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ABSTRACT: Blends of ethylene-styrene copolymers were studied as a model system for miscibility of
R-olefin copolymer blends. The phase behavior of partially miscible copolymers, with styrene content
difference of 9-10 wt %, was characterized by phase diagrams. Blends were rapidly quenched from the
melt to retain the phase morphology, and the volume fractions of the two phases were obtained from
AFM phase images. Assuming monodisperse polymers, the phase composition was approximated by
extrapolation of the relationship between blend composition and phase volume fraction. The blends
exhibited an upper critical solution temperature (UCST). With decreasing molecular weight and decreasing
styrene content difference, the blends became more miscible and the UCST decreased. However, the ø
interaction parameter extracted from the phase compositions varied with molecular weight, contrary to
expectations, and did not show the expected squared dependence on styrene content difference. Much
better results were obtained with an approach that considered the molecular weight distribution. Although
the polydispersity of ethylene-styrene copolymers is relatively small, the analysis indicated that phase
composition depended on initial blend composition. The ø parameter obtained with this approach was
independent of molecular weight and was proportional to the square of the styrene content difference.
The solubility parameter difference extracted from the ø parameter agreed with literature values.

Introduction

Recent developments in catalyst technology allow for
the copolymerization of ethylene with large amounts of
styrene.1 With homogeneous comonomer distribution
and narrow molecular weight distribution, these copoly-
mers offer an excellent model system for studying
structure-property relationships of ethylene copolymers
and miscibility behavior of ethylene copolymer blends.2-5

A previous study mapped copolymer composition de-
pendence of miscibility and cocrystallization as deter-
mined from morphology imaged with atomic force
microscopy (AFM), glass transition behavior primarily
from dynamic mechanical thermal analysis (DMTA),
and melting behavior from differential scanning calo-
rimetry (DSC).6 A difference in styrene content of about
9 wt % marked a transition from miscible to immiscible
ethylene-styrene copolymer blends. The boundary en-
compassed a very small compositional region, estimated
from 9 to 10 wt % styrene content difference, where
partial miscibility was clearly evident. In this region,
phase behavior was expected to be a strong function of
styrene content difference, molecular weight, and tem-
perature. The present study was undertaken to quantify
these effects by determining the phase diagram of
partially miscible ethylene-styrene copolymer blends.

The typical method of determining a phase diagram
is to measure the cloud point of the blend.7 However,
this method is not applicable to blends of ethylene-
styrene copolymers due to the chemical similarity of the
blend constituents. Alternatively, neutron scattering can
be used to probe the phase diagram.8,9 However, this

method requires one constituent to be deuterated. A
phase diagram can also be obtained by extrapolating
the phase volume fraction to the coexistence phase
compositions.10 As demonstrated in the present study,
AFM images are amenable to analysis for phase volume
fractions, which are required for this approach.

Most studies that address theoretical and experimen-
tal aspects of polymer blend thermodynamics rely on
monodisperse species.11 Because polymer miscibility
depends strongly on molecular weight, the effects of
molecular weight distribution cannot be neglected with
ethylene-styrene copolymers even though their poly-
dispersity is relatively narrow. The consequences of
polydispersity were considered theoretically by Solc et
al.12-14 and others15,16 using an approach based on
Flory-Huggins-Staverman thermodynamics and in-
corporating the molecular weight distribution. Com-
puted phase diagrams for artificial polydisperse blends
demonstrated the effects of molecular weight distribu-
tion. This approach is now tested against the experi-
mental results for blends of ethylene-styrene copoly-
mers.

Experimental Section

The ethylene-styrene copolymers described in Table 1 were
provided by The Dow Chemical Co. The copolymers used in
this and previous studies have substantially random incorpo-
ration of styrene except that successive head-to-tail styrene
chain insertions are shown by 13C NMR analysis to be absent,
even with high levels of styrene incorporation. For this reason,
the polymers are sometimes described as “pseudorandom”
ethylene-styrene interpolymers.5 The copolymers are desig-
nated by the prefix ES, followed by the weight percent styrene.
Molecular weight data were provided by Dow. The weight-
average molecular weight (Mw) varied from about 120 000 to
250 000 g mol-1 with polydispersity less than 2.5. Molecular
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weight distributions were determined by GPC operating at
ambient temperature with THF as the solvent and using
polystyrene standards. The data were provided in digital form
with 150 equal log M increments. The distributions of ES68
and three copolymers with approximately 58% styrene but
differing in molecular weight are shown in Figure 1. For clarity
of presentation, the distribution of ES59 is not included in the
figure. The glass transition temperature was determined by
dynamic mechanical thermal analysis (DMTA) using a DMTA
MkII unit from Polymer Laboratories in the tensile mode. The
relaxation spectrum was scanned from -50 °C through the
glass transition temperature with a frequency of 1 Hz and
heating rate of 3 °C min-1.

