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Binary mixtures of diblock copolymers are interesting materials for controlling the size and the morphology
of the microdomains in novel ways. We report here simulation results for the phase behaviour in binary
mixtures of the diblock copolymers. The random phase approximation calculations were conducted for the
binary mixtures of diblock copolymers, a: (A-B); and 3: (A-B), to discuss stability of the homogeneous
(a 4+ B8) mixture. The parameter values used for the simulations are that total degree of polymerization,
N(=N, = Ny), is 1000, the radius of gyration, R,(=Rg , = Ry 3), is 10nm, and the segmental volume,
va = vg = 100 cm3 mol™! for monodlsperse and polyd1sperse samples (1. 0 < My /M, < 1.5). The fraction
of A in a(fy) and that in 5( fA) are varied in such a way to satisfy £ + f© = '~ = 1. As a result, it is predicted
that the homogeneous mixture undergoes microphase separation as the segregation increases, for f,* larger
than a particular value (f3'.i) which is dependent on the values of M,,/M,. On the other hand, for
S < fa crir the macroscopic phase separation between a and 4 is expected to occur prior to the microphase
separation. It is also found that the wavelength of the dominant concentration fluctuation in the
homogeneous mixture increases gradually as f* approaches f, .;; from the upper side of fi". At fi¥ = fu' i,
the wavelength diverges, indicating the macrophase separation. These results give some implications to
the unit size of the microdomains formed upon the disorder-to-order transitions (ODT) for £ > fa* orir.
Namely, the unit size might be larger than those of the component pure diblocks. The phase diagram of the
ODT for the binary mixtures are found to depend on the compositions of « and 3, i.e. the values of 4 and
1L v - The phase boundary between the homogeneous (disordered) state and the microphase separated state
for the binary mixture is found to be different from the one for the pure block copolymer. The result shows
that the miscibility (disordered state) is suppressed in the binary mixture. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Various studies of controllmg morphology in block
copolymers have been reported!. It is well known that
the microdomain morphology is dependent on the
composition of block copolymers. However, a synthetic
technique is required for the control of the composition
of a pure block copolymer. The situation is quite
different from the case of polymer blends. To overcome
such unfavourable factors, some conventional trials for
controlling the microdomain morphologies have been
conducted. One of these utilizes b1nary mixtures of block
copolymer and homopolymer2 . In principle, adding the
homopolymer into the chemically identical microdomain
of the block copolymer changes the effective volume
fraction in the system, if homogeneous mixing is attained
without macroscopic phase separation (Figure la). More-
over, another type of phase separation was found:

occur. However, a situation such as shown in Figure 1b
makes the morphological control scheme complicated.
Recently, binary blends of block copolymers have
attracted general interest in terms of their potential for
controlling the size and the morphology of the micro-
domains in novel ways>®!®!!. There were found experi-
mentally” two representative states of phase separation
in binary blends of block copolymers. One is macro-
scopic phase separation, and the other is homogeneous
microphase separation, as shown schematically in Figure
Ic. No intermediate states such as the localization found
in the block copolymer/homopolymer blends may be
considered for binary blends of the block copolymers.
Therefore, as a conventional morphological control,
binary blends of block copolymers may be more suitable
than the block copolymer/homopolymer blends. Some
experimental studies have already been conducted to
examine miscibility and phase structures in binary

localization of the homopolymers within the mlcrodomam
space, which is shown schematically in Figure 1b*°_ This is
the case when comparatively long homopolymer chains
are mixed, where very little interpenetration of the
homopolymer chains into the block copolymer chains is
shown, while macroscopic phase separation does not

*To whom correspondence should be addressed

blends of polystyrene-block-polyisoprene (SI) diblock
copolymers!!'~13, Moreover, some theoretical studies
have shown that the self-consistent field (SCF) theory
is useful to examine phase behaviour and the morpho-
logical structures of binary blends of diblock
copolyme:rs1

It is of great interest to examine whether the same mor-
phologies can be obtained if the average compositions
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(a) (A-B) diblock + A-homopolymer
homogeneous distribution of A-homopolymers
B-microdomain

