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ABSTRACT: The effect of CO; solubility on T}, versus CO, partial pressure behavior is presented for poly-
(methyl methacrylate) (PMMA), polystyrene (PS), and a random copolymer of the two with 60% by weight
methyl methacrylate Two new features of T, versus pressure behavior have been discovered experimentally,
confirming previous theoretical predictions (Condo, et al. Macromolecules 1992, 25, 6119). The results for
the copolymer, poly(methyl methacrylate-co-styrene) (SMMAGO), reveal a novel “z-shape” in the T; behavior
as a function of pressure, including a narrow pressure region in which three glass transitions take place upon
changing the temperature isobarically (type III behavior). In contrast, only one glass transition temperature
for each pressure is present for PS, without an extremum (type I behavior). The results are modeled accurately
with lattice fluid theory and explained in terms of the combined effects of pressure and temperature on the

solubility of the diluent in the polymer.

Introduction

Compressed fluids, including supercritical fluids, have
been used in polymer separation and purification processes
such as extraction and fractionation.l® These fluids
have also been utilized to facilitate impregnation of
polymers with additives,® and to condition polymer
membranes.”® In the Unicarb spray painting process,®
CO, is used as a thinner in place of hydrocarbons, to
decrease VOC emissionsby upto75%. Severalinnovative
processes have been developed which utilize compressed
fluids in the production of advanced polymeric materials
such as microcellular foams,'0!1 gels,!? fibers,'3-15 and
microparticles.1113-17 COqis a desirable solvent for polymer
processing since it is nontoxic, nonflammable, and inex-
pensive. After processing, COzremoval from the polymer
is accomplished simply by decreasing the pressure.

In many of the above processes, the plasticization of the
polymer by the compressed fluid plays an important role.
One way to address plasticization is to study the effect of
the compressed fluid on the Ty behavior of the polymer.
However, very little T data are available in the temper-
ature and pressure regions of interest. Recently, an
experimental technique has been developed to measure
the creep compliance for the determination of the glass
transition of polymers in the presence of compressed
fluids.’® This technique offers important advantages over
other methods.!%20 Measurements are made at constant
temperature and pressure, allowing establishment of
equilibrium sorption of diluent in the polymer. Incontrast,
the temperature is varied in differential scanning calo-
rimetry (DSC) which can cause unwanted desorption of
the diluent.!® Another advantage is that the T is easily
identifiable since the creep compliance changes by orders
of magnitude. For measurements of T from disconti-
nuities in sorption and dilation isotherms, changes are
slight, leading to large uncertainties.?

A model has been developed to predict the effect of
compressed fluid diluents on the T behavior of polymers
as a function of pressure and dlluent concentration.?! New
regions of temperature and pressure were explored,
revealing three novel types of T behavior as a function
of pressure. Characteristic features of the various types
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Figure 1. Characteristic features of polymer T; behavior
predicted as a function of diluent pressure for vanous values of
the polymer—diluent interaction parameter, {;2. Pure component
pérameters are for PMMA and CO, with a pure PMMA T of 105
-]

are shown in Figure 1. A new phenomenon, retrograde
vitrification, was discovered where a polymer undergoes
a liquid to glass transition by increasing the temperature.
For example, this retrograde behavior is evident in a type
IV system at 40 bar. Also, a pressure maximum is present
at 52 bar. Type IV behavior has been confirmed exper-
imentally for PMMA by using CO; as a diluent.1822 An
important practical result is that polymers may be
plasticized at lower temperatures and pressures than
thought previously. Indeed, microcellular foams may be
produced by depressurizing PMMA containing CO; at
room temperature.l°

Characteristic features of type III T versus pressure
behavior are the existence of a pressure maximum and a
discontinuity in the slope, Figure 1. These features
produce a “z-shape”, including a narrow pressure region
in which three glass transitions take place upon changing
the temperature isobarically, e.g. at 70 bar. In contrast,
a feature of type II T, versus pressure behavior is the
absence of extrema anc{ discontinuities over this temper-
ature range. An artificial discontinuity appears in the
type II curve, since the lattice fluid theory overpredicts
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Table 1. Polymer Characterization

wt % vol % T density
polymer MMA MMA MW, °Cy  (g/cm¥)
PMMA 100 100 75 000 105 1.200
SMMAG&0 58.5 55.5 102 1.132
PS 0 0 280 000 100 1.047

the critical temperature and pressure for this set of
parameters. Both types II and III have another pressure
maximum at much lower temperatures (not shown).? Type
I behavior, which is not shown in the figure, exhibits a
single T; minimum as a function of pressure.?!

