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ABSTRACT: A unique phase transition between the state of “two macrophase-separated disordered
phases” at higher temperatures and that of “a single phase with only a local order” at lower temperatures
was observed in a binary mixture of polystyrene (PS)-block-polyisoprene (PI) copolymers by using small-
angle X-ray scattering, light scattering, transmission electron microscopy, and optical microscopy. The
constituent block copolymers of the mixture have almost same molecular weights but complementary
compositions: one component (designated as i-2K) has a number-average molecular weight (My) of 1.2 x
10* and its volume fraction of PS (fes) is 0. 81, and the other component (designated as s-3K) is M, = 1.3
x 10% and fps = 0.21; both neat i-2K and neat s-3K are in disordered state at all temperatures covered
in this experiment. The macrophase transition temperature for the i-2K/s-3K = 50/50(wt %/wt %) mixture
was determined to be 130 °C, above which the mixture showed the two macrophase-separated disordered
phases composed of i-2K-rich domains with micrometer size in disordered state and the s-3K-rich domains
also in the disordered state. However, when the temperature was sufficiently lower than 130 °C, i-2K
and s-3K mixed on the molecular level without involving the macrophase separation to form the single
phase composed of locally ordered PS- and Pl-rich domains with nanometer size. This phenomenon reveals
a “pseudo-LCST type phase diagram” based on the polymer components with a UCST type interaction
parameter vs temperature relationship. This phenomenon is intriguing also from the viewpoint that the
local segregation of the PS and Pl segments induced by increasing the repulsive segmental interactions
suppress the macroscopic phase separation between the two compositionally complementary block
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copolymers in disordered state.

I. Introduction

Diblock copolymers have received considerable ex-
perimental and theoretical attention due to their inter-
esting and potentially useful properties, associated with
the order—disorder transition (ODT) and the wide array
of morphologies in the ordered state.!? Recently binary
blends of A—B diblock copolymers, denoted as (A—B)q/
(A—B)s, have also received much experimental®~° and
theoretical attention,2°~26 because they show a broad
array of interesting behavior, including macrophase
separation,>” microphase separation,3#8-16.18.19 mac-
rophase separation induced by microphase separation,®”’
order—order transitions,19-1216 gnd modulated or su-
perlattice structures.”

As for the (A—B)«/(A—B)g in which both copolymers
have almost the same total molecular weights, but
different compositions (i.e., different A-block fractions),
many experimental studies have been conducted for the
purpose of controlling the morphology by changing the
blend composition. In the earlier works, Hadziioannou
and Skoulios investigated the morphological transition
from lamellar to cylinder using several sets of binary
mixtures of polystyrene-block-polyisoprene (PS—PI) co-
polymers, each of which is a di- or triblock copolymer
and possesses lamellar or PS-cylindrical morphology.3
Koizumi et al.” and Vilesov et al.® independently re-
ported that the mixture of equal amounts of two
cylinder-forming A—B diblock copolymers, where one is
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an A-rich copolymer and forms B-cylinders in A-matrix
and the other is a B-rich copolymer and forms A-
cylinders in B-matrix, clearly shows a regular lamellar
morphology. In these studies, Vilesov et al. used poly-
styrene-block-polybutadiene (PS—PB) copolymers and
Koizumi et al. used PS—PI copolymers.”8 Zhao et al.1!
investigated the phase behavior of binary blends of PE-
PEE (poly(ethylene)-block-poly(ethylethylene)) diblock
copolymers with different compositions with an aim of
controlling the overall composition very precisely. Saku-
rai et al. examined the bicontinuous gyroid structure
for the binary blends of PS—PI diblock copolymers in
detail.1®

Another interest in this type of blends, i.e., the binary
blends of A—B polymers having same molecular weights
but different compositions, is the complicated superlat-
tice structures as a consequence of the interplay of
macrophase separation between the two constituent
copolymers of the blend and subsequent microphase
separation between A- and B-block chains. Koizumi et
al. examined this superlattice structure for a binary
blend of PS—PI diblock copolymers.”:27

On the theoretical side, Shi and Noolandi?* or Matsen
and Bates?® calculated phase diagram for the (A—B)./
(A—B), having the same total number of segments, N,
but different A-block fractions, i.e., fa . = fag, by using
self-consistent field (SCF) theory. Matsen and Bates?6
presented an interesting behavior when the A-block
fractions of constituent diblock copolymers are rather
different. That is, when fa, = 1 — fag = 0.2, the two
copolymers, a and f, at first undergo macrophase
separation into two disordered phases, and then mix to
form a single microphase-separated structure, with
increasing yN from the disordered single phase.?¢ Here
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Table 1. Characteristics of PS—PI Diblock Copolymers

COde Mn MnyPS - IVIn,PIa Mw/Mn fPSb
i-2K 1.2 x 104 1.0 x 10* — 2 x 103 1.06 0.81
i-3K 1.3 x 104 1.0 x 104 — 3 x 103 1.05 0.75
s-3K 1.3 x 104 3 x 10% — 1.0 x 10* 1.07 0.21
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a My k is the number-average molecular weight of the kth block
(k = PS or PI). " fps is the volume fraction of PS block chain,
estimated by fps = (Wps/pps)/[Wps/pps + (1 — wWps)/ppi], where wps
= Mnps/Mn, pps = 1.0514 g-cm~3, and pp; = 0.925 g-cm~3.

x is the usual Flory—Huggins segmental interaction
parameter between A and B segments. This phenom-
enon seems paradoxical and therefore intriguing, since
starting from the macrophase-separated state of a and
p copolymers as an initial state, increasing of yN yields
mixing of o and fS. It could never happen, if a and j.
were B- and A-homopolymer, respectively. However, in
the case where both o and 5 are A—B diblock copolymers
and faq = 1 — fag = 0.2, it can happen due to the
existence of the microphase-separated state. Namely the
microphase separation (or local segregation of A and B)
suppresses the effective repulsive interactions of a and
f in the disordered state which drives the macrophase
separation.

