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ABSTRACT: Blends A/af and C/af of a polymer A or C and a diblock copolymer «f with blocks « and 8
of equal lengths were analyzed, where A is chemically equal to a while C has attractive interactions with .
Films of the blends were cast, using nonselective solvents. The random phase approximation model predicts
a transition from microscale to macroscale fluctuations in the still homogeneous solutions, the transition
depending on the chain lengths of A or C, relative to that of a3, on the interactions, in particular those of
C and «, and on the temperature. This transition was observed, where predicted, in cast films of various
blends of a diblock copolymer P(MMA-b-S) of methyl methacrylate and styrene. The microphase and
macrophase morphologies of blends with PMMA as well as PS, SAN, poly(cyclohexyl methacrylate), and
tetramethyl polycarbonate were characterized by electron microscopy. Effects that are not predicted by the
model are shown to come from secondary segregation processes. Quite a variety of morphologies can be

produced.

1. Introduction

Blends of homopolymers and block copolymers yield
complex morphologies featuring instable macrophases as
well as stable microphases.'-?> This paper deals with
blends A/af3 and C/af of one homopolymer, A or C, and
one block copolymer o8 with two blocks, a and 3, of equal
length, where, chemically, A = a # Sand C # «a # 8. The
morphologies of these blends are characterized by phase
domains, as shown in Figure 1 for blends A/aB.13 There
are two types of morphology that are potentially interesting
for different applications.

(1) Blends A/af8 with domains as in Figure 1a,b have a
morphology (but not necessarily also properties) as is
known from impact-modified thermoplastics.2* The
number of phases can be argued about in these blends.
There are two “macrophases”, one each of A (matrix) and
af (domains). But the domains of o are subdivided into
“microphases”, one each of o and 8 (“macro-micro”
morphology). It is useful and justified in terms of local
thermodynamics to treat these blends as three-phase
systems of three components, o, 8, and A. The domain
in Figure 1a has internally precisely the lamellar two-
phase microstructure of the pure copolymer af itself, while
the lamellae in the domain in Figure 1b are swollen by the
homopolymer.

(2) Blends A/af with micelles as in Figure 1¢ have only
two phases, a macrophase of the chains A and the blocks
o (matrix) and a microphase of the blocks 8 (micellar
domains). The blocks « mix with the chains A, while the
blocks 8 do not. This structure, as such, does not raise
much interest. But if the corresponding blend B/«f has
the same type of morphology, only that 3 mixes with B
while o does not, the ternary blend A/B/af is interesting.
With o mixing only with A and 8 only with B, the copolymer
af can cover the interfaces in the macrophase morphology
produced by A and B, thereby compatibilizing the
phases.25-28

In the classification proposed by Hashimoto et al.,21-23
concerning the compatibility of A and «, Figure 1 shows
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Figure 1. Domains of a diblock copolymer P(MMA-b-S) in a
matrix of PMMA, the parameter A describing the chain length
ratio of the homopolymer and the copolymer (Table 1): (a), (b)
macrophase domains; (¢) micelles. Styrene is dark and MMA
light.

the cases of “complete segregation” of A and « (Figure 1a),
as well as “localized solubilization” (Figure 1b) and
“uniform solubilization” (Figure 1c) of « by A.

This paper deals with the question which blends A/«
and C/af produce which morphologies. Blends as indi-
cated in Figure 2a were analyzed, by random phase
approximation calculations (RPA)13.152%-32 gnd transmis-
sion electron microscopy (TEM). In the calculations, the
blends C/aB will be characterized by two interaction
parameters, x describing bad interactions (x > 0) between
C and § as well as between « and 3, and £ describing good
interactions (¢ < 0) between C and «. Blends A/af are
characterized by £ = 0. The blocks 8 will always segregate
from C (or A) and from «, as they did in Figure 1. The
question will be do C (or A) and «a segregate, too, as they
did in Figure 1a,b, or do they mix, as they did in Figure
lec.

0024-9297/94/2227-0908%04.50/0  © 1994 American Chemical Society



Macromolecules, Vol. 27, No. 4, 1994
a
Eh0—= -
C X60)

-— X —

B

Cllalp]
E macro-micro

micro- macro !
ooloigie-
v-olore|o-
Figure 2, Homopolymer C and diblock copolymer of: (a)
interaction parameters x and £; (b) phase separation processes

in blends C/af, “+” indicating miscibility and vertical bars
immiscibility.

Most commonly used and discussed are blends A/ a3.1-23
They are chemically simple and can serve as references
for the more complex blends C/a8. But even the simple
constitution of A/aB does not guarantee simple morphol-
ogies. Microphases and macrophases are observed, de-
pending on the chain lengths ratio of A and a8, as is
witnessed by Figure 1 that shows three blends PMMA/
PMMA-b-S) (MMA, methylmethacrylate; S, styrene).