A-microdomain

(b) (A-B) diblock + A-homopolymer
localization of A-homopolymers

A-microdomain B-microdomain

A

(©) o:(A-B); + P:(A-B);

homogeneous distribution of o and § chains

A-microdomain B-microdomain

s~

Figure 1 Schematic representation of the distribution of polymer
chains in the microdomain structures. (a) Mixture of A -B diblock
copolymers with relatively short A-homopolymers showing compara-
tively homogeneous distributions of the A-block and A-homopolymer
chains. (b) Mixture of A—B diblock copolymers with comparatively
long A-homopolymers showing localization of the A-homopolymers in
the A-microdomains. (c) Binary mixtures of diblock copolymers, «:
(A-B), and 3: (A-B),. Homogeneous distributions of the A and B
chains in the respective domains are sketched

g W

are matched to the pure block copolymers. For this
purpose, the phase diagram has been checked both
theoretically'® using the SCF theory and experi-
mentally!®. The results indicated that exactly the same
morphological state was not obtained. There are plenty
of molecular parameters and combinations which should
be focused on in order to highlight the difference. Some
systematic studies have been conducted on pairs with
the same compositions (~50/50, lamellae) but different
molecular weights'>'%7, and on pairs with the same
molecular weights but different compositions'>'®. The
system that we deal with in this paper is the particular
case of the latter pairs. Namely, the fraction of A in
a(fx) and that in ﬂ(ff) are varied in such a way to

4104 POLYMER Volume 38 Number 16 1997

satisfy fx" —|—,/‘X = 1 [a: (A-B); and 3: (A-B),]. We focus
exclusively on the total average of 50/50 composition
with lamellar structures. First of all, we examine whether
the macroscopic or microscopic phase separation occurs
preferentially when the homogeneous mixture of the
block copolymers in the disordered state is quenched into
the weak segregation regime. Then, we evaluate the size
of the structure developed upon the disorder-to-order
transition (ODT) by stability analysis using random
phase approximation (RPA) calculations®®~2?. Using
SCF theory, Shi and Noolandi'® have presented a great
deal of similar results which we present hereafter. The
significance of our study using the RPA theory is that we
can calculate scattering functions and can evaluate the
size of the dominant concentration fluctuation in the
homogeneous mixture of diblocks. The results may have
implications for the phase structures in the weak
segregation regime, which are formed upon the ODT
and even may affect the following structural develop-
ment. In the case of the solution cast for the sample film
preparation, the situation that the segregation becomes
stronger as the solvent evaporates is similar to that
considered in the present paper, and, thus, the resultant
structures may be different from those predicted for the
strong segregation regime.

The shortcoming that we can hardly change the
composition of the pure block copolymers also induces
retardation of experimental studies on the composition
dependence of the interaction parameter for the pure
block copolymers. As well as the above, utilizing the
binary mixtures of the block copolymers may be a
candidate for the conventional strategies. Of course, the
present situation is a completely homogeneous mixture
of those copolymers in the disordered state. We usually
evaluate the interaction parameter by analysing the
elastic scattering from the disordered state using RPA
calculations. It is to be expected that the scattering
function for binary mixtures of block copolymers
differs from that for the pure block copolymer. In
order to examine the difference in the scattering function
for a given value of the interaction parameter, we also
conducted RPA calculations. We also discuss the
difference in the phase diagram for the ODT between
the pure block copolymer and the binary mixture of the
block copolymers.

THEORETICAL BACKGROUND

The elastic scattering is ascribed to the concentration
fluctuation in the disordered state, which can be
expressed by the RPA as;

1(g) = K(a—b)’ {5—,% - 24 (1)

with
S(q) = Saalg) + 2Sas(g) + Spa(q) (2)

and
W(q) = Saa(9)Sse(9) — {San(@)}’ (3)

where ¢ is the magnitude of the scattering vector, defined
as;

q = (47/A)sin (6/2) (4)
with 6 and X being the scattering angle and the
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Figure 2 (a) Scattering functions for binary mixtures of diblock copolymers, a: (A-B); and 8: (A-B), at x = 0. (b) S(g)/ W(q) as a function of g,
where ¢ denotes the magnitude of the scattering vector [see equation (4)]. The fraction of A in a(f,’) and that in §( fAﬂ ) are varied in such a way to
satisfy £ + £ . = L. The blend ratio is fixed at a/3 = 50/50, so as to fix the total fraction of A at 0.5. The parameter values used for the random phase
approximation calculations are such that the total degree of polymerlzatlon N(=N, = Ny), is 1000, the radius of gyration, Ry(=R, o = Ry z), is
10 nm, the inhomogeneity index of molecular weight, M,,/M,, is 1.0, and the segmental volume, vy, = vg = 100cm™ mol™

