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ABSTRACT: Micellar solutions of polystyrene-block-polybutadiene and polystyrene-block-polyisoprene in
propane are found to exhibit significantly lower cloud pressures than the corresponding hypothetical nonmicellar
solutions. Such a cloud-pressure reduction indicates the extent to which micelle formation enhances the apparent
diblock solubility in near-critical and hence compressible propane. Concentration-dependent pressure—temperature
points beyond which no micelles can be formed, referred to as the micellization end points, are found to depend
on the block type, size, and ratio. The cloud-pressure reduction and the micellization end point measured for
styrene—diene diblocks in propane should be characteristic of all amphiphilic diblock copolymer solutions that
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form micelles in compressible solvents.

Introduction

Block copolymer molecules consist of two or more blocks
of segments with distinctly different affinities to a solvent. If
the solvent is selective enough, such molecules can form
spherical micelles, which consist of a solvent-phobic core and
solvent-philic corona. This capacity to self-assemble into
micelles has led to extensive research on and numerous practical
applications of block copolymers,> primarily in relatively
incompressible liquid solvents,* but there are a few references
to compressible micellar solutions in carbon dioxide® '° as well.

In our recent work, we focused on model styrene—diene block
copolymers in a compressible alkane solvent, such as propane,
to understand their bulk and micellar phase behavior. For
example, polystyrene-block-polyisoprene was demonstrated to
form micelles in supercritical and subcritical propane that exhibit
micellization and micelle decomposition transitions induced by
changing either pressure or temperature or both.'' In other
words, such systems exhibit critical micelle temperatures, which
are a function of pressure, and vice versa. At the onset of
micellization, a trace of free polystyrene was shown to cause a
characteristic scattering peak, not only upon cooling—heating
but also upon compression—decompression. At a constant
polymer concentration, both micellization temperature and
pressures were found to fall around a decreasing micellar phase
boundary curve in pressure—temperature coordinates, which lies
above the copolymer cloud-point curve and below the polysty-
rene cloud-point curve. The onset of micellization and the onset
of bulk transition (cloud point) were not only measured but also
realistically estimated'? for styrene—isoprene and styrene—
butadiene block copolymers in propane from statistical associat-
ing fluid theory (SAFT1) using universal SAFT1 parameters
characteristic of the segment volumes and segment energies.
That study'? also provided a clue that the experimental cloud
pressures of the micellar solutions were lower than those
calculated from SAFT1 for a hypothetical random solution, but
it did not explain and quantify the extent of such a cloud-

* Corresponding author. E-mail radosz@uwyo.edu.

10.1021/ma900270u CCC: $40.75

pressure reduction and its high-temperature limit. The latter is
important because it represents a true, pressure-specific but
pressure-independent equivalent of the “critical micelle tem-
perature”, referred to as the micellization end point (MEP).

Therefore, the goal of this work is to measure and calculate
micellar and bulk (cloud) transitions in compressible solutions
of polystyrene-block-polybutadiene and polystyrene-block-poly-
isoprene in propane to probe the extent to which micelle
formation enhances the apparent diblock solubility, to quantify
the pressure—temperature MEP beyond which no micelles can
be formed and to characterize its dependence on the block type,
size, and ratio.

Experimental Section

Materials. The homopolymers and diblock copolymers used in
this work are either purchased or synthesized via living anionic
polymerization using well-established vacuum line techniques, as
documented in recent reviews.'*'* Briefly, the diblocks are prepared
by sequential monomer addition, with sampling of the first block
(polystyrene). Microstructure of the polybutadiene and polyisoprene
is controlled through the choice of solvent and use of polar
additions, tertiary amines, and ethers.'>'S Molecular weights and
polydispersity indices are characterized using size exclusion chro-
matography (SEC) with online light scattering detection. Micro-
structure of the polydienes and composition of the block copolymers
are determined using proton nuclear magnetic resonance ('"H NMR).

The polybutadiene and polyisoprene samples are at least 90%
of the 1,4-addition type for both homopolymer and diblock
copolymer. The molecular weights and polydispersity indices of
all samples are provided in Table 1, including their short names.