The characteristic features of the T versus pressure
behavior shown in Figure 1 are related to the solubility of
the diluent in the polymer.182! For type IV behavior, the
interaction between diluent and polymer is strong relative
tothatintypes [Iland II. The highsolubility of the diluent
vapor produces a glass to liquid transition at relatively
mild pressures. As the interaction between the diluent
and polymer becomes less favorable, higher pressures are
needed to achieve a diluent solubility required to produce
aglass toliquid transition. Inthe case of typeIllbehavior,
these higher pressures are associated with a vapor to liquid
transition of the diluent. The diluent solubility in the
polymer is a much weaker function of pressure for the
liquid relative to the vapor; therefore, a dramatic, dis-
continuous change in the T versus pressure behavior is
observed. For type II behavior, the diluents transition
from vaporlike to liquidlike behavior is continuous, as it
occurs above the critical point. Hence the T, versus
pressure behavior of the polymer is continuous.

The objective of this study is to confirm experimentally
novel T versus pressure behavior predicted by the model,
specifically features of type III and II behavior. We wish
to complement our earlier observation of type IV behavior
for CO3in PMMA . 1822 Presently, we examine poly(methyl
methacrylate-co-styrene) and polystyrene, in order to
decrease the solubility of CO,. For instance, at 35 °C and
25 bar the solubility of CO2 in PS is about half that in
PMMA." At agiven temperature, lower solubility should
result in higher pressures required to produce a glass to
liquid transition of the polymer, as the methyl methacry-
late content of the polymer is lowered. This change is
expected to lead from type IV to type III and II T versus
pressure behavior.

Experimental Section

Materials. Poly(methyl methacrylate-co-styrene) (Richard-
son Polymer, RPC 100), and polystyrene (Scientific Polymer
Products, 039A) were prepared by free radical polymerization
and are atactic. The copolymer is random. The physical
properties of the polymers are given in Table 1 according to the
manufacturer. Instrument grade CO, (99.99% purity) was
purchased from Liquid Carbonic. Films were prepared by the
solvent cast method by using dichloromethane. The solvent was
evaporated at ambient conditions, and the films were dried in
a vacuum oven which was heated to 20 °C above the T, of the
polymer at a rate of 20 °C/12 h. The films were between 75 and
100 um thick.

Creep Compliance. Mechanical property measurements,
specifically creep compliance, were used to determine the glass
transition temperature as a function of CO, partial pressure.
The creep compliance is defined as the strain observed for the
polymer sample divided by the applied tensile stress. The
apparatus and procedure have been described previously.® For
each experiment, a 75 um X 3.8-mm polymer strip, 4.5 cm in
length, was suspended in a Jerguson sight gauge. Attached to
the bottom of the polymer was a weight varying from 4 to 10 g.
Following evacuation of the system, the polymer was equilibrated
witha CO, phase. During equilibration, the polymer and weights
were supported by a pan so that the polymer did not experience
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Figure 2. Creep compliance of poly(methyl methacrylate-co-

styrene) (SMMAB0) as a function of CO; pressure at various
temperatures.

any tensile stress until it was equilibrated with the CO,. The
pan was lowered after equilibration, subjecting the polymer to
a constant tensile stress for a period of 1 h. The reported creep
compliance values were defined for a constant time of 15 min.
Corrections due to polymer dilation and buoyancy were applied
as described in detail elsewhere.!8 A series of creep compliance
measurements were made as a function of temperature, isobar-
ically, or as a function of pressure, isothermally. The former
technique is more efficient in regions where the slope of T versus
pressure is shallow, and the latter is preferable for regions with
steep slopes.

