylene-
ethylene interactions decrease as described in eq 4.
The location of the ethane and ethylene curves is
intimately related to the balance of polymer seg-
ment-solvent energetic interactions since these two
solvents have similar densities at their respective
cloud-point conditions.

The double bond, quadrupolar effect is attenuated
in propylene and butene because the quadrupole
moment is distributed over a larger molar volume

reducing its effectiveness by a factor of molar volume
to the -5/6 power. Whaley and co-workers43 show that
there is a small but discernible difference in the
LCST curve of atactic polypropylene in propane and
propylene. The propylene curve is ∼30 bar higher in
pressure than the propane curve. The phase behavior
of PE in 1-butene and 2-trans-butene also exhibit
some subtle effects as a consequence of polar butene-
butene interactions. At temperatures near 80 °C the
PE-1-butene curve is approximately 50 bar greater
in pressures than the 2-trans-butene curve since
2-trans-butene is slightly less polar than 1-butene
due to symmetry. The difference between the two
PE-butene curves is noticeable at low temperatures
because PE is very nonpolar which makes the inter-
change energy very sensitive to any intermolecular
potential mismatch between the components in solu-
tion. The difference in cloud-point pressures of these
two butene curves decreases with increasing tem-
perature. Solvent density is not a major factor in this
instance since 1-butene and 2-trans-butene have
similar densities and critical properties. The impact
of an interchange energy that favors solvent-solvent
interactions is apparent in the comparison of the
cloud-point curves in Figure 8 for PE in propane44

and PE in dimethyl ether (DME)28 which has a dipole
moment of 1.3 D. The DME curve changes slope and
increases in pressure as the temperature is lowered
to the region where DME-DME polar interactions
are favored. As a general rule, the cloud-point curve
will eventually exhibit a negative slope with decreas-
ing temperature for mixtures containing one compo-
nent that is polar and the other component that is
nonpolar.

2. Polymer Molecular Weight

The effect of polymer molecular weight on the
phase behavior is shown in Figure 9 for the poly-
isobutylene-butane system.17 It is readily apparent
in this case that the location of the LCST curve
becomes less sensitive to polymer molecular weight
when the molecular weight exceeds a few hundred
thousand. The effect of molecular weight on the phase
behavior of the PE-ethylene system also becomes far
less pronounced as the molecular weight increases
above ∼100 000.22,45-47 For example, at 150 °C the
cloud-point pressure increases by 300 bar for a linear
PE as the Mw increases from 3700 to 9200; it

Figure 7. Impact of solvent quality on polyethylene (Mw
) 108 000, Mw/Mn ) 3.0, Tm ) 113 °C) solubility at 5 wt %
in normal alkenes (closed circles, ethylene; open circles,
propylene; closed squares, 1-butene; open squares, 2-
butene).39,41

Figure 8. Phase behavior of 5 wt % polyethylene (Mw )
108 000, Mw/Mn ) 3.0, Tm ) 113 °C) in propane44 and in
dimethyl ether.28
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increases again by 300 bar as the Mw increases from
9200 to 55 000; and it only increases by 100 bar as
the Mw increases from 55 000 to 118 000.22

Hamada et al. also show that the LCST for the
PE-pentane system only decreases from 160 to 149
°C as the Mw is increased from 34 900 to 97 200, it
decreases another 4 °C as the molecular weight is
increased further to 204 900, and it only decreases
four more degrees as the molecular weight is
increased once again to 442 100.48 Kiran and
co-workers also show quite convincingly that the
cloud-point pressures of PE-pentane and poly-
(ethylene-butane) mixtures are insensitive to
molecular weight once the Mw is increased above
108 000.49-52

3. Melting Point Depression
It is interesting to note the impact of solvent

quality on the solidification temperature of the
semicrystalline PE (∼36% crystallinity as measured
by DSC and referenced to a pure PE crystal) used in
the previous discussion. Figure 7 shows that the
melting point of PE increases from 113 °C at one bar
to 115 °C at 1600 bar in ethylene, it decreases to 90
°C at 600 bar in propylene, and it decreases further
still to ∼80 °C at 400 bar in butene. The solidification
temperature is the result of two competing effects,
hydrostatic pressure which raises the melting point
of PE at rate of 0.01 °C/bar and the solubility of the
SCF solvent in the polymer-rich liquid phase which
depresses the melting point at a rate proportional to
the SCF solvent concentration. For example, PE
should melt at 129 °C at 1600 bar, but the melting
point actually occurs at 115 °C due to the solubility
of ethylene in the PE-rich phase.

The melting point depression of a crystalline
polymer can have significant ramifications for pro-
cessing these materials in SCF solvents. For example,
Conway et al.,53 show that the melting point of a low
molecular weight, semicrystalline polyester can be
reduced from 105 °C to 75 °C in pure CO2, to 65 °C
in CO2 with 11 wt % acetone, and to 35 °C in CO2
with 11 wt % ethanol. Even though it is not possible
to dissolve this polyester in neat CO2, it is possible
to suppress the crystallization of the polyester and
to obtain the wetting characteristics needed to coat
particles at low operating temperatures and pres-
sures. When the pressure is released, the polyester

coating crystallizes and ensures that the particles do
not agglomerate as long as they remain at temper-
atures below 105 °C, the normal melting point of the
polyester.

4. Polymer Backbone Branching
Chain branching is an important variable that can

affect polymer solubility in subtle ways. Branching
increases the free volume of the polymer, which
makes it easier to dissolve in an SCF solvent. Also,
branching reduces the intermolecular interactions
between polymer segments that would arise due to
short-range molecular orientation offered by a high
content of linear segments without pendant groups.54

The impact of chain branching is most noticeable if
the molecular weight polydispersity is minimized.
Klientjens and co-workers55 show that for PE-
diphenyl ether mixtures, the two-phase region with
a linear PE is shifted slightly more than 10 °C higher
temperature compared with that of a branched PE
with virtually the same Mw and Mn. The same effect
of branching occurs with an SCF solvent although
the effect is exacerbated since most SCF solvents are
much weaker compared to liquid diphenyl ether.

Krukonis and co-workers investigated the impact
of chain branching on the phase behavior of linear
low-density PE (LLDPE) in supercritical ethane and
propane.56 The LLDPE was fractionated twicesfirst
by molecular weight and then the fractions were
again fractionated but now with respect to chain
branching.57 The LLDPE is actually a copolymer of
ethylene with low amounts of octene incorporated
into the backbone during the polymerization using a
Ziegler-Natta catalyst that results in branches that
are C6 hydrocarbon chains. For this study, fraction
PE40B (Mw ) 50 100; Mw/Mn ) 1.27; ∆Hfus ) 108 J/g)
is fractionated again, but now by backbone structure.
Fractions PE36 (∆Hfus ) 97 J/g), PE49 (∆Hfus ) 133
J/g), and PE57 (∆Hfus ) 154 J/g) each have the same
molecular weight characteristics as PE40B, but dif-
ferent amounts of chain branching as implied by the
heats of fusion. (Here the x subscript on PEx repre-
sents the percent crystallinity relative to a perfect
PE crystal.) These fractions were used in a phase
behavior study with ethane and propane. The sol-
vents in this case were chosen to match as closely as
possible the intermolecular potential of the solvent
with that of a repeat unit of LLDPE. Figure 10 shows
that the cloud-point curves for PE36, PE49, and PE57
in ethane increase in pressure with increasing
crystallinity or, conversely, with decreasing chain
branching.56 The cloud-point pressures for the PE40B-
ethane system are slightly greater than those for the
PE49-ethane system since PE40B contains a finite
amount of polymer with a low branch density. The
difference in cloud-point pressures for the PE57-
ethane and the PE36-ethane systems is ∼140 bar.
In propane the difference in cloud-point pressures for
the PE57-propane and the PE36-propane systems is
approximately half that found with SCF ethane.
Again we see the principle that the weaker of the two
solvents magnifies the effect of the polymer proper-
ties on the phase behavior. The authors also note that
the effect of branching is obscured if there is a large

Figure 9. Effect of polyisobutylene molecular weight on
the location of the cloud-point curve in butane.17 The
polymer concentration is ∼5 wt % in each case.

Phase Behavior of Polymers in SCF Chemical Reviews, 1999, Vol. 99, No. 2 573



molecular weight polydispersity or if there is a large
branching polydispersity.56

Chen and Radosz show that side-chain branching
has a significant effect on the pressures needed to
solubilize linear poly(ethylene-co-1-butene) (PEB) in
supercritical propane.58,59 The copolymers used in this
study were synthesized in a controlled manner to
produce PEB copolymers with molecular weights
close to 100 000, molecular weight polydispersities
near 1.1, and fixed amounts of ethyl branches. At a
fixed temperature of 160 °C the cloud-point decreases
from slightly greater than 600 bar for PE to 300 bar
for PEB with 39.5 ethyl branches per 100 carbons.
The difference between linear and branched PEB
cloud-point pressures increases with decreasing tem-
perature which reflects the change in the phase
behavior from type IV for highly linear PEBs to type
III as the branch content approaches that in pure
poly(butene). Ehrlich and co-workers have also veri-
fied these results.60 de Loos and co-workers have also
demonstrated that branched PE dissolves at a lower
pressure in ethylene compared to more linear PE29

consistent with earlier work published in the litera-
ture.45

5. Polymer Chemical Architecture
The phase behavior of vinyl polymers in hydrocar-

bon SCF solvents is very sensitive to the backbone
chemical architecture. For example, Lora et al.61

show that the conditions needed to obtain a single
phase for poly(acrylates) in ethylene varies in an
nonlinear manner with the length of the alkyl tail
on the acrylate. Figure 11 shows the phase behavior
of poly(ethyl acrylate) (PEA), poly(propyl acrylate)
(PPA), poly(butyl acrylate) (PBA), poly(ethyl-hexyl
acrylate) (PEHA), and poly(octadecyl acrylate) (PODA)
in ethylene. The molecular weight characteristics of
the poly(acrylates) are given in Table 2. Lora et al.61

report that it is not possible to dissolve PMA in
ethylene to pressures of 2500 bar and temperatures
to 250 °C even though PMA has a very low weight
average molecular weight. More than likely, PMA
remains insoluble in ethylene due to methyl acrylate
segment-segment polar interactions that are much
stronger than acrylate segment-ethylene inter-

actions. PEA dissolves in ethylene at pressures near
1200 bar and temperatures in excess of 150 °C.
However, as the temperature decreases, the PEA-
ethylene curve exhibits a gradual increase in pres-
sure to 2200 bar at 50 °C which suggests that polar
ethyl acrylate-ethyl acrylate interactions also gradu-
ally increase over this temperature range. As the
length of the alkyl tail on the acrylate increases from
methyl to ethyl the impact of the polar acrylate
interactions decreases since dipolar interactions scale
inversely with the square root of the molar volume
and quadrupolar interactions scale inversely with the
volume to the 5/6 power.5 Figure 11 shows that it
takes progressively less pressure to dissolve PPA,
PBA, and PEHA compared to PEA. At high temper-
atures where configurational polar interactions are
reduced, similar cloud-point pressures are observed
for each of the poly(acrylates). At temperatures near
60 °C there is much greater difference in the location
of each of the cloud-point curves. As the acrylate tail
is increased from ethyl-hexyl to octadecyl, the cloud-
point curve increases in pressure and falls virtually
on top of the PBA-ethylene curve even though PODA
has a smaller molecular weight than PBA. There is
an optimum alkyl tail length that balances the
acrylate-acrylate, ethylene-ethylene, and acrylate-
ethylene energies of this system. In addition the free
volume of the poly(acrylate) is expected to increase
as the tail length of the acrylate group increases
which makes it easier to dissolve the poly(acrylate)
in highly expanded, supercritical ethylene. PODA
should have a higher free volume than PEHA, but,
the balance of PODA-ethylene interactions are
probably less favorable than those of PEHA-ethylene
since the polar character of the octadecyl acrylate is
spread over such a large volume. This study rein-

Figure 10. Effect of backbone structure on the cloud-point
behavior of 5 wt % PE in ethane.56 The subscript x on PEx
represents the percent crystallinity of the polymer. PE40B
is only fractionated once with respect to molecular weight
while the other three PEx polymers are fractionated first
with respect to molecular weight and then with respect to
ethyl side-chain branches.

Figure 11. Effect of alkyl tail length on the phase behavior
of 5 wt % poly(acrylates) in ethylene.61 The open triangles
are data for poly(ethyl acrylate), the closed squares are data
for poly(propyl acrylate), the open squares are data for poly-
(butyl acrylate), the open circles are data for poly(octadecyl
acrylate), and the closed circles are data for poly(ethyl hexyl
acrylate).

Table 2. Molecular Weight Data for the Poly(alkyl
acrylates) Shown in Figure 11

Mw Mw/Mn

poly(methyl acrylate) (PMA) 30 700 2.90
poly(ethyl acrylate) (PEA) 119 300 4.83
poly(propyl acrylate) (PPA) 140 000 3.78
poly(butyl acrylate) (PBA) 61 800 2.99
poly(ethylhexyl acrylate) (PEHA) 112 800 2.97
poly(octadecyl acrylate) (PODA) 23 300 1.79
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forces the need to consider both energetic and
entropic effects when interpreting the effect of chemi-
cal architecture on polymer-SCF phase behavior.

6. Effect of End Groups

Typically the effect of end groups on phase behavior
is ignored for polymers with molecular weights in
excess of ∼100 000. However, as with branching
impact on phase behavior, end groups can have a
significant effect on the phase behavior in certain
situations. Krukonis and co-workers demonstrated
the impact of hydroxyl end groups on the solubility
of hydroxy-terminated poly(butadiene) (HTPB) with
an Mn of 2960, an Mw of 6250, and a hydroxyl
equivalent weight of 1256 (0.796 meq/g).8 Carbon
dioxide only dissolves ∼12% of the HTPB at pres-
sures to 600 bar. Propane at 130 °C dissolves virtu-
ally all of the parent material at pressures less than
600 bar. Krukonis used propane to fractionate the
HTPB and obtained fractions with Mns ranging from
780 to 11 750 and Mw from 970 to 21 525. Most of
the fractions had polydispersities of ∼1.2. However,
the hydroxy equivalent weight was nonlinear with
molecular weight especially in the fractions with-
higher molecular weight.

7. Cosolvent/Antisolvent Effects

A cosolvent can greatly enhance polymer solubility
in a given solvent due to several factors. If the solvent
is highly expanded, the addition of a dense, liquid
cosolvent reduces the free volume difference between
the polymer and the solvent that results in a reduc-
tion in the pressure needed to obtain a single phase.62

If the cosolvent provides favorable physical inter-
actions, such as polar interactions, the region of
miscibility should expand more than expected from
just a density effect.63 In the case where a polar
cosolvent is used with a polar polymer, cloud-points
monotonically decrease in pressure and temperature
as long as the cosolvent does not form a complex with
the polar repeat units in the polymer.44,63,64 The cloud-
point will decrease much more dramatically if the
polar cosolvent can form a complex with the polymer
since the interaction energy of complex formation,
such as hydrogen bonding, is typically an order of
magnitude greater than that expected from disper-
sion or polar interactions. Decoupling the effect of a
cosolvent from that of hydrostatic pressure is some-
times complicated since increasing the system pres-
sure also reduces the free volume difference between
the solvent and the polymer and increases the
probability of interaction between polymer, solvent,
and cosolvent segments in solution.64

It is worthwhile to mention briefly some of the
results from studies done with polar homopolymers
in liquid cosolvent mixtures,19,62,65-71 since there are
direct corollaries to high-pressure polymer-SCF
solvent phase behavior. For example, Wolf and
Blaum63 show that small amounts of 2-butanol
reduce the UCST of the poly(methyl methacrylate)
(PMMA)-chlorobutane system by as much as 70 °C
as the 2-butanol hydrogen bonds to the basic acrylate

group in the backbone of the polymer. However,
subsequent addition of butanol to the mixture causes
an increase in the UCST. At low concentration,
butanol hydrogen bonds with the acrylate groups,
which promotes miscibility. However, once the acry-
late groups are titrated with butanol, further increase
in butanol concentration favors cosolvent-cosolvent
hydrogen bonding that decreases the region of mis-
cibility. Many authors report findings for other
polymer-solvent-cosolvent systems that are consis-
tent with this behavior.19,62,65-70,72 More modest
changes in solubility behavior are observed if a polar
cosolvent is used that does not hydrogen bond. For
example, when 4-heptanone is added to PMMA-
chlorobutane mixtures, the UCST decreases mono-
tonically with heptanone concentration over only a
10 °C range.63

Figure 12 shows the experimental results for two
different PE-propane-cosolvent mixtures.44 The
cloud-point curves in Figure 12 terminate at the
solidification boundary so that only liquid + liquid
f fluid transitions are shown. At ∼1.0 wt %, ethanol
has no effect on the cloud-point pressure. This low
concentration of ethanol apparently does not increase
the solvent density of propane sufficiently enough to
improve the quality of the mixed solvent. Also, the
small increase in favorable dispersion and induced
dipolar interactions between ethanol and PE appar-
ently does not outweigh strong ethanol-ethanol
interactions that include dispersion, dipolar, and
hydrogen bonding forces. In fact, if the ethanol
concentration is increased to ∼5.0 wt %, PE falls out
of solution. Since there are no polar groups in the
backbone of PE, ethanol hydrogen bonds to itself
forming polar ethanol multimers that have an effec-

Figure 12. Effect of ethanol and acetone on the phase
behavior of polyethylene in propane.44 The polymer con-
centration is 5 wt %, and the polymer molecular weight
characteristics are the same as those in Figure 7.