The propane is 99.0% grade from Matheson Trigas, Inc., and
used without further purification.

Terminology and Experimental Method. The onset of bulk
phase transition of a clear polymer solution is usually observed as
the onset of its turbidity and hence referred to as the “cloud point”,
that is, the pressure and temperature at which the homogeneous
solution turns cloudy, referred to as the cloud pressure (CP) and
the cloud temperature (CT). When the bulk phase transition occurs
from a micellar solution, as opposed to a molecularly homogeneous
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Table 1. Polymers Used in This Work

polymer abbreviation M, PDI”

polystyrene S(5)° 5.5 1.02
polybutadiene B(5)“ 5.3 1.04
polystyrene-block-polybutadiene ~ S—B(5—5)° 54-535 1.03
S—B(15—13)¢ 15.0—13.0 1.05

S—B(16—9) 15.5-9.4 1.02

S—B(37-36) 36.8—359 1.0l

polystyrene-block-polyisoprene S—1(9—23) 9.0—23.0 1.01
S—I(11—-10)° 11.5—-10.5 1.04

“ M, = number-average molecular weight (kg/mol). ® Polydispersity
index = M,/M,; M, = weight-average molecular weight. “ Purchased from

Polymer Source, Inc.
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Figure 1. A simplified schematic of the apparatus.''

o
Laser

solution, such a transition is referred to as the micellar cloud point
with its corresponding measured conditions, the micellar cloud
pressure (MCP) and the micellar cloud temperature (MCT).

The micelle formation or decomposition in a block copolymer
solution is measured from the change of the scattered-light intensity
upon changing pressure at constant temperature, which results in
the micellization pressure (MP), or changing temperature at constant
pressure, which results in the micellization temperature (MT). The
micelle-containing solution is referred to as the micellar solution,
in contrast to the molecular solution observed upon micelle
decomposition.

In this work, CP, MCP, and MP are measured in a small high-
pressure variable-volume cell coupled with transmitted- and scat-
tered-light intensity probes and equipped with a borescope for visual
observation of the phase transitions and with pressure and temper-
ature probes accurate to within &2 bar and £0.1 °C, respectively.

In a typical experiment, a known amount of polymer (0.5 wt %)
and solvent is loaded into the cell, which is then brought to and
maintained at a desired pressure and temperature, high enough for
the polymer to form a molecular solution. A simplified schematic
of the experimental setup is shown in Figure 1. A detailed
description of the apparatus and experimental procedure can be
found in Winoto et al.'! In this work, attempts to reproduce CP,
MCP, and MP for different cell loads suggest that the measured
data are reproducible to within 30 bar.

Computational Method. A version of statistical associating fluid
theory referred to as SAFT1'” was demonstrated to represent the
cloud points of molecular solutions of homopolymers and diblock
copolymers in propane.'? SAFT1 parameters used in this work are
the same as those previously derived from experimental CP data
for propane solutions of polystyrene,'® polydienes, and their diblock
copolymers.'> A sample result shown in Figure 2, redrawn from
the data previously published by Tan et al.,'? illustrates that SAFT1
can quantitatively estimate the CP for a S—B(5—5) diblock and
the corresponding homopolymers, all at a constant polymer
concentration of 0.5 wt % in propane. This diblock is too small to
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Figure 2. Cloud pressure (CP) as a function of temperature for 0.5 wt
% solutions of polystyrene (S) in propane, polybutadiene (B) in propane,
and polystyrene-block-polybutadiene (S—B) in propane; SAFT1 rep-
resents CP of homopolymers and diblock copolymer.'?
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Figure 3. Cloud pressure as a function of temperature for 0.5 wt %
polystyrene-block-polybutadiene (S—B) solution in propane and cloud
pressure of the corresponding homopolymers, polystyrene (S) and
polybutadiene (B), in the same solvent; the dotted curves stand for
constant propane density'® in g/mL.

form micelles at the concentration and in the temperature range
investigated in this work, but it illustrates that the CP data calculated
for molecular solutions are in agreement with the experimental data
and that the CP for a symmetric diblock falls roughly between the
CP of the corresponding homopolymers of the same size as the
blocks.