Already the first studiesl2 on blends A/ af revealed that
macrophases are formed when the homopolymer A has
chains as long as the copolymer 8 (Figure 1a,b) or longer,
which is the normal situation in industries. Macrophases
indicate that A and o do not mix with each other, which
means that o will not be a good compatibilizer, in ternary
blends A/B/afS. Therefore, it is of interest to assess the
chances of avoiding macrophases, i.e. of inducing mi-
crophase separation, in blends C/a8 where A is replaced
by a homopolymer C having sufficiently attractive inter-
actions withthe block a (§ <0, Figure 2a). Thisis discussed
below. Briefly, the reversed situation is touched, too, where
macrophase separation is induced deliberately.

The process analyzed in this paper is demixing in initially
homogeneous systems. Figure 2bshows what can happen.
The blend components «, 8, and C are at first all in one
phase (C + a + ). The main driving force for phase
separation is the incompatibility of 8 both with C and «
(x > 0). It leads either to microphases, when only the
blocks a and B segregate from each other (step 1), or to
macrophases, when the whole chains C and «f segregate
from each other (step 2). Figure 1c shows a result of step
1. The macroseparation step 2 is usually followed by a
microseparation step 2’ wherein « and 8 demix, inside the
copolymer phase af. Results of this “macro-micro”
sequence 2 + 2’ are seen in Figure la,b.

Other secondary steps of segregation can occur, besides
step 2/, which are less easy to understand. There is firstly
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step 1’ which describes an aggregation of microphases
(“micro-macro” sequence 1 + 1’), and secondly step 2”
which describes redissolution of macrophases.

So far, the complexity of Figure 2b has not attracted
the attention it deserves. Below, all steps and stages of
the figure will be documented, together with transition
stages. The main variables will be the chain lengths, the
temperature, and the interaction parameter £ which
control the competition between step 1 and step 2, i.e.,
between microphases and macrophases.

The homogeneous state (C + o + 3, Figure 2b), at which
all experiments started, was always established by dis-
solving the blends in a nonselective solvent. Phase
separation was then induced by solvent evaporation, in
the process of film casting. Model calculations on the
fluctuations in the solutions were carried out to predict
the blend morphologies which were analyzed electron
microscopically.

2. RPA Calculations

Homogeneous blends C/a8 of a homopolymer C and a
diblock copolymer a8 having blocks of equal length exhibit
a structure of concentration fluctuations that depends
mainly (1) on the volume fraction £, the volume per chain
Vag of the copolymer af, and the volume per chain of the
homopolymer C, given by the chain length ratio

N =00/, (1)

and (2) on the interaction parameters x;; of the pairs C-3,
a-B,and C-a. InFigure 2a,repulsive interactions of equal
strength are assumed for the pairs C-8 and a-8 (xcg =
xAB = X > 0), and attractive interactions for the pair C-a
(Xca = E20).

Phase separation can be studied with these blends C/ a3
if  is initially small but can be increased considerably, by
increasing or decreasing the temperature. Yet, changes
of x are difficult to predict, and appropriate blends are,
accordingly, difficult tofind. Itis easier tostudy the phase
separation of solutions of blends C/af8 where x is high.
Homogeneity is brought about by dissolving the blends in
a nonselective solvent S, and phase separation is induced
by concentrating the solutions C/«8/S again, by removing
the solvent. New parameters of the solutions C/af/S are
(1) the volume fraction ¢ and the molecular volume Vg of
the solvent and (2) the interaction parameters involving
the solvent, of which there is only one, xs, when the solvent
is nonselective (xcs = Xas = Xgs = xs). Such solvents were
used. They behave merely as neutral diluents for the
blends.

Whenever a homogeneous blend approaches the point
of phase separation (with or without asolvent), it assumes
a pronounced structure of “dominant” fluctuations de-
scribed by the structure factors

M

. 2
o3@) = Tpgl@ gaF

Mj(q) = ( 360 ,,,j)(q) @

which are obtained by inverting the matrix M(g) of osmotic
compressibilities, on all wave vector scales g. The com-
ponents i and j of solutions C/aB/S are C, , 8, and S. The
structure factors g;; depend in the random phase approx-
imation (RPA)2%-32 on the form factors of all components,
which characterize the concentration as well as the size
and the shape of the different molecules, and on the
interaction parameters between the components, as is
outlined in detail in ref 13 and, briefly, also in the Appendix.

