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ABSTRACT: High-pressure phase behavior data reported here demonstrate the nuanced impact fluorine exerts
on polymer solubility in supercritical fluid solvents. Copolymers are used that contain a perfluorocyclobutyl
ether group with varying amounts of bis-aryl isopropylidene (6H) or bis-aryl hexafluoroisopropylidene (6F).
Surprisingly, it takes at least 2000 bar and 190°C to dissolve the6H homopolymer in CO2 even though every
repeat group has∼15 mol % fluorine and two ether oxygens, both of which enhance polymer solubility in CO2.
The copolymer cloud-point curves in CO2 monotonically shift significantly to lower temperatures and pressures
as the6F content is increased from 0 to 100%. This shift is ascribed to the decrease in long-range, chain-chain
interactions due to poor packing of the6F-rich chains, to the increase in solvent accessible surface area of fluorinated
groups, and to the increase in the fractional free volume (FFV) of6F-rich chains. The cloud-point curves in
propane also initially shift to lower temperatures and pressures with increasing6F content, but the6F homopolymer
and6H homopolymer curves cross one another so that the6H homopolymers are more soluble at low temperatures
while 6F homopolymers are more soluble at high temperatures. The reversal in propane solubility behavior with
increasing6F content and temperature results from a delicate balance between repulsive fluorine-hydrocarbon
interactions that do not favor copolymer solubility and reduced long-range, chain-chain interactions and increased
copolymer FFV that both favor copolymer solubility. The cloud-point data also show that for both CO2 and
propane the impact of6F content is greater than the impact of weight-average molecular weight in the range
15-93 kg/mol, where molecular weight is expected to have a large impact.

Introduction

Supercritical fluids (SCF) solvents, especially CO2, have been
widely applied in many different fields, such as extractions,1

reactions,2-5 and material preparation and processing.6-9 The
solubility of a given substance in an SCF solvent is a key factor
affecting the application of these interesting solvents. Most
polymers, with the exception of certain semifluorinated or
silicone-containing amorphous polymers, are insoluble in CO2

unless extreme temperatures or pressures are used.1 Since SCF
solvents are weak solvents, small alterations to polymer
architecture can significantly affect the conditions needed to
dissolve a given polymer in an SCF solvent. For example, poly-
(vinyl acetate) (PVAc) and poly(methyl acrylate) have similar
structures, but PVAc dissolves in CO2 at much lower pressures
likely due to the easier accessibility of CO2 to the carbonyl group
in PVAc.10,11 Changes in polymer backbone architecture can
also moderate the strength of chain-chain interactions that
depend on the ability of the polymer chains to pack in solution.

Although it is now well-known that fluorinating a polymer
enhances its solubility in CO2, there still remains contradictory
evidence on the existence of a specific interaction between CO2

and a fully fluorinated molecule. Certain NMR results suggested
there is no specific interaction between fluorine and CO2

12,13

while other studies suggested just the opposite.14-16 Molecular

modeling studies have also proposed both possibilities.17-26 For
example, Stone et al.25 demonstrated that CO2 and perfluoro-
carbons do not exhibit any substantial specific interaction which
is consistent with the results of other modeling studies17-20,24

and phase behavior studies of fluorinated polymer-CO2 mix-
tures.27,28Conversely, Fried and Hu21 concluded that a favorable
polar interaction does exist between CO2 and nonpolar CF4
although they also concluded that a favorable interaction exists
for CO2 with semifluorinated hydrocarbons, which, in our
opinion, is more likely given that semifluorinated hydrocarbons
possess a polar moment. Several of the modeling studies17,24,25

demonstrated that enhanced interactions, leading to improved
solubility, are realized with semifluorinated materials having
both Lewis acid and base sites configured in a manner to allow
both sites to interact simultaneously. Interestingly, one study22

proposed that enhanced interactions between fluorine and CO2

resulted from the increased solvent accessible surface of a
fluorinated aromatic solute rather than from a specific CO2-
fluorine interaction.