The copolymers were solution blended. The two constituents
were dissolved in refluxing THF for 3-4 h, precipitated with
water, and vacuum-dried at ambient temperature. Specimen
pans containing approximately 15 mg of the blend were held
at the desired temperature in the Rheometrics differential
scanning calorimeter (DSC), quenched in dry ice-ethanol
mixture to fix the morphology unless otherwise indicated, and
removed from the specimen pan. The time at temperature was
1 h for 160 °C and 25 min for temperatures at and above 190
°C. Longer times at temperature produced phase coarsening,
but no change in the relative amounts of the two phases, which
confirmed that equilibrium phase compositions had been
achieved.

Thermal analysis was carried out in a Perkin-Elmer model
7 DSC with approximately 5 mg specimens. The thermograms
were obtained with a heating rate of 10 °C min-1. Atomic force
microscopy (AFM) was performed on microtomed surfaces with
a Digital Instruments Nanoscope IIIa with MultiMode head
and J-scanner. The tapping mode was used at ambient
conditions. Commercial Si probes were chosen. The resonance
frequency of these probes was in the 300 kHz range. Height
and phase images were recorded simultaneously. Because of
the proximity of the glass transition to ambient temperature,
the modulus difference between amorphous copolymers that
varied only slightly in styrene content was large enough to
provide good contrast in AFM phase images. Image analysis
to obtain the area fractions of the two phases was performed

by Image-Pro Plus software from Media Cybernetics. The
dimension of the square area analyzed varied from 25 to 80
µm depending on the phase size, but was at least 15 times,
and sometimes as much as 60 times, the phase dimension. In
all cases, two separate areas were analyzed; the analyses
differed by less than 3%, and the average is reported.

The copolymers contained a small amount of atactic poly-
styrene (<1%), which appeared as white spots in the AFM
phase images. In addition, all the ES58s and ES59 had a small
amount of a rubberlike impurity (<2%) that appeared as black
spots in the AFM images. When blending ES58 with ES68,
all the atactic polystyrene (aPS) went into the ES68-rich phase
and the rubberlike material remained in the ES58-rich phase.
Correcting the phase areas for these impurities changed the
phase compositions and interaction parameter slightly, how-
ever the effect, which was less than 5%, was within the range
of experimental uncertainty. Therefore, data were not cor-
rected for these impurities.

Results and Discussion
Thermal Behavior. The thermal characteristics of

partially miscible copolymers were examined in blends
of ES68 with ES58(224) of about the same molecular
weight and with ES58(120) of lower molecular weight.
With 10 wt % difference in styrene content, these blends
were expected to form two phases.6 Indeed, thermo-
grams of the 50/50 wt/wt ES58(224)/ES68 blend that
had been slowly cooled from the melt confirmed two
glass transitions (Tg’s) that were close to the Tg’s of the
constituents, at -2 °C for ES58 and at 11 °C for ES68
(Figure 2). The DSC thermogram of the slowly cooled
50/50 wt/wt blend of ES68 with the lower molecular
weight ES58(120) similarly exhibited two distinct Tg’s
(Figure 2).

Quenching, instead of cooling slowly, to retain as
much as possible the phase condition at 190 °C, did not
change the thermal behavior of the ES58(224)/ES68
blend, indicating that phase composition did not notice-
ably change with temperature. However, if the blend
with lower molecular weight ES58(120) was quenched
from 190 °C, the two Tg’s in the thermogram shifted
closer together. This suggested that the blend with lower

Table 1. Ethylene-Styrene Copolymers

designation
styrene
(wt %)

aPS
(wt %)

Mw (kg
mol-1) Mw/Mn

Tg (°C)
(DMTA, 1 Hz)

ES58(120) 57.6 0.6 120 2.2 10
ES58(168) 57.6 0.8 168 2.1 10
ES58(224) 57.1 0.2 224 1.9 9
ES59(247) 58.8 0.9 247 2.2 12
ES68 67.7 0.5 243 1.8 23

Figure 1. Molecular weight distributions of ES58(120), ES58-
(168), ES58(224), and ES68 as weight fraction. The area is
normalized to unity.

