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ABSTRACT: A phase diagram as a function of molecular weight ratio and blend composition was
constructed for the binary blends of nearly symmetric polystyrene-block-polyisoprene (PS—PI) copolymers.
In this study we prepared four series of binary blends, and every blend consists of a copolymer, hereafter
designated as a, whose number-average molecular weight (M,) and volume fraction of PS-block (fps) are
1.0 x 10°and 0.47, respectively. Four PS—PI copolymers (hereafter designated ), each of which is blended
with a, have their M, and fps in the range 1.2 x 10*—2.1 x 10* and 0.40—0.49, respectively, and therefore
the molecular weight ratio of a to 3, hereafter designated as r, ranges between 4.8 and 8.3. All the blends
showed partial miscibility of the constituent copolymers; that is, at a certain blend composition the
macrophase separation between a and j occurred. However, the range of blend compositions where the
constituent copolymers phase-separate became small as r decreased. As for the two blend series where
r =4.8 and 6.9, the PS cylindrical morphology was observed over wide blend compositions, although the
constituent copolymers have nearly symmetric compositions and by themselves are self-assembled into
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lamellar morphology.

I. Introduction

An enormous number of studies have been reported
on phase transitions and morphologies of self-assembled
structures in block copolymers composed of two compo-
nents (e.g., AB diblock, ABA triblock, (AB), starblock)
as well as blends of block copolymers with homopoly-
mers or another block copolymers due to their consider-
able importance in both fundamental studies and com-
mercial applications.?=5 It should be also noted that the
morphological studies of ternary (ABC) block copolymer
systems have made remarkable progress in recent
years.1:6-12 |n this study we discuss the self-assembled
structures in binary mixtures of block copolymers. We
consider here binary blends of (A—B) block copolymers
o and S having different degrees of polymerization and/
or volume fractions of A component (fa). We designate
hereafter a and j as the block copolymers having large
and small molecular weights, respectively. These blends
have two kinds of phase transitions: one is microphase
transition inherent in block copolymers, and the other
is macrophase transition inherent in mixtures, the
interplay of which will create a variety of morphologies
and even multilevel ordering as well for some cases.315
Key physical parameters here are a competing interac-
tion between short-range segmental interactions of A
and B and long-range interactions of A and B originat-
ing from the connectivity of A and B. These short- and
long-range interactions are inherent in block copoly-
mers. On top of these competing interactions we have
a competing long-range interaction between o and S
block copolymers which is anticipated to give intriguing
delicate effects on microdomain structures.

T Presented in part at the 47th Symposium of the Society of
Polymer Science, Japan, Oct 1997. Polym. Prepr. Jpn., Soc. Polym.
Sci., Jpn. 1997, 46, 2649—2650.
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Table 1. Characteristics of PS—PI Diblock Copolymers

M/ morph-
code '\/'na'b M2 Mn'ps—Mn_ma’C fpsd OlOgy re
o 1.0 x 10° 1.16 5.0 x 10*-5.0 x 10* 0.47 lamella
P 1.21 x 104 <1.05 6.3 x 103-5.8 x 103 0.49 disorder 8.3
ip) 1.36 x 10* <1.05 7.1 x 103-6.5 x 10® 0.49 lamella 7.4

Bz 1.45 x 10
Ba 2.1 x 104

<1.05
<1.05

7.0 x 10%-7.5 x 103 0.45
9 x 10%-1.2 x 10*  0.40

lamella 6.9
lamella 4.8

a Measured by GPC. ® M, is number-average molecular weight.
¢ Mnk is number-average molecular weight of the kth block (k =
PS or PI). 9 fps is volume fraction of PS block chain and given by
fps = (Wps/pps)/((Wps/pps) + (Wpilpp1)) where wi = M /M (K = PS
or PI), pps = 1.0514 g cm~3, and pp; = 0.925 g cm—3. pps and pp,
are the densities of PS and PI block chain, respectively. € r is the
molecular weight ratio between a and f;.