Our objective in this paper is to report our experi-
mental observation of a phase transition from a mac-
rophase-separated state of constituent copolymers at
high temperatures (i.e., small yN) to a single mi-
crophase-separated structure at low temperatures (i.e.,
large yN) for a binary blend of PS—PI diblock copoly-
mers which have almost same molecular weights and
complementarily asymmetric compositions. Although
such a phase behavior appears strange, we have checked
the reproducibility and confirmed that it is not artificial
but natural. Furthermore, this experimental result
seems to be in good agreement with the theoretical work
by Matsen and Bates.?%

Il. Experimental Section

1. 1. Sample Preparation. Diblock copolymers, polysty-
rene (PS)-block-polyisoprene (P1), were synthesized by living
anionic polymerization with sec-butyllithium as an initiator
and cyclohexane as a solvent. The polymer molecular weight
was characterized by GPC. In each synthesis a precursory
sample was taken out before the second step polymerization
of PI (or PS) to determine the molecular weight of the PS (or
PI) block by GPC. Three Sl diblock copolymers were used in
this study, two of these are PS-rich copolymers, designated
as i-2K and i-3K, and the other one is a PIl-rich diblock
copolymer, designated as s-3K, where the first letter (i or s)
designates the component of the short block (polyisoprene or
polystyrene block, respectively) and the second number the
molecular weight of the short block in units of thousand. In
all cases the polydispersity index, My/M,, was relatively small
(Mw/Mp, = 1.07). The characteristics of these PS—PI copoly-
mers are summarized in Table 1.

Film specimens were cast from a 5 wt % polymer in toluene
solution. 0.5 wt % of antioxidant (Irganox 1010, Ciba-Geigy
Group) was added to the solution to prevent the thermal
degradation of the film specimens during the following mea-
surements. Two blend samples of the block copolymers of i-2K
and s-3K or i-3K and s-3K were prepared and designated as
i-2K/s-3K = 50/50 and i-3K/s-3K = 50/50, respectively, where
50/50 denotes the weight ratio of the two block copolymers in
the blends.

1. 2. Small-Angle X-ray Scattering. Each neat diblock
copolymer and blend sample was measured in-situ as a
function of temperature with small-angle X-ray scattering
(SAXS) with the apparatus described elsewhere, except for the
replacement of the X-ray generator with a new one (MAC
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Figure 1. Typical thermal protocol given in the SAXS
experiments. For neat diblock copolymers and blend samples,
all the measurements were conducted during cooling process
as presented here. The thick solid line designates the period
of measurement.

Sciences M18X HF operated at 18 kW).28~30 All measurements
were conducted with specimens placed in a nitrogen atmo-
sphere to reduce oxidative degradation. The typical thermal
protocol employed in the SAXS experiments is schematically
shown in Figure 1. Although the SAXS experiments of only
the cooling process will be shown and discussed in this paper,
heating or isothermal annealing processes will be also dis-
cussed with respect to light-scattering and optical microscopy
experiments, as will be detailed later. At each temperature,
the specimen was held for 30 min before the measurement and
the measurement lasted for 30 min. SAXS profiles were
desmeared for slit-width and slit-height smearing and cor-
rected for air scattering, absorption, and thermal diffuse
scattering.?673% The absolute intensity was obtained by the
nickel-foil method.3!

I1. 3. Transmission Electron Microscopy. Microphase-
or macrophase-separated morphologies of the blend specimens
were observed by transmission electron microscopy (TEM). For
the TEM observation, the film specimens were microtomed at
—100 °C, using a Reichert Ultracut E low-temperature section-
ing system. The ultrathin sections were stained with the vapor
of 2% OsOq(aq) for a few hours.®? The observation was done
with a JEOL JEM-2000FXZ transmission electron microscope
operated at 120 kV. The thermal protocols of the specimens
used for TEM observations are described in the following
section, section I11. 2.

Il. 4. Light Scattering. Temperature-dependent mac-
rophase-separated structure was investigated in-situ by using
time-resolved elastic light-scattering (LS). He—Ne laser of 20
mW power (1o = 632.8 nm, where 1, is the wavelength of light
in the vacuum) was used as an incident beam source, and the
light scattering was observed photometrically. Further details
of the apparatus were described elsewhere.®® The thermal
protocols employed in the LS experiments are described in the
following section, section I11. 3.

Il. 5. Optical Microscopy. The macrophase-separated
structures were also observed under optical microscopy (OM).
The specimen was placed in a conventional optical microscope
and the observation was carried out under a magnification of
x100.

111. Results and Discussion

I11. 1. SAXS. In Figure 2, we show the SAXS profiles
for the three neat diblock copolymers (a) i-2K, (b) i-3K,
and (c) s-3K at various temperatures, where q is the
magnitude of scattering vector defined by q = (4z/4) sin-
(0/2) with A and 0 being the wavelength of X-ray and
the scattering angle, respectively. For each neat block
copolymer, the scattered intensity increases with de-
creasing temperature, indicating that the composition
fluctuation incerases as a consequence of increasing
segregation power between PS-block and PI-block with
decreasing temperature. However, in each profile, there
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Figure 2. Temperature dependence of the SAXS profiles for neat diblock copolymers: (a) i-2K; (b) i-3K; (c) s-3K.

exists only one broad scattering peak even at the lowest
temperature, indicating that all of the three neat
copolymers employed in this study remain in the
disordered state at the temperature range investigated
here.

In Figure 3, we give plots of (a) the reciprocal of the
peak intensities (I,~1) vs the reciprocal of the absolute
temperature (T1), and (b) the square of the half-width
at half-maximum (o4?) of the scattering peak for each
neat block copolymer. All the curves for 1,71 and 42 in
Figure 3, parts a and b, continuously decrease with
increasing T, supporting the consideration that three
neat copolymers, i-2K, i-3K, and s-3K, are in the
disordered state at all temperature range investigated
in this study. Note that the curves of i-2K and i-3K,
denoted by the symbols ® and a, respectively, show a
slope change at T-1 = 3.1 x 1073 (i.e., T = 50 °C),
probably due to the glass transition temperature (Tg)
of the specimens.3435

In Figure 4, we show the SAXS profiles of i-2K/s-3K
= 50/50 at various temperatures. The behavior of SAXS
profiles with decreasing temperature observed in Figure
4 is quite different from those observed in Figure 2,
parts a and c, for the corresponding constituent neat
copolymers. At temperatures above 130 °C, the SAXS
profiles for the blend do not have any distinct scattering
maxima but show a monotonic decrease of scattering
intensity with increasing g, as shown in Figure 4a.
However, as the temperature is decreased to 120 °C, a
broad scattering maximum appears in the SAXS profile
at g = 0. 1 nm™! and it becomes sharper and shifts
toward larger q with further decreasing temperature,
as shown in Figure 4b. This temperature behavior of
the SAXS profiles for the blend strongly suggests the
macrophase separation between i-2K and s-3K at tem-
peratures above 130 °C, which will be discussed in more
detail in the following sections, sections Il1. 2. and II1.
3.