Results and Discussion

Ty versus CO; Partial Pressure. Figure 2 shows the
creep compliance behavior of SMMAG0 as a function of
COg partial pressure for temperatures of 65, 45, 15 °C, and
a constant time of 15 min. Each isotherm has a charac-
teristic “s-shape” behavior from the glassy, through the
transition region, to the rubbery plateau. The glass
transition is identified at the midpoint between the glassy
and rubbery plateau regions, as indicated on the figure.
The creep compliance changes several orders of magnitude
in the vicinity of the glass transition. The magnitude of
the creep compliance values are similar to those observed
for CO5 in PMMA 1822

The glass transition pressure increases from 65 to 45 °C
and then decreases from 45 to 15 °C. This behavior
indicates a pressure maximum and thus retrograde vit-
rification. At 5 °C, no glass transition in SMMAG60 is
observed up to a pressure of 100 bar. This behavior
indicates a small negative slope,d T/ dPco,, at high pressure
(see Figure 1). Therefore, creep compliance measurements
were performed as a function of temperature at constant
pressure below 15 °C.

The creep compliance behavior of SMMAG60 is shown
asa function of temperaturein Figure 3. Creep compliance
values similar to those of Figure 2 are observed in the
glassy and rubbery plateauregions. Inthisregion, pressure
haslittle effect on Ty compared with the behavior observed
in Figure 2, because CO. is in the liquid state, where it is
relatively incompressible.

Figure 4 shows the experimental T; behavior as a
function of pressure for SMMAG60. Between 102 and 15
°C there exists a pressure maximum and thus retrograde
vitrification. Thereis also adiscontinuity in the T versus
pressure behavior which occurs at the intersection of the
COgq vapor pressure curve. At 15 °C, a cusp is present.
The relatively low creep compliance values at 15 °C in the
rubbery plateau region (see Figure 2) are caused by the
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Figure 3. Creep compliance of SMMAG0 as a function of CO,
temperature at various pressures.
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Figure 4. T, of SMMAG0 as a function of CO; pressure: (- - -)

prediction using {32 = 1.135 obtained from solubility data; (—)
correlation using {12 = 1.120 obtained from T data.

close proximity of the glass boundaries surrounding the
cusp. The pressure maximum and discontinuity produce
a“z-shape” in the T, versus pressure behavior. Thisresults
in a narrow pressure region between about 48 and 58 bar
where the polymer can experience three glass transitions
upon changing the temperature isobarically. Consider a
temperature of 120 °C and a pressure of 52 bar. Here the
pure polymer is a liquid or a rubber above its T of 102
°C. Decreasing temperature isobarically results in vitri-
fication at about 53 °C; the sorbed CO; causes a significant
T depression from the pure polymer value of 102 °C. A
further isobaric decrease in temperature of the glassy
polymer causes the solubility of CO; in the polymer to
increase. This solubility increase is dramatic enough to
cause the polymer to experience a glass to rubber transition
at about 20 °C. Isobarically, decreasing the temperature
to 13 °C results in revitrification of the polymer. There-
fore, the polymer experiences three glass transitions upon
changing the temperature isobarically.

It is instructive to examine other regions of the exper-
imental data in detail. Consider the pure polymer T of
102 °C. Decrease the temperature of the polymer to 65
°C,isobarically at 1 bar. Thistemperature decrease causes
a decrease in thermal energy of the polymer, resulting in
vitrification. Although the solubility of CO; increases as
a result of the temperature decrease, it is insufficient to
bring the polymer to the rubbery state. In this case, a
pressure increase to about 46 bar is required to achieve a
sufficient COg concentration for the polymer to experience
a glass to liquid transition. Next consider decreasing the
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Table 2. Parameters Used in Application of Condo et al.