For example, one may be able to consider the follow-
ing five possible states of the mixtures of o and 3: both
block copolymers are in the disordered phase, forming
either (i) a single phase or (ii) two phases, (iii) o and
are phase-separated with a in the ordered phase and
in the disordered phase, or both o and  are in the
ordered phase, forming either (iv) two macroscpically
phase-separated structure or (v) a single phase struc-
ture. It is of worthy to note that the self-assembly
involving the mixtures of o and 3 is quite analogous to
that involving the mixtures of thermotropic liquid
crystal polymers having different rigidities due to
molecular weight difference and/or to the composition
difference in mesogenic groups.®

Let us consider the last case of (v) described above
where o and $ are mixed on the molecular level and
form the single ordered phase. One of the new aspects
in this case is that the system has less translational
entropy in the case when g blocks are segregated with
their junctions at the interface compared with the
blends of A—B/A homopolymer, for example.1317-19
Thus, the system in this case has a greater contribution
of stretching free energy. As an intriguing consequence
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Figure 1. TEM micrographs for neat PS—PI copolymers, a and §i (i = 1—4).

of this effect, we can think of a cosurfactant effect.3 20-24
Consider long asymmetric block copolymers a which
alone form sphere or cylinders. Adding a small amount
of short symmetric block copolymers, g, to the systems
effectively alters interface curvatures, and hence mor-
phology, e.g., from cylinders to lamellae, to attain
uniform segmental density in space, in the case when
B are molecularly mixed with a and their chemical
junctions are localized at the interface of ordered
microdomains.?324

Thus, the problems concerning the mixtures of block
copolymers are intriguing, but the systems have six
independent parameters: the volume fractions of each
block copolymer and their degree of polymerization as
well as blend composition ®, and temperature T. We
need a lot of works to cover systematically the whole
parameter space.

Here we cite an interesting example of previous works
reported on mixtures of lamella-forming polystyrene
(PS)-block-polyisoprene (P1) (PS—PI) copolymers.’3 If a
ratio r of molecular weights of o and f is smaller than
5, they show total miscibility and undergo microphase
separation only forming a single lamellar phase with
the lamellar spacing varying with the blend composi-
tions. However, if r > 10, they undergo macrophase
separation, forming coexisting grains of large lamellae
L, and those of small lamellae L,. We believe that the
macrophase separation occurs because an equilibrium
amount of S which can be solubilized in the lamellar
phase of ais limited when a starts to order into lamellae
(the macrophase separation induced by the microphase
separation).’® One might be skeptical at first about the
reported results on macrophase separation, simply
because the two block copolymers o and § have almost
the same composition, and therefore the effective ther-
modynamic interaction parameters between them in a
mixture where both a and § are in the disordered state
are very small so that no macrophase separation is well
expected to occur between the disordered a. and . Thus,
one suspected that the macrophase separation might
possibly occur due to a solvent effect in the sample
preparation or some Kinetic effects encountered in the
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Figure 2. SAXS profiles for neat PS—PI copolymers. The
intensity is shown in logarithmic scale. The profiles of a, 4,
fs, and 3> have been shifted vertically relative to that of g, by
the factor of 102, 10° 10, and 103, respectively for clarity.
The scattering peaks are marked by arrows and numbers that
designate the positions relative to that of the first-order
scattering peak.

solvent evaporation process. The solvent used in the
above study is toluene which is well-known to be a
neutral solvent for both PS and PI block chains, and
hence increasing polymer concentration is equivalent
to decreasing temperature for the molten mixtures of
the a.and f block copolymers with nearly identical glass
transition temperature. Thus, the solvent effect and the
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Figure 3. TEM mlcrographs of (x/ﬁl blends (r = 8.3). The blend compositions are designated in wt %. (a) 1/99 blend; (b) 20/80

blend; (c) 60/40 blend; (d) 70/30 blend.

kinetic effect do not seem to be a plausible scenario for
the macrophase separation. Matsen theoretically con-
firmed later on the existence of macrophase separation
at thermal equilibrium.?> Further, the experimental
studies of Lin et al.,28 Kane et al.,?” and Papadakis et
al.?8 revealed some new aspects of binary mixtures of
symmetric block copolymers with different molecular
weight. However, there seems still lacking the experi-
mental results in the intermediate range of r for the
molecular weight ratio, that is, 5 < r <10. Therefore,
in this study we investigated the region of 5 <r < 10
on the binary mixtures of lamella-forming PS—PI
copolymers and addressed the question of how the
immiscible blend composition range changes with r.

Il. Experimental Section

11.1. Sample Preparation. Five PS—PI's used in this study
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 PS sample was taken out before the
second step polymerization of Pl to determine the molecular
weight of the PS block by GPC. GPC was calibrated with not
only standard PS homopolymers but also Pl standard ho-
mopolymers to determine correctly the molecular weight of
both PI and PS block correctly. Moreover, we have a piece of
evidence that the volume fraction of PS (fes) characterized by
GPC during synthesis coincides with that characterized by *H
NMR (for B3 copolymer).?® Characteristics of these copolymers
are summarized in Table 1, where one long diblock copolymer,
designated as o, was blended with each of the remaining short

diblock copolymers, i (i = 1—4). It should be noted here that
although the molecular weights of the short diblock copolymers
used are ranging over a relatively narrow range (from 1.21 x
10% to 2.1 x 10%), we could distinguish them correctly by the
elution time of GPC. The blend specimens of a/fi (i = 1—4),
employed in this study, were prepared by casting 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 specimens during the annealing
of the specimens above the glass transition temperature (Tg)
of PS block (~100 °C). After the casting process, the blend
specimens were annealed at 120 °C for several hours under a
nitrogen atmosphere to achieve the equilibrium morphology
and then gradually cooled (10 °C decrement per hour) to
ambient temperature. The blend samples with different blend
compositions were prepared and are designated as the weight
ratio of o to fSi.

