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Abstract

The temperature—composition phase diagrams for six pairs of diblock copolymer and homopolymer are presented, putting emphasis on the
effects of block copolymer composition and the molecular weight of added homopolymers. For the study, two polystyrene-block-poly-
isoprene (SI diblock) copolymers having lamellar or spherical microdomains, a polystyrene-block-polybutadiene (SB diblock) copolymer
having lamellar microdomains, and a series of polystyrene (PS), polyisoprene (PI), and polybutadiene (PB) were used to prepare SI/PS, SI/PI,
SB/PS, and SB/PB binary blends, via solvent casting, over a wide range of compositions. The shape of temperature—composition phase
diagram of block copolymer/homopolymer blend is greatly affected by a small change in the ratio of the molecular weight of added
homopolymer to the molecular weight of corresponding block (Mya/Mc s or Myg/Mcg) when the block copolymer is highly asymmetric
in composition but only moderately even for a large change in My o/Mc 4 ratio when the block copolymer is symmetric or nearly symmetric in
composition. The boundary between the mesophase (M;) of block copolymer and the homogeneous phase (H) of block copolymer/homo-
polymer blend was determined using oscillatory shear rheometry, and the boundary between the homogeneous phase (H) and two-phase
liquid mixture (L; + L,) with L; being disordered block copolymer and L, being macrophase-separated homopolymer was determined using
cloud point measurement. It is found that the addition of PI to a lamella-forming SI diblock copolymer or the addition of PB to a lamella-
forming SB diblock copolymer gives rise to disordered micelles (DM) having no long-range order, while the addition of PS to a lamella-
forming SB diblock copolymer retains lamellar microdomain structure until microdomains disappear completely. Thus, the phase diagram of
SI/PI or SB/PB blends looks more complicated than that of SI/PS or SB/PS blends. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A number of research groups carried out experimental
[1-25] and theoretical [26—34] investigations on binary
blends of a block copolymer and a homopolymer. Specifi-
cally, some research groups [1-15] carried out experimental
investigations on microdomain structures, others [16-21]
on phase transitions, and still others [18—25] on phase equi-
libria in binary blends of a block copolymer and a homo-
polymer. This subject is of practical and fundamental
importance to polymer scientists. For example, blends of
polystyrene-block-polyisoprene-block-polystyrene (SIS
triblock) copolymer or polystyrene-block-polybutadiene-
block-polystyrene (SBS triblock) copolymer with a tackify-
ing resin (e.g. C5 aliphatic or C9 aromatic hydrocarbon
resin) are used to produce pressure-sensitive adhesives. In
order to produce good pressure-sensitive adhesives, a tack-
ifying resin must be miscible with the midblock of an SIS or
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SBS triblock copolymer. This means that a C5 aliphatic
hydrocarbon resin or a C9 aromatic hydrocarbon resin
must be miscible with the polyisoprene (PI) midblock of
an SIS triblock copolymer or with the polybutadiene (PB)
midblock of an SBS triblock copolymer. An excess amount
of tackifying resin will form separate domains, decreasing
tackification of the pressure-sensitive adhesives. Therefore,
it is highly desirable to have phase diagrams for blends of an
SIS or SBS triblock copolymer and a tackifying resin. Han
and coworkers [18—20] reported temperature—composition
phase diagrams for several pressure-sensitive adhesive
formulations that consisted of a commercially available
tackifying resin and commercial SIS or SBS triblock
copolymers. A practical difficulty with using a commercial
tackifying resin from the point of view of developing
fundamental relationships in phase equilibria lies in that
the chemical structure of a commercial tackifying resin is
difficult to determine, because it consists of several ingre-
dients. Thus, it is not possible to determine the molecular
weight of a commercial tackifying resin and consequently one
cannot investigate the effect of molecular parameters on the
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phase behavior of block copolymer/homopolymer blends. In
order to overcome this difficulty, blends of a block copolymer
and a homopolymer with known chemical structure and
molecular parameters must be used as model compounds.

When homopolymer A is added to an AB-type diblock
copolymer (hereafter referred to as A-block-B copolymer)
having spherical or cylindrical microdomains of block A,
the added homopolymer may enter into (or may be solu-
bilized in) the microdomains of block A, swelling the size of
the microdomains, until reaching a solubility limit. The
excess amount of added homopolymer A that cannot enter
into the microdomains will form a separate phase, under-
going macrophase separation. Depending upon the solu-
bility limit which determines the maximum amount of
homopolymer that can be added before macrophase separa-
tion sets in, a morphological transition, for instance, from
spherical microdomains to cylindrical microdomains or to
lamellar microdomains can occur. It is also possible to
encounter a phase inversion; that is, block A which formed
cylindrical microdomains in the neat block copolymer, upon
addition of a sufficient amount of homopolymer A, may
form the matrix phase in which block B now forms cylin-
drical microdomains. On the other hand, when homopoly-
mer B is added to an A-block-B copolymer having spherical
or cylindrical microdomains of block A, the added homo-
polymer B may be mixed with the matrix phase, block B, of
the block copolymer until reaching a solubility limit, at and
above which any excess amount of added homopolymer B will
form a separate phase, undergoing macrophase separation.

Today, it is well established that the addition of homo-
polymer A to an A-block-B copolymer changes the order—
disorder transition (ODT) temperature (Topt) of the result-
ing (A-block-B)/A blend, which in turn is determined by
several factors: (i) the molecular weight of block copolymer
(M¢), (i1) the molecular weight of homopolymer (My, or
Myg), (iii) the block copolymer composition (f), and (iv)
the weight fraction (wya) or volume fraction (¢pya) of
homopolymer A in the (A-block-B)/A blend. In spite of
much research activity reported on block copolymer/homo-
polymer binary blends in the past, very few experimental
studies have been reported on the effect of block copolymer
composition on temperature—composition phase diagrams
of block copolymer/homopolymer binary blends. In the
present study, we have constructed experimental tempera-
ture—composition phase diagrams for six pairs of (A-block-
B)/A and (A-block-B)/B binary blends with block copoly-
mers having spherical or lamellar microdomain structure. In
this paper, we present the highlights of our findings.

2. Experimental
2.1. Materials

Using standard anionic polymerization procedures, we
synthesized two  polystyrene-block-polyisoprene  (SI

diblock) copolymers and a series of polystyrenes (PS) and
polyisoprenes (PI) with sec-butyllithium as initiator and
cyclohexane as solvent. A polystyrene-block-polybutadiene
(SB diblock) copolymer and a polybutadiene (PB), both
having very high vinyl content, were supplied to us by Dr
Adel Halasa at Goodyear Tire and Rubber Company.
Membrane osmometry (Jupiter Instrument, Model 231)
was used to determine the molecular weights of the block
copolymers and homopolymers having the number-average
molecular weight (M,) higher than 1.0 X 10* g/mol, and
vapor pressure osmometry (KNAUER Osmometers) was
used to determine the molecular weights of homopolymers
having M, lower than 1.0 X 10* g/mol. Gel permeation chro-
matography (Waters) was used to determine the polydisper-
sity indices (M,/M,) of the entire block copolymers and
homopolymers employed in this study. Sample codes and
the molecular characteristics of the block copolymers are
given in Table 1, and sample codes and the molecular char-
acteristics of the homopolymers are given in Table 2. Proton
nuclear magnetic resonance spectroscopy was used to deter-
mine the composition of each block copolymer and the
microstructures of the PI and PB blocks in the respective
block copolymers and also the microstructure of the homo-
polymers, PI and PB. We found that the PI blocks in the two
SI diblock copolymers (SI-7/29 and SI-7/8) and two poly-
isoprenes (PI-14 and PI-28) have ca. 94 wt% 1,4-addition
and ca. 6% 3,4-addition with no detectable amount of 1,2-
addition, and that the PB block of SB-9/8 and PB-12 have
very high vinyl content (ca. 90% 1,2-addition).

