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ABSTRACT: The important role that the order—disorder transition temperature (Topr) of a block
copolymer plays in the compatibilization of two immiscible homopolymers is demonstrated, using the
model ternary blend systems consisting of a polystyrene-block-polybutadiene (SB diblock) copolymer and
two immiscible homopolymers, polystyrene (hPS) and polyisoprene (hPIl). For the study, SB diblock
copolymers having different microstructures were employed. We investigated via transmission electron
microscopy (TEM) the morphology of the blends. We found that an SB diblock copolymer was very poorly
distributed at the interface between hPS and hPI in an hPS/hPI/SB ternary blend when the specimen
was annealed at a temperature below the Topr of the block copolymer, while a more uniform distribution
of the SB diblock copolymer was observed when a specimen was annealed at a temperature above its
Toot. We have shown that the miscibility (or the interaction parameter) between the hPIl and PB block
in an SB diblock copolymer plays a decisive role in controlling the morphology at the interfaces between
hPS and hPI. We conclude that a block copolymer must be designed, such that its Topr is below the
targeted melt blending temperature, in order for the block copolymer to be able to act as an effective
compatibilizing agent for two immiscible homopolymers. This conclusion is supported further by
investigating the tensile properties and morphology of ternary blends consisting of polypropylene (PP),
hPS, and polystyrene-block-poly(ethylene-co-1-butene)-block-polystyrene (SEBS triblock) copolymer (Kra-
ton G1650), which were prepared by melt blending at 200 °C in a batch mixer. That is, little improvement
in the tensile properties of the ternary blends was observed when Kraton G1650 was added to PP/hPS
binary blends. This observation is explained by a very poor distribution, observed by TEM, of Kraton
G1650 at the interface between PP and hPS in the ternary blend. This is attributed to the very high
Toor, estimated to be above 350 °C from currently held mean-field theory, of Kraton G1650 compared to

the melt blending temperature employed.

Introduction

A block copolymer, when properly designed in terms
of chemical structure, architecture, and molecular weight,
can be used as an effective compatibilizing agent for a
pair of immiscible homopolymers. During the past
decade, a number of research groups reported on com-
patibilization of two immiscible homopolymers, theo-
retically’~" and experimentally.8~22 Some researchers?-2>
investigated the adhesion between two immiscible
homopolymer layers in the presence of a diblock copoly-
mer in between, and still others?%27 investigated frac-
ture mechanisms and the interface toughness of two
immiscible homopolymers layers in the presence of a
diblock copolymer in between.

Notwithstanding much effort spent on the subject
during the past decade, our understanding of the subject
is still far from complete. To illustrate the point, let us
confine our attention to a ternary blend consisting of a
pair of homopolymers, A and B, and a block copolymer,
C-block-D, i.e., A/B/(C-block-D) blend. Note that such a
ternary blend is general enough to cover special cases:
(i) A/B/(A-block-B) blend, (ii) A/B/(C-block-B) blend, and
(iii) A/B/(A-block-D) blend. Needless to state, there are
many conceivable A/B/(C-block-D) blends in terms of the
chemical structures and molecular weights of the con-
stituent components (A, B, C, and D), which in turn
determine the miscibility between a particular pair of
components. To make the situation more complicated,
the block length ratio of A-block-B, C-block-B, or A-
block-D copolymer, when mixed with a pair of homo-
polymers, also plays an important role in determining
its effectiveness as compatibilizing agent. In this regard,

10.1021/ma981665¢c CCC: $18.00

a comprehensive theory is most welcome in order to
minimize the number of experiments, which otherwise
would have to be performed. To the best of our knowl-
edge, however, at present no comprehensive theory
exists in the literature dealing with this subject.

In the experimental studies on compatibilization of
two immiscible homopolymers using a block copolymer,
for instance, Paul and co-workers®—12 published a series
of papers, reporting an improvement of some mechanical
properties of binary blends of polystyrene (hPS) with
high-density polyethylene (HDPE) or low-density poly-
ethylene (LDPE) in the presence of a polystyrene-block-
poly(ethylene-co-1-butene)-block-polystyrene (SEBS tri-
block) copolymer, which is a hydrogenated polystyrene-
block-polybutadiene-block-polystyrene (SBS triblock)
copolymer. However, they did not investigate the mor-
phology of the ternary blends at the interface between
SEBS triblock copolymer and homopolymer. Fayt et al.14
reported that the addition of polystyrene-block-poly-
(ethylene-co-1-butene) (SEB diblock) copolymer to bi-
nary blends of LDPE and hPS significantly enhanced
both the ultimate tensile strength and the elongation
at break. They attributed the enhanced mechanical
properties to the role that SEB diblock copolymer played
as an emulsifying agent for LDPE/hPS blends. They
noted that SEB diblock copolymers acted as efficient
emulsifying agents only when the molecular weights of
block sequences were comparable to or higher than the
molecular weights of the corresponding homopolymers.
If a block copolymer played a role of compatibilizing
agent for a pair of immiscible homopolymers, an “in-
terphase” should have been formed where block chains
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and the corresponding homopolymer chains coexist.
Below we will elaborate on the thermodynamic require-
ments that a block copolymer must meet with if it is
going to be an effective compatibilizing agent.

When certain mechanical properties of an immiscible
polymer blend were improved in the presence of a block
copolymer, the size of the discrete phase in the blend
was decreased. This was then interpreted as being due
to the lowering of interfacial tension by the block
copolymer. Apparently, based on such an interpretation,
attempts were made to assess the effectiveness of a
block copolymer as compatibilizing agent from measure-
ments of the interfacial tension of a pair of immiscible
homopolymers. It should be pointed out that an effective
compatibilizing agent must form a sufficiently large
“interphase”, which would then significantly improve
mechanical properties of an immiscible polymer blend.

According to Helfand and Tagami,?829 the interfacial
thickness d of a pair of immiscible homopolymers of
infinite molecular weight can be estimated from

d = 2b/(6y)*? (1)

where yx is the Flory—Huggins interaction parameter
and b is the Kuhn statistical length of the two polymers.
They also derived the expression for the interfacial
tension y

Y = (1/6)"*bpoksT )

in terms of y, where kg is the Boltzmann constant, T is
the absolute temperature, and po is the inverse of
monomeric volume of a reference component. Recently,
Broseta et al.3% extended the Helfand—Tagami theory
to finite molecular weight of polymers and concluded
that, for finite molecular weights, the interfaces are
broader and the interfacial tensions smaller than pre-
dicted by the assumption of infinite molecular weights
of the constituent polymers. They noted that in poly-
disperse systems small chains accumulate slightly at
the interface, lowering the interfacial tension. Within
the spirit of mean field approach, from egs 1 and 2 one
can conclude that the smaller the value of y, the larger
the value of d and the smaller the value of y. Such a
conclusion might have led some investigators to further
conclude that a block copolymer played the role of an
effective compatibilizing agent when it decreased the
domain size of the dispersed phase in a two-phase
polymer blend. We hasten to point out, however, that
eqs 1 and 2 are only valid for a pair of immiscible
polymers and not for a ternary blend in which a third
component (e.g., a block copolymer) is present in a blend
of two immiscible polymers. Moreover, it is clear that
eqs 1 and 2 have practical limitations in that d will
become exceedingly large, which is physically unaccept-
able, as the value of y becomes exceedingly small.