Model?!
compd T*(K) P*(MPa) p*(kg/m% AeP (J/mol)
CO,% 309 574 1505
PMMA2¢ 696 503 1269 7443
SMMAG03! 740 457 1196 7183
PS2¢ 735 357 1105 7151

¢ Aep values calculated in the course of this study.

temperature from 65 to 45 °C at a constant pressure of 46
bar. Here, as previously, the polymer is vitrified. The
corresponding increase in CO; solubility in the polymer
is insufficient to bring the polymer to the rubbery state.
A further pressure increase is required to achieve sufficient
CO; concentration to reach the rubbery state. It is
important to note that the magnitude of the slope of the
T, versus pressure is increasing. That is, for a given
decrease in temperature, the pressure increment required
to plasticize the polymer enough to traverse a glass to
rubber transition decreases. This is because the solubility
of COqin the polymer becomes a stronger function of both
pressure and temperature as temperature decreases.?’

Next consider a temperature decrease from 45 to 25 °C
at 56 bar. Here the solubility increase due to the
temperature decrease is sufficient to bring the polymer to
the rubbery state. Therefore, no pressure increase is
required. Decreasing temperature from 25to 15 °C causes
a further CO; solubility increase, resulting in an actual
decrease in the pressure required to cause a glass to rubber
transition of the polymer. Decreasing the temperature
from 15 to 5 °C again results in vitrification. In addition,
CO; has condensed to aliquid. As aliquid, CO; solubility
in the polymer is a much weaker function of pressure
relative to that of COy vapor.2! Therefore, for a given
pressure increase, the CO; solubility increase in the
polymer is considerably less for the CO; liquid relative to
the vapor. Consequently, the T, of the polymer only
decreases 4 °C for a relatively large pressure increase of
about 40 bar.

We now present a brief summary of a lattice fluid model
developed to calculate the effect of a diluent’s partial
pressure and concentration on the T, behavior of a
polymer.2t The lattice fluid equation of state and the
fundamental thermodynamic criterion of equilibrium
(equality of the chemical potential between phases) are
used to calculate the diluent solubility in a polymer as a
function of pressure and temperature,2*-27 In this calcu-
lation a binary interaction parameter, (i, is correlated to
characterize the polymer-diluent interaction strength, ¢;*
= {19(e11*eg9*)1/%, where ¢;* is the segment energy for an
i—j interaction. Given the solubility, the Gibbs—-DiMarzio
criterion?-30 is used to determine the glass transition
temperature of the polymer. The Gibbs-DiMarzio ther-
modynamic criterion states that the system entropy is
zero at the glass transition.28-30 The model does not
preclude the kinetic aspect of the glass transition. A kinetic
aspect is implicitly incorporated in the model by using the
experimental T of the pure polymer to correlate a flex
energy parameter of the polymer, Ae;.27-3¢ Table 2 shows
the characteristic parameters for the pure components
and the flex energy parameters for the polymers.24:30.31

The model predicts type IV T versus pressure behavior
for the CO;-SMMAG0 system. The polymer—diluent
binary interaction parameter, {12, of 1.135 was correlated
using independent CO: solubility data in the glassy
polymer.” Strictly speaking, the glassy polymer is not at
equilibrium and thus solubility data are not fully described
by the model. The T, datamay be treated more accurately
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Figure 5. Creep compliance of PS as a function of CO; pressure
at various temperatures.
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using {12 = 1.124 obtained from solubility data; (—) correlation
using {12 = 1.110 obtained from T, data.

by correlating a new value of {1, directly from the T data.
The complex “z-shape” of the T, behavior is correlated
successfully with a value of {1z equal to 1.120. The model
depicts both the pressure maximum and discontinuity in
the T behavior.

The creep compliance behavior of PS as a function of
CO, pressure is shown in Figure 5. The magnitude of the
creep compliance is similar to that described earlier for
SMMAG80. ForPS, the glass transition pressure increases,
asthe temperature decreases. At5 °C,theglass transition
is not observed up to a pressure of 150 bar. As stated
previously, this is an indication of a small negative slope,
dT,/dPco,, at high pressure. Therefore, further creep
compliance measurements were made as a function of
temperature at constant pressure.

