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ABSTRACT: The rheological behavior of binary mixtures of a block copolymer and a homopolymer was
studied. For the study, polystyrene-block-polyisoprene-block-polystyrene (SIS) copolymers having molec-
ular weights of 3900S~93300I-3900S and 7400S-990001-74008S, respectively, and a series of homopolymer
polystyrenes (PS) having molecular weights of 1000, 1300, 1500, 2000, and 3000, respectively, were synthesized
via anionic polymerization, and various mixtures were prepared. For each block copolymer/homopolymer
system, a phase diagram was constructed using the combined results of dynamic viscoelastic measurements
and turbidity measurements. Rheological properties were measured for (a) single-phase mixtures (H), (b)
microphase-separated block copolymer (M) into which added homopolymer PS is solubilized, (c) two-phase
mixtures consisting of microphase-separated block copolymer (M;) into which added homopolymer is sol-
ubilized and macrophase-separated homopolymer PS (L), and (d) two-phase mixtures consisting of disordered
block copolymer (L;) and macrophase-separated homopolymer PS (L;). The rheological properties measured
were interpreted using information on the morphological state of the materials studied.

Introduction

The morphology of microdomains in a block copolymer
depends, among other factors, upon the block length ratio,
total molecular weight, and temperature. A block copol-
ymer with microdomains (also referred to as a microphase-
separated block copolymer) can be made homogeneous by
raising the temperature above a certain critical value,
referred to as the order—disorder transition temperature
(T}) (or microphase-separation transition temperature),1¢
or by adding a low molecular weight homopolymer.”™ 13 A
homogeneous block copolymer may also be synthesized
by keeping the block molecular weights below certain
critical values, which in turn depend on the chemical
structure of the constituent blocks.11415 Conversely, one
can induce the formation of microdomains in a homoge-
neous block copolymer by adding a low molecular weight
homopolymer.1617 This may be accompanied by a mor-
phological transition,'8-% with the resulting phase equi-
libria being very complicated.’13.25

Earlier, we reported on the rheological behavior of block
copolymers in the disordered state,?® as well as in the
ordered state,?’-2? and cited therein previous studies that
dealt with the same subject. To date, however, relatively
little has been reported on the rheological behavior of
binary mixtures of a block copolymer and a homopoly-
mer. This subject is of fundamental and practical im-
portance to the development of, for instance, pressure-
sensitive and hot-melt adhesives.

In this paper we report our recent study on the rheo-
logical behavior of mixtures of a homogeneous block
copolymer and a homopolymer and the rheological be-
havior of mixtures of a microphase-separated block
copolymer and a homopolymer. This paper is organized
as follows. We shall present first phase diagrams for (a)
mixtures of a homogeneous block copolymer and a ho-
mopolymer polystyrene and (b) mixtures of a microphase-
separated block copolymer and a homopolymer polysty-
rene. Next, we shall present (a) the rheological behavior
of binary mixtures of a homogeneous block copolymer
and a homopolymer polystyrene and then (b) the rheo-
logical behavior of binary mixtures of a microphase-
separated block copolymer and a homopolymer polysty-
rene.
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Experimental Section

Materials. In the present study we synthesized, via anionic
polymerization, polystyrene-block-polyisoprene-block-polysty-
rene (SIS triblock) copolymers and a series of homopolymer
polystyrenes (PS). Table I gives sample codes for the SIS tri-
block copolymers and homopolymers (PS) synthesized and their
molecular characteristics. In the polymerization of the SIS tri-
block copolymers, sec-butyllithium was used as initiator to first
polymerize styrene monomer anionically and then to initiate iso-
prene monomer with this “living” polystyrene to form a living
polystyrene-block-polyisoprene (SI diblock) copolymer. The
latter was reacted with a stoichiometric amount of 1,2-dibro-
moethane to couple the SI diblock copolymers into linear SIS
triblock copolymers.