wavelength of radiation, respectively. K is a proportional ) 1 J(k=1)
constant, a and b are the electron densities of the A and B gﬁ() (@) == [xK -1+ {————} ] (11)
segments, respectively, and x is the interaction parameter *K (k-1 +1
between the A and B segments. The correlation functions
Saa(q), Spe(g), and Sap(g) in equations (2) and (3) are for the Gauss chain using Schultz Zimm’s molecular
given for A—B type diblock copolymers as follows; weight distribution function®?*. Note that the second
term in the square brackets |. . .] of equation (10) and the
Saalg) =rc f,fgf) (9) (5) third term in [...] of equation (11) converge on
2.02) exp (—xg ) for the monodisperse limit. Namely, equation
Sea(9) = rcfugs () (6) (11) is identical to the Debye function in the limit, where
Sas(9) = rcfafagy) ()85 (4) (7) xg is defined by;
with the reduced degree of polymerization, r¢, for the xg = Ng bk ¢*/6 (12)

entire diblock copolymer, which is defined as;

with by being the statistical segment length for the
rc = (vaNa +vp Ng)/vo (8) K polymer (K = A or B). In equations (10) and (11),
and, thus, the fraction of the K component, fi, is given Ak characterizes polydispersity of the K-block chain
by in the diblock copolymer, i.c. Ak = (M /M,)x. Since
the values of A\ are not always individually available,
Jk =rk/rc = vk Ng/(va Na + vg Np) 9 we calculated A¢ from the polydispersity index for the
entire diblock copolymer, M, /M (=);), using the
relationship expressed by equation (13) assuming

AA = Ag;

vk and vy denote the molar volume of the K segment and
that of the reference cell, respectively. vk is actually
calculated with wvx = M, x/pg, where M, is a
molecular weight of the K segment, and pg is the ) )
mass density of the K polymer (K =A or B). We Ao —1= (A —1wa+(Ap — )wi (13)
assumed vy = (v vg)'/%. The volume-average single chain

correlation functions, gg)( g) and gg)( q) in equations with w, and wg being the weight fractions of A and B,

. : . respectively.
(5)=(7) are given by; To calculate the scattering function for the binary
) 1 1 1/(x-1) mixture of the diblock copolymers in the dis-
gk (q) = o L {;(T_—l—)ﬁ-_l} (10) ordered state, we have only to modify the correlation
K KK functions Saa, Spg and Sap by volume averaging
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as follows:
San(q) = 6a SAA(9) + 6555 (4) (14)
SeB(9) = ba S88(9) + 65 Sip(9) (15)
Sa(9) = 0 SA(q) + 05 Sap(q) (16)

where ¢, and ¢, denote the fractions of o and 3 in
the (o + §) mixture, respectively (¢, + ¢ = 1). Sxa(q)
expresses A—A correlation in the o block, and similar
notations for the other pair correlations.

RESULTS AND DISCUSSION

Figure 2a shows the simulated scattering functions,
I(g) vs g, for binary mixtures of diblock copolymers, «:
(A-B); and 3: (A~ B)2 at y = 0. The fraction of A in

(fA) and that in ﬁ(fd ) are varied so that
A +fA = 1. The blend ratio is fixed at o/8 = 50/50.
so as to fix the total fraction of A (f,) at 0.5. The
parameter values used for the simulations are that the
total degree of polymerization, N(=N, = N), is 1000,
the radius of gyration, R,(=R, , = Ry 3), is 10nm, the
inhomogeneity index of molecular weight, M, /M,, is
1.0, and the segmental volume, vy, =uwvp=
100 cm® mol . Since the scattering function is unaffected
by an exchange of A and B notations for those
parameters, we restricted the calculation of the scattering
functions and further discussion of the results to
fa <05 (fA >0.5). For most cases, a single peak is
observed due to the correlation hole eﬁ‘ect20 21 Ttis clearly
observed that the peak shifts towards smaller g-region
with the peak intensity increasing as f,* approaches 0.20.
For fi = 0.20, the scattering function has no peak at a
finite non zero g-value. Another characteristic feature is
the non zero intensity at ¢ = 0 for the (a + 3) mixtures.
It is quite opposed to the pure block copolymer which
has zero scattering intensity at ¢ = 0, as seen in Figure 2a
for the pure block copolymer with an A fraction of 0.5.
This indicates that the concentration fluctuation having
infinite wavelength is induced due to blending of diblock
copolymers « and 3 which have different compositions.
These features are characteristic of the block copolymers
having wide molecular weight and composntion distribu-
tions, which have been already reported According
to equation (1), it is expected that the peak intensity
becomes more intense as x approaches the spinodal
value (xg) from x = 0, and that it diverges at x = xs.
where xg is given by