11.2. Small-Angle X-ray Scattering. For each neat diblock
copolymer and blend specimen small-angle X-ray scattering
(SAXS) was measured at room temperature with a SAXS
apparatus described elsewhere, except for the replacement of
the X-ray generator with a new one (MAC Sciences M18X HF
operated at 18 kW).39-32 SAXS profiles were corrected for air
scattering, absorption, and thermal diffuse scattering.3°=32 The
absolute intensity was obtained by the nickel-foil method.3?

11.3. Transmission Electron Microscopy. Microphase-
or macrophase-separated morphologies of blend specimens
were observed by transmission electron microscopy (TEM). For
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% OsOs(aq) for a few hours.3435 Electron microscope
observation was done with a Hitachi H-600S transmission
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electron microscope operated at 75 kV and in the bright field
mode.

I1l. Results

111.1. Neat Diblock Copolymers. TEM micrographs
for neat diblock copolymers, o and gi (i = 1—4), are
shown in Figure 1. Note that in all TEM micrographs
in this study Pl-rich domains appear dark due to the
preferential staining with OsO4. All of the neat diblock
copolymers except for ; show lamellar morphology,
which is consistent with their nearly symmetric com-
positions. 31 is in the disordered state since they have
relatively low molecular weight, and the segregation
power between PS and PI blocks is not sufficient to form
ordered microdomains.

The morphologies of neat copolymers are further
confirmed by SAXS, as shown in Figure 2. The scatter-
ing intensity are plotted in a semilogarithmic scale
against the magnitude of the scattering vector, q,
defined by q = (4x/1) sin(0/2) with 1 and 0 being the
wavelength of the incident X-ray and the scattering
angle, respectively. The agreements between SAXS and
TEM results are very nice. As for the neat copolymers,
o, B2, B3, and 4, the higher-order scattering maxima
locate at the positions of integer multiples of the position
of first-order scattering maximum, gm, indicating that
copolymer chains are in the ordered state and forming
alternating lamellar microdomains. Whereas in the
SAXS profile of 1, there is only one broad scattering
maximum, indicating that f; is in the disordered state.
Thus, all the neat copolymers examined here, which
cover the composition range of 0.40 < fps < 0.49 where
fps denotes the volume fraction of PS block, are sym-
metric to form a lamellar morphology in their ordered
sate.

111.2. Blend Specimens. (a) o/f1 Blend Series (r =
8.3). The results of TEM and SAXS, presented in
Figures 3 and 4, respectively, consistently showed that
o and f; undergo macrophase separation into S-rich
disordered phase (Dis;) and a-rich lamellar phase (L;)
when @, < 0.6 while o and j; are totally miscible and
form single ordered lamellar phase (L) when &, > 0.7.
Note that hereafter the weight fraction of a copolymer
in the blend specimens is designated as @, for the sake
of convenience. The miscibility criterion for a/f3; blends
fits to the results of the previous study!® as discussed
later.

The following observations in Figures 3 and 4 are
worthy to note: (1) In Figure 3 even o/f1 = 1/99 (w/w)
blend clearly shows the coexistence of L; phase and Dis;
phase, indicating that only very little amount of o can
dissolve into short 5, copolymer phase, and hence most
of a segregate themselves into an independent phase.
(2) Naturally, the volume fractions of Dis; and L; phases
definitively depend on the blend composition, and quite
impressively the phase inversion occurs between the
1/99 and the 60/40 blends (cf. Figure 3a,c). (3) In most
case the lamellar microdomains of a-rich phase are
arranged in such a way that the lamellar edges are
normal to the macrointerface between the a and f;
phases in order to minimize the free energy at the
interface between the a and f; phases, regardless of
which macrophase is a dispersed phase or a matrix
phase (cf. Figure 3a,b with Figure 3c). This result is
consistent with those of previous reports.1314 (4) In
Figure 4 the first-order scattering maximum of L; phase
in the 5/95 or 20/80 blend locates at smaller g than that
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Figure 4. SAXS profiles of o/f1 blends (r = 8.3). The profiles
of 5/95, 20/80, and 60/40 blends have been shifted vertically
relative to that of 70/30 blend by the factor of 2 x 105, 4 x
103, and 20, respectively for clarity. The profiles showing
macrophase separation between o and 3, are denoted by filled
circle (®), while those showing single microphse-separated
structure are denoted by open circle (O). The scattering peaks
from o-rich phase are marked by thin arrows and numbers
without boxes, while those from §;-rich phase are indicated
by thick arrows and numbers with boxes. The number indi-
cates the positions relative to that of the first-order scattering
peak.

