Macromolecules 1999, 32, 1803—1808

Microphase and Macrophase Transitions in Binary Blends of Diblock
Copolymers

Hong G. Jeon,' Steven D. Hudson,* and Hatsuo Ishida

Department of Macromolecular Science, Case Western Reserve University,
Cleveland, Ohio 44106-7202

Steven D. Smith
The Procter and Gamble Company, Cincinnati, Ohio 45239-8707
Received October 26, 1998; Revised Manuscript Received January 11, 1999

ABSTRACT: The macro- and microphase transitions in binary blends of poly(styrene-b-isoprene) (SlI)
and poly(styrene-b-ethylenepropylene) (SEP) lamellar diblock copolymers were investigated by optical
and electron microscopy and by rheological analysis. A variety of morphologies were produced as a function
of blend composition and the rate of solvent evaporation. Numerous morphologies are possible because
of the interaction of macro- and microphase separation. As one example, spherical droplets of SEP whose
lamellae comprise concentric spherical shells were produced. At the phase boundaries of this and other
morphologies, the polystyrene (S) microdomains associated with each phase were in contact. Additional
phase separation occurred within the ordered media. When the molecular weight of SI was small and its
mobility high, an SI domain was produced at the center of each spherical SEP droplet, thereby reducing
the curvature of the SEP lamellae. When the molecular weight of SI was larger and its mobility lower,
individual SI lamellae formed within the ordered SEP-rich phase. The solubility of SI in SEP exceeded
that of SEP in Sl, because of the relative interaction parameters and molecular weights of the copolymers.
S| that was dissolved within SEP localized at the microdomain interface and acted to shield the S and
EP segments from one another. The lamellar ordering transition of the lower molecular weight Sl diblock
was determined rheologically. In blends with SEP, the ODT of the SI was increased. This effect was
shown to arise from interfacially induced ordering.
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Introduction

The ordering transitions of block copolymers and the
phase separation of binary polymer blends are well-
known. When these two transitions exist in the same
system, interesting morphologies are shown here to
develop, because the transitions influence one another
and their resulting morphologies (see also ref 1). Previ-
ous work has identified factors that lead to the miscibil-
ity or immiscibility of binary blends of block copolymers
or of binary blends of a block copolymer and a ho-
mopolymer. In general, consider a binary blend of poly-
(A—b—B) and poly(C—b—D) having respective degree of
polymerizations Nag and Ncp and volume fraction
compositions fa and fc. In the mean-field case, the
effective interaction parameter between the two poly-
mers is?3

Yett = Xacfafc + xaofafo + xecfsfc + xeofefo —
xnsfafs = 2cofcfo (1)

where fg =1 — fa and fp = 1 — fc. The spinodal condition
as a function of the volume fraction of poly(A—b—B), ¢ag,
is defined as

Z(Xeff)spinodal - NAB¢AB * NcD¢CD (2)

for which the critical point occurs at
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Equation 1 is simplified if some of the monomers are
identical or if one of the polymers is a homopolymer.
Concerning microphase separation, critical points for
pure symmetric polymers in the mean-field limit are
xaeNag or ycoNcp equal to approximately 10.5.4 Non-
mean-field effects can increase the critical value of yN
for the microphase ordering transition (ODT) consider-
ably.®> The mean-field critical points have been calcu-
lated numerically for binary blends of block copolymers,®
illustrating that the critical value of yN for microphase
separation varies smoothly with blend composition.
Experimental investigations have been restricted to
two classes. Many studies address binary blends of block
copolymers (poly(A—b—B)) with homopolymers polyA”8
or polyC.° Mean-field theory (e.g., eqs 1—4) predicts
macrophase separation in blends involving block co-
polymer as well as in blends involving only homopoly-
mers or random copolymers.’® Other studies address
binary blends of block copolymers of the identical
chemical structure, but having different composition!!
or molecular weight.'2 The latter case illustrates an
important feature of the miscibility of copolymer
blends: while the effective interaction parameter (eq 1)
is zero when the composition of the two copolymers are
identical, macrophase separation is observed when the

(4)
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Figure 1. TEM micrographs of neat d|block copolymers showing the eqU|I|br|um lamellar structure of (A) S120, (B) S1100, and

(C) SEP110.

molecular weight ratio of the diblock copolymers be-
comes too large. There is therefore an additional en-
tropic factor that can lead to the phase separation of
binary blends of block copolymers, if microphase or-
dered. This arises from the mismatch in the natural
periodicity of the two copolymers. When the molecular
weights were within a factor of 5, the copolymers were
found to be miscible at all compositions, resulting in a
single lamellar phase having a periodicity intermediate
between that of the pure components. However, when
the molecular weight ratio was larger than 10, the two
copolymers phase separated. A considerable amount of
low molecular weight copolymer is soluble in the high
molecular weight phase, since the low molecular weight
polymer can adopt its natural conformation at the
microdomain interface, and the higher molecular weight
polymer can relax.® However, only a small amount of
high molecular weight copolymer can be dissolved in the
low molecular weight phase, because of a severe entropic
penalty to confine a high molecular weight chain in a
small layer spacing.