The gel permeation chromatograms of the samples indicated
that there were some uncoupled diblocks, which were estimated
to comprise about 20 wt %, and a very small amount of “dead”
polystyrene homopolymer, which was estimated to be less than
1 wt %. Nuclear magnetic resonance (NMR) spectroscopy
indicated that the polyisoprene consisted of about 6 wt % 3,4-
polyisoprene, about 94 wt % 1,4-polyisoprene, and no detectable
amount of 1,2-polyisoprene in the SIS block copolymer.

Sample Preparation. Samples for light scattering and rheo-
logical measurements were prepared by first dissolving a pre-
determined amount of block copolymer (or a block copolymer
and a homopolymer polystyrene) in toluene (10 wt % of solid in
solution) in the presence of an antioxidant (Irganox 1010, Ciba-
Geigy Group) and then slowly evaporating the toluene. The
evaporation of toluene was carried out initially in a fume hood
at room temperature for a week and then in a vacuum oven at
40°Cfor 3 days. The last trace of solvent was removed by drying
the samples in a vacuum oven at elevated temperature by grad-
ually raising the oven temperature up to 110 °C. The drying of
the samples was continued until there was no further change in
weight. Finally, the samples were annealed at 130 °C for 10 h.

Rheological Measurement. A Model R16 Weissenberg
rheogoniometer (Sangamo Control Inc.) in the cone-and-plate
mode (25 mm diameter plate and 4° cone angle with a 160-um
gap between the cone tip and the plate) was used to measure the
dynamic storage and loss moduli, G’(«) and G”'(w), as functions
of angular frequency (w) at various temperatures. Data acqui-
sition was accomplished with the aid of a microcomputer
interfaced with the rheometer. The temperature control was
satisfactory to within =1 °C. In the rheological measurements
a fixed strain was used at a given temperature. Specifically, the
strain was varied from 0.03 to 0.3% depending on temperature,
sothat measurements were taken well within the linear viscoelas-
tic range of the block copolymer investigated. All experiments
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Table I
Molecular Characteristics of the Block Copolymers and
Homopolymer Polystyrene Synthesized

(A) SIS Triblock Copolymer

sample block PS, microdomain
code molecular weight wt % morphology
SIS-A 74008-990001-74008 13 spheres
SIS-D 3900S-93300I-39008 7 no microdomains
(B) Homopolymer Polystyrene
sample sample
code My M/M, code My M/ M,

PS10 1000 <1.06 PS20 2000 <1.056
PS13 1300 <1.05 PS30 3000 <1.05
PS15 1500 <1.05

were conducted under a nitrogen atmosphere to avoid oxidative
degradation of the samples.

Turbidity Measurement. Turbidity (or cloud point) was
measured for mixtures of a block copolymer and a homopolymer
polystyrene, using a light scattering apparatus, which was
constructed in our laboratory. The apparatus consisted of (a) a
He~Ne laser light source, (b) a photodiode, (c) a sample holder
for two glass plates, between which a sample was placed, and (d)
a programmable temperature controller. Cloud point was
determined by heating the sample at the rate of 2 °C/min.

Hot-Stage Microscopy. A hot-stage microscope (Nippon
Kogaku) with a light source, camera, temperature programmer,
and photomicrographic attachment was used to take micrographs
of asample when it exhibited macrophage separation. Thesample
was heated at a rate of 2 °C/min. During the heating period, the
temperature was recorded continuously on a chart recorder.

Results and Discussion

Phase Equilibria in Mixtures of a Block Copolymer
and a Homopolymer. Since we are here interested in
the rheological behavior of mixtures of a block copolymer
and a homopolymer, before rheological measurements are
presented, let us first consider phase equilibria in the
various mixtures that we dealt with. Figure 1 gives cloud
point curves for various mixtures of the homogeneous block
copolymer SIS-D and homopolymer PS, which were
obtained from turbidity measurements. In Figure 1, H
denotes a single-phase mixtures of SIS-D and homopoly-
mer PS, and L; and L; inside the cloud point curve denote
SIS-D and homopolymer PS, respectively, which form a
two-phase mixtures. We have shown in a previous paper®
that the block copolymer SIS-D has no microdomains (i.e.,
homogeneous) at temperatures above 30 °C, as determined
by dynamic viscoelastic measurement and small-angle X-
ray scattering, respectively. Note in Figure 1 that the
SIS-D/PS mixtures exhibit an upper critical solution tem-
perature (UCST), the miscibility window becomes smaller
as the molecular weight of added homopolymer PS is
increased, and the UCST increases with increasing mo-
lecular weight of added homopolymer PS.