The parameters used in the following calculations are
typical for blends C/a8 of simple vinyl polymers as, e.g.,
the blends of PMMA or SAN with the block copolymer
P(MMA-b-S) considered below. Less important param-
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Figure 3. Structure factor ¢ of solutions (¢ = ¢* + 0.05) of
blends A/af differing in the copolymer content f. g*: charac-
teristic wave vector.
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Figure 4. Spinodalsolvent concentration ¢* of solutions A/af/S

—,--) and A/AB/S (-, of different copolymer contents f. f*:
transition concentration. Arrows indicate film casting. Small
diagram: characteristic wave vector ¢* for A/ap.

eters are specified in the Appendix. Important parameters
are (i) Vg = 200 nm?, meaning that the copolymer o has
a molecular weight in the range (100-150) X 103, and (2)
A =1or A =1/;0r A = 5, meaning that the homopolymer
C has chains as long as the copolymer a8 or much shorter
or much longer, as well as the interaction parameters
(Figure 2a) (1) x = 0.2 nm2, meaning that 3 is strongly
rejected by C and «, and (2) ¢ < 0, meaning that C and
a are attracted by each other (briefly, £ > 0 is also
considered). V,s and x are kept constant while A and £
are varied.

Most instructive is the structure factor oj; of the most
rejected component, i.e. the block 8. Therefore, the
structure factor calculated is

0= 0gg = 0cc t 0, 200, 3

The dominant fluctuations in the solutions C/a8/S are
those at the maximum of ¢ which is positioned at the
“characteristic wave vector ¢*”. These fluctuations are
very strong near the spinodal solvent concentration ¢*
which the solutions pass through when the solvent is
evaporated off. The parameters ¢* and ¢* are extracted
from the spinodal conditions

o(q,p) = = do(q,¢/dg) =0 “4)

2.1. Microphases and Macrophasesin Blends A/a8.
RPA results, related to solutions of a blend A/af with A
= 1, are shown in Figures 3 and 4. The structure factors
o in Figure 3 reveal that blends of different copolymer
contents f produce in homogeneous solution very different
fluctuation structures. Atf> f* = 0.5, ¢ has a peak at ¢*
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> 0, which indicates dominating microscale fluctuations,
while, at f = f* and f < f*, ¢ decays from a maximum at
g* = 0, which indicates dominating macroscale fluctua-
tions. The characteristic wave vector ¢*(f) is shown in
Figure 4 (small diagram). Clearly, the transition concen-
tration f* divides the composition scale f of the blends
A/af into a range f < f* and a range f > f*, where
macrophases and microphases, respectively, are preformed
by the dominant fluctuations in the homogeneous solu-
tions.

The phase diagram predicted for the blend solutions
A/aB/S (A = 1) is shown in Figure 4. The miscibility gap
(more precisely, the spinodal solvent concentration ¢*),
is drawn at f < f* and dashed at f > f*. The copolymer
aff itself demixes at ¢,5*. Two arrows indicate solvent
evaporation. As a solution passes through the curve ¢*,
it demixes, and the fluctuation structure turns into a
permanent phase structure. The two-phase morphology
that is generated should still be controlled, at first, by the
dominant fluctuations. Therefore, the characteristic wave
vector ¢* should characterize the newly born phase
structure, too, which should be of the micro type (¢g* > 0)
at f > f* (step 1, Figure 2b) and of the macro type (¢* =
0) at f < * (step 2, Figure 2b).

It is instructive to compare the solutions A/aS/S with
solutions A/AB/S where AB is the random copolymer
corresponding to the block copolymer a8. The two
solutions have identical structure factors ¢(g = 0) and
behave thus equally, as far as macrophase separation is
concerned. In Figure 4, the spinodal concentration ¢* of
the solutions A/AB/S is given by the drawn curve at f <
f* and by the dotted curve at f > f*. The solvent
evaporation arrow on the right in Figure 4 crosses first the
dashed curve ¢*, where A/a(/S undergoes microphase
separation, and later the dotted curve, where A/AB/S
undergoes (and A/aB/S would have undergone) mac-
rophase separation. This illustrates that step 1 of Figure
2b occurs, at f > f*, earlier than step 2. At f < f*, on the
contrary, it does not matter if a8 or AB is involved in the
blend. When the left hand arrow in Figure 4 passes ¢*,
both blends undergo macrophase separation.

The model can predict only the primary demixing
process, i.e. the process taking pace at ¢*. However, there
can be secondary segregation processes which can change
the morphology, as further solvent is evaporated. Nev-
ertheless, the basic assumption tested in ref 13 and in this
paperis that even thedry blends C/aBwill usually exhibit
those phase structures that were preformed in the
homogeneous solutions, i.e. macrophases at f < f* and
microphases at f > f*. This makes the transition
concentration f* the pivotal parameter. In Figure 4, f* is
in the center, but it moves upward if A is longer-chained
(A > 1) and downward if A is shorter-chained (A < 1), as
is shown in Figure 5. The phase diagram for A = !/5 in
Figure 6a predicts almost exclusively microphases (step
1, Figure 2b) while Figure 6b for A = 5 predicts almost
exclusively macrophases (step 2, Figure 2b).