In this report, we discuss the phase behavior and
morphology of binary blends of poly(styrene-b-isoprene)
(SI) and poly(styrene-b-ethylenepropylene) (SEP), i.e.,
of the type poly(A—b—B) and poly(A—b—C). We focus
on systems that are macrophase separated, forced by
the strong incompatibility of styrene and ethylenepro-
pylene segments. We also develop a procedure that we
apply in another report* to investigate the response of
lamellar block copolymer microstructure to an applied
shear field.

Experimental Procedure

Monodisperse poly(styrene-b-isoprene) diblock copolymers,
having weight-average molecular weights equal to ~20 000
(S120) and 100 000 (S1100) and polydispersity, My/M,, < 1.06,
were synthesized using a standard anionic technique.’®> Ac-
cording to proton NMR, these copolymers had nearly sym-
metric composition: 52 and 53 wt % PS, respectively. Based
upon the relative densities of the segments, the volume
fractions of these two copolymers was fs si20 = 0.49 and fs si100
= 0.50. Based upon an equal segment volume of 118 A3,16 the
degree of polymerization was Nsj2o0 = 285 and Nsji00 = 1425.
Poly(styrene-b-ethylenepropylene) (SEP) diblock (Kraton 1701)
was provided by the Shell Chemical Co. The total weight-
average molecular weight is 110 000, the weight fraction of
PS is 0.37, and the molecular weight polydispersity is ~1.03.%7
Accordingly, fssep = 0.33 and Nsgp = 1606. Each of these
diblocks form lamellar ordered phases (see TEM micrographs,

Figure 1). The order—disorder transition (ODT) for pure S120
is 147 °C. For the other copolymers the ODT is above the
decomposition temperature of the respective copolymers. In
terms of yN, the most strongly segregated copolymer is
SEP110.

SI/SEP blends of various composition were obtained by
casting from a dilute (3 wt %) homogeneous solution in toluene,
chosen as a nearly nonselective solvent. Under the assumption
of nonselectivity,*®

Xef'f,s = Xef'f¢p (5)

where yerr is expressed in eq 1 and ¢, is the total volume
fraction of solids A small amount (1 wt % relative to the
amount of polymer) of antioxidant (Irganox 1010, Ciba Geigy)
was added to the solution. Solvent was evaporated very slowly
at room temperature during a period of 2 weeks to yield a
stabilized structure. The specimens were then annealed at 70
°C under vacuum for 24 h.

Macrophase and microphase transitions during solvent
casting were examined in situ by phase-contrast and cross-
polarized optical microscopy, respectively. Phase contrast is
sensitive to refractive index differences between macrophase
of different composition, and cross polars are sensitive to form
birefringence arising from lamellar microdomain order. Ma-
terials with microphase order therefore produced a birefringent
texture. Solutions (10 wt % solids) of blends SEP110 and S120
were placed between a glass slide and coverslip, and the
solvent was allowed to evaporate. The solvent evaporation rate
at the edges of the specimen was much faster than within the
interior, where 1 or 2 days was required to complete phase
separation. Thus, the evaporation rate for the optical micros-
copy specimens was only slightly faster than for the TEM
specimens. Higher resolution examination was done by TEM.
Thin sections (~80 nm thickness) were obtained at —100 °C,
using an RMC MT-7000 cryomicrotome with a diamond knife.
The thin sections were exposed to the vapor of 2% aqueous
Os04 solutions for 90 min. Bright field images were observed
by mass thickness contrast with a JEOL JEM-100CX TEM
operated at 100 kV, and as a result of OsO, staining, the I, S,
and EP microdomains appeared black, gray, and white,
respectively. Using these specimen preparation conditions, the
image contrast for S120 and SI100 is greater than that for
SEP110. Note that, in all cases, no preferential staining of the
interface occurs (Figure 1); rather, the microdomains are
stained. This differs from our observations of the blends,
reported below.