2.2. Sample preparation

Binary blends consisting of SI or SB diblock copolymer
and PS, PI, or PB were prepared by solvent casting. Table 3
gives a summary of the polymer blends prepared with infor-
mation on the weight fraction of homopolymer A (wya,),
molecular volume ratio of homopolymer to block copoly-
mer (Vy/Ve), degree-of-polymerization ratio of homopoly-
mer to block copolymer (Z,/Zc), and molecular weight ratio
of homopolymer to the corresponding block copolymer

Table 1
Molecular characteristics of the diblock copolymers investigated in this
study

Sample code M, (g/mol)* MM, wes® fos®  Zc°  Topr (°C)

SB-9/8' 1.67x10*  1.04 0.53 048 239 123
SI-7/29 3.56x10°  1.03 0.19 0.16 503 135
SI-7/8 144x10* 102 048 043 181 85

* The number-average molecular weight was measured using membrane
osmometry.

® Polydispersity was measured using gel permeation chromatography.

¢ wps is the weight fraction of PS block in the copolymer.

¢ fos is the volume fraction of PS block in the copolymer at 25 °C.

¢ Degree-of-polymerization defined by  Zc = M,,ps/104.14 +
M, pp/54.09 for SB diblock copolymer and Zq = M,,ps/104.14 +
M., p1/68.11 for SI diblock copolymer.

! PB block in the SB-9/8 contains 89% 1,2-addition.
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Table 2

Molecular characteristics of homopolymers synthesized

Sample code M, (g/mol) M, IM,? Zi®
PS-1° 1.5%10° 1.06 15
ps-2° 1.9%x10° 1.06 19
ps-21¢ 2.08 x 10* 1.05 209
pPI-14¢ 1.41x10* 1.02 211
pI-28¢ 276 x 10* 1.04 421
PB-12¢¢ 1.12 x 10* 1.09 226

* Polydispersity was measured using gel permeation chromatography.

® Z is degree-of-polymerization.

¢ The number-average molecular weight was measured using vapor
pressure osmometry.

4 The number-average molecular weight was measured using membrane
osmometry.

¢ PB-12 contains 89% 1,2-addition.

(Mya/Mc a or Myp/Mcg). Samples were prepared by dissol-
ving a predetermined amount of SI or SB diblock copolymer
and PS, PB, or PI in toluene (10% of solid in solution) in the
presence of 0.1 wt% antioxidant (Irganox 1010, Ciba-Geigy
Group), and then slowly evaporating the toluene. The
evaporation of toluene was carried out initially in a fume
hood at room temperature for a week and then in a vacuum
oven at 40 °C for 3 days. The last trace of solvent was
removed by drying the samples in a vacuum oven at

Table 3
Molecular parameters for diblock copolymer/homopolymer blends

elevated temperature by gradually raising the oven tempera-
ture, sufficiently high enough to remove toluene without
inducing phase transition. The drying of the samples was
continued until there was no further change in weight. The
specimens for rheological measurements and transmission
electron microscopy (TEM) were annealed in a vacuum
oven at predetermined temperatures, which varied from
specimen to specimen. The thermal history of each
specimen will be given in the figure captions.

2.3. Rheological measurement

A Rheometrics mechanical spectrometer (Model RMS
800) with parallel-plate fixture (25 mm diameter) was
used to conduct: (i) isochronal dynamic temperature
sweep experiments to monitor the storage and loss moduli
(G' and G") at a fixed angular frequency (w) of 0.01 rad/s,
and (ii) dynamic frequency sweep experiments in order to
measure G’ and G” as functions of @ ranging from 0.01 to
100 rad/s at various temperatures in the heating process.
Data acquisition was accomplished with the aid of a micro-
computer interfaced with the rheometer. The temperature
control was satisfactory to within £1 °C. The strain was
varied from 0.04 to 0.3% depending upon the measurement
temperature, which was well within the linear viscoelastic
range for the materials investigated. All experiments were

Sample code fpsa WHb VH/VCC ZH/ZCd MHYA/MC,Ae or MH,B/MCB
(a) (SB-9/8)/(PS-21) blends 0.48 1.40 0.87 2.37
90/10 (SB-9/8)/(PS-21) 0.10
83/17 (SB-9/8)/(PS-21) 0.17
(b) (SB-9/8)/(PB-12) blends 0.48 0.78 0.98 1.50
90/10 (SB-9/8)/(PB-12) 0.10
75/25 (SB-9/8)/(PB-12) 0.25
65/35 (SB-9/8)/(PB-12) 0.35
(¢) (SI-7/29)/(PS-1) blends 0.19 0.04 0.03 021
80/20 (SI-7/29)/(PS-1) 0.20
60/40 (SI-7/29)/(PS-1) 0.40
43/57 (SI-7/29)/(PS-1) 0.57
(d) (SI-7/29)/(PS-2) blends 0.19 0.05 0.04 0.26
83/17 (SI-7/29)/(PS-2) 0.17
66/34 (SI-7/29)/(PS-2) 034
(e) (SI-7/8)/(PI-14) blends 0.43 1.05 1.20 1.85
90/10 (SI-7/8)/(P1-14) 0.10
75/25 (SI-7/8)/(P1-14) 0.25
(f) (SI-7/8)/(P1-28) blends 0.43 2.10 2.40 3.69
90/10 (SI-7/8)/(P1-28) 0.10
82/18 (SI-7/8)/(P1-28) 0.18

* fos denotes the volume fraction of PS in the block copolymer.
® Wy denotes the weight fraction of added homopolymer in the blend.

¢ Vu/Vc denotes the molecular (or molar) volume ratio of added homopolymer to the block copolymer.
4 ZulZc denotes the ratio of the degree-of-polymerization of added homopolymer to the degree-of-polymerization of block copolymer.
¢ My a/Mc a denotes the molecular weight ratio of added homopolymer A to corresponding block of copolymer, and My p/Mcp denotes the molecular weight

ratio of added homopolymer B to corresponding block of copolymer.
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conducted under a nitrogen atmosphere to preclude
oxidative degradation of the specimens.