In the literature, it appears that there has been
confusion between a dispersing (or emulsifying) agent
and a compatibilizing agent. During melt blending of
two immiscible polymers, an emulsifying agent can also
decrease the interfacial tension, thus decreasing the size
of the discrete phase. But, an emulsifying agent does
not significantly improve the mechanical properties of
an immiscible blend, because the emulsifying agent does
not necessarily help the formation of an interphase. Any
improvement, which originates from a uniform distribu-
tion of finer dispersion, would be marginal. Thus, we
can conclude that any attempt to measure the interfa-
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cial tension to assess the effectiveness of a compatibi-
lizing agent for a pair of immiscible polymers is not
warranted. An effective compatibilizing agent is ex-
pected to significantly improve the mechanical proper-
ties of an immiscible blend by forming an “interphase”
between a homopolymer and a block copolymer. The
formation of an interphase must meet with certain
thermodynamic requirements. Significant improvement
in the mechanical properties of an immiscible blend
cannot be achieved without strong interfacial adhesion
between the components. To produce a mechanically
stable interphase between two immiscible homopoly-
mers in the presence of a block copolymer, the block
copolymer must be designed, such that each block has
a preferential affinity for each different homopolymer;
i.e., the block copolymer must segregate preferentially
to the interface between the two immiscible homopoly-
mers.

Although in the past many experimental studies®—22
were reported on the compatibilization of two immiscible
homopolymers, little is mentioned in the literature
about the role that the order—disorder transition tem-
perature (Topt) of a block copolymer plays in the
compatibilization. Specifically stated, even when a block
copolymer meets with all the thermodynamic require-
ments for compatibilization of two immiscible homopoly-
mers, the block copolymer would not play the role of an
effective compatibilizing agent unless the melt process-
ing temperature is chosen to be above the Topt of the
block copolymer, because an intimate mixing between
homopolymers and a microphase-separated block co-
polymer is not expected to occur at melt processing
temperatures below the Topt of the block copolymer.
This means that the molecular weight of a block
copolymer must be chosen, such that its Toprt can lie
below the melt processing temperature of the blend. A
case in point is the use of commercially available SEBS
triblock copolymers (e.g., Kraton G series from Shell
Development Co.), which have very high molecular
weights. For instance, the molecular weight of Kraton
G1620 is reported to be 83 700.2! 1t should be mentioned
that the Topr of a block copolymer increases with
increasing molecular weight. The molecular weights of
Kraton G series are so high that no one has been able
to measure their Topt's before thermal degradation. As
will be shown below, the Topt's of Kraton G series are
estimated to be well above 350 °C, which is much higher
than the normal melt processing temperature (say,
below 250 °C) of thermoplastic resins (e.g., PS, HDPE,
LDPE). Thus, a judicious choice of the molecular weight
of a block copolymer is very important if it is going to
be used as an effective compatibilizing agent.

The observations made above have motivated us to
launch an investigation whether or not the Topt of a
block copolymer would play an important role in the
compatibilization of two immiscible homopolymers. For
the study, first, we measured the tensile properties of
ternary blends consisting of polypropylene (PP), hPS,
and a commercial SEBS triblock copolymer, which were
prepared by melt blending at 200 °C, far below the Topt
of the SEBS triblock copolymer employed. We observed
little improvement in the tensile properties of hPS/PP/
SEBS ternary blends when an SEBS triblock copolymer
was added to hPS/PP binary blends. This observation
is explained by a very poor distribution, observed by
transmission electron microscopy (TEM), of the SEBS
triblock copolymer at the interface between hPS and PP
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Table 1. Molecular Characteristics of Homopolymers
Investigated in This Study
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Table 2. Molecular Characteristics of Diblock
Copolymers Investigated in This Study

sample code Mn Mw/Mp Mw
PsS-2202 1.10 x 10° 2.03 2.23 x 10°
P1-200° 1.96 x 10° 1.07 2.09 x 10°
PB-80° 7.10 x 10* 1.11 7.88 x 10*

a STYRON 615APR, Dow Chemical Co. P It contains 94% 1,4-
addition. ¢ It contains 91% 1,2-addition. Membrane osmometry was
employed to determine number-average molecular weight (Mp),
and gel permeation chromatography was used to determine
polydispersity My/Mp.

in the ternary blend. Next, we prepared via solution
blending model ternary blends consisting of hPS, poly-
isoprene (hPI), and polystyrene-block-polybutadiene (SB
diblock) copolymer and then annealed the blends for
varying periods under isothermal conditions at a tem-
perature above and below the Topt of the SB diblock
copolymer. This was made possible, because the model
SB diblock copolymers employed had Topt below 200
°C. We found distinctly different distributions of SB
diblock copolymer, as observed by TEM, between hPS
and hPI, depending on the annealing temperatures
employed relative to the Topt of the SB diblock copoly-
mer. In this paper we will report the highlights of our
findings. It should be mentioned that the purpose of this
paper is to demonstrate, using model ternary blends,
our contention that the Topt 0f a block copolymer indeed
plays a very important role in the compatibilization.
Within the limited scope of this paper, we will only
present the results of TEM investigation of model
ternary blends and interpret the results in terms of Topr
and thermodynamic data, and the discussion of me-
chanical properties of model ternary blends is beyond
the scope of this paper.

Experimental Section

Materials. In this study a commercial grade SEBS triblock
copolymer (Kraton G1650, Shell Development Co.) was used,
which has the PS block as the minor component (ca. 30 wt %)
forming microdomains and poly(ethylene-co-1-butene) (PEB)
block as the major component forming the matrix. A high
molecular weight commercial hPS (STYRON 615APR, Dow
Chemical Co.) and a commercial grade of PP (Escorene 1052,
Exxon Chemical Co.) were used to blend with Kraton G1650.
Ternary blends consisting of hPS, PP, and Kraton G1650 were
prepared by melt blending for the purpose of investigating the
effectiveness of Kraton G1650 as compatibilizing agent.

To prepare model ternary blends, we synthesized, via
anionic polymerization, hPl and polybutadiene (hPB). The
molecular characteristics of the homopolymers are summarized
in Table 1. We also synthesized, via anionic polymerization,
polystyrene-block-polyisoprene (Sl diblock) and SB diblock
copolymers. In the synthesis of SB diblock copolymer we varied
the microstructure of PB block having (i) 9% 1,2-addition (SB-
14/11), (ii) 44% 1,2-addition (SB-13/12), and (iii) 89% 1,2-
addition (SB-9/8), all having lamellar microdomains. The
molecular characteristics of the block copolymers are sum-
marized in Table 2. Membrane osmometry (Jupiter Instru-
ment) was used to determine the number-average molecular
weight (M,) of each of the homopolymers and the model block
copolymers synthesized, and gel permeation chromatography
(GPC) (Waters) was used to determine the polydispersity (My/
M) of each of the polymers synthesized. Using combinations
of the homopolymers summarized in Table 1 and the diblock
copolymers summarized in Table 2, we prepared, via rapid
precipitation, the following ternary systems: (i) hPS/hPI1/SB,
(ii) hPS/hP1/SI, and (iii) hPS/hPB/SB.

