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ABSTRACT: Cloud-point data between 40 and 240°C and pressures to 2750 bar are
presented for a low molecular weight, semicrystalline polyester resin of 53.4 mol %
adipic acid and 46.6 mol % 1,4-cyclohexanedimethanol in supercritical CO,, dimethyl
ether (DME), and chlorodifluoromethane (CDFM), and in mixtures of CO, with DME,
CDFM, methanol, ethanol, butanol, octanol, hexafluoroisopropanol, acetone, and cyclo-
hexane. Carbon dioxide, by itself, is an extremely weak supercritical fluid (SCF) solvent
because this polyester only dissolves at pressures in excess of 2000 bar and at temper-
atures over 180°C. However, DME and CDFM are excellent solvents for this polyester,
which dissolves at 16 bar and 40°C in CDFM and at 167 bar and 55°C in DME. The
melting point of this polyester is reduced from 105 to 40°C in CDFM and to 55°C in
DME, which makes the polyester amenable to high intensity mixing for the efficient
dispersion of inorganics or crosslinking agents and other hard to deposit materials.
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INTRODUCTION

Classical techniques used to process crystalline
resins rely on elevated temperatures so that the
resin is above its melt point. However, these ma-
terials are difficult to process with melt-mixing
techniques because of the thinning of the resin
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that occurs upon melting at high temperatures.
Additionally, the application of these resins in
heat-sensitive environments is precluded with
conventional processing because of the elevated
processing temperatures needed to intimately
mix the resin with reactive additives. An alterna-
tive processing protocol for crystalline resins was
recently described that makes use of the interest-
ing properties of supercritical fluid (SCF) solvents
or solvent mixtures. Although it can take signifi-
cant pressures to dissolve a polymer in a low
molecular weight SCF solvent,' it does not take
much pressure to dissolve an SCF solvent into a
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Figure 1 The repeat unit of poly(adipic acid-co-cyclo-
hexanedimethanol).

molten polymer. Significant polymer plasticiza-
tion occurs as the polymer absorbs the SCF sol-
vent, which lowers the viscosity, depresses the
glass-transition temperature (T,), reduces sur-
face tension, and modifies the ultimate pore struc-
ture.2~® The SCF processing of crystalline resins
capitalizes on the decreased resin viscosity at
temperatures well below the melt point, which
means that high intensity mixing can be used to
efficiently disperse materials such as inorganic or
crosslinking agents into the polymer matrix.
When the pressure is let down, the SCF solvent is
vented from the polymer, allowing it to rapidly
crystallize and encapsulate guest materials. Man-
del and coworkers describe an array of innovative
products using supercritical CO, as a processing
aid for mixing and polymerizing refractory mate-
rials with thermally labile additives to produce
crystalline materials for high performance mar-
ket applications.”® For many market applica-
tions SCF CO, is the solvent of choice because it is
readily available, inexpensive, and environmen-
tally benign. This article investigates the phase
behavior of a low molecular weight, semicrystal-
line polyester resin comprising 53.4 mol % adipic
acid and 46.6 mol % 1,4-cyclohexanedimethanol
(AA-CHDM, weight-average molecular weight
5960, number-average molecular weight 2060,
T e 105°C, see Fig. 1) in a variety of SCF sol-
vents with and without cosolvents. This polyester
is used as a coatings resin in the powder coatings
industries.

Table I lists the physical properties of the SCFs
and the liquid cosolvents used in this study.'®!!
Carbon dioxide was the primary SCF solvent in-
vestigated here because of its potential industrial
relevance. It exhibits specific intermolecular in-
teractions with electron-donating functional
groups, such as carbonyl groups.'? Even though
these interactions favor polymer dissolution in
CO,, high pressures and temperatures are re-
quired to solubilize main chain polyesters in

CO,.'® Supercritical dimethyl ether (DME) and
chlorodifluoromethane (CDFM) were also investi-
gated because literature data suggested these are
good solvents for ester-containing polymers.'*~2!
DME has a large polarizability and a significant
dipole moment that makes it a stronger solvent
than CO,. CDFM also has a larger polarizability
than CO, and a large dipole moment. In addition,
CDFM is a proton donor and DME is a proton
acceptor that, in both cases, provides enhanced
solvent power relative to CO,, which is a weak
electron acceptor.

