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ABSTRACT: The phase behavior and rheology of binary blends of polystyrene (PS) and poly(a-
methylstyrene) (PaMS), exhibiting upper critical solution temperature (UCST), and binary blends of PS
and poly(vinyl methyl ether) (PVME), exhibiting lower critical solution temperature (LCST), were
investigated. For the study, (i) PS-40/PaMS-18, (ii) PS-38/PaMS-39, (iii) PS-40/PaMS-48, and (iv) PS-
110/PVME-95 blend systems were prepared by solution casting. The results of differential scanning
calorimetry suggest that each blend system investigated is miscible over the entire blend composition as
evidenced by the single composition-dependent glass transition temperature. However, from oscillatory
shear rheometry we observed evidence suggesting that microheterogeneity is present in the miscible
region, as determined by cloud point measurements, at temperatures as far away as approximately 70
°C above the UCST of the PS/PaMS blend system and at temperatures as far away as only approximately
7 °C below the LCST of the PS/PVME blend system. Such observation leads us to conclude that the
extent of dynamical composition fluctuations near the critical point depends on the chemical structures
of a polymer pair. The observed difference in the extent of dynamical composition fluctuations between
PS/PaMS and PS/PVME blend systems is interpreted by the difference in the temperature coefficient of

the interaction parameter between the PS/PaMS and PS/PVME blend systems.

Introduction

The rheological behavior of miscible and partially
miscible polymer blends has been investigated exten-
sively.1~16 Often, a blend is regarded as being miscible
when it exhibits a single glass transition temperature
(Tg) and immiscible when it exhibits two distinct Tgs
corresponding to the T of the constituent components.t’
More often than not, one observes a very broad, single
glass transition in a pair of miscible polymers, as
determined by differential scanning calorimetry (DSC).
For instance, Schneider and Wirbser!® have shown that
some polystyrene (PS)/poly(vinyl methyl ether) (PVME)
blends undergo a very broad (as much as 60 °C), single
glass transition. A question may be raised as to
whether or not a polymer pair can be regarded as being
miscible on the segmental level (say less than ap-
proximately 5 nm) when a very broad, single glass
transition is observed. This is due to the fact that a
dynamic mechanical thermal analysis (DMTA) can
resolve the size of domains (or separated phases) on the
order of 5—10 nm!® and DSC is not as sensitive as
DMTA in determining the Tg4 of a blend.*®

The thermorheological complexity on chain dynamics
and rheological behavior in miscible?® polymer blends
has been investigated.®21-27 According to Zawada et
al.,?* the monomeric friction coefficient of a miscible
binary blend (¢{)) varies with blend composition in
such a very complicated manner that at present there
is no general rule which enables one to predict the
viscosities of binary blends even when the monomeric
friction coefficients of the constituent components
(&™) are known.

In the past, the miscibility of PS/poly(a-methylsty-
rene) (PaMS) blends has been studied extensively.28-33

10.1021/ma980623I CCC: $15.00

In determining the miscibility of PS/PaMS blends, some
research groups?®—3! used DSC to measure Ty and
another3® measured cloud points to determine the
critical temperature or binodal curve. Particularly
noteworthy is an observation that the miscibility win-
dow of PS/PaMS blends is very sensitive to the type of
solvent used in preparing the blends and the molecular
weights of the constituent components.?® Using DSC
Lau et al.?® observed a symmetric broadening of single
glass transition in some PS/PaMS blends and attributed
the observation to composition fluctuations near the
critical point. Specifically, for blends consisting of PS
having molecular weight (My) of 3.7 x 10* and PaMS
having M,, = 9.0 x 10%, Lau et al.?8 observed that the
breadth of glass transition, ATy = Tg — Tgi, Where Ty;
denotes the onset point of glass transition and Ty
denotes the final point of glass transition, spanned 77
°C for a 25/75 PS/PaMS blend. However, very little, if
any, has been reported on the rheological behavior of
PS/PaMS blends.

Also, PS/IPVME blends have received considerable
attention from polymer scientists. Various aspects of
the PS/PVME blend system have been investigated,
namely, (a) phase equilibria,34~3¢ (b) phase separation
morphology,343637 (c) the kinetics of phase separa-
tion,3839 (d) the dependence of the Flory—Huggins
interaction parameter on temperature and composi-
tion,*>41 and (e) rheological behavior.'2-16 |t is well-
established that miscibility windows for the PS/PVME
blend system are known to depend, among other factors,
strongly on the molecular weight of the constituent
components.

Very recently, we investigated the phase behavior
and rheology of PS/PaMS and PS/PVME blend systems.
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Table 1. Molecular Characteristics of PS and PaMS
Synthesized in This Study

sample code My (GPC) Mw (LS) Mw/M;, (GPC)
PS-38 38 700 1.04
PS-40 40 500 1.05
PS-58 58 700 1.03
PS-110 117 000 1.06
PaMS-18 18 000 20 200 1.04
PaMS-39 39 000 44 600 1.04
PaMsS-47 47 400 1.04
PaMS-48 48 000 51 400 1.05

The present study was motivated largely by the desire
to relate the rheological behavior of PS/PaMS or PS/
PVME blends to their state of miscibility. For the study,
the miscibility of PS/PaMS and PS/PVME blend sys-
tems, respectively, was investigated by Ty measure-
ments via DSC and cloud point measurements via
optical microscopy or light scattering, and the rheologi-
cal behavior was investigated by oscillatory shear rhe-
ometry. In this paper we report the highlights of our
findings.