In the present study we investigate the effect of fluorination
on the solubility of perfluorocyclobutyl (PFCB) aryl ether
copolymers in CO2 and in nonpolar propane. These copolymers
contain a PFCB ether group with a bis-aryl isopropylidene (6H)
or a bis-aryl hexafluoroisopropylidene (6F) group. Scheme 1
shows the thermal cycloaddition polymerization route to syn-
thesize the PFCB copolymers. Upon heating, the trifluorovinyl
ethers groups cyclodimerize to form PFCB linkages between
aromatic spacers. Copolymers with different6F content are
synthesized by controlling the6H:6F starting ratio. The6F
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group enhances polymer solubility in common solvents, im-
proves thermal and thermal oxidative stability, lowers the
dielectric constant, increases moisture resistance, imparts optical
transparency, and improves resistance to UV radiation.29,30 It
is also important to note that the CF3 group exhibits a steric
effect similar to that of an isopropyl hydrocarbon group,31 which
also increases the free volume of the polymer.32 Our earlier
phase behavior studies show that CO2 does not have any
significant specific interaction with CF2 or CF3 in a nonpolar,
polymer repeat group.28 Therefore, the addition of the two
trifluoromethyl groups in6F is not expected to increase
copolymer solubility in CO2 solely due to enhanced favorable
intermolecular interactions, given that the6H homopolymer
already has a fluorine content of 14.6 mol % due to the polar,
PFCB ether groups. The work presented here presents further
evidence from an earlier study33 suggesting that the steric
hindrance from the6F trifluoromethyl groups minimizes
conformation-dependent chain-chain interactions and reduces
longer-range interactions similar to those found with polymers
that form liquid crystals.

Table 1 lists the critical temperatures and pressures, polar-
izability, dipole moment, and quadrupole moment of the two
solvents used in this study. Propane is a nonpolar SCF solvent
with a larger polarizability than CO2, which means that propane
should be a better solvent than CO2 for the copolymers with a
high 6H content. Neither solvent exhibits a dipole moment
although CO2 does have a quadrupole moment which suggests
that CO2 will be a better solvent than propane for the copolymers
with a high6F content.

Experimental Section

Materials. 2,2-Bis(4-hydroxyphenyl)hexafluoropropane was pur-
chased from Oakwood Chemicals, 2,2-bis(4-hydroxyphenyl)propane
was purchased from Acros, medical grade CO2 was purchased from
Roberts Oxygen, and propane (98%) was obtained from Aldrich.
All of these chemicals were used as received. Trifluorovinyl ether
monomers are commercially available from Tetramer Technologies,
LLC (Pendleton, SC, www.tetramertechnologies.com) and distrib-
uted by Oakwood Chemicals, Inc. (Columbia, SC).

Polymer Synthesis. The monomers 2,2-bis(4-trifluorovinyl-
oxyphenyl)-1,1,1,3,3,3-hexafluoropropane (Scheme 1,6F) and 2,2-

bis(4-trifluorovinyloxyphenyl)propane (Scheme 1,6H) were
synthesized from 2,2-bis(4-hydroxyphenyl)hexafluoropropane and
2,2-bis(4-hydroxyphenyl)propane, respectively, using a technique
described by Smith, Jr., et al.34 The polymers were subsequently
synthesized by thermal cycloaddition reaction of the comonomers,
as shown in Scheme 1.34 Typically, monomers were added to 30
mL ampules that were sealed under vacuum and immersed in an
oil bath at 180°C for 48 h. The bath temperature was then increased
to 200 °C for 12 h and increased further still to 230°C for an
additional 3 h. The ampules were removed from the bath and
allowed to cool. The resultant polymers were dissolved in a
minimum amount of dichloromethane and precipitated into metha-
nol. The precipitate was dried and characterized using19F NMR.
Differential scanning calorimetry was performed on a TA Q1000
to determine the glass transition temperature, and gel permeation
chromatography (GPC) was used to determine the molecular
weights and molecular weight distributions of the polymer samples
using polystyrene as a reference.

Phase Behavior Measurements.The apparatus and techniques
used to obtain polymer-supercritical fluid cloud-point curves are
described elsewhere.28 The main component of the experimental
apparatus is a variable-volume high-pressure cell, made of nitronic
50 stainless steel with an outside diameter of 6.35 cm, an inside
diameter of 1.6 cm, and∼15 cm3 working volume. The cell was
first loaded with a measured amount of polymer, and entrapped
air is removed from the cell by flushing the cell several times with
propane or CO2 at pressures of∼3 bar. Gaseous propane or CO2

was added to the cell gravimetrically to within(0.05 g using a
high-pressure bomb. The mixture in the cell was viewed with a
borescope (Olympus Corp., model F100-024-000-55) placed against
a sapphire window secured at one end of the cell. The cell contents
were mixed using a magnetic stir bar activated by an external
magnet. The solution temperature was measured to within(0.1
°C (type K thermocouple calibrated against a NIST certified
thermometer) and held to within(0.5 °C. The system pressure
was measured using a transducer (Viatran model 245 accurate to
within (3.4 bar). The mixture in the cell was compressed
isothermally to a single phase, and then the pressure was slowly
reduced until a second phase appeared. The reported cloud point
is the midpoint between the pressure where the clear solution just
starts to become hazy and the pressure where the solution becomes
so cloudy that the stir bar is obscured. This clear-to-cloudy pressure
transition was between 20 and 100 bar. The reported cloud-point
pressure is an average of at least three repetitive cloud-point
measurements.