Figure 2 gives a phase diagram for mixtures of the mi-
crophase-separated block copolymer SIS-A and homopoly-
mer PS15, where (a) the region denoted by H represents
a single-phase mixture of SIS-A and PS15, (b) the region
denoted by M; represents the mesophase in which the
entire amount of added homopolymer PS15 has been sol-
ubilized, (c) the region denoted by (M; + Lo) represents
the mixture consisting of the mesophase (M;) and the mac-
rophase-separated homopolymer PS15 (L3), and (d) the
region denoted by (L; + Lg) represents the mixture
consisting of the disordered block copolymer (L;) and the
macrophase-separated PS15 (Ly). Note that (i) the block
copolymer SIS-A has spherical microdomains at temper-
atures below about 140 °C,3! (ii) mesophase M inside the
cloud point curve, i.e., region (M; + L), contains a portion
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Figure 1. Cloud point curves for (®) SIS-D/PS10 mixtures, (&)
SIS-D/PS13 mixtures, (@) SIS-D/PS15 mixtures, (v) SIS-D/
PS20 mixtures, and (@) SIS-D/PS30 mixtures. H denotes the
region which has a single-phase mixture of SIS-D and homopoly-
mer PS, and (L; + L;) denotes the region which has a two-phase
mixture consisting of the homogeneous block copolymer SIS-D
(L,) and homopolymer PS (Lo).
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Figure 2. Phase diagram for the block copolymer SIS-A/ho-
mopolymer PS15 mixtures. H denotes the region which has a
single-phase mixture of disordered SIS-A and PS15, M, denotes
the the region where the mesophase contains the entire amount
of added PS15 that has been solubilized, (M; + L;) denotes the
region where the mesophase (M;) containing a portion of added
PS15 and the macrophase-separated PS15 (L) coexist, and (L,
+ L) denotes the region where disordered SIS-A (L;) and mac-
rophase-separated PS15 (L) coexist.

of added PS15 that has been solubilized, and (iii) the mi-
crodomain structure of mesophase M; in this region may
not be the same as that in region M, adjacent to the cloud
point curve. This is because the addition of a homopoly-
mer to a microphase-separated block copolymer may bring
about a morphological transition.1#-25 A further discussion
of this subject is beyond the main theme of this paper.

In reference to Figure 2, curve AB separating the region
M; and the region H was obtained by dynamic viscoelas-
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Figure 3. Trace of the intensity of scattered light for the 20/80
SIS-A/PS15 mixture as it was heated from 120 to 270 °C.

tic measurements, the details of which are described
elsewhere.!1"13 The phase boundary between regions M;
and (M; + L), the phase boundary between regions H
and (L, + L), and the phase boundary between regions
(M; + L) and (L; + Ls) were determined by turbidity
measurements. The horizontal broken line BC was
obtained by noticing a sudden increase in the turbidity as
the temperature increased. For illustration purposes, a
trace of the intensity of scattered light is given in Figure
3 as the 20/80 SIS-A/PS15 mixture was heated from 120
to 270 °C. It can be seen in Figure 3 that the intensity
of scattered light inside region (M; + L) initially decreased
as the temperature was increased, passing through a
minimum at about 178 °C, and then increased with
increasing temperature until it passed through a maximum
at about 205 °C inside region (L; + L), and finally the
intensity of scattered light did not change anymore with
increasing temperature in region H. Therefore, the tem-
perature corresponding to the horizontal broken curve BC
in Figure 2 was determined from location 2 indicated in
Figure 3.

