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ABSTRACT: Processing polymer blends in the presence of high-pressure carbon dioxide (CO,) affords
numerous advantages over organic solvents and is becoming a commercially viable and environmentally
responsible alternative in the development of new multicomponent materials. A prerequisite to such
processing is a fundamental understanding of how high-pressure CO; influences the phase behavior of
polymer blends. In this work, we use high-pressure spectrophotometry to measure the cloud point (Tc)
of poly(dimethylsiloxane)/poly(ethylmethylsiloxane) (PDMS/PEMS) blends as a function of CO, pressure
(P) in the vapor phase. Results obtained here at different blend compositions indicate that values of T,
for this upper critical solution temperature (UCST) blend (i) generally increase with increasing pressure
and (ii) collapse onto a master curve of AT¢,(P) for pressures up to about 35 MPa. These data are analyzed
by the Sanchez—Lacombe equation of state to ascertain the temperature dependence of an effective
interaction parameter (y) in terms of A + B/T, where A and B are both pressure-sensitive. We also compare
our results with previously reported data to delineate the role of hydrostatic pressure on the phase behavior

of these blends.

Introduction

Numerous independent studies!~ have explored the
utility of high-pressure carbon dioxide (CO,) in conjunc-
tion with novel or facilitated polymer synthesis and
processing operations over the past couple of decades.
In these studies, CO; has served in various capacities
such as solvent, cosolvent, plasticizer, penetrant, and
foaming agent. Practical considerations motivating the
use of CO; in these capacities include the following: (i)
it is generally environmentally benign compared to
many common organic solvents; (ii) it has tunable
solvent properties due to its high compressibility around
the critical point; (iii) it possesses a low and easily
accessible critical point of 304.13 K (31 °C) and 7.37
MPa; and (iv) it can be readily separated from polymer
systems by simple depressurization rather than by
energy-intensive thermal evaporation. Since many poly-
mer systems of technological relevance consist of two
or more components,® extension of CO,-based processing
to these systems necessarily requires a fundamental
understanding of how CO,, temperature, and pressure
influence the ability of the system to form a desired
morphology with specific thermal and mechanical prop-
erties. It is therefore necessary to know the effect of
high-pressure CO, on the phase behavior of multicom-
ponent polymer systems so that appropriate processing
(or application) conditions can be wisely chosen. The
purpose of the present work is to help elucidate the
fundamental thermodynamic behavior of polymer blends
in the presence of high-pressure CO,.

Carbon dioxide constitutes a good plasticizing agent
for many different polymers.”8 In this regard, it pro-
motes substantial changes in polymer physical proper-
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ties. As CO, penetrates a polymer, it induces an increase
in free volume and chain mobility, which promotes
reductions in glass transition temperature (Tg), crystal-
lization temperature and viscosity.”~® Enhanced chain
mobility can likewise induce substantial molecular
reorganization, such as crystallization of frozen-in amor-
phous media.l® The effect of CO, on polysiloxanes is
particularly noteworthy, since this class of polymers is
generally CO,-philic. In fact, addition of CO, to poly-
(dimethylsiloxane) (PDMS) is accompanied by substan-
tial swelling (by at least a factor of 2811) and viscosity
reduction (by nearly 2 orders of magnitude!?). The phase
behavior of multicomponent polymer systems, either
physical blends or block copolymers, composed of con-
stituent species that exhibit different degrees of CO»-
philicity is therefore expected to be strongly influenced
by the presence of high-pressure CO,. Independent
studies in this vein have demonstrated that CO, can
either enhance or reduce the miscibility of such systems,
depending on factors such as solvent screening effects,
dissimilar volume changes, and hydrostatic pressure
effects. For upper critical solution temperature (UCST)
blends!3® and upper disorder—order temperature (UDOT)
copolymers!# consisting of polystyrene (PS) and poly-
isoprene (PI), (micro)phase separation is driven by
endothermic mixing. Addition of CO, to such systems
effectively screens unfavorable interactions, resulting
in enhanced miscibility. Subjecting a lower critical
solution temperature (LCST) blend composed of PS and
poly(vinylmethyl ether) (PVME)!>16 or a lower disorder—
order temperature (LDOT) block copolymer containing
PS and poly(n-butyl methacrylate) (PnNBMA) sequences?!®
to CO,, on the other hand, yields pronounced reductions
in miscibility. Phase separation at substantially reduced
temperatures reflects disparate CO,-induced chain swell-
ing due to selective CO, sorption.

