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ABSTRACT A model is presented to predict the depression of the glass transition temperature of a polymer 
in the presence of a liquid, gas, or supercritical fluid as a function of pressure. It is developed using lattice 
fluid theory and the Gibbs-Di Marzio criterion, which states that the entropy is zero at the glass transition. 
Four fundamental types of Tg versus pressure behavior are identified and interpreted as a function of three 
factors: the solubility of the compressed fluid in the polymer, the flexibility of the polymer molecule, and 
the critical temperature of the pure fluid. A new phenomenon is predicted where a liquid to glass transition 
occurs with increasing temperature, which we define as retrograde vitrification. This retrograde behavior 
is a consequence of the complex effects of temperature and pressure on sorption. For the limited data which 
are available for the polystyrene402 and poly(methy1 methacrylate)-COz systems, the predictions of the 
model are in good agreement with experiment. 

Introduction 
A broad range of applications have been proposed for 

processing polymers with compressed fluids, including 
supercritical fluids.'-5 These fluids may be used to purify 
polymers by extracting monomers, solvent, and oligo- 
mers,&* to concentrate polymer solutions by facilitating 
lower critical solution temperature phase separation,219 
and to fractionate polymers.")-lZ They may also be used 
to plasticize p0lymers,13-~8 to reduce the viscosity of 
polymer melts and  solution^,^^ to condition polymeric 
membranes,20 and to produce microcellular foams,21 
microspheres,22-26 and fibers.2B-2g Recently, an environ- 
mentally acceptable process has been commercialized for 
spray painting and coating with polymers by using COZ 
as the diluent replacing alkane s ~ l v e n t a . ~ ~ ~ ~ ~  

There are a number of advantages of polymer processing 
with compressed and supercritical fluids, despite the need 
for elevated pressures. For example, COZ is a small, linear 
molecule; thus sorption and desorption are far more rapid 
than for larger liquid solvents. Unlike the case for a liquid 
or polymeric diluent, the sorption of a compressed fluid 
diluent may be adjusted readily over a continuum with 
pressure and temperature. After depressurization, the 
solvent residue in the polymer is far less, and COZ is more 
environmentally acceptable. 

In most of the above applications, the (desired or 
undesired) effect of dissolved fluids on the morphology of 
the polymer plays a central role. Since the sorption of a 
compressed fluid in a polymer is adjustable, the polymer 
morphology may be tailored with modest changes in 
temperature and pressure. In this study, we concentrate 
on the depression of the glass transition temperature of 
a polymer as a function of the sorption of the fluid. 

Interesting observations have been made regarding the 
influence of a compressed fluid on the glass transition 
temperature of a polymer. As~ink3~ showed that a 
compressed fluid with a low solubility will act strictly as 
a pressure-generating medium, thus increasing the Tg with 
increasing pressure, while a more soluble fluid may 
effectively plasticize a polymer and decrease Tp Wang et 
al.13 proposed that a single compressed fluid may produce 
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both effects leading to a T, minimum. Recently, significant 
depressions of the glass transition temperature have been 
observed due to high levels of dissolution of compressed 
fluids.14-16 The largest T, depression claimed as of this 
writing is 227 OC!15 

The calculation of the T, depression caused by a 
compressed fluid has been performed with a lattice fluid 
mode1.14J6 Since this particular model was originally 
developed for liquid  plasticizer^^^ it does not consider 
pressure explicitly as an independent variable. The diluent 
concentration was treated as an independent variable, and 
the equilibrium partitioning of the diluent was not 
addressed. The Gibbs-Di Marzio criterion of the glass 
transition was ~ s e d . ~ ~ - 3 5  The effectiveness of the model 
has been shown to be restricted to systems with low 
solubility levels of the compressed fluid in the polymer.16 

Recent lattice models are more general, since they treat 
temperature and pressure as the independent variables 
and also address the phase behavior. These newer models 
differ from each other with regard to the definition and 
application of the glass transition criterion. Each model 
requires some equilibrium data, e.g., sorption data, to 
describe the interaction between the fluid and polymer. 
Beckman's study considers separately three criteria for 
the glass transition: the free volume, mixture entropy, 
and temperature-entropy p r o d ~ c t . ~ * ~ ~  The model predicts 
T, minimum datal3 successfully with the temperature- 
entropy product criterion. In another approach, Wissinger 
and PaulaiW8 measured T, depressions which were 
correlated with a free volume parameter. This model 
relates T, and sorption successfully but requires exper- 
imental T, data, limiting the predictive ability of the model. 
Kalospiros, Astarita, and P a u l a i t i ~ ~ ~  applied order pa- 
rameter theory to relate the T of the polymer to the 
solubility of the compressed fluil. The free volume order 
parameter is variable in the glassy region, providing a more 
physical description of the system than in an earlier 
mode1.38 To calculate this order parameter, it is necessary 
to have specific volume data for the pure glassy polymer 
over the temperature range of interest. The model predicts 
Tg quite well as a function of the sorption of the compressed 
fluid in the polymer but did not examine the T, behavior 
versus pressure. 
Our objective is to develop a model to predict the Tg 

depression of a polymer caused by dissolution of a 
compressed fluid, which is sufficiently robust that only a 
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mixture of 1 and 2 requires an energy e*. In a mean-field 
approximation 