Phase Behavior of Polymers in SCF Chemical Reviews, 1999, Vol. 99, No. 2 575



Table 3. Experimental (Co)Polymer-SCF Dataa

SCF solvent temperature (°C) pressure (bar) Mw × 10-3 comments ref(s)

Polyethylene
butane 75-225 200-400 106 P-T (LDPE) 28

110-200 0-300 2.1-420 P-T, P-x 52
80-160 0-1300 17-246 P-x, P-T 42

butane/CO2 110-200 200-800 2.2-420 P-T, P-x 52
butene 75-225 200-400 106 P-T (LDPE) 28

220 0-200 5.4 P-x 168
DME 100-200 500-1500 106 P-T (LDPE) 28

110-170 600-1500 65-113 P-T (LDPE) 200
ethane 115-150 1000-1300 46-108 P-T, linear PE 56

100-130 1200 108,246 P-T,P-x 39,42
ethylene 110-140 1600-1800 108 P-T (LDPE) 39

110-140 1600-1800 246 P-T 42
105-140 1400-2000 315 P-T 36
120-200 1300-2000 28-100 (MV) P-T, P-x 35
110-170 900-2000 4-118 P-T, P-x 22
130-250 1000-1700 6-374 P-T, P-x 105
115-180 1000-2000 30-2000 P-T, P-x, branched PE 29
170 0-1000 5.4 P-x 168

4-methyl-1-pentene (4MP) 220 0-60 5.4 P-x 168
4MP/ethylene 220 250 5.4 P-x 168
heptane 180-190 n/a 77-202 (MV) LCST 48
hexane 140-165 n/a 35-440 (MV) LCST 48

120-180 0-70 177 (HDPE) P-T 83
hexane/nitrogen 120-180 0-70 177 (HDPE) P-T 83
n-pentane 125-210 20-200 2.1-420 P-x, P-T 50

110-145 n/a 5-23 (MV) LCST 48
80-160 0-1300 17-246 P-x, P-T 42

octane 220-230 n/a 77-202 (MV) LCST 48
propane 100-140 400-700 13-120 P-T, (linear PE) 38

100-130 400-600 106 P-T (LDPE) 28
60-165 0-2000 30-340 P-T (LDPE) 31
90-135 600 108 P-T (LDPE) 39

105-150 450-600 46-108 P-T (linear PE) 56
90-140 600 108 P-T 42

110-130 650 120 P-T 60
95-130 0-600 36 P-T (LDPE) 44

propane/acetone 95-130 500-1000 36 P-T (LDPE) 44
propylene 90-140 600 108 P-T (LDPE) 39
propylene 80-140 400-600 106 P-T (LDPE) 28

Polystyrene
acetone 20-200 0-300 20-97 T-x, P-T 17
butane 125-200 350-500 4-9 P-T, P-x 169

100-180 400-600 9 P-T 81
155-200 90-130 22 P-x 211

butane/pentane 125-200 250-450 4-9 P-T, P-x 169
cyclopentane 150-220 n/a 6-600 (MV) T-x 14
diethyl ether (DEE) -75 to 175 0-300 20.4-110 P-T 72
DEE/acetone -75 to 175 0-300 20.4-110 P-T 72
hexane 50-170 0-600 4-50 P-T 81
methyl acetate 0-200 0-300 51-1800 P-T 17
n-pentane 125-200 250 4-9 P-T, P-x 169
toluene/CO2 20-80 0-140 235 P-T 82

25-120 0-200 239 P-T 76
toluene/ethane 25-120 0-200 239 P-T 76

0-160 0-200 150 P-T 78
tetrahydrofuran/CO2 20-80 0-140 235 P-T 82
cyclohexane/CO2 140-240 0-160 40-160 P-T 212
dichlorotrifluoroethane 75-145 30-350 114 900 P-T 213

Poly(ethylene-co-methyl acrylate) (EMAx, where x represents the mol % MA)
butane 60-250 400-2500 109-140 P-T (EMA10, EMA18, EMA31, EMA41) 90
butene 40-150 500-2200 109-140 P-T (EMA10, EMA18, EMA31, EMA41) 90
CHClF2 60-150 0-400 30-350 P-T (EMA10, EMA36) 31

60-150 40-400 34-59 P-T (EMA10, EMA31) 44
70-160 100-300 92-108 P-T (EMA36) 108
75-140 0-400 109-140 P-T (EMA18, EMA31, EMA41) 90

CHClF2/acetone 60-150 40-400 34-59 P-T (EMA10, EMA31) 44
70-140 0-250 92-108 P-T (EMA36) 108

CHClF2/ethanol 60-150 40-400 34-59 P-T (EMA10, EMA31) 44
70-130 0-150 92-108 P-T (EMA36) 108

ethane 60-180 1200-3000 ∼100 P-T (EMA10, EMA31) 39
ethylene 20-180 1400-3000 ∼100 P-T (EMA10, EMA31, EMA41) 39

25-250 1250-2800 75-185 P-T (EMAx; x ) 0-41) 95
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Table 3. (Continued)

SCF solvent temperature (°C) pressure (bar) Mw × 10-3 comments ref(s)

Poly(ethylene-co-methyl acrylate) (EMAx, where x represents the mol % MA)
ethylene/methyl acrylate 100-210 1200-1700 210-295 P-T (EMAx; x ) 34, 38, 45) 107
hexane 145-180 400-2800 105 P-T (EMA31) 64
propane 60-165 0-2000 30-340 P-T (EMA10, EMA36) 31

20-140 600-1400 ∼100 P-T (EMA10, EMA31) 39
135-160 1600-2200 105 P-T (EMA31) 64
65-160 600-2000 34-59 P-T (EMA10, EMA31) 44

150-160 1600-2000 92 P-T (EMA36) 108
100-175 800-2500 109-140 P-T (EMA10, EMA18, EMA31) 90

propane/acetone 65-160 200-2000 34-59 P-T (EMA10, EMA31) 44
40-140 300-2000 92 P-T (EMA36) 108

propane/ethanol 60-160 600-2800 105 P-T (EMA31) 64
65-160 400-2000 34-59 P-T (EMA10, EMA31) 44

115-150 1000-2000 92 P-T (EMA36) 108
propane/hexane 135-160 1200-2500 105 P-T (EMA31) 64
propane/hexene 130-160 1200-2800 105 P-T (EMA31) 64
propane/methanol 70-160 600-2800 105 P-T (EMA31) 64
propane/1-propanol 50-160 600-2800 105 P-T (EMA31) 64
propane/1-butanol 60-160 600-2800 105 P-T (EMA31) 64
propylene 20-140 400-2500 ∼100 P-T (EMA10, EMA31, EMA41) 39

50-150 600-2200 109-140 P-T (EMA10, EMA18, EMA31, EMA41) 90

Poly(ethylene-co-propylene)
butene 0-250 600 0.8 LCST 86

60-220 0-250 0.8-96 P-T 84
butene/ethylene 80-200 0-400 26 P-T, P-x 85
ethylene 0-200 500-2000 0.8-96 P-T 87
hexene 0-250 600 0.8-96 LCST 85

60-220 0-500 0.8-96 P-T 84
hexene/ethylene -50 to 200 0-400 26 P-T, P-x 85
mixed solvent/ethylene 20-80 40-220 145 P-T 75
mixed solvent/propylene 120-165 20-70 145 P-T 75
mixed solvent/methane 20-100 70-300 145 P-T 75
mixed solvent/CO2 95-130 50-120 145 P-T 75
propane 0-220 0-700 60-210 P-T 58

0-150 20-300 100-570 P-T 60
propane/1-butanol 0-175 0-400 100-570 P-T 60
propane/1-propanol 0-175 0-400 100-570 P-T 60
propylene 0-250 0-450 0.8 P-T 86

100-150 150-450 6-96 P-x 87
0-210 20-500 0.8-96 P-T 84

pentane 125-170 10-80 140 P-T 27
n-hexane 165-225 10-100 140-400 P-T 27
methylcyclopentane 220-275 20-80 140 P-T 27
3-methylpentane 175-210 15-70 140 P-T 27

Poly(ethylene-co-butyl acrylate)
ethylene 50-250 700-2000 35-404 P-T (EBAx; x ) 0-41) 95

Poly(propylene oxide)
propane -20 to 150 0-300 0.8-3.9 T-x, P-T 17

Poly(tetrafluoroethylene)
Freon 113 280-340 0-200 n/a P-T 126
Fluorinert FC-75 280-340 0-200 n/a P-T 126
n-perfluorohexane 280-340 0-200 n/a P-T 126
perfluorodecalin 280-340 0-200 n/a P-T 126

Poly(butyl acrylate)
butyl acrylate/CO2 20-175 50-1500 62 P-T 73
ethylene 25-200 800 62 P-T 61

Poly(ethylhexyl acrylate)
ethylhexyl acrylate/CO2 30-220 50-1500 113 P-T 73
ethylene 25-200 600 113 P-T 61

Poly(ethylene-co-acrylic acid) (EAAx, where x represents the mol % AA)
butane 120-250 200-2800 34-100 P-T (EAA2.4, EAA3.9) 28
butane/dimethyl ether 75-250 400-2000 123 P-T (EAA3.9) 198
butane/ethanol 75-250 0-2000 123 P-T (EAA3.9) 198
butene 100-250 200-2800 34-100 P-T (EAA2.4, EAA3.9, EAA6.9) 28

120-220 400-2700 24.3-247 P-T (EAA4.1) 200
90-220 400-2500 240-403 P-T (EAA2.4.EAA4.1) 100

DME 75-200 200-1300 34-100 P-T (EAA2.4, EAA3.9, EAA6.9, EAA9.2) 28
ethylene 160-220 600-2000 126-183 P-x (EAA1.0, EAA1.5, EAA3.5) 103

100-250 1500-2500 240-403 P-T (EAA2.4, EAA4.1) 100
propane 100-225 600-2500 34-100 P-T (EAA2.4, EAA3.9) 28
propylene 80-270 600-2800 104-403 P-T (EAA2.4, EAA4.1, EAA8.1) 100
propylene 80-225 600-2500 34-100 P-T (EAA2.4, EAA3.9) 100
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Table 3. (Continued)

SCF solvent temperature (°C) pressure (bar) Mw × 10-3 comments ref(s)

Poly(ethylene-co-methacrylic acid) (EMAAx, where x represents the mol % MAA)
butane 110-240 500-2500 70-123 P-T (EMAAx; x ) 0-5.4) 40
butane/DME 75-200 200-1250 70-123 P-T (EMAAx; x ) 0-5.4) 40
butane/ethanol 70-215 100-2000 70-123 P-T (EMAAx; x ) 0-5.4) 40
butene 90-225 400-2000 70-123 P-T (EMAAx; x ) 0-5.4) 40
DME 75-210 300-1300 70-123 P-T (EMAAx; x ) 0-5.4) 40
ethylene 175-240 1500-2500 70-123 P-T (EMAAx; x ) 0-5.4) 40
propane 175-240 800-2500 70-123 P-T (EMAAx; x ) 0-5.4) 40

Poly(dimethylsiloxane)
butane 0-200 0-400 14.2-626 (Mv) P-T 16
ethane 0-200 0-400 14.2-626 (Mv) P-T 16
propane 0-200 0-400 14.2-626 (Mv) P-T 16

Polyisobutylene
butane 0-200 0-300 6.0-1660 (Mv) P-T 16

150-210 70-100 50 P-T 211
CHClF2 100-200 500-1300 4 P-T (3-arm star) 196

50-200 0-500 1 P-T (telechelic and nonfunctional) 161
50-200 0-500 11 P-T (telechelic and nonfunctional) 162

DME 0-150 0-700 4 P-T (3-arm star PIB) 196
0-200 0-200 1 P-T (telechelic and nonfunctional) 161
0-150 200-600 11 P-T (telechelic and nonfunctional) 162

ethane -50 to 150 600 4 P-T (3-arm star PIB) 196
0-150 200-600 1 P-T (telechelic and nonfunctional) 161
0-150 200-1200 11 P-T (telechelic and nonfunctional) 162

2-methylbutane 0-200 0-300 6.0-1660 (Mv) P-T 16
hexane 0-200 0-300 6.0-1660 (Mv) P-T 16
n-alkanes 45-310 n/a 630-3600 (Mv) LCST 11
pentane 0-200 0-300 6.0-1660 (Mv) P-T 16
propane 0-150 0-300 4 P-T (telechelic PIB) 196

0-150 0-250 1 P-T (telechelic and nonfunctional) 161
0-150 0-500 11 P-T (telechelic and nonfunctional) 162

Polypropylene
propane 0-220 0-700 60-210 P-T 58

Isotactic Polypropylene
propane 100-170 150-550 29-290 P-x, P-T 43

65-200 400-600 91 P-T 59
pentane 140-210 0-100 216 P-T 80

Atactic Polypropylene
propane 0-160 0-400 400 P-x, P-T 43

Poly(methyl acrylate)
CHClF2 90-150 200-400 360 P-T 31

60-130 0-250 31 P-T 44
CHClF2/acetone 80-160 0-200 31 P-T 44
CHClF2/ethanol 80-160 0-200 31 P-T 44
toluene/CO2 20-80 0-200 120 P-T 82
tetrahydrofuran/CO2 20-80 0-200 120 P-T 82

Poly(ethyl acrylate)
ethylene 40-240 1000-2000 120 P-T 61

Poly(propyl acrylate)
ethylene 20-240 400-2000 140 P-T 61

Poly(octadecyl acrylate)
ethylene 25-225 800 23 P-T 61

Poly(vinylidene fluoride-co-hexafluoropropylene22)
C3F6 160-240 800-2800 85 P-T 131
CClF3 200-250 1500-3000 85 P-T 131
CHF3 230-250 1500-3000 85 P-T 131

Poly(butadiene)
toluene/CO2 20-80 0-200 420 P-T 82
tetrahydrofuran/CO2 20-80 0-200 420 P-T 82

Poly(tetrafluoroethylene-co-hexafluoropropylene19)
CF4 180-250 1750-2250 210 P-T 30
C2F6 160-240 1000 210 P-T 30
C3F6 150-210 400 210 P-T 30
C3F8 150-230 0-500 210 P-T 30
CClF3 130-220 600-800 210 P-T 30
CHF3 230-260 1500-2800 210 P-T 131
SF6 120-240 500 210 P-T 30
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tive dipole moment which is much greater than that
of an isolated ethanol molecule. As the amount of
ethanol multimers increases, the polarity of the
solvent increases in a nonlinear manner and reduces
the solvent quality of the mixed solvent sufficiently
to force nonpolar PE to precipitate from solution.
Whaley and co-workers present a more detailed study
of the effect of an alcohol cosolvent on the phase
behavior of nonpolar atactic polypropylene in non-
polar propane.60

Figure 12 also shows that adding 27 wt % acetone
to the PE-propane solution reduces the cloud-point
pressure by ∼50 bar. In this instance, acetone
contributes to the solvent quality by contributing

favorable dispersion and induced dipolar interactions
between itself and PE and increasing the solvent
density and, thus, reducing the polymer-solvent free
volume difference. However, as the concentration of
acetone is further increased to 42 wt %, polar
acetone-acetone interactions far outweigh acetone-
PE interactions which results in a dramatic increase
in the cloud-point pressures. If the concentration of
acetone is further increased to 62 wt %, PE falls out
of solution. The negative slope exhibited by the cloud-
point curve with 42 wt % acetone is a result of the
dipole-dipole interactions between acetone molecules
that diminish with increasing temperature.5

Table 3. (Continued)

SCF solvent temperature (°C) pressure (bar) Mw × 10-3 comments ref(s)

Poly(tetrafluoroethylene-co-hexafluoropropylene48)
CF4 130-240 1500-2500 191 P-T 130
SF6 50-160 400-500 191 P-T 130