Results and Discussion

Building on this finding, we calculate CP data alone (assum-
ing no micelle formation) for a larger diblock, S—B(15—13) in
propane, for which we have experimental data, and for its
corresponding homopolymers, S(15) and B(13), for which we
do not have experimental data. The results are shown in Figure
3, including constant propane density curves (dotted). The CP
calculated for the diblock (solid curve) is consistent with the
measured CP (open circles) at temperatures higher than about
100 °C, but it becomes progressively higher than the measured
CP upon decreasing temperature, by as much as 500 bar at 20
°C. This brings out a distinct change in slope of the measured
CP around 100 °C.

As it turns out, this change in cloud-point curve slope is
caused by micellization observed for the S—B(15—13) diblock
copolymer in propane up to about 100 °C, as illustrated in Figure
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Figure 4. Cloud pressure (CP), micellar cloud pressure (MCP), and
micellization pressure (MP) as a function of temperature for 0.5 wt %
solution of polystyrene-block-polybutadiene (S—B(15—13)) in propane;
cloud-point curve (dashed), micellar cloud-point curve (dash-dotted),
and micellization boundary (dotted) intersect around a micellization
end point (MEP), indicating the highest temperature at which micel-
lization can occur for a constant-concentration solution, around 104
°C for a 0.5 wt % S—B(15—13) in propane.

4 and amplified in the inset. The square points in Figure 4
indicate the measured micellization pressures (MP), the filled
circles indicate the regular (molecular solution) cloud pressures
(CP), and the open circles indicate the micellar cloud pressures
(MCP). Hence, the micellar region in pressure—temperature
coordinates is a wedge between the MCP curve, which indicates
the onset of micelle aggregation and bulk precipitation upon
cooling or decompressing the micellar solution, and the MP
curve, which is the onset of micelle formation upon cooling or
decompressing a disordered molecular solution. Since the
propane density increases upon cooling and decreases upon
decompression, as shown in Figure 3, there is no monotonic
cause-and-effect relationship between the solvent density and
micellization for this type of MP behavior (decreasing MP curve
in pressure—temperature coordinates). That is, sometimes (e.g.,
upon isobaric cooling) increasing density induces micelle
formation, but sometimes (e.g., upon isothermal compression)
it induces micelle decomposition. Let us note that, for some
other systems, with an increasing MP curve, such as that
described in refs 5 and 6, increasing density of the micellar
solution upon cooling and compression always leads to micelle
decomposition.

The solid curve in Figure 4 is the same calculated cloud-
pressure curve as in Figure 3 for a hypothetical molecular
solution. The shift from the hypothetical molecular CP (solid
curve) to the experimental MCP (dashed-dotted curve) will be
referred to as the cloud-pressure reduction, illustrated with an
arrow in Figure 4.

Such a cloud-pressure reduction means that the micelle formation
enhances the diblock apparent solubility in propane; it takes lower
pressure and hence density to make the diblock and propane
completely miscible than it would have taken for a corresponding
molecular solution, in the absence of micelles. This is because the
butadiene corona, which has more favorable interactions with
propane than the styrene core, shields the styrene core from
propane, which inhibits a bulk phase separation and hence reduces
its onset pressure (MCP relative to CP).

The highest temperature at which the micellization can be
observed, the temperature—pressure tip of the micellar region
wedge, shown with a diamond in Figure 4, is referred to as the
micellization end point (MEP). MEP corresponds to the so-
called critical micelle temperature (MT in this work), which is
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Figure 5. Micellization pressure (MP), micellar cloud pressure (MCP),
cloud pressure (CP), and micellization end point (MEP around 125
°C) for 0.5 wt % solution of polystyrene-block-polybutadiene
(S—B(16—9)) in propane and calculated cloud pressures for the
corresponding homopolymers in the same solvent.
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Figure 6. Micellization pressure (MP) and micellar cloud pressure
(MCP) indicate micellization end point (MEP) above 200 °C for 0.5
wt % solution of polystyrene-block-polybutadiene (S—B(37—36)) in
propane and calculated cloud pressures of the corresponding homopoly-
mers in the same solvent.

a function of pressure and concentration. By contrast, MEP has
a characteristic pressure, but it is pressure independent for a
given concentration.

