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ABSTRACT: Liquid—liquid phase separation (LLPS) in hydrogenated and deuterated polybutadiene (HPB
and DPB) blends resulted in increases in storage and loss moduli (¢’ and G”) in the terminal region.
For homogeneous blends of monodisperse HPB and DPB we observed G’ =< w? and G” « w, where w is the
frequency. These exponents of w decreased due to phase separation. The effects of LLPS, which were
larger on G’ than G”, increased with quench depth and melt aging time. We performed cooling and
heating temperature sweeps on a near-critical and two noncritical blends to locate their LLPS transition
temperatures (T1). The estimated relation between the Flory interaction parameter (y) and temperature
(T) matched satisfactorily with that obtained using small-angle neutron scattering (SANS). The noneritical
blends underwent discontinuous transitions and exhibited hysteresis effects, unlike the near-critical blend.
Our HPB/DPB blends are better than earlier polystyrene/poly(vinyl methyl ether) blends in verifying
the experimental results with the theoretical models. Also, we compared the rheological effects of LLPS
transition in blends with those of microphase separation transition (MST) in block copolymers.

Introduction

We have studied liquid—liquid phase separation
(LLPS) in blends of model hydrogenated polybutadiene
({HPB) and deuterated polybutadiene (DPB) with dy-
namic shear behavior. In a master plot or reduced
plot for a blend, storage and loss moduli (G’ and G”)
are larger for phase-separated states than those for
homogeneous states. Similar results were seen in the
blends of polystyrene (PS) and poly(vinyl methyl ether)
(PVME).1~7 Mazich and Carr! and Ajji et al.24 verified
the rheologically obtained transition temperature (T})
for PS/PVME systems with cloud-point data, and for
similar systems Mani et al.? located the T’ with rheology
as well as a fluorescence technique. Theoretical analy-
ses to explain the rheological effects were done by
Onuki® and Ajji and Choplin.?

Unlike the earlier studies, we chose blends of model-
HPB/model-DPB, for which LLPS is described by the
Flory—Huggins lattice model. The use of well-charac-
terized model blends allowed us to compare our results
with the small-angle neutron scattering (SANS) re-
sults!®!! based on the Flory—Huggins model. We
systematically varied the volume fraction of HPB (¢)
and the temperature of a HPB/DPB blend and mapped
those variations on the blend phase diagram. The
principle behind the rheology of LLPS is as follows.

Rheological Principle. For a monodisperse poly-
mer, in the terminal region, G’ =« w? and G” « w, where
w is the frequency of oscillation. The terminal region
is the low-w end of the G’ and G” vs w plot such that
oty << 1, with 7. being the terminal relaxation time of
the polymer.'? The same behavior is also exhibited by
a homogeneous blend of two monodisperse polymers,12
which we refer to as the homogeneous rheological
behavior. Ifthe blend phase separates, values of G’ and
G” increase, and the exponent of G’ vs w is less than 2
and that of G” vs w less than 1. We call this the
heterogeneous rheological behavior or the deviations
from homogeneous rheological behavior. In our experi-
ments, we employed small-amplitude dynamic shear
experiments in the terminal region,!~7 thus avoiding
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shear-induced mixing.!® This made the rheological
technique comparable to quiescent techniques for LLPS,
like small-angle neutron scattering and turbidity ob-
servations.

In a typical blend, LLPS is brought about by changing
its temperature.!”” The change in temperature also
causes changes in rheological properties (G’ and G”) of
the homogeneous state, though the exponents of 2 in
G’ vs w and 1in G” vs w are maintained. These changes
can be eliminated by time—temperature superposition!2
of different G’ vs w and G” vs w curves at different
temperatures. The resulting plot is the reduced plot'?—a
plot of brG" and b7G” vs arw—for the homogeneous
system, where ar and bt are the horizontal and vertical
shift factors. As the temperature range in our experi-
ment was small, values of br are close to 1 and are
neglected. In a reduced plot, the highest temperature
at which the deviations from homogeneous rheological
behavior are seen is the transition temperature (T%).
Unlike the reduced plot, the modified Cole—Cole plot
or the G’ vs G” plot!* does not involve shifting of data.
All the G’ vs G” curves for the homogeneous tempera-
ture superimpose, while the curves for the heteroge-
neous temperatures deviate. The highest temperature
exhibiting the deviations represents the transition tem-
perature (T}).