Poly(vinyl fluoride)
CH2F2 170-230 1500-1900 125 P-T 216

Poly(vinylidene fluoride)
CH2F2 120-230 1700 125 P-T 216

Poly(ethylene-co-vinyl acetate)b

ethylene 140-240 900-1100 44 P-x (EVA42.7) 105
100-200 1000-1500 120 P-x (EVAx; x ) 11-58) 102

ethylene/VA 120-180 600-800 41 P-x (ethylene64
b/VA36

b) 104
140-240 600-1300 44-145 P-x (EVA7.5, EVA12.7, EVA27.3 EVA31.8,EVA42.7) 105,101
200 200-800 5.7 P-T (EVA29) 106
100-200 300-1500 120 P-x (EVA18.0, EVA33) 102

Poly(vinyl ethyl ether)
toluene/CO2 20-80 0-200 3.8 P-T 82
tetrahydrofuran/CO2 20-80 0-200 3.8 P-T 82

Poly(ethylene-1-butene)
propane 25-220 0-800 60-120 P-T 58

25-200 200-800 80-120 P-T 59
propane 80-160 200-300 570 P-T 60

Poly(ethylene-1-hexene)
propane 50-200 450-700 70-100 P-T 59

Poly(ethylene-co-octene)x
propane 80-160 300-700 95-203 P-T (P(E-co-O)x, x ) 0-8.4) 60
propane 75-200 500-600 94 P-T 59

Poly(4-methyl 1-pentene)
propane 130-180 150-200 n/a P-T 60

Polybutene-1
propane 0-200 0-700 100-570 P-T 60

Poly(E-caprolactone)
CHClF2 50-150 50-350 15-41 P-T 184
CHClF2 50-150 50-350 15-41 P-T 214

Poly(methyl methacrylate)
CHClF2 60-150 0-300 74 P-T 184
CHClF2 60-150 0-300 50 P-T 214

Poly(ethyl methacrylate)
CHClF2 60-150 0-300 280 P-T 214

Poly(decyl methacrylate)
pentane 190-250 0-100 470 P-T 215
cyclopentane 210-300 0-100 470 P-T 215
hexane 200-300 0-100 470 P-T 215
heptane 240-300 0-100 470 P-T 215
isooctane 240-300 0-100 470 P-T 215
toluene 275-300 0-100 470 P-T 215

Poly(lactic acid)
CHClF2 60-150 0-300 50 P-T 214

a Table 4 provides entries for CO2 as the SCF solvent. However, CO2 entries can be found in Table 3 when it is used as a
cosolvent. The reader is directed to the book of McHugh and Krukonis for other sundry polymer-SCF data.8 b Volume percent.
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Although a later section of this review is devoted
to polymer-supercritical CO2 phase behavior, the
effect of a comonomer as a cosolvent is best described
with the poly(butyl acrylate) (PBA)-CO2-butyl acry-
late (BA) phase behavior study recently reported by
McHugh et al.73 It is not possible to dissolve PBA in
CO2 at temperatures less than ∼50 °C since the
cloud-point curve exhibits a very steep slope at that
point. Figure 13 shows that at 150 °C, the addition
of ∼7 wt % BA to a PBA-CO2 mixture lowers the
cloud-point pressure from 1100 bar to 850 bar and
that the sharp increase in the PBA-CO2 cloud-point
curve shifts from 85 to ∼30 °C. Note that the PBA-
CO2-12.6 wt % BA curve exhibits a positive slope over

the range of 30-160 °C. Figure 14 shows that adding
32 wt % BA to the PBA-CO2 solution significantly
changes the phase behavior. Now the cloud-point
curve takes on the appearance of a typical lower
critical solution temperature (LCST) boundary.8 At
150 °C the phase transition has shifted from 1100
bar in pure CO2 to ∼350 bar in a CO2 + 32 wt % BA
mixture. The cloud-point curve intersects a liquid f
liquid + vapor (LV) curve at ∼65 °C and 100 bar. A

Table 4. Experimental (Co)Polymer-CO2 Dataa

polymer temperature (°C) pressure (bar) Mw × 10-3 comments ref(s)

poly(dimethylsiloxane) 25-185 250-600 39-370 P-T 156
25-100 150-750 2-486 P-T 154

polyisobutylene 50-200 0-2000 0.2,1 P-T (telechelic and nonfunctional) 161
50-200 0-2000 1 P-T (telechelic and nonfunctional) 162

poly (vinylidene fluoride) (PVDF) 120-220 1700 ∼200 P-T 216
PVDF w/acetone 90-220 300-1700 ∼200 P-T 216
PVDF w/DME 100-220 1700 ∼200 P-T 216
PVDF w/ethanol 100-220 1700 ∼200 P-T 216
poly(vinyl fluoride) (PVF) w/acetone 130-250 500-2250 125 P-T 216
PVF w/DME 140-240 1000-2250 125 P-T 216
PVF w/ethanol 140-240 500-2250 125 P-T 216
poly(1,1-dihydroperfluorooctyl acrylate) 30-80 100-300 1200 P-x, T-x, P-T 217,218
poly(vinyl acetate) 20-160 500-1000 125 P-T 159
poly(methyl acrylate) 20-200 1700-2200 31 P-T 159
poly(ethyl acrylate) 50-200 1200-3000 119 P-T 159
poly(propyl acrylate) 100-180 1200-1500 140 P-T 159
poly(butyl acrylate) 80-200 1000-3000 62 P-T 159
poly(ethylhexyl acrylate) 150-220 1100-3000 113 P-T 159
poly(octadecyl acrylate) 210-260 1000-2600 23 P-T 159
poly(butyl methacrylate) 120-230 1100-3000 320, 100 P-T 159
EMA18 80-280 1500-2800 ∼100 P-T 159
EMA31 80-280 1500-2800 ∼100 P-T 159
EMA41 80-280 1500-2800 ∼100 P-T 159
TFE-HFP19 180-250 1000-3000 210 P-T 159

185-245 1000-3000 210 P-T 30
TFE-HFP48 170-230 1000-2800 191 P-T 130
VDF-HFP22 100-230 700-900 85 P-T 159

0-230 400-900 85 P-T 131
VDF-HFP22 w/acetone 0-250 0-1000 85 P-T 219
VDF-CTFE74 120-210 1000-2750 ∼100 P-T 219
oxidized polyethylene 200-270 1000-2500 3.6 P-T 219
Teflon AF160 50-180 500-1000 ∼400 P-T 159
Teflon AF240 60-180 500-1000 n/a P-T 33
poly(tetrahydroperfluorodecyl acrylate) 10-80 50-275 n/a P-T 220

a Entries that show a polymer with the notation “w/cosolvent” indicate that a cosolvent is added to the solution. CO2 entries
can be found in Table 3 when it is used as a cosolvent. The reader is directed to the book of McHugh and Krukonis for other
sundry polymer-CO2 data.8

Figure 13. Impact of free butyl acrylate monomer (weight
percents are given on a polymer-free basis) on the phase
behavior of 5 wt % poly(butyl acrylate) in CO2. (Reprinted
with permission from ref 73. Copyright 1998 Elsevier.)

Figure 14. Impact of 32.0 wt % butyl acrylate monomer
(on a polymer-free basis) on the phase behavior of the 5
wt % poly(butyl acrylate) in CO2.73 The open circles
represent fluid f liquid + liquid transitions, the closed
circles represent fluid f liquid + vapor transitions, and
the closed square represents a liquid + liquid f liquid1 +
liquid2 + vapor (LLV) transition. The dashed line is the
suggested extension of the LLV line. (Reprinted with
permission from ref 73. Copyright 1998 Elsevier.)
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liquid and vapor phase coexist at pressures below this
curve. Note that the LV curve switches to a liquid1
+ liquid2 + vapor (LLV) curve at temperatures
greater than 65 °C. The slope of the PBA-CO2-BA
LCST curve, ∼2.7 bar/°C, is approximately 40%
greater than that observed for binary poly(isobuty-
lene)-alkane mixtures reported by Zeman and Patter-
son.17 At the same temperatures and pressures, the
CO2-BA mixture is more compressible than the
alkanes used in the Zeman study. It should not be
surprising that butyl acrylate is an excellent cosol-
vent for PBA since PBA dissolves in pure BA even
at atmospheric pressure. Clearly it is possible to
obtain a single phase that extends over a large
temperature range at modest pressures if sufficient
amounts of free acrylate monomer are added to the
solution.

There are many cosolvent studies where an SCF
solvent is added to solution with the express intent
of decreasing the solvent quality of the liquid solvent
to precipitate the polymer from solution. In this
instance the supercritical fluid is an antisolvent.
Irani et al.27,74 were the first to demonstrate that the
SCF dilates the solvent without raising its temper-
ature, thus avoiding thermal degradation of the
polymer. McHugh and co-workers,75-79 extended the
SCF-additive work of Irani and found that not only
does the LCST curve shift to lower temperatures with
the addition of a supercritical fluid to the mixture,
but that the UCST also shifts to higher temperatures.
Eventually the UCST and LCST curves merge if
enough supercritical antisolvent is added to the
solution. Many other studies have since been
reported on the large effect supercritical CO2 as an
antisolvent.51,52,80-82 The antisolvent effect is exacer-
bated when the operating temperatures are well
above the critical point of the supercritical solvent.83

V. Copolymer−SCF Phase Behavior

1. Solvent Quality
With copolymers it is possible to develop systematic

studies which vary the solvent properties, the
copolymer backbone architecture, and the cosolvent
quality. This approach facilitates the elucidation of
the fundamental thermodynamic variables that fix
the conditions needed to dissolve a polymer or
copolymer in a pure SCF solvent or an SCF-cosolvent
mixture. The examples presented in this section focus
mainly on ethylene-based copolymers since they
consist of a nonpolar ethylene group randomly
distributed in the backbone with a nonpolar comono-
mer such as propylene or polar comonomers such an
acrylate, acrylic and methacrylic acid, vinyl alcohol,
vinyl acetate, and tetrafluoroethylene. Hence, large
changes are anticipated in the observed phase
behavior as a function of comonomer type and
backbone content.

Radosz and co-workers have published extensively
on the phase behavior of poly(ethylene-co-propylene)
(PEP)-SCF solvent systems.84-88 The phase behavior
of the PEP-ethylene system follows type IV phase
behavior, even if the “polymer” molecular weight is
reduced to 790 g/mol.87 This is not totally unexpected

behavior since ethylene has both a significant quad-
rupole moment and a low polarizability and it is a
poor solvent for PE. With SCF propylene, type III
phase behavior is observed as long as the molecular
weight of the copolymer remains below 6000. In this
instance the location of the LCST curve decreases in
temperature as the molecular weight of polymer
increases. Eventually the PEP-propylene phase
behavior changes from type III to type IV when the
molecular weight is increased above 6000.

In contrast to PEP-SCF solvent phase behavior,
the phase behavior of ethylene-based copolymers
with a polar comonomer is very sensitive to the
solvent quality and the type and amount of polar
comonomer in the chain backbone. Figure 15 shows
the phase behavior of poly(ethylene-co-31 mol %
methyl acrylate) (EMA31) in ethane,39 ethylene,39

propane,39 dimethyl ether,89 and chlorodifluoro-
methane.90,91 High temperatures are needed before
EMA31 dissolves in ethane since acrylate-acrylate
dipolar interactions overwhelm dispersion and induc-
tion interactions between methyl acrylate and ethane.
However, the temperature is so much higher than
the critical temperature of ethane that very high
pressures are needed to decrease the molar volume
of ethane, which increase dispersion interactions. If
the solvent is changed to propane, the cloud-point
pressure at 175 °C decreases by ∼1000 bar and the
entire curve shifts ∼30 °C to lower temperatures. The
difference in the location of the ethane and propane
curves reflects the impact of solvent polarizability
since both of these solvents are nonpolar. Also, both
curves are very steep which reflects the diminishing
strength of the acrylate-acrylate dipolar interactions
with increasing temperature.

A more significant shift in the cloud-point curve
occurs in going from nonpolar ethane to ethylene,
which has a quadrupole moment. In this case the
cloud-point curve extends to temperatures as low as
50 °C due to favorable polar cross interactions
between ethylene and methyl acrylate. However, note
also that the ethylene curve is still at elevated
pressures since ethylene is a highly expanded SCF
solvent at the temperatures shown in Figure 15. The
fate of the cloud-point curve was not determined at
temperatures below 50 °C.

Figure 15. Phase behavior of 5 wt % poly(ethylene-co-31
mol % methyl acrylate) in ethane (closed circles),39 propane
(open triangles),39 ethylene (closed squares),39 dimethyl
ether (DME) (open squares),89 and chlorodifluoromethane
(F22) (open circles).90,91
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The largest shift of the cloud-point curve is ob-
served with dimethyl ether (DME) and chlorodi-
fluoromethane (F22) relative to ethane. DME has a
large dipole moment (1.3 D) that interacts favorably
with the dipole of methyl acrylate. F22 also has a
large dipole moment (1.4 D) and it can donate a
proton to the basic methyl acrylate group. In these
two cases the single-phase region extends to 50 °C
and 100 bar compared to 2000 bar needed with
ethylene.

Similar large shifts in cloud-point curves are
observed for poly(ethylene-co-acrylic acid) (EAAx,
where x is the mole percent acid in the backbone)-
SCF solvent mixtures. However, in this case, a very
small percent of acid groups in the backbone of the
copolymer has a large impact on the phase behavior
since the strength of hydrogen bonding interactions
far outweigh other types of interactions. Figure 16
shows the phase behavior for EAA3.9 in butane,
butene, and DME.28 The shift in the butene cloud-
point curve relative to the butane curve is attributed
to both polar interactions and π-acid complexing that
is supported by spectroscopic studies.92,93 Notice that
the butane and butene curves exhibit very steep
slopes as the temperature is lowered which is more
pronounced than that observed with the EMA31-SCF
phase behavior shown in Figure 15. As the temper-
ature is lowered the amount of interchain and intra-
chain acid dimerization increases, which makes it
exceedingly difficult to dissolve EAA3.9 in a nonpolar
or slightly polar solvent. The EAA3.9-DME curve
remains essentially flat near 400 bar regardless of
temperature due to acid-ether hydrogen bonding. All
three cloud-point curves appear to coincide at
temperatures above 200 °C. Evidently, the amount
of acid dimer formation is reduced to a very low level
at these high temperatures where EAA3.9 behaves
more like nonpolar PE.

2. Molecular Weight, Branching, and Backbone
Architecture

Although polymer molecular weight can play a role
in determining the location of the cloud-point curve,
its impact is attenuated if there is a large energetic
mismatch between the copolymer and the solvent.
Radosz and co-workers investigated the impact of
copolymer molecular weight on the phase behavior
of mixtures containing alternating poly(ethylene-co-

propylene) (PEP) and 1-butene84 and ethylene.87 With
butene at 160 °C there is a 60 bar difference in the
cloud-point pressures for PEP fractions of Mw of 790
and 5900. The pressure differential decreases to only
15 bar for PEP fractions with Mw of 26 000 and
96 000. Ethylene has a smaller polarizability and a
larger effective polarity than propylene, which makes
ethylene a weaker SCF solvent for a nonpolar
copolymer. Hence, with ethylene the phase behavior
is even more sensitive to PEP molecular weight in
the same 5900 to 96 000 weight range. For example,
there is a 450 bar difference in the cloud-point
pressures for PEP fractions with Mw of 5900 and
96 000 at 160 °C. Even though the investigators do
not present cloud-point data for higher molecular
weight polymers, the trend of diminishing effect of
copolymer molecular weight is apparent, in agree-
ment with the trend found with homopolymer-SCF
solvent systems. In addition, the effect of molecular
weight is more pronounced the weaker the SCF
solvent.

Rätzsch and co-workers94 investigated the effect of
molecular weight on the poly(ethylene-co-14 mol %
vinyl acetate) (EVA14)-ethylene system. This mix-
ture exhibits type IV phase behavior with fairly flat
cloud-point curves. Cloud-point pressures are 990,
1170, and 1215 bar at 120 °C for three EVA14
fractions with weight-average molecular weights of
8200, 40 800, 60 300, respectively. There is a ∼180
bar differential in the cloud-point pressures between
the 8200 and 40 800 fractions, which reduces to a
∼40 bar difference between the 40 800 and 60 300
fractions. Although these EVA14 molecular weights
are modest, the trend of diminishing molecular
weight effect is still apparent. Meilchen et al. showed
similar molecular weight trends for the EMA31-
chlorodifluoromethane (F22) system that exhibits
type III LCST behavior.91 The single-phase region
decreases as the copolymer molecular weight
increases and the effect diminishes once the molec-
ular weight becomes larger than ∼40 000. For this
system F22, a proton donor, is expected to hydrogen
bond to the acrylate groups in EMA31, but F22 does
not self-associate.