Sample Preparation. Samples of hPS/PP/Kraton G1650
blends were compounded at seven different volume ratios,
using a batch mixer (Brabender Plasticorder) at 200 °C for 15

sample My of PI
code Mpn Mw/Mn  wt% PS M, of PS or PB
S1-9/92 18 000 1.10 51.0 9400 9000
SB-14/11> 24 000 1.06 53.9 13700 11700
SB-13/12¢ 23 000 1.09 53.9 13500 12200
SB-9/8d 16 700 1.04 52.8 9200 8200

a Pl block has 94% 1,4-addition. ® PB block has 9% 1,2-addition.
¢ PB block has 44% 1,2-addition. 9 PB block has 89% 1,2-addition.
Membrane osmometry was employed to determined number-
average molecular weight (M), and gel permeation chromatog-
raphy was used to determine polydispersity My/Mn. The weight
percent of PS in each block copolymer was determined using
nuclear magnetic resonance spectroscopy.

min mixing at a rotor speed of 60 rpm. Samples for tensile
property measurement were prepared by compression molding
the melt-blended polymer in a hot press at 200 °C. The
compression-molded specimens were cut into a dumbbell
shape. The length, width, and the thickness of dumbbell
specimens were 50, 6, and 1 mm, respectively. Samples for
model ternary blends were prepared as follows. Two im-
miscible homopolymers (hPS with hPI or hPS with hPB) with
a block copolymer (SI or SB diblock copolymer) were dissolved
in a common solvent, toluene, and then the homogeneous
solution (2 wt % polymer) was stirred for at least 24 h. Then,
the solution was slowly poured into the rapid precipitation
setup, which was comprised of a six-blade turbine centrally
placed in a perforated draft tube. The rapid precipitation setup
was maintained at —78 °C, and the tall form beaker containing
both the draft tube and the rotating shaft was charged with
methanol. Immediate precipitation of the polymers was ob-
served upon the polymer solution’s contact with the circulating
methanol pool. The suspension of the precipitated polymers
in a liquid blend of toluene and methanol was filtered at room
temperature. After filtration, the precipitated polymers were
washed several times to remove toluene by methanol. The
washed precipitates were dried at room temperature in a fume
hood for 1 day and then in a vacuum oven at 40 °C for 1 week
to remove residual solvent. All blend samples were then stored
in a freezer. The rapidly precipitated blend was annealed in a
vacuum oven at a predetermined temperature for varying
periods.

Samples for rheological measurement and TEM for neat
block copolymers were prepared by first dissolving a prede-
termined amount of a block copolymer (10 wt % in solution)
in the presence of 0.1 wt % antioxidant (Irganox 1010, Ciba-
Geigy Co.) and then slowly evaporating the solvent. The
evaporation of solvent was carried out initially in a fume hood
at room temperature for a week and then in a vacuum oven
at 40 °C for 3 days. The last trace of solvent was removed by
drying the sample in a vacuum oven by gradually raising the
oven temperature to 80 °C. The drying of the sample was
continued until there was no further change in weight. Finally,
the sample was annealed at 110 °C for 10 h.

Transmission Electron Microscopy (TEM). Specimens
for TEM were cryoultramicrotomed using a Reichert Ultracut
S (Leica) microtome equipped with a diamond knife. Sections
(50 nm thick) were obtained at —100 °C. A transmission
electron microscope (JEM 1200 EX 11, JEOL) operated at 120
kV was utilized to observe the images of the specimens. Blend
specimens were stained with ruthenium tetroxide (RuO,) vapor
or osmium tetroxide (OsQO,) vapor.

Tensile Properties Measurement. An Instron test ma-
chine (model 4204) was used to measure the tensile properties
of blend specimens. Tensile tests were conducted at a deforma-
tion rate of 50 mm/min at room temperature.

Rheological Measurement. To determine the Topt of the
block copolymers employed in this study, a Rheometrics
mechanical spectrometer (model RMS 800) was used in the
oscillatory mode with parallel plate fixtures (25 mm diameter).
Two different types of experiment were conducted. (1) Dynamic
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Figure 1. Plots of (a) ultimate tensile strength versus volume
fraction of PP and (b) modulus versus volume fraction of PP
for (PS-220)/PP/Kraton G1650 ternary blends (®) and (PS-220)/
PP binary blends (O).

frequency sweep experiments were conducted for Kraton
G1650; i.e., dynamic storage and loss moduli (G’ and G'') were
measured as functions of angular frequency (w) ranging from
0.01 to 100 rad/s at temperatures ranging from 190 to 310 °C
during heating. The temperature increment in the frequency
sweep experiment was 20 °C, and the specimen was kept at a
constant temperature for 30—40 min before rheological mea-
surements actually began. (2) Dynamic temperature sweep
experiments were conducted for Kraton G1650 and four model
diblock copolymers; i.e., G' and G" were measured under
isochronal conditions (at @ = 0.01 rad/s) during heating. The
temperature control was accurate to within +1 °C, and a fixed
strain of 0.04 was used at a given temperature, to ensure that
measurements were taken well within the linear viscoelastic
range of the materials investigated. All the rheological mea-
surements were conducted under a nitrogen atmosphere in
order to avoid oxidative degradation of the samples.

Results and Discussion

Tensile Properties of hPS/PP/Kraton G1650 Ter-
nary Blends. Figure 1 gives plots (symbol @) of
ultimate tensile strength (Sp) and modulus (G,) versus
volume fraction of PP (¢p,) for (PS-220)/PP/Kraton
G1650 ternary blends taken at room temperature. For
comparison, plots (symbol O) of Sy and G, versus ¢pp
for (PS-220)/PP binary blends are also given in Figure
1. The following observations are worth noting in Figure
1: (i) the ultimate tensile strength of PS-220 (symbol
O at ¢pp = 0) is 36 MPa while the ultimate tensile
strength of (PS-220)/Kraton G1650 (10 vol %) binary
mixture (symbol @ at ¢,, = 0) is 22 MPa, indicating that
Kraton G1650 and PS-220 are not miscible; (ii) the
addition of Kraton G1650 (10 vol %) increased the
ultimate tensile strength of the 65/35 (PS-220)/PP and
50/50 (PS-220)/PP binary blends from ca. 11 to ca. 18
MPa but improved little the ultimate tensile strength
of other (PS-220)/PP binary blends; and (iii) the addition
of Kraton G1650 (10 vol %) did virtually nothing to
improve the modulus of the (PS-220)/ PP binary blends
over the entire blend compositions. The above observa-
tions indicate that Kraton G1650 did not act as a
compatibilizing agent to the (PS-220)/PP binary blends.
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Figure 2. TEM images of 45/45/10 (PS-220)/PP/Kraton G1650
blend: (a) low magnification; (b) high magnification. The white
areas represent the PP phase, the light dark areas represent
hPS droplets, and the very dark areas represent Kraton
G1650.

It is clear from Figure 1 that values of Sy and Gy, of
(PS-220)/PP/Kraton G1650 ternary blends are lower
than the linear additive rule, leading us to speculate
that there was little interfacial adhesion between the
block copolymer and homopolymers. Below this specula-
tion will be shown to be valid from an independent
morphological investigation. We reached the same
conclusion from information on elongation at break,
which is not presented here.