Note that one might think that even if the mac-
rophase separation between i-2K and s-3K occurs at the
temperatures above 130 °C, the SAXS profiles at these
temperatures should possess the scattering maxima
corresponding to the neat copolymers of i-2K and s-3K,
as shown in Figure 2, parts a and c, respectively.
However, when the macrophase-separated structures

exist in the system, the excess scattering arising from
the macrophase-separated domains region appears in
the small q region of SAXS profile. This excess scatter-
ing is strong and may cover the broad and weak
scattering maxima originating from the composition
fluctuations of constituent copolymers, i-2K and s-3K,
within each domains.

In Figure 5, we show the SAXS profiles of i-3K/s-3K
= 50/50 at various temperatures. In this case, the
scattering maximum arising from the composition fluc-
tuations with nanometer sizes is observed, and there is
no evidence of macrophase separation at any tempera-
tures up to 150 °C as evidenced by no excess scattering
in the small q region, indicating that the constituent
copolymers, i-3K and s-3K, are mixed on the molecular
level. However, anomalous behavior is observed in
regard to the peak shift with temperature change. The
scattering maximum from this blend locates at g = 0.21
nm~1 at 150 °C and shifts toward larger g with decreas-
ing temperature. This behavior is similar to that
observed in i-2K/s-3K = 50/50 and quite different from
that observed in constituent neat copolymers, i-3K and
s-3K.

To compare all the behaviors concerning the peak
shift with temperature observed in this study, in Figure
6 we give the plots of wavelength of the dominant mode
of the spatial composition fluctuations in disordered
state (or domain spacing in the case of ordered state),
D, defined by D = 27/qn, as a function of T~1. Here qn,
is the magnitude of the scattering vector at the scat-
tering maximum. The three neat copolymers show
similar behavior in D vs T~%: The D values for the neat
copolymers definitely increase with decreasing temper-
ature, though the change of D with temperature is much
small compared with that for the blends. This tendency
for the neat diblock copolymers is consistent with that
reported earlier3® and attributed to the increasing chain
stretching caused by the increase of repulsive interac-
tions between PS and PI blocks with decreasing tem-
perature.

In contrast to the three neat copolymers, the two
blend specimens, i.e., i-2K/s-3K = 50/50 and i-3K/s-3K
= 50/50, exhibit a large decrease of D with decreasing
temperature to a point (~ a Ty) and then levels off.
Although the two blend samples show the same trend
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Figure 3. (a) Im™?* (inverse of peak scattered intensity) and
(b) 042 (square of the half-width at half-maximum of the peak)
plotted as a function of T~ (inverse of the absolute tempera-
ture) for neat diblock copolymers: (@) i-2K; (4) i-3K; (¥) s-3K.

they are definitely different in the point that whether
the macrophase separation between the constituent
copolymers play a role on D. Once the macrophase
separation of constituent copolymers occurs, the domi-
nant mode of the spatial composition fluctuations in the
blend system should also split into those inherent in
block copolymers in both phases. However, we could not
actually identify the SAXS maximum from each phase,
since each of the scattering maximum is overwhelmed
by the excess scattering from macrophase-separated
structures at q ~ 0, and therefore, the data points of D
for i-2K/s-3K = 50/50 at high temperatures (above 120
°C) are not shown in Figure 6. On the contrary, the
single SAXS scattering maximum exists even at the
high-temperature range for the i-3K/s-3K = 50/50
mixture, reflecting no macrophase separation. It is quite
remarkable that the values of D reach 50 and 30 nm at
higher temperatures for i-2K/s-3K = 50/50 and i-3K/s-
3K = 50/50, respectively, despite the fact that the values
of D for each individual neat copolymer, i-2K, i-3K, and
s-3K, are ~ 10, 12, and 15 nm, respectively.

It is worthy to note here about the experimental
results reported earlier by Sakurai et al.1> They found
a similar unusual temperature behavior of D for the
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Figure 5. Temperature dependence of the SAXS profiles for
the i-3K/s-3K = 50/50 blend. The blend is considered to be
miscible at the whole temperature range below 150 °C.

lamellar microdomains with long-range order in the
binary mixture of Sl diblock copolymers. One might
notice that the unusual behavior found earlier by
Sakurai et al.15 is quite identical with the temperature
dependence of D observed in this study, for i-2K/s-3K
= 50/50 and i-3K/s-3K = 50/50, except for the morpho-
logical difference between the two cases. However, this
morphological difference is responsible for the difference
in interpretation of the unusual behavior of D. Namely,
Sakurai et al. speculated on the origin of the unusual



Macromolecules, Vol. 34, No. 6, 2001

Temperature (°C)

150 100 50
T T T
50 [ M
V+—i-2k/s-3k=50/50
v
40 - v
v
i-8k/s-3k=50/50 v
rg 30 ‘0 v
c * v v
a *vee YYvvvvy
L 'Y .
A PO
20

s-3k neat

AAAAAAAAAAAXAAAAAAAAA AAAA

TUVYVYVVVV VIV VYV VYV Vaigkneat
10+ ggggggooooooo 00000000000

i-2k neat

0 s ! . ! . L
2.2 2.6 3.0 3.4x10°

T K"

Figure 6. Plot of D, which represents the characteristic length
of the dominant mode of the spatial composition fluctuations
in the disordered state (or domain spacing in the case of
ordered state), as a function of T~ for both neat diblock
copolymers and blend samples: (O) i-2K neat; (V) i-3K neat;
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behavior of D as follows: as the temperature increases,
the enhancement of the miscibility between the PS and
Pl block chains causes the undulation of interface
between PS and Pl lamellar microdomains. As the
interface undulates, the longer PS and PI block chains
in each constituent copolymer are stretched in the
direction normal to lamellar interface to prevent chain
overlaps, leading to larger domain spacing.!®> This
speculation seems interesting, but we cannot apply it
to our results, since in our case the specimens are in
disordered state and the interface between PS and Pl
microdomains is nonsense. At present we do not have a
clear image which can interpret the behavior of D
observed in i-2K/s-3K = 50/50 or i-3K/s-3K = 50/50
reasonably.