Figure 17 shows a comparison of the impact of
molecular weight and acrylate content for EMAx
(where x is the mol % of acrylate groups in the chain
backbone) in butane. Several different EMAx copoly-

Figure 16. Phase behavior of 5 wt % poly(ethylene-co-3.9
mol % acrylic acid) in butane (open circles), butene (closed
circles), and dimethyl ether (DME) (open squares).28

Figure 17. Impact of acrylate concentration90 in the
copolymer backbone (open circles) relative to copolymer
molecular weight200 (open squares) for mixtures of 5 wt %
poly(ethylene-co-methyl acrylate) in butane.
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mers were fractionated with an SCF solvent to obtain
samples with narrow molecular weight and chemical
composition distributions.90 The isobaric cloud-point
temperatures in this figure are obtained from the
UCST-portion of the EMA31 curves that have differ-
ing copolymer molecular weights or the curves with
differing acrylate content at a constant Mw of
∼120 000. The cloud-point temperature only changes
by ∼20 °C as the weight average molecular weight
varies from 70 000 to 280 000 with molecular weight
polydispersities near 1.3. In contrast, the cloud-point
temperature at 2000 bar varies by more that 150 °C
as the acrylate content is increased from 18 to 41 mol
%. This is a dramatic example of the significant
impact of backbone architecture relative to molecular
weight, especially since the molecular weight data
are obtained in the range where it should have the
largest impact. Byun et al.95 also show that the
molecular weight dependence of poly(ethylene-co-
butyl acrylate) (EBAx) in ethylene is very modest for
molecular weights in the range of 57 000-400 000.
There is only a 100 bar differential between the
EBA17 cloud-point curves with molecular weights of
57 000 and 283 000. The pressure differential
decreases to only 50 bar for EBA25 cloud-point curves
with molecular weights of 268 000 and 404 000.

Figure 18 shows a comparison of the impact of
molecular weight and acid content for EAAx copoly-
mers in butene.28 The EAAx copolymers were also
fractionated supercritically,96 producing fractions
with narrow molecular weight distributions of 1.6
and with narrow chemical composition distributions.
The isobaric cloud-point temperatures in Figure 18
are from the UCST portion of the appropriate cloud-
point curves similar to the data in Figure 17. In this
instance, the cloud-point temperature only changes
by 35 °C as the number average molecular weight
varies from 13 000 to 130 000 which is equivalent to
an increase from 20 000 to 200 000 in the weight
average molecular weight. However, the cloud-point
temperature of the EAAx copolymers in butene varies
by more than 130 °C as the acid content increases
from 2.4 to 6.9 mol %. It is interesting to note that
the cloud-point curves for the EAA3.9-butene mix-
tures order with respect to Mn not Mw as is normally
observed. The ordering of the acid copolymer curves
with Mn is a result of intrapolymer hydrogen bonding
that depends on the number of acid groups rather

than on their weight. In a related study Chang and
Morawetz use spectroscopy and osmometry to show
that the methacrylic acid repeat units in poly-
(styrene-co-methacrylic acid) (SMAA) preferentially
form intrapolymer hydrogen-bonded acid dimers at
30 °C in tetrachloroethane if the copolymer acid
content is below ∼5 mol %.97,98 They argue that
hydrogen bonding between acid groups depends more
on the molar copolymer acid content rather than on
the overall copolymer concentration in solution. Care
must be exercised when determining the extent of
intra- and intercopolymer hydrogen bonding since the
properties of the solvent can play a large role in
determining this ratio. Nevertheless, these studies
are in agreement with the results shown in Figure
18. It is also interesting to note that the cloud-point
curves for the EMAx-F22 system order with respect
to Mw even though copolymer-solvent hydrogen
bonding occurs.

It is difficult to separate the impact of branching
from backbone architecture since the comonomer
introduces a branch point as well as a different
functional group into the backbone of the polymer.
However, the impact of backbone architecture is
expected to be significantly greater with polar
branches. A preview of the effect of backbone archi-
tecture has already been described for EMAx copoly-
mers in butane (Figure 17) and EAAx copolymers in
butene (Figure 18). Figure 19 shows another example
of the impact of acrylate content on the location of
EMAx copolymers in propane and propylene.39,99,100

It is evident that it takes increased temperatures and

Figure 18. Impact of acrylic acid units in the copolymer
backbone (open symbols) relative to copolymer molecular
weight for mixtures (closed symbols) of 5 wt % poly-
(ethylene-co-acrylic acid) in butene.28

Figure 19. Impact of the amount of methyl acrylate units
in the backbone of EMAx copolymers (where x is the mol
% methyl acrylate) on the phase in propane and in
propylene:39,99,100 closed circles, x ) 0; open squares, x )
10; closed squares, x ) 18; open circles, x ) 31; and open
triangles, x ) 41. The copolymer concentration is ap-
proximately 5 wt % in all cases.
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pressures to dissolve EMAx copolymers in propane
as the acrylate content increases. For example with
propane at 130 °C it takes approximately 2000 bar
to obtain a single phase with EMA31, but with
propylene it only takes 700 bar. Propane and
propylene have very similar polarizabilities so the
increased solvent quality of propylene is attributed
to the double bond that makes propylene slightly
polar. Notice once again that the pressure of the
cloud-point curves with the highest acrylate content
decrease significantly with increasing temperature,
which is expected behavior as polar interactions
decrease with increasing temperature. The phase
behavior of poly(ethylene-co-vinyl acetate)-ethylene
mixtures,94,101,102 exhibit trends analogous to those
observed for EMAx-ethylene mixtures.

Similar phase behavior is observed when compar-
ing the phase behavior of EAAx copolymers in a
variety of different SCF solvents.28 A small amount
of acid groups has a large impact on the location of
the cloud-point curve since the acid groups prefer-
entially hydrogen bond to one another rather than
to interact with the solvent unless the solvent can
also hydrogen bond to the acid group. Luft and co-
workers have also demonstrated that the addition of
acrylic acid to the backbone of a nonpolar copolymer
causes far more dramatic shifts in the location of the
cloud-point curves than the addition of a nonself-
associating comonomer such as vinyl acetate.102,103

Polar comonomers from the same chemical family
can have very different effects on the copolymer-SCF
solvent phase behavior. Byun et al.95 compare the
phase behavior of ethylene-methyl acrylate and
ethylene-butyl acrylate copolymers in ethylene.
Although from the same chemical family, butyl and
methyl acrylate have different physicochemical prop-
erties. Both acrylate monomers have approximately
the same dipole moments, however, since the strength
of dipolar interactions scales inversely with the
square root of the molar volume,5 the increase in
polarity per polar repeat unit is greater for methyl
acrylate. Polar interactions scale roughly with in-
verse temperature, so the system temperature is
expected to have a large affect on the cloud-point
pressures. Another characteristic difference between
EMA and EBA copolymers is that the free volume of
the EBA copolymers should be greater than that of
the EMA copolymers with equivalent numbers of
acrylate groups. Therefore, as long as the tempera-
ture is high enough that polar interactions do not
control solubility behavior, it should be easier to
dissolve EBA copolymers. Figure 20 shows that the
cloud-point pressure of EMAx in ethylene initially
decreases with increasing copolymer MA content, but
it then increases quite rapidly at 75 and 125 °C. The
impact of MA content on the cloud-point pressure
disappears when the temperature is raised to 200 °C
where polar interactions are diminished. In contrast,
Figure 21 shows that the cloud-point pressure de-
creases rapidly as butyl acrylate is incorporated in
the EBAx backbone even at temperatures as high as
250 °C. In fact, EBAx cloud-point pressures are
significantly lower than those of EMAx with equiva-
lent amounts of acrylate content. These data dem-

onstrate that in certain instances a strong synergy
can occur between energetic and free volume effects
to improve solubility behavior.

3. Cosolvent/Antisolvent Effects
A liquid cosolvent can expand the region of misci-

bility if it increases the solvent density, which
reduces the free volume difference between the
solvent and copolymer. The region of miscibility is
further expanded with polar copolymers if the cosol-
vent is also polar and if it can hydrogen bond or
π-complex with the polar repeat units in the copoly-
mer. In contrast, the region of miscibility can be
reduced substantially if an expanded SCF antisolvent
is added to a copolymer-solvent mixture. Consider,
for example the effect of adding ethylene as an
antisolvent to PEP-hexene and PEP-butene mix-
tures.85,86 The experimental results show that the
addition of ethylene to either mixture causes the
phase behavior to change from type III to type IV.
The LCST curve is shifted to lower temperatures
until it eventually merges with the UCST curve and
shifts to high pressures. This change from type III
to type IV phase behavior occurs at ∼7 wt % ethylene
in 1-butene, and at ∼30 wt % ethylene in 1-hexene.
The addition of ethylene decreases the density of the

Figure 20. Impact of methyl acrylate content in the
copolymer on the cloud-point pressure of EMA copolymers
in ethylene. The cloud-point pressures for polyethylene at
75 and 125 °C are extrapolations of the cloud-point curve
to lower temperatures disregarding that PE may crystal-
lize. (Reprinted from ref 95. Copyright 1996 American
Chemical Society.)

Figure 21. Impact of butyl acrylate content in the
copolymer on the cloud-point pressure of EBA copolymers
in ethylene. The cloud-point pressure for polyethylene at
125 °C is obtained by extrapolating the cloud-point curve
disregarding that PE may solidify. The copolymer concen-
tration is approximately 5 wt % in all cases. (Reprinted
from ref 95. Copyright 1996 American Chemical Society.)

584 Chemical Reviews, 1999, Vol. 99, No. 2 Kirby and McHugh



overall solution and thus decreases the region of
miscibility. In addition to reducing the solution
density, ethylene also shifts the interchange energy
to promote ethylene-ethylene quadrupolar interac-
tions relative to ethylene-nonpolar PEP interactions.
The effect of the quadrupole moment of ethylene is
exacerbated because the molar volume of ethylene
is quite small relative to quadrupole or dipole effects
expected with butene and hexene. It has already been
shown in this review that ethylene is a worse solvent
than ethane for nonpolar PE, even though ethane and
ethylene have virtually the same densities.

As previously mentioned, a cosolvent can have a
large effect on the location of the cloud-point curve
when the physicochemical properties of the two
comonomers differ considerably from one another. It
has already been shown that the location of the cloud-
point curve for a nonpolar/polar copolymer is very
sensitive to polar comonomer content and solvent
quality so it is expected that a polar cosolvent will
have a large effect on the phase behavior of these type
mixtures. The EVAx-ethylene-vinyl acetate system
is perhaps the first copolymer-SCF solvent-
cosolvent system reported in any detail as a result
of the commercial importance of EVAx copolymers.
As noted in the Introduction, EVAx copolymers can
be synthesized with the same high-pressure, free-
radical process used to make PE except in this case
both ethylene and vinyl acetate are fed to the reactor
simultaneously. The vinyl acetate that does not
copolymerize with ethylene serves as a cosolvent that
helps dissolve EVAx. Rätzsch and co-workers were
the first to show the effect of unreacted vinyl acetate,
here called free VA, on the phase behavior of the
EVAx-ethylene system.104,105 The cloud-point in the
temperature range of 160-240 °C is lowered by as
much as 400 bar when the amount of free VA in
solution matches the amount of VA units in the
copolymer. The effect of free VA in solution is more
pronounced the lower the temperature, consistent
with the notion that polar interactions between free
VA and VA units in the copolymer increase with
decreasing temperature. Recently, Wohlfarth
published more details on the phase behavior of this
ternary system along with modeling results.106 In a
related study, Luft and Subramanian107 have shown
that free methyl acrylate in solution increases the
region of miscibility of the poly(ethylene-co-methyl
acrylate)-ethylene system. Although it is industrially
relevant to determine the phase behavior of
copolymer-comonomer-comonomer mixtures, in the
previously described studies it can be difficult
distinguishing the effect of ethylene, a quadrupolar
solvent, from that of vinyl acetate or methyl acrylate,
also a polar molecule.

McHugh and co-workers show that the effect of a
polar cosolvent on copolymer-SCF behavior is
magnified for a family of EMAx copolymers in non-
polar propane.44,108 In these instances acetone and
ethanol are the cosolvents. Ethanol has a greater
effect than an equal quantity of acetone since ethanol
can hydrogen bond to the acrylate groups in the
backbone of the EMAx copolymers. At low ethanol
concentrations the acrylate groups available for cross

association outnumber the ethanol molecules avail-
able to self-associate. As the acrylate groups are
saturated with ethanol molecules, the further addi-
tion of ethanol results in ethanol-ethanol hydrogen
bonding which makes the mixed solvent highly polar
and induces the copolymer to precipitate from
solution. However, because acetone does not self-
associate, much more acetone can be added to the
solution, which results in a larger single-phase region
compared to that obtained with ethanol. The effect
of these polar cosolvents is impressive considering
that the EMAx copolymers used in these studies
contain greater than 60 mol % nonpolar ethylene
groups and that these two cosolvents can be used to
precipitate PE from solution. It is readily apparent
that the incorporation of polar acrylate groups into
the backbone of PE changes polymer properties in a
highly nonlinear manner.

The question still remains whether the cosolvent
effect is due to enhanced interactions or to increased
solvent density. LoStracco et al.64 addressed this
issue by investigating the phase behavior of EMA31
in propane with hexane, 1-hexene, and several alco-
hols. It should be possible to determine whether
increasing the density of compressed propane shifts
the location of the cloud-point curve by comparing
the C6 curves to the binary EMA31-propane system
and to assess the impact of hydrogen bonding by
comparing the C6 curves to those of the alcohols.
Figure 22 shows that hexane and hexene have
virtually no impact on the location of the EMA31-
propane cloud-point curve, whereas the alcohol co-
solvents shift the curve by ∼50-70 °C. Perhaps it is
not surprising that cosolvent density has little impact
on the cloud-point curve since the density of propane
is greater than approximately 0.5 g cm-3 at the
elevated pressures shown in Figure 22.109 Note that
the alcohol cloud-point curves increase rapidly in
pressure with decreasing temperature due to an
increase in alcohol self-association. The methanol
curve is ∼20 °C higher temperature than the other
alcohols since methanol exhibits a stronger energy
of self-association while having roughly the same
energy of cross association with methyl acrylate.64 It
is also shown that the beneficial effect of an alcohol
cosolvent decreases as its concentration increases

Figure 22. Impact of different cosolvents, all at ∼9.6 wt
%, on the phase behavior of the 5 wt % EMA31 in propane.64

The data points for the EMA31-propane-alcohol mixtures
are not shown on this figure to avoid clutter. The open
squares are hexane and the open circles are hexene
cosolvent.

Phase Behavior of Polymers in SCF Chemical Reviews, 1999, Vol. 99, No. 2 585



since the amount of alcohol self-association will
dominate that of alcohol-acrylate complex formation
for these solutions that have only 5 wt % EMA31.

The effect of a cosolvent can also be very dramatic
if the copolymer has polar groups that can self-
associate. Consider, for example, the effect of DME
on the cloud-point behavior of the poly(ethylene-co-
3.1 mol % methacrylic acid) (EMAA3.1)-butane sys-
tem shown in Figure 23.40 The pressures needed to
dissolve EMAA3.1 in butane decrease significantly
when DME is added to the solution since DME
hydrogen bonds with the methacrylic acid repeat
units. At high temperatures, where acid dimerization
is reduced,110,111 the impact of DME is much less. It
is interesting that pure DME is poorer solvent than
a mixture of 38 wt % DME and 62 wt % butane.
EMAA3.1 only has 3.1 mol % acid groups so that once
all the methacrylic acid sites are titrated with DME,
further addition of DME diminishes the strength of
the solvent since it has a smaller polarizability than
butane and it is polar.

Figure 24 shows the effect of small amounts of
ethanol on the phase behavior of EMAA3.1-butane
mixtures.40 Ethanol is a much better cosolvent than
DME. The addition of only 1.1 wt % ethanol to the
EMAA3.1-butane system decreases the cloud-point
pressure by 800 bar at 120 °C. At ethanol concentra-
tions greater than 10 wt %, the cloud-point curves
are at very low pressures and they exhibit positive
slopes. However, the cosolvent effect of ethanol
diminishes more rapidly than that of DME. The
moles of ethanol sites capable of hydrogen bonding
is twice the number of moles of ethanol in solution
since both the hydroxyl hydrogen and oxygen in
ethanol can participate in hydrogen bonding with a
single acrylic acid molecule. It is for this reason that
ethanol, at low concentrations, is a better cosolvent
than DME. Notice that the cloud-point pressures
with ethanol are lower than those with DME prob-
ably due to the higher density of ethanol at these
temperatures relative to DME, which itself is super-
critical.