While studies of high-molecular-weight polymer sys-

tems are ultimately necessary to establish key process
paradigms with high-pressure CO,, insight into the
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Table 1. Pertinent Thermodynamic Data Available for
PDMS/PEMS Blends

_ polydispersity
My (PDMS/PEMS) index range WpDMS A B ref

80000—115000/ 1.18-1.42 0.1-0.9  —0.002 4.07 22
4000—9000

27000/33800 1.06—1.12 0.30 —0.00695 4.52 24

0.54 —0.0029 3.22 24

0.82 —0.01154 6.42 24

19100/14000 1.02—-1.03 0.36—0.54 —0.009582 6.002 18

8000/84000 1.08—-1.14 0.1-0.9 —0.00334 559 23

a Analysis conducted in this work.

effect of CO, on polymer thermodynamics can be gleaned
from model systems that do not suffer from broad
molecular weight distributions or high viscosities. For
this purpose, we have elected to investigate blends of
PDMS and poly(ethylmethylsiloxane) (PEMS), which
exhibit UCST behavior. Because of the low Ty of these
polymers (typically between —150 and —120 °C),” their
blends are molten at relatively low temperatures,
including ambient temperature and above. Several
studies have reported on the phase®8-23 and critical?*~27
behavior of, as well as interdiffusion?® in, PDMS/PEMS
blends in the absence of CO,, thereby providing a solid
baseline from which to proceed. Various strategies®22.24
have been used in an attempt to discern interaction
parameters for this blend, and a summary of these
previous activities is provided in Table 1. This blend is
unusual in that it exhibits a negative AVnix, which
results in enhanced miscibility upon hydrostatic pres-
surization.2%21 The change in the UCST of blends with
pressure (P) can be described by (AUCST/AP), =
(TAVmix/AHmix), where AHnix is the heat of mixing and
T denotes absolute temperature. Since AHnix is positive
(endothermic mixing) for UCST systems, the direction
of the UCST shift is dependent on the sign of AVix.2°

An earlier study? of PS/PI blends has revealed that
hydrostatic pressure affects the phase behavior of this
UCST blend differently than high-pressure CO,. An
increase in hydrostatic pressure promotes reduced blend
miscibility, which is consistent with a positive AHix and
a positive AVpix. Exposure to high-pressure CO,, how-
ever, results in initial miscibility enhancement, followed
by a gradual reduction in miscibility at pressures higher
than ~20 MPa, depending on blend composition. These
observations have been explained in terms of the
competing effects between CO; plasticization (enhanced
miscibility) and hydrostatic pressure (reduced miscibil-
ity). This competition can be understood qualitatively
by recognizing that CO, molecules screen repulsive
interactions, allowing dissimilar chains to intermingle
more freely, while hydrostatic pressure squeezes the
molecules together, forcing unfavorable contacts that
induce phase demixing. On the basis of a lattice fluid
model,3° Beiner et al.2® explain how a negative AVnix
could arise for blends such as PDMS/PEMS that have
a small positive interaction parameter. According to this
model, AVmix = ¢(1 — ¢){4y — [(e11 — €22)/RTI?}, where
¢ represents the volume fraction of either constituent
polymer, y is the Flory—Huggins interaction parameter,
€ii (i = 1 or 2) is the interaction energy between like
species, and R is the universal gas constant. Thus, if
the parameter y is sufficiently small, the squared
interaction energy term will dominate and AVpmix will
be negative. A negative AVpix is responsible for the
enhanced miscibility achieved?® in PDMS/PEMS blends
upon hydrostatic pressurization. Since high-pressure
CO, will swell the constituents of this blend, as well as
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shield their intermolecular interactions, we anticipate
a priori that this system will be affected very differently
by high-pressure CO, than by pure hydrostatic pressure.
The present work examines the phase behavior of the
PDMS/PEMS blend in the presence of CO, and predicts
the dependence of an effective interaction parameter on
pressure according to the Sanchez—Lacombe (S—L)
equation of state.