The ODT of SI120 was measured by a rheological method
using a Rheometrics (RMS 800) torsional rheometer with
parallel plate geometry. The sample for rheological measure-
ment was compression molded at 130 °C under vacuum to yield
a disk with 25 mm diameter and 0.6 mm thickness.
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Figure 2. Phase contrast optical micrographs of SI20/SEP110
during solvent evaporation, in which SEP-rich regions appear
light. (A) An interconnected morphology observed near the
edge of a specimen (containing 80 wt % SI120 and 20 wt %
SEP110), where the solvent evaporation rate was rapid, and
the structure was formed in several minutes. (B) SEP-rich
droplets that have nucleated in a more slowly evaporating
section of the specimen shown in (A). The solvent gradient is
vertical. As the solvent evaporation continued, droplets ap-
peared in the upper portion of the figure. (C) Sl-rich droplets
with notched edges in a 50/50 wt % blend.

Results

Macro- and microphase transitions during solvent
casting were examined in situ by phase-contrast and
cross-polarized optical microscopy, respectively. A va-
riety of morphologies ensued depending on blend com-
position and solvent evaporation rate. Solutions (10 wt
% solids) of blends SEP110 and SI120 were placed
between a glass slide and coverslip, and the solvent was
allowed to evaporate. Near the edges of the specimen,
where the solvent evaporation rate was most rapid,
interconnected morphologies characteristic of spinodal
decomposition were observed (Figure 2A). For blends
containing 20 wt % SEP and slightly further from the
edge, the morphology that developed upon phase sepa-
ration was interconnected initially and later evolved to
droplets, assumed to be rich in SEP110. In the interior
of specimens containing 20 wt % SEP110, where the
evaporation proceeded more slowly still, nucleation of
SEP-rich droplets was observed (Figure 2B). These
droplets grew larger where the evaporation rate was
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Figure 3. TEM micrographs of S120/ SEP110 (70 wt %/30 wt
%) blends. (A) Low magnification image. SEP-rich droplets
appear light, and the Sl-rich phase is dark. (B) High magni-
fication image.

reduced. Thus, in general terms, the influence of solvent
evaporation on the macrodomain morphology was as
expected for immiscible polymer blends.

At low concentration of SEP, macrophase separation
of SEP-rich droplets and their microphase ordering were
more or less simultaneous. At high concentrations of
SEP, however, microphase ordering preceded mac-
rophase separation considerably. Subsequent mac-
rophase separation produced droplets with irregularly
notched edges (Figure 2C). Similar notched interfaces
were also observed in relatively coarse interconnected
morphologies. These notches are consistent with the
microphase order of the SEP-rich phase. Higher resolu-
tion examination of these structures is presented and
discussed below (Figure 5).

Sections of the fully dried specimens (20 wt % SEP110
in S120) examined by TEM reveal that the internal
structure of the SEP110 droplets comprises concentric
spherical shells (Figure 3A). Moreover, the center of the
droplet usually contains S120, which also adopts a
concentric spherical shell morphology. On the basis of
optical microscopy (Figure 2B), this core—shell morphol-
ogy developed almost immediately upon formation of the
SEP-rich droplet, perhaps as a result of the concurrent
microphase ordering. When the Sl core is not found, the
apparent lamellar period of the SEP110 is larger at the
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Figure 4. TEM micrographs of SI100/SEP110 (70 wt %/30
wt %) blends: (A) low magnification image; (B) high magni-
fication image.

Figure 5. TEM micrograph of SI100/SEP110 (35 wt %/65 wt
%) blends. The small rectangular region in the upper right
exemplifies a view of the disclinations in the continuous SEP-
rich phase, which are responsible for the scalloped shape of
the phase boundary.

droplet center, as expected if the section does not pass
directly through the center of the droplet.

Higher magnification images (Figure 3B) reveal that
lamellae in the SEP110-rich phase do not have the same
appearance as pure SEP110 lamellae (Figure 1C).
Instead, the lamellae in the SEP110-rich phase have a
dark interface. This suggests that SI20 is dissolved
within the SEP110-rich phase, where the isoprene
segment has been stained dark by 0s0,.2° The relatively
large area fraction of SEP110-rich domains in the
images (Figure 2B) is another indication of dissolved
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Figure 6. Dynamic elastic modulus of SI120 and its blends
with SEP110. The strain amplitude, oscillatory frequency and
heating rate were 60%, 1 rad/s, and 1 °C/min, respectively.
The left-hand vertical scale corresponds to samples containing
0 and 5 wt %, and the right-hand scale corresponds to the
sample containing 20 wt %. The ODT is identified (by arrows)
as the temperature at which modulus begins to drop rapidly.
The addition of SEP has two effects: a substantial increase
in modulus (a filler effect) and a slight shift in the S120
ordering transition (an interfacial ordering effect, see text).