Thermodynamics. In our experiments, a DPB is
nothing but an HPB with some of its hydrogen atoms
being replaced by deuterium atoms; the fraction of HPB
deuterated is denoted by f4. We do not consider in
detail, the changes in thermodynamic properties of an
HPB due to partial deuteration;1%!! that is, we treat a
DPB as its equivalent HPB. An HPB is a poly(ethylene-
co-butene-1), and we consider it to be a copolymer of
monomers A and B, where A and B are linear and ethyl
branched C,Hg repeat units, respectively. The fraction
of monomer B, also known as composition, is y; thus,
the copolymer can be represented as A;-,B,. A and B
repel each other; therefore, an A-rich HPB can phase
separate from a B-rich HPB in their mixture, when the
temperature of the system is decreased. Thus, the
system exhibits upper critical solution temperature
(UCST). The Flory interaction parameter between the
two monomers, ym, is the measure of repulsive interac-
tion between the two monomers. For two copolymers,
H and D, compositions are yn and yp. In a blend of H
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Table 1. Polymer Characteristics

HPB nomenclature y Ny Ny/Nu
HPB37 0.37 772 <1.1
DPB58 (4 ~ 0.49) 0.58 930 <1.1
¢ Fraction of HPB deuterated.
Table 2. Blend Characteristics
blend blend components® @
H37/D58-25 HPB37 and DPB58 0.25
H37/D58-50 HPB37 and DPB58 0.50
H37/D58-75 HPB37 and DPB58 0.75

and D, the volume fraction of the H copolymer is ¢;
therefore, the volume fraction of D is 1 — ¢. The Flory
interaction between H and D chains is x, and ¥ = ym(yn
— yp)2.15 The average composition of a blend is ¥ = @yu
+ (1 — @)yp. In the Results and Discussion section we
develop a phase diagram for our blends with the help
of Flory—Huggins lattice theory.

Experimental Section

HPB and DPB were prepared from anionically polymerized
polybutadiene precursors.’6-% Molecular weight characteriza-
tion of the polybutadienes was done with gel permeation
chromatography (GPC), and the composition (y) was deter-
mined by IR on polybutadiene precursors. Characteristics of
the HPB used in this study are given in Table 1. Weight-
average and number-average degrees of polymerization are Ny,
and N,, and N./N, is the polydispersity. Weight-average and
number-average molecular weights can be obtained by mul-
tiplying Ny, and N, by the molecular weight of the repeat unit,
which is —C,Hs—.

Rhee!” blended HPB and DPB by dissolving them in
cyclohexane and precipitating with excess (5:1) ice-cold metha-
nol with 1.2 g L™! Santanox (Monsanto Co.) as an antioxidant.
The individual components in the blends were not available
for examination. Details of the blends are summarized in
Table 2; names used for the blends indicate their components
and the volume fraction of HPB; for example, H37/D58-25 has
HPB37 and DPB58, with the volume fraction of the HPB (¢)
being 25%.

All the blends were checked by differential scanning calo-
rimetry (DSC) to be amorphous above 20 °C; that is, their DSC
curves did not show crystallization or melting peaks. Thus,
we eliminated the possibility of crystallization for the experi-
mental temperature range of 20—80 °C. The glass transition
temperatures of all the copolymers are less than —50 °C,®
therefore, all the blends were in their equilibrium liquid state,
and no effects of glass transition were expected on the
experiments.

Dynamic shear experiments were done with a 30-mm-
diameter cone-and-plate arrangement in a Bohlin VOR melt
rheometer; cone angle was 2.5°. A frequency range of 0.0314—
125.66 rad s~! was used, and the amplitude of oscillation was
maintained at less than 2 mrad. The test samples were
molded under vacuum at about 150 °C, so that no air bubbles
were present. To determine the transition temperature, each
test blend was first heated to a maximum temperature, and
then the temperature was decreased in desired step sizes to a
minimum temperature during the cooling cycle and increased
similarly during the heating cycle. Thermal equilibrium at
each temperature was ensured by maintaining the sample at
that temperature for more than 20 min before starting the
frequency scans. To ensure thermodynamic equilibrium—or
rather near-equilibrium—two frequency scans were performed,
first descending and then ascending. Typically, there was a
good match between the two data, showing that time effects
(or the effects of time after quenching) were minimal. A
maximum error of +1 °C in the temperature control was
determined by inserting an external thermocouple between the
cone and the plate.
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Figure 1. Binary phase diagram for HPB37 and DPB58 using
the relation y = 1.82/T — 0.00313. The vertical lines at volume
fractions (@) of 0.25, 0.5, and 0.75 correspond to the temper-
ature sweeps.