I11. 2. TEM. TEM observations were conducted to
explore the self-assembled structures formed in i-2K/s-
3K = 50/50 or i-3K/s-3K = 50/50. To compare the state
at high temperatures with that at low temperature, we
used two different types of thermal protocols for both
i-2K/s-3K = 50/50 and i-3K/s-3K = 50/50. One thermal
protocol is hereafter designated as “rapidly quenched”
from 150 °C and gives the following process: as-cast
specimen is elevated from ambient temperature to 150
°C and annealed at 150 °C for 1.5 h followed by a rapid
qguenching in ice water.3” This thermal protocol will
qualitatively reflect the state of the blends typically at
high temperatures. The other thermal protocol is here-
after designated as “slowly cooled”, also from 150 °C and
gives the following process: as-cast specimen is elevated
from ambient temperature to 150 °C and annealed at
150 °C for 1 h followed by stepwise cooling to ambient
temperature just as schematically depicted in Figure
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1. This protocol will reflect the state of the blends
typically at low temperatures. We prepared ultrathin
sections from the specimen used for SAXS measure-
ments. In cooling process from 150 °C, each temperature
decrement is 5 °C/h.

In Figure 7, we show the TEM micrographs obtained
from the observation of i-2K/s-3K = 50/50. Parts a—d
of Figure 7 show the micrographs of the rapidly quenched
specimen, while parts e—h of Figure 7 show those of the
slowly cooled specimen. As shown in Figure 7a taken
at low magnification, we can find the macrophase-
separated structures in the rapidly quenched specimen.
This observation seems in good agreement with the
SAXS results shown in Figure 4a. A lot of bright
ellipsoidal domains with their sizes from several mi-
crometers to 10 um are dispersed in the dark matrix.
Since the ultrathin sections were stained with OsOy, the
bright and dark parts correspond to PS- and Pl-rich
phases, respectively, implying that the bright phase and
the dark phase are rich in i-2K and s-3K, respectively.
Both the dark and bright phases have intricate contrast
variation, reflecting a seemingly bicontinuous structure.
The enlarged images obtained by zooming in on inside
of the each phase and interface area are shown in Figure
7, parts b—d, respectively. Inside of the s-3K-rich phase,
a faint contrast exists in the dark background (Figure
7b). This faint contrast implies that there exist the
spatial composition fluctuations in the matrix phase
with the size of tens of nanometers, suggesting that this
phase is in the disordered state. Similarly a faint
contrast exists in the bright background, implying
existence of the spatial composition fluctuations inher-
ent in the disordered state within the i-2K-rich phase
(Figure 7c). Further, it seems that the amplitude of the
composition fluctuation in the i-2K-rich phase (Figure
7¢) is smaller than that in the s-3K-rich phase (Figure
7b), consistent with the fact that the SAXS peak
intensity of i-2K is smaller than that of s-3K as shown
in Figure 2, parts a and c. Note that there exist dark
stripes in Figure 7c as well as in Figure 7, parts d, g,
and h. They are chatter marks of the ultrathin sections
which are artifacts brought during microtoming.38 The
interface between the two phases (upper-right region
of Figure 7d) seems relatively sharp.

We can observe the macroscopically phase-separated
structure in the specimen slowly cooled from 150 °C, as
shown in Figure 7e, contrary to our expectations based
on the SAXS results shown in Figure 4b. However,
comparing Figure 7e with 7a, one can notice the big
differences between them: the domains observed in the
slowly cooled specimen are much larger in average size
and much smaller in number density compared with
that observed in the rapidly quenched specimen. Fur-
ther, we can find additional differences between the
rapidly quenched specimen and slowly cooled specimen
in Figure 7, parts f—h, which are obtained by zooming
in on parts of Figure 7e, namely, inside of the dark
phase, inside the bright phase, and the interface area
between these phases, respectively.

Inside of the dark phase of the slowly cooled specimen,
we can observe a fairly sharp contrast, suggesting a
large amplitude of the thermal composition fluctuations
(Figure 71). Contrary to Figure 7b, Figure 7f shows the
bright area as much as the dark area. This suggests that
the matrix phase of slowly cooled specimen contain
considerable amount of the PS-rich copolymer (i-2K) as
well as the Pl-rich copolymer (s-3K). Besides the large
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i-2k/s-3k = 50/50

rapidly quenched

amplitude of the thermal composition fluctuations, there
exist some kind of ordered microdomain structures
similar to the alternating lamellar in Figure 7f, also
strongly suggesting the existence of both i-2K and s-3K
copolymers, since s-3K copolymer will never form that
kind of microdomain structure by itself.

On the other hand, internal structures of the bright
phase of slowly cooled specimen shown in Figure 7g are

slowly cooled

. fl‘-—\" XY Y e

Figure 7. TEM micrographs of the i-2K/s-3K = 50/50 blend. Parts a—d and parts e—h, respectively, correspond to the specimen
rapidly quenched from 150 to O °C and that slowly cooled from 150 °C to room temperature. The top two micrographs (a and e)
were taken at low magnification, and the other micrographs were obtained by zooming in on the inside of the dark phase (b and
f), the inside of the bright phase (c and g), and the interfacial area between the two phases (d and h). Note that the striations
with spacing ~ 50 nm appearing in parts c, d, g, and h are artifacts introduced by the ultrathin sectioning process.

similar to those of quenched specimen as shown in
Figure 7c. The difference between parts ¢ and g is that
the number of dark PI-rich domains in part g is much
larger than that observed in part c. This difference may
indicate a larger degree of intermixing of the two
components during slow cooling process. Another crucial
difference appears in the interfacial area between the
two phases. Since the interface in Figure 7h is too broad,
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one might not be able to distinguish the interfacial area.
However, the upper right side of Figure 7h, where the
large number of dark points overlap each other and
seem to be somewhat similar to the large amplitude
thermal concentration fluctuations as shown in Figure
7f, corresponds to the edge of the dark phase (see the
line numbered 1 drawn on the figure) and the lower left
side of Figure 7h, which appears bright and similar to
the image observed in Figure 7g, corresponds to the edge
of the bright phase (see the line numbered 2). Therefore,
the central part of Figure 7h, where the density of dark
points gradually increases from left side (line 2) to right
side (line 1), corresponds to the interfacial area between
the two phases. The interface between the two phases
observed in the quenched specimen is much sharper
than that of the slowly cooled specimen. Hence, we
cannot help speculating that the broadening of the
interface occurred during the slow cooling process. This
strongly suggests that at high temperatures, i.e., about
150 °C, the two constituent copolymers, i-2K and s-3K,
tend to phase-separate each other with a sharp inter-
face. As temperature is lowered, i-2K and s-3K tend to
become miscible with each other on the molecular level.
Consequently, we can speculate further that the mac-
rophase-separated structures observed in the slowly
cooled specimen, as shown in Figure 7e, are a conse-
guence of growth of the macrophase-separated domains
at high temperatures during the slow cooling process,
a subsequent intermixing of the two phases at lower
temperature and an eventual freezing due to the cooling
below T4 of PS-rich phase and will be destined to
disappear with long annealing at temperature slightly
above Tg of PS-rich phase. This speculation will be very
well substantiated by the LS and OM experiments as
will be discussed later in Figures 10, 12, and 13. On
the whole, the TEM observation for i-2K/s-3K = 50/50,
shown in Figure 7, seems to be consistent with the
SAXS result, shown in Figure 4, and both SAXS and
TEM results suggest that i-2K and s-3K phase-separate
each other at high temperature, while they become
miscible with each other at low temperature.