Experimental Section

Materials. In this study, four PSs and four PaMSs were
synthesized via anionic polymerization using an inert gas,
stirred-tank reactor system.*? In the polymerization of PS,
cyclohexane was used as the solvent and the polymerization
temperature was 35 °C, while, in the polymerization of PaMS,
tetrahydrofuran was used as the solvent and the polymeriza-
tion temperature was —78 °C. In both polymerizations, sec-
butyllithium was used as the initiator. The molecular weights
and molecular weight distributions of the PSs and PaMSs
synthesized were determined by gel permeation chromatog-
raphy (GPC) after constructing calibration curves for PS and
PaMS, respectively, using 10 monodisperse PS standards
(Scientific Polymer Products, Inc.) having My ranging from 2
x 10% to 2 x 10% and four monodisperse PaMS standards
(Polyscience Co.), having M,, ranging from 10* to 4 x 10°. Also
employed was low-angle laser light scattering to determine
the My, of the PaMSs synthesized. For each PaMS, at least
four different concentrations in toluene were prepared to
determine M,. Note that 0.124 mL/g was taken to be the
specific refractive index increments (dn/dc) of PaMS in toluene
at a wavelength of 632.8 nm.** The molecular characteristics
of these polymers are summarized in Table 1. PVME in
aqueous solution (50 wt %) was purchased from Aldrich
Chemical Co. After completely removing the water, PVME
was dissolved into toluene (5 wt % of solid) and precipitated
using hexane. The M, of PVME was determined, via low-
angle laser light scattering, to be 9.43 x 10* using the value
of dn/dc = 0.063 mL/g, and its molecular weight distribution
(Mw/M,) was determined, via GPC, to be 1.82 using the
calibration curve of PS standards.

Sample Preparation. Four PS/PaMS blend systems were
prepared: (1) PS-40/PaMS-18, (2) PS-38/PaMS-39, (3) PS-40/
PaMS-48, each having various blend compositions (80/20, 60/
40, 50/50, 40/60, and 20/80 by weight), and (4) 50/50 PS-58/
PaMS-47 blend. PS/PaMS blend samples were prepared by
dissolving a predetermined amount of the constituent compo-
nents in benzene (10 wt % solids in solution) in the presence
of 0.1 wt % antioxidant (Irganox 1010, Ciba-Geigy Group). The
solution was freeze-dried at room temperature for 3 days under
vacuum and further dried at 100 °C for 2 days under vacuum.
The dried sample was compression molded at 175 °C for
homopolymer PS and all PS/PaMS blends and at 185 °C for
homopolymer PaMS into a sheet of 1 mm in thickness. Two
additional blend specimens having compositions of 30/70 PS-
110/PVME-95 and 50/50 PS-110/PVME-95, respectively, were
prepared using a similar procedure. First, the benzene solu-
tion was freeze-dried at room temperature for 3 days under
vacuum and then further dried at Ty + 40 °C for 2 days under
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vacuum. The dried sample was compression molded at Ty +
70 °C into a sheet having the thickness of approximately 1
mm.

Differential Scanning Calorimetry. The Ty of each
blend specimen was measured using differential scanning
calorimetry (Perkin-Elmer DSC 7 series). Prior to measure-
ment, the base line was established using two empty pans.
To prevent thermal degradation, nitrogen gas was circulated
around the sample pan. For PS-40/PaMS-18, PS-38/PaMS-
39, and PS-40/PoMS-48 blends, each specimen of approxi-
mately 15 mg was first heated to 230 °C at a heating rate of
20 °C/min, annealed there for 3 min, and then quenched to
room temperature at a cooling rate of 200 °C/min. For PS-
110/PVME-95 blends, each sample of approximately 15 mg was
heated to T4 + 50 °C at a heating rate of 20 °C/min, annealed
there for 3 min, and then quenched to Ty — 50 °C at a cooling
rate of 200 °C/min. The second heating at a rate of 20 °C/min
was used to determine the Ty of each specimen.

Cloud Point Determination. Eight blend compositions
of PS-58/PaMS-47 were formed into films with thicknesses of
approximately 100 um, which were prepared by dissolving a
predetermined amount of polymer into benzene (10 wt % in
solid) in a Petri dish and evaporating solvent slowly for 8 h at
room temperature in a fume hood. The last traces of solvent
were completely removed using a vacuum oven at room
temperature for 24 h and then at 140 °C for 24 h. The cloud
points (Ty,) of PS-58/PaMS-47 blends were determined by
optical microscopy (Axioplan, Zeiss Co.) with a heating block
where nitrogen gas was circulated. The T, of a specimen was
determined by the threshold temperature below which phase-
separated structures were clearly seen under the optical
microscope with a magnification of about 400x as the tem-
perature was decreased gradually from the one-phase region
(e.g., 220 °C for a 50/50 blend composition). It should be
mentioned that before beginning optical microscopy, each
specimen was annealed for 2 h at a preset temperature. Near
the Ty, of a specimen, the temperature inside the heating block
was decreased stepwise with an interval of 1 °C; thus the
maximum error in the values of T, determined would be less
than +1 °C. For illustration, the morphology of a 50/50 PS-
58/PaMS-47 blend annealed at 189 °C for 2 h is given in Figure
la, and the morphology of a 50/50 PS-58/PaMS-47 blend
annealed at 188 °C for 2 h is given in Figure 1b. At the
magnification employed in Figure 1, we cannot observe
evidence of phase separation at 189 °C, whereas we observe a
co-continuous morphology, resulting from spinodal decomposi-
tion, at 188 °C. We then determined the T, of this blend to be
188 °C. It should be mentioned that in determining the Ty of
a PS-58/PaMS-47 blend specimen, we used optical microscopy
instead of light scattering because, owing to a small difference
in reflectivity index between PS and PaMS, light scattering
was found to be not as effective as optical microscopy. On the
other hand, the cloud points of PS-110/PVME-95 blends were
determined using light scattering. Eight compositions of the
PS-110/PVME-95 blend were prepared by dissolving a prede-
termined amount of polymer into toluene (10 wt % in solid)
and evaporating the solvent slowly for 8 h at room temperature
in a fume hood. The solvent was completely removed under
vacuum at Ty + 50 °C for 24 h. The specimen thickness was
about 15 um, and the T, was determined by the temperature
at which the scattering intensity at the scattering angle of 30°
increased abruptly during heating at a rate of 1 °C/h.