Theoretical Background

The Flory—Huggins (F—H) equation of state is based
on the concept of a lattice model and embodies the
essential physical characteristics needed to distinguish
mixtures composed of macromolecules from those con-
taining only small molecules.®' For a binary polymer
blend, the F—H equation of state can be written as

AGmix _¢Ing (1 =¢)InL —¢)  xd(1 — ¢)
KT — v,N; * v,N, Ty @

where AGpix is the free energy change upon mixing, k
is the Boltzmann constant, v; is the repeat unit volume
of polymer i, Nj is the number of repeat units in polymer
i, and v is a reference volume (either tabulated with
values of v; or computed as the geometric mean of the
individual v;). The thermodynamic conditions associated
with the binodal (coexistence) curve of the phase dia-
gram for a mixture require that

w(TP.¢) = w(TP) = ... = (TPe) (2
where y; is the chemical potential of component i in the
mixture and the superscripts I, 11, ..., n represent the

different phases in equilibrium. Determination of y;
from eq 1, coupled with the requirement of eq 2, yields
the following closed-form analytical expressions for the
coexistence curve of a binary polymer blend:3?

In(f) " - ¢')(1 - VlNl) + 2T g -

V,N, v
1-9¢"%)=0 (3a)
o
In(—((ll - (‘;’))) @' - ¢”)(1 - o]+ o -

(¢")) =0 (3b)

The temperature dependence of y is assumed to be of
the form A + B/T, where the empirical constants
correspond to the entropic (A) and enthalpic (B) contri-
butions®? to y for a UCST blend.

A recognized shortcoming of the F—H equation of
state is its applicability to only relatively simple,
incompressible systems. Sanchez and Lacombe30:34.35
have extended the F—H formalism to include compress-
ible systems through the addition of free volume (empty
lattice sites). The S—L equation of state has been
successfully used to correlate the thermodynamic prop-
erties and phase behavior of polymer blends, as well as
polymers in supercritical solutions.216:30.34=37 |t is given

by
peptilina-p+i-=0 @

where p, P and T are the reduced density, pressure, and
temperature, respectively, and r represents the number
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of occupied lattice sites. These reduced parameters are
defined in terms of characteristic parameters, viz.,

~ T = P .
T=30 P=pn P ®)
where
€* €* M
=g P"=w T ©

Here, €* is the interaction energy per repeat unit, v* is
the close-packed repeat unit volume, and M is the
molecular weight. For mixtures, appropriate mixing
rules must be applied. In the case of the repeat unit
volume, v* can be expressed as

VE=S v )
where
Wi
. nN; oV
¢ = W = w. (8)

and w; is the mass fraction of component i, and r? is the
number of lattice sites occupied by i in the pure state.
The characteristic pressure is assumed to be pairwise
additive so that

P =3 6P (©)
where
Wi
riN; P_T
¢ = o —W (10)
r
and

Py = (P P)"2(1 - oy) (11)

Here, d;; is a binary interaction parameter that is
empirically adjusted to fit experimental data to account
for system nonideality. The characteristic temperature
for mixtures is given by

T* (& [T+ (i V)& IT)  ¢igy(P} + P — 2P})v*

T ¢ + (Vi V), RT

(12)

and the corresponding chemical potential is®8

Ui ri K kK k
=Ing; +|1- ? + riP(.Z & Xij — Z<z¢i b xip) +

3 PV
~ L+ @-1Ina —p)+—|np (13)
T, T r

RT

ri
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Figure 1. GPC traces acquired from (a) PDMS and (b) PEMS
before and after pretreatment in high-pressure CO, at ~100
°C and ~34 MPa for 24 h. While the PDMS is virtually
unaltered, the molecular weight distribution of PEMS is
affected by exposure to CO,, as demonstrated by the pertinent
signals shown in part b. In this case, the polydispersity of the
high-molecular-weight fraction decreases and a low-molecular-
weight fraction, enlarged for the sake of identification in (b),
disappears altogether, indicating that this fraction is dissolved
in and removed by the CO,. For this reason, all the PDMS/
PEMS blends examined here are exposed to this same CO;
pretreatment prior to analysis.