2.2. Induced Microphase Separation. The combi-
nation of long homopolymer chains and considerably
shorter copolymer chains (A >> 1) is common, particularly
inindustries. Itisof interesttofind outif the macrophases
ofthe blend A/a8 (A = 5) (Figure 6b) turn into microphases
in blends C/a8 (A = 5), when C and « interact favorably,
meaning ¢ < 0. Macrophases indicate that A or C and «
donot mix. Given sufficiently strong attractions of C and
«, the two will mix, of course, even at high A, and
microphases will be formed.

Therefore, the question is not can macrophases be turned
into microphases at all, but rather, how strong must the
C-a attractions be, at least, to lead to the microphases. In
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Figure 5. Transition concentration f*(\) in blends A/af of
different chain volume ratios A (log scale), and predicted regions
of macrophase and microphase morphologies.
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Figure6. Spinodalsolvent concentration ¢* of solutions A/a8/S
with (a) A = 0.2, (b) A = 5 (as in Figure 4).
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Figure 7. Transition concentration f*(£) in blends C/af (A = 5)
with different relative interaction parameters £/x, and predicted
regions of macrophase and microphase morphologies. The curve
f* ends at the limit £*, below which only microphases are expected.

other words, the question is how restrictive is the condition
¢ < 0. The answer of the RPA model in Figure 7 is a
surprise. Thehigh transition concentration f* of the blend
A/aB (A = 5, £ = 0) does not change much at first when
£ is decreased into the negative range, in blends C/af8 (A
= 5). But then a sudden drop f* — 0 is predicted, at a
moderately negative £*. Below £*, microphase separation
should prevail, exclusively.

A comparison of Figures 6b and 8 reveals details. De-
creasing ¢ reduces the macrophase miscibility gap (dotted)
much faster than the microphase miscibility gap (dashed).
In Figure 8b, where £ < £*, the two gaps are out of contact,
microphases being formed, at all f, earlier than mac-
rophases.
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Figure8. Spinodal solvent concentration ¢* of solutions C/a8/S
and C/AB/S (A = 5) with different interaction parameters: (a)
£ = £*; (b) £ = 2¢* (as in Figure 4).
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Figure 9. Limiting interaction parameter £* of blends C/af as
afunction of the chain volume ratio . Below £*, only microphases
are expected.

In conclusion, lowering £, at A = 5 (Figures 6b and 8a,b),
has the same consequences as lowering A, at £ = 0 (Figures
6b, 4, and 6a). Figure 9 shows the critical ratio of
interaction parameters £*/x as a function of the chain
length ratio A. It turns out that, regardless of A, £* does
not have to be very negative, meaning that the attractive
interactions between C and « do not have to be strong to
lead to microphases. This is fortunate, as it raises hopes
that blends with ¢ < £* will not be too difficult to find,
even though even £ < 0 is rare.

2.3. Induced Macrophase Separation. The inverse
question is can macrophase separation be induced in blends
C/aBwith A =1/5, where the homopolymer chains are short
and the blend A/af yields almost exclusively microphases
(Figure 6a). As expected, repulsion between C and g, i.e.
£ > 0, shifts the transition concentration f* upward, as is
shown in Figure 10, but the shift is only gradual. These
blends are not in any way special. There is no limit £* in
Figure 10, as there was in Figure 7. It takes blends with
£ =~ x for predominant macrophase separation. Finding
blends with such strong repulsions between all components
is trivial.

3. Experimental Section

The polymers are characterized in Table 1. The block
copolymer was made via anionic polymerization, the
polymers PMMA, PS, SAN (azeotropic copolymer of
styrene and acrylonitrile), and PCHMA (poly(cyclohexyl
methacrylate)) were made via radical polymerization, and
PC and TMPC (the polycarbonates of Bisphenol A and
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Figure 10. Transition concentrations f*(£) in blends C/af8 (A =
0.2) with different relative interaction parameters /x, and
predicted rections of macrophase and microphase morphologies.