Liquid cosolvents expand the region of miscibility
by increasing the solvent density and by introduc-
ing or augmenting polar interactions and hydrogen
bonding. DME and CDFM are also used as cosol-
vents with CO,. Another cosolvent of choice is ace-
tone because of its high polarizability (8.88 A%) and
its large dipole moment (2.9 debye). Relative to ac-
etone, ethanol has a smaller polarizability (5.11 A3)
and a weaker dipole moment (1.7 debye), but the
hydroxyl group can hydrogen bond with the carbox-
ylic acid in the backbone of the polyester considered
in this study. Methanol, butanol, and octanol were
examined as cosolvents so the polarizability was
systematically varied while maintaining a rela-
tively constant dipole moment and maintaining
specific interactions associated with the hydroxyl
group. Because 1,1,1,3,3,3-hexafluoroisopropanol
(HFTP) is widely used as a conventional solvent for
polyesters, including nylon 66,2223 poly(ethylene
terephthalate),?*?% and polycaprolactone,?® it was
also investigated here as a viable cosolvent for AA-
CHDM. Nonpolar cyclohexane was used as a cosol-
vent to elucidate the impact of increased solvent
density as opposed to solvent energetics.

Table I Physical Properties of Solvents and
Cosolvents Used in Study'?32

T, P, a n
Solvent (°C)  (bar) (A®) (debye)

CO, 31.0 73.8 2.65 0.0
DME 1269 524 5.29 1.3
Acetone 2349 47.0 6.39 2.9
Ethanol 240.8 61.4 5.11 1.7
Methanol 239.5 80.9 3.32 1.7
Butanol 289.9 442 8.88 1.8
Octanol 379.4 28.6 16.2 2.0

Hexafluoroisopropanol 195.3 34.2 7.11 —
Chlorodifluoromethane 96.2 49.7 4.44 14
Cyclohexane 280.4 40.7 11.0 0.3
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Figure 2 The phase behavior of ~5 wt % poly(adipic
acid-co-cyclohexanedimethanol) in CO,,.

EXPERIMENTAL

Cloud-point data were obtained using a high-
pressure, view cell apparatus described in detail
elsewhere.'”?” The AA-CHDM cloud points were
obtained at a fixed polymer composition of ~5 wt
%, the expected maximum in the pressure—com-
position isotherms.?%?%2° The cloud points were
reproduced several times to within =5.0 bar. The
pressure was measured with a digital pressure
transducer (0—-3450 bar, accurate to within +3.5
bar, model 245, Viatran Corp.) or a Heise Gage
(0—3450 bar, accurate to within =3.5 bar, Heise
model CM-108952 or CM-105952, Dresser Indus-
tries). The temperature was measured and main-
tained to within =0.5°C. The solution in the cell
was mixed with a magnetic stir bar driven by a
rotating external magnet.

RESULTS

Figure 2 shows cloud-point data for AA-CHDM in
pure CO, at temperatures higher than 170°C and
pressures in excess of 2200 bar. The cloud-point
pressure increased as the temperature decreased
as a consequence of the weak quadrupolar char-
acter of CO,, which was unable to overcome the
energetics associated with AA-CHDM self-inter-
actions. Although AA-CHDM has a normal melt-
ing point (7,,) of approximately 105°C, a polymer-
rich fluid phase was observed with CO, at tem-
peratures as low as 75°C. The SCF solvent
depressed the resin 7, so that low temperature
processing could be performed while still obtain-
ing favorable wetting characteristics for coating
powders or inert particles. However, to reduce the

operating temperature below 75°C, other SCF sol-
vents or liquid cosolvents must be used.