which simplifies to the following for a binary i—j system:

; P+ P —
M 1__¢, o
RT J RT

0_5 PV
r; T_ _T_—

Experimental Section

Materials. The poly(dimethylsiloxane) (PDMS) (M= 44500,
Mu/Mp= = 1.09) and poly(ethylmethylsiloxane) (PEMS) (My=
14600, My/M,= 1.13) homopolymers were purchased from
Polymer Source (Dorval, Quebec, Canada) and individually
pretreated in high-pressure CO, (~100 °C, ~34 MPa) for 24 h
to remove any low-molecular-weight (i.e., COz-soluble) fraction.
The molecular weight characteristics listed above correspond
to the materials after pretreatment. Carbon dioxide (99.8%
pure) and helium (He, >99.9% pure) were obtained from
National Specialty Gases (Durham, NC). Reagent-grade tolu-
ene (Sigma-Aldrich, St. Louis, MO) was used for cleaning the

sample holder and high-pressure equipment between runs.
Methods. The molecular weight distributions of the PDMS
and PEMS were measured by gel permeation chromatography
(GPC) at ambient temperature before and after CO; pretreat-
ment. According to Figure 1a, the PDMS polydispersity (1.09)
did not change noticeably upon CO, pretreatment, confirming
the absence of a CO,-soluble fraction. The measured molecular
weight was, however, found to be significantly higher than that
reported by the manufacturer (44500 vs 29000). The PEMS

2P)V; ¢J

_I ¢|

va—mma—m+%m4}a®
r
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Figure 2. Representative data obtained from a 35/65 PDMS/
PEMS blend in CO; at (a) 3.86 and (b) 6.52 MPa by high-
pressure spectrophotometry, conducted at cooling rates of 3.5
and 3.9 °C/min, respectively. The inflection point of each curve,
illustrated as the midpoint of the dashed line that intersects
the upper and lower transmitted power limits, identifies the
corresponding cloud point (T¢p) reported here.

polydispersity, on the other hand, was noticeably affected by
CO, pretreatment (see Figure 1b). The polydispersity of the
large peak in Figure 1b decreased from 1.16 to 1.13, and the
small peak at low molecular weight (exaggerated in the figure
for illustrative purposes) disappeared altogether after CO,
pretreatment, indicating that the CO, extracted a small
fraction of the PEMS sample. For this reason, all blend
constituents were pretreated according to the same procedure
before cloud point temperatures were measured. To ascertain
the extent to which long-term exposure to high-pressure CO,
affected blend characteristics, specimen mass loss incurred
during pretreatment was measured gravimetrically and found
to be less than ~1%, which corresponds to a maximum change
in composition of only +2.5%. Attempts to measure blend
compositions by liquid-state 2°Si and *H NMR yielded changes
that were less than or equal to that determined by gravimetric
analysis.

The cloud point temperature (Tp) of each PDMS/PEMS
blend examined here was determined as a function of CO;
pressure by high-pressure spectrophotometry. Each blend was
placed in a clear quartz tube with a flat bottom, and the tube
was then placed in a high-pressure cell with sapphire windows.
The initially homogeneous specimen was slowly cooled at
~1—4 °C/min (with no substantial variation in results) from
the single-phase region at constant CO, pressure (ranging from
0 to ~35 MPa), and the change in turbidity was monitored
with a 632 nm laser source oriented vertically relative to a
photometric power meter. Visual inspection verified that
recorded turbidity changes identified phase separation of the
blend and not CO; bubble formation. Pressure, temperature,
and transmitted beam power measurements were computer-
interfaced and measured as a function of time. Figure 2
displays two examples of the transmitted laser power vs
temperature curves generated in this manner. The T, values
reported herein correspond to the temperature at the inflection
point of each curve. Phase separation typically occurred over
a temperature range of 5—10 °C. After each pressure jump,
the system was held in the single-phase region for at least 4
h to allow equilibration with CO, before measuring T¢,. A
similar procedure was followed for complementary tests using
He instead of CO,. While the blend (24 wt % PDMS) was
pretreated with CO; to ensure comparable blend characteris-
tics, the equilibration period was reduced (to ~45 min) to limit
dissolution of He into the molten blend.