2.4. Cloud point determination

Cloud point was measured to determine the binodal curve
of a given blend. In order to determine cloud point, we used
two different apparatuses. For the (SI-7/29)/(PS-1) and (SI-
7/29)/(PS-2) blends, we used an apparatus consisting of a
He—Ne laser light source with the wavelength of 632.8 nm
and a heating stage. The laser beam was collimated through
a heating chamber with a 2 mm aperture. The temperature of
the hot stage was controlled using a programmable tempera-
ture controller (Model CN-2012, Omega). The intensity of
the laser beam was controlled by placing neutral density
filters. The scattered light intensities at various scattering
angles were detected by a one-dimensional silicon diode
Reticon detector (Model 1460, OMA 111, EG and G Prince-
ton Applied Research). For all other blends, we used an
apparatus which was similar to that described earlier, with
the exception that the scattered light intensities were
detected at a fixed scattering angle using a silicon photo-
diode detector (HC-220-01, Hamamatsu Company) and the
analog output of the detector was converted to digital
signals by an A/D converter, and stored in the memory of
a personal computer.

For determination of cloud point, thin films of a block
copolymer/homopolymer blend were cast from a 10 wt%
solution in toluene on a 25 mm diameter coverslip. To
preclude oxidative degradation, 0.5 wt% antioxidant
(Irganox 1010, Ciba-Geigy Group) was added to the
solution. The film was initially dried in a fume hood at
room temperature and then under vacuum at 80 °C for 4 h
for (SI-7/8)/PI blends and at 100 °C for 4 h for all other
blends.

During the cloud point measurement, the sample was
heated well above the cloud point which was roughly deter-
mined initially through a preliminary run. The heated
sample was allowed to cool at a fixed rate and scattered
intensities were recorded at different temperatures. For the
(SI-7/29)/(PS-1) blends, the scattered light intensities at
different values of scattering vector g were recorded at
different temperatures, whereas for all other blends, the
scattered light intensities at a fixed value of g were recorded
at different temperatures. Depending on the sample we used
three different cooling rates: (i) for blends with cloud points
below 190 °C we used a cooling rate of 0.5 °C/min, (ii) for
blends with cloud points in the range of 190-210 °C we
used a cooling rate of 2 °C/min, and (iii) for blends with
cloud points higher than 210 °C, we used a cooling rate of
5 °C/min, which reduced the exposure time of the polymer
to high temperature. To ensure that there was no thermal
degradation of the sample, cloud points were determined
twice using the same sample. For cloud points below
210 °C, the values of cloud point determined during the
two successive experiments using the same sample had a

maximum difference of about *1.5 °C in all cases, whereas
for blends with cloud points above 210 °C, the difference in
cloud points determined during the two successive experi-
ments was up to =5 °C. In this study, cloud point was
determined by the temperature at which the scattered light
intensity first showed a significant increase.

2.5. Transmission electron microscopy

TEM was conducted to investigate the morphology of
neat block copolymers and their blends with PS, PI, or
PB. The thermal histories of the specimens used will be
given in the figure captions. The ultrathin sectioning was
performed by cryoultramicrotomy at —100 °C, below the
glass transition temperature of PI or PB, to attain the rigidity
of the specimen, using a Reichert Ultracut S low-tempera-
ture sectioning system. A transmission electron microscope
(JEM1200EX II, JEOL) operated at 120 kV was used to
obtain micrographs of the specimens stained with osmium
tetroxide vapor.

3. Results and discussion
3.1. The selection of the molecular weight of homopolymer

From an experimental point of view, it is of utmost
importance to select the right range of molecular weights
of homopolymer and block copolymer, in order to obtain a
temperature—composition phase diagram over the entire
range of blend compositions. This is because too low mole-
cular weight of a homopolymer would continuously
decrease the Topr of a block copolymer/homopolymer
blend without inducing macrophase separation, whereas
too high molecular weight of a homopolymer would rapidly
increase the Topr of a block copolymer/homopolymer blend
making the completion of a phase diagram over the entire
range of blend compositions virtually impossible. Thus
there exist very intricate relationships between the molecu-
lar weight of homopolymer A (My,) and the molecular
weight of block copolymer (Mc), between My 4 and block
copolymer composition (say the volume fraction of block A,
fa), and between My » and the molecular weight of the corre-
sponding block of copolymer (Mc ). The above-mentioned
considerations suggest that one must rely, though qualita-
tively, on a theoretical guideline for selecting the proper
range of molecular weights of homopolymer that is to be
blended with a given block copolymer. For such purposes, it
is very helpful to estimate the threshold value of My,
that begins to increase the Topr of a block copolymer/
homopolymer blend above that of the neat block copolymer.
Needless to say, such a threshold value of My, would
depend on the composition of a block copolymer. In the
present study, we used the theory due to Leibler and Benoit
[26] to determine such a threshold value of My 4 for each
block copolymer/homopolymer selected. It should be



N.Y. Vaidya, C.D. Han / Polymer 43 (2002) 3047-3059 3051

pointed out that the Leibler—Benoit theory [26] predicts the
spinodal temperature for microphase separation (7 picro) and
not the Topy of an (A-block-B)/A or (A-block-B)/B blend
and that T o # Topr, €xcept for fy = 0.5.

Fig. 1 shows plots of molecular volume (or molar
volume) ratio of homopolymer and block copolymer
(Vups/Vc or Vyp/Vc) versus the volume fraction of PS
block (fps) of an SI diblock copolymer in the limit of very
small volume fractions of homopolymer PS or PI in the
blend (¢py— 0), at which the addition of PS or PI neither
increases nor decreases the T ¢, Of the block copolymer. It
should be mentioned that, earlier, Nojima and Roe [29]
constructed plots of Vyps/V versus fps for diene-based
diblock copolymers. Note that Vyps and Vyp are the
molecular (or molar) volumes of PS and PI, respectively,
and V¢ is the molar volume of an A-block-B copolymer.
Referring to Fig. 1, curve 1 represents the threshold value
of Vyps/Vc ratio that neither increases nor decreases the
T micro Of the block copolymer when a PS is added to SI
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Fig. 1. The dependence of molecular volume ratio of added homopolymer
(PS or PI) to block copolymer, Vi ps/Vc or Viypi/Ve, on the volume fraction
of PS block (fps) in an SI diblock copolymer. Curve 1 describes the critical
value of Vyps/V at which the addition of PS to an SI diblock copolymer
neither increases nor decreases the spinodal temperature (75) of the blend in
the limit of zero concentration of added PS. Curve 2 describes the critical
value of Vyp/Vc at which the addition of PI to an SI diblock copolymer
neither increases nor decreases the T, of the blend in the limit of zero
concentration of added PI. The values of Vyps/Vc or Viyp/Ve lying above
curve 1 or curve 2 will increase the T} of the binary blend in the limit of zero
concentration of added homopolymer.

diblock copolymer, i.e. the T yc0 Of an SI/PS blend will
increase (or decrease) when the Vyps/V( ratio lies above
(or below) curve 1. For example, for a given fps of an SI
diblock copolymer having M, the T e, of an SI/PS blend
will increase if My ps is chosen, such that the Vi ps/V( ratio
lies above curve 1. Thus, curve 1 in Fig. 1 indicates that as
Jps is increased, one must increase My ps (thus Vi ps) in order
to increase the T i, Of an SI/PS blend above that of SI.
Likewise, curve 2 in Fig. 1 indicates that as fps is decreased,
one must increase Myp; (thus Vi pp) in order to increase the
T micro Of an SI/PI blend above that of SI. That is, when My pg
or Myp is lower than a certain critical value, T y;co Will
decrease by the addition of PS or PI to SI.