Results and Discussion

In Figure 1, the phase diagram, volume fraction of
HPB (¢) is plotted against y. The temperature—y
relationship is given by ¥ = a/T + b, where T is in
absolute units, a = 1.82, and b = —0.003 13. Later in
this section, we will discuss the origin of the ¢ and b
values. The solid line (binodal) in the phase diagram
divides the one-phase (below the solid line) and two-
phase (above the solid line) regions. It is derived by
equating the chemical potentials of the components
(HPB and DPB) in both the phases. This results in two
independent equations and two unknowns, which are
volume fractions of HPB in both the phases (¢). For a
system at a particular value of y, the two equations are
solved numerically to obtain the two ¢ values. The
computation is done for a range of y values with a
certain step size, Ay. The transition y (1) is defined
such that, for y > y, the system is phase separated and,
for ¥ < x, it ishomogeneous. The plot of x; vs ¢ is the
binodal line. More details of the calculation can be
obtained somewhere else. 202

The dotted line (spinodal) separates the spinodal
region from the metastable region, which is encloded
by spinodal and binodal lines. In the spinodal region,
a one-phase mixture of the two components is inherently
unstable and undergoes instantaneous phase separa-
tion. On the other hand, in the metastable region a one-
phase mixture may be stable for a finite time; the
nucleation-and-growth energy barrier prevents the phase
separation for that time. The equation of the spinodal
line is 2y Ng(1l — ¢) = 1, where N = NuNp/((1 — ¢)Np
+ @Nu) and ys is the spinodal y. At the critical point
(the filled dot in Figure 1), defined by y. and ¢, the
binodal and spinodal coincide, and the metastable region
is absent. The T, ¥., and ¢, values are the values of T,
%, and @ at the critical point. The equations for the
critical point are y. = (Ng~V2 + Np~12)2/2 and ¢, = NpV?%/
(NHl/Z + NDI/Z).

In Figure 1, the blend H37/D58—50 has a volume
fraction (¢ = 0.50) close to the critical volume fraction
(g, = 0.523); therefore, it is called a near-critical blend.
Due to the asymmetric nature of the phase diagram, ¢
# 0.5. The other two blends, H37/D58—25 and H37/
D58—75, are noncritical. Vertical lines in the phase
diagram represent the heating and cooling cycles. Tem-
perature of the H37/D58—25 blend was varied between
20 and 65 °C; the H37/D58—50 blend, between 25 and
80 °C; and the H37/D58—75 blend, between 16 and 65
°C.

The transition between one phase and two phases
occurs at the binodal line. The transition temperature
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Figure 2. Frequency sweeps at different temperatures for the
H37/D58—75 blend. The blend was heated from 20 to 65 °C.
The reference temperature (7o) for the reduced plot is 20 °C.
(a) log—log plot of storage modulus (G’) vs arw. (b) log—log
plot of loss modulus (G”) vs arw.

is denoted by T, and y at this transition, by y;.. When
a noncritical blend, say H37/D58—75, is heated from its
two-phase region, it homogenizes at T:. However, if it
is cooled from its one-phase region into the metastable
region (Ts < T < Ty or xs > x > xu), the phase separation
does not occur instantaneously. Also, phase separation
does not take place at T, but at a temperature less than
T:. This requirement of finite undercooling for phase
separation is a characteristic of noncritical blends.22
Unlike a noncritical blend, a critical blend does not
exhibit a metastable region. As a result, when a critical
system is cooled, at T it enters into the spinodal region
and undergoes instantaneous phase separation; no
undercooling is required. The H37/D58—50 blend, a
near-critical blend, exhibits more critical properties than
the noncritical properties.