1 S(qm)
2 W(gm) {17)

with ¢, being the g-value of the peak. xg should read
Xs,Macro @nd X5 opt for ¢, = 0 and for g, # 0, respec-
tively. Here xs macro and X, opr designate spinodal x
values for the macroscopic phase separation and the
ODT (microphase separation), respectively. Therefore,
the fact that the scattering function has no peak at a
finite non zero g-value for f,* <0.20 indicates that
macroscopic phase separation occurs preferentially in
the (a + ) mixtures when the homogeneous (« + 3)
mixtures in the disordered state are brought into the
weak segregation regime. On the other hand, the
microphase separation proceeds for f* > 0.20. In order
to evaluate numerically those spinodal x values, we
should examine the behaviour of S(q)/W(q) as a

Xs =
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function of ¢. The plot is shown for various (« + 3)
mixtures in Figure 2b. It is again confirmed that the
macrophase separation occurs preferentially when

Jao £0.20 and the microphase separation proceeds first

for f4' > 0.20. X Macro @nd X5 opr can be evaluated for

£ <020 and for £& > 0.20, respectively, using the

minimum value of S(q)/W(q)*. The simulated results
imply that we can obtain homogeneous microdomains
without macrophase separation in the binary blends of
diblock copolymers if those compositions are not too
different (fy' > 0.20). Here, homogeneous microdo-
mains for the binary blends mean that the K-block
chains of & and 3 are homogeneously displaced in the K-
microdomain space (K =A or B), as schematically
represented in Figure Ic.

As for the case when those block copolymers have
molecular weight distributions, the results change
slightly. Figure 3 shows the same plots as Figure 2.
Here, M, /M, = 1.1, while the other parameter values
are identical to those used for Figure 2. One of the big
differences is non zero intensity at ¢ = 0 even for the pure
block copolymer with the A fraction of 0.5. In this
case, the concentration fluctuation having infinite
wavelength can be ascribed to molecular welght dis-
tribution and composition distributions®>~%". In other
words, the copolymers with those distributions should be
considered to be multi-component mixtures. Another big
difference is that the critical value of fy* for the border
(fa erit) between the macrophase separation and the
ODT shifts towards the larger values (fy iy & 0.25), as
compared to that for M,,/M_, = 1.0. We will discuss this
fact later on in Figure 4. For M, /M, = 1.1, X Macro and
Xs.opT are also evaluated from the minimum values of
S(q)/W(q)*. The plots of S(q)/W(q) are shown in
Figure 3b for M, /M, = 1.1.

Plots of Xs, Macro’C and Xs,opT’C vs fx' for the (o + 3)
mixtures are shown in Figure 4a for M,,/M, = 1.0—1.5.
Here, X macrofc designates a product of 7z and the
spinodal x value at the macrophase separation. r¢ is the
volume averaged rc for the (o + ) mixture, defined as;

Fo= Gorl + ¢prl (18)

where r¢ and rg denote the reduced degrees of
polymerization for the « and 3 chains, respectively.
Similarly, xs opr7c stands for a product of 7 and the
spinodal x value at the ODT. Note here again that the
blend ratio is fixed at a/3 = 50/50, so as to fix the
total fraction of A at 0.5. The full and broken curves
are for x5 opr¥c and X, Macro 7C» respectively. Note that
the value of x, opr7c is equal to 10.5 for the pure
monodisperse block copolymer having the A fraction
of 0.5, which is well known as the critical point first
reported by Leibler®. It is also noted that
Xs MacroTC = 2.0 at  fy —O for the monodisperse
sample, being consistent with the critical value for a
symmetric A/B homopolymer mixture at the critical
concentration of 50/50%!. For a given value of M,,/M,,
Xs.opT7C and X, macro e decrease with a decrease of fy

*Forfy' > fa oo the S(g)/ W{(g) hasafinite valueatg = 0. Thisindicates
that we can determine X, macro aS Well as x;opr, although
Xs,Macro > Xs.oDT- That is, there may be a chance for the sample to
undergo macrophase separation. However, the fact of x5 macro > Xs, 00T
means that the microphase separation proceeds preferentially. There-
fore, the prediction of the macrophase separation which is for the
homogeneous {a + 8) mixtures would lack the applicability to the
samples already microphase separated
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Figure 3 Similar plots as those in Figure 2. Here, the value of M, /M, = 1.1 is used, and the other parameter values are the same as those for
Figure 2
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] | 1
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Figure 4 (a) Plots of X, opr7¢ and X, macro7c Vs f4* for the binary mixtures of diblock copolymers, a: (A-B); and 3: (A-B),. Here, x, opr¥c
designates a product of 7 [volume averaged rc for the (o + §) mixture, see equation (18)] and the spinodal x value at the ODT, and x; macroTC I8 @
product of 7 and the spinodal x value at the macrophase separation. £, is the fraction of A in o. The blend ratio is fixed at a/B = 50/50, so as to fix
the total fraction of A at 0.5. The full and broken curves are for Xs,0nTFc and X, Macro 7C, Tespectively. The closed circles are the border ( Sacrit)
between the macrophase and the microphase separations. (b) Plots of g, R, vs /& for the (a + 3) mixtures. g,, R, is a product of g, (the peak position
of the scattering function in the disordered state) and R, [volume averaged R, for the (o + () mixture]
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Figure 5 Plots of the ratio d/d, vs f', where d and 4 denote,
respectively, the wavelength of the dominant concentration fluctuation
for the (o + §) mixtures and that for the pure o or 3. d and 4, are
defined as 27/q,, with g, being the ¢ value of the peak in the scattering
function from the disordered state

