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ABSTRACT: The phase behaviors of polystyrene-block-poly(n-butyl methacrylate) (P(S-b-nBMA)) and
polystyrene-block-polyisoprene (P(S-b-I)) copolymers were studied in the presence of methane, ethane,
propane, butane, and tetradecane. Sorption of the light alkanes induces phase segregation in P(S-b-
nBMA), depressing the lower disorder-to-order transition (LDOT). The chain length of the solvent dictates
the severity of the depression. At equivalent volume fractions, methane induces the most substantial
shift of the LDOT, and as the length of the alkane chain is increased, the degree of the depression is
diminished. In contrast to the influence of expanded solvents, dilution of the P(S-b-nBMA) melt with
tetradecane slightly increases the miscibility of the segments. In all P(S-b-I)/alkane systems studied,
solvent sorption increases the region of miscibility and depresses the upper order-to-disorder transition
(UODT). This effect is independent of alkane chain length and depends only on the volume fraction of
alkane sorbed into the copolymer. The difference in behaviors between the copolymers is due to the nature
of microphase separation. In the P(S-b-I) system, the UODT is enthalpically driven and solvent sorption
screens unfavorable contacts. In the P(S-b-nBMA) system, the LDOT arises due to disparities in
compressibility between the segments that are exacerbated by the selective sorption of compressible
solvents.

Introduction

The phase behavior of diblock copolymers has been
studied quite intensively both theoretically1-6 and
experimentally.7-9 The majority of the studies have
focused on the location of the upper order-to-disorder
transition (UODT), common behavior for diblocks, where
microphase separation occurs from a homogeneous melt
as the temperature is decreased through the transition.
Recently, diblock copolymers exhibiting a lower disorder-
to-order transition (LDOT), analogous to the lower
critical solution temperature (LCST) observed in poly-
mer blends, have been reported.10-12 In the absense of
strong specific interactions between segments, phase
separation at the LCST or LDOT is driven by entropic
considerations, namely equation-of-state effects that
arise due to the disparities in component compressibili-
ties.5,10,13,14 Such disparities can impose unfavorable
volume changes on mixing that destabilize the system.
This is the case for polystyrene-block-poly(n-butyl meth-
acrylate) {P(S-b-nBMA)} copolymers for which the
LDOT is accompanied by an increase in volume upon
demixing of the copolymer segments.55 In contrast, the
UODT is an enthalpically driven transition, resulting
from unfavorable interactions between the segments.

The use of solvents is intimately associated with the
processing and application of block copolymers. In recent
years, the use of compressible solvents has received
considerable interest, especially carbon dioxide due to
its low environmental impact, its utility in photoresist
development,15 and the use of dilated diblock copolymers
as templates for composite materials.16,17 Little infor-
mation is available, however, on how compressed fluid
sorption influences the phase behavior of multicompo-
nent polymer systems, including block copolymers.

Several characteristic features of compressed diluents
distinguish them from good liquid solvents. First,
compressible fluids are generally poor solvents for most
polymers. Often a polymer is readily dilated by a
compressed fluid but is not soluble in it. For these
heterogeneous polymer/solvent systems, temperature
and pressure dictate solvent quality and, in turn, the
extent of swelling. Second, the use of compressible
solvents requires accounting for hydrostatic pressure
effects, which are inherent to these systems. Finally, it
has been shown that sorption of compressible fluids such
as carbon dioxide increases the compressibility of the
polymer matrix.18,19 Fluid sorption may therefore add
contributions to phase instability related to increases
in component compressibility that are negligible in
liquid diluents. The effect of these contributions would
be most pronounced for systems exhibiting LDOT- or
LCST -type behavior but may be less important for
systems exhibiting UODT-type or upper critical solution
temperature (UCST)-type behavior.

Recently, we reported experimental results that are
in line with the above observations. Sorption of CO2 or
ethane in polystyrene-block-polyisoprene (P(S-b-I)) co-
polymers, which exhibit an UCST-type order-to-disorder
(ODT) transition, increases segment miscibility.44 This
result is consistent with the influence of liquid diluents
and can be attributed to solvent screening of unfavor-
able contacts. In marked contrast to this behavior, we
observe solvent-induced phase segregation in polymer
blends and block copolymers exhibiting LCST-type
phase behavior upon sorption of compressed carbon
dioxide. For example, sorption of low volume fractions
of CO2 into polystyrene/poly(vinyl methyl ether) blends
induces phase segregation at temperatures far below the
ambient temperature LCST. In another study, it was
found that the LDOT of P(S-b-nBMA) can be depressed
by hundreds of degrees by sorption of small weight* Corresponding author. E-mail watkins@ecs.umass.edu.
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fractions of CO2.20 Solvent-induced phase segregation
in LCST systems is attributed to the entropic conse-
quences of fluid sorption, namely a disparate increase
in component compressibility. We note that disparities
in compressibility are at the heart of equation-of-state
effects that drive LCST-type phase separation in block
copolymer melts and blends in systems with weak
interactions. In polymer melts dilated with supercritical
fluids there are two factors that influence compress-
ibility. Hydrostatic pressure tends to decrease compress-
ibility, but this contribution can be dominated by the
consequences of fluid sorption,18 which can increase
compressibility by the incorporation of a high free
volume diluent and/or the disruption of polymer chain
packing.