Figure 6 shows the glass transition temperature of PS
as a function of CO, pressure. The experimental data
suggest an absence of extrema or discontinuities (most
likely type II behavior) in contrast to results for PMMA
and SMMAG60. The data are near the borderline between
type II and III behavior. A great deal of experimental
effort would be required to further characterize the
behavior near the critical point. There is a dramatic change
inthe Ty behavior as a function of pressure near the critical
point of the diluent. Here the chemical potential of CO2
is a strong function of temperature and pressure, causing
large changes in solubility behavior. Immediately below
the critical pressure, the T; depression is about 20 °C for
a 10-bar pressure increase. However, above the critical
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Figure 7. Summary of T; of PMMA, SMMAG60, and PS as a
function of CO, pressure.

pressure where CO; is more liquidlike, a very small T}
depression of 3 °C is found for the same 10-bar pressure
increase.

A previous study of the PS-CO; system by Wang et al.32
which used a creep compliance technique shows a T}
minimum as a function of pressure. The data reduction
procedure used the superposition principle3® and WLF
theory,® resulting in Ty’s which can be different from the
system temperature. Our T, data at 55 and 35 °C are
qualitatively similar to a more recent study by Wissinger
and Paulailtis.3* In both of these studies the Ty was
determined directly from the experimental creep com-
pliance behavior without the need to use the superposition
principle or WLF theory. Excluding the study by Wang
et al., we find no studies of the PS—CO; system that would
allow us to compare our data below 35 °C.

The model predicts type IV T, versus pressure behavior
for {12equal to 1.124, which was determined from solubility
data.® As was the case for SMMAGOQ, very limited
solubility data for the PS-CQO; system diminish the model’s
effectiveness for predictions of T;. The T data may be
correlated fairly well for {32 of 1.110, but agreement is
limited somewhat in the near critical region. This
uncertainty is because the model parameters for CO; do
not give an accurate calculation of the vapor pressure curve
near the critical point.?! According to the model, the T}
versus pressure behavior intersects the vapor pressure
curve of COy, resulting in a discontinuity. The model also
shows incorrectly a slight pressure maximum. Despite
these limitations, the model is capable of predicting the
features of type Il systems, as shown in Figure 1. Greater
accuracy could be obtained by calculating the properties
of the CO, phase with a highly accurate empirical equation
of state.

Figure 7 shows the T, behavior of SMMAG0 and PS
together with that of PMMA.1822 A comparison of the
experimental results with those of the model in Figure 1
shows that PMMA, SMMAG60, and PS exhibit features of
type IV, III, and II T} versus pressure behavior with COq,
respectively. Therefore, features of all types of T versus
pressure behavior proposed by the model?! have been
confirmed experimentally. Further experimentation is
necessary to confirm another distinguishing feature of type
II and III behavior, i.e. the pressure maximum at tem-
peratures below those studied here.2!

The Ty at a given pressure depends primarily upon the
T, of the pure polymer and the solubility of the diluent.
The solubility depends upon general dispersion and polar
interactions as well as Lewis acid—base interactions. The
nonspecific interactions between CO; and PMMA versus
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CO;and PS are similar; however, COg interacts specifically
with the basic carbonyl group.

The Tg behaviors for PMMA and SMMAG60 are very
similar as a function of pressure from the pure polymer
T, to 15 °C. At the higher temperatures, the pressure
required to produce a glass to rubber transition of PMMA
is slightly larger than that for SMMAG60. The pressure
required to reach the rubbery state is controlled by the
stiffness of the polymer (i.e. pure polymer T,). PMMA
has a higher T, value than SMMAG0, and so a higher
pressure is required to bring the polymer to the rubbery
state at a given temperature. At about 35 °C, there is a
crossover point where the pressure required to produce a
glass to rubber transition of PMMA becomes less than
that for SMMAG0. As the temperature is lowered, the
specific interaction between the carbonyl group (Lewis
base) and CO; (Lewis acid) becomes more important
relativetokT. Consequently, the greater solubility of CO,
in PMMA relative to SMMAG®O0 results in lower pressure
requirements to achieve a glass transition. The pressure
requirement for PMMA is lower, despite the fact that the
concentration required to plasticize PMMA is greater than
that for SMMAG0. The data are sufficiently accurate to
demonstrate the existence of the crossover point, which
is also predicted by the model.?® The experimental
uncertainty in Pg is <0.2%.