Results and Discussion

Scheme 1 shows the structure of the statistically random
copolymers synthesized for this study. The6H monomer has
six hydrogens on the isopropylidene group which are replaced
with six fluorine atoms in6F. Table 2 lists the physical
properties of the resulting polymers used in this study. Copoly-
mers with 0, 21, 44, 70, and 100 mol %6F are synthesized by
controlling the relative concentrations of the two different

Scheme 1. Thermal Cycloaddition Polymerization Route To
Synthesize the PFCB Copolymers from

2,2-Bis(4-trifluorovinyloxyphenyl)propane (6H) and
2,2-Bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-hexafluoropropane

(6F)

Table 1. Physical Properties of the Solvents Used in This Study

Tc
a

(°C)
Pc

b

(bar)

Rc

10-24

cm3)
µd

(D)
Qe (10-26 erg1/2

cm5/2)

CO2 31.0 73.8 2.65 0 -4.3
propane 96.7 42.5 6.26 0.1 0

a Critical temperature.b Critical pressure.c Polarizability.d Dipole mo-
ment.e Quadrupole moment.

Table 2. Physical Properties of the Polymers Used in This Study

6F
(wt %)a

6F
(mol %)b

fluorine
(mol %)c

Mw
d

(kg mol-1) Mw/Mn

Tg
e

(°C)

6HH 0 0 14.6 93.0 3.2 102
6HL 0 0 14.6 15.6 2.0 66
6F21 25 20.7 17.7 68.0 2.8 103
6F44 50 43.9 21.1 38.1 2.4 104
6F70 75 70.1 24.9 20.5 1.7 103
6FH 100 100.0 29.3 62.6 2.0 113
6FL 100 100.0 29.3 13.7 1.6 103

a Weight percent of6F in the starting reaction mixture.b Mole percent
of 6F in the starting reaction mixture.c Mole percent of fluorine atoms in
the starting reaction mixture.d Weight-average molecular weight.e Glass
transition temperature.
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monomers in the feed mixture that, upon heating, react via
cyclodimerization of the trifluorovinyl ether monomers. The19F
NMR and refractive index data show that the final monomer
composition in the polymer was the same as the feed monomer
ratio for all the polymers.35 Note that the fluorine content of
these polymers varies between 14.6 and 29.3 mol % since each
repeat group contains a PFCB ether group.

The incorporation of the6F group in the chain backbone
should increase the free volume and theTg of the resultant
polymer since the steric effect of the two CF3 groups further
inhibits free rotation of an already stiff polymer back-
bone.29,30,32,36To provide insight into the impact of6F on chain
torsional mobility, semiempirical quantum mechanics calcula-
tions were performed for two model compounds, isopropylidiene
diphenyl and hexafluoroisopropylidene diphenyl, using the
MOPAC PM5 method37 with CAChe 4.9 software. Figure 1
presents the results of energy barrier calculations at 5° incre-
ments of the dihedral angleφ for X ) C(CH3)2 and C(CF3)2.
The maximum rotational barrier was∼4.35 kcal/mol for C(CF3)2

and only∼1.33 kcal/mol for C(CH3)2, similar to results from
previous studies.32 Hence, chains rich in6F should have higher
Tgs and should pack less efficiently leading to higher fractional
free volume (FFV).32

However, theTgs of the PFCB copolymers used in this study
are all close to 103°C, with the exceptions of6HL and6FH. Tg

does not change as the fluorine content increases and the
molecular weight decreases from6F21 to 6F70, which reflects
the balance between the impact of6F on polymer conformation
and the impact of molecular weight on the physical properties
of the polymer. TheTg differences between6HH and6HL and
between6FH and 6FL are likely due to the differences in
molecular weights for these sets of polymers. The impact of
6F on Tg is most apparent by comparing6HL and6FL, both of
which have similar molecular weights, but theTg of 6HL is ∼35
°C lower than that of6FL.