(7) 

(8) 
e* = d,t11* + d2'22* - dld2kTX1, 

X12 = (el1* + eZ2* - 2t12*)/kT 

e12* = f,2('11*'22*)1'2 (9) 
The factor of arises in eq 6 because the total-attractive 
energy is -rNt* in the absence of vacancies ( p  = 1) and 
-rNpt* when p of the sites are occupied. 

The equilibrium number of flexed bonds is determined 
by finding the maximum term in the canonical partition 
function Qe-ElkT to yield the familiar Boltzmann expres- 
sion: 

minimal amount of data are required. The model combines 
lattice fluid t h e o e  and the Gibbs-Di Marzio criterion 
of the glass tran~ition3~135 in a consistent framework. It 
is a significant advancement in that the only required 
information about the nature of the glassy polymer is the 
normal T, at atmospheric pressure and the dT,/dP 
behavior of the pure polymer. New regimes in temper- 
ature, pressure, and also the solubility of the fluid in the 
polymer, polymer flexibility, and critical temperature of 
the fluid are explored to identify and classify fundamental 
types of Tg versus pressure behavior. The model reveals 
a previously unknown phenomenon, where a polymer 
undergoes a liquid to glass transition with an increase in 
temperature, which we call retrograde vitrification. While 
the fmt part of the paper presents a general description 
of the fundamental types of T, behavior, the second part 
compares predictions with a small amount of available 
experimental data for the poly(methy1 methacrylate)-C02 
and polystyrene402 systems.14J6 

Theory 

We wish to calculate the lattice free energy of a system 
of N1 semiflexible molecules each consisting of r1 segments 
or "mers", N2 semiflexible molecules each consisting of r2 
mers, and NO holes. This problem was originally consid- 
ered by Gibbs and Di M a r z i ~ . ~ ~ ~ ~ ~  Their calculation was 
carried out in a mean-field approximation in what is often 
referred to as the "Huggins approximation". If the lattice 
coordination number z is large, these mean-field equations 
simplify considerably; the large-z limit of these equations 
is known as the "Flory approximation". In this latter 
approximation, the number of system configurations is 
given by40 

where 6i is the chain flexibility parameter34144145 and wi is 
an attrition factor:40 

6, is the number of internal confiiations available to a 
semiflexible chain molecule of ri-mers in free space when 
fi(ri - 2) bonds in a type i molecule are in "flexed" or high- 
energy states and (1 -fi)(ri - 2) bonds are in a low-energy 
state (for example, gauche and trans states). In a 
completely fiied lattice, bi is reduced by a factor of ui 
cawed by inter- and intramolecular interference (excluded 
volume). -The fraction of occupied sites (or the reduced 
density), p, is defined by 

(3) - rN -- - - r1N1+ r2N2 

No + r,Nl + r,JV2 No + rN 
where r, N, and di have their usual definitions 

N = N, + N2; x i  = Ni/N,  4i = r,Ni/rN (4) 

The mean-field system energyE is a combination of inter- 
and intramolecular energies: 

E = -rNic* + Nl(rl - 2)f1Ae, + Nz(rz - 2)f2At2 (6) 
Aei is the increase in intramolecular energy that accom- 
panies the "flexing" of a bond in a type i chain molecule. 
We have assumed for simplicity that this is a two-state 
model ( z  - 2 of high energy and 1 of low energy). The 
creation of a vacancy in component 1 requires an energy 
el l*  and the creation of a vacancy in component 2 requires 
an energy Q*. The creation of a vacancy in a binary 

r = xlrl + x2r2 or l / r  = &/rl + d2/r2 (5 )  

( z  - 2) exp(-Aei/kT) 
1 + ( z  - 2) exp(-Aei/kT) (10) f i  = 

Note that when Ati = 0, fi = ( Z  - 2)/(2 - 1) and 6i = Z ( Z  - 
l)rl-2 as it should for a completely flexible chain without 
excluded volume. 

The system volume is given by 

V = (No + rN)u* rNu*/p 5 rNu*iJ (11) 
with 

u* = &ul* + &I,* (12) 
and where Vi* is the characteristic mer volume of com- 
ponent i. A nonlinear relation for u* can be invoked,'a 
but, for simplicity, we avoid that generalization here. 