S120. At the boundaries between the SEP110-rich
lamellae and either the S120 droplet core or the S120
external interface, the gray styrene microdomains of the
respective phases are in contact (Figure 3B), as ex-
pected. The lamellae across the interface are therefore
parallel to one another (Figure 3B).

When the molecular weight of the SI copolymer was
increased, spherical SEP110-rich droplets no longer
contained an Sl core. Instead, more or less isolated
S1100 lamellae were dispersed throughout the droplet
(Figure 4) and arranged parallel to the SEP110 lamel-
lae. Two types of SI1100 lamellae are found within the
SEP110-rich domains (Figure 4B): commensurate (la-
beled C) and inserted lamellae (unlabeled). In each case,
the styrene microdomains of the SEP110 and SI1100
lamellae are in contact. In the case of commensurate
S1100 lamellae, the EP and I microdomains contact each
other, whereas for inserted lamellae, they do not (Figure
4B). Inserted lamellae are more abundant (Figure 4B).
In addition to these inclusions, the SEP110-rich lamel-
lae again appear to contain dissolved S1100, and the
interface, enriched in isoprene, is dark. Comparison of
Figures 3B and 4B nevertheless indicates that the
decoration of the interface in the latter case is less
distinct, suggesting that the amount of SI1100 that is
dissolved within the SEP is somewhat less.

When the concentration of SEP is increased so that
the Sl-rich domains are the disperse phase, the Si
droplets are not spherical, but scalloped in shape (Figure
5). The macrodomain interface follows the microdomain
order of the SEP110-rich phase, which contains discli-
nations. These features apparently caused the notches
mentioned before (Figure 2C). Presumably, these defects
are created during macrophase separation so as to allow
contact of the S microdomain, thereby reducing the
interfacial tension between Sl and SEP phases.

The influence of blending on the ODT of SI20 was
examined rheologically. The ODT was detected as a
marked decrease of the elastic modulus with increasing
temperature (Figure 6).1° Pure S120 was compared with
blends containing 5 and 20 wt % SEP110. It was found
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Figure 7. Schematic phase diagram of the ternary toluene/
SI120/SEP110 system, illustrating single phase (1¢) disordered,
two phase (2¢), and microphase (1) states, as predicted
gualitatively by mean-field theory.

that the ODT of the blend containing 5 wt % SEP110
was not significantly different than that for pure SI120
(Figure 6). On the other hand, the ODT of the blend
containing 20 wt % SEP110 was measurably higher, by
3 °C (Figure 6). Optical microscopy investigations at
elevated temperature demonstrated that the materials
were macrophase separated and that droplets of SEP110-
rich phase exist at both compositions. This testifies that
the equilibrium concentration of SEP in the Sl-rich
phase is the same in both cases and therefore is quite
small. Although we do not have a measurement of
droplet size in the rheometer specimens, it is likely that
the blend containing a larger volume of SEP110 also
contained a larger interfacial area and had interfaces
that are closer to one another. It is apparently this
difference that contributed to the observed increase in
the ODT. Although surface-induced order of block
copolymers has been measured directly by X-ray and
neutron reflectivity, the present instance is the first
observation of a similar effect in bulk blends. Interfa-
cially induced order is consistent with the morphological
observation that the styrene microdomains of each
phase are in contact with one another (Figure 3B).

Discussion

The sequence of transitions exhibited by these blends
is qualitatively consistent with mean-field theory. Exact
calculation is not possible because accurate segmental
interaction parameters for these materials are not
available. For styrene isoprene, several molecular weights
have been investigated,?® and for our materials a
reasonable value of the interaction parameter seems to
be Xs1 = —0.0013 + 16/T.2° For S120, X5|Ns|20 = 10.5at
the order—disorder temperature of 147 °C, consistent
with the Leibler prediction.* At 22 °C, ys; = 0.053.
Assuming that toluene is neutral and that the critical
value of ys;sN = 10.5, the order—disorder transition at
22 °C is predicted to occur at a polymer volume fraction
of 0.70 for S120 and of 0.14 for S1100. Sakurai et al.?!
have obtained ysgp = 0.05 + 8/T, which at 22 °C equals
0.077. Therefore, following the same assumptions, the
order—disorder transition is predicted at a polymer
volume fraction equal to 0.09. Due to the asymmetry of
the SEP copolymer, however, the critical value of
xsepsNsep may be greater than 10.5, thus shifting the
transition to somewhat higher concentration. Reports
of yiep are not available, except for a report involving
partially deuterated EP.22 Since the EP segments of the
present report are fully hydrogenated, we assume a
smaller value for ygp = 0.02. From egs 1 and 4, we
calculate yerr and Nesr to be 0.0103 and 565 and 0.0105
and 1511 for blends of SEP110 with SI120 and SI1100,
respectively. Using these values and assuming that the
solvent is completely neutral, an approximate mean-
field phase diagram was sketched (Figure 7). The