3.2. Temperature—composition phase diagram for (SB-9/8)/
PS binary blends

Fig. 2 gives log G’ versus log G” plots, which Neumann
et al. [35] referred to as the “Han plot’, for SB-9/8 at various
temperatures ranging from 90 to 130 °C. According to the
rheological criterion by Han et al. [36—38], the threshold
temperature at which, during the dynamic frequency sweep
experiments in the heating process, the Han plot having a
slope of 2 in the terminal region becomes independent of
temperature represents Topr for symmetric or nearly
symmetric block copolymers. Following such a rheological
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Fig. 2. Han plots for SB-9/8 at various temperatures: (O) 90 °C; (A) 100 °C;
(@) 111 °C; (V) 115 °C; (<) 120 °C; (Q) 123 °C; (@) 126 °C; (A) 130 °C.
The inset in the lower right corner gives the dependence of G’ on tempera-
ture during the isochronal temperature sweep experiment at @ = 0.01 rad/s
in the heating cycle, and the inset in the upper left corner gives a TEM
image of an SB-9/8 specimen taken at room temperature.
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Fig. 3. Han plots for 90/10 (SB-9/8)/(PS-21) blend at various temperatures:
(O) 122 °C; (A) 133 °C; (O) 138 °C; (V) 141 °C; (©) 146 °C. The inset in
the lower right corner gives the dependence of G’ on temperature during the
isochronal temperature sweep experiment at w = 0.01 rad/s in the heating
cycle. The specimen was annealed at 125 °C for 5 days.

criterion, from Fig. 2 we determine the Topr of SIB9/8 to be
123 °C. Notice in Fig. 2 that the Han plot is unchanged as
the temperature is increased from 123 to 126 and to 130 °C.
The theoretical basis that the Han plot remains independent
of temperature for all homogeneous, single-phase polymeric
liquids has been reported previously [39,40]. Also given in
Fig. 2 are plots of log G’ versus temperature that were
obtained from the isochronal dynamic temperature sweep
experiments for SB-9/8. Following the rheological criterion
[41-43] that the temperature at which the value of G’ begins
to drop abruptly in the plot of log G’ versus temperature
signifies Topr, we determine the Topr of SB-9/8 to be ca.
118 °C, which is reasonably close to 123 °C determined
from the Han plot. In our previous papers [44,45], we
have shown that for symmetric or nearly symmetric block
copolymers, the value of Topr determined from the Han plot
agrees very well with that determined from the isochronal
dynamic temperature sweep experiment. Indeed, SB-9/8 has
lamellar microdomains as shown in the inset of Fig. 2.
Fig. 3 gives Han plots for the 90/10 (SB-9/8)/(PS-21)
blend, from which we determine the Topy to be 141 °C. It
is seen that the temperature dependence of the Han plot
given in Fig. 3 is very similar to that given in Fig. 2 for
the neat block copolymer, SB-9/8. Also given in Fig. 3 are
plots of log G’ versus temperature that were obtained from
the isochronal dynamic temperature sweep experiments for
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Fig. 4. Temperature—composition phase diagram for (SB-9/8)/(PS-21)
blends, where H denotes the homogeneous phase in which disordered
SB-9/8 chains and PS-21 chains are mixed on a molecular level, M; denotes
a mesophase in which part of the added PS-21 is solubilized in the micro-
domains of SB-9/8, L, denotes disordered SB-9/8, and L, denotes macro-
phase-separated PS-21. The open circle O denotes Topr determined from
the Han plot and the filled circle ® denotes cloud point determined from
light scattering.

the 90/10 (SB-9/8)/(PS-21) blend, suggesting that
Toor = 140 °C that is very close to that determined from
the Han plot.

Fig. 4 shows a temperature—composition phase diagram
for (SB-9/8)/(PS-21) binary blends, where H denotes the
homogeneous phase in which disordered SB-9/8 chains
and PS-21 chains are mixed on a molecular level, M,
denotes the mesophase of SB-9/8 in which part of added
PS-21 is solubilized, L; denotes disordered SB-9/8, and L,
denotes macrophase-separated PS-21. The readers are
reminded that SB-9/8 has a 0.48 volume fraction of PS
block (Table 1), giving rise to lamellar microdomain struc-
ture (Fig. 2). It should be mentioned that the mesophase M,
shown in Fig. 4 may have a microdomain structure other
than lamellar microdomain structure, depending upon the
amount of PS-21 solubilized. For instance, the addition of
20 wt% PS-21 to the lamella-forming diblock copolymer
SB-9/8 might have induced an order—order transition from
lamellae to cylindrical microdomains of PB phase in the PS
matrix. The precise determination of the microdomain
structure in the mesophase M; requires an elaborate inves-
tigation using small-angle X-ray scattering (SAXS), which
is beyond the major thrust of the present study. The above
statement also applies to other phase diagrams presented
below. In Fig. 4, region (M, + L,) represents a two-phase
mixture where phases M; and L, coexist, and region
(L, + L,) represents a two-phase mixture where phases L,
and L, coexist. The phase boundary between the (M; + L,)
and (L; + L,) regions indicated by the dotted horizontal line
in Fig. 4 is drawn with the stipulation that the mesophase M,
in region (M; + L;) would transform into the disordered
phase (L;), which coexists with macrophase-separated PS-
21 phase (L,). Again, the precise determination of the
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temperatures separating the (M; +L;) and (L; +L,)
regions requires an elaborate investigation using SAXS,
which is beyond the major thrust of the present study. The
phase boundary between the M; and (M, + L,) regions indi-
cated by the solid vertical line in Fig. 4 is drawn on the basis
of the results from the light scattering experiments indicat-
ing that macrophase separation occurred at 60 °C for a 0.24
weight fraction of PS-21.

The construction of the entire binodal curve in Fig. 4 was
not possible, because the molecular weight of PS-21 was
already too high, giving rise to significant thermal degrada-
tion/crosslinking reactions in the PB block of SB-9/8 at
temperatures higher than about 220 °C. This result is not
surprising in that My ps/Mcps = 2.37 (Table 3) which is
already high enough, limiting the solubility of PS-21 in
SB-9/8. In Fig. 4, the boundary (denoted by the filled circle
@®) between phases H and (L; + L,) was determined from
cloud point measurements, and the boundary (denoted by
the open circle O) between phases H and M; was deter-
mined from Topr measurement.