The Gibbs free energy of the system is given by 
0)  

G = -kT In '& Q(T,No) exp[-(E + PV)/kTlj (13) 

where P is the pressure. The maximum term in the sum 
is determined by the condition 

os0 

-(lnn--) a E + P V  = o  
aN0 kT TP 

which yields the familiar lattice fluid equation of state9 

p 2  + P + p[ln (1 - p) + (1 - l /r) i l  = 0 (15) 
'fi and P are the reduced tempe_rature and pressure, 
respectively. The reduced density p, defined by eq 3, also 
has a simple experimental interpretation: it equals the 
ratio of the experimental mass density p at a given T ani 
P to the hypothetical mass density p* at absolute zero (p 
= 1). The three equation of state parameters P, P, and 
p*, which can be determined from experimentalPVTdata, 
completely characterize the pure components. The size 
parameter r is related to the molecular weight M by 

ri = Mi/piui* = MiPi*/ri*CkTi* (16) 
The system entropy is given by45 

S = k l n f l  (1%) 
or 

- 1) In (1 - p) + - r + (2) ln (2) + 
In 

In eq 13, equating the Gibbs free energy to the maximum 
term yields 

G = E  - TS + P V  (18a) 



Macromolecules, Vol. 25, No. 23, 1992 

,T[ (t) h(2) + (2) In (?) + 1 + 

In (2'2) r - '1 + kT[ ( $(Il - 2) In (1 - f,) + 

We now consider the special case of a binary mixture of 
a semiflexible polymer and a small fluid molecule. For 
the latter, 610 is a constant independent of temperature. 
Denoting the small fluid molecule as component 1, its 
chemical potential in the pure state p lo  is given, to within 
an additive constant, by the usual lattice fluid expression: 

;,/r,1 (19) 
In the mixture, the chemical potential p l  obtained from 
the Gibbs potential in the usual way results in the lattice 
fluid expression:41 

Plj)/Tl + (a - 1) In (1 - i) + In ;/rll (20) 

Note that eq 19 is obtained from eq 20 by setting $2 = 0. 
The condition of equilibrium between pure fluid and fluid 
dissolved in the polymer is obtained when p1" = p1. 

The Gibbs-Di Marzio criterion of the glass transition 
is based on the hypothesis that an ideal glass transition 
temperature, Tz, occurs at infinitely slow cooling. At T2 
the polymer essentially becomes "frozen" and has zero 
entropy." Unfortunately, T2 cannot be evaluated exper- 
imentally; instead T, is determined for a finite cooling 
rate. It has been proposed that TZ is lower than Tg by 
about 50 OC.& If the decrease in entropy is the cause of 
the glaes transition, then it is reasonable to assume that 
the relation between Tg and entropy should be the same 
as for T2 and entropy, with the result S = 0 at the 
experimental Tp The sorption of the fluid in the polymer 
and the T may be calculated by solving the equation of 
state, condition of equilibrium, and the Gibbs-Di Marzio 
criterion simultaneously. In the case of a mixture, it is 
the mixture entropy that is zero at the T,, not the entropy 
of the pure polymer, according to the Gibbs-Di Marzio 
theory.% In the analysis of Conforti et ale>' it was assumed 
that the pure polymer entropy is zero. In the implemen- 
tation of eq 17b, the fluid diluent is assumed to be fully 
flexible, unlike the polymer. Mathematically, this is 
equivalent to setting Ael = 0 in eqs 10 and 17b as stated 
previously. 

Results and Discussion 
Fundamental Tyws of Glass Transition Behavior. 

In this section, we define and characterize fundamental 
types of T, versus pressure behavior over a wide range of 
temperature and pressure, where the fluid may exist as 
gae, liquid, or supercritical fluid. We examine the behavior 
as a function of the (1) solubility of the fluid in the liquid 
polymer, (2) polymer flexibility (likewise the normal T,), 
and (3) critical temperature of the fluid. The solubility 
of a fluid in a polymer ie influenced by two primary physical 
properties, the polymepfluid interaction strength and the 
fluid's critical temperature, a measure of ita characteristic 
attraction energy. The influence of T, on the Tg behavior 
is complex, since it effede the temperature difference 
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Figure 1. TB behavior as a function of pressure for various labeled 
values of the polymer-COp interaction parameter, S;Z. Charac- 
teristic pure component parameters are for PMMA and Cop and 
a normal polymer Tg of 105 "C. 

Table I 
Characteristic Parameters Used in This Study 

~ 

substance !P (K) P (MPa) p* (kg/m3) Acp (J/mol) 
coz 308.64 574 1505 
PMMA 696 503 1269 7443 
PS 735 367 1105 7151 

between the normal Tg and the critical region as well as 
the solubility. 

