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While ongoing efforts continue to explore the high-pressure phase equilibria of polymer blends, few studies
have attempted to address the impact of a supercritical (sc) fluid on such equilibria. In this work, we report
on the phase behavior of an upper critical solution temperature (UCST) polymer blend in the presence of
supercritical carbon dioxide (scCO2), a nonselective plasticizing agent. Blends composed of low-molecular-
weight polystyrene and polyisoprene have been examined as a function of temperature in scCO2 by visual
inspection, small-angle neutron scattering, and spectrophotometry. In the presence of scCO2, the cloud point
temperature is depressed by as much as 28°C, depending on both blend composition and CO2 pressure.
Complementary studies performed with nitrogen decouple the plasticization efficacy of CO2 from free-volume
compression due to hydrostatic pressure. Existence of a pressure yielding a maximum in CO2-induced cloud
point depression is established. These results provide evidence for enhanced polymer miscibility as a result
of the plasticizing effectiveness and tunable solubility of scCO2.

Introduction

Polymers by their chainlike nature tend to be immiscible due
to their generally low entropy of mixing and typical athermal
or endothermic mixing.1-3 In the absence of specific interactions
between the constituent polymer species,4 two general types of
blends can be classified on the basis of the temperature
dependence of the Flory-Huggins interaction parameter (ø). If
ø decreases monotonically with increasing temperature, as is
the case for most blends of commercial relevance, then the blend
exhibits an upper critical solution temperature (UCST). In this
case, a UCST blend of given composition remains miscible at
high temperatures (insofar as it does not decompose) and
generally phase-separates via nucleation and growth upon
cooling below the binodal, or cloud point, temperature (T*).
Some blends, on the other hand, exhibit the reverse, or lower
critical solution temperature (LCST), behavior ifø increases
monotonically with temperature, and the blend phase-separates
upon heating aboveT*. A small number of polymer blends
possess multiple critical solution temperatures.

The ability to alter, in tunable fashion, the miscibility of
polymer blends is highly desirable, since it could expand the
window of processability. While miscibility tuning is achievable
through the use of organic solvents, this route is not environ-
mentally benign and may require the use of hazardous chemi-
cals. An emerging alternative to organic solvents in applications
ranging from polymer synthesis5-7 to polymer processing8-10

is high-pressure carbon dioxide. Watkins et al.11 have recently
provided encouraging evidence that supercritical carbon dioxide

(scCO2) can be used to shift the phase boundaries of block
copolymers, while Bungert et al.12 have shown that scCO2 has
a significant effect onT* of a polystyrene-cyclohexane solution.
These results differ from those reported for polymers subjected
to hydrostatic pressure alone, which tends to decrease the
miscibility of UCST blends,13 but increase the miscibility of
LCST blends.14 Since scCO2 serves as a plasticizing agent for
polymer melts,15-17 it follows that scCO2 may reduce unfavor-
able interactions between two polymers, each interacting
marginally with scCO2, by increasing their free volume.18 This
would subsequently enhance their compatibility and shift their
phase boundary in the direction of greater miscibility, which
for a UCST system is accompanied by a reduction inT*. In the
present work, we explore the competing effects of scCO2

plasticization and hydrostatic pressure on the miscibility of a
short-chain polymer blend exhibiting UCST behavior.

Experimental Section

Materials. Homopolystyrene (PS) with a number-average
molecular weight (Mh n) of 3300 and a polydispersity index (PDI)
of 1.09 was purchased from Aldrich Chemicals. Homopolyiso-
prene (PI) withMh n )1000 and PDI< 1.05 was synthesized
via living anionic polymerization in cyclohexane at 60°C in
the presence ofsec-butyllithium. The molecular weight char-
acteristics of these materials, measured by GPC, were selected
so that their theoretical phase diagram (Figure 1) coincided with
both the range of scCO2 processability and the operating limits
of existing equipment. The polymers were melt-mixed at ca.
100 °C for visual experiments and at ca. 120°C for small-
angle neutron scattering (SANS) experiments. Two blends with
PS weight fractions (wS) of 0.20 and 0.36 were subjected to
visual examination, while only the blend withwS ) 0.20 was
investigated by SANS. Blends withwS ) 0.10 and 0.20 were
examined by spectrophotometry. Carbon dioxide of>99.8%
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purity and N2 of >99.99% purity were obtained from National
Specialty Gases (Durham, NC).