Figure 2. Thermograms of ES58(224)/ES68 and ES58(120)/
ES68 (50/50 wt/wt) blends cooled from 190 °C at 10 °C min-1

and quenched from 190 °C.

4034 Chen et al. Macromolecules, Vol. 34, No. 12, 2001



molecular weight ES58(120) was considerably more
miscible at 190 °C than it was at the solidification
temperature when slowly cooled, which would have been
considerably lower than 190 °C.

The temperature dependence of the phase composition
in ES58(120)/ES68 suggested that this blend might have
an upper critical solution temperature (UCST). The
blend was probed for disappearance of phase separation
by quenching to the glassy state from elevated temper-
atures to fix the melt morphology and subsequently
recording the thermogram to obtain the glass transition
behavior. A similar approach was previously used to
characterize melt miscibility of other blend systems
consisting of chemically similar constituents.17-19 Ther-
mograms of 50/50 wt/wt ES58(120)/ES68 blend quenched
from various temperatures are shown in Figure 3. When
quenched from the lowest temperature, 160 °C, the
blend clearly exhibited two Tg’s. As the melt tempera-
ture increased, the gradual shift of the Tg’s closer
together indicated that the blend became more miscible.
At 220 °C, two Tg’s were almost indistinguishable, and
at 250 °C the two Tg’s merged into a single sharp glass
transition, indicating that the blend formed a single
phase. For a blend of two polymers of approximately
the same molecular weight, the phase diagram should
be symmetrical, and the temperature at which phase
separation disappears in the 50/50 blend composition
should closely approximate the UCST. The UCST
composition of ES58(120)/ES68 would be slightly richer
in the lower molecular weight ES58(120) constituent.
Therefore, the UCST of ES58(120)/ES68 would be
somewhat higher than 250 °C due to the asymmetry of
the phase diagram.

Although this technique gives qualitative information
about phase behavior, it is difficult to obtain phase
composition and therefore the phase diagram. One way
to quantify phase composition is to establish a relation-
ship, usually proportionality, between phase composi-
tion and glass transition temperature. However, it is
hard to precisely identify Tg’s from DSC curves. Another

approach is to quench the blend from progressively
higher temperatures. The lowest temperature at which
the quenched blend exhibits a single Tg is taken as the
dissolution temperature. This approach has consider-
able uncertainty; typically changes in temperature of
more than 10 °C are needed to produce a noticeable
change in glass transition behavior. Therefore, an
alternate approach is necessary to determine the coex-
istence curve.

Phase Behavior with Monodisperse Assump-
tion. Blend composition can be expressed in terms of
the phase compositions according to the mass balance
relationship

where φ1 is the overall volume fraction of constituent 1
in the blend, φ′1 is the volume fraction of constituent 1
in the constituent 1-rich phase, φ′′1 is the volume frac-
tion of constituent 1 in the constituent 2-rich phase, V′
is the volume fraction of the constituent 1-rich phase
in the blend, and V′′ is the volume fraction of the
constituent 2-rich phase. If the phase compositions do
not depend on the blend composition φ1, as would be
the case if the constituents were monodisperse, a plot
of φ1 vs V′ yields a straight line that extrapolates to the
phase compositions φ′1 and φ′′1 at V′ ) 1 and V′ ) 0.

The phase volume fractions were determined from
AFM images of quenched blends. Figure 4 shows the
effect of blend composition on the morphology of
quenched ES58(120)/ES68 blends. The darker phase is
the ES58(120)-rich phase with lower modulus, and the
lighter phase is the ES68-rich phase with higher
modulus. With increasing ES58(120) content, the ES58-
(120)-rich phase changed from dispersed to cocontinuous
with the ES68-rich phase, to the continuous matrix. The
effect of the molecular weight difference was seen by
comparing the 40/60 composition (Figure 4a) with the
60/40 composition (Figure 4c): the area of the dispersed
ES58(120)-rich phase in 40/60 was considerably smaller
than the area of the almost cocontinuous ES68-rich
phase in 60/40. This indicated that the lower molecular
weight ES58(120) was more soluble in ES68 than vice
versa. The primary effect of quench temperature was
to change the relative amounts of the two phases. Image
analysis was used to determine the phase areas from
which the phase volume fractions V′ and V′′ were
calculated.