Figure 3 compares AA-CHDM-CO, cloud
points to those in DME and in a mixture of CO,
with 13.7 wt % DME (on a polymer-free basis). It
was obvious that DME was a much better solvent
for AA-CHDM than CO,. The AA-CHDM-DME
curve had a positive slope and it was only at ~500
bar at 180°C whereas the AA-CHDM-CO,, curve
was at 2700 bar at this temperature. The AA-
CHDM-DME cloud-point pressures decreased as
the temperature was decreased, which implied
that the temperature-dependent interactions be-
tween DME and the ester group in the resin were
stronger than DME-DME or resin—resin self-in-
teractions. When 13.7 wt % DME was added to
the CO,, the cloud-point pressures decreased sig-
nificantly, but they were still much higher than
those observed with pure DME. The AA-CHDM-
CO,-13.7 wt % DME curve exhibited a negative
slope at pressures in excess of 1700 bar as the
temperature decreased from 180 to 80°C. The ad-
dition of DME as a cosolvent reduced the pressure
required to attain a single phase by as much as
1000 bar, and it also extended the one-phase re-
gion by nearly 90°C at high pressures. The advan-
tage of DME was that the melting point of AA-
CHDM was depressed to 55°C at only 200 bar and
a single phase could be obtained at low pressures
whereas two phases were observed with CO, at
temperatures below 180°C and pressures below
2700 bar.

Figure 4 shows the cloud-point data for AA-
CHDM in CO, with 5.3, 31.0, 50.6, and 100 wt %
CDFM as a cosolvent. These data reaffirmed the
observation that CDFM was an excellent solvent
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Figure 3 A comparison of the phase behavior of ~5
wt % poly(adipic acid-co-cyclohexanedimethanol) in
CO,, dimethyl ether (DME), and a solvent mixture of
13.7 wt % DME plus CO.,,
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Figure 4 The effect of chlorodifluoromethane
(CDFM) cosolvent concentration on the phase behavior

of ~5 wt % poly(adipic acid-co-cyclohexanedimethanol)
in CO,.

for polyesters, which was more than likely due to
the strong, temperature-dependent specific inter-
actions between the hydrogen in CDFM and the
ester group in AA-CHDM. The addition of 5.3 wt
% CDFM lowered the cloud-point pressures by
approximately 200—325 bar, although the shape
of the curve closely resembled that observed with
pure CO,. By increasing the CDFM concentration
to 31.4 wt %, the shape and location of the cloud-
point curve were drastically altered. Not only did
the pressures drop by more than 1300 bar, but
also the slope of the curve was close to zero so that
the cloud-point pressures remained virtually con-
stant until the crystallization boundary was
reached near 50°C. The cloud-point pressures
were further lowered when 50.6 wt % CDFM was
added to the solution, and then the curve exhib-
ited a positive slope. Pure CDFM was an excellent
solvent because the cloud points were only 350
bar at 170°C and 50 bar at 50°C. At temperatures
below 50°C the cloud-point curve intersected the
AA-CHDM bubble-point curve that was expected
to superpose onto the pure CDFM vapor pressure
curve.l It is interesting to note that the resin
rapidly dissolved into CDFM at room tempera-
ture, even though the pressure was only 10 bar.
Therefore, it would be necessary to heat the solu-
tion to temperatures in excess of 50°C to force the
resin to precipitate at the end of a process. It may
not be economically feasible to recover the resin
with a small change in the system pressure be-
cause a very small second phase was formed that
was essentially pure CDFM. This led to the di-
lemma that CDFM, by itself, was too strong of a
solvent for AA-CHDM. However, the cosolvent
data shown in Figure 4 suggested that it was

feasible to separate an AA-CHDM-CDFM solu-
tion by adding modest amounts of CO, to the
mixture, which induced the formation of a concen-
trated polymer-rich phase.3°

Figure 5 compares the effect of 13.7 wt % DME,;
11.6 wt % acetone; and 6.7, 12.0, and 26.9 wt %
ethanol on the cloud-point behavior of the AA-
CHDM-CO, system. DME at 13.7 wt %, acetone
at 11.6 wt %, and ethanol at 12.0 wt % were at
approximately the same molar loading because
all three molecular weights were very close to one
another. Acetone was a better cosolvent than
DME because the acetone cloud-point curve is at
lower pressures and temperatures for the same
concentration of cosolvent. Acetone was likely to
be denser than DME because the critical temper-
ature of acetone is more than 100°C higher than
that of DME. In addition, acetone has a much
larger dipole moment than DME. Although both
of these physical properties made acetone a better
cosolvent than DME, the shift in the cloud-point
curve was still quite modest. In contrast, the shift
in the cloud-point curve with only 6.7 wt % etha-
nol was equal to that observed with 11.6 wt %
acetone added to the solution. The location of the
AA-CHDM-CO,-6.7 wt % ethanol cloud-point
curve was a result of hydrogen bonding between
the hydroxyl group on the ethanol and ester
groups in the polymer because the dipole moment
of ethanol is lower than that of acetone and both
cosolvents should have similar densities. The
cloud-point curve shifted to even lower tempera-
tures and pressures when 12.0 and 26.9 wt %
ethanol were added to the solution. The extent of
hydrogen bonding increased with decreasing tem-
perature, which was the reason the cloud-point
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Figure 5 A comparison of the phase behavior of ~5
wt % poly(adipic acid-co-cyclohexanedimethanol) in
CO, with 13.7 wt % dimethyl ether (DME), 12.0 wt %
ethanol (EtOH), and 11.6 wt % acetone.
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Figure 6 A comparison of the phase behavior of ~5
wt % poly(adipic acid-co-cyclohexanedimethanol) in
CO,, with methanol (MeOH), ethanol (EtOH), butanol
(ButOH), octanol (OctOH), and hexafluoroisopropanol
(HFIP).