Binary Blends of Diblock Copolymers 1807

macrophase critical point for blends containing SI120 is
predicted at a volume fraction of solids, ¢, = 0.34, and
a volume fraction of SEP110 relative to the amount of
solids, ¢sep = 0.30. (For the higher molecular weight
S1100, the critical point for macrophase separation is
predicted under more dilute conditions, i.e., at ¢, =
0.13.) Based upon Figure 7, blends that are rich in
SEP110 are predicted to microphase separate before
macrophase separation. On the other hand, blends that
are rich in SI120 are predicted to macrophase separate
and induce microphase ordering of the SEP-rich phase.
These predictions are consistent with experimental
observation (see discussion of Figure 2). Finally, note
that the line defining the 1¢-to-microphase transition
for blends rich in SEP110 is drawn nearly parallel to
the left edge of the phase diagram, as a consequence of
assuming that SI120 acts nearly as a neutral solvent,
much like toluene. This assumption is based on the
small size of S120 relative to SEP110 and the relatively
weak order at this transition.

In these experiments, macrophase separation pro-
duced phases that were not completely pure. Although
we have not measured the amount of Sl in the SEP
phase, nor vice versa, the amount of Sl dissolved in the
SEP-rich phase seems to be appreciable as indicated by
the Sl decoration of the SEP microdomain interfaces,
and the inclusions of SI within the SEP-rich phase
suggest that the amount of Sl dissolved in that phase
is greater at early stages of phase separation (Figure
7), as expected from the screening effect of the toluene
solvent. The lack of SEP inclusions in the Sl-rich phase
may indicate reduced solubility of SEP in SI. The reason
for the solubility of SI in SEP may be that the I
segments screen the interaction between S and EP.

In comparing blends containing SI120 with those
containing S1100, we expect that S120 will have greater
solubility in SEP, because of its lower molecular weight.
In addition, SI120 molecules should diffuse within the
ordered SEP-rich phase more easily. Owing to this
difference, the inclusions of S120 within SEP can collect
together more readily. Interestingly, inclusions of S120
may have formed at the droplet center in order to reduce
the curvature strain of lamellae there. Details of the
processes of purification of the phases and the growth
and ordering of the Sl inclusion would be very interest-
ing indeed. The mobility of SI100 within an ordered
SEP-rich droplet is expected to be significantly less,
consistent with the observation of many inclusions
dispersed throughout the droplet. The nucleation of
these individual lamellae may be a process similar to a
microphase separation process in ABC triblock copoly-
mers which at elevated temperatures form an ordered
state in which two of the segments (A and C) are mixed
and at lower temperatures separate.?324 The motion of
Sl copolymers parallel or perpendicular to the lamellae
may influence the incidence of commensurate or in-
serted lamellae.

Conclusions

Both macro- and microphase separation occur in these
systems, and several factors determine their final
morphology. The microdomain ordering and the mac-
rodomain morphology influence each other. When mac-
rophase separation occurs by nucleation and growth and
induces microphase separation of droplets (SEP-rich),
the droplets remain nearly spherical and the lamellae
form concentric shells. However, when microphase
separation precedes macrophase separation, the mac-
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rodomain interface is severely distorted. In either case,
the adjacent lamellae in neighboring phases are parallel
and make contact through their styrene microdomains.
Small domains of Sl are also observed. When the
mobility of the Sl is restricted, isolated lamellae are
nucleated. When the mobility of the Sl is higher, the
Sl collect at the droplet center, a disclination core,
apparently to relieve curvature strain of SEP lamellae.

The relative solubility of the components in each
phase was determined qualitatively by microscopic and
rheological analysis. The SI20 and S1100 are more
soluble in SEP110 than is SEP in Sl. The presence of
SI within SEP was suggested by selective staining of
the isoprene block at the microdomain interface between
S and EP blocks. Although SEP is sufficiently insoluble
in Sl that it does not influence the ODT, its presence
as a separate phase does elevate the ODT. This work is
the first demonstration of interfacially induced ordering
within a bulk block copolymer sample.
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