Rheological Behavior of Binary Mixtures of a
Homogeneous Block Copolymer and a Homopolymer
Polystyrene. In this section we shall first discuss the
rheological behavior of binary mixtures of the homoge-
neous block copolymer SIS-D and homopolymer PS in
two separate regions, namely, in reference to Figure 1, (a)
region H in which a single-phase mixture of SIS-D and
homopolymer PS exists and (b) region (L; + Lg) in which
a two-phase mixture of SIS-D and homopolymer PS exists.
Then we shall discuss the differences in the rheological
behavior between the single-phase and two-phase mixtures,
as affected by the morphological state in the two-phase
mixture.

Figure 4 give logarithmic plots of dynamic viscosity »’
vs angular frequency w for the 70/30 SIS-D/PS10 mixture
at various temperatures, and Figure 5 gives similar plots
for the 30/70 SIS-D/PS10 mixture at various tempera-
tures. We also obtained results, similar to Figures 4 and
5, for other blend compositions, but space limitation here
does not permit us to present them. According to the
phase diagram given in Figure 1, the 70/30 SIS-D/PS10
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Figure 4. Plots of log #’ vs log w for the 70/30 SIS-D/PS10
mixture at various temperatures: (©) 50 °C; (&) 60 °C; (@) 70
°C; (¥) 80 °C.
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Figure 5. Plots of log # vs log « for the 30/70 SIS-D/PS10
mixture at various temperatures: (@) 50 °C; (a) 60 °C; (@) 70
°C; (¥) 80 °C; (#) 90 °C; (®) 100 °C; (@) 110 °C; (&) 120 °C.
mixture forms a single phase at temperatures above 30 °C
(i.e., in region H), whereas the 30/70 SIS-D/PS10 mixture
forms two phases at temperatures below 115 °C (i.e., in
region (L; + L)) but forms a single phase at temperatures
above 115°C (i.e.,inregion H). Plots of zero-shear viscosity
(m0) vs blend composition for SIS-D/PS10 mixtures at
various temperatures are given in Figure 6, in which open
symbols refer to the data in region H and solid symbols
refer to the data in region (L,; + Ly). Note that the values
of 5o given in Figure 6 (also in other figures given) were
calculated from the measured values of G”(w) using the
well-known relationship, no = lim,.¢G” (w)/w. The vertical
line on each curve of Figure 6 represents the blend
composition at which the SIS-D/PS10 mixture undergoes
liquid-liquid phase separation. Itis of interest to observe
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in Figure 6 that the dependence of 7y on blend composition
does not appear to exhibit any anomaly as the mixture
undergoes phase separation.

Plots of log G’ vs log G are given in Figure 7 for the
50/50 SIS-D/PS10 mixture at various temperatures. No-
tice in Figure 7 that log G’ vs log G” plots for the mixture
show temperature dependency at temperatures 80 °C and
lower (denoted by solid symbols) but show a temperature-
independent correlation at temperatures 90 °C and higher
(denoted by open symbols). It should be mentioned that
log G’ vslog G” plots for flexible homopolymers (or random
copolymers) are virtually independent of temperature.32-3
It is of interest to observe further in Figure 7 that log G’
vs log G” plots move toward the solid line, representing
the plot for a single-phase mixture, as the temperature
approaches 90 °C. In accordance with the phase diagram
given in Figure 1, the 50/50 SIS-D/PS10 mixture forms
two phases at temperatures below 90 °C and a single phase
at temperatures above 90 °C. It can thus be concluded
that plots of log G’ vs log G” are very sensitive to the
morphological state of the mixture.