Effect of Solubility of the Compressed Fluid. In 
this section the solubility is manipulated by varying the 
polymer-fluid interaction strength with the interaction 
parameter 3 i 2  as shown in eq 9. Because the fluid's Tc is 
fixed, the location of the normal glass transition temper- 
ature ( Tgo) (Le., at 1 atm) with respect to the critical point 
is constant, simplifying the analysis, for reasons which 
will become clear in subsequent sections. We consider a 
hypothetical system in which the pure component char- 
acteristic parameters (i.e., P, P, and p*)  are those of 
COZ and poly(methy1 methacrylate) (PMMA) (see Table 
I). The calculated Tc (45.9 "C) is larger than the 
experimental value for COZ for the lattice fluid parameters 
determined in a previous study.& The value of AQ was 
regressed by application of eqs 15 and 17b to the case of 
a pure polymer with Tgo = 105 "C for a chosen value of 
z of 10. As shown in Figure 1, both the nature and the 
magnitude of the T, versus pressure behavior are influ- 
enced markedly by the strength of this polymepfluid 
interaction {IZ. As this interaction becomes stronger, the 
chemical potential of the fluid in the polymer decreases, 
thus increasing the solubility and the Tg depression, as 
shown by the model. 

Four distinct fundamental types of T, versus pressure 
behavior may be identified in Figure 1 and are reproduced 
in Figure 2 (see Table 11). Type I T,-preasure behavior 
is characterized by a Tg minimum. As explained by Wang 
et al.,l3 who observed this behavior experimentally, the T, 
minimum is due to two opposing effects, a diluent effect 
and a hydrostatic pressure effect. At low pressures, the 
decrease in Tg is dominated by the increase in solubility 
with pressure, a diluent effect. The diluent increases the 
distance between polymer segmenta, thus decreasing the 
strength of the inter- and intramolecular interactions 
between segments. The weakening of these interactions 
increases the molecular motion, which can lead to a glass 
to liquid transition. The diluent also increases the free 
volume available to the polymer segments. At high 
pressures, the hydrostatic pressure effect is dominant and 
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Figure 2. Types of Tg behavior as a function of pressure predicted 
by the model. 

Table I1 
Definition of Four Fundamental Types of Tg vs Pressure 

Behavior Predicted by Model 
type T,-pressure characteristics Tg-wI characteristics 
I Tg minimum Tg minimum 
I1 P maximum (T < T,) linear 
I11 P maximum (T > T,) linear 

IV P maximum (T > T,) linear 
P maximum (T < T,) 

Tg increases. At these pressures, the solubility does not 
increase significantly with pressure. Here, the hydrostatic 
presaure decreases the molecular distance between polymer 
segments (and the free volume), inhibiting both molecular 
motion and a glass to liquid transition. As is evident in 
Figure 1, type I behavior is expected for systems in which 
the solubility of the compressed fluid in the polymer is 
low (small l1.d. 

As the solubility of the fluid in the polymer increases, 
a pressure maximum in Tg appears, for example, as ~ I Z  
increases to LO900 in Figure 1. This behavior, which we 
call type 11, is characterized by a single pressure maximum 
at a temperature below the critical temperature of the 
compressed fluid (see Figure 2). The discontinuity in the 
slope of Tg versus pressure occurs on the vapor pressure 
curve. 

An interesting and unusual phenomenon has been 
discovered with the model, as shown in Figure 2. Consider 
the type I1 behavior at 220 atm, starting at 50 "C. As the 
temperature decreases, the polymer undergoes an expected 
liquid to glass transition. However, a further decrease 
causes the glass to again become a liquid! Conversely, an 
increase in temperature from low temperature causes a 
liquid to glass transition, opposite the normal behavior. 
We call this phenomenon retrograde vitrification (by 
analogy with retrograde condensation). It occurs in regions 
where the slope of Tg versus pressure is positive. 

A further increase in the solubility (described by {IZ) 
produces type I11 behavior, which exhibita two pressure 
maxima. One pressure maximum occurs at a temperature 
above, and one below, the critical temperature of the 
compressed fluid. There are two regions with positive 
slopes which exhibit retrograde vitrification, i.e., liquid to 

125[ 

0)  c 

w l  
Figure 3. Tg behavior as a function of solubility (weight fraction 
units) of the compressed fluid in the polymer. Results include 
all and TI* values in Figures 1 and 8. 

glass transitions with an increase in temperature. At  75 
atm, the model predicts four transitions from low tem- 
perature to high temperature where the polymer will be 
a liquid, glass, liquid, glass, and finally a liquid! Type I1 
and 111 behavior have not yet been observed experimen- 
tally. 

For the highest solubilities in Figure 1, type IV Tg- 
pressure behavior is observed which exhibits a single 
pressure maximum at temperatures above the critical 
temperature of the compressed fluid. Retrograde vitri- 
fication is present at temperatures below about 50 "C where 
the slope becomes positive. Although very few data have 
been reported in this region, there is experimental evidence 
to support this type of behavior, as explained in the second 
part of this study. 