Rheological Measurement. Dynamic storage and loss
moduli (G' and G'") were measured as functions of angular
frequency (w) ranging from 0.1 to 100 rad/s, at various
temperatures during heating, using a Rheometrics Dynamic
Spectrometer (Model RDS-I1) in the oscillatory mode with
parallel plate fixtures (25 mm diameter). Also, an Advanced
Rheometrics Expanded System (ARES) was employed to
measure G' and G" as functions of w ranging from 0.01 to 100
rad/s for PS-58/PaMS-47 and PS-110/PVME-95 blends. The
measurement temperature was varied depending on the T, of
the specimen. The temperature control was accurate to within
+1 °C, and a fixed strain of 0.05 was used to ensure that
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Figure 1. Optical micrographs of 50/50 PS-58/PaMS-47 blend
specimens annealed at two different temperatures: (a) 189 °C
for 2 h, and (b) 188 °C for 2 h.

measurements were taken well within the linear viscoelastic
range of the materials investigated. All the rheological
measurements were conducted under a nitrogen atmosphere
in order to avoid oxidative degradation of the samples. For
PS-40/PaMS-18, PS-38/PaMS-39, and PS-40/PaMS-48 blends,
only one specimen was used for the entire range of o at
temperatures below 220 °C, while at higher temperatures a
fresh specimen was used for each temperature. Since the
experiment was conducted under a nitrogen atmosphere and
one frequency sweep experiment lasted less than 25 min,
thermal and/or oxidative degradation, if any, of the specimen
is believed to be minimal.*?> This was confirmed later by the
measurement via GPC of the molecular weight of the specimen
before and after each rheological measurement. For PS-110/
PVME-95 blends, only one specimen was used for the entire
range of temperatures tested. In the phase-separated regime,
rheological measurements were taken after a specimen was
annealed for 1 h at a preset temperature.

Results

Glass Transition in PS/PaMS Blends. DSC traces
for PS-38/PaMS-39 blends are given in Figure 2, show-
ing a very broad, single glass transition for each blend
composition, where the arrow upward denotes the onset
point (Tg;), the symbol + denotes the midpoint (Tgm),
and the arrow downward denotes the final point (Tg)
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Figure 2. DSC traces for PS-38/PaMS-39 blends during
heating at a rate of 20 °C/min, where the arrow pointing
upward represents an onset point of glass transition Tg;, the
arrow pointing downward represents the temperature at which
glass transition is completed Ty, and the symbol + represents
the midpoint of glass transition Tgyn.

Table 2. Summary of the Glass Transition Temperatures
for the Three PS/PaMS Blend Systems Investigated in
This Study

sample code Tgi(°C) Tgm(°C) Tg (°C) ATy (°C)
(a) PS-40/PoMS-18 Blend System
PS-40 96 105 114 18
80/20 PS-40/PaMS-18 101 112 125 24
60/40 PS-40/PoMS-18 107 122 139 32
50/50 PS-40/PaMS-18 113 131 148 35
40/60 PS-40/PaMS-18 115 137 159 44
20/80 PS-40/PaMS-18 136 153 170 34
PaMS-18 161 173 185 24
(b) PS-38/PaMS-39 Blend System
PS-38 95 103 113 18
80/20 PS-38/PaMS-39 98 108 117 19
60/40 PS-38/PaMS-39 103 117 134 31
50/50 PS-38/PaMS-39 105 127 151 46
40/60 PS-38/PaMS-39 112 137 159 45
20/80 PS-38/PaMS-39 132 153 163 31
PaMS-39 159 168 178 19
(c) PS-40/PaMS-48 Blend System
PS-40 96 105 114 18
80/20 PS-40/PoMS-48 101 110 122 21
60/40 PS-40/PaMS-48 102 120 146 44
50/50 PS-40/PaMS-48 105 134 163 58
40/60 PS-40/PoMS-48 111 142 168 57
20/80 PS-40/PaMS-48 137 157 171 34
PaMS-48 169 177 189 20

of the glass transition. It seems reasonable to infer from
Figure 2 that PS-38/PaMS-39 blends are miscible over
the entire blend composition if a single glass transition
is regarded as being necessary and sufficient conditions
for miscibility. Similar results, though not shown here,
were obtained for PS-40/PaMS-18 and PS-40/PaMS-48
blends. Table 2 gives a summary of the values of Tg;,
Tgm, and Ty, determined from DSC at a heating rate of
20 °C/min, of the three PS/PaMS blend systems inves-
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Figure 3. Composition-dependent cloud points (O) for PS-
58/PaMS-47 blends determined from optical microscopy and
the solid line (—) is a binodal curve calculated from curve-
fitting experimental data to the Flory—Huggins theory. The
symbol x denotes temperatures at which oscillatory shear
experiments were conducted.

tigated in this study. Notice in Table 2 that the width
of glass transition, ATy = Tg — Tgs, is very large for some
blend compositions. Earlier, Lin and Roe3! also reported
similarly large values of ATy for PS/PaMS blend sys-
tems.

We found that during heating at 20 °C/min, a 50/50
PS-58/PaMS-47 blend undergoes two glass transitions,
one at 107 °C slightly higher than the T4 of PS-58 and
the other at 163 °C which is slightly lower than the Ty
(170 °C) of PoMS-47. This observation is attributable
to the phase separation which took place during heating
at 20 °C/min although the specimen was annealed at
230 °C (above UCST) for 2 h followed by a rapid
guenching to room temperature. Apparently, the heat-
ing rate employed during DSC was not fast enough to
prevent phase separation. When a specimen was cooled
at a rate of 20 °C/min from 230 °C to room temperature,
we observed two glass transitions, one at 100 °C
corresponding to the Ty of PS-58 and the other at 155
°C. This observation is consistent with the results of
ref 31, reporting that when cooling was performed from
a temperature in the homogeneous state to room tem-
perature, two glass transitions were observed for a PS/
PaMS blend until the cooling rate was very fast, say
about 80 °C/min.