Table 1. Polymers

MW
M, M, A
P(MMA-b-S) 175 000 1.04
PMMA 35 000 2.0 0.19
95 000 1.9 0.50
161 000 2.0 0.87
188 000 2.2 1.0
220 000 19 1.2
535 000 2.0 2.9
PS 208 000 2.0 1.3
SAN 215 000 2.2 1.3¢
PCHMA 212 000 2.4 1.2
PC 31 000 2.3 0.17
TMPC 183 000 9.4 11

@ Used for the blends (SAN/PMMA).

tetramethyl Bisphenol A) were made by Bayer AG via
phase transfer polycondensation. The molecular weights
were determined by GPC, using PMMA or PS calibration
or, for the block copolymer, both averaged, by PC
calibration (for PC and TMPC). The block copolymer
was also analyzed by LALLS. The parameter A = V¢/ Vg
is the chain volume ratio of eq 1.

Films of the blends were cast at different temperatures
as described in ref 33, using toluene for PMMA blends
and THF otherwise. TEM pictures were made with an
Elmiskop 1a (Siemens AG), using thin sections. Contrast
was obtained by selective degradation of the MMA chains
and blocks in the electron beam. In the blends with PS,
SAN, and TMPC, the contrast was enhanced by staining
with RuO;. PMMA appears white in the electron mi-
crographs.

4. Results

The morphologies of blend films A/af and C/ap, cast
from solution, were investigated and compared tothe RPA
model predictions. Agreement of cbhservation and theory
was taken to prove that the blend morphology had been
preformed in solution, while disagreement was believed
to indicate that the morphology was altered, after the
primary demixing step, by secondary segregation steps.

The following analysis is focused on the transition from
microphase to macrophase structures occurring when the
chain volume ratio A, the interaction parameter £, or the
temperatureis varied. Some issues of ref 13 will be picked
up again.

4.1. Chain Volume Ratio (Blends A/a8). The types
of morphology found in films of blends PMMA/P(MMA-
b-S) differing in chain volume ratio A are indicated in
Figure 11, together with the RPA prediction f*(\).1* The
model agrees fairly well with the data.
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Figure 12. Blend PMMA/P(MMA-b-S) (A = 2.9) with f = 0.30,
at 60 °C: (a) light micrograph; (b), (¢) electron micrographs.

Blends with short-chained PMMA (A < 0.5) yielded
transparent films with microphase structures (step 1,
Figure 2b), in the form of either of micelles as in Figure
lcor,atf = 0.8, of lamellae as formed by the pure copolymer
itself. (This lamellar structure is seen inside the domain
in Figure 1a.)

Blends with long-chained PMMA (A > 1) yielded opaque
films with coarse macrophase morphologies, as shown in
the light micrograph of Figure 12a. The investigation of
such structures can be grossly misleading, if only electron
microscopy is employed, as is illustrated by Figure 12b,c.
The impression from Figure 12bis that P(MMA-b-S) forms
tiny macrophases in a matrix of PMMA, while the roles
are reversed in Figure 12¢c. Yet, both pictures come from
the same film, i.e. that of Figure 12a. The very small
domains in Figure 12b,c are merely substructures inside
much larger macrophases. (The domain in Figure 1d of
ref 13 is alsosuch a substructure, which was not recognized
at the time.)

This error is dangerous inasmuch as blends with shorter-
chained PMMA, in the range A\ ~ 1, yield practically the
same morphologies, asisshown in Figure 13. The patterns
are here, however, not substructures of larger domains.
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Figure 13. Blends PMMA/P(MMA-b-S) (A = 0.87) with (a) f
= 0.10 and (b) f = 0.60 at 60 °C.

PMMA is the matrix at low f and the copolymer at high

At intermediate compositions f, the blends with A ~ 1
exhibit cocontinuous phase structures, as shown in Figure
14afor A =0.87. Thisis animportant observation, because
cocontinuous phase networks are characteristic of ho-
mopolymer blends (Figure 14b). The macrostructures for
the blends PMMA/P(MMA-b-S) and PMMA/PS in Figure
14 are evidently equal. Figure 14ais, therefore, solid proof
that the block copolymer blend has demixed, in the primary
process, via macrophase separation (step 2, Figure 2b).
The lamellar structure inside the copolymer phase was
obviously formed in a secondary process (sequence 2 + 2
“macro—micro”, Figure 2b). (It should be emphasized that
the blends with A > 1 exhibit cocontinuous phase networks,
too. That Figure 12a shows spherical domains instead is
only due to a breakup of networks that occurs when the
structures become coarser than the film thickness. This
effect is discussed in ref 33.)

The transition from micro to macro structures was found
in the blends PMMA/P(MMA-b-S) with A = 0.50. When
films were cast rapidly, these blends yielded exclusively
micelles, indicating that microphases are produced in the
primary demixing process. But slower casting yielded
micelles together with larger domains, as shown in Figure
15. The domains look like spherulites and exhibit inter-
nally a lamellar microstructure.