While the results of our studies to date provide an
indication that the entropic consequences of fluid sorp-
tion can dramatically influence the phase behavior of
blends and block copolymers dilated by compressible
fluids, the explicit decoupling of these effects from
enthalpic (screening) interactions in multicomponent
polymer/solvent sytems is difficult. In the present study,
the effect of solvent compressibility is examined more
directly by using a series of n-alkanes and block
copolymers exhibiting UODTs (P(S-b-I)) and LDOTs
(P(S-b-nBMA)). Previous reports indicate that alkane
chain length has little effect on the enthalpic interac-
tions in polymer/liquid solvent systems. This is reflected
by Flory-Huggins interaction parameters (ø) that are
invariant with alkane chain length.21 To a first ap-
proximation, the change in thermodynamic properties
between different n-alkanes is due to differences in free
volume.22 The influence of light alkane sorption on
copolymer phase behavior will thus contain contribu-
tions from solvent screening, hydrostatic pressure, and
increases in component compressibility. Each of these
factors must be considered.

Experimental Section
Three poly(styrene-block-isoprene) (P(S-b-I)) copolymers

were purchased from Polymer Source (Dorval, PQ). The
samples are designated as SI 7/8, SI 11/10, and SI 16/11 with
total molecular weights (Mn) of 15 000, 20 200, and 27 300
g/mol, respectively (Table 1). The polystyrene-block-poly(n-
butyl methacrylate) diblock copolymer used in this study was
purchased from the Polymer Synthesis Facility at the Uni-
versity of Minnesota. The total molecular weight of the sample
is 64 450 g/mol with a polydispersity of 1.04 as determined by
size exclusion chromatography. For calculating volume frac-

tions for the copolymers, the densities of the phases were
assumed to be 1.05, 0.90, and 1.053 g/cm3 for polystyrene,
polyisoprene, and poly(n-butyl methacrylate), respectively.23

Methane (C.P. grade, 99.0%), ethane (C.P. grade, 99.0%),
propane (C.P. grade, 99.0%), and butane (C.P. grade, 99.0%)
were obtained from Merriam Graves and used as received. The
properties of these gases are summarized in Table 2. Tetrahy-
drofuran (Aldrich) was used as a cosolvent for samples
containing tetradecane (Aldrich). The cosolvent was allowed
to evaporate at room temperature, followed by removal under
vacuum at room temperature until the sample maintained a
constant mass over time. For calculating the composition of
the solutions, the density for tetradecane was assumed to be
0.763 g/cm3.

Transitions in the diblock copolymers were determined
using static birefringence (depolarized transmitted intensity).
The samples were placed between two glass spacers within a
high-pressure cell, equipped with two oriented [0001] sapphire
windows. Details of the cell design are provided elsewhere.20

The sample cell was heated by an aluminum heating jacket
using electric resistance heaters. For all experiments, the cell
was purged with the fluid of interest, except in the case of
tetradecane where an atmosphere of methane was used (∼1
bar). The pressure of the fluid was controlled using a high-
pressure syringe pump (High-Pressure Equip. Co.) connected
to a manifold containing the fluid.

A schematic of the experimental setup is shown in Figure
1. Light from a 10 mW HeNe laser was polarized vertically
and passed through the sample. The transmitted beam was
analyzed using a horizontal polarizer and recorded using a
photodiode. For ordered systems, the polarization state of the
transmitted light is determined by both form birefringence,
originating from anisotropy in composition in the ordered state
(except for bcc spheres), and intrinsic birefringence from chain
stretching at the interface.24 The disordered state is isotropic
in nature and should have no significant effect on the polariza-
tion state of the transmitted light. Therefore, little if any light

Figure 1. Schematic of the high-pressure birefringence optical train.

Table 1. Characteristics of Diblock Copolymers Used in
This Study

sample Mn (kg/mol) fPS PDI transition (°C)

SI 7/8 15.0 0.44 1.03 105 (UODT)
SI 11/10 21.3 0.49 1.05 153 (UODT)
SI 16/11 27.3 0.54 1.05 205 (UODT)
65K SnBMA 64.5 0.53 1.03 188 (LDOT)

Table 2. Light n-Alkane Properties

alkane MW (g/mol) Tc (K) Pc (bar) ω

methane 16.04 109.6 46.0 0.008
ethane 30.07 305.4 48.8 0.098
propane 44.10 369.8 42.5 0.152
n-butane 58.12 425.2 38.0 0.193
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will emerge from the crossed-polarizers. A transition from an
ordered state to disorder is thus observed by a discontinuous
change in the transmitted intensity, from a large value to near
zero. The measured birefringence in the disordered state in
our system was not precisely zero, due to an error in the cut
angle of the sapphire ((2°). This led to a finite, but small,
transmitted intensity, even through the empty cell. Over the
pressure and temperature range studied, the birefringence of
the sapphire remains nearly constant.25,26 The fluid densities
were obtained from the NIST Standard Reference Database.27

The range of pressures required for the experiments was
dependent on solvent chain length: methane (ambient to 400
bar), ethane (ambient to 300 bar), propane (ambient to 75 bar),
and butane (ambient to 25 bar).