curve exhibited a positive slope for the solutions
with large amounts of ethanol.

It was apparent that increasing the cosolvent
concentration of ethanol had a large impact on
the location of the cloud-point curve. However, it
remained a challenge to determine whether the
decrease in cloud-point pressures was directly re-
lated to an increase in ethanol-ester hydrogen
bonding or to an increase in solvent density,
which decreased the free volume difference be-
tween the solvent mixture and the resin. Figure 6
shows the cloud-point behavior for AA-CHDM in
CO, with 4.8 wt % methanol, 11.1 wt % butanol,
6.7 wt % ethanol, 20.0 wt % octanol, and 24.6 wt
% HFIP. The mass loading of the alcohol was
chosen to maintain a fixed ratio of the number of
alcohol hydroxyl groups to the number of resin
acid groups. The cloud-point curve for the CO,
and 4.8 wt % methanol system virtually super-
posed onto the curve for the CO, and 6.7 wt %
ethanol system, which showed that methanol was
a more effective cosolvent than ethanol. The
shape of the cloud-point curve for the butanol
system was very similar to that of the ethanol and
methanol systems. Butanol appeared to be a bet-
ter cosolvent than methanol or ethanol because
the cloud-point pressures were reduced by 200—
300 bar. The cloud-point curve for the octanol
system exhibited a slightly positive slope until the
temperature dropped to about 80°C, where the
pressures again rapidly increased with decreas-
ing temperature. Because the magnitude of the
dipole moments of methanol, ethanol, butanol,
and octanol are very similar, it was probably the
polarizability-driven nonpolar dispersion interac-

tions between octanol and AA-CHDM that caused
the cloud-point curve to be so much lower than
those of the other alcohols. The CO, and HFIP
system exhibited a positive slope, a marked pres-
sure reduction, and no sharp pressure increase
upon a decrease in temperature. At approxi-
mately 190°C the cloud-point pressure was 800
bar, and as the temperature decreased the pres-
sure consistently decreased to 200 bar at 25°C.
Experiments were performed with nonpolar cy-
clohexane as a cosolvent so that the density of the
solution could be increased without introducing
any strong intermolecular interactions associated
with hydrogen bonding or polar moments. Cyclo-
hexane at ambient conditions has a density
within 1.5% of that of ethanol.!® Figure 7 com-
pares the cloud-point curves for AA-CHDM in
CO, with cyclohexane to those with ethanol. The
cloud-point pressures decreased as the concentra-
tion of cyclohexane increased from 0.0 to 28.2 wt
%. However, the addition of smaller amounts of
ethanol definitely had a stronger effect on the
location of the phase boundary. With 10.2 wt % of
cyclohexane the cloud-point pressures were still
100-600 bar higher than those obtained with 6.7
wt % ethanol. The cloud-point curve for the AA-
CHDM-CO,-28.2 wt % cyclohexane was nearly
identical to the curve for the 12.0 wt % ethanol
system. The effect of nonpolar cyclohexane
showed that increasing solution density de-
creased the cloud-point pressures, but at a lower
rate compared to the addition of a polar cosolvent.
A key question when working with cosolvents
is whether the effect of the cosolvent concentra-
tion can be predicted or at least correlated to some
physical properties of the system. The prediction
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Figure 7 A comparison of the phase behavior of ~5
wt % poly(adipic acid-co-cyclohexanedimethanol) in
CO, with ethanol (EtOH) and cyclohexane as cosol-
vents.
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Figure 8 The impact of ethanol on the cloud-point
pressure of ~5 wt % poly(adipic acid-co-cyclohex-
anedimethanol) in CO,.