and the shape of those fx'-dependencies is sigmoidal.
Namely, the (o + 3) mixture becomes less miscible as the
asymmetry in the compositions of @ and 3 increases. For
a given f' the values of x; opr7c and X macro ' bECOmME
smaller as M, /M, increases, because of the effect of
multi-component blend for the polydisperse samples.
The critical fy* values ( f4" ;) for the border between the
macrophase and microphase separations are shown with
closed circles in Figure 4a. It is clearly seen that fx' ..
increases with an increase of the value of M,/ M. On the
other hand, the X, opr7c value at fi" = fi' . decreases
with an increase of M,,/M,,. o

Figure 4b shows the plots of g, R, vs f4' for the (o + 3)
mixtures. The blend ratio is fixed at «/3 = 50/50, so as
to fix the total fraction of A at 0.5. Here, g, R, is a
product of ¢, and Rp (volume averaged R, for the
(o + @) mixture with the definition similar to the
equation (18)), where ¢, is the peak position of the
scattering function in the disordered state and indicates
the wavenumber of the dominant concentration fluctua-
tion which first diverges upon the ODT. In other words,
we can evaluate the characteristic size of the domains
first formed when the samples are subjected to the weak
segregation regime from the disordered state. It is clearly
observed that the g, R, value first decreases gradually
and then decreases abruptly with a decrease of f4'. The
value continuously decreases to zero at fy' = f5' ;. Note
here that there is no gap in ¢y, R, in the vicinity of the
border (fi' ~fi'ci). This results give us a quite
interesting indication that by blendmg the binary diblock
copolymers the characteristic size of the microdomains
can be much larger than those of the component pure
blocks. Moreover, the size may become quasi-macro-
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scopic, i.e. we would have very large-size microphase-
separated structures! However, it may not be possible to
have a quite large size of the microdomain. We discuss
the phase structures formed from such a concentration
fluctuation upon the ODT later.

In order to demonstrate the wavelength of the
concentration fluctuation in the binary mixtures defi-
nitely becomes much larger than that in the pure a or
componentt, the ratio d/d, is shown as a function of fy'
in Figure 5, where d and d; denote, respectively, the
characteristic length of the fluctuation for the (o + 3)
mixtures and for the pure « or 3. d and d; are defined as
2n/q, with g, being the ¢ value of the peak in the
scattering function from the disordered state. The ratio
d/dy diverges at fx' =fA . For the monodisperse
(My/M, =1.0) or almost monodisperse (M, /M, =
1.1-1.2) sample, we may obtain a sufficiently large fx'
range for controlling the wavelength for d/dy < 2.0.

Finally, the phase diagram (plot of x; opr7c Vs total
fraction of A(f4)) is examined for the binary mixtures of
the diblock copolymers to demonstrate how it is different
from the phase diagram for the pure block copolymer.
The parameter values used for the RPA calculations
are so that the total degree of polymerization,
N(=N, = Ng3), is 1000, the radius of gyration,
R, (=R, , = Ry 5), is 10nm, the inhomogeneity index
of molecular welght M, /M,, is 1.0, and the segmental
volume VA = Ug = 100 ¢m® mol ! . Here, fx = 0.21 and