A typical plot of φ1 vs V′ according to eq 1 is shown in
Figure 5. The data were approximately described by a
linear relationship. With increasing temperature, the
slope decreased as the blends became more miscible, and
the composition difference between the two phases
decreased. Extrapolation gave the coexisting phase
compositions for different temperatures (Table 2).

Phase diagrams of ES68 blended with ES58(120) and
ES58(168) are compared in Figure 6. It is apparent that
both blends became more miscible with increasing
temperature, which suggested UCST behavior. How-
ever, as the temperature approached the UCST, the
composition difference between the phases was small
and the sharp contrast between the two phases in AFM
images was lost. As a consequence, it was not possible
to determine accurately the phase areas. Therefore, the
UCST and the phase composition at the UCST were not
determined experimentally. The effect of molecular
weight was evident in the higher miscibility and the
lower apparent UCST of ES58(120)/ES68. A further

Figure 3. Thermograms of ES58(120)/ES68 (50/50 wt/wt)
after quenching from various temperatures.

φ1 ) φ′1V′ + φ′′1V′′ ) (φ′1 - φ′′1)V′ + φ′′1 (1)
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consequence of the molecular weight difference was
asymmetry in the phase diagrams of ES58(120)/ES68

and ES58(168)/ES68. Higher solubility of the lower
molecular weight constituent caused the asymmetry.

Blends of ES68 with other copolymers of about the
same molecular weight demonstrated the effect of
copolymer styrene content. With constituents of similar
molecular weights, the phase diagrams were sym-
metrical (Figure 7). The greater miscibility of ES59(247)

Figure 4. AFM phases images of ES58(120)/ES68 quenched from 190 °C: (a) 40/60 wt/wt, (b) 50/50 wt/wt, (c) 60/40 wt/wt, and
(d) 70/30 wt/wt.

Figure 5. Extrapolation of blend composition vs phase volume
fraction to obtain phase compositions of ES58(120)/ES68.

Table 2. Phase Compositions and Interaction
Parameters Obtained with Assumption of Monodisperse

Polymers

T
(°C)

φ′ES58
or φ′ES59

φ′′ES58
or φ′′ES59

ø assume
M ) Mw

ES58(120)/ES68 160 0.21 0.90 7.4 × 10-4

190 0.26 0.87 6.9 × 10-4

220 0.33 0.81 6.5 × 10-4

ES58(168)/ES68 190 0.15 0.91 6.4 × 10-4

220 0.20 0.85 5.9 × 10-4

250 0.26 0.81 5.5 × 10-4

280 0.34 0.77 5.2 × 10-4

ES58(224)/ES68 190 0.09 0.91 6.0 × 10-4

220 0.11 0.90 5.7 × 10-4

250 0.15 0.87 5.3 × 10-4

ES59(247)/ES68 190 0.12 0.86 5.2 × 10-4

220 0.16 0.82 4.9 × 10-4

250 0.21 0.77 4.6 × 10-4
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compared to that of ES58(224) represented the effect
of styrene content difference. With decreasing styrene
content difference, the blend became more miscible and
the UCST decreased.

The interaction parameter ø can be extracted from
the phase diagram by using the Flory-Huggins equa-
tion20

where N1 and N2 are the degrees of polymerization of
constituents 1 and 2, v1 and v2 are the average molar
volumes of the constituent 1 and 2 monomers and are
obtained by linear combination based on mole fraction
of ethylene (33 mL g-1) and styrene (99 mL g-1), v is
the reference volume (taken close to or equal to the
smallest of v1 or v2, which is assumed to be v1), and φ1
and φ2 are the volume fractions of constituents 1 and 2
in the blend. In all cases, constituent 1 is identified as
the copolymer with the lower styrene content.

With application of the equilibrium condition for
equality of constituent chemical potentials in both
phases, eq 2 yields

In this expression, ø is assumed to be independent of
blend composition φ1. The weight-average molecular
weight was used with eq 3 to calculate ø at each
temperature (Table 2). As expected, ø decreased with
increasing temperature and decreasing styrene content
difference.

The interaction parameter for a blend of ethylene-
styrene copolymers conforms to the relationship21,22

where øES is the segmental interaction parameter of
ethylene and styrene and ψ1 and ψ2 are the volume
fractions of styrene in the copolymers.6 It should be
noted that eq 4 appears not to hold for some other
R-olefin copolymer blends.23 This is attributed to an
additional contribution to the interaction parameter
from local packing effects, which derive from differences
in chain flexibility.24 Equation 4 may work well for
ethylene-styrene copolymers because the difference in
chain flexibility is negligible for copolymers that differ
in styrene content by only 9 wt %. It is apparent from
eq 4 that ø decreases with decreasing styrene content
difference, and the blend becomes more miscible.