of 60/40 or 70/30 blend, suggesting that the lamellar
spacing of L; phase in 5/95 or 20/80 blend is larger than
that of 60/40 or 70/30 blend. (The plots of D = 2x/q, as
a function of ®, will be presented later in Figure 15.)
We shall discuss this somewhat counterintuitive result
later in section 1V.3.

(b) o/B2 Blend Series (r = 7.4). As for the o/ blend
whose TEM and SAXS results are presented in Figures
5 and 6, the phase behavior and morphology are
characterized as follows. (1) The macrophase separation
into S-rich lamellar phase (L) and a-rich lamellar phase
(L1) occurs rather than that into Dis; and L;. (2) This
macrophase separation occurs in the blend composition
range of 0.02 < &, < 0.6, and at &, = 0.01 all of the a.
copolymer dissolve into 3, and the macrophase separa-
tion does not occur. While in the case of the a/f; blend,
even 1 wt % of o copolymer causes the macrophase
separation. (3) The morphology of the jB,-rich phase is
basically lamellar although locally disordered regions
are left, while in the a/f; blend the f;-rich phase is in
the disordered state. This difference is also observed in
the neat f; and f, copolymers and due to the slight
difference in their molecular weights. (4) As for the
lamellar spacing of L, those of the 5/95 and 20/80 blend
are slightly larger than that of the 60/40 blend (see
Figure 6).

(c) o/Bs Blend Series (r = 6.9). The representative
TEM and SAXS results of o/f3 blend are presented in
Figures 7 and 8, respectively. In this blend a and 3
undergo the macrophase separation within the blend
composition range of 0.02 < ®, < 0.5, suggesting that
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Figure 5. TEM micrographs of o/f, blends (r = 7.4). The blend compositions are designated in wt %. (a) 2/98 blend; (b) 30/70

blend; (c) 60/40 blend; (d) 70/30 blend.
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Figure 6. SAXS profiles of a/f, blends (r = 7.4). The profiles
of 5/95, 20/80, and 60/40 blends have been shifted vertically
relative to that of 70/30 blend by the factor of 5 x 10%, 103,
and 20, respectively, for clarity. Details are the same as Figure
4 except for the replacing ;1 with f..

the totally miscible blend composition range becomes
wider as r decreases. Moreover, quite interestingly PS
cylindrical (C) morphology appeared within the blend
composition range of 0.02 < &, < 0.6. As shown in
Figure 7, in the 70/30 blend o and (33 are totally miscible
and form the lamellar (L;) morphology, while in the 60/
40 blend o and j3 are still totally miscible and form the
C morphology. The C morphology in the 60/40 blend is
also confirmed by SAXS, as shown in Figure 8. Although
a possible interpretation for forming the cylindrical
morphology was described in detail elsewhere,36:37 it will
be discussed later in this paper as well. Then further
increasing the weight fraction of 33, o, and 3 undergo
macrophase separation, into the a-rich C phase and fs-
rich phase, whose morphology is alternating lamellae
(L2). This macrophase separation into C and L, phases
is confirmed by SAXS (see Figure 8) as well. The Bragg
spacing of the C phase appears almost independent of
the blend composition over the range 0.05 < &, < 0.6.
Further discussion will be described in the section 1V.3.

(d) a/Bs Blend Series (r = 4.8). In the o/f4 blends,
namely, as r decreases to 4.76, the totally miscible blend
composition range is much wider than that of other
blends (i.e., r = 8.3—6.9), and a and 3, undergo mac-
rophase separation only in the composition range 0.2 <
P, = 0.3 as presented in Figures 9 and 10. Further,
similar to the o/f3 blend, the PS cylindrical morphology
(C) is observed in the wide blend composition range of
0.2 = ®, = 0.6, which is discussed in the following
section. The Bragg spacing of the a-rich phase is



6500 Yamaguchi and Hashimoto

(b) 20/80

100nm

Macromolecules, Vol. 34, No. 18, 2001

(C) 50/40 1 OOnT‘
}(d) 70730

Figure 7. TEM micrographs of o/f3 blends (r = 6.9). The blend compositions are designated in wt %. (a) 2/98 blend; (b) 20/80

blend; (c) 60/40 blend; (d) 70/30 blend.