/ W = 0.79 were used. The blend ratio /3 is varied to

control fx. The resultant phase diagram is presented
in Figure 6a. The thick full curve is for the ODT and
the broken curve is for the macrophase separation
(Xs MacroTe)- In the vicinity of f, =0.5, only the
macrophase separation is predicted. The parameter
region of f, for the macrophase separation can be
clearly extracted from the plot of g, R, (shown in Figure
6b) with gm R, =0. On the other hand, both the
macrophase and microphase separations are predicted
in the region besides fy = 0.5, where x;oprfc <
Xs, Macro F'C- However, the microphase separation prefer-
entially proceeds for this region. Therefore, the predic-
tion of the macrophase separation for the homogeneous
(a + 3) mixture at the broken curve is no longer
applicable, because the sample is already microphase
separated. The thin full curve is for x; opr7c in the pure
block copolymer. The disagreement in x; opr7¢ between
the pure block copolymer and the (a + ) mixture is
pronounced in almost the entlre region of f, besides the
vicinity of fy = fx* or fa = f .- Namely, the miscibility
(disordered state) is suppressed in the binary mixture.
This should be borne in mind for the experiments, for
example, in the case of the study of the composition
dependence of the interaction parameter. The binary
mixture cannot provide a conventional way as an
alternative to the pure block copolymer. In other
words, the results for the composition dependence of
the interaction parameter x evaluated from the {a + 5)
mixtures may be different from those of the pure block
copolymers. The dependencies of g, R, on f, are shown
in Figure 6b. It is noteworthy again that ¢, Ry changes
drastically with f, for the (« + 3) mixtures, while there is

 Note that the pure o and (3 components give the same scattering
function since it is unaffected by an exchange of A and B notations for
this particular case with f* =1 —fA
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Figure 7 Schematic illustrations for the concentration fluctuation with
a quasi-macroscopic wavelength and for the phase structures formed
upon the disorder-to-order transition. Note that the wavelength is
quasi-macroscopic so that the a- or S-rich regions are much larger than
the chain dimensions of the diblocks. ¢, is the fraction of the «
component, and A, is the difference in ¢, between the a- and 3-rich
regions. The phase structures are shown in the three particular cases in
terms of A¢,, where S(A), C(A), L, C(B), and S(B) denote A-spheres,
A-cylinders, lamellae, B-cylinders, and B-spheres, respectively

trivial dependence of g, Ry on f for the pure diblock
copolymer, g, R; varying at around 2.0.

Implications for the phase structures
Figure 7 shows schematically the concentration
fluctuation with a quasi-macroscopic wavelength,
where the ordinate is for the fraction of the o
component, ¢,. Note that the wavelength is quasi-
macroscopic so that the a- or S-rich regions are much
larger than the chain dimensions of the diblocks. With
this situation, we consider formation of the phase
structures upon the ODT for the three particular cases
in terms of A¢, (the difference in ¢, between the - and
B-rich regions). When A¢, is large (case I), which
corresponds to deep quench, the a- and S-rich regions
transform into grains with A- and B-spherical domains,
respectively. According to the periodic displacement of
the a- and B-rich regions in the disordered state, the
resultant grains with A- and B-spherical domains may be
placed with a roughly constant distance. Such a feature
has been confirmed experimentally for the blends of
SI’s!®. There is a chance to see cylindrical and lamellar
phases in between those grains, where the local average
of the A fraction changes from fy to fAﬂ through 0.5.
Thus, the phase structures may be what we depict in the
case I. The same consideration for the blend of cylinder-
forming diblocks has been presented by Hashimoto et
al?. For a medium A¢, (case II, medium quench), the
a- and f-rich regions contain an amount of 8 and «
chains, therefore, those regions transform into A- and B-
cylindrical grains, respectively, as shown in case II. For
case III where Ag,, is small (shallow quench), the average
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Figure 8 (a) Comparison between the theoretically predicted ¢, and the experimental results of the ¢ value of the first-order peak, as a function of the
total average volume fraction of polystyrene, fps. The experimental results were obtained by the small-angle X-ray scattering (SAXS) measurements at
the room temperature on the toluene solution-cast films of the blends of SIZ-1 [M, = 4.60 x 10, M, /M, = 1.09, fps (volume fraction of

polystyrene) = 0.15] and SIZ-2 (M, = 4.62 x 10°, M,

M,/ M, =107, fps =0. 821). The open circles indicate the samples macroscopically phase

separated. (b) Comparison between the theoretically predicted d/dy and the experimental results for the normalized domain spacing (divided by ;).

The open circles indicate the samples macroscopically phase separated

local A fraction is almost 0.5, although it fluctuates. This
induces lamellar structures with inhomogeneous lamellar
thicknesses in the direction normal to the interface. That
is, the thicknesses of lamellae may fluctuate spatially
corresponding to the concentration fluctuation in ¢,.
The cases I and II correspond to macrophase
separation. Thus, macrophase separation can occur in
the vicinity of fi' = fi' ., even for the parameter regions
where the macrophase separation is not explicitly
predicted. Recently, we obtained experimental support
for this indication®®. Figure 8a shows the comparison
between the theoretically predicted g, and the experi-
mental results of the ¢ value of the first-order peak, as
a function of the total average volume fraction of
polystyrene, fps. The experimental results were obtained
by small-angle X-ray scattering (SAXS) measurements
at room temperature on toluene solution-cast films of
SIZ-1 (M, =4.60 x 10*, M, /M, = 1.09, fps (volume
fraction  of polystyrene) =40.15) and  SIZ-2
(M, = 4.62 x 10°, M,,/M, = 1.07, fps = 0. 821) blends.
The open circles 1ndlcate the samples macroscopxcal]y
phase separated. As can be clearly seen, the agreement is
good for the regions of fps <022 and fps 20.73.
However, in the vicinity of fpg = 0.22 and fpg = 0.73,