3.3. Temperature—composition phase diagram for (SB-9/8)/
PB binary blends

Fig. 5 gives Han plots for 90/10 (SB-9/8)/(PB-12) blend
at various temperatures ranging from 85 to 156 °C. Notice
that the temperature dependence of Han plot for the (SB-9/
8)/(PB-12) blend shown in Fig. 5 is quite different from that
observed in Fig. 3 for the 90/10 (SB-9/8)/(PS-21) blend in
that the Han plot for the (SB-9/8)/(PB-12) blend begins to
have a parallel feature at ca. 101 °C and begins to be inde-
pendent of temperature at 151 °C. Similar results were
obtained, although not presented here, for 75/25 and 65/5
(SB-9/8/(PB-12) blends. Following the interpretation given
in our recent paper [45], from Fig. 5 we determine the lattice
disordering/ordering transition (LDOT) temperature (71 por)
to be 101 °C and the demicellization/micellization transition
(DMT) temperature (Tpyr) to be 151 °C for the 90/10 (SB-9/
8)/(PB-12) blend. That is, disordered micelles (DM) exist
between Tipor and Tpyr. It should be pointed out that the
temperature at which the value of G’ begins to drop preci-
pitously at 104 °C in the plot of log G’ versus temperature
(see the inset of Fig. 5) almost coincides with the tempera-
ture at which the Han plot begins to have a parallel feature at
101 °C. Thus, we conclude that the isochronal dynamic
temperature sweep experiment for the 90/10 (SB-9/8)/
(PB-12) blend enables us to determine 7Tipor and not
Towmr. This conclusion is quite different from the conclusion
drawn for the neat block copolymer SB-9/8, which is nearly
symmetric, lamella-forming diblock copolymer (Fig. 2).

Fig. 6 shows a temperature—composition phase diagram
for (SB-9/8)/(PB-12) binary blends, where H denotes the
homogeneous phase in which disordered SB-9/8 chains
and PB-12 chains are mixed on a molecular level, the
symbol O represents the boundary between phase H and
DM, and the symbol A represents the boundary between

10° =
10" =
£10° £
=
0’ E -
: E
— 60 70 80 90 100 110
I T (°C)
101 V Illl R Lt it
10° 10° 10* 10°

G" (Pa)

Fig. 5. Han plots for 90/10 (SB-9/8)/(PB-12) blend at various temperatures:
(©)85°C; (A)93°C; () 101 °C; (V) 104 °C; (<) 111 °C; (O 121 °C; (@)
131°C; (A) 141 °C; (W) 151 °C; (V) 156 °C. The inset in the lower right
corner gives the dependence of G’ on temperature during the isochronal
temperature sweep experiment at @ = 0.01 rad/s in the heating cycle. The
specimen was annealed at 90 °C for 4 days.
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Fig. 6. Temperature—composition phase diagram for (SB-9/8)/(PB-12)
blends, where H denotes the homogeneous phase in which disordered
SB-9/8 chains and PB-12 chains are mixed on a molecular level, DM
denotes disordered micelles, and M, denotes a mesophase in which part
of the added PB-12 is solubilized in the microdomains of SB-9/8. The
symbol O denotes Tpyr and the symbol A denotes 7y por. No evidence
of macrophase separation was observed over the entire range of blend
compositions.
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phases M; and DM, where M, denotes the mesophase of SB-
9/8 in which added PB-12 is solubilized. It should be
mentioned that the mesophase M, shown in Fig. 6 may
have a microdomain structure other than lamellar microdo-
main structure, depending upon the amount of PB-12 solu-
bilized. The addition of PB-12 to the lamella-forming
diblock copolymer SB-9/8 might have induced an order—
order transition from lamellae to cylindrical microdomains
and then to spherical microdomains of PS phase in the PB
matrix, depending upon the amount of PB-12 solubilized.
Since the molecular weight (M, = 1.12 X 10* g/mol) of
added PB-12 is much higher than the molecular weight
M, =7.85%x10° g/mol) of PB block in SB-9/8, we expect
that the addition of PB-12 to SB-9/8 will initially increase
the Tpwmr of (SB-9/8)/(PB-12) blends above the Topr of SB-
9/8.

3.4. Temperature—composition phase diagram for (SI-7/
29)/PS binary blends

Fig. 7 gives Han plots for SI-7/29 blend at various
temperatures ranging from 60 to 145 °C, showing that the
Han plot begins to have a parallel feature at ca. 98 °C and
begins to be independent of temperature at 135 °C. Similar
results were obtained, although not presented here, for (SI-
7/29)/(PS-1) and (SI-7/29)/(PS-2) blends. Following the
interpretation given in our recent paper [45], from Fig. 7
we determine Tjpor to be 98 °C and Tpyr to be 135 °C for
SI-7/29. In a previous paper [45], we have reported via
SAXS in the heating process that SI-7/29 first undergoes
LDOT at 93-96 °C, forming DM, and then DMT at 130-
135 °C, at which the DM disappears transforming into the
micelle-free homogeneous state. It should be pointed out
that the temperature at which the value of G’ begins to
drop precipitously at 98 °C in the plot of log G’ versus
temperature (see the inset of Fig. 7) coincides with the
temperature at which the Han plot begins to have a parallel
feature at 98 °C. Thus we conclude that the isochronal
dynamic temperature sweep experiment for highly asym-
metric, sphere-forming block copolymer enables us to deter-
mine T} por and not Tpyr. This conclusion is quite different
from the conclusion drawn for the nearly symmetric,
lamella-forming block copolymer SB-9/8 (Fig. 2).

Fig. 8 shows a temperature—composition phase diagram
for (SI-7/29)/(PS-1) binary blends, where H denotes the
homogeneous phase in which disordered SI-7/29 chains
and PS-1 chains are mixed on a segmental level, DM
denotes disordered micelles, M; denotes the mesophase of
block copolymer SI-7/29 in which part of added PS-1 solu-
bilized, and L, denotes the macrophase-separated PS-1. The
readers are reminded that SI-7/29 has a 0.16 volume fraction
of PS block (Table 1), giving rise to spherical microdomains
of PS phase (Fig. 7). It should be mentioned that the meso-
phase M; shown in Fig. 8 may have a microdomain structure
other than spherical microdomain structure, depending upon
the amount of PS-1 solubilized. That is, the addition of PS-1
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Fig. 7. Han plots for (SI-7/29) at various temperatures: (O) 60 °C; (A)
80 °C; (O) 90°C; (V) 96 °C; (<) 98°C; (Q) 105°C; (@) 115°C; (A)
125°C; (W) 130°C; (V) 135°C; () 140°C; (@) 145 °C. The inset in
the lower right corner gives the dependence of G’ on temperature during
the isochronal temperature sweep experiment at w = 0.01 rad/s in the heat-
ing cycle, and the inset in the upper left corner gives a TEM image of an SI-
7/29 specimen annealed at 60 °C for 12 days. The specimen used for
dynamic temperature sweep experiment was annealed in a vacuum oven
at 90 °C for 15 days and the specimen used for dynamic frequency sweep
experiment was annealed in a vacuum oven at 70 °C for 2 days.
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Fig. 8. Temperature—composition phase diagram for (SI-7/29)/(PS-1)
blends, where H denotes the homogeneous phase in which disordered SI-
7/29 chains and PS-1 chains are mixed on a molecular level, M; denotes a
mesophase in which part of the added PS-1 is solubilized in the microdo-
mains of SI-7/29, L, denotes macrophase-separated PS-1, and DM denotes
disordered micelles. The symbol O denotes Tpyr, the symbol A denotes
Tipot, and the symbol @ denotes cloud point.
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to the sphere-forming diblock copolymer SI-7/29 might
have induced an order—order transition from body-centered
cubic lattice of PS spheres to cylindrical microdomains of
PS phase in the PI matrix and then to lamellar microdomain
structure, depending upon the amount of PS-1 solubilized.
The phase boundary between the M; and (M; + L,) regions
indicated by the solid vertical line in Fig. 8 is drawn on the
basis of our light scattering experimental observation that
macrophase separation occurred at 50 °C for a 0.6 weight
fraction of PS-1. In Fig. 8, the symbol O represents Tpyr
separating the boundary between phases H and DM, and the
symbol A represents 71 por separating the boundary between
phases M, and DM. It should be mentioned that 7} por and
Tomr were determined from the Han plots for 80/20, 60/40,
and 40/60 (SI-7/29/(PS-1) blends, not presented here, for the
reason of space limitations. We observe that upon addition
of PS-1 to SI-7/29, the Tpyr of the resulting blend initially
increases gradually and then decreases slightly with a
further increase in PS-1, before meeting the binodal curve
at B.