Fluid sorption measurements were conducted to quantify
the effect of the light n-alkanes, in particular ethane, in
comparison to liquid diluents. Sorption was measured in
homopolymers of polyisoprene and polystyrene. Ethane sorp-
tion in polyisoprene was measured at 40 °C using a pressure
decay method similar to that described by Koros and Paul.28

Instead of measuring the total pressure in both chambers,
however, the total pressure was measured in the ballast
section ((0.3 bar) and a differential pressure ((0.01 bar) was
measured between the sample and ballast chambers to in-
crease precision. Specific volumes of the fluid were determined
using the NIST Standard Reference Database.27 Previously
reported data for CO2 sorption in polystyrene29 and poly(vinyl
methyl ether)30 were reproduced within 5%.

Results and Discussion

Light Alkane Sorption in Polymers. In a series
of n-alkanes, chain length has little effect on the
enthalpic interactions in polymer/solvent systems. There
are however a number of subtle differences that must
be considered. One of the most obvious is end effects,
which must account for enthalpic differences between
methylene (-CH2-) and methyl (-CH3) groups, but this
effect has been found to be small.31 Another effect of
chain length, which is magnified in light n-alkanes, is
the differences in polarizability. Differences can also be
seen in the large disparities in the acentric factor, which
accounts for nonspherical charge distribution in the
molecule (Table 2). There are also variations in the
degrees of freedom, both external and internal for the
alkanes being studied. The external degrees are a result
of connectivity and contribute to the conformational
entropy of the system. The role of internal degrees of
freedom is evident when comparing methane and ethane,
which do not exhibit rotational modes about the carbon
atoms, with larger n-alkanes in which these modes are
present. There are a number of other factors including
creation of order by packing that contribute to thermo-
dynamic differences in the series of alkanes, but these
are primarily associated with longer chain lengths.22

Despite these differences, a series of light alkanes
provide the opportunity to vary solvent compressibility
significantly while maintaining nearly constant enthal-
pic interactions.

One of the challenges of this study was developing a
meaningful comparison of the data obtained for the
various alkanes. Typically for block copolymer solutions,
the transitions are compared as a function of volume
fraction of polymer, φ.32-34 The volume fraction can be
directly calculated for liquid diluents when preparing
the samples. However, for the alkanes studied here, a
direct measurement cannot easily be made as solvent
is added through manipulation of the fluid density, and
the solution compositions are determined by sorption
equilibrium. There has been much work on measuring
gas sorption in various polymers for a variety of

alkanes.35-39 However, given the large number of samples
and fluids used in this study, it is desirable to avoid a
separate measurement to determine the composition for
each of the measured transitions. It has been proposed
that for a homologous set of solvents, such as alkanes,
solvent quality is determined almost exclusively by
density. If this were true, then the alkane sorption
should be a function of density, temperature, and
polymer matrix but independent of choice of alkane.
Figure 2a shows the sorption of methane, ethane, and
propane in PDMS as a function of density.40 It can be
seen that the sorption is not independent of chain
length. This is not unexpected, due to the reasons cited
earlier. Moreover, the equivalency of solvent quality at
a fixed density has been disproved directly for the case
of ethane and pentane.41 The use of chemical potential,
or an analogue of it to describe the thermodynamic state
of the solvent, may be more effective in collapsing the
sorption isotherms for the alkanes. One of the more
attractive options is the use of activity of the fluid in
the polymer at equilibrium. Correlation of activity with
fluid sorption has previously been applied to polymer/
CO2

42 and polymer/toluene43 systems.
The relationship between solvent activity and solution

composition was given by Flory:

where φ is volume fraction of polymer, a is the activity
of the solvent in the polymer, and ø is the Flory-
Huggins interaction parameter. Since the fluid sorption
in the cases studied here is equilibrium limited, the
activity of the fluid phase is equal to the activity of the
fluid sorbed in the homogeneous polymer phase. The

Figure 2. Sorption of (O) methane, (0) ethane, and (])
propane in PDMS at 35 °C as a function of (a) fluid density
and (b) activity. Alkane sorption data from Merkel et al.40 We
find the sorption of light n-alkanes collapses to a single curve
as a function of activity.

ln a ) ln(1 - φ) + φ + øφ
2 (1)
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activity can be calculated via

where P is the pressure, T is the temperature, V is the
fluid phase volume, R is the gas constant, Φ is the
fugacity coefficient, and Vh R is the specific volume of the
sorbed alkane. Fugacity coefficients were calculated
using the Peng-Robinson equation of state (PR EOS)
via an isothermal Gibbs departure function. The super-
script “sat” indicates the saturation value. For measure-
ments at T > Tc of the solvent, the vapor pressure is
extrapolated using the Antoine equation, and values for
the specific volume of the sorbed alkanes are taken from
the work of Kamiya and co-workers.21 The sorption of
the alkanes in PDMS at 35 °C as a function of activity
is shown in Figure 2b. We find better agreement
between the sorption isotherms using activity. This is
not unexpected as ø should not vary much between
alkanes due to the similarity in their chemical nature.
Sorption data for methane and ethane in poly(n-butyl
methacrylate) can be collapsed using the same approach
with equivalent results.