i'I'he values of molecular welghts mdlcated here were obtamed by
g.p.c. with low-angle light scattering. After acceptance of the revised
manuscript, we conducted measurements of M, again with the
membrane osmometry. More accurate values are therefore found to
be 37.3 and 44.8 x 103 for SIZ-1 and 2, respectively”. Accordingly, the
fps values were changed slightly to 0.14 and 0.81, respectively.
Nevertheless, we let the previous values remain as they are, because
Figure 8 depicts results obtained using those values.
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¢m does not go down to zero. This means that the
samples were already macroscopically phase separated
even if the theory predicted the preferential microphase
separation, as shown in Figure 7. Macrophase separa-
tion was actually observed for the samples with

fps = 0.75 and 0.77. For 0.22 < fpg < 0.73 where macro-

phase separation is predlcted theoretlcally, the ¢, value
remains constant at 0.15nm™'. Although the exact phase
structures were not examined for those samples, the
macrophase separation might induce the microphase
separation with the unit size independent of the mixing
ratio, i.e. fpg. Figure 8b shows the comparison between
the theoretically predicted d/dy and the experimental
results for the normalized domain spacing (divided by
dp). The values of d/dj are ca 1.9 for 0.33 < fpg <0.73,
although those blend samples were macrophase sepa-
rated. This is a clear signature of the formation of the
larger size microdomains as compared to the structures
of the pure components.

In order to explain the formation of the larger-size
lamellar microdomains, we consider first the formation
of the phase structures from the concentration fluctua-
tion with a microscopic wavelength which is comparable
to the chain dimensions of the diblocks. As illustrated in
the left-hand side of Figure 9, the alternating arrange-
ment of the @ and # chains is most probable because it
stabilizes flat interfaces for the lamellar structures. The
alternating arrangement of the short and long chains in
the respective microdomain may let the short chains
stretch and the long chains shrink in the direction normal
to the interface, as compared to the unperturbed chain
dimensions. This is simply because those chains have to
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Figure 9 Schematic illustrations for the concentration fluctuation with
a microscopic wavelength and for the phase structures formed upon the
disorder-to-order transition. Note that the wavelength is comparable to
the chain dimensions of the a- or S-blocks. ¢, is the fraction of the o
component. The alternating arrangement of the o and 3 chains is
sketched on the left-hand side. The alternating arrangement of the short
and long chains in the respective microdomain may let the short chains
stretch and the long chains shrink in the direction normal to the
interface, as compared to the unperturbed chain dimensions. For a
larger wavelength of the dominant concentration fluctuation, the possible
model for the resultant larger lamellar structures formed upon the ODT
are illustrated on the right-hand side, where the shaded regions are the
thick interfaces which comprise miscible shorter A and B chains from the
« and 3 diblocks, respectively. By arranging the o and 3 diblocks as
shown, the adjacent longer A (or B) chains get closer so that the chains
can be more stretched in the direction normal to the interface to fill up
the larger lamellar space (virtual diblock approximation)

fill up cavities which would appear when those chains
would be at the unperturbed state. It is noted again that
the long chains tend to shrink as compared to the
unperturbed state, with the model in the left-hand side.
Even if the size of the fluctuation is larger than that in the
left-hand side, the mixture may form homogeneous
lamellar structures with the larger lamellar thickness.
Such lamellar structures are illustrated in the right-hand
side of Figure 9, where the shaded regions are the thick
interfaces which comprise miscible shorter A and B
chains from the o and g diblocks, respectively. By
arranging the a and [ diblocks as illustrated, the
adjacent longer A (or B) chains get closer so that the
chains can be more stretched in the direction normal to
the interface to fill up the larger lamellar space. Thus, the
molecular picture is similar to a longer diblock com-
prising a pair of the longer A(f) and B(a) chains.
Namely, we can approximate the situation to that with a
pure A(B)-block-B(w) diblock (virtual diblock approxi-
mation). Since this model assumes that those shorter A
and B chains are miscible, it can be only applied to the
weak segregation regime. As the segregation increases, the
interfaces become thinner so that the structural image

changes from the model in the right-hand side to that
in the left-hand side. This means that the domain size
becomes smaller as the segregation increases. This is an
anomalous behaviour. However, our recent experimental
results for the SIZ-1/SIZ-2 blends clearly show such
anomalous behaviour?®, and also the theoretical result of
Shi and Noolandi!® confirms this behaviour. Thus, the
model illustrated in the right-hand side can provide an
appropriate explanation for the larger-size lamellar
microdomains.