Table 2. Previous Studies on the Miscibility Criteria for the Binary Blends of A—B Copolymers with Nearly Symmetric

Compositions and Different Molecular Weights

specimen code

copolymer type

total mol wt of

(A—B)o/(A—B)s A—B? o and S Mp o/Mn g ratio r® immiscible range® ref
HS-10/HK-7 PS—PI 81400/31900 2.6 d 13
HY-10/HY-8 PS—PI 164000/31600 5.2 d 13
HS-10/HK-17 PS—PI 81400/8500 9.6 P, < ca.0.7¢ 13
HS-9/HS-10 PS—PI 1030000/81400 12.7 ®, < 0.7¢ 13
HY-12/HY-8 PS—PI 534000/31600 16.9 ®, < ca.0.7¢ 13
AM PS—PI 54000/1800 30 d 26
S1120/S168 PS—PI 120000/68000 1.8 d 27
S1120/S154 PS—PI 120000/54000 2.2 d 27
S1120/S140 PS—PI 120000/40000 3 d 27
S1120/S124 PS—PI 120000/24000 5 d 27
S1120/S112 PS—PI 120000/12000 10 P, < 0.7¢ 27
SBO7/SB12 PS—PB 148000/22100 6.7 0.05 <, <0.6 28
SB07/SB11 PS—PB 148000/18300 8.1 0.05 < ¢, <0.7 28
SB07/SB05 PS—PB 148000/9200 16.1 0.02 < &, <0.7 28

aPps, PI, and PB denote polystyrene, polyisoprene, and polybutadiene, respectively. P r = Mno/Mng. Mnq and Mpg are the number-

average molecular weights of a- and f-chain, respectively. ¢ ®, denotes the volume fraction of a-chain in the blends, which is regarded
to be identical with the weight fraction of a-chain since in these studies the copolymer density of a-chain is nearly equal to that of
B-chain. 9 At all of the blend compositions a- and -chain are totally miscible. ¢ The lower limit of ®, for the immiscible range was not

clearly identified.

identical between the 20/80 and the 30/70 blends, while
in the 40/60 blend it is larger than that of the 20/80 or
the 30/70 blend, as seen from Figure 10.

IV. Discussion

In Figure 11, we summarize the phase diagram of a/f;
(i = 1—4) blends in the parameter space of r and ®,,.
Each phase is labeled Dis; (disordered state formed by

almost pure $-chains), L, (lamellar morphology formed
in the g-rich phase), L; (lamellar morphology formed
in the a-rich phase), or C (PS cylindrical morphology
formed in the a-rich phase). Since the specimens
employed to construct this phase diagram were an-
nealed at 120 °C and then cooled gradually to ambient
temperature, we cannot specify the exact temperature
for to which this phase diagram (or the phase diagram
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Figure 8. SAXS profiles of a/f; blends (r = 6.9). The profiles
of 5/95, 20/80, and 50/50 blends have been shifted vertically
relative to that of 60/40 blend by the factor of 1.25 x 10°, 2.5
x 1083, and 50, respectively, for clarity. Details are the same
as those in Figure 4 except for the replacing f1 with 3. The
profile of the 60/40 blend clearly shows the existence of
hexagonally packed cylinders.

shown in Figure 13) corresponds. However, the following
remark is worthy to note: the Ty of the PS micro-
domains of a-rich phase is around 100 °C; hence, the
morphologies of a-rich phases were fixed at around 100
°C. While in the ;i (i = 1—4)-rich phase the T4 of PS-
rich domains is lowered due to the small molecular
weight of PS block and exist at around 60—70 °C.
Therefore, the phase diagram of Figures 11 and 13
corresponds to those between 60 and 100 °C. The
following two points seem to be worthy of being dis-
cussed in this phase diagram: (i) The change of the
miscibility criterion between o and j; copolymers with
varying r. (ii) The origin of PS cylindrical morphology
observed in a/f33 and o/f4 blends. Furthermore, in Figure
16 the Bragg spacing, D, of both a-rich and fj-rich
phases are plotted as a function of @, for all the o/f; (i
= 1-4) blends. We will discuss about this issue in
section 1V.3.