The usual temperature dependence of ø suggests that
øES decreases as the temperature is raised according to
the relationship25

For ethylene-styrene copolymers, the volume fraction
is approximately equal to weight fraction, and the latter
was used to plot øES ) ø(ψ1 - ψ2)-2 vs T-1 in Figure 8.
The data scattered about a linear regression with a )
-0.024 and b ) 40 (K). Although ø was not expected to
depend on molecular weight of the blend constituents,
the results of the monodisperse analysis presented in
Table 2 and plotted in Figure 8 demonstrated a sys-
tematic decrease in ø with decreasing molecular weight
of the ES58 constituent.

The critical values of interaction parameter øc and
composition φc at the UCST are given by the Flory-
Huggins analysis as

Extrapolation of the temperature dependence of ø to øc
gave the UCST of ES58(120)/ES68 as 274 °C and the
UCST of ES58(164)/ES68 as 307 °C. The critical com-
position at the UCST from eq 7 was 0.58 for ES58(120)/
ES68 and 0.54 for ES58(164)/ES68. The critical com-
position should be about 0.50 if the two constituents
have similar molecular weights, as with ES58(224)/
ES68 and ES59(247)/ES68 blends.

Phase Behavior Considering Molecular Weight
Distribution. The demonstrated strong molecular

Figure 6. Phase diagrams of ES58(120)/ES68 and ES58(168)/
ES68.

Figure 7. Phase diagrams of ES58(224)/ES68 and ES59(247)/
ES68.

∆G
RT

)
φ1

N1v1
ln φ1 +

φ2

N2v2
ln φ2 + ø

v
φ1φ2 (2)

ln
φ′1
φ′′1

+ (φ′′1 - φ′1)(1 -
N1v1

N2v2
) +

ø
v

N1v1[(1 - φ′1)
2 - (1 - φ′′1)

2] ) 0 (3)

ø ) øES(ψ1 - ψ2)
2 (4)

øES ) a + b
T

(5)

øc ) 1
2( 1

xN1

+ 1

xN2(v2/v1))
2

(6)

φc )
xN2(v2/v1)

xN1 + xN2(v2/v1)
(7)
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weight dependence of miscibility, and the systematic
molecular weight variation in ø obtained from the
monodisperse analysis of blends with the same styrene
content difference, indicate that the molecular weight
distribution cannot be neglected in phase diagram
construction of ethylene-styrene copolymer blends even
though the molecular weight distribution is relatively
narrow. Low molecular weight fractions of one constitu-
ent are always more miscible with the other constituent
than the high molecular weight fractions. Therefore, at
equilibrium, both phases consist of high molecular
weight fractions of one constituent and low molecular
weight fractions of the other constituent. In other words,
the molecular weight distribution of a constituent is not
the same in both phases and is not the same as the
original distribution. Moreover, the molecular weight
distributions should change with blend composition. As
a consequence, phase composition depends on blend
composition, and the linear extrapolation of eq 1 be-
comes invalid.

The thermodynamic approach developed by Solc and
co-workers incorporates the molecular weight distribu-
tion of the blend constituents.12 In the general case of
two polydisperse constituents identified by the sub-
scripts 1 and 2, the free energy of mixing for a blend of
composition φ2 is given by

where n is moles of chains and φ is volume fraction in
the blend of the monodisperse fractions identified by the
subscripts i and j for constituents 1 and 2, respectively.
The relative chain length r is defined as the number of
basic units in a chain, and the volume fraction of such
chains in the blend is φ1i ) n1ir1i/rtotal and φ2j ) n2jr2j/
rtotal where rtotal ) ∑n1ir1i + ∑n2jr2j. Using the average
monomer of constituent 1 as the basic unit, r1i ) N1i
and r2j ) N2j(v2/v1), where N is the degree of polymer-
ization and v1 and v2 are the average monomer volumes
of constitutents 1 and 2, respectively.

