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We demonstrate the application of a compressible lattice model to the correlation of cloud point behavior
in CO2 + fluorinated polymer systems. The model uses two adjustable parameters that are temperature,
pressure, and molecular weight independent and is able to correlate cloud point behavior within
experimental uncertainty (AAD of ∼2 %). We infer from the values of the parameters obtained that
weak complexes exist in these systems, and these complexes have an appreciable effect on cloud point
behavior. However, the model cannot separate the effects of complex formation from free volume
effects since the enthalpy of association apparently follows the same trends as the free volume of the
polymer in these systems.

Introduction

It is well-known that some polymers are soluble in
supercritical CO2, and this solubility can be exploited in the
processing of such polymers.1,2 However, most polymers
exhibit only very limited solubility in CO2 unless very high
pressures are applied. This has led to significant interest in
synthesizing polymers that contain CO2-philic functional
groups.3,4 It has been suggested that these functional groups
interact with CO2 via an acid-base mechanism since CO2

acts as a Lewis acid in the presence of Bronsted and Lewis
bases.5-8 This has been demonstrated by Kazarian et al.9 in
the case of interactions between CO2 and the CdO oxygen
in the backbone of polymers such as PMMA. Weak acid-base
interactions between CO2 and the lone pair of electrons in
fluorine in a C-F bond have also been proposed to account
for the solubility of fluoropolymers10-12 in CO2. However,
quantitative estimates of the strength of these interactions in
fluorinated polymers are still lacking. Not surprisingly,
thermodynamic models such as the Flory-Huggins equation
or the Sanchez-Lacombe equation of state do not explicitly
account for these weak interactions.13,14 This can sometimes
lead to poor predictions of phase equilibria in systems
containing fluorinated polymers.15

Recently, we have proposed a compressible lattice model
that is able to correlate cloud points and sorption equilibria
in CO2 + polymer systems when the polymer incorporates
carbonyl functional groups.16,17 The model contains two
parameters that do not depend on temperature or molecular
weight, and furthermore, we have shown that it is possible
to obtain one of the parameters from independent measure-
ments (such as FTIR spectra). This has allowed us to predict
CO2 sorption in carbonyl polymers using a single parameter
obtained from high-pressure cloud point data.17 In the present
study, we apply the model to systems containing fluorinated
polymers to infer the existence of specific interactions in these
systems and the role that such interactions might play in phase
equilibria in these systems. Ultimately, we hope to quantify

the interactions between CO2 and polymers containing CF2

groups and relate this information to phase equilibria and
other macroscopic properties.

Compressible Lattice Model for Solutions

The model is based on lattice theory and accounts explicitly
for complex formation between a polymer segment A and µ
molecules of solvent B according to the reaction

Furthermore, the solution is assumed to consist of polymer-
solvent complexes, unassociated solvent molecules, and unas-
sociated polymer molecules. The formation of complexes
restricts a certain number of solvent molecules to specific
positions on the lattice, with the remaining solvent molecules
being distributed randomly. The entropy of mixing ∆mixS for
such a formulation has been calculated by Sukhadia et al.18 and
is given by

where φ1 and φ2 are the volume fractions of CO2 and polymer;
n is the total number of moles; µ is the solvent-solute binding
ratio; R is the association ratio; and � represents the number of
segments in a polymer molecule. For each polymer chain, there
are R� associated segments and (1 - R)� unassociated segments.
The associated segments have (z - 2 - µ) neighbors of the
unbound solvent, and unassociated segments have (z - 2)
neighbors of the unbound solvent (z is the lattice coordination
number and is generally assumed to be equal to 10). The
enthalpy change of mixing can be calculated by multiplying
the number of associated and unassociated contacts with their
energies. Thus

† Part of the “Sir John S. Rowlinson Festschrift”.
* Corresponding author. E-mail: amyn.teja@chbe.gatech.edu. Tel.: 404-
894-3098. Fax: 404-894-2866.
‡ Present address: Dow Oil & Gas, Houston, Texas. Tel.: 979-238-2271.