Figure 2 shows the significant impact of6F substitution on
the solubility of the PFCB copolymers in supercritical CO2. It
is worth noting that temperatures in excess of∼165 °C and
pressures in excess of 1600 bar are needed to dissolve PFCB
homopolymers with 100 mol %6H groups even though each
repeat group contains∼15 mol % fluorine plus two ether groups,
which, in combination, enhance polymer solubility in CO2.
Apparently, chain-chain interactions are stronger than PFCB-
CO2 cross-interactions for the6H-rich copolymers. As the
amount of6F is increased to 100 mol %, the cloud-point curves
in CO2 shift to pressures as low as∼700 bar and temperatures
of 20 °C. We expect the configuration of the copolymer
backbone to rearrange to accommodate the steric effect of CF3

so that6F-rich chains do not allow for the facile packing needed

to promote long-range, chain-chain interactions. In addition,
the molecular modeling results of Galand and Wipff22 suggest
that chains rich in6F will configure in a manner that increases
the solvent accessible surface area of fluorinated groups and,
therefore, increases the amount of fluorine-CO2 polar interac-
tions found with semifluorinated polymers.17,21,27,28 As the
temperature is reduced, the6HH through6F70 curves exhibit a
relatively sharp pressure increase that is typically associated with
an energetic mismatch between polymer-CO2 interactions
relative to either polymer-polymer or CO2-CO2 interactions
that become exacerbated at “low” temperatures.27 We expect
that the6F curves would also exhibit an increase in pressure if
the temperature is reduced sufficiently. It should also be noted
that as6F is added to the polymer backbone, the FFV increases
due to the inhibition of the free rotation of the polymer
backbone. For example, Shimazu et al.38 report a 10% increase
in the FFV of a polyimide as6F is added to the polymer, and
Espeso et al.32 report a 30% increase in FFV of a polyamide.
An increase in the polymer FFV improves the likelihood of
dissolving the polymer in a high-free-volume SCF solvent, such
as CO2.

Inspection of the cloud-point curves in Figure 2 along with
their respective molecular weights,Mw, in Table 2 indicates that
the location of these curves is a stronger function of6F content
thanMw, which is especially apparent when comparing the larger
difference between the locations of the6HH and 6HL curves
relative to the6FH and6FL curves. Figure 3 shows that, at a
fixed pressure, the cloud-point curves with the lowerMw are at
higher, not lower, temperatures, which is behavior exactly
opposite than expected had the dominant effect been the polymer
Mw. Likewise, at a fixed temperature, the cloud-point pressures
for the three curves in Figure 3 again are in the opposite order
with respect toMw. Shen et al. observed similar trends in the

Figure 1. Energy barrier for benzene ring rotation determined for
isopropylidiene diphenyl and hexafluoroisopropylidene diphenyl using
the MOPAC PM5 method with Fujitsu CAChe 4.9 software.

Figure 2. Impact of 6F comonomer on the conditions needed to
dissolve perfluorocyclobutyl aryl ether copolymers in supercritical CO2.
The copolymer composition next to each curve is found in Table 2.

Figure 3. Impact of 6F comonomer relative to polymer molecular
weight,Mw, on the location of PFCB copolymers in supercritical CO2.
The composition andMw for each copolymer next to each curve is
found in Table 2.
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differences in the cloud-point curve characteristics of a6H and
a 6F lactide-based terpolymer, although in the Shen study the
solvent was supercritical dimethyl ether.33

Figure 4 shows the PFCB copolymer cloud-point curves in
propane. Since alkyl fluorocarbons and hydrocarbons do not
normally mix, we expect the copolymer chains to configure in
a manner to minimize PFCB-propane interactions. Evidently,
there is sufficient hydrocarbon content in the6HH chain to
promote dissolution in nonpolar propane, which has a higher
polarizability than CO2. Hence, the6HH-propane cloud-point
curve is at much lower temperatures and pressures than the
6HH-CO2 curve. As the6F content in the PFCB copolymer is
increased from 0 to 70 mol %, the cloud-point curves shift to
lower temperatures and pressures, which also suggests that the
reduction in long-range, chain-chain interactions dominates the
effect of repulsive CF3-propane interactions. Ultimately all of
the cloud-point curves exhibit a sharp increase in pressure as
the temperature is lowered, similar to the shapes of the CO2

cloud-point curves. The shapes of the cloud-point curves in
Figure 4 are characteristic of a mixture of a nonpolar and a
polar component, and the temperature-dependent change in slope
of the curve suggests the strong influence of unfavorable alkyl
fluorocarbon-hydrocarbon interactions.27,39 The impact of
fluorine on polymer solubility in a hydrocarbon is evident with
the location of the6FH curve that is at fairly low pressures at
temperatures in excess of 130°C but eventually exhibits an
abrupt increase in pressure at temperatures higher than those
where the break occurs with the6F21, 6F44, and6F70 curves.
Also, as previously mentioned,6F added to the polymer
backbone increases the FFV due to the inhibition of the free
rotation of the polymer backbone. Any increase in polymer FFV
improves the likelihood of dissolving the polymer in a high-
free-volume SCF solvent.