Phase Behavior and Rheology of PS-58/PaMS-
47 Blends. Using optical microscopy, we determined
cloud points for the PS-58/PaMS-47 blend system, the
results (the symbol O) of which are given in Figure 3.
It should be mentioned that we could not determine
cloud points for PS-40/PaMS-18, PS-38/PaMS-39, and
PS-40/PaMS-48 blend systems, because the specimens
were transparent over the entire blend composition
within the highest experimental temperature employed,
230 °C. Using the cloud point measurements for the
PS-58/PaMS-47 blend system, we obtained, with the aid
of the Flory—Huggins theory, the following expression
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for the interaction parameter o
a=—2.165 x 10> + (0.029 — 0.0021¢p )T (1)

where o has units of mol/cm3, ¢pyus is the volume
fraction of PaMS, and T is the absolute temperature.
We calculated the Flory—Huggins interaction parameter
x using the relationship ¥y = oVt With Vet being the
reference volume, and the o-methylstyrene monomer
was taken as a reference component. Also given in
Figure 3 is the binodal curve (the solid line) calculated
from the Flory—Huggins theory with the aid of eq 1. In
calculating the binodal curve, we used the following
expressions for the specific volume (in units of cm?/g),

Vps = 0.9199 + 5.098 x 10~%(T — 273) + 2.354 x
107(T — 273)* 4 [32.46 + 0.1017(T — 273))/M,,, ps

)

for PS* in which My, ps is the molecular weight of PS
and

Vpams = 0.87 +5.08 x 10 4T —273)  (3)

for PaMS.#> It can be seen in Figure 3 that the PS-58/
PaMS-47 blend system exhibits UCST at 188 + 1 °C
and the critical weight fraction of PaMS is 0.5.

Earlier, Lin and Roe®? obtained via light scattering
the following expression for the interaction energy
density A for PS/PaMS blend system

A = —5.6 x 107°T + 0.0608 + 0.0018¢pp, s (4)

where A has units of cal/cm® and R is the universal gas
constant. Since A is related to o by A = aRT, eq 1 is
consistent with eq 4 within experimental uncertainties.
Note that eq 1 was obtained from optical microscopy and
eq 4 from light scattering. It should be mentioned that
although the third term in eq 4 has a sign opposite to
the third term in eq 1, this does not affect much the
values of a calculated from either eq 1 or eq 4, because
the contribution of this term is quite small (say less than
10%) compared to that of the second term.

We conducted oscillatory shear flow measurements
for a 50/50 PS-58/PaMS-47 blend at temperatures
ranging from 170 to 260 °C, including the region below
and above the binodal curve having UCST at 188 + 1
°C. The temperatures at which rheological measure-
ments were taken are indicated by the symbol x in
Figure 3. Figure 4 gives plots of log G' versus log G"
for the 50/50 PS-58/PaMS-47 blend at various temper-
atures ranging from 170 to 260 °C. Following Neumann
et al.,*® hereafter log G' versus log G" plots will be
referred to as Han plots.4” It can be seen in Figure 4
that Han plots depend on temperature from 170 °C in
the two-phase region to 260 °C in the single-phase
region; i.e., Han plots depend on temperatures in the
miscible region, as determined from cloud point mea-
surements, at temperatures as far away as approxi-
mately 70 °C above the UCST (188 + 1 °C) of the PS-
58/PaMS-47 blend system.

Since the specimens for the oscillatory shear experi-
ments were prepared by compression molding followed
by a rapid cooling from the molten state, we thought
that there might be a possibility that the specimens had
a kinetically frozen, phase-separated morphology. To
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Figure 4. Han plots for a 50/50 PS-58/PaMS-47 blend at 170
(0), 175 (»), 180 (O), 185 (v), 190 (@), 200 (a), 210 (m), 220
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Figure 5. Plots of log G’ versus log o (open symbols) and log
G" versus log w (filled symbols) for a 50/50 PS-58/PaMS-47
blend at 200 °C, which were obtained from repeated experi-
ments at preset time intervals: (O, @) the initial measurement,
(2, A) the second measurement after resting for 1 h, and (O,
W) the third measurement after resting for 2 h.

| 2

check whether such a possibility existed or not, we
repeated the frequency sweep experiment three times
at a preset time interval for a 50/50 PS-58/PaMS-47
blend specimen after being heated to 200 °C, 12 °C
above the UCST. Figure 5 gives the results of the
frequency sweep experiments for the 50/50 PS-58/
PaMS-47 blend specimen performed (i) right after the
specimen was heated to 200 °C (the symbols O and @),
(i) 1 h after the specimen was heated to 200 °C (the
symbols A and a), and (iii) 2 h after the specimen was
heated to 200 °C (the symbols O and W). In Figure 5
we observe that log G' versus log w and log G" versus
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Figure 6. Composition-dependent glass transition tempera-
tures Tgi (O), Tgm (a), and Ty (O) for the PS-40/PaMS-18 blend
system, binodal curve (—) calculated from the Flory—Huggins
theory, and temperatures (the symbol x) at which oscillatory
shear experiments were conducted.

log w plots for the three separate experiments overlap,
leading us to conclude that the temperature dependence
of Han plots observed in Figure 4 cannot be attributed
to a possibility of having had kinetically frozen, phase-
separated morphology in the specimens.

Phase Behavior and Rheology of the PS-40/
PaMS-18 Blend System. Figure 6 gives composition-
dependent Tgi, Tgm, and Ty curves, and the tempera-
tures (the symbol x) at which rheological measurements
were taken for the PS-40/PaMS-18 blend system. Also
given in Figure 6 is the calculated binodal curve using
egs 1—3. Owing to the transparency of specimens, using
optical microscopy, we could not determine cloud points
for PS-40/PaMS-18 blends. It is interesting to observe
that the calculated binodal curve lies far below the
composition-dependent Tg; curve.

Figure 7 gives Han plots for a 50/50 PS-40/PaMS-18
blend, showing temperature independence and a slope
of 2 in the terminal region at temperatures ranging from
160 to 210 °C. Similar observations, though not shown
here, were also made for 80/20, 40/60, 60/40, and 20/80
PS-40/PaMS-18 blends. According to the rheological
criterion by Han et al.,*95253 we can conclude that PS-
40/PaMS-18 blends form a homogeneous phase over the
entire range of blend compositions investigated. The
above conclusion can readily be understood when the
readers are reminded that the calculated binodal curve
for the PS-40/PoMS-18 blend system lies very far below
the composition-dependent Tg; curve (see Figure 6).