Tofacilitate our discussion here, we present micrographs
in Figure 8 for the 50/50 SIS-D/PS10 mixture at various
temperatures and in Figure 9 for the 30/70 SIS-D/PS10
mixture at various temperatures. Note in Figures 8 and
9 that the dark area represents the homopolymer PS10
and the white area represents the block copolymer SIS-D.
Weobserve in Figure 8 that the 50/50 SIS-D/PS10 mixture
becomes homogeneous as the temperature approaches 95
°C, and we observe in Figure 9 that the 30/70 SIS-D/PS10
mixture becomes homogeneous as the temperature ap-
proaches 120 °C. (See also the phase diagram given in
Figure1.) This observation reinforces our view that plots
of log G’ vs log G are very sensitive to the morphological
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Figure 7. Plots of log G’ vs log G” for the 50/50 SIS-D/PS10
mixture at various temperatures: (@) 50 °C; (a) 60 °C; (m) 70
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Figure 8. Micrographs for the 50/50 SIS-D/PS10 mixture at
various temperatures: (a) 65 °C; (b) 85 °C; (c) 90 °C; (d) 95 °C.

state of mixtures consisting of a block copolymer and a
homopolymer and that truly homogeneous mixtures would
exhibit a temperature-independent correlation in log G’
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Figure 9. Micrographs for the 30/70 SIS-D/PS10 mixture at
various temperatures: (a) 70 °C; (b) 90 °C; (¢) 100 °C; (d) 110
°C; (e) 115 °C; (f) 120 °C.

vs log G’ plots.

The dependence of log G’ vs log G plots on blend
composition is given in Figure 10 for the SIS-D/PS10
mixtures at 50 °C and in Figure 11 for the SIS-D/PS30
mixtures at 100 °C. It can be seen in Figure 10 that log
G’ vs log G” plots for the 80/20 and 70/30 SIS-D/PS10
mixtures, which form single phases (the region H in Figure
1), lie slightly above those for the block copolymer SIS-D,
whereas log G’ vs log G” plots for the 50/50, 30/70, and
10/90 SIS-D/PS10 mixtures, which form two phases (the
region (L; + Ly) in Figure 1), lie between those for the
constituent components, the block copolymer SIS-D and
homopolymer PS10. This observation suggests that the
elasticity of single-phase mixtures, which consist of the
homogeneous block copolymer SIS-D and homopolymer
PS10, is greater than that of the constituent components
and, also, is greater than that of the two-phase mixtures.
It should be remembered that the dynamic storage
modulus G’ represents the energy stored in the fluid (thus
an elastic property) and the dynamic loss modulus G”
represents the energy dissipated (thus a viscous property)
during oscillatory shear flow.3 On the other hand, it can
be seen in Figure 11 that log G’ vs log G plots for the

Macromolecules, Vol. 25, No. 14, 1992

10° =
10—
)
T .
“© -
IOZ:
|o'2 R R R N N
10 10 o' 10°

6" (Pa)

Figure 10. Plots of log G’ vs log G for SIS-D/PS10 mixtures:
(®) SIS-D at 50 °C; (¢) PS10 at 60 °C; (@) PS10 at 70 °C; (&)
80/20 SIS-D/PS10 mixture at 50 °C, forming a single phase; (&)
70/30 SIS-D/PS10 mixture at 50 °C, forming a single phase; (¥)
50/50 SIS-D/PS10 mixture at 50 °C, forming two phases; (H)
30/70 SIS-D/PS10 mixture at 50 °C, forming two phases; (A)
10/90 SIS-D/PS10 mixture at 50 °C, forming two phases.

80/20, 60/40, and 40/60 SIS-D/PS30 mixtures lie between
those of the constituent components. Notice that, ac-
cording to the phase diagram given in Figure 1, these
mixtures form two phases at 100 °C. We thus conclude
from Figure 11 that the elasticity of SIS-D is greater than
that of PS30 and that the elasticity of the two-phase
mixtures approaches that of the block copolymer as the
amount of SIS-D increases.