Methods. A high-pressure optical cell developed in-house
was used for the visual experiments reported here. The interior
dimensions of the cell were 15.9 mm× 15.9 mm× 6.4 mm,
and the initial sample volume was approximately 0.75 cm3. A
thermocouple (Omega, type K) inserted into the cell (and
immersed in the blend) recorded the blend temperature while
the cell was heated. Carbon dioxide was fed into the cell using
an ISCO syringe pump (260D) and pump controller (Series D)
operated in constant pressure mode, and a pressure transducer
(Omega PX302-10KGV) detected the pressure in the cell.
Samples were allowed to homogenize quiescently at 100°C
for about 24 h upon initial cell loading, as well as after each
pressure change. The temperature was varied at 0.5-2 °C/min,
and resulting changes in isobaric phase behavior were recorded
with either a Pulnix TN-7 CCD camera or a Shimadzu UV-
265 spectrophotometer (operated at a wavelength of 700 nm).
Visual experiments were repeated with the 20 wt % PS blend
using N2 instead of scCO2. Measurements were initially acquired
15 min after pressurizing to minimize the extent of N2

dissolution. Once the hydrostatic pressure was found to have
little influence onT*, measurements were collected after a 24-
hr equilibration period to ascertain the effect of solubilized N2

on T*.
Phase-separation temperatures were also measured on the W.

C. Koehler 30 m SANS facility19 at Oak Ridge National
Laboratory with a 64× 64 cm2 area detector and a cell (element)
size of about 1 cm2. The neutron wavelength (λ) was 0.475 nm
(∆λ/λ ∼ 5%), and the sample-to-detector distance was 10 m.
The data were corrected for instrumental background and
detector efficiency on a cell-by-cell basis prior to radial
averaging to yield aq range of 0.06< q < 0.5 nm-1, whereq
denotes the scattering vector defined by (4π/λ) sin(θ/2) (θ is
the scattering angle). The net intensities were converted to an
absolute ((5%) differential cross-section per unit sample volume
(in units of cm-1) by comparison with precalibrated secondary
standards.20 Experiments without CO2 were conducted on a
sample measuring about 1 cm in diameter and 1.5 mm thick
and housed in a metal cell with removable quartz windows.
For experiments with scCO2, a high-pressure cell described in
detail elsewhere21-25 was employed. The samples were allowed
to (i) homogenize for less than 1 h at 115°C after the initial
loading, as well as after the pressure change, and (ii) equilibrate

for 25 min after each temperature increment (5°C increments
without scCO2 and variable increments with scCO2).

Results and Discussion

Displayed in Figure 1 is the theoretical phase diagram for
the present PS-PI polymer blend, constructed on the basis of
the Flory-Huggins equation of state:26

Here,∆Gmix is the change in free energy density upon mixing,
k is the Boltzmann constant, andT denotes absolute temperature.
The termsφi, Vi, andNi represent the volume fraction, repeat-
unit volume, and repeat-unit number/chain, respectively, of
polymer i, where i) S (for PS) or I (for PI). Values ofVi are
tabulated,3 and the reference volume (Vref) is taken as the mean
of VI (0.136 nm3) andVS (0.179 nm3). In calculating the binodal
and spinodal curves for this UCST blend, the temperature-
dependent Flory-Huggins interaction parameter for PS and PI
reported by Rizos et al.27 (ø ) -0.07+ 63/T) has been used in
an iterative procedure to solve the governing sets of nonlinear
equations that establish both phase coexistence (binodal condi-
tions) and phase stability (spinodal conditions), viz.,

The phases that coexist along the spinodal boundary are
designated by′ and ′′. For illustrative purposes here, we make
the simplifying assumption thatø is dependent only on
temperature and is independent of pressure, whereas experi-
mental evidence provided by Janssen et al.28 indicates that the
pressure dependence ofø may be nonnegligible. As seen in this
figure, the ambient-pressure UCST (corresponding to the
intersection of the binodal and spinodal curves) is predicted to
occur atT ) 107°C andwS ) 0.36. Recall that the composition
of one of the blends investigated in this study coincides with
this predicted critical composition, while the other (off-critical)
blend compositions have been selected arbitrarily.