Results and Discussion

Measured cloud point temperatures are presented as
a function of CO; pressure in the vapor phase (hereafter
referred to simply as pressure) in Figure 3 for the
various blend compositions examined in this work. In
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Figure 3. Dependence of the PDMS/PEMS cloud point
temperature (Tgp) on CO; pressure in the vapor phase for a
series of blends that are rich in (a) PEMS and (b) PDMS. The
compositions of these blends (in wt % PDMS solvent-free) are
as follows: 6 (O), 10 (@), 20 (»), 35 (a), 51 (O), 62 (M), 80 (<)
and 90 (#). The solid and dashed lines constitute linear
regressions to the data. These results indicate that the
presence of CO; generally promotes PDMS/PEMS immiscibil-
ity by shifting each T, to higher temperatures with increasing
pressure.

the absence of CO,, T¢p increases as Wppws is increased
up to about 25 wt % and then decreases, revealing that
(i) the critical composition lies near 25 wt % PDMS, (ii)
the critical temperature is ~91 °C, and hence, (iii) the
coexistence curve appears asymmetric with regard to
composition. Such asymmetry is a consequence of the
difference in molecular weights between the PDMS and
PEMS used here. Another feature evident from the data
in this figure is that T, increases monotonically with
increasing pressure over the range of pressure investi-
gated (up to ~35 MPa). Close observation reveals that
this dependence of T, on pressure is nearly linear,
independent of polymer blend composition. Such func-
tional similarity strongly suggests that a master curve
can be generated. Figure 4 shows the variation of ATy,
defined as T¢p(P)—Tep(No COy), with pressure and con-
firms that all the data portrayed in Figure 3 effectively
shift onto a single line with a slope of 2.9 + 0.3 °C/MPa.
Thus, the data provided in these two figures confirm
that high-pressure CO, serves to reduce the miscibility
of PDMS/PEMS blends by shifting the two-phase en-
velope to higher temperatures. This behavior is in
contrast to the previous finding of Beiner et al.?° that
application of hydrostatic pressure enhances the mis-
cibility of PDMS/PEMS blends.

As mentioned earlier, the reported?® reduction in T,
with increasing hydrostatic pressure in PDMS/PEMS
blends is attributed to the negative AVpix. According to
the data shown in Figures 3 and 4, however, use of (COy)
pressure, rather than hydrostatic pressure, yields a
pronounced increase in T, with increasing pressure, in
which case AVnix would be positive according to (AUCST/
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Figure 4. Master curve of AT, defined as Tey(P)—Tep(no CO,)
and presented as a function of CO; pressure in the vapor
phase, confirming that all the data displayed in Figure 3 shift
onto a single (solid) line with a slope of ~2.9 °C/MPa. The
symbols are the same as those used in Figure 3.
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Figure 5. Variation of (a) T¢, and (b) AT, with pressure from
different sources for several PDMS/PEMS blends. Two blends
prepared from the present homopolymers with compositions
of 20 (O) and 35 (a) wt % PDMS are exposed to high-pressure
CO,, whereas one with 24 wt % PDMS (x) is subjected to high-
pressure He. The responses of two blends described by Beiner
et al.? with compositions of 47 (®) and 51 (a) wt % PDMS to
hydrostatic pressure are included. The solid lines serve as
guides for the eye, and the horizontal dashed line corresponds
to the neat cloud point for the 24/76 PDMS/PEMS blend in
part a and the condition of AT¢, = 0 in part b.