A + µB S A...Bµ (1)

∆mixS

nR
) -

φ2

�
ln φ2 - (1 - φ2(1 + µR)

(1 + µR) )ln{1 - φ2(1 + µR)} +

φ1 ln
φ1

φ1 - µRφ2
- µRφ2 ln

µRφ2

φ1 - µRφ2
-

φ2(1 - R)ln(1 - R) - Rφ2 ln R (2)

J. Chem. Eng. Data 2010, 55, 4385–4389 4385

10.1021/je100565h  2010 American Chemical Society
Published on Web 08/25/2010



where �a is the interaction parameter for association and �u is
the interaction parameter for dispersion. The Gibbs free energy
of mixing is then given by

where R is the gas constant; T is the temperature; and the other
symbols have been described previously. There are five
characteristic quantities in this expression: �a, �u, µ, R, and �.
Two of these quantities take on constant values in the systems
of interest in this work. Thus, the binding ratio µ assumes a
value of 1 because only one CO2 molecule is able to associate
with a functional group in the polymer segment. The dispersion
parameter �u also has a constant value in a particular CO2 +
polymer system because �u is estimated from the solubility
parameter δ1 of CO2 and δ2 of the homomorph as follows

where the functional group in the polymer molecule which
interacts with CO2 is substituted with a nonpolar group to obtain
the homomorph. In eq 5, V1 is the molar volume of CO2, and
the other quantities have been defined previously.

The remaining three quantities (�a, R, and �) can be expressed
in terms of independently measurable quantities. The interaction
parameter �a is related to the enthalpy of association ∆Ha via

In turn, ∆Ha can be expressed in terms of the equilibrium
constant K for the binding reaction (eq 1) via

where K0 is the equilibrium constant for association at a
reference temperature T0 (280 K in this work). In the above
expression, ∆Ha has been assumed to be independent of T over
the range of temperatures of interest. The equilibrium constant
K is related to the association ratio R or the fraction of associated
segments per molecule, as follows

�a and R can therefore be replaced by ∆Ha and K0 in the
model.

The segment number � is related to the ratio of molar volumes
of the polymer and the solvent at ambient conditions in the
Flory-Huggins theory.13 However, to account for the com-
pressibility of the lattice, Ozkan and Teja16 allowed the segment
number to vary with temperature and pressure. In their model

where V2 is the volume of the polymer and V1 is the molar
volume of CO2. Equation 9 implies that the entropy of mixing
changes with temperature and pressure, or the number of
possible lattice configurations changes with the temperature and
pressure to allow for flexibility of the polymer chain. The use
of eq 9 allowed Ozkan and Teja to calculate both cloud point
and sorption behavior using the same set of parameters.
However, agreement with experiment was only qualitative when
sorption behavior was predicted using parameters obtained from
cloud point data. Further, the model failed to correlate CO2 +
fluoropolymer phase behavior.

In our previous work,17 we have modified eq 9 to account
for the dependence of the entropy of mixing (and therefore the
segment number) on the free volume as follows

where V1
vdW is the van der Waals volume of CO2 and V2

vdW that
of the polymer. In our work, we were able to correlate both
cloud point behavior and sorption behavior of CO2 + carbonyl
polymer systems using one adjustable parameter (K0) and one
parameter obtained from FTIR measurements (∆Ha). In the
present work, we extend the model to the calculation of phase
behavior in CO2 + fluorinated polymer systems.