Figure 24 also shows that the phase behavior
changes quite drastically with high concentrations
of ethanol.40 At an ethanol concentration of 15 wt %
there are 62 times as many ethanol molecules as
compared to methacrylic acid repeat units. Therefore,

the ethanol molecules in excess of the number needed
to “saturate” the acrylic acid sites of EMAA3.1 are
expected to self-associate. At 42.4 wt % ethanol, there
are 176 times as many ethanol molecules as com-
pared to methacrylic acid repeat units. The cloud-
point curve at this concentration exhibits a sudden
increase in pressure at 115 °C, which suggests that
the interchange energy is now dominated by the self-
association of ethanol that does not favor the forma-
tion of a single phase. If the concentration of ethanol
is further increased to 53.5 wt %, the cloud-point
curve again exhibits a sudden increase in pressure,
but now this pressure increase occurs at 160 °C. At
53.5 wt % ethanol, there is a larger concentration of
ethanol in excess of that needed to titrate the acid
sites as compared to the 42.4 wt % solution. Since
the interchange energy depends on the number as
well as the strength of ethanol-ethanol associations,
temperature has a large impact on the cloud-point
behavior. It is not possible to dissolve EMAA3.1 in
pure ethanol even at 250 °C and 2000 bar.

Although it might be envisioned that a copolymer
with a slightly different backbone composition would
be a cosolvent for the same type of copolymer in an
SCF solvent, in fact, just the opposite cosolvent
behavior occurs.112 The addition of a second copoly-
mer to the solution results in a cloud-point curve that
is at higher temperatures than the curves for either
of the two binary mixtures. For example, Figure 25
shows the cloud-point curves of PE, EMA19, EMA41,
and a 1:1 EMA19-EMA41 mixture in nonpolar butane.
The cloud-point curve of the EMA19-EMA41-butane
mixture does not fall between the curves of the
EMA19-butane and the EMA41-butane systems, but

Figure 23. Influence of dimethyl ether (DME) on the
phase behavior of 5 wt % poly(ethylene-co-methacrylic acid)
in butane.40 Weight percent DME: closed circles, 0; open
circles, 5.5; open triangles, 94.9 (pure DME); open squares,
21.1; and closed squares, 36.1.

Figure 24. Influence of ethanol on the phase behavior of
the poly(ethylene-co-methacrylic acid)-butane system.40

The concentration of copolymer is 5 wt %. Weight percent
ethanol: closed circles, 0; open circles, 1.1; open squares,
2.5; open triangles, 10.0; closed squares, 15.1; closed
diamonds, 42.2; and open diamonds, 53.5.
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rather it is located at 40 °C higher temperatures at
a fixed pressure of 1500 bar. In addition, it is not
possible to obtain a single phase for a 1:1 mixture of
PE with EMA41 even to 238 °C and 2200 bar. Similar,
but less extreme behavior is observed with butene
as the SCF solvent. This study shows that the phase
behavior of copolymer-copolymer-solvent mixtures
is very sensitive to the difference in chemical archi-
tecture of the two copolymers. These data are also
consistent with the results from low-pressure studies
that suggest that a very small difference in the
intermolecular potential energies of the two polymers
leads to phase separation.113-122

Although it is known that alcohols are good cosol-
vents for EMAx copolymers, Lee and McHugh112 also
show that the cloud-point curve for a 1:2.4 EMA41-
poly(ethylene-co-10 mol % vinyl alcohol) (EVOH10)
mixture in butane is at higher temperatures than
either of the two binary mixture curves. The attenu-
ation of the impact of the hydroxyl groups in EVOH10,
relative to ethanol, is likely due to the steric hin-
drance of packing hydroxyl groups tethered to a long-
chain, nonpolar polymer in close proximity to the
acrylate groups. Also, there are a larger number of
methyl acrylate groups in EMA41 so that not all of
the MA groups are hydrogen bonded to a hydroxyl
group.

VI. Fluoropolymer−SCF Phase Behavior
Fluoropolymers are treated as a self-standing sec-

tion due to their specialty-end applications in the
medical and electronics industry and as separation
membranes. Very few systematic phase behavior
studies have been done on fluorocopolymer-SCF
mixtures since fluorinated polymers and copolymers,
and particularly poly(tetrafluoroethylene) (PTFE),
have generally been considered resistant to dissolu-
tion in most common solvents.123 However, recent
studies show that it is possible to dissolve PTFE and
its copolymers in many halogenated solvents includ-
ing tertiary perfluoroamines, perfluorinated olefins,
perfluorokerosenes, perfluorinated oils, and poly-
hexafluoropropylene oxide oligomers.123-125 Most of

these studies are performed at temperatures near the
melting point of PTFE, Tmelt ≈ 330 °C, and at
atmospheric pressure since solid PTFE remains
essentially insoluble in these solvents until it melts.
Tuminello et al.126 demonstrate that low boiling
halocarbons, nonsolvents for PTFE at atmospheric
pressure, dissolve PTFE at elevated pressures, and
they suggest that for these particular halocarbons,
solvent density controls solubility once the PTFE
melts. A linear relationship exists between the criti-
cal temperature of these low boiling halocarbons and
the cloud-point pressures for their respective PTFE-
solvent mixtures which is not surprising since po-
larizability scales with critical temperature for non-
polar solvents from the same chemical family. In
addition, lower pressure is needed to dissolve PTFE
with a solvent that has a higher critical temperature
since less pressure is required to densify this less-
volatile halocarbon.

In this section data are presented on the solubility
of a variety of fluoro(co)polymers in several SCF
solvents whose properties are given in Table 1. Figure
26 shows the structures of the fluorocopolymers
reported in the literature and the acronyms used with
these copolymers. A variety of comonomers are po-
lymerized with tetrafluoroethylene to synthesize
copolymers that retain the chemical inertness of
PTFE and yet exhibit improved or more facile pro-
cessing characteristics.

1. Solvent Quality
Figure 27 shows the phase behavior of nonpolar

poly(tetrafluoroethylene-co-19 mol % hexafluoropro-
pylene) (FEP19) in the fluorinated alkanes that should
have closely matched intermolecular potential ener-
gies with that of a repeat unit.30 With 19 mol %
hexafluoropropylene added randomly to the backbone
of PTFE, the peak melting point is lowered from 327
°C for PTFE to 147 °C for FEP19. Dispersion-type
interactions are expected to be the dominant type of
intermolecular force of attraction between segments

Figure 25. Cloud-point curves of PE, EMA19, EMA41,90

and a 1:1 EMA19-EMA41 mixture in butane. A 1:1 mixture
of PE and EMA41 in butane does not form a single phase
to temperatures as high as 238 °C and pressures of 2200
bar. The weight ratio EMA19 to EMA41 is on a butane-free
basis, and the overall copolymer concentration is ∼10 wt
% for the copolymer-copolymer-SCF mixtures and ∼5 wt
% for the copolymer-SCF solvent mixtures. (Reprinted
with permission from ref 112. Copyright 1998 Elsevier.)

Figure 26. Chemical structure of the repeat units in
several fluorocopolymers along with their acronym.
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of FEP19 given that the hexafluoropropylene incor-
porated into the copolymer backbone exhibits char-
acteristics of nonpolar hexafluoropropane. The FEP19
has a weight-average molecular weight of ∼210 000127

and contains 1000 mass ppm carboxylic acid end
groups which should not have a significant effect on
the behavior of this polymer. Although CF4 is a
nonpolar fluoroalkane that has properties similar to
a repeat unit of FEP19, CF4 has a small polarizability,
which makes it a very feeble SCF solvent. Figure 27
shows that very high pressures are needed to obtain
sufficient CF4 solvent density to solubilize FEP19
since CF4 is highly expanded at 180-260 °C. Note
that the crystallization boundary of FEP19 in CF4
occurs at approximately 189 °C at pressures of ∼2000
bar compared to a peak melting temperature of 147
°C at atmospheric pressure for pure FEP19. In the
presence of solvent at high pressures there are two
competing effects that fix the location of the crystal-
lization boundary. One is hydrostatic pressure that
increases the melting temperature at a rate of ∼1.0
°C/10 bar, which is the rate observed for PTFE.128,129

The other effect is the melting point depression of
FEP19 that results from the solubility of CF4 in the
FEP19-rich liquid phase. Thus, while 2000 bar of
hydrostatic pressure raises the melting point of pure
FEP19 from 147 °C to ∼347 °C, the presence of CF4
in the FEP19-rich liquid-phase reduces the temper-
ature of crystallization to ∼189 °C at the same
pressure.30

FEP19 cloud-point pressures with C2F6 are 700-
1000 bar lower than those with CF4. While CF4 has
a higher molar density than C2F6 at the same
temperature at their respective cloud-point pres-
sures, the large decrease in cloud-point pressure is
attributed to the higher polarizability of C2F6 com-
pared to CF4. Thus, favorable dispersion forces must
dominate density effects in this case, making C2F6
the better solvent of the two. Also note that the
crystallization boundary in C2F6 is ∼20 °C lower than
in CF4 due to the lower cloud-point pressures in C2F6
and to the likely higher solubility of C2F6 in the
FEP19-rich liquid phase. C3F8 has a greater solvent
power for FEP19 than the other two perfluoroalkanes
due to its larger polarizability, despite C3F8 having
a lower molar density at the same temperatures at
their respective cloud-point pressures.30 Once again,
the favorable dispersion forces dominate density

effects, making C3F8 an even better solvent for FEP19.
The difference between the cloud-point pressures in
C3F8 compared to C2F6 is only 300 bar, whereas the
difference in C2F6 relative to CF4 is ∼1000 bar. The
trend of decreasing cloud-point pressure differences
with increasing solvent carbon number is similar to
that exhibited by PE-normal alkane mixtures.39,42

The crystallization boundary for the C3F8 system
occurs at ∼158 °C, which is ∼10 °C lower than that
of the C2F6 system and ∼33 °C lower than that of
the CF4 system. In fact, the high solubility of C3F8
in the FEP19-rich liquid phase, which is implied by
the low cloud-point pressures relative to that of the
other two fluoroalkanes, virtually offsets the expected
50 °C increase in freezing point of FEP19 due to
hydrostatic pressure alone.

Mertdogan et al.30 distinguish the effects of polar-
ity, polarizability, and density from one another by
comparing the phase behavior of FEP19 in several
different fluorocarbon solvents. They show that the
cloud-point pressures of FEP19 in slightly polar C3F6
and CClF3 are similar to those observed in nonpolar
C3F8 at comparable temperatures. Evidently solvent
polar interactions are not significant in this instance
since the magnitude of the dipole moments of the two
polar solvents are much less than 1 Debye and the
effectiveness of these polar moments scale inversely
with the square root of the molar volume.5 The cloud-
point pressures in CClF3 are ∼1300 bar less than
those in CF4 as a direct consequence of the larger
polarizability of CClF3 since it has a smaller molar
density than CF4 at the same temperatures and at
their respective cloud-point pressures. On the other
hand, Mertdogan finds that the cloud-point pressures
for the CClF3 system are lower than those for the
C2F6 system even though both solvents have es-
sentially the same polarizability. In this case, CClF3
has a slightly higher critical temperature compared
to C2F6, 28.8 °C vs 19.7 °C, which implies that CClF3
is easier to densify. Also, the crystallization temper-
ature of FEP19 in CClF3, ∼138 °C, is 30 °C lower than
that of FEP19 in C2F6 which suggests that CClF3 is
more soluble in the FEP19-rich liquid phase than is
C2F6. The difference in the solubility behavior of the
CClF3 and C2F6 systems is probably due to both the
differences in density and in interaction energies.

Sulfur hexafluoride is an interesting solvent for
FEP19 since it has a modest critical temperature and
it is nonpolar with a polarizability that is greater
than that of C2F6. Figure 28 compares the cloud-point
behavior of FEP19 in C3F8, CClF3, and SF6. The
pressures needed to obtain a single phase are lower
in SF6 except at temperatures greater than 200 °C
where cloud-point pressures are lowest for the C3F8-
FEP19 system. The cloud-point curve of the SF6
system is closest to, but, generally at lower pressures
than, the C3F8 system. Also, the crystallization
boundary in SF6 is ∼30 °C lower than that in C3F8.
Although SF6 has a smaller polarizability than C3F8,
it is a better solvent for FEP19 since the molar density
of SF6 is approximately 25% greater than that of C3F8
at the same temperature and at their respective
cloud-point pressures. Compared to CClF3, SF6 has
a higher polarizability and critical temperature but

Figure 27. Comparison of the cloud-point curves of ∼5
wt % FEP19 in CF4, C2F6, and C3F8. The dashed line denotes
the crystallization boundary. (Reprinted from ref 30.
Copyright 1996 American Chemical Society.)
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a lower molar density at cloud-point conditions.
Nevertheless, SF6 is a better solvent for FEP19 due
to the favorable dispersion forces between nonpolar
SF6 and FEP19, which overpowers the effect of
density.

2. Branching
To the best of our knowledge, the study that

compares the phase behavior of FEP19 to FEP48 is the
only one reporting the effect of branching on phase
behavior for a fluorocopolymer-SCF mixture.130 Fig-
ure 29 shows that the cloud-point curves for FEP19
and FEP48 in CF4. At temperatures greater than 190
°C, the FEP48 curve is shifted 400-500 bar lower in
pressure compared to the FEP19 curve. The location
of the cloud-point curve is determined both by the
energy of interaction and the entropy of mixing. The
entropic term includes the combinatorial entropy of
mixing and the conformational entropy of mixing, the
so-called equation of state contribution that is related
to the free volume difference between the solvent and
the polymer. Adding HFP groups to the backbone of
FEPx copolymers has only a modest effect on the
energetics of interaction, but it does increase the free
volume of the copolymer that favors dissolution of the
copolymer. Also, branching reduces the intermolecu-

lar interactions between polymer segments that arise
due to short-range molecular orientation of polymers
with a high content of linear segments with few
pendant groups.54 Hence, the decrease in cloud-point
pressure is a consequence of both the increased free
volume of FEP48 relative to that of FEP19 and the
reduced amount of segment-segment interactions
expected with FEP48. Similar trends are observed
with the phase behavior of supercritical ethane and
propane with LLDPE with differing amounts of chain
branching as described earlier.56 The FEP48-CF4

curve extends to temperatures lower than 190 °C
since it does not crystallize. Both cloud-point curves
exhibit only a small negative slopes since nonpolar,
dispersion interactions are the dominant type of
interaction in these systems.

McHugh and co-workers130 also demonstrate that
the impact of chain branching on the cloud-point
location diminishes as the quality of the solvent
increases, as was observed with LLDPE-SCF alkane
mixtures.56 For example, with SF6 the cloud-point
pressures are well below 1000 bar since SF6 has a
much larger polarizability than CF4. The FEP48 curve
superposes with the FEP19 curve at temperatures
greater than 120 °C, but it exhibits a slight positive
slope as the temperature is lowered which is at lower
pressures than the extrapolated FEP19 curve.

DiNoia et al. show the effect of backbone branching
on the phase behavior with a comparison of the
behavior of poly(vinylidene fluoride) (PVDF) and
VDF-HFP22 in CH2F2.33 PVDF has a melting point
of 170 °C while VDF-HFP22 is amorphous. Figure
30 shows that the melting point of PVDF is reduced
from 170 °C to 100 °C due to the solubility of CH2F2

in the polymer-rich liquid phase. Also note that the
VDF-HFP22 curve is ∼250 bar lower in pressure at
temperatures near 100 °C but is only ∼125 bar lower
at temperatures near 200 °C. The lower pressures
and temperatures of the VDF-HFP22 curve are a
consequence of both energetic and entropic consid-
erations. The increased free volume of VDF-HFP22

enhances the mixing process with CH2F2 and the
hexafluoropropylene in the backbone of VDF-HFP22

reduces the number of copolymer segment-segment
polar interactions, which makes the interchange
energy more favorable for dissolving in CH2F2.

Figure 28. Comparison of the cloud-point curves of ∼5
wt % FEP19 in CClF3 (open circles), C3F8 (open squares),
and SF6 (closed squares). The dashed lines denote the
crystallization boundaries. (Reprinted from ref 30. Copy-
right 1996 American Chemical Society.)

Figure 29. Impact of hexafluoropropylene content in the
copolymer backbone on the solubility of poly(tetrafluoro-
ethylene-co-hexafluoropropylene) copolymer with 19 mol %
HFP (FEP19) and 48 mol % HFP (FEP48) in CF4. The
crystallization boundary of FEP19 is denoted by a dashed
line and the copolymer concentrations are approximately
5 wt %. (Reprinted from ref 130. Copyright 1998 American
Chemical Society.)

Figure 30. Comparison of the behavior of poly(vinylidene
fluoride) (PVDF) and poly(vinylidene fluoride-co-22 mol %
hexafluoropropylene) (VDF-HFP22) in CH2F2.33 The poly-
mer and copolymer concentrations are ∼5 wt %.
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3. Backbone Architecture

Fluorinated polymers have unique wetting and
lubrication properties but generally these polymers
are difficult to process because they do not dissolve
until melted, and the melting temperatures are very
high. For example, poly(vinyl fluoride) melts at 189
°C, poly(vinylidene fluoride) melts at 170 °C, and
poly(tetrafluoroethylene) (Teflon) melts at greater
than 325 °C. It is possible to copolymerize many
fluorovinyl groups with hexafluoropropylene which
provides CF3 branches that disrupt the ability of the
copolymer to align in solution and hence to crystal-
lize. As noted with the hydrocarbon copolymers, the
type and structure of the comonomer has a strong
influence on the temperatures and pressures needed
for a single phase. Likewise, as is shown in the
following paragraphs, solvent quality also has a
significant affect on the location of the cloud-point.