Phase Behavior and Rheology of the PS-38/
PaMS-39 Blend System. Figure 8 gives composition-
dependent Tgi, Tgm, and Ty curves and the temperatures
(the symbol x) at which rheological measurements were
taken for the PS-38/PaMS-39 blend system. Also given
in Figure 8 is the calculated binodal curve using egs
1-3. Owing to the transparency of specimens, using
optical microscopy, we could not determine cloud points
for PS-38/PaMS-39 blends. It is interesting to observe
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Figure 7. Han plots for the 50/50 PS-40/PaMS-18 blend at
160 (O), 170 (), 180 (O), 190 (v), 200 (©), and 210 °C (O).
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Figure 8. Composition-dependent glass transition tempera-
tures Tgi (O), Tgm (2), and Ty (O) for the PS-38/PoMS-39 blend
system, binodal curve (—) calculated from the Flory—Huggins
theory, and temperatures (the symbol x) at which oscillatory
shear experiments were conducted.

that the calculated binodal curve lies between the
composition-dependent Ty and Tgm curves.

Figure 9 gives Han plots for 80/20 and 20/80 PS-38/
PaMS-39 blends, showing temperature independence
and a slope of 2 in the terminal region over the range
of temperatures investigated. Thus, we can conclude
that the 80/20 and 20/80 PS-38/PaMS-39 blends are
miscible. Figure 10 gives Han plots for a 60/40 PS-38/
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Figure 9. Han plots (a) for the 80/20 PS-38/PaMS-39 blend
at 160 (O), 170 (»), 180 (O), 190 (v), and 200 °C (©) and (b) for
the 20/80 PS-38/PaMS-39 blend at 200 (@), 210 (a), 220 (W),
and 230 °C (v).
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Figure 10. Han plots for the 60/40 PS-38/PaMS-39 blend at
170 (O), 180 (a), 190 (O), 200 (v), 210 (©), and 220 °C (O).

PaMS-39blend at temperatures ranging from 170 to 220
°C. It is of interest to observe in Figure 10 that Han
plots at temperatures from 170 to 210 °C show temper-
ature dependence which, however, diminishes as the
temperature is increased further to 220 °C, and the
slope of Han plots increases gradually from much less
than 2 at 170 °C toward 2 as the temperature is
increased to 210 and 220 °C. We made a similar
observation for the 50/50 PS-38/PaMS-39 blend in that
Han plots exhibited temperature dependence up to 220
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Figure 11. Composition-dependent glass transition temper-
atures Ty (O), Tgm (4), and Ty (O) for the PS-40/PaMS-48 blend
system, binodal curve (—) calculated from the Flory—Huggins
theory, and temperatures (the symbol x) at which oscillatory
shear experiments were conducted.

°C and then temperature independence as the temper-
ature was increased from 220 to 230 °C.

Phase Behavior and Rheology of the PS-40/
PaMS-48 Blend System. Figure 11 gives composition-
dependent Tgi, Tgm, and Ty curves and the temperatures
(the symbol x) at which rheological measurements were
taken for the PS-40/PaMS-48 blend system. Also given
in Figure 11 is the calculated binodal curve using egs
1-3. Owing to the transparency of specimens, using
optical microscopy we could not determine cloud points
for PS-40/PaMS-48 blends. It is interesting to observe
that the calculated binodal curve lies slightly above the
composition-dependent Ty curve.

Figure 12 gives Han plots for a 80/20 PS-40/PaMS-
48 blend, showing temperature dependence at temper-
atures ranging from 160 to 180 °C, which, however,
diminishes as the temperature is increased further to
190 °C. Although not shown here due to space limita-
tion, we found that Han plots for a 20/80 PS-40/PaMS-
48 blend show temperature dependence up to 220 °C
and then temperature independence as the temperature
is increased further to 230 °C. Figure 13 gives Han
plots for a 50/50 PS-40/PaMS-48 blend at temperatures
ranging from 170 to 230 °C, in which we observe that
Han plots in the terminal region show temperature
dependence up to the highest experimental temperature
employed, 230 °C.

Glass Transition, Phase Behavior, and Rheology
of the PS-110/PVME-95 Blend System. DSC traces
for PS-110/PVME-95 blends are given in Figure 14,
showing a very broad, single glass transition for each
blend composition, where the arrow upward denotes the
onset point (Tg), the symbol + denotes the midpoint
(Tgm), and the arrow downward denotes the final point
(Tgyr) of the glass transition. One may infer from Figure
14 that each PS-110/PVME-95 blend, when annealed
below the LCST, exhibits a single glass transition. We
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Figure 12. Han plots for the 80/20 PS-40/PaMS-48 blend at
160 (O), 170 (a), 180 (O), 190 (v), and 200 °C (9).
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Figure 13. Han plots for the 50/50 PS-40/PaMS-48 blend at
170 (O), 180 (a), 190 (O), 200 (v), 210 (), 220 (O), and 230 °C
(@)

found, however, that each blend, when annealed above
the LCST, exhibited two distinct Tgs. Specifically, we
observed that the 30/70 PS-110/PVME-95 blend, when
annealed at 140 °C for 1 h and quenched to —80 °C,
exhibited two Tgs: one at —30 °C that represents the
T4 of PVME and the other at 80 °C that represents the
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Figure 14. DSC traces for PS-110/PVME-95 blends during
heating at a rate of 20 °C/min, where the arrow pointing
upward represents an onset point of glass transition Tg, the
arrow pointing downward represents the temperature at which
glass transition is completed T, and the symbol + represents
the midpoint of glass transition Tgn.

Table 3. Glass Transition Temperatures for the PS/
PVME Blend System Investigated in This Study
sample code Tgi (°C) Tgm (°C) T4 (°C) AT (°C)

PS-110 97.7 102.5 107 9.3
80/20 PS-110PVME—-95 48.3 65.0 83.0 34.7
50/50 PS-110PVME—95 -7.0 12.3 35.0 42.0

30/70 PS-110PVME—-95 —175 —6.0 8.7 26.2
10/90 PS-110PVME—95 —23.5 —12.0 —2.5 21.0
PVME—-95 —28.0 —18.0 —14.0 14.0

AATg = Tgt — Tgi

Ty of the PS-rich phase. Table 3 gives a summary of
the values of Tgi, Tgm, and Ty for the PS-110/PVME-95
blend system. Notice in Table 3 that ATy = Tgi — Ty is
very large for some blend compositions. Earlier, similar
results were reported by Schneider and Wirbser!® for
PS/PVME blends.