Finally, we discuss what extent the larger-size lamellar
microdomains, which are predicted to appear upon the
ODT, can be stabilized by the molecular arrangements of
the o and S chains, like the model illustrated on the right-
hand side in Figure 9 (virtual diblock approximation).
According to the model, the domain size in the direction
normal to the interface is ascribed to the contributions of
the longer A(5) and B(a) chains. Considering the
structures just formed upon the ODT, no chain stretch-
ing can be assumed. Then, the total domain size, d,,, may
be expressed by rescaling the wavelength of the dominant
concentration fluctuation in the pure component, dy, as:

Nag) + Ny \/?
%:%Qﬂgng> (19)

where N is the total degree of polymerization of the o
or (3 diblock (N, = Ng=1000), and N5 and Ny,
denote the degrees of polymerization of the A(3) and
B(a) chains, respectively. Figure 10 shows the compari-
sons of d/d,, with d/dy which is the same as plotted in
Figure 5. The full curves are for d/d,, and the broken
curves are for d/dy. Figure 10b is the enlarged view. In
part (a), it is clearly seen that the values of d/d, are
always smaller than those of d/d, at a fixed value of f*.
The values of d/d,, can be less than unity, as shown in part
(6). Note that the values of d/d,, can never go below unity.
These facts indicate that the larger-size lamellae, which are
thought to be hard for the (o« + ) mixtures to maintain,
can be stabilized by arranging those chains as illustrated in
the right-hand side of Figure 9. Thus, the model with the
thick interfaces is informative to the phase structures in the
weak segregation regime for the binary mixtures of
compositionally asymmetric diblocks.

CONCLUSIONS

Random phase approximation (RPA) calculations were
conducted for the binary mixtures of diblock copolymers,
a: (A-B), and 3 (A-B); to calculate the scattering
functions and to analyse the stability of the mixtures. The
parameter values used for the simulations are that the total
degree of polymerization, N(=N, = Npg), is 1000, the
radius of gyration, Ry (=R, ,= Ry ), is 10nm, the
inhomogeneity index of molecular weight, M,,/M,,, is in
the range of 1.0-1.5, and the segmental volume, vy =
vg = 100 cm® mol™". The fraction of A in a(f,¥) and that
in G( ﬂf ) are varied in such a way that they satisfy
Sa+fa = 1. As a result, it is predicted that the homo-
geneous mixture undergoes microphase separation as the
segregation increases, for f larger than a particular value
(fA. crie) Which is dependent on the values of M,,/M,. On
the other hand, for fi' < fA o the macroscopic phase
separation between a and [ is expected to occur prior
to the microphase separation. It is also found that the
wave-length of the dominant concentration fluctuation in
the homogeneous mixture gradually increases as fy'
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Figure 10 (a) Comparisons of d/d,,, with d/dj which is the same as plotted in Figure 5. Here, 4, denotes the total domain size obtained by rescaling d
as expressed by eq (19). The full curves are for d/d,, and the broken curves are for d/d,. (b) Enlarged view of the plots in the part (a) in the region of

0.8 < (d/dy, or d/dy) < 1.5and 0.3 < £ < 0.5

A

approaches f4' . from the upper side of f'. At fi' = fA' -
the wavelength diverges, indicating macrophase separation.
These results give some implications to the unit size of the
microdomains formed upon the ODT for fy' > fi'..
Namely, the unit size might be larger than those of the
component pure diblocks. Finally, the phase diagram is
examined for the binary mixtures of the diblock copoly-
mers to demonstrate how it is different from the phase
diagram of the pure block copolymer. The disagreement in
the ODT spinodal lines between the pure block copolymers
and the binary mixtures is pronounced in almost the entire
region of the total fraction of A (f4) besides the vicinity of
fa =S or fa :fAﬂ. This should be noted in the
experiments, for example in the case of the study of the
composition dependence of the interaction parameter. That
is, the binary mixture cannot provide a conventional way as
an alternative to the pure block copolymer. In other words,
the results for the composition dependence of the interac-
tion parameter x evaluated from the (« + ) mixtures may
be different from those of the pure block copolymers.
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