Fig. 9(a) gives a TEM image of 80/20 (SI-7/29)/(PS-1)
blend. Note that the addition of 20 wt% PS-1 to SI-7/29
increases the total weight fraction of PS in the binary
mixture (wgs) to 0.36, and thus caused a change in the
size and/or shape of the microdomains. According to the
phase diagram shown in Fig. 8, the entire amount of
20 wt% PS-1 added is solubilized in the spherical micro-
domains of SI-7/29 without inducing macrophase
separation. Note that the addition of 40 wt% PS-1 to SI-7/
29 increases wpg to 0.51, which is sufficiently high to have
caused a morphological transition in the resulting 60/40 (SI-
7/29)/(PS-1) blend, as shown in Fig. 9(b). According to the
phase diagram shown in Fig. 8, the entire amount of 40 wt%

Fig. 9. TEM images of (SI-7/29)/(PS-1) blends: (a) 80/20 (SI-7/29)/(PS-1)
blend annealed at 83 °C for 15 days; (b) 60/40 (SI-7/29)/(PS-1) blend
annealed at 100 °C for 10 days; (c) 43/57 (SI-7/29)/(PS-1) blend annealed
at 100 °C for 10 days; (d) 20/80 (SI-7/29)/(PS-1) blend annealed at 100 °C
for 10 days.

PS-1 added is solubilized in the spherical microdomains of
SI-7/29. Fig. 9(c) gives a TEM image of 43/57 (SI1-7/29)/
(PS-1) blend, showing lamellar microdomains of PS. Note
that the addition of 57 wt% PS-1 to SI-7/29 increases wgs to
0.66, which is sufficiently high to have caused a morpho-
logical transition in the resulting 43/57 (SI-7/29)/(PS-1)
blend. Again, according to the phase diagram shown in
Fig. 8, the entire amount of 57 wt% PS-1 added is solubi-
lized in the spherical microdomains of SI-7/29 without indu-
cing macrophase separation. Fig. 9(d) gives a TEM image of
20/80 (SI-7/29)/(PS-1) blend. Note that the addition of
80 wt% PS-1 to SI-7/29 increases wgs to 0.84, which
exceeds the solubility limit and thus induces macrophase
separation of PS-1. This is reflected in Fig. 9(d), showing
that the morphology of the 20/80 (SI-7/29)/(PS-1) blend
consists of the mesophase (the dark areas) of SI-7/29 and
macrophase-separated PS-1 (the bright areas). Owing to low
magnification of the TEM image, in Fig. 9(d), the details of
microdomains is not discernible.

Fig. 10 gives a temperature—composition phase diagram
for (SI-7/29)/(PS-2) binary blends, where H denotes the
homogeneous phase in which the disordered SI-7/29 chains
and PS-2 chains are mixed on a segmental level, DM
denotes disordered micelles, M; denotes the mesophase of
block copolymer SI-7/29 in which part of the added PS-2 is
solubilized in PS rich microdomains, L; denotes disordered
SI-7/29, and L, denotes the macrophase-separated PS-2 rich
phase. It should be mentioned that the mesophase M; shown
in Fig. 10 may have a microdomain structure other than the
spherical microdomain structure of SI-7/29, depending upon
the amount of PS-2 solubilized. For instance, the addition of
17 wt% PS-2 to the sphere-forming diblock copolymer SI-7/
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Fig. 10. Temperature—composition phase diagram for (SI-7/29)/(PS-2)
blends, where H denotes the homogeneous phase in which disordered SI-
7/29 and PS-2 are mixed on a molecular level, M; denotes a mesophase in
which part of the added PS-2 is solubilized in the microdomains of SI-7/27,
L, denotes disordered SI-7/29, L, denotes macrophase-separated PS-2, and
DM denotes disordered micelles. The symbol O denotes Tpyr, the symbol
A denotes Ty por, and the symbol @ denotes cloud point.
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29 might have induced an order—order transition from body-
centered cubic lattice of PS spheres to cylindrical micro-
domains of PS phase in the PI matrix. In Fig. 10, region
(M, + L,) represents a two-phase region where phases M,
and L, coexist, and region (L; + L,) represents a two-phase
region where phases L; and L, coexist. The phase boundary
between the (M; + L,) and (L; + L,) regions indicated by
the dotted horizontal line in Fig. 10 is drawn with the stipu-
lation that the mesophase M, in the region (M; + L,) would
transform into the disordered phase (L;), which coexists
with macrophase-separated PS-2 phase (L,). Again, the
precise determination of the temperatures separating the
M; +L,) and (L; +L,) regions requires an elaborate
investigation using SAXS, which is beyond the major thrust
of the present study. The phase boundary between the M; and
(M, + L) regions indicated by the solid vertical line in Fig.
10 is drawn on the basis of our light scattering experimental
observation that macrophase separation occurred at 50 °C
for a 0.38 weight fraction of PS-2.

Notice in Fig. 10 that (SI-7/29)/(PS-2) binary blends form
DM before macrophase separation occurs, and that as the
amount of added PS-2 is increased further, the Tpyr of (SI-
7/29)/(PS-2) binary blends initially increases rapidly and
then tends to level off before meeting the binodal curve at
B. Notice that the onset of the binodal curve in Fig. 10 for
(SI-7/29/(PS-2) blends occurs at wyps =~ 0.38, which is
lower than that in Fig. 8 for (SI-7/29/ (PS-1) blends. This
is attributable to the fact that the molecular weight of PS-2 is
higher than that of PS-1 (Table 2), and thus the solubility
limit of PS-2 in SI-7/29 is less than that of PS-1 in SI-7/29.
Comparison of Fig. 10 with Fig. 8 indicates that a relatively
small increase in molecular weight (M,) from 1.5 X 10° to
1.9 X 10’ g/mol of added PS has increased considerably the
critical temperature of (SI-7/29)/PS binary blends from ca.
140 to ca. 210 °C, i.e. the temperature—composition phase
diagram is very sensitive to the molecular weight of added
PS to SI-7/29 having spherical microdomains.

3.5. Temperature—composition phase diagram for (SI-7/8)/
PI binary blends

Fig. 11 gives Han plots for SI-7/8 at various temperatures
ranging from 76 to 96 °C, showing that SI-7/8 has Topr of
85°C that is very close to the temperature at which G’
begins to drop rapidly from the isochronal dynamic
temperature sweep experiment (see the inset). This is as
expected, because SI-7/8 has lamellar microdomains as
shown in the inset of Fig. 11, similar to SB-9/8 also having
lamellar microdomain structure (Fig. 2).