In Figure 8 parts a and b, we show the TEM images
of i-3K/s-3K = 50/50 obtained from the specimens
rapidly quenched from 150 °C and slowly cooled from
150 °C, respectively. One may notice that there are no
macrophase-separated structures in both parts a and b
of Figure 8. In fact, for i-3K/s-3K = 50/50, we could not
find the macrophase-separated structures such as those
observed in i-2K/s-3K = 50/50. If i-3K and s-3K had been
immiscible at 150 °C and formed some kind of macro-
scopically phase-separated structures, we could have
observed the traces of them as in the case of i-2K/s-3K
= 50/50. The difference of the two blend systems in their
phase behavior will be discussed in detail later in section
V. 2.

I1l. 3. LS and OM. To investigate more about
macrophase separation between constituent copolymers,
we used LS and OM, which are the most suitable
methods for the observation of the structures with
micron size. We have conducted two kinds of experi-
ments with LS; one, hereafter designated as “heating
experiment”, is to determine the macrophase transition
temperature of the blend samples, and the other,
hereafter designated as “annealing experiment”, is to
confirm the miscibility and immiscibility of i-2K and
s-3K at lower (70 °C) and higher (150 °C) temperatures.
The thermal protocol of each experiment is schemati-
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i-3k/s-3k = 50/50

b) slwlycoold o

Figure 8. TEM micrographs of the i-3K/s-3K = 50/50 blend.
Parts a and b, respectively, correspond to the specimen rapidly
quenched from 150 to 0 °C and that slowly cooled from 150 °C
to room temperature.

cally shown in Figure 9, parts a and b. As for the heating
experiment, an as-cast specimen was first pre-annealed
at 70 °C in a vacuum oven for 2 h to remove air bubbles,
and then LS measurements were conducted on the
heating process at various temperatures from 70 to 130
°C for i-2K/s-3K = 50/50 and from 100 to 150 °C for i-3K/
s-3K = 50/50 as shown in Figure 9a. To examine
whether the macrophase separation occurs, six scans
of the scattered intensity as a function of g, each of
which took about 1 min, at intervals of 10 min, were
taken at each temperature within the period marked
by the thick horizontal line in Figure 9a.

Parts a and b of Figure 10 give the results of the series
of photometric scans of the LS scattered intensity for
i-2K/s-3K = 50/50 at 125 and 130 °C, respectively. The
time shown denotes how many minutes passed after the
specimen reached the equilibrium temperature. At 125
°C, all of the LS profiles overlap each other, while at
130 °C the LS profiles show remarkable time depen-
dence; i.e., the intensity at smaller g region increased
with time. From these behaviors, we concluded that the
macrophase transition temperature exists between 125
and 130 °C on the heating process. In Figure 10c, we
show the LS profiles at various temperatures after
annealing the blend at the specified temperature for 60
min. There is a big difference between the profiles at
125 (curve 4) and 130 °C (curve 5): whereas all the
profiles at the temperatures ranging from 70 to 125 °C
(curves 1—4) are almost identical, the profile at 130 °C
has a much higher intensity than those at the other
temperatures. This temperature dependence of the LS
profile confirms that i-2K and s-3K are miscible at the
temperatures below 125 °C but phase separate at the
temperatures above 130 °C.
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Figure 9. Thermal programs given in the various LS experi-
ments. In part a, the measurements were conducted during a
heating process to determine the macrophase transition tem-
perature of the specimen, while in part b, the measurements
were conducted during an isothermal annealing at different
temperatures to examine the miscibility or immiscibility of the
specimen at these temperatures.

Figure 11a shows the time evolution of LS profile for
i-3K/s-3K = 50/50 at the highest temperature measured.
All the profiles overlap, suggesting that the macrophase
separation between i-3K and s-3K does not occur even
at 150 °C. In Figure 11b, we show the LS profiles at
various temperatures after annealing of the blend for
60 min at the specified temperature. All the profiles are
almost identical except for a slight difference due to the
fluctuation of the incident beam intensity. Thus, the
results of heating experiment for i-3K/s-3K = 50/50,
shown in Figure 11b as well as Figure 11a, confirm that
i-3K and s-3K do not phase-separate macroscopically,
but are miscible with each other at temperatures below
150 °C. We speculate that the specimens remain without
the macrophase separation as will be discussed later in
section 1V. 2. The results will be interpreted later in
section IV. 2.

From the heating experiment for i-2K/s-3K = 50/50,
we obtain the clear evidence that i-2K and s-3K become
immiscible at temperatures higher than 130 °C. How-
ever, we have not yet had the clear evidence that after
the macrophase separation between i-2K and s-3K at
high temperatures, the single phase state of these
copolymers is recovered with lowering temperature,
although the results from SAXS measurement and/or
TEM observation strongly suggest this tendency, as
described in the previous sections I11. 1 and I11. 2. Thus,
we examined the thermoreversibility between the single-
phase state and the macrophase-separated state of i-2K
and s-3K with annealing experiments as described in
detail below. In Figure 9b, we give the thermal protocol
of the annealing experiment for i-2K/s-3K = 50/50. The
blend specimen, which was prepared by freeze-drying
from a cyclohexane solution at a polymer concentration
of 1% (w/v), was first preannealed for 2 h at 70 °C to
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Figure 10. LS profiles for the i-2K/s-3K = 50/50 blend. All
the profiles were obtained during the heating process as shown
in Figure 9a. Parts a and b give, respectively, time evolution
of the profiles at 125 and 130 °C. Part c gives the temperature
dependence of the LS profiles measured at 60 min after
temperature being incremented to each specified temperature.

remove air bubbles in the sample (which corresponds
to “state 0” designated in Figure 9b), and then subjected
to an abrupt temperature jump to 150 °C followed by
only 1 min annealing at 150 °C to develop phase
separation between i-2K and s-3K to a certain degree
(which corresponds to “state 1” designated in Figure 9b).
The time evolution of LS profiles, from “state 1” as an
initial state, were measured during an isothermal
annealing process at two different temperatures: one
is continuously annealed at 150 °C from t = 121 to 263
min (state 2), and the other is an abrupt temperature
guench to 70 °C followed by annealing at 70 °C from t
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Figure 11. LS profiles for the i-3K/s-3K = 50/50 blend. All
the profiles were obtained during the heating process as shown
in Figure 9a. Part a gives time evolution of the profiles at150
°C, while part b gives temperature dependence of the profiles
measured at 60 min after temperature being incremented to
each specified temperature.