IV.1. Miscibility Criterion. In this section we
compare the results of o/fi (i = 1—4) blends with those
of literature works.1326-28 The representative results of
previous experimental studies are summarized in Table
2, concerning the miscibility criteria of two types of A—B
copolymers, which have nearly symmetric compositions
and different molecular weights. We discern that the
results of this study reasonably fit to those of previous
studies.13:26-28

In generalizing all of the data, the following are
features of miscibility criterion of nearly symmetric
copolymers: (1) In the regime of r < 5 the two copoly-
mers are essentially miscible at all the blend composi-
tions. Although the a/f4 blend in this study, with r =
4.8 (slight smaller than 5), has a very narrow miscibility
gap (i.e., immiscible blend composition range) of 0.2 <
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®, =< 0.3, such a discrepancy is trivial. (2) In the
relatively narrow range of 5 < r < 7 the miscibility gap
appears and abruptly expands up to ®, < 0.6. Here the
lower limit of @, is almost zero, e.g., in the case of a/f3
blend in this study, in which r = 6.9, only 0.02 of ®,
causes the macrophase separation of two copolymers.
(3) In the regime of r > 7, the miscibility gap is almost
independent of r and holds 0 ~ ®, < 0.6. It seems
interesting to note that the miscibility gap is asym-
metric with respect to ®, = 0.5, namely, in the S-rich
phase the a-chains are hardly dissolved, whereas in the
o-rich phase the p-chains can be dissolved to some
extent. The f-chains, which are dissolved into a-rich
phase, localize at the interface of microdomains as
“cosurfactants” and reduce the stretching free energy
of a-chains® (see Figure 12a). (4) In the case that the
value of r further increases by decreasing the molecular
weight of g-chains, such as the A/M blend in ref 26 (see
Table 2), the -chains become in a deeply disordered
state, act as a nonselective solvent, and can be dissolved
into the a-chains as shown in Figure 12b. Therefore,
the total miscibility between o- and f-chains at any
blend compositions is recovered. However, if molecular
weight of g further increases keeping r = 30, the
situation will be same as the case of (3). Thus, the
miscibility is generally a function of not only on r but
also molecular weight of 5 for a large value of r. Such a
scenario is in good agreement with the theoretical study
by Matsen?> (compare Figure 1 or Figure 2 of ref 25 with
Figure 13). Figure 13 schematically summarizes the
above scenario except for the results of r = 30 with the
exceptionally short 5. The figure includes also the single
phase with the nonlamellar morphology formed in this
work.

IV.2. PS Cylindrical Morphology Formed by
Mixing Lamellar-Forming Block Copolymers. One
of the most interesting and characteristic features in
the phase diagram of this study is the formation of PS
cylindrical morphology at a certain blend compositions
of a/fs (r = 6.9) and a/f4 (r = 4.8) blends (Figures 11
and 13). It should be noted that one example of non-
lamellar morphology was previously reported in HS-10/
HK-7 blends of ref 13, and that there are some common
tendencies between the present study and the previous
study, as will be described in the following: (1) The
constituent copolymers, especially g-chains, have an
asymmetry in their composition to some extent, al-
though they are, by themselves, self-assembled into
lamellar morphology. (2) The nonlamellar morphologies
tend to appear when the small amount of a-chain is
added to the neat -chains, and these morphologies are
maintained up to &, = 0.5 (for HS-10/HK-7) or ®, =
0.6 in this study. On the other hand, when the a-chain
is the major component, i.e., in the blend composition
range of ®, = 0.7, the lamellar morphology is retained.

From these trends mentioned above we can make the
following scenario as for the formation of the cylindrical
morphology. In this case the f-chain has a slight
asymmetric composition so that its spontaneous curva-
ture is not zero (Figure 14a). However, the neat S-chains
cannot be self-assembled into the cylindrical morphol-
ogy, because the radii of cylinders, if cylinders were
formed, are too small compared with those expected
from the spontaneous curvature inherent in the S-chain
or the mean curvature of the cylindrical domain (shown
by solid line) is too large compared with the spontaneous
curvature shown in broken lines (Figure 14b). Conse-
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Figure 9. TEM micrographs of o/$4 blends (r = 4.8). The blend compositions are designated in wt %. (a) 10/90 blend; (b) 20/80
blend; (c) 40/60 blend; (d) 70/30 blend.
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quently, the neat f(-chains are self-assembled into
lamellar morphology, and the spontaneous curvature
inherent in the 5-chain vanishes. Then, let us suppose
that a small number of a-chains are added to -chains,
and they can be miscible with g-chains and cooperate
in forming a microdomain. In such a situation the
cylinders with large radii can be formed because the
segments of a-chain can fill the central part of the
cylinder domain, and the cylinders whose mean curva-
ture is close to the spontaneous curvature inherent in
the 5-chain will be realized (Figure 14c). In general, the
less the asymmetry in the composition of $-chain, the
larger molecular weight of a-chain is required to allow
formation of cylinders. However, in such a case, r is too
large and macrophase separation between o- and
f-chains occurs before the formation of cylinders. There-
fore, it seems reasonable to consider that the formation
of cylinders most easily happen in the range of 5 < r <
7, in which the miscibility between o- and g-chains
abruptly change.