Despite the varied and complex nature of the four 
fundamental types of Tg versus pressure behavior, the 
analogous Tg versus sorption behavior is simple and 
relatively linear (Figure 3). Indeed all of the curves in 
Figure 1 collapse to a single line. This simple near-linear 
prediction of the model has been observed experimentally 
and can be related to phenomenological models used to 
describe Tg behavior.49 According to Figure 3, for a 
constant temperature decrease, a constant sorption in- 
crease is needed to produce a glass transition. In essence, 
the Tg depression is governed simply by the sorption. The 
question then is: What pressure at a given temperature 
is needed to obtain the sorption required to produce a 
glass to liquid transition of the polymer? Asked another 
way, what are the effects of temperature and pressure on 
the solubility behavior of the compressed fluid in the 
polymer? The answer to these questions will explain the 
complex Tg versus pressure behavior, including the ret- 
rograde vitrification phenomenon. 

The solubilities of compressed fluids in polymers are 
most often reported as isotherms. Figure 4 shows iso- 
therms generated by the model over a more extended 
temperature and pressure range than usually reported in 
the literature. Below the critical temperature, there is a 
discontinuity in the slope of sorption versus pressure which 
falls on the vapor pressure curve as expected. A t  pressures 
less than the vapor pressure, the fluid is a gas and the 
slope of sorption versus pressure is relatively large. At 
high pressures above the vapor pressure where the fluid 
is a liquid, the slope is relatively small. Above the critical 
temperature, the change from vapor-like to liquid-like 
sorption behavior is still present but occurs over a broader 
pressure range and without a phase change. As temper- 
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sorption must change to the next isopleth, since they were 
constructed to correspond to 10 "C changes as discwed 
above. For this step to 80 OC, the next isopleth is at a 
higher pressure. However, for the step from the 0.0749 to 
0.0882 isopleth (50 to 40 "C), the pressure actually 
decreases, indicating a retrograde region. This pressure 
decrease also takes place for the next step and for the last 
two steps at the lowest temperatures. This exercise 
illustrates that it is the balance between temperature and 
pressure effects on sorption which determines whether or 
not a system is in the retrograde region. The normal 
behavior is encountered in the fluid phase well above the 
critical temperature, but the retrograde behavior appears 
closer to the critical point where there are complex changes 
in the sorption isopleths with temperature and pressure. 

The features of the other types of T, behavior may also 
be explained in terms of isopleths. As the fluid-polymer 
interactions become stronger, the numerical values of the 
isopleths will increase, but the shapes will be similar since 
the vapor pressure curve and critical point of the fluid are 
fixed. For type IV behavior, solubilities are sufficiently 
high that none of the isopleths intersect the vapor pressure 
curve over the temperature range of interest. Here a fluid 
is sufficiently soluble to cause large T, depressions at 
relatively low pressures. A pressure maximum is produced 
since the isopleths are closer together as temperature is 
decreased in this region. In the case of type I1 behavior, 
the solubility of the fluid in the polymer is relatively low; 
thus higher pressures are needed to achieve the sorption 
required for a glass transition. 

The complex temperature and pressure effects on the 
Tg-pressure behavior may be shown with the phase 
equilibrium criterionm 

0.2 40.C - 
.lO*C 
0% 

10% 
20% 
90% 

50% 
8O.C 7O.C . 
80% 
00% 
1OO.C 

' 

F 

0.1 

"."d 100 200 300 

P (atm) 
Figure 4. Theoretical sorption isotherms versus pressure 
1.0960; characteristic parameters for PMMA and COz). 

= 

125 

-3 1 0 0  200 300  

P (atm) 
Figure 5. Theoretical sorption isopleth for the conditions in 
Figure 4 (labeled values are in units of weight fraction): (0) 
predicted To values with a polymer normal Tg = 105 "C; (-) 
vapor pressure curve for COz. 

ature is increased far above the critical temperature, the 
transition between vapor- and liquid-like regions is in- 
distinguishable. The combination of the complex pressure 
and temperature effects on the sorption, particularly near 
the critical point of the fluid, is the cause of the fascinating 
four types of T, versus pressure behavior, including 
retrograde vitrification. 