At equilibrium, the chemical potential of each fraction
is the same in both phases. Thus, the calculation of
equilibrium concentrations involves the solution for a
system of equations. However, the number of equations

can be reduced dramatically by introducing two separa-
tion factors, σ1 and σ2, where the partitioning of each
fraction between the two phases (indicated by ′ and ′′)
obeys the relation20

and

for all i and j. Therefore, the system of equilibrium
equations is reduced to two equations

and

where r′n1, r′′n1, r′n2 and r′′n2 are the number-average
chain lengths of each constituent in each phase

Additional mass balance equations are used to compute
the phase compositions and ø. Volume additivity upon
demixing gives

and

where Rv ) V′′/V′ is the volume ratio of the two phases,
φ1 and φ2 are the volume fractions of constituents 1 and
2 in the blend, and W1i and W2j are the weights of
fractions i and j in constituents 1 and 2, respectively.
Combining eq 13 with eq 9, the definition of the
separation factor, gives

and

Finally, combining eq 14 with the mass balance expres-
sion φ1 + φ2 ) φ′1 + φ′2 gives

Equations 10 and 15 are solved simultaneously to obtain

Figure 8. Reduced ø parameter from monodisperse analysis
vs reciprocal temperature for all blends.
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i
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i

W1i

1 + Rv exp(σ1r1i)
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σ1 and σ2. A unique solution is obtained in the case of
polydisperse constituents because phase composition
and phase volume ratio depend on blend composition.
However, for monodisperse constituents, phase compo-
sition is independent of blend composition, and eqs 10
and 15 are degenerate. Consequently, at least two sets
of data (phase volume ratio and blend composition) are
needed to obtain phase composition of blends with
monodisperse constituents.

The quantities W1i and W2j were taken from the
molecular weight distributions in Figure 1. The 150
molecular weight fractions provided for each constituent
were reduced to 15 fractions of equal log M intervals to
decrease the calculation time. Although phase composi-
tions and number-average chain lengths were not
known, they could be written as functions of σ1 and σ2.
The Mathematica software was used to solve eqs 10 and
15. Subsequently, eqs 11 and 14 were used to calculate
ø and the phase compositions φ′1 and φ′′1. Because the
calculation for blend compositions close to the critical
value was very sensitive to experimental uncertainty,
only data for φES58 ) 0.3, 0.4, and 0.7 and φES59 ) 0.3
and 0.7 were analyzed.

The results in Table 3 were consistent with ø inde-
pendent of blend composition. Although the values of ø
scattered, they did not exhibit a systematic change with
blend composition. Conversely, phase compositions de-
pended on blend composition. This was most evident if
the constituent molecular weights were different, so that
one of the constituents was more soluble than the other.
Thus, there was a large and systematic increase in
concentration of the lower molecular weight ES58(120)
or ES58(168) in the ES58-poor phase as the ES58
concentration in the blend increased. However, the
composition of the other phase (i.e., the concentration
of the higher molecular weight ES68 in the ES68-poor
phase) did not change significantly over the blend
compositions studied.

The dependence of phase composition on blend com-
position is more apparent in the molecular weight
distribution of the constituents in each phase. The phase
compositions φ′1i and φ′′1i for a given fraction with r1i,
and likewise φ′2j and φ′′2j for r2j, were calculated from
eqs 9 and 13. The calculation was performed for each
of the 150 molecular weight fractions provided. Figure
9 shows the distributions of ES58(120) and ES68 in each
phase for blend compositions φ1 of 0.3 and 0.7 at 220
°C. The peaks in Figure 9 are normalized so that the
areas are proportional to the phase composition. Com-
parison of the molecular weight distribution of either
constituent in the constituent-rich phase with the

distribution in the constituent-poor phase demonstrates
the preferential dissolution of the lower molecular
weight fractions.

The higher solubility of ES58(120) in ES68 than vice
versa is evident by comparing the peak areas of the
minor constituent (ES58 in the ES58-poor phase and
ES68 in the ES58-rich phase) at either blend composi-
tion. Furthermore, the increase in ES58 fraction in the
ES58-poor phase (φ′ES58) as the blend becomes richer in
ES58 is evident by comparing the area under the ES58
distribution at the two blend compositions (compare
ES58 distributions in Figure 9a,c). The dependence of
phase composition on blend composition is a direct
consequence of constituent polydispersity: as ES58
becomes the major constituent, there is more of the low
molecular weight ES58 available to dissolve in less
ES68. The concentration of ES58 in the ES58-rich phase
(φ′′ES58) should also increase as φ1 increases from 0.3 to
0.7. (This is equivalent to an increase in ES68 in the
ES68-poor phase as the blend becomes richer in ES68.)
Assuming ø to be independent of composition, the
incremental change in composition of the ES58-rich
phase is much smaller than the change in the ES58-
poor phase. The estimated change is 0.02 for an increase
in φ1 from 0.3 to 0.7, which is within the uncertainty of
the Table 3 calculations. However, the change in mo-
lecular weight distribution of ES68 in the ES58-rich
phase as it becomes the major phase is evident (compare
ES68 distributions in Figure 9b,d).