Morphology of hPS/PP/Kraton G1650 Ternary
Blends. To explain the results of the tensile property
measurements presented above, we examined the mor-
phology of the ternary blends. The TEM images of the
45/45/10 (PS-220)/PP/Kraton G1650 ternary blend, in
which the numbers represent volume percentages, are
given in Figure 2, where the white areas represent the
PP phase, the light dark areas represent PS-220 drop-
lets, and the very dark areas represent the block
copolymer, Kraton G1650. Notice in Figure 2a that
Kraton G1650, like PS-220, forms separate domains
that are then dispersed in the PP matrix. In Figure 2b,
which is a high magnification image of Figure 2a, we
observe that a smaller droplet of Kraton G1650 is
attached on the surface of the much larger droplet of
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At T<Topr

At T >Toor

PS Block
------- PEB Block

Figure 3. Upper panel: TEM image of Kraton G1650 at T <
Toot. Lower panel: schematic describing the disordered state
of Kraton G1650 at T = Topr.

PS-220, showing no evidence of uniform distribution of
Kraton G1650 at the interface between the PS-220
droplet and the PP matrix. The above observation now
seems to explain why the tensile properties of the (PS-
220)/PP/Kraton G1650 ternary blends are improved
little or marginally over those of the (PS-220)/PP binary
blends (see Figure 1).

The Origin of the Lack of Significant Improve-
ment of the Tensile Properties of (PS-220)/PP
Binary Blends with the Addition of Kraton G1650.
The upper panel of Figure 3 gives a TEM image of
Kraton G1650, where the white areas represent the
PEB block and the dark areas represent the PS block
stained by RuO,. In Figure 3 we observe that the PS
block in Kraton G1650 has a hexagonally packed
cylindrical microdomain structure. The lower panel of
Figure 3 depicts schematically the flexible chains of
Kraton G1650 at temperatures equal to or above its
Topt. Note that solubilization between the PS and PEB
blocks in Kraton G1650, owing to exhibiting upper
critical solution temperature behavior, increases with
increasing temperature, giving rise eventually to a
homogeneously mixed liquid phase at T = Topr.

Figure 4a gives logarithmic plots of G' vs G" for
Kraton G1650 at temperatures ranging from 190 to 310
°C, which were obtained from dynamic frequency sweep
experiments. Hereafter, log G' vs log G" plots will be
referred to as Han plots.3! According to the rheological
criterion of Han and co-workers,3536 the Topt of a block
copolymer can be determined by the threshold temper-
ature at which Han plots, having a slope of 2 in the
terminal region for monodisperse homogeneous poly-
mers, begin to show temperature independence when
the dynamic frequency sweep experiment is conducted

Macromolecules, Vol. 32, No. 12, 1999

T TTTTH
—
[
~

T 1 IIIIII‘

b1 111 IIII 1 1t 1111)
10° 10* 105 10°
G" (Pa)

103||||I|I|JJ|L|||||II|||||||||||ll|
180 200 220 240 260 280 300 320

Temperature (°C)

Figure 4. (a) Temperature dependence of Han plots for
Kraton G1650 that was obtained from the dynamic frequency
sweep experiments during heating at various temperatures:
(O) 190, (a) 210, (O) 230, (V) 250, (®) 270, (a) 290, and (m)
310 °C. (b) Temperature dependence of dynamic storage
modulus G' for Kraton G1650 that was obtained from the
dynamic temperature sweep experiments under isochronal
conditions during heating.

during heating. Using such a rheological criterion, from
Figure 4a we conclude that the Topt of Kraton G1650
is much higher than 310 °C, the highest experimental
temperature employed. Any discussion of the experi-
mental method employed here to determine the Topr
of a block copolymer is beyond the scope of this paper.
The interested readers are referred to the original
papers.3®

Figure 4b gives the dependence of storage modulus
G' on temperature, which was obtained from the dy-
namic temperature sweep experiment under isochronal
conditions (at w = 0.01 rad/s), for Kraton G1650.
According to the literature,383° the Topt of a block
copolymer can be determined by identifying a temper-
ature at which G' drops precipitously in the plots of G’
vs temperature. However, in Figure 4b we observe that
the value of G' remains more or less constant over the
entire range of temperatures (from 190 to 310 °C) at
which the dynamic temperature sweep experiment was
performed,; i.e., in Figure 4b we cannot identify a critical
temperature at which G’ drops precipitously. Therefore,
we can conclude from Figure 4 that the Topt of Kraton
G1650 is much higher than 310 °C, the highest experi-
mental temperature employed.

Since we could not determine experimentally the Topt
of Kraton G1650, we made an attempt to estimate it
using currently held mean-field theory. Using the Hel-
fand—Wasserman theory,*° we estimated the Topt of
Kraton G1650 to be approximately 350 °C with the
following expression

o= —0.1678 x 1072 + 1.2536/T — 0.0648¢,4/T (3)

for the polymer—polymer interaction parameter o for
PS/PEB pair reported recently by Han et al.*! Note that
in eq 3 ¢ps is the volume fraction of PS in a PS/PEB
blend, T is the absolute temperature, and the Flory—
Huggins interaction parameter y can be obtained from
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Table 3. Comparison of Predicted Topt (°C) with
Measured Value for the Diblock Copolymer Synthesized

in This Study
sample predicted measd
code interaction parameter TooT Toot
S1-9/9 o= —0.118 x 1072 + 0.839/T2 147 133
SB-14/11 o = —0.1576 x 1072+ 0.917/T + 176 174
0.0951¢ps/TP
SB-13/12 o = —0.1814 x 1072 + 1.048/T + 192 193
0.1138¢ps/T¢
SB-9/8 o= —0.2388 x 1072 + 1.355/T + 142 123
0.0186¢ps/TH

a Equation 4 in ref 35¢. ® Equation 13 in ref 41. ¢ Equation 10
in ref 41. 9 Equation 14 in ref 41.

the relationship y = aV, with V, being the molar volume
of a reference component. It should be mentioned that
eq 3 was obtained for fairly low molecular weights of
PS and PEB; namely, M,, = 1500 for PS and M,, = 3880
for PEB. In view of the fact that o depends on the
molecular weight of the constituent components, the
estimated Topt = 350 °C for Kraton G1650 may be a
very conservative value, because M,, = 27 000 for PS
block and M,, = 63 000 for PEB block in Kraton G1650.
It is clear then that the Topt of Kraton G1650 is indeed
very high, compared to the melt blending temperature
(200 °C) employed in the present study.

We can now understand why, as shown in Figure 2,
Kraton G1650 in the 45/45/10 (PS-220)/PP/Kraton G1650
blend, which was melt blended at 200 °C, was not
distributed uniformly at the interface between the PS
droplet and the PP matrix. This is simply because the
melt blending temperature employed was very far below
the Topt of Kraton G1650. This observation is very
significant in that in order for a block copolymer to be
able to function as an effective compatibilizing agent
for a pair of immiscible homopolymers, the block co-
polymer in terms of molecular weight and block length
ratio must be designed in such a way that its Topt may
lie below the intended melt blending (or processing)
temperature.