Figure 15 gives composition-dependent cloud points
(the symbol @), composition-dependent Tgi, Tgm, and Tgs
curves, and the temperatures (the symbol x) at which
rheological measurements were taken for the PS-110/
PVME-95 blend system. Using the cloud point mea-
surements for the PS-110/PVME-95 blend system to-
gether with the Flory—Huggins theory, we obtained the
following expression for o

o= 0.478 x 1073 — (0.176 + 0.0062¢pc)/T  (5)

where ¢ps is the volume fraction of PS. The solid line
in Figure 15 describes the binodal curve calculated from
the Flory—Huggins theory with the aid of eq 5. In
calculating the binodal curve we used the following
expression for the specific volume (in units of cm?3/g):

Voyme = 1/[1.0717 — 7.67 x 10 4T — 273) + 2.8 x
1077(T — 273)4] (6)
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Figure 15. Composition-dependent cloud points (®) deter-
mined from light scattering and glass transition temperatures
Tgi (O), Tgm (&), and Ty (O) for PS-110/PVME-95 blends. The
solid line (—) is a binodal curve calculated from curve-fitting
experimental data to the Flory—Huggins theory. The symbol
x denotes temperatures at which oscillatory shear experiments
were conducted.
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Figure 16. Han plots for the 30/70 PS-110/PVME-95 blend

at 70 (O), 80 (a), 90 (O), 95 (¥), 100 (%), 105 (@), 108 (), 110
(m), 112 (v), 113 (4), 117 (©), 120 (&), 125 (I0), and 130 °C (V).

for PVME.2® Note in Figure 15 that the binodal curve
for the PS-110/PVME-95 blend system exhibits LCST
at 112 + 1 °C and the critical weight fraction of PS in
the blend is 0.3.

Figure 16 gives Han plots for a 30/70 PS-110/PVME-
95 blend at various temperatures ranging from 70 °C
in the single-phase region to 130 °C in the two-phase
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Figure 17. Han plots for the 50/50 PS-110/PVME-95 blend

at 80 (0), 90 (&), 95 (O0), 100 (), 105 (¢), 108 (@), 110 (a), 112
(m), 114 (v), 118 (#), 130 (©), 140 (a), and 145 °C ().

region. In Figure 16 we observe that the Han plot has
the slope of 2 in the terminal region at T < 100 °C and
begins to exhibit temperature dependence at 105 °C,
which is still in the single-phase region according to the
phase diagram (see Figure 15). It can be seen in Figure
16 that Han plots depend on temperatures in the
miscible region, as determined from cloud point mea-
surements (see Figure 15), at temperatures as far away
as approximately 7 °C below the LCST (112 + 1 °C) of
the PS-110/PVME-95 blend system. The value of 7 °C
for the PS-110/PVME-95 blend system is quite small
compared to the value of 70 °C observed above for the
PS-58/PaMS-47 blend system (see Figure 4).

Figure 17 gives Han plots for a 50/50 PS-110/PVME-
95 blend, which is an off-critical blend composition. In
Figure 17 we observe that the Han plot in the terminal
region has the slope of 2, exhibits temperature inde-
pendence at T < 112 °C, and begins to show tempera-
ture dependence at 114 °C, which is the cloud point for
the 50/50 PS-110/PVME-95 blend according to the phase
diagram (see Figure 15). This observation is at variance
from that made above for PS-38/PaMS-39 and PS-40/
PaMS-48 blend systems (see Figures 10, 12, and 13).

The above observations are very similar to those
reported by Ajji et al.»* Very recently Kapnistos et al .16
reported that Han plots for a 20/80 PS/PVME blend,
which was the critical composition, showed a temper-
ature dependence of 3—13 °C below LCST (93 °C),
whereas Han plots for an off-critical composition (70/
30 PS/PVME blend) did not show a temperature depen-
dence. They ascribed the temperature dependence of
Han plots of the critical composition (20/80 PS/PVME
blend) to dynamical composition fluctuations (see Figure
10 in ref 16) near the LCST. Following the view of
Kapnistos et al.,'® we can conclude that the PS-110/
PVME-95 blend system investigated in this study has
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Figure 18. (a) Composition dependence of 7o in the PS-40/
PaMS-18 blend system at 190 (O), 200 (), 210 (O), and 220
°C (V). (b) Composition dependence of 7, in the PS-40/PaMS-
48 blend system at 200 (O) and 220 °C (a).

dynamical composition fluctuations of approximately 7
°C, which is in agreement with the observation made
by Kapnistos et al.'é It should be mentioned, however,
that the PVMEs employed in the two studies have
different values of My/M,, namely, My/M, = 1.82 for
PVME-95 employed in the present study and M,,/M,, =
1.35 for the PVME employed in the study of Kapnistos
et al.16

Composition Dependence of Zero-Shear Viscos-
ity of PS/PaMS Blends. The composition dependence
of zero-shear viscosity (7o) is given in Figure 18a for the
PS-40/PaMS-18 blend system at 190, 200, 210, and 220
°C and in Figure 18b for the PS-40/PaMS-48 blend
system at 210 and 220 °C. In Figure 18 we observe that
the composition dependence of 7o under isothermal
conditions shows negative deviations from linearity, very
similar to the previous results reported in the litera-
ture.348-11 We made a similar observation, though not
shown here, for the PS-38/PaMS-39 blend system. On
the other hand, the previous study® on binary blends
consisting of 1,2- and 1,4-polybutadiene suggests that
we should expect to observe positive deviations from
linearity in the plots of log 7o versus blend composition
for PS/PaMS blends having very small values of y (e.g.,
about 0.0044 at 190 °C). The discrepancy between
Figure 18 and the previous study® may be due to the
low molecular weights of PS and PaMS employed in this
study. In such a situation, owing to the constraint
release process taking place, the tube model or the
reptation concept must be modified and thus the actual
viscosity would be lower than the estimated value on
the basis of the reptation model without constraint
release.>!
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Figure 19. (a) Composition dependence of 7o in the PS-40/
PaMS-18 blend system at T4 + 80 °C (O), T4 + 90 °C (a), and
Tgi + 100 °C (O). (b) Composition dependence of 7 in the PS-
40/PaMS-48 blend system at Tgi + 80 °C (O), T4 + 90 °C (2),
and Tg + 100 °C (O).