=121 to 1669 min (state 3), which are marked by thick
horizontal lines in Figure 9b.

Comparing the LS profiles at state 0 and state 1 in
Figure 12a, we see that only 1 min annealing at 150 °C
brought a considerable increase of scattering intensity,
due to the macrophase separation between i-2K and
s-3K. In Figure 12, parts b and ¢, we show the time
evolution of LS profiles during isothermal annealing at
150 and 70 °C, respectively. Note that the times denoted
correspond to those of abscissa of Figure 9b; therefore
the actual periods of isothermal annealing at 150 or 70
°C are the times shown in Figure 12, part b or ¢, minus
121 min. In Figure 12b, we can observe the isothermal
phase separation process of i-2K and s-3K at 150 °C.
At a first stage (from t = 121 to t = 122 min), the
scattered intensity increases roughly uniformly at the
g region ranging from 0.0005 to 0.009 nm~1. indicating
the growth of the composition fluctuations for all
observed q Fourier modes. Then the scattered intensity
further increases with time in the smaller g region, that
is 0.0005 nm~1 < g < 0.008 nm~1, while the scattered
intensity decreases with time (from t = 126 to t = 263
min) in the larger q region, that is 0.003 nm™! < g <
0.0095 nm~1, suggesting the coarsening of the phase-
separated structures with time. On the other hand, we
can observe the continuous decrease of the scattered
intensity with time (from t = 122 to t = 1669 min) at
the entire g region ranging between 0.001 nm~! < q <
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Figure 12. LS profiles of the i-2K/s-3K = 50/50 blend. All
the profiles were obtained from the experiments whose thermal
programs are given in Figure 9b. Part a gives the profiles
before and after 1 min annealing at 150 °C: the annotations,
“state 0” and “state 1”, correspond to those denoted in Figure
9b. Parts b and c give, respectively, time evolution of the
profiles during isothermal annealing at 150 °C and 70 °C: the
values of time, shown in parts b and ¢, are common to those
in the abscissa of Figure 9b.

0.0095 nm~1 in Figure 12c. This behavior of LS profiles
strongly suggests the isothermal mixing of i-2K and
s-3K at 70 °C.

Besides the LS measurements, we conducted the real
space observation with OM for the i-2K/s-3K = 50/50
specimens used for the annealing experiments with LS.
The OM images shown in parts a—c of Figure 13
correspond to states 1—3 of Figure 9b, respectively. The
results are consistent with those of LS measurement.
The specimen annealed at 150 °C for 1 min (part a)
shows a relatively clear fluctuation of refractive index
with micrometer sizes, indicating that i-2K and s-3K
phase-separated to a certain degree. A continuous
annealing at 150 °C for more than 2 h resulted in
further coarsening of the phase separation between i-2K
and s-3K (Figure 13b), whereas an annealing at 70 °C
for more than 1 day on the sample annealed at 150 °C
for 1 min erased the initial pattern of the fluctuations
of refractive index as shown in Figure 13a, giving rise
to a uniform structure with less refractive index fluc-
tuations (Figure 13c). The combined results of LS and
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-2K/s-3k = 50/50

Figure 13. Optical microscope images for the i-2K/s-3K = 50/
50 blend. All the images were obtained from the experiments
whose thermal programs are given in Figure 9b. Parts a, b,
and c correspond to the specimens at “state 1”; “state 2”, and
“state 3”, as designated in Figure 9b.

OM with the annealing experiments provide the most
clear evidence of the high-temperature (e.g., at 150 °C)
immiscibility and the low-temperature (e.g., at 70 °C)
miscibility of i-2K and s-3K.

1V. Further Discussion

IV. 1. Estimation of y-Parameter for Neat Diblock
Copolymers. To compare our experimental results with
the phase diagram calculated by Matsen and Bates
using SCF theory,? we need to know the temperature
dependence of y parameters for each block copolymer
employed in this study. This piece of information was
obtained by comparing experimentally measured inten-
sity in the disordered state with the scattered intensity
predicted by Leibler's mean-field (MF) theory.*0 It
should be noted that the Leibler's MF theory employed
here takes into account the effect of molecular weight
polydispersity and asymmetry in a segmental volume
as detailed in ref 41. The fitting parameters used to
estimate the y parameter are summarized in Table 2,
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Table 2. Characteristic Parameters Used for Estimation
of y-Values in Eqs 1-3 in the Text

code Wps? Npsn® NpinP A rend xst
i-2K 0.83 96.2 29.4 1.08 135 0.183
i-3K 0.77 96.2 44.1 1.08 148 0.110

s-3K 0.23 28.9 147.1 1.09 162 0.134

awps is the weight fraction of PS block chain. ® Nk, is the
number-average degree of polymerization of the kth block chain
(k = PSor Pl). CA= [(MW/Mn - 1)/(Wp52 + Wp|2)] +1,wp=1-—
wps. 9 ren is the number-averaged effective total degree of polym-
erization defined by eq A7 of ref 36. ¢ ys is the y value at the mean-
field spinodal point.

0.18
Xipe= -0.030 + 59.4/T
Xia=-0.0071 + 38.6/T
016 -  Aog=-0-101+ 72.9/T
0.14 |-
= 012
0.10 |-
0.08 |-
0.06 s | | | ! |
2.2 26 3.0 3.4x10 °

T K™

Figure 14. Temperature dependence of y for each neat diblock

copolymer obtained by the RPA analysis of the scattering
profiles in the disordered state: (®) i-2K; (a) i-3K; (®) s-3K.

and the fitting procedure employed here is exactly same
as described in ref 36.