Cloud Point Calculations

For equilibrium between two phases l and h we may write

where ai is the activity of component i in the phase indicated
by the superscript. The activity depends on the temperature,
pressure, and composition as indicated by the variables in the
brackets. For convenience, we have chosen the standard state
of each component to be the same in both phases. These two
equations (with i ) 1 or 2) may be solved for any two of the
quantities T, P, φ2

(l), and φ2
(h) if the other two quantities are

known. Therefore, given the polymer composition in one of
the phases at any temperature, we can calculate the correspond-
ing cloud point pressure and concentration in the other phase
by solving eq 11 with i ) 1 and 2. Cloud point curves at constant
concentration (isopleths) can also be calculated by repeating
the calculations at different temperatures. In the results discussed
below, the activities were obtained by differentiation of eq 4 to
obtain
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with

Molar volumes V2 of the polymers of interest were calculated
using the group contribution modified cell model of Sato et al.19

CO2 volumes V1 were obtained using the Patel-Teja equation
of state.20

Results

CO2 + Poly(alkyl methacrylate) (PAMA) and CO2 +
Poly(fluoroalkyl methacrylate) (PFAMA) Systems. We have
calculated cloud point curves in CO2 + poly(alkyl methacrylate)
(PAMA) systems which contain a CdO group in each segment,
with the corresponding cloud point curves in CO2 + poly(fluo-
roalkyl methacrylates) (PFAMA) which contain both CdO and
CF2 groups in each segment. Table 1 presents the results of our
calculations for three CO2 + PAMA systems (CO2 + PHMA,
CO2 + POMA, and CO2 + PDMA with the alkyl side chain
containing 6, 8, or 10 carbon atoms), as well as for the
corresponding CO2 + PFAMA systems (CO2 + PFHMA, CO2

+ PFOMA, and CO2 + PFDMA). Experimental data are from
McHugh et al.21 We have listed the two fitted parameters that
we obtained for each system in Table 1 together with average
absolute deviations (AAD) between calculated and experimental
cloud points. AADs were generally less than 2.4 % which is
probably within experimental uncertainty in these systems. As
mentioned previously, we have shown elsewhere17 that it is
possible to obtain one of these parameters from FTIR measure-
ments. However, such measurements were not available for the
systems studied in the present work. The two parameters were
found to change monotonically with the number of carbon atoms
in the side chain in both the PAMA and PFAMA systems. Thus,
Ko increased with the number of carbon atoms in the side chain
in the PAMA systems (PHMA > POMA > PDMA) and
decreased with the number of carbon atoms in the corresponding
PFAMA systems (PFHMA < PFOMA < PFDMA). Note
however that K0 values were larger in PFAMA systems than in

PAMA systems, indicating that a larger number of PFAMA
molecules form complexes with CO2 than is the case for PAMA
molecules. Nevertheless, the magnitude of K0 and hence the
number of complexes was very small in all these systems. This
also suggests that the contribution from association is probably
very small in these systems, which agrees with McHugh et al.21

who concluded that dispersive interactions dominate in CO2 +
PAMA systems. The enthalpy of interaction ∆Ha is about the
same in both types of systems (approximately -6 kJ ·mol-1 in
PFAMA systems and about -7 kJ ·mol-1 in the PAMA
systems), which suggests that complex formation is predomi-
nantly with the CdO group in both PAMA and PFAMA
systems.

CO2 + Poly(perfluoro monoitaconate) (PFMIT) and CO2

+ Poly(perfluoro diitaconate) (PFDIT) Systems. We have also
correlated the phase behavior in CO2 + poly(perfluoro monoi-
taconate) (PFMIT) and CO2 + poly(perfluoro diitaconate)
(PFDIT) systems to investigate the effect of chain branching
(both the length and number of branches) on polymer solubility.
We will use PFMITm to represent poly(di-1H,1H,2H,2H-
perfluoro monoitaconate) in which m represents the number of
CF2 groups in the single fluorinated alkyl side chain. Also
PFDITm will be used to denote poly(di-1H,1H,2H,2H-perfluoro
diitaconate) in which there are m CF2 groups in both fluorinated
alkyl side chains. Figure 1 and Table 2 present the results of
our calculations of cloud point curves in CO2 + PFMIT3, CO2