It is easier to visualize the cause of retrograde T,- 
pressure behavior by examining sorption isopleths, as 
shown in Figure 6. The sorption isopleths were calculated 
for the most complex type of behavior, type I11 ( s i 2  = 
1.0960). The increment in each adjacent pair of isopleths 
is chosen to be constant (0.01321, to correspond to a change 
in Tg of 10 O C  based on the linear behavior of T, versus 
sorption in Figure 3. As was the case for the isotherms in 
Figure 4, the slopes of the isopleths are quite different at 
pressures above and below the vapor pressure curve. At 
a given temperature, the sorption is sensitive to pressure 
in the gaseous region; Le., the isopleths are closely spaced. 
The opposite is obeerved in the liquid region. For a fluid 
just above the critical point, the behavior is highly variable 
as the fluid changee from gas-like to liquid-like conditions. 
The next step is to examine how these features influence 
the T, versus pressure behavior. 

The cause of the pressure maxima in T, versus pressure, 
and, likewise, the retrograde vitrification behavior, be- 
comee apparent by the following illustration. We begin 
by plotting the T, at 90 O C  which falls on the 0.0218 
ieopleth. Next, the temperature is decreased 10 "C. The 

(3) dw? = 0 (21) 
TP 

where hlP is the partial molar enthalpy of the diluent in 
the polymer phase, DlP is the partial molar volume, f1P is 
the fugacity, wlP is the weight fraction and likewise in the 
fluid phase. This equation has been simplified by the 
condition that the polymer is insoluble in the fluid phase. 
On the basis of the result in Figure 3, we assume 

dw,P = -A dT: (22) 
where A is a positive constant. Thus, the slope of Tg versus 
P may be written as 

- D,F 

At high T where the fluid volume is large, DlP < D~F; 
therefore the numerator is negative. In the denominator, 
hlP < hlF (e.g., the enthalpy of vaporization is positive) so 
that the first term is negative and dflFldwlF is positive 
from stability. The second term in the denominator must 
dominate since dTgldP is negative. At low T, dT,/dP can 
be positive. Both DlP - DIF and hlP - hlF can undergo a 
sign change' (e.g., which leads to retrograde temperature 
and pressure effects on the solubilities of solids in 
fluidsS1J9. Again, the sign change in dT,/aP is caused by 
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Table IV 
Parameters Used To Study the Effect of the Fluid Critical 

Temperature on the T. Behavior 

Table I11 
Flex Energy Caiuukted as a Function of the Normal Glass 

Transition Temperature, TCo * 
Tro (K) Acz (J/mol) TOo (K) Aez (J/mol) 
348.15 10671 423.15 13517 
378.15 11783 473.15 15536 
398.15 12544 

a Tz* = 696 K, Pz* = 503 m a ,  pz* = 1269 kg/m3, {12 = 1.0950, z 
= 10. 

!? Y 

I-" 

i 

P (atm) 
Figure 6. Predicted Tg behavior as a function' of pressure for 
variouslabeled T values = 1.0950; characteristic parameters 
for PMMA and bod. 

I \  I 

a Y 

c" 

0.2 

w l  
Figure 7. Predicted Tg behavior as a function of solubility of 
the compressed fluid in the polymer for conditions in Figure 6. 

the complex pressure and temperature effects on sorption. 
Effect of the Polymer Flexibility. To study the effect 

of the flexibdity of the polymer, the normal glaes transition 
temperature, Tgo, is varied while holding all other pa- 
rameters constant (see Table 111). Varying Tgo varies the 
flex energy of the polymer, Acz. The resulting T, behavior 
is shown in Figure 6 for five different Tgo values. Three 
of the four types of T,-pressure behavior are observed. 
Type I behavior is expected for polymers with values of 
Tgo above 125 "C, but it has not yet been determined what 
Tgo is required. Figure 7 shows that the Tg-sorption 
characteristics are nearly linear for all Tg0 values and that 
the slopes are quite similar. That is, the sorption increase 
needed for agiven glass transition temperature depression 
is the same regardless of the Tgo of the polymer. Again, 
the Tg depression is dictated by the solubility behavior. 

Because the flex energy does not affect the solubilities, 
the isopleths are exactly the same as in Figure 5. For 
Figure 5, where Tg0 = 105 "C, we showed the behavior is 
type 111. For a Tgo of 75 "C, the T, versus pressure path 

248.00 271.95 7.17 
283.00 299.65 8.33 
300.00 312.55 8.89 
305.00 316.35 9.06 
308.64 319.05 9.18 
350.00 348.95 10.54 

PI* and PI* are for COz in Table I. 
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75 
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Figure 8. Predicted Tg behavior as a function of pressure for 
various values of the diluent characteristic temperature, TI*: (a, 
top) t 1 2  = 1.0950; (b, bottom) (12 = 1.oooO. 

always stays on isopleths at pressures below the vapor 
pressure curve, i.e., in the gas-phase region (Type IV), as 
shown in Figure 6. For a Tgo of 125 "C, considerably higher 
pressures are needed to depress the T, to 25 "C. The 
pressure trace enters a region with liquid-like sorption 
isopleths and type I1 behavior is observed. For the 160 
and 200 "C Tgo values, the isopleths are sufficiently far 
from the critical point that T, is nearly linear for the 
pressure range studied. In summary, the behavior varies 
from type I1 to type IV behavior as the difference between 
Tgo and the critical temperature decreases. 