In Figure 14, we show the y parameters for the three
neat copolymers, namely, i-2K, i-3K, and s-3K, which
are determined by the fitting procedure, as a function
of reciprocal of absolute temperature (T-1). Although the
x parameter of each neat copolymer keeps a linear
variation with T-1 at small T-1 region as anticipated
by a relatively good applicability of the MF theory at
the high-temperature region far above ODT, the devia-
tion from the linearity was found to occur with further
increasing T~1. Two possibilities can be considered for
the deviation of y parameter from the linearity: one is
due to the effect of the glass transition of the PS-
block,3435 and the other is due to the crossover from the
MF type behavior to the non-MF type behavior in the
disordered state induced by the thermal noise effect.36
Concerning the PS-rich copolymers, i.e., i-2K and i-3K,
the effect of the glass transition cannot be ignored due
to the relatively high T4 of PS-block (at around 60 °C3).
Therefore, for i-2K and i-3K the suppression of y at
lower temperatures seems to be caused by the effect of
Tgy. On the other hand for the Pl-rich copolymer, s-3K,
the effect of Ty is relatively small due to the very small
molecular weight of PS-block and the bending in y with
increasing T~1 seems to be interpreted as a consequence
ofthethermal noiseeffectonthe composition fluctuations.36:42-4
In any case, both the effect of T4 and thermal noise can
be ignored at high enough temperatures. Therefore, we
determined the temperature dependencies of y by using
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only a portion of y vs T~! in which the linearity between
x and T~ is obtained at the high T region.

From Figure 14, the linear part of y vs T is
expressed by

¥ = —0.030 + 59.4/T 1)
for i-2K

x = —0.0071 + 38.6/T (2)
for i-3K, and

x =—0.101 + 72.9/T (3)

for s-3K, respectively. Furthermore, for comparison we
cite one expression of y from ref 46, where a nearly
symmetric PS—PI, designated as OSI-3, with M, = 1.5
x 10% and fps = 0.45 was employed.

¥ =—0.019 + 32.0/T 4)

Although the coefficients A and B in the expression y =
A + B/T in eqs 1—4, which correspond to the entropic
part and the enthalpic part of y, respectively, are
relatively scattered, we can perceive one tendency that
the value B becomes large with increasing the asym-
metry in the composition of block copolymers (i.e., in
the order OSI-3, i-3K, i-2K): It is worthy to note that
this tendency is consistent with the previous report.*”
On the other hand, we cannot find any clear tendencies
with respect to the value A.

IV. 2. Comparison of Experimental Results with
Calculated Phase Diagram. Matsen and Bates?®
explored binary blends of AB diblock copolymers where
the total polymerization indices of both copolymers are
identical to and designated as N, but the fractions of
A-block in the two diblock copolymer species are differ-
ent, designated as f; and f,, respectively. Using SCF
theory, they compared the thermodynamic stabilities of
the “classical” block copolymer phases, i.e., lamellae (L),
hexagonally packed cylinders (H), body-centered cubic
sphere (C), and disordered phases (D) in the parameter
space of yN and ¢, where ¢ denotes the volume fraction
of block copolymer species 2, and mapped phase dia-
grams.?® The resulting yN vs ¢ diagrams for the pairs
of diblock copolymers, with complementary compositions
of f; (= 1 — f,) smaller than 0. 3, are shown in Figures
3 and 4 of ref 26. Note that in thecase of 0.3 <f; =1 —
f, < 0.7, the one-component approximation works well:
namely, the phase behavior (or morphology) of the
binary blend of the block copolymers, whose mean
fraction of A-block is equal to f = (I — ¢)f; + ¢f2, is nearly
identical with that of pure diblock copolymer having the
corresponding A-block fraction f. However, when f; (= |
— f,) is reduced to 0.20, the situation drastically
changes, as presented in Figure 4 of ref 26. For the 50:
50 blend, with increasing ¥N from the disordered phase,
the two constituent copolymers start macroscopically
phase-separating at yN ~ 6 and the two diblock copoly-
mers remain macroscopically phase-separated and do
not mix with each other for 6 < yN < 14.6.26 However,
they form a single phase of ordered lamella for yN >
14.6.

Now, we qualitatively compare our experimental
results of i-2K/s-3K = 50/50 with the calculated phase
diagram presented in Figure 4 of ref 26, since the
condition that fps of i-2K and s-3K are 0.81 and 0.21,
respectively, is similar to thatof f; =1 — f, = 0.2 in the
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reference. As described in section 111, we determined the
macrophase transition temperature of the blend be-
tween 125 and 130 °C. This macrophase transition
temperature can be expressed in terms of the yN value
for the constituent block copolymers for a comparison
of the theoretical prediction. At 125 °C, the yr¢n values
of i-2K and s-3K, evaluated from egs 1 and 3, are 16. 1
and 13.3. r¢n is the number-averaged effective total
degree of polymerization defined by eq A7 of ref 36.
Thus, assuming that we can take an arithmetic average
in yren, for the i-2K/s-3K = 50/50 blend, we obtain yr¢n
= 14.7, and this result is roughly consistent with the
theoretical prediction of yN = 14.6 for the transition
point between the macrophase separation and the
microphase separation.

Some differences between the theory and the experi-
ment are also noted. For example, at the region where
%N is larger than 14.6, the calculated phase diagram
shows lamellar microdomain morphology, whereas the
i-2K/s-3K = 50/50 blend at the corresponding region
does not suggest a clear morphology with long-range
order in the sense that there are no higher-order peaks
or shoulders in the SAXS profiles (Figure 4b). Further-
more, the TEM picture (Figure 7f) obtained from the
blend specimen, which was held at temperatures below
125 °C but above T4 of PS-rich phase (at around 60 °C)
for more than 12 h, shows the distorted lamellar
microdomains without well-developed long-range or-
der.#849 We do not believe that the lack of long-range
order arises from insufficient annealing time given to
the system to equilibrate, since a prolonged annealing
time (longer than 24 h at 70 °C) gave the same result.
Almost the same argument is applied for the i-3K/s-3K
= 50/50 blend. This discrepancy between the theory and
the experiment may arise from the following reason: the
theory does not take the thermal fluctuations®5! into
account at all, despite the fact that it gives a significant
effect in the real systems. It would be worthwhile to
experimentally confirm whether or not we can attain
the morphological change with decreasing temperature,
from the single phase with local order to the single
phase of lamellae with long-range order by using a pair
of the block copolymers having a slightly larger value
of ff = 1 — f, andlor N = N; = Nj. This kind of
experimental study deserved a future work.