Effect of Light Alkane Sorption on the UODT of
P(S-b-I). The UODT’s of the P(S-b-I) copolymers were
measured as a function of fluid density for each al-
kane: methane, ethane, propane, and butane. The
transitions were found to be thermoreversible and
reproducible within 1 °C. The transitions for the neat
copolymers have been previously reported for SI 7/8 and
SI 11/10 using SANS; subsequent measurements using
birefringence agree within experimental error. One
complication with previous work was the limited time
for SANS measurements.44,45 It is important to note that
all the studies involving the light alkanes were hetero-
geneous: fluid is dissolved in the polymer phase, but
the polymer is insoluble in the fluid. The solvent quality
for these alkanes can be tuned by varying the fluid
density. Figure 3 shows a heating and cooling profile
for SI 11/10 swollen with butane at a fluid density of
0.03 g/cm3. A discontinuity in the intensity is observed
at 130 °C, indicating a transition. For this case, the
transition is depressed by more than 20 °C. The depres-
sion of the UODT upon sorption of compressible diluents
is consistent with the behavior of weakly selective liquid
diluents such as di-n-butyl phthalate (DBP).46 As dis-

cussed earlier, the effect of hydrostatic pressure on the
transition of P(S-b-I) in the presence of compressed
diluents must be accounted for. In the neat melt, the
hydrostatic pressure coefficient is 0.019 °C/bar.47,48 This
coefficient is valid in solution as well.49 UODTs, cor-
rected for hydrostatic pressure contributions, are shown
as a function of activity in Figure 4. The transitions
collapse to a single curve for SI 7/8. For the other
copolymers there are some minor differences among the
solvents. These trends, however, are not systematic with
respect to alkane chain length and may reflect the
subtle differences among the alkanes noted earlier. In
all cases, differences in compressibility of the alkanes
do not appear to have a profound effect on the location
of UODTs for P(S-b-I), since the degree of depression
scales with the volume fraction of sorbed diluent.
Consequently, the effect of screening interactions be-
tween the copolymer segments appears to be dominant,
as would be expected for the enthalpically driven UODT.

Figure 3. Transmitted intensity from SI 11/10 swollen with
butane at a constant density of 0.03 g/cm3 upon cooling (0)
and subsequent heating (]). The transition is depressed from
153 to 130 °C.

a )
P(T,V) Φ(T,V)

Psat(T,Vsat) Φ(T,Vsat) exp(Vh R

RT
(P - Psat))

(2)

Figure 4. Effect of light n-alkanes on the ODT of (a) SI 7/8,
(b) SI 11/10, and (c) SI 16/11 for (O) methane, (0) ethane, (])-
propane, and (2) butane as a function of fluid activity. The
depression is found to be a function of the activity of the fluid,
but nearly independent of the chain length.
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Effect of Tetradecane Sorption on the Phase
Behavior of P(S-b-I). The effect of selective solvents
on the phase behavior of P(S-b-I) was studied previously
by Lodge and co-workers.46,50 Most applicable to this
work was the effect of tetradecane on the phase behav-
ior; however, unlike the lamellar morphology of the
nearly symmetric copolymer studied here, the sample
was asymmetric, displaying both gyroid and cylindrical
phases in the melt with a minority component of
polystyrene. More recently, Register and co-workers
have studied the effect of more strongly selective
solvents with the least selective solvent being tetrade-
cane.51 Again, tetradecane was found to depress the
UODT. To facilitate further comparison between the
behavior of compressible solvents and liquid diluents
in UODT systems, we examined the influence of tet-
radecane on the phase behavior of the nearly symmetric
copolymers. Since tetradecane sorption is not equilib-
rium limited at the conditions of interest, a comparison
on the basis of solvent activity is not useful: a direct
comparison on the basis of volume fraction polymer is
used. Isotherms for ethane sorption in polyisoprene and
polystyrene52 at 40 and 35 °C, respectively, are pre-
sented in Figure 5. As expected, ethane is selective
toward the isoprene phase, but to a lesser degree than
tetradecane. Returning again to the Flory activity
equation, the interaction parameter for PS/ethane and
PI/ethane can be calculated assuming a molar volume
of 61 cm3/g for ethane sorbed in either polymer to
determine the volume fraction for each composition.35

The calculation yields ø values of 1.7 for PI/ethane and
2.1 for PS/ethane. Interaction parameters have been
previously determined for various liquid n-alkanes in
polystyrene or polyisoprene and are listed in Table 3.53,54

Comparison of these interaction parameters with those
determined for ethane is informative. First, the liquid
diluents are much better solvents for both polystyrene

and polyisoprene than ethane. In addition, the selectiv-
ity for the polyisoprene over polystyrene phase is much
greater for the case of the liquids than ethane, which
should impact phase behavior. Figure 6 shows the
order-disorder transitions in SI 7/8 as a function of
volume fraction for ethane and tetradecane. The re-
ported ODTs with ethane as solvent were corrected for
hydrostatic pressure. There is a rather distinct differ-
ence between the ethane and the liquid alkane that is
due to the selectivity of tetradecane toward polyiso-
prene. This selectivity leads to an accumulation of
solvent in the polyisoprene phase and reduces the ability
of the alkane to screen interactions between the mi-
crophases.