To study the phase separation rheologically, we show
reduced plots of G’ and G” vs w for one of the noncritical
blends, H37/D58—75, that was heated from its hetero-
geneous to homogeneous phase (Figure 2). The reduced
plots (i.e., G" and G” vs arw) are obtained by time—
temperature superposition!? of G’ and G” vs w plots at
different temperatures. The reference temperature for
the reduced curve is 20 °C. The homogeneous rheologi-
cal behavior is seen for 60 and 65 °C, because the
exponent of G’ vs w is 2 and G” vs w is 1. For the
remaining three temperatures—40, 35, and 20 °C—the
exponent of G’ vs w is less than 2 and that of G” vs w is
less than 1. For the phase-separated blend, as the
temperature was increased for the quench depth was
decreased, the system approached the homogeneous
rheological behavior.

Time—temperature shifting is considered successful
if the curves, G’ and G” vs w, at different temperatures
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Figure 3. Plot of G’ vs G” for the H37/D58—75 blend. The
blend was heated from 20 to 65 °C. (a) log—log plot, also
referred to as the modified Cole—Cole plot. (b) Linear plot, to
locate the transition temperature. The transition temperature
is between 47.5 and 50 °C.

coincide. Polymers and their mixtures, in their homo-
geneous state, show successful time—temperature su-
perposition.'? However, for phase-separated polymer
mixtures time—temperature superposition fails.!* Thus,
the failure of time—temperature superposition for the
20—40 °C range indicates that the system is liquid—
liquid or liquid—solid phase separated. However, when
the blends were tested with DSC, no liquid—solid phase
separation or crystallization was observed in the tem-
perature ranges of interest. Thus, liquid—liquid phase
separation was the reason for the heterogeneous rheo-
logical behavior. Also, effects of LLPS were more
prominent on G’ than G” (Figure 2); that is, the relative
increase in G’ was more than that in G”.

As the time—temperature superposition failed for the
heterogeneous phase, the curves did not coincide with
each other. While preparing the reduced curves, we
shifted the phase-separated curves to coincide the
maxima in G” vs w curves to that of the homogeneous
phase reduced curve. Therefore, a failure of superposi-
tion was seen toward the low-w end of the curve. This
failure of time—temperature superposition, which indi-
cates LLPS, makes the use of time—temperature su-
perposition nonrigorous.

An alternative method suggested by Chuang and
Han!4 is to plot G’ vs G”, where effects of temperature
and frequency are eliminated; the plot is known as a
modified Cole—Cole plot. This plot for H37/D58—75
(heating) is shown in Figure 3a. The homogeneous
phase curves for 60 and 65 °C coincide, but the hetero-
geneous phase curves for 20, 35, and 40 °C deviate from
them. The highest temperature exhibiting the deviation
represents the transition temperature T:. A better



Macromolecules, Vol. 28, No. 21, 1995

x10%)
140 , | - ,
/./'
16 °C

112 o
g ®arom 7
© 56

28+

o r
0 20 40 60 80 100

b,6" [Pal x10%)

Figure 4. Linear G’ vs G” plot for cooling of H37/D58-75 to
locate the transition temperature, which is about 32 °C.

determination of T} is done with a linear G’ vs G” plot
as shown in Figure 3b, where the rheological LLPS
effects are magnified, and the determination of 7} is
easier. The homogeneous rheological behavior is seen
from 50 °C and above, and the deviations from the
behavior are seen from and below 47.5 °C. Thus, the
transition point for H37/D58-75 is 49 + 1.5 °C. We
used similar expanded linear G’ vs G” plots to locate
the transition points of the remaining two blends. The
detailed analysis can be obtained elsewhere.?!

When the H37/D58—75 blend was cooled from the
one- to the two-phase region, the phase transition did
not occur at T; but at a temperature lower than T}
(Figure 4). Homogeneous rheological behavior is seen
for 35, 42, 47, and 50 °C, and deviations from it are seen
for 30, 25, 20, and 16 °C. This requirement of under-
cooling for a one- to two-phase transition is a charac-
teristic of a noncritical transition.?2 From the phase
diagram (Figure 1), the spinodal temperature of the
blend is 23 °C. Therefore, the phase transition, which
occurred between 30 and 35 °C, was by heterogeneous
nucleation and growth. It is widely accepted that for
moderate undercoolings phase separation takes place
by heterogeneous and not homogeneous nucleation.