Furthermore, we have examined this phenomenon
more quantitatively by using the theory developed by
Lyatskaya et al. (BZL model).37-38 Here only the calcula-
tion result of free energy for the a/f4 blend is shown in
Figure 15, and the parameters used for the calculation
are summarized in Tables 3 and 4. The details of the
calculation and the calculation result for o/f33 blend have
been already shown elsewhere.3¢ It should be noted that
in the calculation we have incorporated the asymmetry
in segmental volume as well as conformation (i.e., Kuhn
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Table 3. Characteristics of Polymerization Indices of the
PS and PI Blocks for the Two Block Copolymers FS-1
and H102 Used for Calculations

i Nps ® Np, ® Nps Np "
Fs-1 87 176 99.5 153.8
H102 481 735 550.3 642.4

3 Npg and Np, are number-average degree of polymerizations
of polystyrene and polyisoprene block chains and given as Nps =
Mn(PS)/104 and Np, = Mn(P1)/68, respectively. ? NJ! (j=PSorPl
is given by eq 29 of ref 36.

Table 4. Relative Difference in the PS and PI Block
Length o; between the Two Block Copolymers FS-1 and
H102 and the Stiffness Parameter of PS and Pl Block

Chains p;j
j a? Pi°
PS 4.53 1.16
PI 3.18 1.26

aq; (j = PSor Pl) is given by eq 7 of ref 36. P p; (j = PS or PI)
is given by p; = Aj/a, where A; is the Kuhn statistical segment
length of jth polymer based on a common segment volume of a3.
Here we used Aps = 5.5 A and Ap; = 6.0 A, based on a common
segment volume of a® = 1.08 x 10722 ¢cm? in accordance with ref
36.

length) between PS and PI1.%6 In Figure 15 the vertical
axis is the reduced value of AF,/® to preclude evaluation
of ® where AF, denotes the free energy per chain in
the case of morphology x (x = lamellar or PS cylindrical)
and @ denotes the free energy of interfacial area per
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Figure 10. SAXS profiles of a/f4 blends (r = 4.8). The profiles
of 10/90, 20/80, and 30/70 blends have been shifted vertically
relative to that of 40/60 blend by the factor of 1 x 103, 1 x
102, and 10, respectively, for clarity. Details are the same as
those in Figure 4 except for the replacing 81 with 4. The profile
of the 40/60 blend clearly shows existence of hexagonally
packed cylinders.
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Figure 11. Phase diagram of a/fi blends (i = 1—4) in the
parameter space of the molecular weight ratio (r) and the
weight fraction of a-copolymer (®,). The single phase of PS-
cylindrical morphology was observed in the shaded area.

unit segment area between PS and Pl domains, which
is considered to be independent of the morphology. The
following observations are worthy to be noted. Although
the free energy curves of lamella and PS cylinder do
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Figure 12. Schematic representation for the short block
copolymer chain dissolved in the ordered long block copolymer-
rich phase. (a) All of the short copolymer chains are localized
at the microdomain interface. (b) Some of short copolymer
chains are delocalized from the microdomain interface and
swell the microdomains.
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Figure 13. Schematic phase diagram for the binary blends
of A—B diblock copolymers with nearly symmetric composi-
tions but different molecular weights. This phase diagram
captures the common features of previous studies (refs 13, 27,
and 28) and this study except for the blend having r = 30 in
Table 2.

not intersect, implying that lamella is the stable mor-
phology at any blend compositions, the free energy
difference of the blend at ®, = 0.4 is much smaller than
those at ®, = 0.1 or 0.7. Therefore, the calculation
successfully predicted that blending of o and 34 can
lower the free energy of the cylindrical morphology very
effectively at the experimentally relevant blend compo-
sition. The lack of success in predicting the stable
cylindrical morphology might be due to the inaccuracies
in the theory and some degree of experimental errors
in the parameters used for the calculation.