AP)y = (TAVmix/AHnmix). Cloud point measurements
illustrating this difference are displayed for comparison
in Figure 5a and clearly illustrate that, by swelling the
polymer melt (even in the presence of hydrostatic
pressure) and screening intermolecular interactions,
CO; has a profound impact on AVpix. To simulate the
effects of hydrostatic pressure on our system, we have
examined the phase behavior of a single PDMS/PEMS
blend with 24 wt % PDMS (near the critical composition)
in the presence of high-pressure He, which is much less
soluble than CO; (by at least 2 orders of magnitude??)
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Figure 6. Comparison of the phase-equilibrium data reported
by Kuwahara et al.'® and the regressed F—H equation of state
used to extract y(T). The thick line represents the predicted
coexistence (binodal) curve, whereas the thin line denotes the
corresponding stability (spinodal) curve.

in either PDMS or PEMS. Since He does not swell either
polymer to an appreciable extent and since there are
fewer dissolved He molecules available to screen inter-
molecular interactions, it follows that the effect of high-
pressure He on AT, should be closer, but not identical
(due to nonzero solubility), to that achieved by hydro-
static pressure alone. This expectation is confirmed in
Figure 5b, wherein AT/APpe ~ —0.14 °C/MPa.

Binary Systems: PDMS/PEMS Blends. In the
F—H model, the temperature dependence of y (expressed
in terms of A + B/T) is required to predict the phase
behavior of the PDMS/PEMS blends in the absence of
CO,. Unfortunately, values of A and B reported in the
literature for this system vary somewhat, as can be seen
in Table 1. Included in this table are values of A and B
that we obtained by fitting the F—H equation of state
to the coexistence data of Kuwahara et al.18 (due to its
precision and high quality). The regressed binodal curve
is compared with the experimental data of Kuwahara
et al.’® in Figure 6 and shows reasonably good agree-
ment. Included in Figure 6 is the predicted spinodal
curve for the sake of completeness. Phase diagrams
computed with the various A and B values listed in
Table 1 are compared with experimental data acquired
from the present PDMS/PEMS blends in the absence
of CO; (Figure 7a) and demonstrate that the predicted
coexistence curve based on our regressed parameters
most closely matches our experimental data. Differences
in the values of A and B from various sources could be
related to measurement accuracy, analytical method,
and/or sample quality. Further investigation beyond the
scope of this work is necessary to determine the source
of such variability, as well as the reason why predictions
derived from the data of Kuwahara et al.1® most closely
match our experimental data. Corresponding values of
x are displayed as a function of reciprocal temperature
in Figure 7b and confirm that our A and B parameters
yield results that are consistent with data previously
reported?224 for this system.

Ternary Systems: PDMS/PEMS Blends in the
Presence of CO,. One-, two- and three-phase regions
can exist simultaneously in ternary systems under the
right set of temperature—pressure conditions, and the
shapes of such regions may differ markedly from system
to system or over a range of conditions.®? In the present
work, we are concerned exclusively with the conditions
responsible for vapor—liquid—Iliquid equilibria (VLLE)
in the PDMS/PEMS/CO, system. More specifically, we
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Figure 7. Comparison of the experimental PDMS/PEMS
phase diagram generated in this work in the absence of CO;
(a) with predictions derived from the F—H equation of state
using several different y(T) expressions!®2224 of the form y =
A + B/T (b) and molecular weights identical to those of the
polymers examined in this study. The numerical designations
and line types used in part a identify the corresponding x(T)
relationships displayed in part b. The y(T) relation derived
from Figure 6 (thick line) provides the best quantitative
agreement with the present data.

seek to use the S—L equation of state to elucidate the
effect of pressure on the temperatures corresponding to
the cloud points of PDMS/PEMS polymer blends. The
first step in the application of an equation of state to
multicomponent mixtures is to determine the pure-
component parameters. Within the S—L framework, the
pure component parameters (P*, T*, and p*) are nor-
mally regressed from experimental vapor pressure and
liquid density data. While this procedure is straight-
forward for small molecules (e.g., COy), pure-component
parameters for polymers are generally determined from
liquid volumetric data?3° since (i) high-molecular-weight
polymers have no detectable vapor pressure and (ii) they
thermally degrade before exhibiting a critical point. The
S—L parameters for CO, and PDMS used in this work
have been obtained by these procedures.3® However,
corresponding parameters for PEMS have not, to the
best of our knowledge, been reported for the S—L (or,
in fact, any) equation of state. The absence of such
information may reflect the sparse amount of experi-
mental data currently available for this polymer.
Liquid volumetric data are available for a single
PEMS homopolymer with a molecular weight of 31200
by Enders et al.,’® who provide a linear regression for
the density of PEMS over the temperature range 20 to
100 °C. Since the PDMS densities also obtained by
Enders et al.’® are systematically higher than other
reported data and their PEMS density correlation
represents the only available experimental data for this
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Table 2. Characteristic Sanchez—Lacombe Equation of
State Parameters Used in This Study