Earlier, several research groups”2125-27 suggested use
of iso-free volume conditions (or at temperatures which
are at an equal distance from the Tgs of the respective
blend compositions), instead of isothermal conditions,
in investigating composition dependence of 7, of miscible
polymer blends. However, a serious question may be
raised as to which of the Ty values (i.e., Tgi, Tgm, or Tgr)
should be used when the breadth of glass transition
varies significantly with blend composition (see Tables
2 and 3).

The composition dependence of 7o is given in Figure
19a for the PS-40/PaMS-18 blend system and in Figure
19b for the PS-40/PoMS-48 blend system, at Tg + 80
°C, Tgi + 90 °C, and Tg + 100 °C, respectively, where
Tgi is used as a reference temperature. It is of interest
to observe in Figure 19 that 7, goes through a maximum
at a certain blend composition, the extent of which is
greater for the PS-40/PaMS-48 blend system than for
the PS-40/PaMS-18 blend system. When using Tgm as
a reference temperature, we observe a different com-
position dependence of 7o, as given in Figure 20a for
the PS-40/PaMS-18 blend system and in Figure 20b for
the PS-40/PaMS-48 blend system, at Tgm + 50 °C, Tgm
+ 60 °C, and Tym + 70 °C, respectively. Itis clear from
Figures 19 and 20 that the composition dependence of
no looks quite different, depending on whether Tg; or Tym
is used as a reference temperature. We thus conclude
that the dynamical behavior of chains in a PS/PaMS
blend do not follow the average mobility of the blend at
Tgm, ig agreement with the conclusion drawn by Zawada
et al.

Discussion

Microheterogeneity in Miscible PS/PaMS and
PS/PVME Blends. Earlier, the temperature depen-
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Figure 20. (a) Composition dependence of 7, in the PS-40/
PaMS-18 blend system at Tqgm + 50 °C (O), Tgm + 60 °C (2),
and Ty, + 70 °C (O). (b) Composition dependence of #, in the
PS-40/PaMS-48 blend system at Ty, + 50 °C (O), Tgm + 60 °C
(»), and Tgm + 70 °C (O).

dence of the Han plot, similar to that in Figures 10, 12,
and 13, was observed in microphase-separated block
copolymers at temperatures below a certain critical
temperature,>? referred to as the order—disorder transi-
tion temperature, and in thermotropic liquid-crystalline
polymers at temperatures below a certain critical tem-
perature,> referred to as the isotropization (or clearing)
temperature. It should be pointed out, however, that
according to the rheological criteria established by Han
et al.,*9525% Han plots must not only be independent of
temperature but also have a slope of 2 in the terminal
region if a polymer is to be regarded as being truly
homogeneous. That is, if both criteria are not met, a
polymer cannot be regarded as being homogeneous. This
observation can best be illustrated by the Han plots for
poly(acrylonitrile-stat-butadiene-stat-styrene) (PABS),492
which show temperature independence but have a slope
in the terminal region much less than 2. It is a well-
established fact that PABS has polybutadiene rubber
particles grafted on the matrix of poly(styrene-stat-
acylonitrile) and thus PABS is a highly heterogeneous
polymer. Since the rubber particles in PABS are grafted
chemically on the matrix, the morphological state of
PABS does not change with temperature, thus giving
rise to a temperature-independent Han plot. But owing
to the heterogeneity of PABS, the slope of the Han plot
in the terminal region is much less than 2. In other
words, the temperature independence alone of the Han
plot is not sufficient for a polymer to be regarded as
being homogeneous.

On the basis of the observations made above, we can
conclude that (i) the 60/40 PS-38/PaMS-39 blend has
microheterogeneity until the temperature is increased
to about 210 °C (see Figure 10), (ii) the 80/20 PS-40/
PaMS-48 blend has microheterogeneity until the tem-
perature is increased to about 180 °C (see Figure 12),
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and (iii) the 50/50 PS-40/PaMS-48 blend has microhet-
erogeneity until the temperature is increased to about
230 °C (see Figure 13). The above conclusions suggest
to us that composition-dependent microheterogeneity
exists above the binodal curve, i.e., in the miscible region
between the binodal curve and the dotted line in Figure
8 for the PS-38/PaMS-39 blend system and in Figure
11 for the PS-40/PaMS-48 blend system. Note in
Figures 8 and 11 that the dotted line, having a shape
very similar to that of the calculated binodal curve, is
shifted upward about 80—100 °C above the calculated
binodal curve of the respective blend systems. The
readers are reminded that all three PS-40/PaMS-18, PS-
38/PaMS-39, and PS-40/PaMS-48 blend systems are
miscible, as judged by both DSC and optical microscopy,
over the entire range of blend compositions. On the
other hand, we observe from Figure 16 that microhet-
erogeneity in PS/PVME blends exists within a much
narrower range of temperatures (<7 °C). It is appropri-
ate to mention at this juncture that a dynamic mechan-
ical thermal analysis (DMTA) can resolve the size of
domains (or separated phases) on the order of 5—10
nm?® and DSC is not as sensitive as DMTA in deter-
mining the Tg4 of a blend.!® This then suggests that DSC
may not be able to detect the size of domains smaller
than approximately 20 nm and optical microscopy (or
light scattering) cannot detect the existence of domains
smaller than approximately 500 nm. This observation
seems to suggest that a very broad, single glass transi-
tion in a binary blend does not warrant that the blend
is miscible on the segmental level.

Factors Controlling Dynamical Composition
Fluctuations in Miscible PS/PaMS and PS/PVME
Blends. In view of the fact that a binodal curve
constructed from equilibrium thermodynamics (i.e., from
the Flory—Huggins theory) determines the boundary
between the homogeneous and inhomogeneous regions
in a mixture of two liquids, we are led to conclude that
the presence of microheterogeneity discussed above in
both PS/PaMS and PS/PVME blend systems is attribut-
able to dynamical composition fluctuations near the
critical point. We now offer an explanation as to why
the extent of dynamical composition fluctuations is
much greater in PS/PaMS blends than in PS/PVME
blends, as determined from a larger temperature de-
pendence of Han plots in the miscible region of PS/
PaMS blends than in the miscible region of PS/PVME
blends.