Effect of Light Alkane Sorption on the LDOT of
P(S-b-nBMA). The neat P(S-b-nBMA) copolymer has
a LDOT at 188 °C as determined by birefringence and
is found to be thermoreversible within 1 °C. The sorption
of small fractions of light alkanes leads to a severe
depression in the LDOT. Figure 7 shows a representa-
tive curve of the birefringence data for pressurized
systems containing P(S-b-nBMA). In this case, P(S-b-
nBMA) is swollen with 0.04 g/cm3 ethane. The sample
orders upon heating from 132 to 133 °C, a depression
of 55 °C from the neat copolymer. However, upon
cooling, the sample does not disorder until 126 °C. This
discrepancy in the phase transition temperature be-
tween ordering and disordering of the sample cannot
be explained by kinetic limitations, as the size of the
region of metastability (6 °C) is independent of the rate
of heating/cooling for rates less than 1 °C/20 min. It is
interesting to note that the magnitude of the metasta-

Figure 5. Sorption of ethane in (1) polyisoprene and (b)
polystyrene at 40 and 35 °C, respectively. Polystyrene sorption
data from RamachandraRao and Watkins.52

Table 3. Comparison of ø Values for Various n-Alkanes in
Polystyrene54 and Polyisoprene53

ø

solvent PS PI

ethane 2.1 1.7
n-pentane 0.580
n-hexane 0.534
n-heptane 0.504
n-octane 0.478
n-decane 1.869
n-dodecane 1.870
n-tetradecane 1.972
n-hexadecane 2.143

Figure 6. Comparison of effect of liquid n-alkanes with
ethane on the phase behavior of SI 7/8. Transition temperature
is shown as a function of volume fraction polymer for (1)
ethane and (9) tetradecane.

Figure 7. Measured birefringence in P(S-b-nBMA) swollen
with 0.04 g/cm3 ethane (b) on heating from disorder to order
and ([) on cooling from order to disorder.
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bility increases as the density of the fluid is increased.
One explanation for this behavior is a difference in fluid
sorption between the ordered and disordered states that
increases with total pressure. It has been shown for
miscible LCST polymer blends of PS/PVME that the
sorption of CO2 is less than that for the weighed average
of the sorption for the respective homopolymers.30 A
difference in the equilibrium alkane sorption between
the ordered and disordered states in P(S-b-nBMA)
would require the copolymer to expel fluid upon disor-
dering, which is very unfavorable entropically. It is also
important to note that for the P(S-b-nBMA)/light alkane
systems the region of metastability increases with
decreasing chain length of the fluid. We return to this
point later. By comparison, the UODT of poly(styrene-
block-isoprene) swollen with the light alkanes is fully
reversible within 1 °C, regardless of fluid density, which
suggests the presence of diluent does not present an
additional entropic barrier to segmental mixing.

The location of the LDOT as a function of methane
density is shown in Figure 8. The transitions were
measured as a function of temperature at a constant
fluid density except for one case of isothermal pres-
surization at 120 °C. The depression in the transition
upon ordering is linear with density throughout the
entire range studied for all alkanes. A depression of over
65 °C is observed at a density of 0.09 g/cm3 of methane.
This is a tremendous depression for two reasons: first,
methane is an extremely poor solvent; typically less
than 5% solvent uptake is reported for methane sorption
in polymers. Second, to achieve this density in methane,
a large pressure (185 bar) is required. The effect of
hydrostatic pressure alone in this case would be to
increase the LDOT by over 25 °C, as the pressure
coefficient for the LDOT transition has been reported
to be +0.147 °C/bar.55 We note the hydrostatic pressure
coefficient is an order of magnitude larger than those
reported for many UODT systems.47,48,56-58 The sensi-
tivity of the LDOT to hydrostatic pressure was predicted
by Hino and Prausnitz and arises due the increase in
volume upon demixing of the copolymer blocks at the
LDOT.13,55

The disordering transition in ethane provides for an
even more interesting case. As was the case for the
ordering in methane, the transition is linear with
density up to a density of approximately 0.06 g/cm3.
After this, the LDOT falls rapidly with increasing
density. Note that there is an 11 °C decrease with a
change of less than 0.002 g/cm3 in the fluid density. (The
difference in pressure is 2 bar, which is within experi-
mental error.) This drop-off is observed for all of the

light n-alkanes studied, and the location is dependent
on the fluid. Transitions in the presence of longer
alkanes fall off at a lower density; for example, propane
exhibits a drop at ∼0.03 g/cm3. A comprehensive study
of this behavior is the subject of future work.