Below 15 °C, there is a marked difference in the pressures
required to produce a glass to rubber transition for the
two polymers. Consider an isobaric temperature decrease
from 15 to 5 °C at 50 bar for PMMA and SMMAG60. The
temperature decrease results in a CO; solubility increase
which is greater than that required to produce a glass to
rubber transition of PMMA because of the favorable
diluent-polymer interaction. This, in turn, results in an
actual decrease in the pressure required to bring PMMA
tothe rubbery state. The interaction of COs with PMMA
is sufficiently strong that CO; vapor can plasticize the
polymer over the entire temperature range studied.
Because the interactions of SMMAG0 with CO; are less
favorable relative to PMMA, CO, vapor below 15 °C cannot
bring the polymer to the rubbery state. Instead, liquid
CO; is required, typically at much greater pressures.

At high temperatures where solubilities are low and
specificinteractions are less important, the glass transition
pressures are controlled primarily by the relative stiffness
of the polymers. PMMA isstiffer than PS and has a higher
glass transition pressure in this region. At lower tem-
peratures, the donor-acceptor interaction between CO,
and the PMMA group becomes more important. The
difference in the specific interaction strengths between
CO; and the polymer is greater for PMMA and PS than
for PMMA and SMMAG60. Therefore, the crossover point
is reached at higher temperatures for PMMA and PS
relative to PMMA and SMMAG®0.

T, versus CO; Concentration. Figure 8 shows the
complex T, behavior as a function of pressure may be
transformed to the simpler, more familiar 7'y behavior as
afunction of diluent concentration. Higher concentrations
of diluent are required to produce a glass to rubber
transition as temperature decreases and the polymer loses
thermal energy. The two data sets are from different
experimental techniques. The data of Chiou et al.!® are
from a combination of sorption and DSC measurements.
The data of Condo and Johnston are from a combination
of creep compliance measurements of T; versus P,1822and
literature sorption data.35% Only part of the T, data were
plotted, since the sorption data were available or could be
calculated only at higher pressures.
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explained in the text.)

Both datasetsindicate a negative, relatively linear slope
in the Ty behavior as a function of CO; concentration. The
discrepancy between the two data sets will be shown to be
due to different definitions of the glass transition, and not
tothe experimental technique. From mechanical property
measurements of pure PMMA,3" we obtain a T of 108 °C,
using a tangent construction definition. The valueis 3°C
larger than that measured by DSC. Therefore, the
difference between the two experimental techniques for
the same tangent construction definition is small compared
with the discrepancy in Figure 8. Some other factor must
be important.

Chiou et al.l® used a tangent construction definition,
while Condo and Johnston!822 used a midpoint definition.
The midpoint definition yields higher glass transition
pressures for a given temperature and thus higher CO,
concentrations at the glass transition. The midpoint
definition was used for the creep compliance experiments
since it requires more thorough data. For the midpoint
definition, the polymer must exhibit three characteristics
of creep compliance behavior, specifically, glassy, tran-
sition, and rubber plateau behavior. The tangent con-
struction definition requires that only two features be
present, namely, the glassy and transition regions. If the
tangent construction definition of the glass transition is
employed in the creep compliance technique, the dis-
crepancy between the two data sets is less than 1 weight
% . This uncertainty is within the experimental error of
the sorption measurements. Therefore, there is not a
discrepancy in Figure 8, just two different definitions of
T, and modest uncertainty in sorption.

The model?! prediction shows excellent agreement with
the data obtained by the DSC technique. The model
underestimates the creep compliance result by less than
3weight %. Asstated, the discrepancy between the model
and the creep compliance data can be removed by
employing the tangent construction definition of the glass
transition. Calculated glass transition concentrations are
insensitive to variation in the binary interaction parameter.
Therefore, the model can successfully correlate both the
pressure and concentration dependence of the glass
transition temperature.