Let us consider the phase behavior of VDF-HFP22
in several different SCF solvents.131 Figure 31 con-
trasts the behavior of VDF-HFP22 with that of FEP19
in CHF3, a polar SCF solvent. Notice that the
FEP19-CHF3 cloud-point curve exhibits a very steep
slope at ∼230 °C, which suggests that there is an
extreme energy mismatch between the nonpolar
repeat units in FEP19 and polar CHF3 even at
elevated temperatures where configurational polar
interactions should be diminished. On the other hand
the VDF-HFP22-CHF3 cloud-point curve is rela-
tively flat near 1000 bar and extends to 30 °C. In this
instance there are favorable polar interactions be-
tween the VDF groups in the copolymer with polar
CHF3 even at very low temperatures. Pressures of
∼1000 bar are needed to increase the density of CHF3
sufficiently to modulate the strength of its intermo-
lecular potential so that it is capable of dissolving
VDF-HFP22.

Figure 32 shows a comparison of VDF-HFP22
cloud-point curves in a series of SCF solvents to
reveal the interplay between polarizability and dipole
moment. Table 1 shows that both CH2F2 and CHF3
have similar values for polarizability, but CH2F2 has
a slightly greater dipole which is more than likely
the reason the CH2F2 cloud-point curve is at lower
pressures than the CHF3 curve. It is readily apparent

that CH2F2 is the better solvent if the reduced or
effective dipole moment, µi/(molar volume)0.5, is com-
pared. Not surprisingly, the C2H4F2 curve is at the
lowest pressures since it has the larger polarizability,
dipole moment, and solvent densities compared to
CH2F2 and CHF3. Although the magnitude of the
polarizability is important, the solvent must have a
sufficiently large dipole moment to dissolve VDF-
HFP22. Notice that the C3F6 curve exhibits a very
steep slope at ∼150 °C even though this solvent has
a larger polarizability compared to the other solvents
just described. However, C3F6 has a very modest
dipole moment so that the interchange favors VDF-
VDF interactions as the temperature is reduced
below 150 °C and the copolymer falls out of solution.
For comparison the cloud-point curve for VDF-HFP22
in CO2 is also shown in this figure. The cloud-point
curve falls between those of CHF3 and CH2F2. All
three of these SCF solvents have very similar polar-
izabilities. CHF3 and CH2F2 both have dipole mo-
ments and CO2 has a quadrupole moment. Although
it is difficult to predict á priori the behavior of these
three copolymer-SCF solvent mixtures, the data in
Figure 32 suggest that CO2 has many of the charac-
teristics of CHF3 and CH2F2, which makes it a
candidate replacement solvent for these two fluoro-
carbon solvents. More information is provide on CO2
in the next section of this review.

VII. Polymer−CO2 Behavior
Carbon dioxide has been touted as the solvent of

choice for many industrial applications because it is
nonhazardous and inexpensive. CO2, whose proper-
ties are listed in Table 1, has a critical temperature
near room temperature, a modest critical pressure,
and a density higher than most supercritical fluids.
It remains a challenge to predict the solvent proper-
ties of CO2 quantitatively since the solution theories
that describe intermolecular interactions between
solvents and solutes in a dense fluid state are still
in a nascent state of development. Several authors
have argued that the solvent properties of CO2 should
be compared to those of toluene,132 acetone,133 and
hexane.132 These seemingly widely varying opinions
on the solvent characteristics of CO2 reinforce the
complexity of definitively categorizing solvent power.
Nevertheless, considerable insight into the solvent
characteristics of CO2 is reported here based on well-

Figure 31. Comparison of the cloud-point curves of poly-
(vinylidene fluoride-co-22.0 mol % hexafluoropropylene)
(Fluorel, VDF-HFP22)131 to that of poly(tetrafluoroethyl-
ene-co-19.3 mol % hexafluoropropylene) (FEP19) in CHF3.222

The copolymer concentrations are ∼5 wt %. (Reprinted
from ref 131. Copyright 1997 American Chemical Society.)

Figure 32. Comparison of the cloud-point curves of 5 wt
% poly(vinylidene fluoride-co-22.0 mol % hexafluoropropy-
lene) in several SCF solvents.33
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characterized and systematic solubility studies that
are available in the literature with a wide range of
polymers and copolymers.

Before proceeding to a presentation of experimental
homopolymer- and copolymer-CO2 studies, it is
worthwhile to revisit briefly the molecular thermo-
dynamic framework developed in an earlier section
to characterize the expected solvent properties of
CO2. The pressures and temperatures needed to
dissolve a polymer in CO2 depend on the intermo-
lecular forces between solvent-solvent, solvent-
polymer segment, and polymer segment-segment
pairs in solution as given by the interchange energy,
and on the free volume difference between the
polymer and CO2. Table 1 shows that the polariz-
ability of CO2 is similar in value to that of perfluo-
romethane, fluoroform, and dihydrodifluoromethane
and it is also close to that of methane. It is intuitively
obvious that methane will not be a good SCF solvent
unless the system pressure is exceptionally high, or
stated differently, unless the density of methane is
increased considerably. Hence, by analogy, CO2 is not
expected to be a good solvent at high operating
temperatures where dispersion interactions are domi-
nant. Due to structural symmetry, CO2 does not have
a dipole moment, but it does have a substantial
quadrupole moment that operates over a much
shorter distance than dipolar interactions. CO2 is a
dense solvent at modest temperatures and pressures
which magnifies quadrupolar interactions that scale
with inverse molar volume to the 5/6 power. As will
be shown, CO2 is a weak solvent for nonpolar
polymers since CO2 quadrupolar interactions domi-
nate the interchange energy as the temperature is
lowered. Conversely, CO2 is a feeble solvent for very
polar polymers since dipole interactions outweigh
quadrupole interactions, especially at low tempera-
tures where polar interactions are magnified.

Kazarian and co-workers have used spectroscopic
techniques to characterize the interactions between
CO2 and polymers.134 They demonstrate that poly-
mers possessing electron-donating groups, such as
carbonyls, exhibit specific interactions with CO2. The
carbon atom of CO2 acts as an electron acceptor and
the carbonyl oxygen in the polymer acts as an
electron donator. Kazarian and co-workers show that
the strength of the complex between CO2 and a
polymer segment is generally less than 1 kcal/mol
which makes it only slightly stronger than dispersion
interactions. In certain instances, CO2-polymer com-
plex formation can be an important consideration
when interpreting data at low to moderate temper-
atures where complexing is expected to be significant.
O’Shea and co-workers report similar observations
on polar and hydrogen bonding interactions for small
molecule-CO2 mixtures from spectroscopy studies.135

Before proceeding to a discussion of polymer-CO2
phase behavior, a very brief synopsis is given for the
many polymerization reaction studies with CO2 since
they contain some information on polymer solubility.
It is beyond the scope of this review to detail all
of the SCF reaction studies that have been performed
and, therefore, only a select few of them are
mentioned here to reveal trends concerning polymer

solubility in CO2. A large body of work has
been generated demonstrating that CO2 dissolves
hydrocarbon polymers containing fluorinated octyl
acrylates.136-144 Hydrocarbon-fluorocarbon block and
graft copolymers also exhibit a high degree of solubil-
ity in CO2.145-148 It is argued that copolymer solubility
depends on the number of fluorinated side groups and
on the molecular weight of the side groups relative
to the molecular weight of the hydrocarbon main
chain. The recurring theme in all of these studies is
that fluorinated groups play a significant role in
polymer solubility and that some polarity in the
polymer also plays a role in fixing solubility levels.
It has been suggested that CO2 may either form a
weak complex or that it preferentially clusters near
the fluorine of the C-F bonds that are more polar
than C-H bonds.6,134,149 Hence, the fluorinated side
groups shield the hydrocarbon main chain from
interacting with CO2. Although creative synthetic
chemistry can be used to improve polymer solubility
in CO2, the results from these studies only provide
limited insight into why most polymers do not dis-
solve in CO2 regardless of temperature and pressure.
For example, although fluorinating a polymer en-
hances its solubility severalfold in CO2, Mertdogan
and co-workers show that fluorination alone does not
ensure that the polymer will be soluble in CO2 at
temperatures below 100 °C.30

1. Homopolymer−CO2 Phase Behavior
Krukonis has shown that CO2 at or near room

temperature and at pressures typically below 600 bar
dissolves many poly(dimethyl)- and poly(phenyl-
methyl)silicones, perfluoroalkylpolyethers, and
chloro- and bromotrifluoroethylene polymers.8,150,151

Beckman and co-workers have described the solubil-
ity of poly(perfluoropropylene oxide) and also poly-
(dimethyl siloxane) in CO2.152,153 Barton154,155 and
Kiran156 have also reported on the high solubility of
poly(dimethyl siloxane) in CO2 at approximately 450
bar. The polymers reported to have solubility in CO2
all possesses some degree of polarity due to oxygen
or other electronegative groups such as chlorine or
bromine incorporated into the backbone of the poly-
mer. The exceptions are the silicone and siloxane-
type polymers. The solubility of the poly(dimethyl)
and poly(phenylmethyl) silicones in CO2 is likely due
to the very flexible nature of these polymers that
endows them with much larger free volumes as
compared to other polymers.

CO2 does not dissolve polyolefins to any great
extent unless the molecular weight is very low. Gregg
and co-workers show that a three-arm-star poly-
isobutylene with a molecular weight of 4000 does not
dissolve in CO2 to temperatures of 200 °C and
pressures of 2000 bar.196 Hagiwara et al. also showed
that polyethylene does not dissolve in CO2 although
they provide no information on molecular weight.157,158

For example, Rindfleisch has shown that nonpolar
PE, with an Mw of 108 900, does not dissolve in CO2
even to temperatures of 270 °C and pressures of 2750
bar.159 CO2 can dissolve octane, hexadecane, and
squalane, but these nonpolar solutes have molecular
weights in the range of 100-500. Figure 33 shows

Phase Behavior of Polymers in SCF Chemical Reviews, 1999, Vol. 99, No. 2 591



that the characteristics of the hexadecane-CO2
phase behavior are similar to those exhibited by
mixtures of a nonpolar component with a polar one
depicted schematically in Figure 4.160 The cloud-point
curve (i.e., the critical-mixture curve in this instance)
has a maximum near 300 bar and it shows a sharp
upturn in pressure near 30 °C. At these modest
temperatures the phase behavior is usually at-
tributed to enthalpic interactions since the curve
exhibits UCST-like characteristics. Rindfleisch et
al.159 argue that the sharp increase in the critical-
mixture pressure results from a large energy mis-
match between CO2 and hexadecane that is domi-
nated by CO2-CO2 quadrupolar interactions rather
than CO2-hexadecane dispersion or induction inter-
actions. For this binary mixture, CO2 becomes too
polar for hexadecane once the temperature is reduced
below 30 °C since quadrupolar interactions scale with
inverse temperature. If the molecular size of the
nonpolar hydrocarbon is approximately doubled to a
C30, the critical-mixture curve is shifted to higher
pressures and the sharp increase in the critical
pressure occurs at 60 °C. The results shown in Figure
33 suggest strongly that CO2 is too polar to dissolve
nonpolar PE even at temperatures in excess of 270
°C. A polymer or copolymer must have some polarity
before it will exhibit any solubility in CO2.

CO2 can dissolve very low molecular weight, slightly
polar polymers, such as polystyrene or telechelic
polyisobutylene if the molecular weights are below
10008,150,151,161,162 so as to minimize excluded volume
interactions that make many high molecular weight
polymers difficult to dissolve. Rindfleisch et al.159 also
show that polystyrene with an Mw of 106 000 does
not dissolve in CO2 even to temperatures of 225 °C
and pressures of 2100 bar. At first glance this result
is somewhat surprising since the aromatic ring in PS
has a quadrupole moment that interacts favorably
with the quadrupole of CO2. However, PS has a high
glass transition temperature, ∼103 °C, that indicates
a high hindrance potential for chain segment rota-
tions resulting in enhanced segment-segment inter-
actions that do not favor dissolution.

How much polarity is needed to make a polymer
soluble in CO2? Rindfleisch et al.159 addressed this

issue by determining the cloud-point behavior of a
family of poly(acrylates) in CO2. Figure 34 shows the
cloud-point curves for poly(ethyl acrylate) (PEA),
poly(butyl acrylate) (PBA), poly(ethylhexyl acrylate)
(PEHA), and poly(octadecyl acrylate) (PODA) in CO2

and the Mw of the polymers. As the alkyl tail on the
acrylate increases, the effective polarity decreases
since reduced dipole interactions scale inversely with
the square root of the molar volume.5 Likewise, the
sharp upturn in cloud-point pressure shifts to higher
temperatures with increasing alkyl tail length. PODA
has the lowest Mw but the PODA-CO2 curve turns
up sharply in pressure at 215 °C, which is surprising
since it suggests that even at this very high temper-
ature, CO2 is too polar to dissolve PODA. Conversely,
as the alkyl tail on the acrylate is decreased, the
polymer remains in solution to lower temperatures
suggesting that dipole-quadrupole interactions be-
tween the acrylate group and CO2 promote solubility.
Note that the free volume difference between the
poly(acrylate) and CO2 decreases with increasing
alkyl tail length, but, the gain in conformational
entropy of mixing does not outweigh the increased
mismatch in energetics accompanying this structural
change. The weak solvent character of CO2 for these
poly(acrylates) is manifest in the very high pressures
needed to obtain a single phase even at high tem-
peratures where polar interactions are diminished.
It is the very low polarizability of CO2 that results
in the need for extremely high pressures to dissolve
these polymers.

Interpreting the phase behavior of polymers in CO2

or any supercritical fluid solvent can be perplexing
since the connectivity of the monomer units and the
conformation of the polymer in solution affects both
the energy and entropy of mixing. For example, even
though PMA dissolves in CO2 at high pressures, poly-
(methyl methacrylate) with an Mw of 93 300 is not
soluble in CO2 to temperatures of 255 °C and pres-
sures of 2550 bar. This observation is a bit surprising
since the strength of PMA-CO2 intermolecular in-
teractions are expected to be similar to those of
PMMA-CO2. Likewise, poly(ethyl methacrylate) with
an Mw of 340 000 also does not dissolve in CO2 to

Figure 33. Critical-mixture curves for CO2 with octane
(C8), hexadecane (C16), and squalane (C30).221 The closed
square and circle are the critical points of CO2 and octane,
respectively. Below each curve two phases exist and at
pressure above the curves a single phase exists. Smoothed
data curves are presented rather than individual data
points.

Figure 34. Impact of the nonpolar alkyl tail of the acrylate
group on the cloud-point curves of poly(ethyl acrylate)
(PEA), poly(butyl acrylate) (PBA), poly(ethylhexyl acrylate)
(PEHA), and poly(octadecyl acrylate) (PODA) in CO2.159

Listed on each curve is the respective weight average
molecular weight, Mw. The polymer concentration is ∼5 wt
% in each case.
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temperatures of 285 °C and pressures of 2550 bar
even though PEA does dissolve. One major difference
between these two poly(acrylates) and poly(methacry-
lates) are that the Tg’s are 80-100 °C higher for the
methacrylates compared to the acrylates. Enhanced
segment-segment interactions are expected for the
poly(methacrylates) since the rotation of a methacry-
late chain segment is more hindered than a rotation
of an acrylate chain segment. CO2 does dissolve poly-
(butyl methacrylate) (PBMA) as shown in Figure 35
although in this case the Tg for PBMA is only 70 °C
higher than that of PBA. Both PBMA cloud-point
curves are shifted to higher temperatures compared
to the curve for PBA. The effect of Mw can be
quantified by plotting the inverse of the cloud-point
temperatures of the two PBMA curves at a fixed
pressure with respect to 1/Mw

0.5.163 At 2500 bar an
estimated cloud-point temperature of 116 °C is
obtained for PBMA with an Mw of 62 000 which is
33 °C higher than that found for PBA.