Morphology of Model A/B/(A-block-D) Ternary
Systems. The (PS-220)/PP/Kraton G1650 ternary blends
investigated can be categorized, for our purposes here,
as A/B/(A-block-D) ternary system although Kraton
G1650 is a PS-block-PEB-block-PS copolymer. To elabo-
rate on the important role that the Topr of a block
copolymer plays in the compatibilization of a pair of
immiscible homopolymers, we have investigated the
morphologies of model A/B/(A-block-D) ternary systems
by synthesizing low-molecular-weight A-block-D copoly-
mers that would give rise to a relatively low Topt (lower
than 200 °C; see Table 3), namely, an Sl diblock
copolymer (S1-9/9) and three SB diblock copolymers with
varying amounts of 1,2-addition in the PB block: (i) SB-
14/11 having 9% 1,2-addition in the PB block, (ii) SB-
13/12 having 44% 1,2-addition in the PB block, and (iii)
SB-9/8 having 89% 1,2-addition in the PB block. Also,
we synthesized an hPIl (P1-200) and an hPB (PB-80),
the microstructures and molecular weights of which are
summarized in Table 1. The rationale behind the
synthesis of these SB diblock copolymers having differ-
ent amounts of 1,2-addition in the PB block will become
clear when the morphologies of the model A/B/(A-block-
D) ternary blends are presented below.

Since our contention here is to demonstrate the
extreme importance of the Topt of a block copolymer in
the compatibilization of two immiscible homopolymers,
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Figure 5. Temperature dependence of dynamic storage
modulus that was obtained from the dynamic temperature
sweep experiments under isochronal conditions during heating
for (O) SI-9/9, (») SB-14/11, (O) SB-13/12, and (v) SB-9/8.

we conducted dynamic temperature sweep experiments
under isochronal conditions (at w = 0.01 rad/s) in order
to determine the Topt 0Of each of the four model diblock
copolymers synthesized in this study: SI-9/9, SB-14/11,
SB-13/12, and SB-9/8. The results of such experiments
are given in Figure 5, in which we can identify a critical
temperature at which the value of G' drops precipitously
for each diblock copolymer, and thus we can determine
the Topt of each diblock copolymer, as summarized in
Table 3. For comparison, we estimated the Topt of each
of the four model diblock copolymers using the Helfand—
Wasserman theory,*® and they are also given in Table
3. It is gratifying to observe in Table 3 that the
agreement between experiment and prediction is very
reasonable, in the light of some questionable assump-
tions made in the Helfand—Wasserman theory and
some uncertainties associated with the polymer—
polymer interaction parameters employed in the predic-
tion.

Figure 6 gives the TEM images of as-precipitated
ternary blends: (a) 63/27/10 (PS-220)/(P1-200)/(SB-14/
11), (b) 63/27/10 (PS-220)/(P1-200)/(SB-13/12), and (c) 63/
27/10 (PS-220)/(P1-200)/(SB-9/8), in which the numbers
represent weight percentages. It should be mentioned
that the as-precipitated blends were in the form of
powders. Specimens for taking TEM images were pre-
pared by first embedding as-precipitated powders in an
epoxy (EPON 828) and curing it for about 24 h at room
temperature using 10 wt % triethylenetetramine. The
embedded samples were then ultramicrotomed using a
microtome equipped with a diamond knife. The micro-
graphs in Figure 6 will be very useful to interpret the
morphology of the model ternary blends after annealing
under isothermal conditions; i.e., the micrographs in
Figure 6 will serve as a reference for later discussion.
Note in Figure 6 that the white areas represent PS-220
and the light dark areas represent PI1-200. Due to the
low magnification, it is not possible to identify in Figure
6 SB diblock copolymer in the ternary blends. It is worth
noting in Figure 6 that the as-precipitated blends have
a co-continuous morphology, very similar to that ob-
served in previous studies of Yang and Han,*? who
prepared binary blends of hPS and hPIl by rapid
precipitation, and Lee and Han,*3 who prepared binary
blends of hPS and poly(methyl methacrylate) by rapid
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Figure 6. TEM images of as-precipitated ternary blends: (a)
63/27/10 (PS-220)/(P1-200)/(SB-14/11); (b) 63/27/10 (PS-220)/
(P1-200)/(SB-13/12); (c) 63/27/10 (PS-220)/(P1-200)/(SB-9/8).

precipitation. As elaborated on previously,*243 rapid
precipitation may be regarded as being “composition
quenching”, and phase separation by rapid precipitation
via composition quenching is equivalent to that by
spinodal decomposition via temperature quenching.
The TEM images of the 63/27/10 (PS-220)/(P1-200)/
(SB-14/11) blend annealed at 190 °C (above the Topt of
SB-14/11) for 12 h are given in the upper panel of Figure
7 (a and b). At a low magnification (Figure 7a) we
observe a dispersed two-phase morphology in which
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droplets of P1-200 (the light dark areas) and SB-14/11
(the darker areas) are dispersed in the PS-220 (the
white areas). At a high magnification (Figure 7b) we
observe a large P1-200 droplet that is uniformly covered
by the block copolymer SB-14/11 and also smaller
droplets of macrophase-separated SB-14/11 droplets.
The TEM images of the 63/27/10 (PS-220)/(P1-200)/(SB-
14/11) blend annealed at 160 °C (below the Topt of SB-
14/11) for 12 h are given in the lower panel of Figure 7
(c and d). At a low magnification (Figure 7c) we observe
a dispersed two-phase morphology in which droplets of
P1-200 (the light dark areas) and SB-14/11 (the darker
areas) are dispersed in the PS-220 matrix (the white
areas). At a high magnification (Figure 7d) we observe
part of the added block copolymer SB-14/11 (having
lamellar microdomains) staying unevenly at the surface
of a P1-200 droplet. Notice the difference in the thick-
ness of SB-14/11 layer, at the same magnification, on
the surface of a P1-200 droplet in two situations: one
annealed at T > Topr of SB-14/11 (Figure 7b) and the
other annealed at T < Topr of SB-14/11 (Figure 7d). This
observation clearly demonstrates the importance of the
Toprt of a block copolymer in the compatibilization of a
pair of immiscible homopolymers.

It is worth noting from a comparison of Figure 7 with
Figure 6a that, during isothermal annealing, the co-
continuous morphology of the as-precipitated 63/27/10
(PS-220)/(P1-200)/(SB-14/11) blend transformed into a
dispersed morphology. In Figure 7 we observe that after
annealing the minor component hPI forms droplets,
which are then dispersed in the major component hPS.
This observation is consistent with the previous studies
of Yang and Han*? and Lee and Han.*3

It should be mentioned that the value of y for a pair
of Pl having 96% 1,4-addition and PB having 9% 1,2-
addition is estimated to be 0.0015 at 190 °C and 0.0013
at 160 °C.** Owing to the very small values of ¥, though
positive, the PI/PB pair may be regarded as being very
close to an athermal system. This now may explain the
reason why the block copolymer SB-14/11 covered the
entire surface of the P1-200 droplet (see Figure 7b) when
the annealing temperature was higher than the Topr
of SB-14/11. On the other hand, when the annealing
temperature was lower than the Topt of SB-14/11,
neither PS-220 nor P1-200 chains would mix with the
lamellar microdomains of PB block in SB-14/11.