For a given solvent, the MEP temperature should depend on
the block type, size, and ratio. In order to test and illustrate this
hypothesis, we characterize the molecular and micellar propane
solutions of additional model styrene—diene diblocks: S—B
(16—9), S—B(37—36), S—1(9—23), and S—I(11—10). The
results are shown in Figures 5—8. A summary of MEP
temperatures and their characteristic pressures is given in Table 2.

Figures 4—8 illustrate that the MEP pressure and especially
temperature vary for a given block type as a function of the
block size and ratio. For example, Figure 5 illustrates that
increasing the styrene/diene block ratio, at about the same
styrene size, compared to that shown in Figure 4, increases the
MEP temperature.

Figure 6 shows that a relatively large styrene block in
S—B(37—36) shifts the MEP temperature slightly beyond the
experimental range, above 200 °C; if needed, it can be safely
estimated through extrapolation. A previous example of
S—B(5—5) in propane shown in Figure 2 illustrates a case where
the true MEP temperature lies well below the experimental
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Figure 7. Micellization pressure (MP), micellar cloud pressure (MCP),
cloud pressure (CP), and micellization end point (MEP around 19 °C)
for 0.5 wt % solution of polystyrene-block-polyisoprene (S—1(9—23))
in propane (new CP data consistent with those from ref 12 which did
not include the MCP, MP, and MEP) and calculated cloud pressures
of the corresponding homopolymers in the same solvent.
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Figure 8. Micellization temperature (MT), micellization pressure (MP),
micellar cloud pressure (MCP), cloud pressure (CP), and micellization
end point (MEP around 138 °C) for 0.5 wt % solution of polystyrene-
block-polyisoprene (S—I(11—10)) in propane (replotted on the basis
of the experimental data from ref 12 which did not include MEP) and
calculated cloud pressures for the corresponding homopolymers in the
same solvent.

Table 2. Micellization End Point
micellization end point (MEP)

0.5 wt % copolymer in propane

S—B(5-5) <0°C
S—B(15—13) 104 °C; 750 bar
S—B(16—9) 125 °C; 698 bar
S—B(37—36) >200 °C
S—1(9—-23) 19 °C; 495 bar
S—I(11—-10) 138 °C; 504 bar

temperature range. Instead of extending the temperature range
to lower temperatures for small polymers or to higher temper-
atures for large polymers, an alternative approach to prove
micellization is to increase the concentration of the small
polymer (which increases its MEP temperature) or to decrease
the concentration of the large polymer (which decreases its MEP
temperature).

Figures 7 and 8 also suggest that increasing the isoprene block
size (molecular weight) reduces the MEP temperature. More
systematic work is needed to understand the effects of the block
type (butadiene vs isoprene), size, ratio, and crystallizability
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and of the polymer concentration, not only on MEP but also
on CP, MCP, and MP for symmetric diblocks and asymmetric
diblocks. Such data, explored, analyzed, and documented in
detail in a separate project, are needed to exploit compressible
solvents for solubilizing block copolymers and other solutes.

Conclusion

Micellar solutions of polystyrene-block-polybutadiene and
polystyrene-block-polyisoprene in propane are found to exhibit
significantly lower cloud pressures than the corresponding
hypothetical nonmicellar solutions, which is a measure of the
polymer solubility enhancement due to micelle formation. Such
a solubility enhancement is produced by the solvent-philic
micelle corona that shields its core from the solvent. Concentra-
tion-dependent pressure—temperature points beyond which no
micelles can be formed, referred to as the micellization end
points, depend on the block type, size, and ratio. The cloud-
pressure reduction and the micellization end point measured for
styrene—diene diblocks in propane should be characteristic of
all amphiphilic diblock copolymer solutions that form micelles
in compressible solvents.
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