On the basis of the phase behavior results pre-
sented in the previous figures it is apparent that CO2
is a very weak supercritical solvent that is sensitive
to polymer architecture and to the chemical type and
intermolecular potential energy of the repeat units.
Figure 36 shows an interesting comparison of the
cloud-point curves of PMA and poly(vinyl acetate)
(PVAc) in CO2. The difference between the location

of these two curves is quite dramatic. At 30 °C the
PMA cloud-point curve is more than 1500 bar higher
than the PVAc curve even though the molecular
weight of PVAc is four times greater than that of
PMA. Both PMA and PVAc are polar, but the Tg for
PVAc is approximately 21 °C higher than the Tg of
PMA. The slightly higher Tg of PVAc is a reflection
of stronger polar interactions between vinyl acetate
groups as compared to methyl acrylate groups when
these groups are tethered to a polymer chain. CO2
can more easily access the carbonyl group in PVAc
than in PMA, which makes PVAc more soluble in CO2
with decreasing temperature. Easier access to the
carbonyl group in PVAc also makes it easier for CO2
to form a weak complex with PVAc especially at
moderate temperatures.134

The preceding examples of polymer solubility in
CO2 demonstrate that hydrocarbon polymers and
copolymers must have some polarity to dissolve in
CO2. However, very polar polymers or polymers that
are water-soluble are not expected to dissolve in CO2
even at high temperatures. For example, poly(acrylic
acid) does not dissolve in CO2 to temperatures of 272
°C and pressures of 2220 bar.

2. Copolymer−CO2 Behavior

The question of how much polarity is needed for
CO2 solubility is probably better addressed by exam-
ining the cloud-point curves for poly(ethylene-co-
methyl acrylate) (EMAx, where x represents the mole
fraction of methyl acrylate groups in the backbone)-
CO2 mixtures shown in Figure 37. As the methyl
acrylate content increases in this statistically random
copolymer, the cloud-point curve shifts to lower
temperatures, suggesting that the energy mismatch
is relaxed by dipole-quadrupole interactions between
methyl acrylate repeat units and CO2. In this in-
stance, the acrylate groups in the backbone of the
copolymer act as an internal cosolvent. It is also
interesting that the cloud-point curves appear to level
off in pressure at approximately 1400 bar, which
indicates that CO2 must be highly compressed before
it can dissolve these copolymers. As already noted,
the high temperature, high-pressure behavior with
CO2 appears with many other polymers and copoly-

Figure 35. Comparison of the CO2-poly(butyl acrylate)
(PBA) cloud-point curve to two CO2-poly(butyl methacry-
late) (PBMA) curves. The weight average molecular weight,
Mw, is given in the figure, and the polymer concentrations
are ∼5 wt % in each case. (Reprinted from ref 159.
Copyright 1996 American Chemical Society.)

Figure 36. Comparison of the CO2-poly(methyl acrylate)
(PMA) and CO2-poly(vinyl acetate) (PVAc) cloud-point
curves. The weight average molecular weight, Mw, is given
in the figure, and the polymer concentrations are ∼5 wt %
in each case. (Reprinted from ref 159. Copyright 1996
American Chemical Society.)

Figure 37. Impact of polar methyl acrylate groups on the
location of the cloud-point curves of CO2-EMAx mixtures,
where x represents the mole fraction of methyl acrylate
groups in the copolymer. The copolymer concentrations are
∼5 wt % in each case. (Reprinted from ref 159. Copyright
1996 American Chemical Society.)
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mers and it is more than likely a consequence of the
very low polarizability of CO2.

A large body of work has recently been developed
on the solubility of fluorinated polymers and copoly-
mers in CO2. DeSimone and co-workers have mea-
sured the solubility of poly(1,1-dihydroperfluorooc-
tylacrylate) (PFOA) in CO2.217,218 PFOA is one of the
very few fluorocopolymers that dissolves in CO2 at
near room temperatures and pressures of less than
300 bar. PFOA is a good example of utilizing creative
chemistry to design a CO2-soluble polymer. DiNoia
et al.33 report that poly(vinylidene fluoride) (PVDF)
dissolves in CO2 but that poly(vinyl fluoride) (PVF)
does not dissolve even at temperatures of 300 °C and
pressures of 2750 bar. DiNoia et al. point out that in
an earlier study PVDF did not dissolve in CO2,
however, the PVDF used in the earlier study con-
tained a large amount of cross-linked, gel material
that is a result of the synthesis technique. Both of
these fluoropolymers have very high melting tem-
peratures which is a consequence of strong segment-
segment polar interactions. Evidently the dipole
moment of PVF is too strong compared to the dipole
moment of PVDF. Figure 38 shows that cloud-point
pressures in CO2 decrease if the polarity of PVDF is
reduced by randomly mixing 22 mol % hexafluoro-
propylene (VDF-HFP22) in the backbone of the
polymer. The PVDF-CO2 curve is at pressures of
1500-1700 bar, and it terminates at a crystallization
boundary at 130 °C. In contrast, the VDF-HFP22-
CO2 curve is at pressures less than 1000 bar and it
extends to 0 °C and 400 bar. Figure 39 shows that if
all of the polarity is removed from the copolymer, now
an 81 mol % tetrafluoroethylene-19 mol % hexafluo-
ropropylene (TFE-HFP19) copolymer, then very high
temperatures are needed to dissolve it in CO2. The
shape of the TFE-HFP19 curve is similar to that
described earlier for this same copolymer in CHF3,
an SCF solvent with a large dipole moment, 1.7 D,
and a polarizability similar in value to that of CO2.
The CHF3 cloud-point curve exhibits a very steep
slope at ∼230 °C due to an energy mismatch between
nonpolar TFE-HFP19 and polar CHF3 even at el-
evated temperatures where configurational polar
interactions should be diminished. Pressures of ∼1200
bar are needed to dissolve TFE-HFP19 in CHF3
similar to those found with CO2. This side by side

comparison suggests that CO2 is not as polar as CHF3
and that the small polarizabilities of both SCF
solvents translates to a need for very high pressures
to dissolve TFE-HFP19 in the high-temperature
region of the phase diagram.

Rindfleisch et al.159 and DiNoia et al.33 report that
Teflon AF, a random copolymer of tetrafluoroethylene
and dioxole, dissolves in CO2. Figure 40 shows that
the cloud-point curve for the copolymer with 87 mol
% dioxole groups exhibits a sharp increase in pres-
sure near 85 °C while the curve for the copolymer
with 65 mol % has a very similar shape but it is
shifted 20 °C lower in temperature. Both copolymers
dissolve at pressures of 500-600 bar. The sharp
increase in pressure of the cloud-point curve reflects
the change in the interchange energy that becomes
dominated either by CO2 quadrupole-quadrupole
interactions or by Teflon AF dipole-dipole interac-
tions as the temperature is lowered. It is interesting
that these copolymers dissolve in CO2 even though
they both have very high Tg’s, 160 °C for the 65 mol
% copolymer and 240 °C for the 87 mol % copolymer.
The very high Tg is a consequence of the bulky size
of the dioxole group that reduces the rotational
flexibility of the chain segments. However, as the
temperature is lowered, the polar dioxole groups in

Figure 38. Comparison of the cloud-point behavior of poly-
(vinylidene fluoride) (PVDF) to that of poly(vinylidene
fluoride-co-22 mol % hexafluoropropylene) (VDF-HFP22)
in CO2.33 The polymer and copolymer concentrations are
∼5 wt % in each case.

Figure 39. Comparison of the poly(tetrafluoroethylene-
co-hexafluoropropylene) (TFE-HFP19)-CO2 cloud-point
curve30 and the poly(vinylidene fluoride-co-hexafluoropro-
pylene) (Fluorel, VDF-HFP22)-CO2 cloud-point curve.131

The subscripts on the chemical formulas represent the mole
fraction of each comonomer in the backbone of the copoly-
mer. The copolymer concentration is ∼5 wt % in each case.
(Reprinted from ref 131. Copyright 1997 American Chemi-
cal Society.)

Figure 40. Comparison of the cloud-point behavior of
TFE-TDD65 (TeflonAF 1600) with 65 mol % dioxole and
TFE-TDD87 (TeflonAF 2400) with 87 mol % dioxole in
CO2.33 The copolymer concentration is ∼5 wt % in each
case.
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Teflon AF interact favorably with polar CO2 so that
the copolymer remains in solution to moderately low
temperatures.

The impact of free volume is shown in Figure 41
that compares cloud-point data for nonpolar TFE-
HFP19 and TFE-HFP48 in CO2.130 Both cloud-point
curves exhibit the same characteristic shapes even
though TFE-HFP19 has a peak melting point at 147
°C and TFE-HFP48 is amorphous. At high temper-
atures it takes approximately 1000 bar to dissolve
either copolymer in CO2 which is a consequence of
the small polarizability of CO2. Increasing the hexaflu-
oropropylene (HFP) comonomer content from 19 to
48 mol % shifts the low-temperature portion of the
cloud-point curve from 190 to 170 °C. The sharp
upturn in cloud-point pressure in both cases is a
consequence of quadrupolar interactions between
CO2 molecules that makes the interchange energy
unfavorable for dissolving nonpolar TFE-HFPx.

Certainly fluorinating a polymer or a copolymer
makes it CO2-soluble, but, the pressures needed to
solubilize fluorinated copolymers can be very high
and they can be extremely temperature sensitive,
depending on the polarity of the polymer. It should
now be evident why relatively mild pressures and
temperatures are needed to dissolve the fluorinated
acrylates mentioned previously. The fluorinated acry-
late polymers are partially fluorinated, they have
bulky fluorinated alkyl tails, and they have carboxyl
groups that give them some polarity. All of these
features enhance solubility in CO2.

VIII. Modeling

As mentioned in the Introduction, the incorporation
of SCF solvent-based technology for polymer process-
ing would be greatly facilitated if it were possible to
simulate different process scenarios with an accurate
equation of state. A major objective with modeling is
to predict the changes in phase behavior observed as
a function of solvent quality or as a function of
polymer architecture with a minimum number of
fitted parameters. There are several different equa-
tions of state that can be used to calculate polymer-
SCF solvent phase behavior,21,37,106,164-169 but only two
equations of state are described here, the Sanchez-

Lacombe (SL)170-174 and the Statistical Associating
Fluid Theory (SAFT) equation.88,175-177 These two
equations are widely used in the polymer solution
thermodynamics community and they are represen-
tative examples of the lattice-gas and perturbation
models used to describe polymer solution behavior.
The Sanchez-Lacombe equation of state is a lattice-
gas model in which each component is divided into
parts or “mers” that are placed into a lattice and are
allowed to interact with a mean-field intermolecular
potential. An appropriate number of holes are placed
in the lattice to obtain the correct solution density.
SAFT is a perturbation-based equation that repre-
sents molecules as covalently bonded chains of seg-
ments that may contain sites capable of forming
associative complexes. A mean-field attractive term
is used as a perturbation of the reference equation
that consists of terms accounting for the connectivity
of the hard segments in the main chain, the hard-
sphere repulsion of the segments, and the energy of
site-site specific interactions of segments. The merits
of each of these polymer solution models are briefly
described. The effect of molecular weight or backbone
composition polydispersity is not accounted for in the
following discussion. Once the formalism is estab-
lished for calculating polymer-SCF solvent phase
behavior, in principle it is not difficult to account for
the effects of polydispersity. The goal of this section
is to demonstrate how these two equations of state
are used to calculate the phase diagram for a
polymer-SCF solvent mixture with the minimum of
fitted mixture parameters.

1. Sanchez−Lacombe Equation of State
The SL equation of state is derived from a lattice-

fluid model that accounts for the compressibility of
a solution, or the “free-volume,” by introducing holes
into the lattice.172 The SL lattice-gas equation is
comprised of a van der Waals-type attractive term
with a lattice-gas repulsive term. In reduced form,
the equation of state is

where P̃, T̃, and F̃ are the reduced pressure, temper-
ature, and density, respectively. The number of
lattice sites occupied by a molecule, r, is

The reduced parameters for a pure component are

where T is absolute temperature, ε* is the interaction
energy per mer, R is the gas constant, P is the system
pressure, v* is the close-packed molar volume of a
mer, V* is the close-packed volume of the mixture, F

Figure 41. Impact of copolymer hexafluoropropylene
content on the solubility of poly(tetrafluoroethylene-co-
hexafluoropropylene) copolymer with 19 mol % HFP (FEP19)
and 48 mol % HFP (FEP48) in CO2. The copolymer
concentration is ∼5 wt % in each case. (Reprinted from ref
130. Copyright 1998 American Chemical Society.)

F̃2 + P̃ + T̃[ln(1 - F̃) + (1 - 1
r)F̃] ) 0 (5)

r ) MP*
RT*F*

(6)

T̃ ) T/T* where T* ) ε*/R (7)

P̃ ) P/P* where P* ) ε*/v* (8)

υ̃ ) 1/F̃ ) V/V* where V* ) N((rv*) (9)

F̃ ) F/F* where F* ) M/rv* (10)
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is the solution density, and M is the molecular
weight. The three characteristic parameters, T*, P*,
and F* or, equivalently, ε*, v*, and r, are obtained
from fitting the Sanchez-Lacombe equation to pure-
component PVT data such as saturated liquid densi-
ties and vapor pressures.

For binary and multicomponent mixtures, it is
necessary to define a characteristic mixture temper-
ature, pressure, and close-packed molar volume. The
characteristic mixture temperature is

where the mixing rule for εmix
/ is

and the cross term, εij
/ , is

where kij is a fitted, binary mixture parameter that
corrects the energy of the mixture for specific binary
interactions between components i and j not ac-
counted for by a simple geometric-mean average. The
volume fraction a component, æi, is

where mi is the mass fraction of component i.
The mixing rule for vmix

/ is

where the cross term, vij
/ , is the arithmetic mean of

the two pure-component characteristic volumes,

where ηij is a fitted mixture parameter that accounts
for the packing of a polymer segment with a solvent
segment. The adjustable binary mixture parameters,
kij and ηij, are determined by fitting experimental
binary pressure-composition (P-x) isotherms. In
general, reasonable values of kij and ηij are between
(0.2. These two parameters are expected to be close
to zero for a mixture of components that come from
the same chemical family and therefore have similar
intermolecular potential energy functions.

The mixing rule for the number of sites that a
mixture occupies is

The characteristic pressure of the mixture is

At equilibrium, the fugacity of each of the compo-
nents present in each of the phases must be equal.
For a two-phase, L1-L2 system, the fugacity relation-
ships are

where Fi is the fugacity of component i, x, and y are
mole fractions in each of the phases, φ is the fugacity
coefficient, and L1 and L2 represent the two liquid
phases, respectively. Oftentimes, it is convenient to
recast the fugacity relationships in terms of chemical
potential, µi

For details on the mechanics of polymer-SCF solvent
phase equilibrium calculations, the reader is directed
to the work of Koak and Heidemann178 which de-
scribes the peculiarities associated with these type
of calculations. At most pressures the calculated
concentrations of polymer in the SCF-rich solvent
phase can be less than the underflow limit of the
computer. Hence, the polymer mass fraction should
be fixed at a very low value such as 10-75 and the
equality of the polymer chemical potential in each of
the phases is removed from the calculation. In
addition, successive substitution can become oscilla-
tory and divergent, which can be remedied if the
substitution is damped. However, damping does
increase the time needed to calculate a tie line.

The chemical potential is obtained from the ther-
modynamic relationship

where the Gibbs free energy of the mixture is derived
using the SL equation of state.171 Note that Ni is the
number of moles of component i. With the SL equa-
tion the chemical potential of component i in a
mixture is

Tmix
/ )

εmix
/

R
(11)

εmix
/ ) 1

vmix
/

ΣΣæiæjεij
/ vij

/ (12)

εij
/ ) (εii

/
εjj
/)0.5(1 - kij) (13)

æi )

mi

(Fivi)

∑
c

mc

(Fcvc)

(14)

vmix
/ ) ΣΣæiæjvij

/ (15)

vij
/ ) 1/2(vii

/ + vjj
/) (1 - ηij) (16)

1
rmix

) Σæi/ri (17)

Pmix
/ )

RTmix
/

Vmix
/

(18)

Fi
L1 ) Fi

L2 or yiφi
L1 ) xiφi

L2

i ) 1, 2 (19)

exp[µi
L1 - µi

L2

RT ] ) 1 (20)

µi ) (∂G
∂Ni

)
T,P,Ni*j

(21)

µi ) RT[ln æi + (1 -
ri

rmix
)] +

ri{-F̃[2/vmix
/ (∑

j)1

c

æjvij
/(εij

/ - εmix
/ )) + εmix

/ ] +

RTυ̃[(1 - F̃) ln (1 - F̃) +
F̃

ri

ln F̃] +

Pυ̃[2∑
j)1

c

æjvij
/ - vmix

/ ]} (22)
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Pure-component parameters, T*, P*, and F*, are
fit to saturated liquid density and vapor pressure
data to within 50 °C of the critical temperature for
the solvent and to PVT data for the polymers. The
SL equation of state is not expected to predict
accurately the critical point of a pure component since
it is a mean-field equation.171 The determination of
SCF pure-component parameters is sensitive to the
number of liquid density data points used in the
fitting routine. If it is important to fit the critical
point of the solvent accurately it is necessary to
reduce the number of liquid density data points used
in the fitting routine. However, a good fit of the
solvent critical point usually results in calculated
saturated liquid densities that are ∼20% lower than
experimental values.