The same calculation is presented for blends with
constituents of comparable molecular weight in Figure
10. In contrast to the ES58(120) distribution in the
previous example, the ES58(224) fraction in the ES58-
poor phase increases only slightly as the blend composi-
tion changes (compare parts a and c of Figure 10).
Moreover, because both constituents have similar mo-
lecular weights, the amount of minor constituent is
similar in the ES58-rich and ES58-poor phases, consis-
tent with the symmetrical phase diagram. Indeed, if the
constituents have identical molecular weight and mo-
lecular weight distribution, they are interchangeable,
and the distributions in the 0.3 and 0.7 blends will
mirror each other. The ES58(224)/ES68 blend closely
approximates this situation. However, even if the mo-
lecular weight distributions are identical, because the
constituents are polydisperse, the phase compositions
will change with blend composition. If ø is independent
of blend composition, the incremental change in phase
composition for a change in φ1 from 0.3 to 0.7 is about
0.05, which is close to the observed changes in Table 3.

Table 3. Phase Compositions and Interaction Parameters Obtained by Considering Molecular Weight Distribution

φES58 ) 0.3 or φES59 ) 0.3 φES58 ) 0.4 or φES59 ) 0.4 φES58 ) 0.7 or φES59 ) 0.7
average

T (°C)
φ′ES58

or φ′ES59

φ′′ES58
or φ′′ES59 ø (10-4)

φ′ES58
or φ′ES59

φ′′ES58
or φ′′ES59 ø (10-4)

φ′ES58
or φ′ES59

φ′′ES58
or φ′′ES59 ø (10-4) ø (10-4)

ES58(120)/ES68 160 0.22 0.83 8.2 0.22 0.86 9.2 0.34 0.84 8.1 8.5 ( 0.7
190 0.25 0.80 7.4 0.29 0.78 7.7 0.37 0.82 7.5 7.5 ( 0.2
220 0.28 0.75 6.6 0.35 0.74 6.6 0.46 0.76 6.5 6.6 ( 0.1

ES58(168)/ES68 190 0.17 0.84 7.8 0.16 0.87 8.2 0.29 0.84 6.9 7.6 ( 0.7
220 0.21 0.80 6.7 0.22 0.82 7.2 0.32 0.81 6.3 6.7 ( 0.5
250 0.25 0.75 5.9 0.28 0.76 6.1 0.35 0.79 6.0 6.0 ( 0.1
280 0.28 0.69 5.3 0.39 0.64 5.0 0.42 0.74 5.3 5.1 ( 0.2

ES58(224)/ES68 190 0.08 0.92 10.0 0.13 0.86 7.9 0.14 0.90 8.5 8.8 ( 1.2
220 0.13 0.84 7.4 0.17 0.82 6.8 0.18 0.88 7.3 7.2 ( 0.4
250 0.15 0.82 6.8 0.18 0.81 6.6 0.23 0.83 6.2 6.5 ( 0.3

ES59(247)/ES68 190 0.15 0.81 6.7 0.20 0.85 6.4 6.6 ( 0.2
220 0.18 0.77 5.7 0.26 0.81 5.5 5.6 ( 0.1
250 0.23 0.71 5.0 0.32 0.76 4.8 4.9 ( 0.1
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The dependence of phase composition on blend com-
position suggests that the linear extrapolation according
to eq 1 is only an approximation. The data from Figure

5 are plotted again in Figure 11 where they are
compared with the relationship between blend composi-
tion and volume fraction of the ES58(120)-rich phase

Figure 9. Molecular weight distributions of ES58(120) and ES68 in both phases for blend compositions φ1 of 0.3 (a, b) and 0.7
(c, d) at 220 °C.