Figure 9 shows the effect of sorption of alkanes on
the phase behavior of P(S-b-nBMA) as a function of
activity after corrections for hydrostatic pressure. The
transitions shown are only for ordering of the sample;
the disordering conditions are slightly different due to
the metastability induced by the differences in sorption
between the ordered and disordered states. However,
the trends in both cases are the same: there is a clear
dependence on chain length for the transition temper-
ature as a function of activity, unlike the previously
described case of P(S-b-I). This difference in behavior
can be likely attributed to the difference in mechanism
of phase separation for the neat block copolymers. The
UODT in P(S-b-I) is enthalpically driven by the unfa-
vorable interactions between segments. In the P(S-b-I)
system, sorption of alkanes leads to a screening of these
interactions. The LDOT in P(S-b-nBMA) is entropically
driven by disparities in compressibility between the
segments. Sorption of alkanes has two consequences
that further destabilize the system. First, fluid sorption
increases the total compressibility of the system. Second
and more importantly, alkane sorption is selective for
PnBMA over PS. This selective dilation of PnBMA
exacerbates the compressibility differences between
segments and thus drives microphase separation. Recall
that disparities in component compressibility are at the
heart of equation-of-state-effects that drive phase sepa-
rations in LCST-type blends and block copolymers that
do not exhibit strong specific interactions between the
components. We also note recent theoretical work by
Cho that highlights the importance of a heterogeneous
distribution of free volume in phase separating LCST
systems.5 The differences in the behavior between
alkanes for the P(S-b-nBMA) also lend credence to this
explanation. Butane has the smallest effect on the
LDOT, while methane has the largest effect as a
function of activity (volume fraction diluent). The con-
cept of a differential dilation of the segments is further
supported by the appearance of a region of metastability
in the LDOT. A transition from the phase separated to
the phase mixed states requires a negative volume
change on mixing that is particularly severe for the
preferentially dilated block. The region of metastability

Figure 8. Depression in LDOT by sorption of methane upon
(b) ordering and ([) disordering as a function of the fluid
phase density. Figure 9. Effect of n-alkanes on the LDOT as a function of

activity for (O) methane, (0) ethane, (]) propane, and (2)
butane. The transitions shown here are for disorder-to-order
(heating) only. Unlike the UODT system, the locations of the
transitions depend systematically on alkane chain length.
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may arise because the transition to the phase mixed
state requires an expulsion of solvent, which carries a
penalty due to the loss of combinatorial entropy. This
penalty grows as the chain length of the solvent
decreases and as fluid sorption increases with increasing
pressure. Both trends are evident in the data. Again,
we note that a region of metastability does not appear
for the UODT transition in P(S-b-PI)/alkane systems.
We also note, however, that Hong et al. observed
anomalous sorption of toluene near the UODT for P(S-
b-I) and suggest this behavior may be attributed to
accumulation of solvent at the interface of the phase-
separated copolymer followed by expulsion upon copoly-
mer disordering.59

Effect of Tetradecane Sorption on the LDOT of
P(S-b-nBMA). The final study involved the use of
tetradecane (C14H30), whose compressibility is negligible
in comparison with the light alkanes studied. Tetrade-
cane was chosen for its high boiling point to avoid any
complications relating to large loss of solvent through
evaporation. Previously for P(d8-S-b-nBMA), dioctyl
phthalate (DOP) was shown to have no effect on the
location of the LDOT.20 Here it was expected the
tetradecane would have no effect on the LDOT as well.
However, addition of small amounts of tetradecane is
found to increase the observed LDOT slightly. This
effect may be due to the selectivity of the solvent, which
changes the apparent composition of the diblocks. The
effect of tetradecane on the LDOT as a function of
composition is shown in Table 4. We also note that the
magnitude of the shift in the transition upon the
addition of tetradecane is much smaller than for any of
the compressible solvents studied. It is expected that
for methane the total sorption in any of the reported
cases will be less than 2 wt % from sorption data in
polystyrene and poly(n-butyl methacrylate).37 The dif-
ference in the behavior between the light (C 1-4)
alkanes and tetradecane is due to the large difference
in compressibility.

Conclusions
The sorption of light n-alkanes in poly(styrene-block-

isoprene) suppresses the microphase separation. At
equivalent fluid phase activity, which is shown to
correlate with φ, methane, ethane, propane, or butane
sorption depresses the UODT in a nearly identical
manner. This suggests the influence of the sorbed
diluent on phase behavior is derived from screening
interactions between the chains, an enthalpic effect.

The influence of one of the light alkanes, ethane, was
contrasted with the behavior of several liquid hydro-
carbons. It was found that there is a large difference in
the phase behavior between the gaseous/supercritical
ethane and tetradecane, even in the case for a UODT.
Ethane is a poor solvent for both polyisoprene and
polystyrene while liquid alkanes are good to marginal
solvents for the former but poor solvents for the latter.
This difference in selectivity imparts a difference in the
φ dependence of the UODT.