Peculiar about these blends is that a high copolymer
content f does not provoke a matrix inversion. The
domains grow always in the matrix of the homopolymer,
as do crystalline spherulites, even if the copolymer is the
major component (Figure 156b). That the copolymer

refuses to take over the matrix role at high f is entirely
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r—
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atypical for macrophase structures and much in contrast
to the behavior of blends with A = 1 (Figure 13b). The
domains in Figure 15 must result from aggregation of the
micelles in a secondary process (sequence 1 + 1’ “micro—
macro”, Figure 2b).

In summary, micelles (step 1) are formed, when A <
0.50, macrophases (sequence 2 + 2’), when A > 0.50, and
micelle aggregates (sequence 1 + 1/, Figure 2b), at A =
0.50. In this transition range, microphases are preformed
in the homogeneous solutions and lead primarily to
micelles, but the aggregates are, in fact, thermodynamically
favored. The pictures characterizing the different mor-
phologies best are Figure 1c for micelles, Figure 15a for
aggregates, and Figure 14a for macrophase networks.

4.2, Interactions (Blends C/af8). According to Figure
9, all blends C/«g, even those with A > 1, should feature
microphases when C and « attract each other sufficiently,
i.e. when £ < £*. This was likely to be the case in a series
of blends where C was one of the polymers PCHMA,
TMPC, and SAN, and «f was the block copolymer
P(MMA-b-S). The blends PS/PCHMA,3* PS/TMPC,3%
and PMMA/SAN3® are always homogeneous, regardless
of chain lengths, meaning that the chains C interact in the
above blends C/«a always favorably with one of the blocks,
aorf (£ <0,Figure 2a). (Tofitinto the scheme for blends
C/ap in Figure 2a, the copolymer must be written in the
form “P(MMA-b-S)” for blends with SAN, but “P(S-b-
MMA)” for blends with PCHMA or TMPC.) Blends with
the constant copolymer content f = 0.4 were analyzed.
The chain volume ratios are 1.1 < A < 1.3 (Table 1), which
is high enough to yield opaque films with macrophase
morphologies in the blends A/ a8 with PMMA (Figure 16a,
v = 0) and the blends B/af with PS (Figure 16b). In
contrast, all the blends C/af yielded transparent films
with micellar structures.

The micelles are shown in Figure 16a (v = 1) for the
blend SAN/P(MMA-b-S). To study the transition from
micro to macro structures, ternary blends (SAN +
PMMA),/P(MMA-b-S)f=04 were prepared, where the
homogeneous blend (SAN + PMMA), (v: volume fraction
of SAN) plays the role of “polymer C”. A decrease from
v =1 to v = 0 amounts to an increase of the interaction
parameter £ from £ < £ to £ = 0. As is shown in the
turbidity diagram of Figure 17, the films of the ternary
blends were opaque below and transparent above v = 0.6,
which is evidently the transition stage where ¢ = £*,

Morphologies of the blends ((SAN + PMMA),/P(MMA-
b-S)j=0.4 are shown in Figure 16a. The transition from

AlB b

Figure 14. Cocontinuous structures in blends (a) PMMA/P(MMA-b-S) (A = 0.87) with f = 0.30 and (b) PMMA/PS with f = 0.50

at 60 °C.



914 Loéwenhaupt et al.

a f=030

T ST W e IR M
Figure 15. Micelles an
P(MMA-b-S) (A = 0.50) with (a) f = 0.30 and (b) f = 0.70 at room
temperature.

micelles to macrostructures is not of the type of micelle
aggregates as in Figure 15. The spherical micelles turn,
in Figure 16a, at v = 0.7 into lamellae that are separated
by matrix polymer. This transition stage is easily ex-
plained: Spherical micelles provide a maximum of contact
between chains C and blocks a. As C and « interact less
favorably, this surface should be reduced by a transition
from spheres to lamellae. Still less attractive interactions
should make the lamellae aggregate. The lamellae at v =
0.71in Figure 16a are already partly aggregated, indicating
that the structure is exactly on the borderline of micro
and macro morphologies.

This structure of swollen, aggregated lamellae seems a
very logical transition stage. Yet, the spherical micelles
aggregated in Figure 15 directly, without the lamellar
transition stage. Why is not entirely clear yet.

In summary, the model prediction of Figure 9 that the
C-a attractions do not have to be strong to remove all
macrophases from the blends C/af seems to be valid. All
of the above polymers C that form homogeneous blends
C/A or C/B, indicating £ < 0, yielded micellar structures
inthe blends C/«3, meaning that even £ < £*. This suggests
that £* is not very negative. Interesting transition
structures, as that in Figure 16a (v = 0.7), can always be
designed using blends (A + C)/aB. Alternatively, blends
A-co-C/af with a random copolymer A-co-C of A and C
could be used.