Another difference between the theory and the ex-
periment is that in the theoretical phase diagram we
can find the transition from the macrophase-separated
disordered state to the single-phase disordered state
with decreasing yN below yN =~ 6 or increasing temper-
ature above the critical temperature T, whereas for our
blend we could not observed the corresponding transi-
tion with further increasing temperature. Here we
would like to note that the spinodal point for the
macrophase transition between the two phases in which
each phase still has disordered copolymers can be
predicted in the context of simple RPA theory and given
bys57

1 1
Detts = e +
Xeff,s N1¢l N2¢2

(5)

where yefis IS the effective segmental interaction pa-
rameter (yerr) of the block copolymer species 1 and 2 at
the spinodal point, N; and ¢; (i = 1 or 2) denote the
polymerization index and the volume fraction of ith
block copolymer, respectively, and yes is given by
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Yot = 1(Fy = T)° (6)

Since the situation considered in the theory corresponds
to N; = N2 = N and ¢ = ¢2 = 0.5 we obtain yesN = 2.
Furthermore, since f; =1 — f, = 0.2, we can derive ysN
= yerrsN/(f1 — f2)2 = 5.56 at the spinodal point, and this
value is identical with that calculated in Figure 4 of ref
26. The corresponding xs value at the spinodal point for
the mixture having polydispersity in degree of polym-
erization and asymmetry in segmental volume can be
more rigorously evaluated by the following equation

2y =1 1
effs EVRT T P2

()

together with eq 6. Ineq 7, ry,;i (i = 1 or 2) denotes the
weight-averaged effective degree of polymerization of
block copolymer species i. In the calculation of ys based
on eq 7, we regarded the block copolymer species 1 and
2 as s-3K and i-2K, respectively, and used the following
values: f; =0.21, f, = 0.81, ry) = 173, ry2 = 143, ¢1 =
0.52, and ¢, = 0.48. Consequently, we obtained ys =
0.0357 at the spinodal point. Although a large number
of studies have been done on the estimation of y-pa-
rameter between PS and P1,52 if we adopt the y vs T
relationship for example

¥ = 71.4/T — 0.0857 8)

as reported by Rounds,3® where T is absolute temper-
ature, we attain ys = 0.0357 at a very high temperature
of 315 °C. However, to prevent the cross-linking and/or
thermal degradation of the specimen, we have not done
any measurements at the temperatures above 150 °C
for i-2K/s-3K = 50/50. Thus, the absence of the transi-
tion for the i-2K/s-3K = 50/50 blend may be due to the
transition point being located at an inaccessibly high
temperature in the experimental system.

The points of agreement and disagreement between
the theory and the experiment for i-3K/s-3K = 50/50
blend, are nearly identical with those observed for i-2K/
s-3K = 50/50 blend. From SAXS profiles (see Figure 5)
and TEM micrographs (see Figure 8, parts a and b), we
observe that the two copolymers i-3K and s-3K are
mixed on the molecular level and do not form any
distinct ordered microdomain morphology but remain
in the disordered state induced by the thermal fluctua-
tions®051 at the temperature range between 150 and 60
°C, which corresponds to the range of the weight-
averaged yr, value for i-3K/s-3K = 50/50 blend between
12.0 and 17.6. Whereas on the theoretical side, although
we cannot find the calculated phase diagram for the pair
of diblock copolymers with f; = 0.75 and f, = 0.21,
Figures 3 and 4 of ref 26 allow us to speculate that the
SCF theory gives the single L (lamellar) morphology for
the condition of yN > 12, f; = 0.75, f, = 0.21, and ¢ ~
0.5. Therefore, the point of agreement between the
experiment and the theory is that we experimentally
observed the single phase mixture without macrophase
separation at temperatures from 150 °C to room tem-
perature, corresponding to the single phase region of
microphase-separated or ordered state in the theoretical
phase diagram. The theoretical and experimental re-
sults together may further infer that the blend will not
undergo the macrophase separation even above 150 °C
and in the whole temperature range. While the dis-
agreement point between the theory and the experiment
is the morphology: the experimental result did not show
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Figure 15. Schematic representation of the phase diagram
of the i-2K/s-3K = 50/50 blend in the parameter space of ¢,
and T (part a), and expected morphologies of the blend
specimen at low (part b) and high (part c) temperatures. Note
that the phase diagram is effective only for ¢, ~ 0.5.

the distinct morphology with long-range order but the
morphology with local order only, contrary to the
theoretical prediction of the mophology with long-range
order.

The difference in the phase behavior between the two
blend systems, the macrophase separation for i-2K/s-
3K vs no macrophase separation for i-3K/s-3K, was
accounted for by the theory. For a qualitative base, this
difference may be best interpreted in terms of the
difference of fps between i-2K and s-3K, the lesser
mismatch in the composition of i-3K against s-3K
compared with i-2K making the blend i-3K/s-3K more
miscible than the blend i-2K/s-3K for the macrophase
separation.

V. Concluding Comments

We have investigated the phase behaviors for the
binary blends of PS—PI diblock copolymers having the
nearly same number-average molecular weights (Mp)
but a different volume fraction of PS-block (fps). One
blend specimen with the 50/50 (w/w) blend composition
of PS-rich copolymer (i-2K), having M, = 1.2 x 10* and
fps = 0.81, and Pl-rich copolymer (s-3K), having M, =
1.3 x 104 and fps = 0.21, behaved as if they were the
LCST (lower critical solution temperature) type polymer
blend as schematically highlighted in Figure 15a. That
is, the constituent copolymers, i-2K and s-3K, were
mixed on the molecular level at the temperatures below
125 °C, as shown schematically in Figure 15b, and
macroscopically phase-separated in the two disordered
phases, i.e., the phase rich in a (D,) and the phase rich
in B (Dg) at temperatures above 130 °C, as shown
schematically in Figure 15c. The origin of the miscibility
of i-2K and s-3K at lower temperatures can be at-
tributed to the local segregation of the repulsive PS and
PI segments of both i-2K and s-3K into the PS and Pl
microdomains (as schematically illustrated in the inset
of Figure 15b), driven by the increased y parameter
between the PS and Pl segments with decreasing
temperature. It should be noted that Figure 15 should
be referred only to highlight the “pseudo LCST type
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phase diagram” for the particular mixture studied in
this work but not necessarily to highlight the other
blends in general.

The phase transition between the macroscopically
phase-separated state and the single phase composed
of microphase-separated state was also predicted by the
calculation using the self-consistent field (SCF) theory.26
The calculation of ref 26 and our experiment were in
good agreement on the critical yN value at the transition
point. However, the discrepancy between the calculation
of ref 26 and our experiment was observed in regard to
the morphology of microphase-separated state: the
calculation predicted the direct transition from the
macroscopically phase-separated state to the single
phase composed of ordered lamellar microdomain mor-
phology, whereas the 50/50 blend of i-2K and s-3K
showed a single phase composed of locally ordered
morphology*® over the wide temperature range, sug-
gesting that the effect of thermal fluctuations on the
ordering was significant for the blend specimen em-
ployed in this study.
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