Figure 10. Molecular weight distributions of ES58(224) and ES68 in both phases for blend compositions φ1 of 0.3 (a, b) and 0.7
(c, d) at 220 °C.
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calculated for the ES58(120)/ES68 blend, assuming ø
to be independent of blend composition. The calculation
was performed following the procedure used to obtain
ø from the experimental Rv values. For each blend
composition, the volume fraction of the ES58(120)-rich
phase (Rv) was varied until the value of ø matched the
ø value in Table 3 at the composition φ1 ) 0.3. It is
evident that the polydisperse analysis describes the data
better. A linear correlation is possible if compositional
extremes are avoided. Particularly if the constituents
have similar molecular weights, phase compositions of
ethylene-styrene copolymer blends do not experience
large changes with blend composition. Then, phase
compositions obtained by extrapolation are useful for
constructing an approximate phase diagram. However,
comparison of the two approaches clearly demonstrates
that ø cannot be reliably extracted from the monodis-
perse approximation. For any blend of polydisperse
constituents, extraction of ø using eq 2 is unreliable
because the system cannot be represented by a single
degree of polymerization for each constituent, N1 and
N2.

The temperature dependence of ø is plotted in Figure
12 as ø(ψ1 - ψ2)-2 vs T-1 in accordance with eqs 4 and
5. A linear relationship satisfactorily accommodated all
the data from the polydisperse analysis, in contrast to
the results of the monodisperse approximation (Figure
8). The linear regression gave a ) -0.076 and b ) 71
(K). The parameter a is usually found to be positive in
accordance with identification of a as an entropic
contribution.26 However, in at least one instance, similar
values of a ) -0.101 and b ) 81 (K) were reported for
blends of linear polyethylene with atactic polybutene.11

The average ø values were comparable to those
obtained with the monodisperse assumption using
weight-average molecular weight. In terms of ø, the
monodisperse and polydisperse analyses gave numeri-
cally similar results for copolymers with relatively
narrow molecular weight distribution in the tempera-
ture range examined. However, the monodisperse as-
sumption predicted a much weaker temperature depen-
dence with a ) -0.024 and b ) 40 (K). This would have

led to significant errors for any extrapolation, for
example, to ambient temperature.

Extrapolation of the temperature dependence from
the polydisperse analysis gave øES ) 0.162 at 25 °C. This
can be compared with the estimation from solubility
parameters

where δPE and δPS are the solubility parameters of the
ethylene and styrene homopolymers; Vref ) (VEVS)1/2 is
the reference volume with VE ) 33 cm3 mol-1 for the
ethylene unit and VS ) 99 cm3 mol-1 for the styrene
unit. From eq 16, δPE - δPS was calculated to be 2.6
(MPa)1/2, which is consistent with literature values,
which are in the range 2.0-3.3 (MPa)1/2.27 This discus-
sion considers the constituents as random copolymers
of ethylene and styrene, whereas they are more ac-
curately described as random copolymers of ethylene
and ethylene-styrene diads.5 Indeed, the absence of
head-to-tail styrene substitution significantly affects
properties that depend on chain flexibility such as glass
transition temperature and plateau modulus.4 The
interaction parameter, on the contrary, is predomi-
nantly an enthalpic term. As such, it depends on
average composition and should not be as sensitive as
chain dynamics to systematic nonrandomness on the
scale of a few repeat units.

Summary
In summary, blends of ethylene-styrene copolymers

were used as a model system for studying the miscibility
of R-olefin copolymer blends. The coexistence window,
from 9 to 10 wt % difference in styrene content, where
blends demonstrated partial miscibility with an upper
critical solution temperature, was exploited to examine
the consequences of molecular weight, molecular weight
distribution, and styrene content difference. Conven-
tional methods for imaging domain morphology were
inappropriate for partially miscible blends because of
the similarity in chemical composition of the constitu-
ents. However the modulus differences were large
enough that AFM phase images clearly revealed the
domain morphology. Although the copolymers had

Figure 11. Relationship between blend composition and
volume fraction of the ES58(120)-rich phase for ES58(120)/
ES68. Symbols are experimental data. Lines are calculated
from polydisperse analysis assuming ø to be independent of
composition.

Figure 12. Reduced ø interaction parameter from polydis-
perse analysis vs reciprocal temperature for all blends.

øES )
Vref

RT
(δPE - δPS)2 (16)
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relatively narrow molecular weight distributions with
Mw/Mn of about 2, analysis of the data assuming
monodispersity gave unsatisfactory results. This pro-
vided an opportunity to test the approach of Solc and
co-workers, based on the Flory-Huggins-Staverman
equation, which incorporates polydispersity. The inter-
action parameter extracted from this approach was
independent of molecular weight and demonstrated the
expected squared dependence on styrene content dif-
ference of the constituents. Utilizing the known molec-
ular weight distributions, subsequent calculations re-
vealed the extent to which the phase compositions
depended on the initial blend composition.
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