Fig. 12 gives Han plots for 90/10 (SI-7/8)/(PI-14) blends
at various temperatures ranging from 60 to 125 °C, showing
that it first undergoes LDOT at 80 °C and then DMT at
114 °C, very similar to that shown in Fig. 5 for the 90/10
(SB-9/8)/(PB-12) blend. Note that the temperature depen-
dence of the Han plot for 90/10 (SI-7/8)/(PI-14) blend given
in Fig. 12 is quite different from that given in Fig. 11 for the
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Fig. 11. Han plots for SI-7/8 at various temperatures: (O) 76 °C; (A) 83 °C;
(d) 85°C; (V) 90 °C; (<€) 96 °C. The inset in the lower right corner gives
the dependence of G’ on temperature during the isochronal temperature
sweep experiment at @ = 0.01 rad/s in the heating cycle, and the inset in
the upper left corner gives a TEM image of an SI-7/8 specimen annealed at
76 °C for 15 days. The specimen was annealed at 70 °C for 5 days. The
specimens used for the rheological measurements were annealed in a
vacuum at 70 °C for 5 days.

neat block copolymer SI-7/8. As was the case for the 90/10
(SB-9/8)/(PB-12) blend shown in Fig. 5, the addition of PI-
14 to the nearly symmetric diblock copolymer SI-7/8 has
induced LDOT and DMT. Again, the temperature at which
the value of G’ begins to drop rapidly at 76 °C in the plot of
log G’ versus temperature (see the inset of Fig. 12) almost
coincides with the temperature at which the Han plot begins
to have a parallel feature at 80 °C. Thus, we conclude that
the isochronal dynamic temperature sweep experiment for
the 90/10 (SI-7/8)/(PI-14) blend enables us to determine
Tipor and not Tpyr. This conclusion is very similar to the
conclusion drawn for the 90/10 (SB-9/8)/(PB-12) blend
shown in Fig. 5. Note that the molecular weight (M, =
1.41 % 10* g/mol) of added homopolymer PI-14 is much
higher than the molecular weight (M, = 7.49 X 10° g/mol)
of PI block in SI-7/8 (Table 1), giving rise to Vy/Vc = 1.05
for (SI-7/8)/(PI-14) binary blends (Table 3).

Fig. 13 shows a temperature—composition phase diagram
for (SI-7/8)/(PI-14) binary blends, where H denotes the
homogeneous phase in which disordered SI-7/8 chains and
PI-14 chains are mixed on a segmental level, DM denotes
disordered micelles, the symbol O represents Tpyr separat-
ing the boundary between phases H and DM, and the symbol
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Fig. 12. Han plots for 90/10 (SI-7/8)/(PI-14) blend at various temperatures:
(O) 60 °C; (A) 73 °C; (O) 77 °C; (V) 80 °C; () 90 °C; (Q) 100 °C; (@)
108 °C; (A) 114 °C; (H) 120 °C; (V) 125 °C. The inset in the lower right
corner gives the dependence of G’ on temperature during the isochronal
temperature sweep experiment at @ = 0.01 rad/s in the heating cycle. The
specimen was annealed at 70 °C for 5 days.

A represents 11 por separating the boundary between phases
M, and DM, where M; denotes the mesophase of SI-7/8 in
which added PI-14 is solubilized. The readers are reminded
that SI-7/8 has a 0.43 volume fraction of PS block (Table 1),
giving rise to lamellar microdomain structure (Fig. 11). It
should be mentioned that the mesophase M; shown in
Fig. 13 may have a microdomain structure other than the
lamellar microdomain structure of SI-7/8, depending upon
the amount of PI-14 solubilized. That is, the addition of
PI-14 to the lamella-forming diblock copolymer SI-7/8
might have induced an order—order transition from lamellae
to cylindrical microdomain structure and then to spherical
microdomain structure of PS phase in the PI matrix, depend-
ing upon the amount of PI-14 solubilized.

As the molecular weight of added PI is increased from
1.41 X 10* t0 2.76 X 10* g/mol (Table 2), the shape of phase
diagram becomes drastically different, as can be seen in
Fig. 14 for (SI-7/8)/(PI-28) binary blends, where H denotes
the homogeneous phase in which disordered SI-7/8 chains
and PI-28 chains are mixed on a segmental level, L; denotes
disordered SI-7/8, and L, denotes macrophase-separated
PI-28, the symbol O represents Tpyr separating the bound-
ary between phases H and DM, and the symbol A represents
Ty por separating the boundary between phases M; and DM,
where M, denotes the mesophase of SI-7/8 in which part of
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Fig. 13. Temperature—composition phase diagram for (SI-7/8)/(PI-14)
blends, where H denotes the homogeneous phase in which disordered SI-
7/8 chains and PI-14 chains are mixed on a molecular level, DM denotes
disordered micelles, and M; denotes a mesophase in which part of the added
PI-14 is solubilized in the microdomains of SI-7/8. The symbol O denotes
Tpmr and the symbol A denotes T por. No evidence of macrophase separa-
tion was observed over the entire range of blend compositions.

added PI-28 is solubilized. It should be mentioned that the
mesophase M; shown in Fig. 14 may have a microdomain
structure other than the lamellar microdomain structure of
SI-7/8, depending upon the amount of PI-28 solubilized. For
instance, the addition of 20 wt% PI-28 to the lamella-form-
ing diblock copolymer SI-7/8 might have induced an order—
order transition from lamellae to cylindrical microdomains
of PS phase in the PI matrix. In Fig. 14, region (M, + L,)
represents a two-phase mixture where phases M; and L,
coexist, and region (L; + L,) represents a two-phase
mixture where phases L; and L, coexist. The phase bound-
ary between the (M; + L,) and (L, + L,) regions indicated
by the dotted horizontal line in Fig. 14 is drawn with the
stipulation that the mesophase M, in the region (M; + L,)
would transform into the disordered phase (L), which coex-
ists with macrophase-separated PI-28 phase (L,). The phase
boundary between the M, and (M, + L,) regions indicated
by the solid vertical line in Fig. 14 is drawn on the basis of
our light scattering experimental observation that macro-
phase separation occurred at 40 °C for a 0.20 weight fraction
of PI-28.