So far, the important situation (A > 1, £ < 0) was
considered. In comparison, the reversed situation (A <1,
£ > 0) is not attractive. Blends with £ > 0 are all too
common, and A < 1 is usually avoided because short-
chained polymers are brittle. Various blends C/af of this
type were tested. Figure 10 predicts mostly microphases,
yet macrophases were found in all cases at most compo-
sitions, even in the blend PC/P(MMA-b-S) (A = 0.17),
although the homopolymer blend PMMA/PC is close to
miscibility,?” meaning that £ > 0is small. The RPA model
seems to be less suited for blends where all interactions
are bad (¢ > 0).

4.3. Temperature (Blends A/«B). Of all parameters
that control the structure factor ¢ of the blends A/«(3, only
the interaction parameter x is sensitive to temperature
(since £ = 0). According to the RPA model, x is
unimportant for the transition concentration f*. There-
fore, the distribution of micro and macro structures should
not depend on temperature.

Nevertheless, blends PMMA/P(MMA-b-S) with 0.5 <
A <1 undergo a transition from macro to micro structures
at elevated temperatures. The phase diagram in Figure
18 for A = 0.87 features a macrophase miscibility gap below
the critical temperature T, = 100 °C. The diagram was
measured by casting films at the temperatures and
compositions indicated by the symbols. The different
types of morphology are shown in the indicated figures.

Only one structure is new. It is shown in Figure 19. In
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Figure 16. Blends (a) ((SAN+PMMA),/P(MMA-b-S)/=040 (v,
volume fraction of SAN in the binary blend; f, volume fraction
of the copolymer in the ternary blend) and (b) PS/P(MMA-b-
S)f=0.40 at room temperature.

|+ |

304 (mm™)

OJ
0 05 v10
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Figure 17. Turbidity of blend films (SAN/PMMA),/P(MMA-
b-S)f=0.40 in white light, in terms of the attenuation coefficient u
of Lambert’s law (I/1,) = e, where I and I, are the transmitted
and original light intensity and d is the film thickness.

the range just above T, lamellar structures are observed
in a broad range of compositions. At lower f, the lamellae
are not as perfect as in Figure 16a (v = 0.7). They are
rather ribbons and cylinders.
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Figure 18. Phase diagram of the blend PMMA/P(PMMA-b-S)
(A =0.87): (-) micelles; (||) lamellae; (O, @, ®) macrophases (O,
matrix PMMA; @, cocontinuous; ®, matrix P(MMA-b-S)). The
numbers indicate the figures with electron micrographs.

Figure 19. Blend PMMA/P(MMA-b-S) (A = 0.87) with f = 0.30
at 110 °C.

1pm

Figure 20. Blend PMMA/P(MMA-b-S) (A = 0.87) with f = 0.30
first cast at 60 °C (Figure 14a) and then annealed 4 h at 200 °C.

To rule out the possibility that the microphases at high
temperatures are due to too fast film casting, dry blend
films with a macrophase morphology were heated to high
temperatures. The macrostructures disintegrated, leaving
in the end only randomly dispersed micelles. Figure 20
shows an early stage of this process. The initial cocon-
tinuous morphology (Figure 14a) is still preserved, but
the lamellar substructure has already given way to
spherical micelles.

Clearly, the macrophases are destabilized at elevated
temperatures, and the question is why. The RPA model

Polymer Blends with a Diblock Copolymer 915

was so far successful enough to deserve credit. It predicts
macrophases for all temperatures in Figure 18 (at f < 0.5,
Figure 4). Assuming that these had indeed always been
formed in the primary segregation process (step 2, Figure
2b), even at high temperatures, the microphases observed
at T > T, must come from a redissolution of the
macrophases, i.e. from the sequence 2 + 2’ + 2” in Figure
2b. This sequence is not at all extraordinary.

The primary macrophase separation step 2 occurs due
to the incompatibility of the chains A and the blocks 3.
But, as soon as « and 3 have subsequently demixed into
microphases, in the secondary step 2/, A and 3 are out of
contact, being separated by the blocks a. Thereby, the
reason for the initial step 2 is eliminated, and the
macrophases should redissolve, in step 2”.

This suggests even that microphases, formed via step
1 or the sequence 2 + 2’ + 2”, are the only thermody-
namically stable morphology in blends A/«3. Macrophases
would owe their existence only to kinetic hindrance of the
redissolution step 2”. Yet, this is disproved by Figure 15,
where the micelles aggregate voluntarily, forming mac-
rophases via the sequence 1+ 1. Slow kinetics may hinder
step 2”, but they certainly cannot promote step 1’. Another
proof for the stability of macrophases is that they appear
in blends with A > 1 at all temperatures, even far above
the glass transition (100-120 °C) where kinetic effects do
not interfere. The critical temperature, which is T, = 100
°C (A = 0.87) in Figure 18, is a monotonously increasing
function of the chain length ratio A.1® The micelle
aggregates in Figure 15 are also dissolved at elevated
temperature, the critical temperature being T, = 30 °C (A
= 0.50).