Rheological Behavior of Binary Mixtures of a Mi-
crophase-Separated Block Copolymer and a Ho-
mopolymer Polystyrene. Inthissection, weshall discuss
the rheological behavior of mixtures of the block copolymer
SIS-A and homopolymer polystyrene in the three separate
regions shown in Figure 2, namely (a) region H in which
asingle-phase mixture of SIS-A and PS15 exists, (b) region
M, where the entire amount of added homopolymer PS15
has been solubilized in the microphase-separated block
copolymer SIS-A, and (c) region (M; + L) in which me-
sophase M; and macrophase-separated homopolymer PS15
(Ly) coexist. Note that the mesophase M, in region (M;
+ L) contains a portion of the added PS15 that has been
solubilized. Since the rheological behavior of the two-
phase mixture consisting of disordered (homogeneous)
block copolymer SIS-A (L;) and homopolymer PS15 (Lg)
is expected to be very similar to that for the two-phase
mixture consisting of homogeneous block copolymer SIS-
D and homopolymer PS15 discussed above, to avoid
repetition, we shall not discuss below the rheological
behavior of the two-phase mixture in region (L; + Lg).
When presenting the phase diagram given in Figure 2, we
indicated that the block copolymer SIS-A has spherical
microdomains at temperatures below 140 °C and becomes
homogeneous at temperatures above 140 °C.
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Figure 12. Plots of log 7’ vs log w for the 60/40 SIS-A/PS15

mixture at various temperatures; (®)120°C; (a) 130°C; (m) 140

°C; (v) 150 °C; (©) 160 °C; (&) 170 °C; (@) 180 °C; (w) 180 °C.

o,

Figure 12 gives logarithmic plots of #’ vs w for the 60/40
SIS-A/PS15 mixture at various temperatures, describing
variations of the viscosity with temperature, in reference
to Figure 2, in regions H (solid symbols) and M, (open
symbols), respectively. Notice in Figure 12 that as the
temperature is decreased from 190 °C, at a certain critical
temperature the 60/40 SIS-A/PS15 mixture begins to
exhibit an apparent “yield stress” behavior at low values
of w, which is often observed in highly filled molten
polymers, concentrated suspensions, or cross-linked poly-
mers. By comparing Figure 12 with Figure 5, we observe
that at low values of w the temperature dependence of n’
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Figure 13. Plots of log G’ vs log G” for the 60/40 SIS-A/PS15
mixture at various temperatures. Symbols are the same as in
Figure 12.

for the 60/40 SIS-A/PS15 mixture in the region M; (see
Figure 2) is quite different from that for the 30/70 SIS-
D/PS10 mixture (see Figure 1). This difference stems
from the contrasting morphologies between the two
mixtures in that the 60/40 SIS-A/PS15 mixture contains
spherical microdomains of polystyrene having dimensions
less than 0.1 um, while the 30/70 SIS-D/PS10 mixture has
droplets of PS10 having dimensions greater than 1 um
(although this depends on temperature).

Figure 13 gives plots of log G’ vs G” for the 60/40 SIS-
A/PS15 mixture at various temperatures. It can be seen
in Figure 13 that such plots give rise to temperature
dependency at temperatures of 150 °C and lower but a
single correlation at temperatures of 160 °C and higher.
A similar observation has been reported for neat block
copolymers by Han and co-workers,?"-%® who then sug-
gested that a critical temperature, at which log G’ vs log
G” plots cease to vary with temperature, be regarded as
the order—disorder transition temperature (T}), i.e., the
temperature at which microdomains in a block copolymer
completely disappear, forming a single phase, as the tem-
perature is increased. Notice in Figure 13 that the slope
of log G’ vs log G’ plots at temperatures of 160 °C and
higher is about 2, which is expected for flexible homopoly-
mer melts or random copolymer melts. We observe from
Figure 13 that addition of homopolymer PS15 by 40 wt
% has increased the T of SIS-A by 20 °C. Earlier, simi-
lar observations were also reported by other investi-
gators.%-13.22-25 It should be mentioned that whether the
addition of a homopolymer increases or decreases the T,
of a block copolymer depends on the molecular weight of
added homopolymer relative to the molecular weight of
the block copolymer and block copolymer composition.