+ PFMIT5, CO2 + PFMIT7, and CO2 + PFMIT9. Figure 2 and
Table 3 present corresponding results for the CO2 + PFDIT
systems. The average molecular weights of the polymers in these
studies22 was about 150 000 g ·mol-1. We see that the model is
able to correlate data in these systems with an AAD of about 2
% which is probably within experimental uncertainty. The
addition of CF2 groups to the side chain leads to an increase in
the polymer free volume and reduces the entropic mismatch
between supercritical CO2 and the polymer. Furthermore,
polymer-polymer interactions become weaker as the dipole

Table 1. Cloud Point Calculations in CO2 + Poly(alkyl methacrylate) (PAMA) and CO2 + Poly(fluoroalkyl methacrylate) (PFAMA) Systems

MW -∆Ha

polymer g ·mol-1 K0 kJ ·mol-1 AAD %

PHMA poly(hexyl methacrylate) 230 000 0.058 6.9 2.4
POMA poly(octyl methacrylate) 163 000 0.026 7.3 1.3
PDMA poly(decyl methacrylate) 157 000 0.017 7.6 0.2
PFHMA poly(1H,1H,2H,2H-tetrahydroperfluorohexyl methacrylate) 200 000 0.139 6.0 0.5
PFOMA poly(1H, 1H, 2H, 2H-tetrahydroperfluorooctyl methacrylate) 292 000 0.156 6.0 1.0
PFDMA poly(1H,1H,2H,2H-tetrahydroperfluorodecyl methacrylate) 196 000 0.161 6.0 0.8
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Figure 1. Cloud point behavior of CO2 + PFMITm systems. Experimental
data of Li et al.22 for systems in which +, m ) 3; b, m ) 5; 4, m ) 7; and
], m ) 9. Solid lines represent calculations for polymer w ∼ 0.01 and MW

∼ 150 000.
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moment of the ester groups is distributed over larger volumes.23

Hence, the pressures required to form a single phase decrease
with increasing side chain length. As seen in Figure 2, this trend
holds up to a side chain length of 7 for PFMITs. Further addition
of CF2 groups adversely affects complex formation (Ko drops
for PFMIT9), and there is a corresponding increase in pressure
required to form a single phase. Therefore, there is an optimum
side-chain length for PFMITs although no such optimum exists
for the PFDITs in the range of side-chain lengths investigated
here. Addition of CF2 groups aids complex formation as
indicated by increasing K0 in the order PFMIT3 < PFMIT5 <
PFMIT7 < PFMIT9. It is possible that above a certain chain
length shielding of the functional group in the polymer by the
alkyl chain or competition between individual F atoms leads to
decreasing interaction with CO2.

Figure 3 shows that higher pressures are required to dissolve
PFMIT9 in CO2 than to dissolve PFDIT9. Note that K0 for
PFDIT9 () 0.138) is significantly larger than K0 for PFMIT9

() 0.043) which implies that increasing the number of branches
in the polymer backbone favors interaction with CO2, as
branching increases the free volume of the polymer and makes
it more accessible to CO2. Also, branching reduces interactions
between polymer segments due to short-range molecular
orientation offered by a high content of linear segments without
pendant groups.

Most of the CO2 + poly(fluoroalkyl itaconates) systems
exhibit a positive slope with respect to temperature. The only
exception is the PFMIT3 chain which has the lowest amount of
complex formation of all the systems studied. This is a strong
indicator that phase equilibria in these systems are affected by
specific interactions between CO2 and functional groups in the
polymer segments.

Conclusions

We have demonstrated that the compressible lattice model
is able to correlate cloud point behavior in CO2 + fluorinated
polymer systems within experimental error (AAD of ∼2 %)
using two adjustable parameters. The calculations suggest that
weak complexes exist in these systems, although the number
of complexes formed is probably very small. Phase equilibria
in these systems are affected by association (as indicated by
nonzero values of -∆Ha and K0), as well as the free volume of
the polymer. The enthalpy of association (-∆Ha) increases with
increasing side chain length and with greater polymer free
volume but is not significantly affected by the location of the
interacting group in either the side chain or the main chain.
Even when the enthalpy of association is significant, the extent
of complex formation may be small due to limited accessibility
of the interacting group (since K0 values increase with increasing
branching).
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