The extent of concentration fluctuations, ¢ = 2[1 —
(x/xc)], of a polymer blend near its critical temperature
can be expressed by

¢~ 41— dy oMl (dy’
(1- ¢2,c)rl + ¢2,cr2\dT ¢

(Te—=T) ()

where y. is the value of y at the critical temperature T,
¢2c is the critical volume fraction of the reference
component (PaMS for PS/PaMS blends and PS for PS/
PVME blends), and r; (i = 1, 2) is the number of
segments (or degree of polymerization) of component i.
In obtaining eq 7, use was made of>*

_ 1 1
r1¢1,c r2¢2,c

2% 8

If we use the following expression for a,
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oo =A+B/T + Co,/T (9)
in eq 7, we obtain
41 — ¢, )P, 11 B + C¢
~ ( 2,0) 2,c'1'2 ot . 2,c (T _ TC) (10)
(L = ¢pry + @1 T

c

in which use was made of y = aV e With Vs being the
molar volume of a reference component. A close look
at eq 10 indicates that the coefficient B in eq 9 plays a
predominant role in determining the extent of composi-
tion fluctuations, ¢, near the critical point, because the
magnitude of C¢, is much smaller than that of B, as
can be seen from eq 1 or eq 5.

It is appropriate to mention at this juncture that
earlier Onuki®® obtained an expression, similar to eq 7,
for AB-type diblock copolymers. Subsequently, Han et
al.52¢d ysed Onuki’s expression to discuss the extent of
composition fluctuations in polystyrene-block-polyiso-
prene-block-polystyrene and polystyrene-block-polyiso-
prene copolymers near the order—disorder transition
temperature.

Substituting eq 1 for PS/PaMS blends and eq 5 for
PS/PVME blends, respectively, into eq 10, we obtain the
following relationship:

(T = Tdespams =~ 15(T; = Tpspvme (11)

for the same value of € in both PS/PaMS and PS/PVME
blend systems. Equation 11 suggests that the range of
temperature over which dynamical composition fluctua-
tions near the critical point may persist is approximately
15 times greater in PS/PaMS blends than in PS/PVME
blends. This analysis now seems to explain, at least in
part, our experimental results (compare Figure 4 for a
50/50 PS-58/PaMS-47 blend with Figure 16 for a 30/70
PS-110/PVME-95 blend).

Concluding Remarks

In this paper, on the basis of oscillatory shear rhe-
ometry we have shown that PS/PaMS blends exhibiting
UCST have microheterogeneity in the miscible region
(i.e., at temperatures above the binodal curve) and PS/
PVME blends exhibiting LCST also have microhetero-
geneity in the miscible region (i.e., at temperatures
below the binodal curve), where the miscibility region
was determined by optical microscopy or light scatter-
ing. We attributed the presence of microheterogeneity
in the respective blend systems investigated to dynami-
cal composition fluctuations near the critical point. We
offered an explanation as to why PS/PaMS blends
exhibit much greater dynamical composition fluctua-
tions than PS/PVME blends, in terms of the difference
in temperature dependence of the interaction parameter
between the two blend systems.

Previously, the presence of microhetrogeneity in
miscible PS/PVME blends was conjectured by the
observation of a very broad, single glass transition.1®
In this paper we have shown that a broad, single glass
transition in a miscible polymer blend does not neces-
sarily signify the presence of microheterogeneity. This
is demonstrated clearly by the PS-40/PaMS-18 blend
system investigated in this study in that we find no
evidence of microheterogeneity in PS-40/PaMS-18 blends,
as determined from oscillatory shear rheometry (see
Figure 7), although the same blends exhibit a broad,
single glass transition (see Figure 6). Thus we conclude
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that Han plots are very effective in investigating
whether or not microheterogeneity is present in a
miscible polymer blend.

At this juncture, it is worth mentioning a recent study
of Muller et al.>® who, using an electron spin relaxation
(ESR) technique, observed microheterogeneity on the
segmental level (as small as 5 nm) in poly[styrene-co-
(maleic anhydride)] (PSMA)/PVME blends, exhibiting
LCST, at temperatures approximately 70 °C below the
cloud point determined from light scattering. Note that
light scattering cannot detect the size of phase-sepa-
rated domains smaller than its wavelength, approxi-
mately 500 nm. According to Muller et al.,% a small
amount of maleic anhydride groups (4.8 wt %) in the
PSMA had a negligible effect on the phase behavior of
PSMA/PVME blends, and thus PSMA/PVME blends can
be regarded as being virtually the same as PS/PVME
blends. The results of ESR by Muller et al.5¢ support
the findings of the present study (see Figure 16),
suggesting that microheterogeneity, which was deter-
mined from a Han plot via oscillatory shear rheometry,
is present in a 30/70 PS-110/PVME-95 blend. It would
be a very challenging task to investigate the presence
of microheterogeneity in PS/PaMS blends using sophis-
ticated experimental techniques, such as ESR, solid-
state nuclear magnetic resonance spectroscopy, or small-
angle neutron scattering technique.

In this paper we have pointed out that any attempt
to explain the dependence of zero-shear viscosity on
blend composition of miscible polymer blends under iso-
free volume conditions requires extreme care, because
miscible blends undergoing a very broad, single glass
transition will give different results, depending on which
of the T4s (Tgi, Tgm, Or Tgf) is chosen.

Before closing, we wish to point out that the composi-
tion-dependent characteristic relaxation time for the PS/
PaMS and PS/PVME blend systems investigated in this
study could not be calculated, because these blends did
not exhibit a maximum in log G" versus log o plots
within the range of angular frequencies employed (100
rad/s was the highest experimentally accessible fre-
quency). To observe a maximum in log G" versus log o
plots, much higher molecular weights of PS and PaMS
than those employed in this study would be required.
But a very high molecular weight PS/PaMS or PS/
PVME blend will become immiscible over the entire
range of blend compositions. Thus we have concluded
that both PS/PaMS and PS/PVME blend systems have
a practical limitation which prevents us from having a
maximum in log G" versus log w plots (thus composi-
tion-dependent characteristic relaxation time).
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