Snapshots revealing the phase behavior of the PS-PI blend
with wS ) 0.20 at various temperatures with and without scCO2

are presented in Figure 2. In the absence of scCO2 (top image
series in Figure 2), the blend appears optically transparent at
high temperatures, signifying a homogeneous system. Upon
cooling at ambient pressure, the sample becomes initially turbid
at T* and grows increasingly opaque as the temperature is
lowered further. Values ofT* measured in this manner, as well
as by spectrophotometry, are within 2 to 3°C irrespective of
whether they are measured during the heating or cooling
cycles: T* ≈ 98 °C at wS ) 0.36 andT* ≈ 84 °C at wS )
0.20. From spectrophotometry measurements (performed at a
wavelength of 700 nm),T* ≈ 83 °C at wS ) 0.20. These
measured values ofT* are below the predicted binodal points

Figure 1. Predicted phase diagram for polystyrene (Mh n ) 3300) and
polyisoprene (Mh n ) 1000) on the basis of the Flory-Huggins equation
of state. Calculation of the binodal (coexistence) and spinodal (stability)
curves as functions of composition (wS) employs eqs 2 and 3 in the
text, as well as theø(T) expression reported in ref 27. The upper critical
solution temperature (UCST) occurs at the intersection of the binodal
and spinodal curves. TheTg of the PS employed in the blend (from
DSC) is shown as (o).
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in Figure 1 (by about 10°C), but above the glass transition
temperature (Tg) of the PS (74°C, according to differential
scanning calorimetry, DSC). Visual experiments employing
scCO2 have been conducted at two pressures, 13.8 and 34.5
MPa, and are provided in the bottom image series in Figure 2
for the data obtained at 13.8 MPa. As in the nonsolvated blends,
specimens sorbed with scCO2 appear optically transparent at
elevated temperatures and become cloudy upon decreasing the
temperature belowT*p (the subscript denotes a pressure above
ambient). For the blend withwS ) 0.20, measured values of
T*p are 56°C at 13.8 MPa and 62°C at 34.5 MPa. Results
from the blend withwS ) 0.36 are comparable: values ofT*p

are 76 and 85°C at 13.8 and 34.5 MPa, respectively. In both
blends, addition of scCO2 is found to promote a nontrivial
reduction in the cloud point.

Figure 3 shows temperature-dependent SANS profiles for the
PS-PI blend presented in Figure 2 (wS ) 0.20) without (Figure

3a) and with (Figure 3b) scCO2. Phase separation in this
nondeuterated blend is evidenced by an upturn in scattering
intensity at low q (i.e., at large spatial dimensions). In the
absence of scCO2, an unambiguous upturn is first noticed
between 65 and 70°C (see Figure 3a), which is somewhat lower
than theT* measured visually and predicted theoretically. Once
the sample is subjected to scCO2 at 14.5 MPa in accord with
the conditions described earlier, the initial upturn in scattering
intensity at lowq is seen in Figure 3b to shift to 40-43 °C,
confirming that scCO2 depresses the cloud point of the blend.
As above, the value ofT*p measured by SANS is lower than
that determined visually. The differing cloud point temperatures
discerned from visual and scattering methods (due to differences
in the length scale probed in each) are not, however, the focus
of this study. Instead, we draw attention to the apparent scCO2-
induced reduction in the cloud point. This cloud point depres-
sion, denoted∆T* () T*p - T*), is presented as a function of

Figure 2. CCD image series of the PS-PI blend withwS ) 0.20 in the absence of scCO2 (top) and presence of scCO2 at 13.8 MPa (bottom). In
the top image series, the temperatures (in°C) are (a) 87, (b) 83, (c) 81, and (d) 78, whereas those in the bottom series are (a) 58, (b) 56, (c) 56,
and (d) 54. The cloud point (T* at ambient pressure;T* p at elevated pressure) identifies the temperature at which the blend first appears turbid upon
cooling from a homogeneous solution.
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pressure in Figure 4 and reveals that scCO2 induces the most
significant reduction in phase-separation temperature (22-28
°C) in the off-critical blend possessingwS ) 0.20. In the critical
blend withwS ) 0.36,∆T* ranges from 13 to 22°C.