In a symmetric phase diagram, for two blends with
volume fractions (@) symmetric about the critical volume
fraction (¢@.), transition temperatures (T%) of the two
blends are the same. The phase diagram for our blends
(Figure 1) is not perfectly symmetric but is near-
symmetric. Therefore, T¢'s of the two blends are slightly
different. The value of y; for H37/D58-25 is 2.568 x
1073, and that for H37/D58—75, 2.520 x 1073, There-
fore, one expects T for the former to be smaller than
that for the latter, which is 49 £+ 1.5 °C. We obtained
T for H37/D58~25 to be 46 £ 1.5 °C.2! Similar to the
H37/D58—75 blend, the H37/D58—25 blend exhibited
the properties of noncritical blends.

Figures 5 and 6 are the heating and cooling data for
the near-critical blend, H37/D58—50. For the heating
case (Figure 5) the transition point is 57.5 + 2.5 °C, and
for the cooling case it is 52.5 £ 2.5 °C. The difference
between the two transition points or undercooling is
smaller than that for the noncritical blend, H37/D58—
75. For a noncritical blend the undercooling diminishes
as its volume fraction (¢) approaches ¢, and for a
critical blend the undercooling is zero.2?2 Also, a critical
blend exhibits a continuous transition;?! that is, the
changes in the physical properties of the blend are
continuous at the transition. Unlike a critical blend, a
noncritical blend undergoes a discontinuous transition 2!
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Figure 5. Linear G’ vs G” plot for heating of H37/D58-50 to
locate the transition temperature, which is between 55 and
60 °C. The location of the transition point is made difficult

by the continuous nature of the transition for this near-critical
blend.
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Figure 6. Linear G’ vs G” plot for cooling of H37/D58—50 to

locate the transition temperature, which is about 52.5 + 2.5
°C.

As the blend becomes more and more noncritical or the
difference between the blend ¢ and ¢. increases, the
transition becomes increasingly discontinuous. In Fig-
ures 5 and 6, due to the continuous nature of the
transition, determination of T is difficult; the difficulty
increases as one approaches the critical point.

To illustrate the properties of critical and noncritical
blends more clearly, we plotted G’ vs T at a constant
ato (Figure 7a,b). The basis for the development of the
plot is the time—temperature superposition as shown
in Figure 2. Though the time—temperature superposi-
tion is nonrigorous for phase-separated systems, use of
the G’ vs T plot (Figure 7) to explain the critical and
noncritical blend properties is more clear and concise.
Figure 7a is for one of the noncritical blends—H37/D58—
75. For the heating of the noncritical blend the hori-
zontal line of G = 5 x 105 Pa from 49 to 70 °C
represents the homogeneous phase. The transition
temperature (T:) is 49 + 1.5 °C, below which the
increase in G is attributed to the phase separation. For
the cooling case the system is homogeneous below T}, =
49 °C, and phase separation takes place at 32 + 2.5 °C,
which represents an undercooling of 17 °C. The pres-
ence of undercooling is also known as the hysteresis
effect,2? which is a definitive indication of liquid—liquid
phase transition and makes the determination of tran-
sition temperature reliable.!® Unlike the noncritical
transition (Figure 7a), the near-critical transition of
H37/D58—50 (Figure 7b) does not show a significant



7206 Nesarikar

327 a
]
-1
1 % arw=1 rad s
24 4 \ \
g \+ ®  Heating
T 164 Vo
- .
: Cooling \ \
o | v
8 4 \ \c T=49 °C
*+ —F80e-0-0 00
0+ T T T J
0 20 40 60 80
T °C
32 1 b
aw=1 rad s
24 4
g T.=57.5°C
. (Cooling and Heating)
's 16 4
—
" Heating
]
8 qCooling
o, - T — J
20 s 80
T °C

Figure 7. Linear plots of G’ vs T at atw = 1 for heating and
cooling cycles. (a) The noncritical blend H37/D58~75. (b) The
critical blend H37/D58—50.

undercooling or hysteresis. Also, the comparison of the
two plots shows that the noncritical transition is abrupt
or discontinuous, and the near-critical transition is
gradual or less discontinuous. Due to the gradual
change in G’ at the transition, determination of T} for
the near-critical blend is difficult (Figure 7b). For the
noncritical blends, discontinuities were also observed in
loglar) vs T~! plots; however, discontinuity was not
present for the near-critical blend.?! Similar results
were observed in the PS/PVME blend studies; Mazich
and Carr! and Ajji et al.* reported discontinuities in
noncritical systems, and Stadler et al.® observed no
discontinuity for their critical blend.