of the cosolvent effect is less than quantitative in
most cases when an equation of state for poly-
mer—solvent—supercritical solvent mixtures are
used.! The cloud-point data for the ethanol and
CDFM cosolvent systems were correlated to the
ratio of moles of cosolvent relative to moles of
ester groups in the resin divided by the system
temperature because increased thermal energy
effectively reduces the strength of configuration-
specific interactions as noted by Prausnitz and
woworkers®! (Fig. 8). All of the ethanol cloud-
point data in Figure 5 collapses to a single curve
in Figure 8. If this curve is indeed universal, it
would only be necessary to measure a single
cloud-point curve at a fixed ethanol concentration
because all other concentrations fell on the same
curve.

Figure 9 shows the cloud-point pressure as a
function of the molar ratio of CDFM to ester
groups in the resin divided by the absolute system
temperature. The curve for the CDFM system
showed the same trends found with the ethanol
cosolvent system. At the lowest cosolvent concen-
tration the data had a larger spread and the curve
did not fit well at these conditions. At the higher
CDFM concentrations the data exhibited less
scatter from the master curve. For the ethanol
and CDFM systems the hydrogen bonding be-
tween the cosolvent and the polymer was the driv-
ing force of the phase behavior. The molar ratio
analysis provided an excellent qualitative fit to
the cloud-point data for both of these systems.
Therefore, we surmised that the same analysis
would provide a similar fit to other systems that
have hydrogen bonding cosolvents. A single ex-
periment at a moderate cosolvent concentration
could then be used to create a plot similar to

Figures 8 and 9. The resulting curve could be
extrapolated to provide reasonable estimates of
the cloud-point pressures at other cosolvent con-
centrations. This type of analysis failed with the
cyclohexane cosolvent system, probably because
of the type of interactions present with these mix-
tures. Dispersion and dipolar interactions are
physical not chemical interactions, which means
that they do not become saturated, or, stated in
another way, the strength of the interaction does
not scale with the moles of each of the components
in solution.?! In addition, the strength of chemical
interactions is much greater than physical inter-
actions; therefore, the chemical interactions can
dominate the solution behavior. Therefore, the
method of how to scale nonspecific mean-field and
polar interactions with the moles of each compo-
nent in solution is not apparent.

CONCLUSIONS

Although CO, requires elevated pressures and
temperatures to completely solubilize AA-CHDM,
at low pressures it plasticizes this resin and thus
lowers the resin melting point by ~30°C. Polar
SCF solvents, such as DME and CDFM, can be
used to obtain a single phase at much more mod-
erate conditions, because the magnitude of the
intermolecular interactions is greater between
these polar solvents and AA-CHDM than between
CO, and AA-CHDM. Both of these polar solvents
can be used as a cosolvent with CO, to consider-
ably expand the region of miscibility.

Liquid cosolvents enhance the solubility of AA-
CHDM in CO, by increasing the solvent density
and by introducing more favorable intermolecular
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Figure 9 The impact of chlorodifluoromethane
(CDFM) on the cloud-point pressure of ~5 wt %
poly(adipic acid-co-cyclohexanedimethanol) in CO,.
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interactions between the mixed solvent and the
polyester. Cyclohexane, a dense liquid cosolvent
with a large polarizability, does not provide any
specific interactions with the ester groups, but it
is still able to significantly reduce the cloud-point
pressures, as well as extend the one-phase region
to lower temperatures. The single-phase region
increases significantly if the liquid cosolvent
forms hydrogen bonds or other specific interac-
tions with the resin repeat units. The cloud-point
curves obtained with the hydrogen bonding cosol-
vents can be correlated with a single empirical
curve that relates cloud-point pressure to the ra-
tio of moles of cosolvent to moles of resin ester
units divided by the absolute temperature. This
curve can then be used to anticipate the phase
behavior for other cosolvent concentrations.

The first (S.E.C.) and third (M.A.M.) authors acknowl-
edge the National Science Foundation for partial sup-
port of this project.
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