Figure 5 compares the cloud-point curves for the6F and6H
homopolymers with equivalent molecular weight. The6H
homopolymers were expected to be more soluble in propane
than the6F homopolymers. However, at high temperatures the
6F homopolymers dissolve in propane at lower pressures than
the 6H homopolymers likely because the steric effect of6F
effectively reduces long-range chain-chain interactions as well
as increases the free volume of the polymer. Other researchers
have shown that the inclusion of the6F group in the polymer
backbone generally improves polymer solubility.29 For example,
increases in solubility are observed for poly(ether ketone),36

polyamides,40 polyesters,40 poly(aryl ether ketones)s,41 and poly-
(p-propylene)42 in typical organic liquid solvents when6H
groups are replaced with6F groups. As the temperature is
decreased, the6F curves each cross their respective6H curves,
so that now the6H homopolymers are more easily dissolved
in propane than the6F homopolymers. The rapid pressure
increase of the6F curves suggests that the interchange energy
on mixing favors polymer-polymer or solvent-solvent interac-
tions more than polymer-solvent interactions. The steric effect
of 6F forces a change in polymer configuration to accommodate
the CF3 groups that are now more fully accessible to propane
but that exacerbate repulsive alkyl fluorocarbon-hydrocarbon
interactions.

Figure 6 compares the cloud-point curves for the same
polymers in CO2 and propane. The6H homopolymers are much
more soluble in propane than in CO2 because propane has a
larger polarizability than CO2. However, the6F homopolymers
are more soluble in CO2 at low temperatures but are more
soluble in propane at high temperature. This temperature-
dependent behavior is likely due to CO2-polymer polar
interactions that dominate at low temperatures and propane-
polymer dispersion interactions that dominate at high temper-
atures.

Figure 4. Impact of 6F comonomer on the conditions needed to
dissolve perfluorocyclobutyl aryl ether copolymers in supercritical
propane. Not all of the cloud-point curves are shown here to avoid
cluttering the graph. Filled squares,6HH; open triangles,6F21; open
diamonds,6F44; upside-down triangles,6F70; filled circles,6FH.

Figure 5. Comparison of the effect of molecular weight and6F content
on the cloud-point curves for the6H and6F PFCB homopolymers in
supercritical propane.

Figure 6. Cloud-point curves for6H and6F homopolymers in CO2 and propane: left,6H homopolymers; right,6F homopolymers.

5976 Liu et al. Macromolecules, Vol. 40, No. 16, 2007



Conclusions

The phase behavior results reported here demonstrate the
significant impact that6F has on the phase behavior of rigid
backbone polymers in CO2 and propane, two distinctly different
supercritical fluid solvents. Cloud-point data were reported for
PFCB copolymers where the6F content was changed in a
systematic manner. Just adding a relatively modest amount of
6F to the backbone results in a significant reduction in the cloud-
point temperatures and pressures of these polymers in both
supercritical CO2 and propane. With CO2 as the solvent, the
cloud-point curves continually shift to lower temperatures and
pressures as the6F content is increased. This shift is ascribed
to (1) the decrease in long-range, chain-chain interactions due
to poor packing of the6F-rich chains, (2) the configuration of
6F-rich chains that exhibit increased solvent accessible surface
area of fluorinated groups and, therefore, increase the amount
of fluorine-CO2 polar interactions found with semifluorinated
polymers,17,21,27,28and (3) the increase in the fractional free
volume of 6F-rich chains. With propane as the solvent, the
cloud-point curves initially shift to lower temperatures and
pressures, but the6F homopolymer and6H homopolymer
curves actually cross one another in pressure-temperature space.
The 6H homopolymers are more soluble in propane at low
temperatures while6F homopolymers are more soluble in
propane at high temperatures. This reversal in propane solubility
behavior with increasing6F content and with temperature results
from a delicate balance between unfavorable fluorine-
hydrocarbon interactions and favorable reduced long-range,
chain-chain interactions and an increase in polymer free
volume. Given the large changes in the observed, macroscopic
phase behavior for these systems, light scattering studies are in
progress to determine whether a significant change in the chain
conformation can also be observed.
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