The transition point for the near-critical blend H37/
D58-501is 57.7 £ 2.5 °C; for the noncritical blend H37/
D58—175, 49 &+ 1.5 °C; and for the noncritical blend H37/
D58-25, 46 + 1.5 °C. Using the Flory—Huggins
analysis, which is described at the beginning of this
section, we obtained the y. for H37/D58—50 to be 2.368
x 1073; for H38/D58~—75, 2.520 x 1073; and for H38/
D58-25, 2.568 x 1073. The least-squares fit for y vs
T-1, with T in absolute units, led to a = 1.82 and b =
—3.13 x 10783 in y = a/T + b.

Study of SANS!0!1 revealed that the liquid—liquid
phase separation properties of a HPB/HPB blend change,
if one of the components is deuterated. For an HPB1/
HPB2 blend, ¥y = ym(y1 — y2)?, where y; and y: are the
compositions of the two copolymers and yy, is the Flory
interaction parameter between the linear- and branched-
C4Hg units. If one of the HPBs is deuterated, besides
y1 — ¥2, ¥ also depends on isotopic interactions, micro-
structure interactions, and interactions between the
hydrogenated and deuterated monomers.1® If the less-
branched HPB is deuterated, y decreases, and if the
highly branched HPB is deuterated, it increases. In our
analysis we neglected the effects of deuteration. How-
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ever, for consistency, we chose compositions similar to
those of the HPB/DPB blends of Graessley et al.!! For
their HPB38/DPB52 blend, with 5 = 0.45, y = 7.6 x 1074
at 167 °C and y = 10.1 x 107 at 109 °C; therefore, y =
0.72/T— 8.87 x 10~%. As yp — yu = 0.14, an, = 36.95
and by, = —0.045 in yp = /T + bm. In our analysis a
=182 and b = —3.13 x 1073; for yp — yu = 0.21 we
obtained a,, = 41.25 and b, = —0.071. The comparison
of aym and by, between the two studies is satisfactory.

It is important to note here that, as Graessley et al.2?
have shown, ym is a function of T and ¥’, where ¥ = 1/,
(yu +yp). They observed increases in y, with increasing
¥’. However, in our analysis ¥ = 47.5, which is close to
¥ = 0.45 for HPB38/DPB52 of Graessley et al.,!! and
the effects of ¥’ on ym can be neglected. Also, Rhee and
Crist!02¢ observed ym =~ 0.022 at 150 °C; at that
temperature we obtained ym = 0.027. The higher value
of ym in our case is due to higher 3;!%11 j for our critical
blend is 0.475, and in their results ¥ ~ 0.3.

Rheological Models Describing LLPS. For New-
tonian liquids and their homogeneous mixtures G’ = 0,
but an emulsion of the Newtonian liquids has finite
G’.25730 This is because, when isotropic emulsion drop-
lets are strained, they deform and store energy, and
after the strain is released they return to their isotropic
shape, releasing the stored energy, which is measured
in terms of G". In a polymeric system G’ is incremented
by G’q when the system phase separates, where G4 is
the storage modulus due to the presence of droplets or
due to the interface between the two phases.

The increment in G’ due to LLPS is given by Scholz
et al.2% and Gramespacher and Meissner®! as G’y < w?ty/
(1 + w?142), and 14 < R. Here, R is the size and 74 is the
relaxation time of the dispersed phase domains. There-
fore, G'q is prominent at w < 1/14, where G’ « R.
However, they predict no increment in G” (G”g) for w <
1/t4. The increments in the moduli were also predicted
by Ajji and Choplin;® however, they also predicted larger
effects of LLPS on G’ than G”. Onuki® predicted that
An*/p* = A¢, where r* is the magnitude of the complex
viscosity; An*, the increment in #* due to the LLPS; and
¢, the volume fraction of the minority phase. The
constant A, varies between 1 and 2. In the terminal
region, an increment in #* implies increases in one or
both of G’ and G”, because n* = (G2 + G2V w.