The construction of the entire binodal curve over the
entire composition range in Fig. 14 was not feasible,
because the molecular weight of PI-28 was too high, giving
rise to thermal degradation/crosslinking reactions in the
homopolymer PI-28 and PI block in SI-7/8 at temperatures
higher than about 240 °C. In view of the fact that the mole-
cular weight (M, = 2.76 X 10* g/mol) of added homopoly-
mer PI-28 is much higher than the molecular weight
(M, = 7.49 x 10° g/mol) of PI block in SI-7/8 (Table 1),
the addition of 10 wt% PI-28 to SI-7/8 is expected to
increase the Tpyr of the 90/10 (SI-7/8)/(PI-28) blend
over the Topy of SI-7/8. Note in Fig. 14 that the onset of
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Fig. 14. Temperature—composition phase diagram for (SI-7/8)/(PI-28)
blends, where H denotes the homogeneous phase in which disordered SI-
7/8 chains and PI-28 chains are mixed on a molecular level, DM denotes
disordered micelles, M; denotes a mesophase in which part of the added PI-
28 is solubilized in the microdomains of SI-7/28, L; denotes disordered SI-
7/8, and L, denotes macrophase-separated PI-28. The symbol O denotes
Towmr, the symbol A denotes T} por, and the symbol @ denotes cloud point.

macrophase separation of PI-28 occurs at wyp; = 0.2
(wgs = 0.38), which is a manifestation of the solubility
limit of PI-28 in the lamellar microdomains of PI in SI-7/
8. As can be seen in Table 3, the Vy/V( ratio is increased
from 1.05 to 2.1 as Myp; is increased from 1.41 X 10* to
2.76 x 10* g/mol. In view of the fact that the solubility
limit of a homopolymer in a block copolymer is expected
to decrease with an increase in Mya/Mca ratio, it is not
surprising to observe that macrophase separation in (SI-7/
8)/(P1-28) binary blends occurs at wyp = 0.2 (Fig. 14),
whereas no macrophase separation in (SI-7/8)/(PI-14)
binary blends occurs (Fig. 13).

3.6. Effect of the molecular weight of homopolymer and
block copolymer composition on temperature—composition
phase diagram

In order to explain the effects of My o/Mc 4 ratio and fps on
the phase behavior of block copolymer/homopolymer
blends, let us examine the boundary between phases DM
and H for different pairs of blends that were considered in
this study. The Tpyr of (SI-7/29)/(PS-2) binary blends
(Fig. 10) initially increases fast as the amount of PS-2 is
increased to ca. 17 wt% and then tends to level off until
meeting the binodal curve at B, while the Tpyr of (SI-7/
29)/(PS-1) binary blends (Fig. 8) increases moderately as
the amount of PS-1 is increased to ca. 40 wt% and then
shows a moderate fall upon further addition of PS-1. This
difference in phase behavior between the two blend systems
for the same block copolymer can be explained by the
difference in molecular weights of added homopolymers.
Specifically, for SI-7/29 with fpg = 0.16, Vyz/Vc = 0.04
for (SI-7/29)/(PS-1) binary blends and Vy/Ve = 0.05 for
(SI-7/29)/(PS-2) binary blends (Table 3). The above experi-

mental observations indicate that the addition of a small
amount of PS-1 or PS-2 to SI-7/29 would increase the
Tpmr of the resulting blends and that the addition of a
small amount of PS-2 having M, = 1.9 X 10° g/mol to SI-
7/29 would increase the Tpyr of the resulting blend faster
than the addition of a small amount of PS-1 having M, =
1.5%x10° g/mol would do. Thus, we can conclude that a
relatively small increase in M, from 1.5%10° to
1.9x%10° g/mol has a very large effect on the Tpyr of (SI-
7/29)/PS binary blends having a highly asymmetric block
copolymer SI-7/29 with spherical microdomains (fpg =
0.16). In the case of (SI-7/8)/PI binary blends, the addition
of 10 wt% PI-14 increases the Tpyr of the resulting 90/10
(S1-7/8)/PI-14 blend to 114 °C, and the addition of 10 wt%
PI-28 increases the Tpyr of the resulting 90/10 (SI-7/8)/ PI-
28 blend to 125 °C. Note that SI-7/8 has Topr = 85 °C
(Table 1). Further note that Vi3/V = 1.05 for (SI-7/8)/(PI-
14) binary blends and Vy/V = 2.10 for (SI-7/8)/ (PI-28)
binary blends (Table 3). We observe that the Tpyr of (SI-
7/8)/PI binary blends increases only moderately (11 °C) as
M, is increased from 1.41 X 10* to 2.76 x 10* g/mol for a
nearly symmetric block copolymer SI-7/8 having lamellar
microdomains (fpg = 0.43). The above observations indi-
cate that the block copolymer composition also plays an
important role in determining the phase behavior of block
copolymer/homopolymer blends.

4. Concluding remarks

In this paper we have presented experimental tempera-
ture—composition phase diagrams, determined from oscilla-
tory shear rheometry and cloud point measurements, for six
pairs of SI/PS, SI/PI, SB/PS, and SB/PB binary blends,
where the block copolymer has spherical or lamellar
microdomain structure. We have investigated how the
block copolymer composition and the molecular weight
ratio of homopolymer to corresponding block (Mpyps/
Mcps, Mup/Mcpr, or Myps/Mcpg) influence the shape of
temperature—composition phase diagram for the block
copolymer/homopolymer blends investigated. Specifically,
we have found that a small change in My ps/Mc ps ratio has a
large influence on the shape of temperature—composition
phase diagrams of SI/PS binary blends when the SI diblock
copolymer is highly asymmetric in composition, while even
a large change in Myps/Mcps ratio has only a moderate
influence on the shape of temperature—composition phase
diagrams of SI/PS binary blends when the SI diblock copo-
lymer is symmetric or nearly symmetric in composition.

In this study we have found that the addition of PI to a
lamella-forming SI diblock copolymer or the addition of PB
to a lamella-forming SB diblock copolymer induced LDOT
and DMT. In this paper we have presented experimental
temperature—composition phase diagrams that contain a
region where DM exist. Table 4 gives a summary of the
Tipor and Tpyr determined for three different pairs of
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Table 4
Summary of 7} por and Tpyr for the block copolymer/homopolymer blends
investigated

Sample code Topr (°C) Tipor (°C) Tpmr (°C)
(a) SB-9/8* 123
90/10 (SB-9/8)/(PB-12) 101 151
75/25 (SB-9/8)/(PB-12) 90 136
65/35 (SB-9/8)/(PB-12) 102 120
(b) SI-7/8° 85
90/10 (SI-7/8)/(PI-14) 80 114
75725 (SI-7/8)/(PI-14) 80 104
90/10 (SI-7/8)/(PI-28) 80 125
82/18 (SI-7/8)/(P1-28) 75 130
(c) S1-7/29¢ 98 135
80/20 (SI-7/29)/(PS-1) 93 146
60/40 (SI1-7/29)/(PS-1) 111 142
43/57 (SI-7/29)/(PS-1) 107 140
83/17 (SI-7/29)/(PS-2) 108 161
66/34 (S1-7/29)/(PS-2) 129 164

* Lamella-forming SB diblock copolymer.
® Lamella-forming SI diblock copolymer.
¢ Sphere-forming SI diblock copolymer.

block copolymer and homopolymer investigated in this
study.

We are not aware of any theoretical studies that have
reported on phase diagrams for (A-block-B)/A or
(A-block-B)/B binary blends, exhibiting disordered micelle
region, and on phase transition from lamellar microdomains
to DM when homopolymer PI is added to a lamella-forming
SI diblock copolymer or when homopolymer PB is added to
a lamella-forming SB diblock copolymer. In this regard, the
experimental composition—temperature phase diagrams,
together with the molecular parameters of the component
polymers, presented in this paper will be very useful to
future theoretical development predicting phase diagrams
of binary blends of block copolymer and homopolymer.
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