Let us now examine the rheological behavior of the 30/
70 SIS-A/PS15 mixture which, in reference to Figure 2, is
in region (M; + Ls). It should be remembered that this
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Figure 15. Plots of log -G’ vs log G” for the 30/70 SIS-A/PS15
mixture at various temperatures. Symbols are the same as in
Figure 14.

mixture consists of mesophase M; and macrophase-
separated homopolymer PS15 (L;). Figure 14 gives plots
of log 7’ vs log w, and Figure 15 gives log G’ vs log G”, for
the 30/70 SIS-A/PS15 mixture at various temperatures
ranging from 120 to 180 °C. The following observations
are worth noting in Figures 14 and 15: (a) Over the entire
range of temperatures investigated, no Newtonian behavior
can be seen in Figure 14, although the dependency of %’
on w becomes weaker as the temperature is increased from
150 to 180 °C. This attests to the fact that the mixture
contains microdomains throughout the entire range of tem-
peratures investigated (see Figure 2). (b) Plots of log G’
vs log G” appear to stay on a single curve at temperatures
ranging from 120 to 160 °C and then show temperature
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Figure 16. Micrographs for the 30/70 SIS-A/PS15 mixture at
various temperatures: (a) 120 °C; (b) 180 °C; (c) 190 °C; (d) 210
°C; (e) 220 °C; (f) 230 °C.

dependency as the temperature is increased from 160 to
170 to 180 °C. Notice in Figure 2 that at about 180 °C
mesophase M; in region (M; + Lo) transforms into a
disordered phase L;. Therefore, we can surmise that the
contribution of microdomains to the rheology of the 30/70
SIS-A/PS15 mixture diminishes as the temperature ap-
proaches 180 °C. The above observation indicates that
plots of log G’ vs log G” are very sensitive to the morphology
of a mixture consisting of a block copolymer and a ho-
mopolymer.

Micrographs for the 30/70 SIS-A/PS15 mixture at tem-
peratures ranging from 120 to 230 °C are given in Figure
16, in which the dark area represents the homopolymer
PS15 and the white area represents the block copolymer
SIS-A. In Figure 16, a change in the morphological state
of the mixture is hardly discernible as the temperature is
increased from 120 to 190 °C, and the two-phase mixture
becomes a single phase as the temperature approaches
230 °C. In accordance with Figure 2, the order—disorder
transition temperature of an SIS-A/PS15 mixture increases
as the PS15 is added. Also, a morphological transition of
the block copolymer SIS-A from spheres to cylinders to
lamellae is expected to take place, if the solubility limit
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Figure 17. Micrographs for the 30/70 SIS-D/PS10 mixture: (a)
at 70 °C at the beginning of the experiment; (b) 30 min later at
70 °C; (c) at 100 °C at the beginning of the experiment; (d) 30
min later at 100 °C.

is not encountered, as the amount of added PS15 is
increased.?*-2% Since the sizes of the microdomains are so
small (ca. 10-50 nm) compared to those of the macrophase-
separated PS15, for the magnification of the micrographs
shown in Figure 16 we cannot discern the presence of the
microdomains of the block copolymer SIS-A.

Stability of Mixtures of a Block Copolymer and a
Homopolymer. In presenting above the results of rheo-
logical measurements, we implicitly assumed that the
mixture below the cloud point curve is stable, such that
the composition does not change during rheological
measurement. If the assumption is proven to be invalid,
the interpretation presented above of the rheological
behavior of mixtures of a block copolymer and a homopoly-
mer below the cloud point curve are of little physical
significance. To test the validity of the assumption, using
hot-stage microscopy we conducted a separate experiment
to investigate how fast the morphological state of the
samples might change with time. For this, we prepared
samples using the same procedure as that for the rheo-
logical measurements described under Experimental Sec-
tion.

Figure 17 gives micrographs for the 30/70 SIS-D/PS10
mixture, which were taken at 70 °C at an interval of 30
min (see micrographs a and b) and at 100 °C at an interval
of 30 min (see micrographs ¢ and d). Note in Figure 17
that the dark area represents the homopolymer PS10 and
the white area represents the homogeneous block copol-
ymer SIS-D. It canbeseeninFigure 17 that no discernible
change in morphology occurred over a period of 30 min.
In the present study, rheological measurements of a given
composition were completed within 30 min.