species P* (MPa) T (K) o* (kg/m3) ref
CO, 464.2 328.1 1426 30

PDMS 302.0 476.0 1104 30

PEMS 302.0 552.0 1126 this work

homopolymer, we have elected to shift their PDMS data
by ~1% to achieve consistency with the literature. Since
the same pycnometer was used in both sets of measure-
ments, we assume that the same shift applies to their
PEMS correlation, which results in a corrected density
correlation: ppems = 0.976 — 5.4 x 1074T, where T in
this one instance is given in °C. We further assume that
the pressure dependence of PEMS is similar to that of
PDMS due to the similarity of their chemical structures.
Although these assumptions are ad hoc, it will be shown
that the S—L parameters obtained in this fashion yield
predictions that are in reasonably good agreement with
the experimental data presented in this work. When
experimental data for PEMS become more readily
available, the analysis presented here could be reex-
amined. Table 2 summarizes the pure-component S—L
parameters used throughout the remainder of this work.
From a careful analysis of binary and ternary blends of
low-polydispersity blends, Horiuchi et al.?? conclude that
the PDMS/PEMS pair exhibits no evidence of specific
interactions, in which case dppmsipeMs can be set equal
to zero. Moreover, we assume Jpemsico, = OPDMS/CO, =
—0.218 + 9.67667 x 1073T — 9.05 x 1075T?2 + 2.83 x
1077T 3, which is obtained from PDMS/CO, experimen-
tal data.?’

Once the S—L parameters are known, standard
thermodynamic relations are employed to solve for the
conditions of phase equilibrium on the basis of equality
of temperature, pressure and chemical potential of each
component in all phases. These conditions are deter-
mined here using a minimization numerical algorithm.4°
It is important to mention that the vapor phase was
presumed to be pure CO,. Although presenting the
results of our calculations in the form of ternary
diagrams could provide more information (e.g., the
composition of CO; in the liquid phases), we prefer to
display our results on a solvent-free basis to facilitate
comparison with the experimental data. Coexistence
curves computed from the S—L equation of state are
shown as a function of blend composition (on a solvent-
free basis) in Figure 8 and are observed to be in good
guantitative agreement with the experimental data up
to 20 MPa. Polymer—polymer cloud point curves pre-
dicted from the S—L formalism for the 30 MPa isobar
are included in Figure 8. Other thermodynamic proper-
ties of interest can be extracted from the above analysis.
The binary interaction parameter (y), for instance, is
directly related to the change in chemical potential of a
component upon mixing. Compilations of y are available
for solvent—polymer solutions*! and polymer blends.3?
Whereas the polymer—solvent interaction parameters
(xpoMms—co, and ypems-co,) Were also calculated here, we
only consider further the polymer—polymer interaction
parameter (yrpms—pems, hereafter referred to simply as
%) as an explicit function of pressure.