Another point of interest about this calculation is to
actually answer how strongly the choice of the param-
eters influences the values of the free energy. To answer
this question, we calculated the free energy curves of
lamellar and PS cylindrical morphology with varying
PS volume fraction of short diblock copolymer (i.e., fps )
in the cases of fpso = 0.47 and r = 6.9 or 4.8, which
correspond to a/f3 or a/f4 blends, respectively, and
searched for the range of fpss where the morphology
transition between lamella and PS cylinder occurs. As
a result, we found that in the case of r = 6.9 the
morphological transition occurs in the range of fpsg <
0.39, while in the case of r = 4.8 the transition occurs
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(a) slightly asymmetric
p-chain

(c) cylinder composed of the - and f-chains

{b} cylinder composed of
> the neat f-chains

Figure 14. Schematic illustration for the formation of the
cylindrical morphology. (a) A molecule of slightly asymmetric
diblock copolymer ($-chain) with nonzero spontaneous curva-
ture. (b) Cylindrical morphology formed by neat g-chains
shown in part (a). In this case the mean curvature of the
cylinder (solid line) is larger than the spontaneous curvature
of f-chain (dashed lines). (c) Cylindrical morphology formed
by the binary blend of g-chains shown in part a and large
symmetric copolymers (a-chain). In this case the mean cur-
vature of cylinder closely fits to the spontaneous curvature of
pB-chain.
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Figure 15. Results of model calculations for free energies of
lamellar (solid line) and PS cylindrical morphology (dashed
line). The reduced free energy (AF/®) as a function of ®,.

in the range of fpss < 0.38. Furthermore, when we
examined the case of fps, = 0.47 and r = 10, the range
where the transition occurs extended to fpss < 0.41.
Therefore, we could show the tendency that the cylin-
drical morphology appears more easily with increasing
r.

IV.3. Variation of D for Both o- and pg-Rich
Phases with ®,. In Figurel6, which summarizes the
D spacings for a/B; (i = 1—4) with @, the following
observations are worthy of note. At &, = 0.7, D
decreases with the average molecular weight of the
blend specimen, namely (D for a/f4) > (D for o/f3) > (D
for a/B2) > (D for a/B1). This tendency seems rational,
suggesting that at ®, = 0.7 all the blends oc and g; (i =
1—4) are totally miscible and form the uniform micro-
domains whose sizes depend on the average molecular
weights of the blends.

With further decreasing of ®, from 0.7, all the blends
undergo macrophase separation, in the concentration
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Figure 16. Bragg spacing, D, plotted as a function of ®,. D
of the a-rich phase is denoted by open symbol, while D of the
p-rich phase is denoted by filled symbol. (+) o/ blend; (O, ®)
a/f32 blend; (v, ¥) o/f; blend; (2, A) a/f4 blend.

range @1, < &, < P, where ®;. and o, are the
system-dependent critical concentration of ®, for the
macrophase separation, and hence have two values of
D, Dy and Dg for the domains rich in o and g, respec-
tively. The value Dy is nearly independent of &, and
close to that for the neat fj, except for o/f4, simply
because g domains hardly dissolve the o chains. How-
ever, the behavior of D is different for each blend. In
the case of the o/f; with r = 8.3 and a/f, with r = 7.4,
Dy increases with decreasing ®,. This tendency is
counterintuitive since the average molecular weight
decreases with decreasing ®,. In fact, the totally
miscible blends of the block copolymers in the previous
studies!®27 showed the monotonic decrease of the lamel-
lar spacing with decreasing of ®,. The tendency that D
increases with decreasing @, is less outstanding for a/f,.
In the case of o/f3 with r = 6.9, D, is almost independent
of ®,, while D, tends to decrease with decreasing ®,
for a/f34 with 4.8.

The variation of D, with @, in the two-phase region
(P1c = Dy = Dy) is puzzling, from a viewpoint that the
equilibrium volume fraction of 5 dissolved in the a-rich
phase should be independent of ®, and hence D, should
be independent of ®,. This point should be clarified in
future. The critical volume fraction of ®, (®1 . and @, )
for the miscibility gap shows an interesting molecular
weight and/or molecular weight ratio dependence, which
is worthy to be compared with theoretical predictions
in the future.

V. Concluding Comments

In this study we examined the phase behavior of the
binary mixtures of PS—PI copolymers having nearly
symmetric copolymer composition but different total
molecular weight, intensively in the range of 5 < r =<
10. Here r denotes the molecular weight ratio of the
larger copolymer chain to the smaller copolymer chain.
Two features were observed: (i) The large and small
copolymers become immiscible in the vicinity of r = 5,
and the miscibility gap (i.e., the immiscible blend
composition range) expands to 0 ~ ®, < 0.7 with the
increase of r from 5 to 7 where @, denotes the volume
fraction of large copolymer. (ii) In the range of 5 < r <
7, nonlamellar morphology is easily appeared in the
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blend specimens due to the slight asymmetry in the
composition of the small copolymer.
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