The TEM images of the 63/27/10 (PS-220)/(P1-200)/
(SB-13/12) blend annealed at 207 °C (above the TopT of
SB-13/12) for 12 h are given in the upper panels of
Figure 8 (a and b). It should be remembered that the
PB block in SB-13/12 has 44% 1,2-addition, while the
PB block in SB-14/11 has 9% 1,2-addition (see Table 2).
At a low magnification (see Figure 8a) we observe (i) a
dispersed two-phase morphology in which droplets of
P1-200 (the light dark areas) and SB-13/12 (the darker
areas) are dispersed in the PS-220 matrix (the white
areas) and (ii) part of the added block copolymer SB-
13/12 entered into a P1-200 droplet and was distributed
unevenly inside the droplet. At a high magnification (see
Figure 8b) we observe a large P1-200 droplet having the
block copolymer SB-13/12 with microdomain morphol-
ogy gradually changing from lamellae near the surface
of the droplet to spheres deep inside the droplet. This
observation indicates that, during the annealing at T
> Topt of SB-13/12 for 12 h, solubilization occurred
between the homopolymer P1-200 and the block copoly-
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Figure 7. The upper panel describes TEM images of the 63/27/10 (PS-220)/(P1-200)/(SB-14/11) blend annealed at 190 °C (above
the Topt of SB-14/11) for 12 h: (a) at a low magnification, showing a dispersed two-phase morphology in which droplets of P1-200
(the light dark areas) and SB-14/11 (the darker areas) are dispersed in the PS-220 matrix (the white areas); (b) at a high
magnification, showing a P1-200 droplet covered completely by SB-14/11 and smaller droplets of macrophase-separated SB-14/11
dispersed in the PS-220 matrix. The lower panel describes TEM images of the 63/27/10 (PS-220)/(P1-200)/(SB-14/11) blend annealed
at 160 °C (below the Topr of SB-14/11) for 12 h: (c) at a low magnification, showing a dispersed two-phase morphology in which
droplets of P1-200 (the light dark areas) and SB-14/11 (the darker areas) are dispersed in the PS-220 matrix (the white areas);
(d) at a high magnification, showing the presence of SB-14/11 (lamellar microdomains) between a P1-200 droplet and the PS-220

matrix (the white areas).

mer SB-13/12, which was not the case in the 63/27/10
(PS-220)/(P1-200)/(SB-14/11) blend (compare Figure 8b
with Figure 7b). The observed difference in morphology
between the two ternary blends, 63/27/10 (PS-220)/(P1-
200)/(SB-14/11) and 63/27/10 (PS-220)/(P1-200)/(SB-13/
12), is attributable to the difference in miscibility
between the (P1-200)/(SB-14/11) pair and the (P1-200)/
(SB-13/12) pair. Specifically, the (1,4-PI)/(1,4-PB) pair
is not miscible (giving rise to positive values of y),444>
while the (1,4-P1)/(1,2-PB) pair is miscible (giving rise
to negative values of y).#* Therefore, as the amount of
1,2-addition in the PB block of an SB diblock is
increased, better miscibility is expected between 1,4-PI
and SB diblock copolymer. This observation may now
explain the observed difference in morphology between
63/27/10(PS-220)/(P1-200)/(SB-14/11) and 63/27/10 (PS-
220)/(P1-200)/(SB-13/12) blends, because the PB block
in SB-13/12 has a greater amount of 1,2-addition than
the PB block in SB-14/11.

The TEM images of the 63/27/10 (PS-220)/(P1-200)/
(SB-13/12) blend annealed at 177 °C (below the TopT of
SB-13/12) for 12 h are given in the lower panels of
Figure 8 (c and d). At a low magnification (Figure 8c)
we observe a dispersed two-phase morphology in which

droplets of P1-200 (the dark areas) are dispersed in the
PS-220 matrix (the white areas). At a high magnifica-
tion (Figure 8d) we observe smaller droplets of block
copolymer SB-13/12, maintaining lamellar microdomain
structure, inside a larger PI1-200 droplet. Observe the
totally different morphologies inside a P1-200 droplet
between parts b and d of Figure 8. This observation can
easily be understood from the point of view of the
annealing temperature employed (207 °C vs 177 °C)
relative to the Topt (193 °C) of the block copolymer SB-
13/12. That is, when the 63/27/10 (PS-220)/(P1-200)/(SB-
13/12) blend was annealed at 177 °C, i.e., below the Topr
of SB-13/12, the miscibility between the PI-200 and
microphase-separated PB block in SB-13/12 would be
extremely poor, thus giving rise to the morphology
displayed in Figure 8d. On the other hand, when the
same blend was annealed at 207 °C, i.e., above the Topt
of SB-13/12, the miscibility between the P1-200 and the
flexible PB block chains in SB-13/12 would be im-
mensely enhanced, giving rise to the morphology dis-
played in Figure 8b. Again, the above observation
demonstrates how important is the choice of annealing
(or processing) temperature, relative to the Topr of a



4038 Chun and Han

Macromolecules, Vol. 32, No. 12, 1999

Figure 8. The upper panel describes TEM images of the 63/27/10 (PS-220)/(P1-200)/(SB-13/12) blend annealed at 207 °C (above
the Topr of SB-13/12) for 12 h: (a) at a low magnification, showing a dispersed two-phase morphology in which droplets of P1-200
(the light dark areas) are dispersed in the PS-220 matrix (the white areas) and SB-13/12 (the darker areas) that entered into and
distributed nonuniformly inside a P1-200 droplet; (b) at a high magnification, showing a P1-200 droplet having different microdomain
morphologies distributed throughout. The lower panel describes TEM images of the 63/27/10 (PS-220)/(P1-200)/(SB-13/12) blend
annealed at 177 °C (below the Topr of SB-13/12) for 12 h: (c) at a low magnification, showing a dispersed two-phase morphology
in which droplets of PI-200 (the dark areas) are dispersed in the PS-220 matrix (the white areas); (d) at a high magnification,
showing smaller SB-13/12 droplets having lamellar microdomains inside a larger P1-200 droplet.

block copolymer, in the compatibilization of a pair of
immiscible homopolymers.

A comparison of Figure 8 with Figure 6b shows that,
during isothermal annealing, the co-continuous mor-
phology of the as-precipitated 63/27/10 (PS-220)/(PI-
200)/(SB-13/12) blend transformed into a dispersed
morphology, and the minor component hPI forms drop-
lets dispersed in the major component hPS, consistent
with the previous findings of Han and co-workers.4243

It should be mentioned that the value of y for a pair
of Pl having 96% 1,4-addition and PB having 44% 1,2-
addition is estimated to be 0.0009 at 207 °C and 0.0005
at 177 °C.** Note that the magnitude of these y values
is smaller than that for a pair of Pl having 96% 1,4-
addition and PB having 9% 1,2-addition given above,
indicating that the miscibility between 1,4-PI and PB
is enhanced as the amount of 1,2-addition in PB
increases. Owing to the very small values of y, though
positive, the PI/PB pair having 96% 1,4-addition in PI
and 44% 1,2-addition in PB may be regarded as being
very close to an athermal system. This now may explain
the reason why the block copolymer SB-13/12 entered
into the P1-200 droplet and then solubilized at least in
part in the hPI phase, giving rise to spherical micro-

domains deep inside the hPI droplet and lamellar
microdomains near the surface of the hPI droplet. In
other words, it is clear that the miscibility between PI-
200 and SB-13/12 is greatly enhanced compared to that
between P1-200 and SB-14/11 (compare Figure 8b with
Figure 7b) when the annealing temperature was higher
than the Topr of the respective block copolymer. This
is attributable to the smaller y value for the (P1-200)/
PB block in the SB-13/12 pair compared to that for the
(P1-200)/PB block in the SB-14/11 pair. However, when
the annealing temperature was lower than the Topt of
SB-13/12, little mixing between SB-13/12 and P1-200 or
little solubilization of SB-13/12 in P1-200 occurred (see
Figure 8d). This observation points out once again that
the Topr of a block copolymer plays a predominant role
in the compatibilization of two immiscible homopoly-
mers.