In contrast to behavior observed in the UODT of P(S-
b-I), sorption of the light alkanes in P(S-b-nBMA)

induces phase segregation. Moreover, a strong depen-
dence of the LDOT in P(S-b-nBMA) on light alkane
chain length is observed. At equivalent fluid phase
activity (and φ), methane induces the most severe
depression and the effect diminishes with increasing
chain length. Since the LDOT is entropically driven,
contributions to compressibility from the sorbed diluent,
which induces a selective dilatation of the blocks, are
important considerations in determining the effect on
phase behavior. In contrast to the behavior noted for
the light alkanes, sorption of the liquid alkane, tetrade-
cane, promotes miscibility in the P(S-b-nBMA) system,
which suggests that contributions to compressibility are
less important for liquid diluents as would be expected.

Acknowledgment. The authors acknowledge sup-
port from the NSF Materials Research Science and
Engineering Center at the University of Massachusetts
and the David and Lucile Packard Foundation. B.D.V.
acknowledges support from the NSF Graduate Research
Fellowship program.

References and Notes

(1) Helfand, E. J. Chem. Phys. 1975, 62, 999.
(2) Leibler, L. Macromolecules 1980, 13, 1602.
(3) Fredickson, G. H.; Helfand, E. J. Chem. Phys. 1987, 87, 697.
(4) Fredrickson, G. H.; Bates, F. S. Annu. Rev. Mater. Sci. 1996,

26, 501.
(5) Cho, J. Macromolecules 2000, 33, 2228.
(6) Cho, J. Macromolecules 2001, 34, 6097.
(7) Bates, F. S.; Schulz, M. F.; Khandpur, A. K.; Forster, S.;

Rosedale, J. H.; Almdal, K.; Mortensen, K. Faraday Discuss.
1994, 98, 7.

(8) Bates, F. S.; Rosedale, J. H.; Fredrickson, G. H. Macromol-
ecules 1990, 23, 6255.

(9) Hashimoto, T.; Kowsaka, K.; Shibayama, M.; Suehiro, S.
Macromolecules 1986, 19, 750.

(10) Russell, T. P.; Karis, T. E.; Gallot, Y.; Mayes, A. M. Nature
(London) 1994, 368, 729.

(11) Ruzette, A.-V. G.; Banerjee, P.; Mayes, A. M.; Pollard, M. A.;
Russell, T. P.; Jerome, R.; Slawecki, T.; Hjelm, R.; Thiyaga-
rajan, P. Macromolecules 1998, 31, 8509.

(12) Fischer, H.; Weidisch, R.; Stamm, M.; Budde, H.; Horing, S.
Colloid Polym. Sci. 2000, 278, 1019.

(13) Hino, T.; Prausnitz, J. M. Macromolecules 1998, 31, 2636.
(14) Patterson, D.; Robard, A. Macromolecules 1978, 11, 690.
(15) Sundararajan, N.; Yang, S.; Ogino, K.; Valiyaveettil, S.;

Wang, J.; Zhou, X.; Ober, C. K.; Obendorf, S. K.; Allen, R. D.
Chem. Mater. 2000, 12, 41.

(16) Brown, G. D.; Watkins, J. J. Mater. Res. Soc. Symp. Proc.
2000, 584, 169.

(17) RamachandraRao, V. S.; Gupta, R. R.; Russell, T. P.; Watkins,
J. J. Macromolecules 2001, 34, 7923.

(18) Garg, A.; Gulari, E.; Manke, C. W. Macromolecules 1994, 27,
5643.

(19) RamachandraRao, V. S.; Watkins, J. J. Macromolecules 2000,
33, 5143.

(20) Watkins, J. J.; Brown, G. D.; Pollard, M. A.; Ramachan-
draRao, V. S.; Russell, T. P. Macromolecules 1999, 32, 7737.

(21) Kamiya, Y.; Mizoguchi, K.; Naito, Y. J. Membr. Sci. 1994,
93, 45.

(22) Bhattacharyya, S. N.; Costas, M.; Patterson, D.; Tra, H.-V.
Fluid Phase Equilib. 1985, 20, 27.

(23) van Krevelen, D. W.; Hoftyzer, P. J. Preperties of Polymers
Relations with Chemical Structure; Elsevier Publishing Co:
Amsterdam, 1972.

(24) Lodge, T. P.; Fredrickson, G. H. Macromolecules 1992, 25,
5643.

(25) Balzaretti, N. M.; Denis, J. P.; da Jornada, J. A. H. J. Appl.
Phys. 1993, 73, 1426.

(26) Jewell, J. M. J. Am. Ceram. Soc. 1991, 74, 1689.
(27) Lemmon, E. W.; McLinden, M. O.; Friend, D. G. Thermo-

physical Properties of Fluid Systems. In NIST Chemistry
WebBook, NIST Standard Reference Database Number 69;
Mallard, W. G., Linstrom, P. J., Eds.; National Institute of
Standards and Technology: Gaithersburg, MD, 2001.