Effect of the Critical Temperature of the Com- 
pressed Fluid. The behavior of T, is influenced by the 
critical temperature of the fluid, T,, for two primary 
reasons. As Tc increases, solubility increases and, con- 
sequently, the T, depression. Also, the difference between 
Tg0 and Tc varies, which also has a large effect on the 
behavior as shown in the previous section. 

In this section Tc is varied while holding most of the 
remaining properties constant, e.g., t12, z, and Pen. Since 
the critical density is constant, the critical pressure varies. 
The T, is related directly to the characteristic temperature 
in lattice fluid theory, TI*, as shown in Table IV. R d t a  
are presented for two different values of s i 2  in Figure 8. 
Again, the Tg-sorption behavior falls on the same curve 
shown in Figure 3. Consider the case where = 1.0950. 
As TI* increases, the solubility increases, driving the 
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Figure 9. Tg behavior as a function of pressure for pure PMMA: 
(-1 correlated; (0) Olabisi and Simha.63 

system from type I to type IV as in Figure Sa. Simulta- 
neously, the T, becomes closer to Tgo and the isopleths 
remain more in the vapor-like region as discussed in detail 
in the previous section. The system moves from type I to 
I1 to I11 to IV behavior. This change in behavior is 
reinforced in a synergistic manner by the increased 
solubilities. As TI* decreases from 308.64 to 305 K, T, 
moves further from Tgo and larger pressures are required 
to depress Tg to the critical temperature. The Tg versus 
pressure trace traverses the vapor-like isopleth region and 
enters the liquid-like region, producing type I11 behavior. 

For 3 i2  = 1.0 the solubility of the compressed fluid is low 
relative to the = 1.0950 value. Larger pressures are 
required to depress the Tg; thus the Tg versus pressure 
curves do not come close to the critical region. 

Comparison of the Model with Experiment. Pure 
Poly(methy1 methacrylate) (PMMA). We begin by 
comparing the correlation of the model with experimental 
data for the hydrostatic pressure effect on pure PMMA 
without a diluent. The data used to regress z and Ae2 
simultaneously are the normal glass transition temperature 
(Tgo) (ie., 1 atm) and the dTg/dPof the pure polymer.s3*" 
Only whole numbers were considered for possible values 
of z and the regressed value was z = 5. Equations 15 and 
17b for the case of a pure polymer were used in the 
regression. The results in Figure 9 are very good over 
most of the pressure range studied and show a finite 
asymptote at high pressures. It has been shown that the 
Gibbs-Di Marzio criterion yields such a result.& The 
calculation for PS yielded results similar to a previous 
s t ~ d y , 6 ~  and again, z = 5. 

PMMAa02 and PS-COz Systems. To apply the 
model to a real polymer-compressed fluid system, it is 
necessary to correlate the interaction strength between 
the polymer and fluid. The binary energy interaction 
parameter, Ji2, is correlated only at conditions corre- 
sponding to a liquid polymer, since glassy polymers are 
not at equilibrium. Figures 10 and 11 show the results of 
the correlation for the solubility of C02 in PMMA and 
PS.M767 In the case of PMMA this means a total of seven 
points were used in the correlation in the liquid region. In 
the case of PS only two points were available. It is noted 
that no Tg data are used in correlating J;2 from sorption 
data. Both the data and model indicate a sharp decreaee 
in the slope of the sorption isotherms at conditions near 
the critical point of the compressed fluid. The charac- 
teristic parameters used for COZ give a critical temperature 
which is too high, leading to these discontinuities, which 
are due to the vapor pressure curve. The model is also 
able to predict the sorption of the C02 in the glassy region 
without the uae of any order parameters, but this could 
be fortuitoua for these data. In general, the glassy sorption 
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Figure 10. Solubility of COZ in PMMA at 32.7 "C 
(-) correlated; (0; e) Wissinger and Paulaitis.@3,67 

= 1.1350): 

P (atm) 
Figure 11. Solubility of COZ in PS at 35.0 "C (Si2 = 1.1240): (-) 
correlated; (0, 0 )  Wissinger and Paula i t i~ .~ ,~~ 

region is characterized by an isotherm that is concave to 
the pressure axis due to the f i ing of holes at low pressure,M) 
which the model does not consider in ita present form. 