The TEM images of the 63/27/10 (PS-220)/(P1-200)/
(SB-9/8) blend annealed at 160 °C (above the Topt of
SB-9/8) for 12 h are given in the upper panel of Figure
9 (a and b). Note that the PB block in SB-9/8 has 89%
1,2-addition (see Table 2). At a low magnification (see
Figure 9a) we observe (i) a dispersed two-phase mor-
phology in which droplets of PI-200 (the light dark
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Figure 9. The upper panel describes TEM images of the 63/27/10 (PS-220)/(P1-200)/(SB-9/8) blend annealed at 160 °C (above the
Toot of SB-9/8) for 12 h: (a) at a low magnification, showing a dispersed two-phase morphology in which droplets of P1-200 (the
dark areas) are dispersed in the PS-220 matrix (the white areas); (b) at a high magnification, showing a PI1-200 droplet having
a uniform distribution of spherical microdomains throughout. The lower panel describes TEM images of the 63/27/10 (PS-220)/
(P1-200)/(SB-9/8) blend annealed at 110 °C (below the Topr of SB-9/8) for 12 h: (a) at a low magnification, showing a poorly
dispersed two-phase morphology in which droplets of PI-200 (the dark areas) are dispersed in the PS-220 matrix (the white
areas); (b) at a high magnification, showing irregularly shaped PI-200 droplets dispersed in the PS-220 matrix and unevenly

distributed SB-9/8 on the surface of a P1-200 droplet.

areas) are dispersed in the PS-220 matrix (the white
areas) and (ii) P1-200 droplet is surrounded more or less
uniformly by the block copolymer SB-9/8 (the darker
areas), which is quite different from that made above
with reference to Figure 8a. At a high magnification (see
Figure 9b) we observe (i) a PI1-200 droplet having a
uniform distribution of spherical microdomains through-
out and (ii) smaller droplets of macrophase-separated
SB-9/8 dispersed in the hPS matrix. Notice the differ-
ence in morphology between the 63/27/10 (PS-220)/(P1-
200)/(SB-13/12) ternary blend (see Figure 8b) and the
63/27/10 (PS-220)/(P1-200)/(SB-9/8) ternary blend (Fig-
ure 9b). The observed difference in morphology between
the two ternary blends is attributable to the difference
of the microstructures of PB block in the respective block
copolymers: 44% 1,2-addition in SB-13/12 and 89% 1,2-
addition in SB-9/8. That is, during annealing at a
temperature above the Topr of the respective block
copolymer, a much faster mixing (or solubilization)
between the flexible PB block chains in SB-9/8 and the
flexible chains of P1-200 occurred, giving rise to spheri-
cal microdomain structure, than between the flexible
PB block chains in SB-13/12 and the flexible chains of
P1-200.

It should be mentioned that the value of y for a pair
of P1 having 96% 1,4-addition and PB having 89% 1,2-
addition is estimated to be —0.0017 at 160 °C and
—0.0028 at 110 °C,* and thus the hPI/hPB pair has
attractive interactions. This observation now seems to
explain the reason why the block copolymer SB-9/8 is
solubilized in the hPI droplet, giving rise to a morpho-
logical transformation from lamellae to spheres (see
Figure 9b) when the annealing temperature was higher
than the Topt of SB-9/8. In other words, whereas PI-
200 chains would not mix with the PB block of SB-9/8
at T < Toprt of SB-9/8, PI-200 chains would mix with
the PB block of SB-9/8 at T > Topt of SB-9/8, swelling
the PB block chains to increase the average distance of
the neighboring junctions of the block copolymers at the
interface. The increase of the junction distance would
have decreased the PS microdomain thickness in order
to keep the density of PS lamellae constant. Owing to
the attractive interactions (i.e., miscibility) between PI-
200 and PB block of SB-9/8 at T > Toprt of SB-9/8, a
morphological transition occurred from lamellar to
spherical microdomain structure. The spherical PS
microdomains inside the P1-200 droplets have lost long-
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Table 4. Summary of the Flory—Huggins Interaction
Parameter y for PI/PB Pairs Having Different Amounts
of 1,2-Addition in PB

polymer pair x annealing temp (°C)
PI2/PB-1P 0.0013 160
0.0015 190
P13/PB-2¢ 0.0005 177
0.0009 207
PI2/PB-3d —0.0028 110
—0.0017 160

a Pl contains 94% 1,4-addition. ® PB block of SB-14/11 contains
9% 1,2-addition. ¢ PB block of SB-13/12 contains 44% 1,2-addition.
d PB block of SB-9/8 contains 89% 1,2-addition.

range spatial order, so that they are randomly distrib-
uted in the PI1-200 phase.

The TEM images of the 63/27/10 (PS-220)/(P1-200)/
(SB-9/8) blend annealed at 110 °C (below the Topt of
SB-9/8) for 12 h are given in the lower panels of Figure
9 (c and d). At a low magnification (Figure 9c) we
observe a rather poorly dispersed two-phase morphology
in which irregularly shaped droplets of P1-200 (the dark
areas) are dispersed in the PS-220 matrix (the white
areas). The poor state of dispersion in Figure 9c is attrib-
utable to the low annealing temperature (110 °C) em-
ployed relative to the Topt (120 °C) of SB-9/8. At a high
magnification (Figure 9d) we observe irregularly shaped
P1-200 droplets dispersed in the PS-220 matrix, and the
block copolymer SB-9/8 appears to be distributed un-
evenly on the surface of the P1-200 droplet. The obser-
vation made in Figure 9 is consistent with that made
above with reference to Figures 7 and 8, insofar as the
role that the Topt of a block copolymer plays in the
compatibilization of a pair of immiscible homopolymers.

Again, a comparison of Figure 9 with Figure 6¢ shows
that during isothermal annealing the co-continuous
morphology of the as-precipitated 63/27/10 (PS-220)/(PI-
200)/(SB-9/8) blend transformed into a dispersed mor-
phology, and the minor component hPI forms droplets
dispersed in the major component hPS, consistent with
the previous findings of Han and co-workers.4243

Concluding Remarks

In this paper we have demonstrated the important
role that the Topt of a block copolymer plays in the
effective compatibilization of two immiscible homopoly-
mers. In doing so, we synthesized hPS, hPI, and SB
diblock copolymers to prepare model hPS/hPI/SB ter-
nary blends. In the synthesis of SB diblock copolymers
we varied the microstructure of the PB block, and we
have demonstrated that the miscibility (or the interac-
tion parameter) between the hPIl and PB block played
a decisive role in controlling the morphology at the
interfaces between two immiscible homopolymers, hPS
and hPI. Table 4 gives a summary of y values for the
three P1/PB pairs investigated in this study. Specifically,
we have shown that the 63/27/10 hPS/hPI1/(SB-9/8)
blend, which has a very small negative y value for PI/
PB pair, has a uniform distribution of the block copoly-
mer SB-9/8 on the entire surface of hPI droplets (see
Figure 9a), while the 63/27/10 PS/hPI1/(SB-14/11) and
63/27/10 hPS/hPI1/(SB-13/12) blends, each having a very
small positive y value for PI1/PB pair, has a very uneven
distribution of the block copolymer, SB-14/11 or SB-13/
12, on the surface of hPI droplets (see Figures 7a and
8a).