Chow developed a model which addressed the effect of
diluent concentration on the T, behavior of polymers3
The model was developed using lattice fluid theory?3-2
and the Gibbs-DiMarzio criterion?®2? of the glass tran-
sition. Like the newer model,?! the Chow model®® has
predictive capabilities and does not require knowledge of
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Figure9. T;of PS as a function of CO; concentration in weight
fraction units.

the T of the pure diluent. The difference between the
Chow model38 and the newer model?! is that the new model
addresses pressure, polymer flexibility, and equilibrium
partitioning of the diluent explicitly.

The Chow model3® was also applied to PMMA-CO,
results. Parameters used in application of the Chow model
are taken directly from the study of Chiou et al.?® Using
the coordination number z = 2, as recommended,8 the
results show a minimum in T, as a function of CO,
concentration. Under the conditions of this study, how-
ever, it is not expected that the T, versus diluent
concentration behavior would show a T, minimum.
Therefore, it is concluded that the Chow model performs
satisfactory at low diluent concentrations, but poorly at
higher concentrations.3 It has been shown in many cases
that application of the Chow model using the physically
unrealistic z = 1 provides a better prediction of the T}
behavior as a function of diluent concentration.’® In this
case, the results show that z = 1 yields a more qualitatively
correct result.

Figure 9 shows the T behavior of PS as a function of
CO; concentration. No conclusions on model performance
will be drawn since only a minimal amount of experimental
data are available. The DSC data of Chiou et al. may
suffer from significant CO; desorption losses from PS,1°
which is not the case for the new data. CO; desorption
would shift the resuit of Chiou et al. isothermally to lower
concentrations. The tangent construction Ty definition
for the creep compliance data would also shift our result
isothermally to lower CO; concentrations.

Figure 10 shows the model predictions for the T
behavior of PMMA, SMMAG60, and PS as a function of
CO; concentration. As the temperature decreases, the
concentration of diluent required to produce a glass to
rubber transition of the polymer increases. Also, the
relative concentration of the diluent required to produce
a glass to rubber transition at a given temperature is
directly related to the glass transition temperature of the
pure polymer. As the pure polymer T, decreases, the
concentration of diluent required to take the polymer from
the glassy to the rubbery state at a given temperature
decreases. The T behavior is well-behaved as a function
of diluent concentration and easily interpreted relative to
the pressure behavior of the T, which can exhibit extrema,
discontinuities, and crossover points.

Conclusions

The experimental T, results for SMMA60 and PS
together with those of PMMA!822 confirm features of all
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Figure 10. Model prediction of T, of PMMA, SMMAG60, and
PS as a function of CO; concentration in the polymer in weight
fraction units.

types of T versus pressure behavior proposed by a recently
introduced model.2 SMMAG0 exhibits a “z-shape” in the
Tgbehavior as a function of pressure. This feature results
inanarrow pressure range where a polymer can experience
three glass transitions upon changing temperature, iso-
barically. In contrast, PS shows no extrema or discon-
tinuities in the T’y versus pressure behavior and therefore
experiences only a single glass transition at each pressure
over the extensive temperature and pressure range studied.
These complex features could be correlated with the
model?! by using asingle temperature independent binary
interaction parameter.

The complex T, versus pressure behavior may be
transformed to the simpler, more familiar T; behavior as
afunction of concentration of the diluent. Astemperature
decreases, thermal energy is lost by the polymer so that
higher diluent concentrations are required to produce a
glass to rubber transition. The model?! is able to predict
the T, behavior as a function of diluent concentration.
Also, as the pure polymer T} decreases, the concentration
of diluent required to produce a glass to rubber transition
at a given temperature decreases.

A novel crossover point has been observed in the T,
behavior of polymers as a function of pressure. The
crossover point is the result of a change from behavior
dominated by the stiffness of the polymer to behavior
dominated by the relative strength of the polymer—diluent
interaction.

The complex Ty behavior versus pressure is due to the
combined effects of pressure and temperature on the
solubility of the diluent in the polymer. The compress-
ibility of the diluent, which can vary dramatically through-
out the vapor, liquid, and supercritical fluid conditions,
has a major influence on the solubility behavior and, in
turn, on the T, behavior as a function of pressure.
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