The Flory—Huggins theory3! predicts that, at constant
volume, the difference between the residual chemical
potential per segment of component 1 (4;) and the
residual chemical potential per segment of pure 1 (%)
in a symmetric binary polymer blend is related to
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Figure 8. Measured and predicted PDMS/PEMS phase
diagrams at different pressures (labeled). Experimental data
collected in the absence of CO, are identified (<), and
interpolations of the data at 10 and 20 MPa determined from
the master curve displayed in Figure 4 (open symbols) and
the composition-specific data shown in Figure 3 (filled symbols)
are represented by circles and triangles, respectively. The
dashed line signifies predictions from the F—H equation of
state (equivalent to curve 4 in Figure 7a), whereas solid lines
denote predictions from the S—L equation of state.
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A similar expression can be applied to solvent—polymer—
polymer solutions where the solvent is component 1. In
this fashion, an effective y parameter can be ascertained
from the S—L equation of state as a function of composi-
tion, temperature and pressure. Determination of in-
teraction parameters in a ternary system is very com-
plex, because they can depend not only on temperature,
but also on pressure and composition. In some cases, it
can be expected that the influence of some of these
variables is relatively negligible. Several independent
studies’®??2% of PDMS/PEMS blends have, for example,
shown that y is independent of blend composition. An
exception to these findings is the work of Meier et al.,?*
who provide evidence for the composition dependence
of . The results presented in the previous section,
however, indicate that a single y(T) function adequately
fits our data without requiring a composition-dependent

X

While interaction parameters between the solvent and
each polymer can, on the other hand, be expected to be
composition-dependent, we assume that the effect of
CO; is comparable for PDMS and PEMS due to their
structural similarity. Values of y extracted from the S—L
equation of state are shown as a function of reciprocal
temperature in Figure 9a for several pressures. In the
absence of CO,, y varies linearly as A + B/T, with the
values of A (=—0.0104) and B (=7.26) being slightly
higher than those determined from the F—H analysis
discussed earlier (see Table 1). Although the origin of
this marginal difference has not been explored in this
study, we suspect that it may reflect some of the
assumptions made regarding PEMS. As CO; is intro-
duced into the PDMS/PEMS blend, y is found to increase
systematically. In fact, a linear x(T) relationship is
retained at each of the pressures examined, in which
case y can be expressed in the general form A(P) + B(P)/
T. Values of A and B are displayed as functions of
pressure in Figure 9b and reveal that A increases (or
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Figure 9. (a) Temperature dependence of y provided as a
function of pressure (labeled, in MPa) from predicted phase
diagrams such as those displayed in Figure 8. (b) Pressure-
dependent values of the y parameters A (®) and B (O) predicted
from the S—L equation of state for the generic expression of y
(=A + BIT). Values of A and B deduced from the F—H equation
of state are included (a and A, respectively) for comparison.
The solid lines denote linear regressions to the predicted A
and B parameters.

—A decreases) linearly with increasing pressure, whereas
B appears to be independent of pressure. The physical
implication of this intriguing result is currently the
focus of a complementary study*? that employs the
statistical associating fluid theory in an effort to eluci-
date the general thermodynamic behavior of polymer
blends in the presence of high-pressure CO..

Conclusions

Exposure of polymer blends to highly compressible,
supercritical fluids provides a facile means by which to
modify phase behavior, which can be exploited in the
development of new processing routes or materials.343
In this work, we have examined the phase-separation
behavior of PDMS/PEMS blends in the presence of high-
pressure CO,. This UCST blend is unique in that it
inherently exhibits a negative change in volume upon
mixing, which results in enhanced miscibility (signified
by a reduction in cloud point temperature) upon expo-
sure to hydrostatic pressure.?® We have qualitatively
reproduced this result by using high-pressure He, which
exhibits very low solubility in, and negligible swelling
of, PDMS and PEMS. In the presence of high-pressure
CO,, however, both homopolymers swell extensively due
to relatively high CO, uptake,® and their phase behavior
is significantly altered: they become increasingly im-
miscible as the CO; pressure is increased. These results
are found to collapse onto a master curve of AT,(P) for
pressures up to ~35 MPa.
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To investigate the underlying thermodynamics re-
sponsible for reduced blend miscibility, we have ana-
lyzed the data of Kuwahara et al.’® in the context of
the Flory—Huggins equation of state to extract the
temperature dependence of y, which yields a predicted
phase diagram that closely resembles the experimental
one reported herein. The phase diagram of the ternary
PDMS/PEMS/CO, system (expressed on a solvent-free
basis) predicted with the Sanchez—Lacombe equation
of state agrees well with the experimental results
obtained in this work. Corresponding values of y signi-
fying the interaction between PDMS and PEMS are
presented as functions of temperature and pressure.
Further analysis of this outcome with a molecularly
descriptive equation of state*? is currently underway.
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