At this juncture it is worth pointing out, with refer-
ence to Figures 7—9, that although the value of y for
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Figure 10. Schematic diagram describing the component
distributions in the interfacial region of a ternary blend
consisting of homopolymer A, homopolymer B, and C-block-D
copolymer, in which we have assumed the following relation-
ships hold for the six interaction parameters: yac < 0, yep <
0, XAB = 0, XAD = 0, XBD ~ 0, and Xcp = 0.

the PI/PB pair, exhibiting lower critical solution tem-
perature, increases (i.e., the solubility between Pl and
PB decreases) with increasing temperature, we observe
a much improved distribution of a block copolymer (SB-
14/11, SB-13/12, or SB-9/8) between hPS and hPI. This
can be explained by the fact that the difference in y
value between the two annealing temperatures em-
ployed (i.e.,at T < Toprand T > Topt of the SB diblock
copolymer) is rather small, whereas the mobility (i.e.,
melt viscosity) of the SB diblock copolymer chains at T
> Topt is much greater (at least an order of magnitude)
than that at T < Topt. Thus, the improved distribution
of the SB diblock copolymer between hPS and hPI is
controlled predominantly by the viscosity of the SB
diblock copolymer over the difference in y value between
the two annealing temperatures employed.

Contrary to the claims made by previous investi-
gations,8~1216.17 we have found that Kraton G1650 did
not play the role of an effective compatibilizing agent
when melt blended with hPS and PP at 200 °C, which
is far below the Topt (>350 °C) of Kraton G1650. When
the PS blocks in Kraton G1650 stay in the form of
microdomains at T < Topr, there is little possibility for
interdiffusion to take place, during melt blending,
between PS-220 and PS blocks of Kraton G1650, be-
cause at the melt blending temperature employed (200
°C) the viscosity of Kraton G1650 is exceedingly high
(a few orders of magnitude) compared to the viscosity
of PS-220. There is ample experimental evidence show-
ing that the viscosity of a block copolymer is very high
at T < Toprt and becomes significantly reduced at T >
TopT.%647 This then suggests that, for effective compati-
bilization to occur, SEBS block copolymer be designed
in such a way that its Topr is lower than the melt
blending temperature. Thus, from a processing point of
view it is highly desirable to have the Topt of a block
copolymer below the melt processing temperature when
the block copolymer is to be used as a compatibilizing
agent.

Above we have pointed out that the Topt of a block
copolymer is an important processing variable in the
compatibilization of a pair of immiscible homopolymers,
provided that the thermodynamic requirements are met
among the components concerned. Figure 10 gives a
schematic diagram depicting the thermodynamic re-
quirements for the compatibilization of a pair of im-
miscible homopolymers A and B with a C-block-D
copolymer. That is, in Figure 10 we have assumed that
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homopolymer A and block C, and homopolymer B and
block D, respectively, have a preferential affinity (yac
< 0and ygp < 0), but homopolymer A and block D, and
homopolymer B and block C, respectively, do not have
an affinity (yas > 0, xap > O, yep > 0, and ycp > 0).
However, even if homopolymer A and block C, and
homopolymer B and block D, respectively, have prefer-
ential affinity, the molecular weight of each component
plays an important role in the rate of formation of an
interphase. Specifically, a block copolymer will act as
an effective compatibilizing agent only when the mo-
lecular weights of block chains and the corresponding
homopolymer lie within a certain range, because the
rate of interdiffusion between the components depends
on molecular weight. The molecular viscoelasticity
theory*® suggests that the center-of-mass diffusion
coefficient (Do) of a polymer is inversely proportional to
molecular weight M (i.e., D, ~ 1/M) for M < M and Dg
~ 1/M2 for M > M, where M. is the critical molecular
weight for entanglement. This means that when M >
M., the interdiffusion would be very slow. However,
from the point of view of mechanical properties, it is
highly desirable to have M > M, so that the chains
would not be easily pulled out from the interphase when
an external force is applied.

It is well-established today that the Topt of a block
copolymer depends on the molecular weight and the
composition of a block copolymer.4%4° What is urgently
in need is a comprehensive theory, which will enable
one to predict, during melt processing, the “width of
interphase” in an A/B/(C-block-D) ternary blend as a
function of the molecular weights of homopolymers A
and B, the molecular weight and block length ratio of
the C-block-D copolymer, blend composition, and the
interaction parameters, which in turn depend on tem-
perature, for each pair of the components concerned.
Note that the A/B/(A-block-B), A/B/(A-block-D), or A/B/
(C-block-B) ternary system can be treated as a special
case of the A/B/(C-block-D) ternary system. When such
a theory becomes available, one can avoid otherwise
very time-consuming and costly, sometimes unneces-
sary, experiments.

We wish to point out that A-block-B copolymer in A/B/
(A-block-B) ternary blends may not function as an
effective compatibilizing agent even when melt blending
is conducted at temperatures above the Topt of the
A-block-B copolymer. This observation is illustrated in
Figure 11, where TEM micrographs of 63/27/10 (PS-
220)/(P1-200)/(S1-9/9) and 63/27/10 (PS-220)/(PB-80)/
(SB-9/8) ternary blends, each annealed for 12 h at a
temperature above the Topr of the respective block
copolymer (S1-9/9 or SB-9/8), are shown. Note that both
63/27/10 (PS-220)/(P1-200)/(S1-9/9) and 63/27/10 (PS-
220)/(PB-80)/(SB-9/8) ternary blends belong to the A/B/
(A-block-B) ternary system. It can be seen in Figure 11
that the block copolymer, SI1-9/9 or SB-9/8, forms a
separate phase, maintaining lamellar microdomain
structure, inside the droplet of a homopolymer (P1-200
or PB-80). There is little evidence indicating that the
block copolymer (SI1-9/9 or SB-9/8) is distributed uni-
formly on the surface of the droplet that is dispersed in
the PS-220 matrix. This observation seems to suggest
that (i) A-block-D copolymer in A/B/(A-block-D) ternary
blends with ygp < 0O, (ii) C-block-B copolymer in A/B/
(C-block-B) ternary blends with yac < 0, and (iii)
C-block-D copolymer in A/B/(C-block-D) ternary blends
with yac < 0 and ygp < 0 would be much more effective
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Figure 11. (a) TEM image of the 63/27/10 (PS-220)/(P1-200)/
(S1-9/9) ternary blend annealed at 160 °C (above the Topr of
S1-9/9) for 12 h, where the block copolymer SI1-9/9 maintains
lamellar microdomain structure inside a P1-200 droplet. (b)
TEM image of the 63/27/10 (PS-220)/(PB-80)/(SB-9/8) ternary
blend annealed at 160 °C (above the Topr of SB-9/8) for 12 h,
where the block copolymer SB-9/8 maintains lamellar micro-
domain structure inside a PB-80 droplet.

in the compatibilization of A/B binary blends with yag
> 0 than A-block-B copolymer might be. The above
conclusion is consistent with the recent studies of
Adedeji et al.,>51 who demonstrated that the effective
emulsification of two immiscible homopolymers or ran-
dom copolymers using an AB-type diblock copolymer
requires attractive thermodynamic interactions (i.e.,
negative y values) between the homopolymer or random
copolymer and the corresponding block in the AB-type
diblock copolymer.
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