Two computational schemes were used to calculate the 
glass transition point (Le., Tg and Pg) simply as a matter 
of convenience because of the extrema present in the Tg 
versus pressure relationship. The calculations always 
started in the equilibrium liquid region where the model 
is applicable. Either the pressure was held constant and 
the temperature varied or the temperature was held 
constant and the pressure varied to reach the glass 
transition. The former technique is more appropriate for 
the systems with a temperature minimum, and the latter 
for those with a pressure maximum. Figures 12 and 13 
show the results for the prediction of Tg versus sorption 
for the PMMA-COz and PS-CO2 systems. The flexibility 
of the polymer molecule is characterized by the coordi- 
nation number z and the flex energy term Ae2 which are 
calculated from the normal glass transition temperature 
and the dTg/dP behavior of the pure polymer and listed 
in Table I. Very good agreement is observed between the 
model prediction and the experimental data. All of the 
newer modela discussed in this work use a correlation 
requiring some equilibrium data, e.g., sorption data, to 
characterize the polymel-compressed fluid interaction 
parameter. The difference in the models is in the definition 
and application of the glass transition criterion. The only 
other information used in this model to predict the glass 
transition of the polymer is the normal glass transition 
temperature and the dT,ldP behavior of the pure polymer. 
The other models require considerably more extensive 
experimental data to calculate the TB' The normal glass 
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Figure 12. Tg depression of PMMA as a function of solubility 
of Cog in the polymer: (-) predicted; (a)  Chiou et ala1'; (0) 
Wissinger and Paulaitis.'G 

cc (STP) C021g polymer 
Figure 13. Tg depression of PS as a function of solubility of C02 
in the polymer: (-) predicted; (0) Wissinger and Paulaitis.16 
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Figure 14. T depreseionof PMMA as a function of COz pressure 
in the P M d 4 0 2  system: (-) predicted; (0) Wissinger and 
Paulaitis.16 

transition temperature of the pure polymer is known for 
most polymers or can be obtained readily by the well- 
established DSC technique. In one references9 the dT,/ 
dP behavior of a pure polymer has been approximated as 
a universal constant of 0.026 "C/bar from data showing a 
variation from 0.016 to 0.031 

In Figures 14 and 16 T versus pressure behavior is 
predicted and compared wi& experiment. The predictions 
exhibit type IV T,-pressure behavior, which is charac- 
terized by a preesure maximum above the critical tem- 
perature of the fluid as stated earlier. The experimental 
data for the PMMA402 system show an initial negative 
slope followed by a nearly infiite slope close to the critical 
point. Although the possibility of retrograde vitrification 
for these data has not been raised previously, it clearly 
exists, especially after observing the predictions of the 
model. The predictions of the model are in qualitative, 

P (atm) 
Figure 15. T depression of PS as a function of COZ pressure 
in the PS4& system: (-) predicted; (0) Wissinger and 
Paulaitis.lG 
if not quantitative, agreement with experiment. Although 
the PMMA data support the model predictions, there are 
not enough data for the PS system to test the model. 
Conclusions 

The model describes accurately equation of state 
properties, phase equilibria, and the glass transition in a 
consistent manner over a very broad range in pressure 
and temperature. In general, the model is applicable to 
pressurized as well as unpressurized system and to 
polymer, gas, liquid, and supercritical fluid diluenta. An 
important advantage over earlier models is that minimal 
information about the nature of the pure glassy polymer 
is required, that is the n o d  T, and the T, versus preesure 
behavior of the pure polymer, which are used to determine 
the flex energy and the coordination number. 

Four distinct fundamental types of T, versus pressure 
diagrams are identified as a function of three primary 
factors: the solubility of the compressed fluid in the 
polymer, the flexibility of the polymer molecule, and the 
critical temperature of the fluid. The complex types of 
T, versus pressure behavior collapse onto a simple nearly 
linear curve when the T, is plotted as a function of the 
sorption of the fluid in the polymer. For a given T,, a 
certain pressure is required to achieve the necessary 
sorption. This preasure decreases as the polymer-fluid 
interactions become stronger or the Tc of the fluid 
increases. This causes the behavior to evolve from type 
I to type IV. This change in behavior also occurs as the 
difference between the normal T, of the polymer and T, 
of the fluid diminishes. 

A new phenomenon, which we call retrograde vitrifi- 
cation, is a consequence of the complex effects of tem- 
perature and pressure on sorption. In this retrograde 
region at constant pressure, sorption increases markedly 
with a reduction in temperature, thus causing a glass to 
liquid transition. If the phenomenon of retrograde vit- 
rification can be confirmed experimentally, then polymers 
may be plasticized with compressed fluids under much 
milder conditions than presently believed. 

For the limited data which are available for the 
polystyrene-CO2 and poly(methy1 methacrylatekC02 
systems, the predictions of the model are in good agreement 
with experiment. Although the data provide limited 
support for type IV T, versus pressure behavior, a great 
deal of additional data are required to further judge the 
predictions of the model. The general characterization of 
typee of T, behavior should serve as a useful guide for 
experimental design. 
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