In Figure 4,∆T* is consistently the most negative at the lower
scCO2 pressure (13.8 MPa) and then increases (decreases in
magnitude) as the pressure is increased to 34.5 MPa in both
blends. To elucidate the meaning of this behavior and delineate
the effects of plasticization and hydrostatic pressure, additional
experiments have been performed on thewS ) 0.20 blend in
the presence of high-pressure N2. Values ofT* measured from
blends composed of both filtered and unfiltered PI prior to
addition of N2 and after decompression are identical within(1
°C. This observation, coupled with reported29 data indicating

that the solubility of N2 in polystyrene is about an order of
magnitude less than that of CO2, confirms that polymer
plasticization due to N2 can, at short exposure times, be
considered negligible. Measured values ofT*p in the presence
of N2 are 85 °C at 13.8 MPa and 90°C at 34.5 MPa.
Corresponding values of∆T* are +1 and+6 °C, respectively.
At a longer (24-hr) equilibration time, the value of∆T* at 34.5
MPa increases further to+12 °C. These results are in favorable
agreement with those of recent studies30-33 investigating UCST
blends and block copolymers at high hydrostatic pressure. Such
studies report that an increase in pressure is generally ac-
companied by a reduction in the homogeneous temperature
range (and an increase inT*p).

The data compiled in Figure 4 reveal that the plasticization
efficacy of scCO2, rather than the corresponding hydrostatic
pressure, is responsible for the observed reduction inT* (∆T*
< 0). In light of the results from the complementary N2

experiments and assuming a relatively small experimental error,
we also attribute the decrease in the magnitude of∆T* at 34.5
MPa to the increased hydrostatic pressure. Thus, the plasticiza-
tion efficacy of scCO2, which increases the free volume of a
molten polymer18 and depressesTg in glassy polymers,17

competes with the condensing (or “freezing-in”) effect of
hydrostatic pressure,34 indicating that an optimum pressure
yielding a minimum∆T* must exist (qualitatively shown by
the solid line in Figure 4). This optimum pressure is unambigu-
ously evident in the pressure-dependent∆T* data collected by
spectrophotometry and presented in Figure 5 for PS-PI blends
with wS ) 0.10 andwS ) 0.20. At these blend compositions,
the optimum pressure is observed to occur in the vicinity of 20
( 2 MPa. It should be recognized that, while all the temperatures
at which cloud points were measured lie above the critical
temperature of CO2 (31 °C), not all the pressures in Figure 5
exceed the critical pressure of CO2 (7.4 MPa). Thus, we find
that CO2 as either a high-pressure gas or a supercritical fluid
can influence (and, in the present UCST system, enhance) the
mixing efficacy of macromolecules.

Conclusions

This study clearly demonstrates that the homogeneous regime
of a blend composed of PS and PI can be controllably increased
through the addition of scCO2. Moreover, the effect of scCO2
on PS-PI blend phase behavior (characterized by the cloud
point) is not monotonic in pressure, since hydrostatic effects
become increasingly important, and cannot be neglected, as the
pressure is increased. An optimum scCO2 pressure correspond-
ing to a maximum in cloud point depression has consequently

Figure 3. SANS profiles collected from the PS-PI blend withwS )
0.20 in the (a) absence of scCO2 and (b) presence of scCO2 at 14.5
MPa. Each profile is labeled with the corresponding temperature. The
onset of phase separation in the blend is accompanied by an upturn in
intensity at lowq, as illustrated by the solid curve in (a) and deviation
from the horizontal dashed lines in (a) and (b). These profiles are shifted
vertically to facilitate discrimination.

Figure 4. Dependence of∆T* on pressure for PS-PI blends differing
in composition (wS): 0.20, in scCO2 (circles); 0.20, in N2 (diamonds,
squares); and 0.36, in scCO2 (triangles). Specimens examined visually
are denoted by open symbols, whereas those investigated by SANS
are indicated by filled symbols. Samples exposed to N2 have been
equilibrated for 15 min (diamonds) and 24 h (squares), while those
exposed to scCO2 have all been equilibrated for 24 h prior to
measurement. The solid lines serve as guides for the eye.

Figure 5. Variation of ∆T* with scCO2 pressure for PS-PI blends
differing in composition (wS): 0.10 (b) and 0.20 (O). The solid and
dotted lines serve as guides for the eye for the blends withwS ) 0.10
and wS ) 0.20, respectively, and the vertical lines denote the
experimental uncertainty inherent in the data ((2.5 °C).
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been identified. While the present work employs model short-
chain polymers, the results obtained here may apply to high-
molecular-weight commercial blends with a lowø (which can
homogenize before decomposing). In this event, which is
currently under investigation, effective use of scCO2 as an
environmentally benign diluent for the improved processing of
polymer blends would most likely be viable at low to moderate
pressures above the critical point of CO2.
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