Table 4. Effect of Tetradecane on the LDOT of
P(S-b-nBMA)

φ LDOT (°C)

1.0 188
0.97 197
0.96 202

4062 Vogt and Watkins Macromolecules, Vol. 35, No. 10, 2002



(28) Koros, W. J.; Paul, D. R. J. Polym. Sci., Part B: Polym. Phys.
1976, 14, 1903.

(29) Wissenger, R. G.; Paulaitis, M. E. J. Polym. Sci., Polym. Phys.
1987, 25, 2497.

(30) Mokdad, A.; Dubault, A.; Monnerie, L. J. Polym. Sci., Part
B: Polym. Phys. 1996, 34, 2723.

(31) Lam, V. T.; Picker, P.; Patterson, D.; Tanciede, P. J. Chem.
Soc., Faraday Trans. 1974, 70, 1465.

(32) Lodge, T. P.; Pan, C.; Jin, X.; Liu, Z.; Zhao, J.; Maurer, W.
W.; Bates, F. S. J. Polym. Sci., Part B: Polym. Phys. 1995,
33, 2289.

(33) Sakamoto, N.; Hashimoto, T.; Kido, R.; Adachi, K. Macro-
molecules 1996, 29, 8126.

(34) Hashimoto, T.; Shibayama, M.; Kawai, H. Macromolecules
1983, 16, 1093.

(35) Kamiya, Y.; Naito, Y.; Mizoguchi, K. J. Polym. Sci., Part B:
Polym. Phys. 1989, 27, 2243.

(36) Kamiya, Y.; Terada, K.; Naito, Y.; Wang, J.-S. J. Polym. Sci.,
Part B: Polym. Phys. 1995, 33, 1663.

(37) Nadakatti, S. M.; Kim, J. H.; Stern, S. A. J. Membr. Sci. 1995,
108, 279.

(38) Raymond, P. C.; Koros, W. J.; Paul, D. R. J. Membr. Sci. 1993,
77, 49.

(39) Sanders, E. S.; Koros, W. J. J. Polym. Sci., Part B: Polym.
Phys. 1986, 24, 175.

(40) Merkel, T. C.; Bondar, V.; Nagai, K.; Freeman, B. D.
Macromolecules 1999, 32, 370.

(41) DiNoia, T. P.; Kirby, C. F.; van Zanten, J. H.; McHugh, M.
A. Macromolecules 2000, 33, 6321.

(42) Edwards, R. R.; Tao, Y.; Xu, S.; Wells, P. S.; Yun, K. S.;
Parcher, J. F. J. Phys. Chem. B 1998, 102, 1287.

(43) Berens, A. R. Makromol. Chem. Macromol. Symp. 1989, 29,
95.

(44) Vogt, B. D.; Brown, G. D.; RamachandraRao, V. S.; Watkins,
J. J. Macromolecules 1999, 32, 7907.

(45) It has been found that very long times (∼12 h) are required
to achieve equilibrium for ethane sorption, so the degree of
depression is slightly larger than reported. However, the wait
time for CO2 in the SANS study was sufficient to reach
equilibrium.

(46) Hanley, K. J.; Lodge, T. P.; Huang, C.-I. Macromolecules
2000, 33, 5918.

(47) Hajduk, D. A.; Gruner, S. M.; Erramilli, S.; Register, R. A.;
Fetters, L. J. Macromolecules 1996, 29, 1473.

(48) Steinhoff, B.; Rullmann, M.; Wenzel, M.; Junker, M.; Alig,
I.; Oser, R.; Stuhn, B.; Meier, G.; Diat, O.; Bosecke, P.;
Stanley, H. B. Macromolecules 1998, 31, 36.

(49) Hammouda, B.; Lin, C. C.; Balsara, N. P. Macromolecules
1995, 28, 4765.

(50) Huang, C.-I.; Lodge, T. P. Macromolecules 1998, 31, 3556.
(51) Lai, C.; Russel, W. B.; Register, R. A. Macromolecules 2002,

35, 841.
(52) RamachandraRao, V. S.; Watkins, J. J. Manuscript in

preparation.
(53) Tewari, Y. B.; Schreiber, H. P. Macromolecules 1972, 5, 329.
(54) DiPaola-Baranyi, G.; Guillet, J. E. Macromolecules 1978, 11,

228.
(55) Pollard, M.; Russell, T. P.; Ruzette, A. V.; Mayes, A. M.;

Gallot, Y. Macromolecules 1998, 31, 6493.
(56) Migler, K. B.; Han, C. C. Macromolecules 1998, 31, 360.
(57) Schwahn, D.; Frielinghaus, H.; Mortensen, K.; Almdal, K.

Phys. Rev. Lett. 1996, 77, 3153.
(58) Schwahn, D.; Frielinghaus, H.; Mortensen, K.; Almdal, K.

Physica B 1998, 241-243, 1029.
(59) Hong, S.; Stolken, S.; Zielinski, J. M.; Smith, S. D.; Duda, J.

L.; Spontak, R. J. Macromolecules 1998, 31, 937.

MA012154K

Macromolecules, Vol. 35, No. 10, 2002 Diblock Copolymers Dilated with Light Alkanes 4063