In the models of Scholz et al.?® and Onuki® blend
components with equal zero-shear viscosities (7o) are
considered. However, if the 7¢’s are different and follow
different time—temperature dependencies, the linear
mixing rule to determine the viscosity of phase-
separated blends fails. This alone, besides the droplet
effects, can contribute to the deviations from homoge-
neous phase behavior when blends phase separate.®!
Thus, Scholz et al.2® and Onuki® predicted that the
increases in G’ and G” (or »*) are only due to the
droplets present in the system. In our HPB/DPB
blends, 7¢’s of the two components are comparable, and
also their microstructures are similar. Thus, the rheo-
logical effects of LLPS in our blends were mostly due
to the presence of droplets and not the failure of the
linear mixing rule.’! Moreover, as the entanglement
molecular weights (M.) of PS (18 000) and PVME (5000)
are different, there is a possibility of two different
terminal and plateau zones.® These effects are practi-
cally absent in our blends, as M. for HPB37 is 2200,
and that for HPB58 is 3200.1° Thus, our HPB/DPB (or
HPB/HPB) blends are more suitable than PS/PVME
blends for comparison with the models.
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Rheology was also used to determined microphase-
separation transition (MST) temperature (Twst) in block
copolymers.32-38 In block copolymers, MST occurs
between ordered and disordered states. When a block
copolymer goes from the disordered to the ordered state,
in the terminal region, the exponent of G’ vs w changes
from 2 to 0.5, and that of G” vs w, from 1 to 0.5. For
the ordered state, in a reduced plot (i.e., G’ and G” vs
artw), the homogeneous phase behavior is seen for atw
> arw., and the deviations are seen for arw < atw.. The
critical frequency, w., is a characteristic of block copoly-
mer microscopic phase separation.

The rheological LLPS effects depend on the dynamics
of droplet relaxation, and the droplet relaxation time is
proportional to the droplet radius (R).?® In block
copolymers, the size scale of ordered domains (equiva-
lent to R) remains constant with time and quench
depth.?® However, in blends the droplet size increases
with quench depth and time due to coarsening.?!
Therefore, unlike blend LLPS, block copolymer MST
exhibits w. and a constant exponent (0.5) for G’ vs w
and G” vs w. Also, MST is a first-order or discontinuous
transition, and discontinuities in G’ and G” vs T are
present at Tysr.®® This is analogous to the noncritical
blend transitions, which were discontinuous in nature,
unlike the critical blend transition.

Another interesting application of the rheology of two-
phase blends is the determination of interfacial tension
(o). In their analysis, Gramespacher and Meissner,3!
Palierne,? and Graebling et al.*’ related the increments
in G' and G” to the ratio o/R, where R is an average
radius of particles of the dispersed phase. In their
analysis, deeply quenched blends of homopolymers were
used to effectively calculate a.. The blends in our study,
due to their shallow quenches, may not have constant
gize distributions and sizes of the dispersed phase
particles, even though the dispersed-phase volume
fraction may be constant. However, in a different
study,?! we analyzed a deeply quenched blend of HPB34
(N = 2770, Ny/Ny ~ 1.2) and DPB55 (N, = 2530, N/
N, ~ 1.2) with ¢ = 0.75 to estimate o the details of the
analysis are given elsewhere.?l The value of o esti-
mated at 50 °C was 0.95 dyn cm™1, which matched with
that (o = 1.56 dyn em™1) calculated using the Helfand
approach.!

Summary

Increases in storage and loss moduli were observed
when the HPB/DPB blends phase separated. The
effects are reported for a critical (near-critical) and two
noncritical blends. The noncritical blends exhibited
hysteresis effects unlike the critical blend. As noncriti-
cal blends underwent a discontinuous transition and
critical blends a continuous transition, an accurate
determination of the transition temperature (T:) was
more difficult for the critical blend. The relation
between ym, and T agreed with that obtained by SANS.
Our HPB/DPB blends are superior to earlier PS/PVME
blends in analyzing the effects of the interface (droplets)
in LLPS predicted by Onuki® and Scholz et al.2?
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