The conclusion is that the macrophases, formed via the
sequences 1 + 1’ or 2 + 2/, are indeed stable at low
temperatures. The phase diagram in Figure 18 should
not be far from equilibrium. The remaining problem is
tounderstand why the macrophases are in blends with 0.5
< A\ <1 stable at low, but not at high temperatures. This
is discussed most conveniently in terms of the aggregation
and deaggregation of micelles.

There are two explanations. A micelle, with 8 in the
core and « in the corona, surrounded by A (Figure 1c) is
considered.

(1) Entropy Loss. Blocks « and chains A cannot mix
properly in the corona while Gaussian coil conformations
are simultaneously assumed. To achieve an even density,
both must deform their coils, whereby they lose entropy.
Model calculations by Xie et al.,'” based on Helfand’s
model®® on the microstructures of block copolymers,
indicate that this entropy loss can cause A and a to
segregate, which leads to micelle aggregation.

(2) Incomplete Screening. Blocks « in the corona
screen the blocks 8 in the core from the chains A. But the
screening is perfect, so that A and 8 are out of contact,
only when there are strong repulsions between « and 8,
i.e. at high x. Weak repulsions at low x lead to an ill-
defined, broad interface between core and corona and thus
to inefficient screening. A and {8 are still in contact which
can induce macrophase separation.

Neither effect invokes repulsions between A and o (£ >
0), which would be hard to understand. Both effects can
explain why macrophases can be stable, in blends A/af.
But the effect of entropy loss, which undoubtedly exists,
does not seem to explain the destabilization of macrophases
at high temperatures. The effect of incomplete screening
seems better suited to explain a macro to micro transition
in the direction of increasing temperature, because the
interaction parameter x increases with temperature, as
was demonstrated in investigations on blends PMMA/
P(MMA-co-S) with random copolymers.?® Interms of this
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effect, micelle aggregates and macrophases are stable only
as long as x is small. At high temperatures, they
disintegrate into micelles, because the high x sharpens
the interfaces of the micelles. The MMA blocks («) cover
perfectly the styrene blocks (8) which are thus invisible
for the homopolymer chains PMMA (A).

5. Conclusion

Morphologies of microphases, macrophases, or transition
stages between the two can be prepared in blends A/af
and C/af by varying the homopolymer-copolymer chain
length ratio, the C—a interactions, or the temperature.
The transition structures are of the types of micelle
aggregates or of homopolymer-swollen lamellar arrays.

In blends A/ag, these different morphologies can only
be designed by adjusting the molecular weights. That is
usually easy but has the drawback that microphases are
often obtained only when short-chained homopolymers
are used. Blends C/af have the distinct advantage that
the interactions of C and « can be adjusted, so that short
chains can be avoided. A problem is that attractive C-«
interactions are needed, which are not always easy to find.
However, it emerges from the above calculations and was
supported by the experiments that the attractive forces
do not have to be strong. There is hope that suitable C—«
pairs exist in many cases. Once an attractive pair C-a is
found, all different micro and macro morphologies can be
produced using blends (A + C)/af or, as will be demon-
strated in a forthcoming paper, also blends A-co-C/a8,
where (A + C) is a (automatically homogeneous) binary
blend and A-co-C is a random copolymer.
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Appendix

The matrix M of eq 2 takes for solutions of the blends
C/aB specified in Figure 2a the form

1
SCE X
S, -S,/2
M=(Xj+g £ o W ks L S
S,- 8,2 S,

XX AS  AS

where the abbreviations AS = S3(S; — So/4) and {X}, a
matrix with equal elements X = 1/Sg — 2xs, were used.
The special case of blends A/a8, where £ = 0, is treated
theoretically in ref 13.

The molecular form factors are S for the polymer chains
C and S, for the chains and S; for the blocks of the
copolymer a3, as well as Sg for the solvent molecules. These
form factors are given by

Si = d)\ngl i= C, 29 1: S (A2)
¢;: volume fraction

V; volume per chain

& = %(1 - %(1 - e"‘)), x = V,.C%/(6¢%: Debye function
C;: square chain stiffness parameter

The parameters used in this paper are Vg = 0.2 nm? and
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xs = 2 nm-3, which involve the solvent, and for the
polymers, Vg = 200 nm?, Vi = AV 4, and C2 = 2 nm-! (for
all polymers, Cs? = 0).
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