Figure 18 gives micrographs for the 30/70 SIS-A/PS15
mixture, which were taken at 140 °C at an interval of 30
min (see micrographs a and b) and at 200 °C at an interval
of 30 min (see micrographs ¢ and d). Note in Figure 18
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Figure 18. Micrographs for the 30/70 SIS-A/PS15 mixture: (a)
at 140 °C at the beginning of the experiment; (b) 30 min later
at 140 °C; (c) at 200 °C at the beginning of the experiment; (d)
30 min later at 200 °C.
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Figure 19. Traces of the GPC chromatograms for polyisoprene
samples, which received heat treatment under a nitrogen
atmosphere: (1) without heat treatment; (2) annealed at 140 °C
for 30 min; (3) annealed at 160 °C for 30 min; (4) annealed at 180
°C for 30 min; (5) annealed at 200 °C for 30 min.

that the dark area represents the homopolymer PS15 and
the white area represents the microphase-separated block
copolymer SIS-A in which part of the added homopoly-
mer PS15 is solubilized. Similar micrographs were taken
for other blend compositions and also at different tem-
peratures, but the place limitations here do not allow us
to present them. It can be seen in Figure 18 that no
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discernible change in morphology can be detected between
the two micrographs, which were taken at an interval of
30 min. The above observations indicate that indeed the
morphological state of the samples was stable during our
rheological measurements, which lasted less than 30 min.

We also performed an experiment for testing thermal
stability of homopolymer polyisoprene when subjected to
temperatures above 140 °C.37 For this, we prepared
samples of homopolymer polyisoprene using the same
procedure as that described under Experimental Section;
i.e., we used 0.5 wt % of an antioxidant (Irganox 1010,
Ciba-Geigy) in a polyisoprene having the weight-average
molecular weight of 78 000, which was synthesized by
anionic polymerization. Samples were first annealed at
elevated temperatures under a nitrogen atmosphere for
30 min in a differential scanning calorimeter (DSC) cell,
and then the molecular weights of the samples were
measured, via gel permeation chromatography (GPC), to
determine whether or not there might be a discernible
change in molecular weight and molecular weight distri-
bution after heat treatment at an elevated temperature.
Figure 19 gives traces of the GPC chromatograms for five
samples, each being subjected to different heat treatment,
namely (1) without heat treatment, (2) annealed at 140 °C
for 30 min, (3) annealed at 160 °C for 30 min, (4) annealed
at 180 °C for 30 min, and (5) annealed at 200 °C for 30
min. Note that rheological measurements of a given
composition presented above lasted less than 30 min. From
Figure 19, we can conclude that there is no discernible
change in molecular weight and molecular weight distri-
bution under the conditions of heat treatment employed.
If there had been cross-linking taking place during the
heat treatment, we would expect to observe a noticeable
changeinthe GPC chromatogram. Inarecentstudy, Kim
and Han3® performed experiments, similar to those de-
scribed above, for poly(a-methylstyrene)-block-polysty-
rene copolymers and concluded that there was little
thermal degradation, within the first 1 h, of the sample
containing an antioxidant when it was subjected to an
elevated temperature under a nitrogen atmosphere.

Concluding Remarks

In this paper we have shown that the rheological behavior
of mixtures of a block copolymer and a homopolymer is
intimately related to their morphological state, which in
turn depends on, among many other factors, blend ratio,
molecular weight of added homopolymer relative to the
molecular weight of the block copolymer, and tempera-
ture. The present paper emphasizes the importance of
relating rheological measurements of mixtures of a block
copolymer and a homopolymer to their morphological
state. This study suggests that when the rheological
behavior of mixtures of a block copolymer and a homopoly-
mer is investigated, the phase diagram of the mixtures
must be constructed, in conjuction with the rheological
measurements.
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