Compilations of characteristic parameters for poly-
mers and low molecular weight substances can be
found in the literature.170,171 Rogers179 presents PVT
data for a large number of polymers and some
copolymers that can be used to regress pure-compo-
nent polymer parameters. The parameters for sta-
tistically random copolymers can also be estimated
with the mixing rules given in equations 12-17. In
this instance, the parameters of the two homopoly-
mers that comprise the copolymer are used in the
mixing rules along with the volume percent of each
comonomer present in the backbone of the copoly-
mer.180 The mixture parameters, kij and ηij, that are
now homopolymer-homopolymer parameters rather
than polymer-solvent parameters, typically have
little effect on the calculated cloud-point curves and
should be set equal to zero.

The SL equation of state has been used to model
polymer-SCF solvent and polymer-SCF solvent-
cosolvent phase behavior with varying degrees of
success. Usually it is necessary to allow both binary
mixture parameters, kij and ηij, to be functions of
temperature to obtain a good representation of the
phase behavior even if the polymer and SCF solvent
are both nonpolar.30,39,44,91,181,182 In an alternative
approach, Kiran and co-workers advocate allowing
kij to vary with the molecular weight of the
polymer.52,181-183 Of course, if kij is allowed to vary,
more fitted parameters are introduced. However, it
is not apparent how to extrapolate the values of these
parameters from one system to another since there
is no fundamental basis for choosing a particular
functional form for the temperature or molecular
weight dependence. Another difficulty with predicting
phase behavior as opposed to fitting it, is that the
calculated cloud-point curves are very sensitive to the
value used for kij which is usually determined after
fitting at least a small amount of binary data.

The SL equation has also been used to calculate
poly(ethylene-co-methyl acrylate) (EMAx)-SCF sol-
vent phase behavior with modest success.31,39,44,56,91

As noted earlier, a good representation of the phase
behavior is obtained only if the binary mixture
parameters are allowed to vary with temperature.
The dilemma of this approach is that mixture data
are needed to obtain a reasonable estimate of the
mixture parameters, that is, you need to know the
answer to get the answer! As more methyl acrylate

is added to the copolymer backbone, kij values in-
crease and become strong functions of temperature
to account for polar interactions. The values of ηij are
large and negative for most crystalline copolymers
and it is necessary to make ηij a function of temper-
ature. It is not too surprising that the SL model does
a poor job modeling polar copolymer-SCF solvent
phase behavior since this is a mean-field equation of
state with mixing rules that assume that the mixture
is random. Hence, polar configurational interactions
are not taken into consideration except through a
temperature-dependent kij. The need for a tempera-
ture-dependent packing parameter, ηij, even for non-
polar PE-ethane mixtures,56 probably is a conse-
quence of the conformational properties of the polymer
chain that affects the packing of solvent molecules
around segments of the polymer. Chain dimensions
in solution are expected to be sensitive to tempera-
ture. The major benefit of the SL equation is that it
is very tractable and it can be used to interpolate
data. It is also possible to use the SL to calculate the
phase behavior of ternary polymer-SCF solvent-
cosolvent mixtures,44,52,181,183 but once again, the
performance of this equation is only fair.

If any of the components in the solution can
hydrogen bond or form a complex, a different version
of the SL equation is needed.184 Panayiotou and
Sanchez185 used a “quasi-chemical” approach to de-
compose the partition function into contributions
from associative and nonassociative interactions
where the nonassociative partition function is that
of the original Sanchez-Lacombe equation of state.
The partition function for association is determined
by calculating the number of ways that hydrogen
bonds can be distributed in the system with the
constraint that the total hydrogen bonding energy
remains constant. Given the limitations of the SL
equation for calculating polymer-SCF solvent phase
behavior, it is recommended that the SAFT equation
be used for mixtures that have components that can
cross-associate or self-associate.

2. SAFT Equation of State
SAFT is a perturbation-based equation that rep-

resents molecules as covalently bonded chains of
segments that may contain sites capable of forming
associative complexes. A mean-field attractive term
is used as a perturbation of the reference equation
that consists of terms accounting for the connectivity
of the hard segments in the main chain, the hard-
sphere repulsion of the segments, and the energy of
site-site specific interactions of the segments with
themselves or other segments. With this approach,
the residual Helmholtz free energy relative to an
ideal gas reference state is

where ahs accounts for segment-segment, hard-
sphere repulsion,186 achain accounts for connectivity of
the segments,176,177 aassoc accounts for site-site spe-
cific interactions176,177 such as hydrogen bonding
based on Wertheim’s associating fluid theory,187-190

and adisp accounts for the mean-field, dispersion

ares ) (ahs + achain + aassoc) + adisp (23)
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attraction between segments.191 The Helmholtz free
energy expressions, both for pure components and
mixtures, are given in detail in the literature88,175 and
are not reproduced here.

The equation for the fugacity coefficient, φi, is
obtained from

where Z is the compressibility of the mixture, R is
the gas constant, T is the temperature, N is the total
number of moles in the system, V is the total system
volume, and Ni is the number of moles of component
i in the system. Equation 24 can be rewritten in
terms of the residual Helmholtz energy as

where xi is the mole fraction of component i. Huang
and Radosz provide the derivatives in eq 25 in a
parametrized form.88

There are five pure-component parameters in the
SAFT equation: voo, the temperature-independent
volume of a segment, uo/k, the temperature-indepen-
dent, nonspecific energy of attraction between two
segments, m, the number of segments in a molecule,
ε/k, the energy of association between sites on a
molecule, and υ, the volume of association. A square-
well model is used for association interactions where
the energy of association, ε/k, is the depth of the well
and the volume of association, υ, is the width of the
well.176,177,192 Estimates for the energy of hydrogen
bonding can be made from spectroscopic measure-
ments with liquids that have the same functional
groups as found in the SCF solvent or in the polymer.
Estimates for υ can be made by analogy to the
tabulated values regressed from pure-component
data.88

The mixing rules for the volume of a segment, vo,
the energy of attraction, u, and the number of
segments in the mixture, m, are

and

Equations 27 and 28 contain binary mixture pa-
rameters, kij and ηij, that are fitted to experimental
data. Typically ηij is set equal to zero since it has
essentially the same affect on the location of the
cloud-point curve as does kij.

Pure-component parameters for small molecule
systems are reported in the literature.175 Although
PVT data are available for many polymers179 a
regression of polymer parameters from PVT data
leads to completely wrong phase equilibrium calcula-
tions.61,193,194 From the regression of PVT data the
values for voo and uo/k are usually overestimated,
while the value for m tends to be underestimated.
The dilemma with SAFT is that calculated polymer
densities are not very sensitive to variations in pure-
component parameters while phase equilibria calcu-
lations are very sensitive to these parameters. Con-
sider, for example, calculations for the phase behavior
of the PEA-ethylene system presented earlier. The
pure-component parameters for PEA, obtained from
a fit of density data179 to within 2%, are 17.17 cm3/
mol for voo, 778.5 for m, and 367.4 K for uo/k. With
these values, and with kij set equal to zero, the
calculated cloud-point curve is more than 7000 bar
too high relative to the experimental curve! If kij is
set equal to -0.150, a large negative value, a portion
of the cloud-point curve is in reasonable agreement
with the experimental data, but, the calculated curve
has a positive slope indicative of LCST-type behavior,
while the experimental curve has a negative slope.
The primary reason that cloud-point calculations are
so far off in this instance is that the value of uo/k is
much too large.193

A number of different schemes have been suggested
for determining m, voo, and uo/k for a polymer. Radosz
and co-workers propose that m be determined from
the correlation found for n-alkanes,84,85-87,161,162,195,196

which should work reasonably well for polyolefins
with modest side-chain branching or with ethylene-
acrylate,85,95,193,197 ethylene-vinyl acetate,102 or ethylene-
acid,195,197-199 copolymers with modest amounts of
comonomer in the backbone. Radosz and co-workers
also propose that voo for a polymer be set equal to
12.0 cm3/mol that follows from a fit of alkane
data.84-87,161,162,195,196 Fixing the value of voo is not
unreasonable since changing it by ∼10% has only a
modest affect on the calculated phase behavior.200

The difficulty once again is how to determine a
reasonable estimate for uo/k. In many cases Radosz
and co-workers set uo/k equal to 210 K, the value for
an infinite molecular weight alkane, which is reason-
able for their calculations since they are mainly
concerned with polyolefin-SCF solvent phase behav-
ior. The issue still remains how to determine uo/k for
other classes of polymers since fitting polymer PVT
data does not provide a reasonable estimate for uo/
k.61,193,201

Fortunately the values for m and voo follow regular
trends depending on the structural features of the
species under consideration, which suggests that a
group-contribution method can be used for their
determination. Lora and McHugh61,201 extend the
group-contribution approach of Huang and Ra-
dosz88,175 for calculating m and voo for polymers as a

ln φi ) (∂(Nares/RT)
∂Ni

)
T,V,Nj*i

- ln Z (24)

ln φi ) {∂[ares

RT]
∂xi

}
T,V,Nj*i

- ∑xj{∂[ares

RT]
∂xj

}
T,V,Nj*i

+

ares/RT + (Z - 1) - ln Z (25)
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i
∑

j
xixjmimj vij

0 where

vij
0 )

1

8
[vi

0 1/3 + vj
0 1/3]3 (26)

u

kT
)

1

v0
∑

i
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j
xixjmimj[uij

kT]vij
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uij ) (uii ujj)
1/2 (1 - kij) (27)
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i
∑
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mij )
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2
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function of the values for a repeat unit and with m
corrected for the size of the polymer utilizing the
number average molecular weight. However, the
group contribution approach cannot be used to cal-
culate the energy parameter of a segment, uo/k, since
for a given chemical family this parameter varies in
a nonlinear manner with respect to molecule size.
Lora and McHugh61,201 suggest that it is possible to
determine a value for uo/k by two different methods.
In one case uo/k is calculated for the monomer from
a fit of vapor pressure and liquid density data, and
then this value is used for the corresponding polymer.
A value of kij is obtained from a fit of monomer-
solvent phase behavior data. In the second approach
a single polymer-SCF solvent cloud-point curve is
used to determine uo/k for the polymer and kij for the
polymer-solvent pair. The value of uo/k then remains
fixed for all other polymer-SCF solvent pairs.

Several examples are provided where reasonable
values of the monomer parameters are obtained from
the group contribution approach coupled with the fit
of liquid density and vapor pressure data.61,201 How-
ever, in many cases the calculated cloud-point curve
does not agree even qualitatively with the experi-
mental curve if the value of uo/k for the polymer is
set equal to that of the monomer and if kij is set equal
to zero. A good fit of the polymer-SCF solvent cloud-
point curve is obtained if both uo/k for the polymer
and if kij are allowed to vary. In most cases the value
of kij found from a fit of monomer-SCF solvent phase
behavior is very different from the value found from
a fit of polymer-SCF solvent behavior. Another
general finding61,201 is that the difference between (uo/
k)polymer obtained from a fit of a cloud-point curve and
(uo/k)monomer increases with increasing polarity of the
repeat groups.

The predictive power of the SAFT equation for
polymer-supercritical solvent systems is limited
since a nonzero value of kij is needed to obtain a
reasonable representation of the phase behavior. As
more systematic modeling studies are performed
with polymer-supercritical solvent mixtures it
may be possible to provide general guidelines for
estimating kij much in the same manner as is
done with the Peng-Robinson equation for small
molecule mixtures. Further work is needed to
extend the group contribution approach to other
chemical families, and to find a more accurate
method to calculate the energy parameter of
strongly polar polymers since it is not possible to use
the value regressed for the monomer. Nevertheless,
the SAFT model has been used to calculate the phase
behavior of many different polymer-SCF solvent
mixtures,61,84-87,95,102,161,162,182,193-202 which has sparked
a great deal of research to address its current
limitations.

IX. Conclusions
Several trends can be gleaned from the large body

of polymer-SCF phase behavior studies reported in
this review. Supercritical fluids are weak solvents for
polymers especially those SCF solvents that are the
lowest molecular weight members of a chemical
family. The relative improvement in solvent quality

diminishes as the molecular weight of the SCF
solvent increases as long as the solvents come from
the same chemical family. The phase behavior of
polymer-SCF mixtures falls essentially into only two
different classes. In one class the cloud-point curve
exhibits a positive slope in P-T space, so-called LCST
behavior. In the other class, the cloud-point curve
exhibits a steep increase in pressure as the temper-
ature is lowered which occurs if either the SCF
solvent or the polymer is polar and the other com-
ponent is nonpolar. The larger the difference in
polarity between these two components, the higher
the temperature where the slope in the cloud-point
curve suddenly increases. Polymer-SCF solvent
hydrogen bonding or complexing dramatically im-
proves solvent quality that, in turn, lowers the
pressures and temperatures needed to obtain a single
phase. However, if the polymer self-associates, it is
virtually impossible to dissolve it in a nonpolar
solvent. Polymer architecture plays a very important
role in determining solubility in an SCF solvent. In
fact, SCF solvents are such weak solvents that even
the interactions of end groups can dictate solubility
for polymers with molecular weights in excess of
100 000.

CO2, perhaps the most widely promoted SCF
solvent, exhibits both polar and nonpolar character
although the nonpolar character of CO2 is very
modest and is similar to that of methane and per-
fluoromethane, which are weak SCF solvents. CO2
does not dissolve polyolefins as long as the molecular
is greater than a few thousand. Several studies have
demonstrated that fluorinating a hydrocarbon poly-
mer can improve its solubility in supercritical CO2,
but, some polarity must be added to the polymer to
significantly reduce cloud-point pressures and tem-
peratures. At present it remains a challenge to
quantify the amount of polarity in the polymer that
is needed to ensure solubility. Although not reviewed
here, high-pressure NMR has also been used suc-
cessfully to elucidate specific CO2-fluorocarbon in-
teractions in low molecular weight fluorocarbon
solvents203 and fluorocarbon repeat units in different
fluorinated polymers and copolymers.204 These data
provide valuable insight for interpreting the unique
solvent characteristics of supercritical CO2.

Equations of state still need further refinement
before they can be used to predict polymer-SCF
solvent phase behavior rather than to model and
characterize the phase behavior after the fact. Many
of the difficulties inherent in predicting and inter-
preting polymer-SCF behavior reside in the entropy
of mixing. ∆Smix depends on both the combinatorial
entropy of mixing and the noncombinatorial contri-
bution associated with the volume change on mixing.
As shown in this review, high molecular weight
polymers typically dissolve in SCF solvents at tem-
peratures and pressures very far removed from the
critical point of the solvent. At high pressures SCF
densities are the same order of magnitude as that of
a typical organic liquid and are relatively insensitive
to changes in pressure or temperature. Hence, the
combinatorial entropy of mixing a polymer with an
SCF solvent should not vary significantly with tem-
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perature and pressure near the conditions where the
polymer dissolves in solution and, it should be noted
that the combinatorial entropy always promotes the
mixing of a polymer with a solvent. The central
issues, then, for interpreting polymer-SCF solution
behavior are the determination of the energetics of
mixing and the conformational entropy of the poly-
mer which contributes to the noncombinatorial en-
tropy of mixing. In this review we demonstrated that
it is possible to obtain a coarse-grain indication of
the energetics of mixing as described by the balance
of SCF-polymer interactions relative to SCF-SCF
and polymer segment-segment interactions from the
characteristics exhibited by the cloud-point curve.
The location in P-T space and the shape of the cloud-
point curve for a given polymer can shift significantly
when substituting one SCF solvent for another since
most low molecular weight supercritical fluids are
extremely weak solvents in the absence of hydrogen
bonding. However, it is not possible to assert that the
characteristics of the binodal curve are a consequence
of strictly energetic considerations since the confor-
mation of the polymer chain responds to its local
environment and it affects the entropy of mixing. In
addition, polymer chain conformation has a major
impact on the accessibility of the solvent to the repeat
units of the coil. Information on the role of chain
conformation on solubility is slowly emerging as light,
X-ray, and neutron scattering studies are reported
quantifying the impact of polymer chain dimensions
and polymer-SCF solvent interactions on the breadth
of the single-phase region.205,206,207 These scattering
techniques are themselves challenging since a radia-
tion source and detector must be coupled to a high-
pressure cell with well defined geometrical charac-
teristics so that artifacts of the apparatus are kept
to a minimum. However, the benefits of these tech-
niques can be significant since SCF properties are
tunable which means that it is possible to traverse
the entire good-to-θ-to-poor solvent quality spectrum
by adjusting solvent density with changes in pressure
at a single temperature and in a single solvent. These
supramolecular to macromolecular to submacromo-
lecular length scale studies will provide deeper
insight into role of microscopic level interactions on
macroscopically observed phase behavior.
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