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ABSTRACT: A method for calculating the structural factor, S,y(q), for multicomponent polymer systems is
described using a random-phase approximation and incompressibility constraint. Also, for 4-component
polymer systems, all 5;;(g) are obtained in explicit forms. Among the many possible choices of 4-component
polymer systems, we considered only two special cases: (i) a mixture of two block copolymers, (A-B)/(C-D),
and (ii) a mixture of a block copolymer and two homopolymers, (A-B)/C/D, where the diblock copolymer
C-D has a chemical structure different from the diblock copolymer A-B, and the two homopolymers, C and
D, have chemical structures different from the constituent blocks of the diblock copolymer A-B. The spinodal
points, where all S.'j(Q) become infinite, of microphase and macrophase transitions, respectively, for the two

cases are discussed in detail.

I. Introduction

In recent years, block copolymers have been used to
improve the compatibility of two immiscible homopoly-
mers.! Forexample, polystyrene-block-polybutadiene (SB
diblock) copolymer has been used to improve the com-
patibility between polystyrene (PS) and polyethylene (PE),
thereby improving the mechanical properties of PS/PE
blends. Similarly, polystyrene-block-poly(ethylene-co-
butylene)-block-polystyrene (SEBS triblock) copolymer
has been used to improve the impact strength of poly-
(phenylene ether)/polyamide blends.

Compatibilization of two immiscible homopolymers by
addition of a diblock copolymer has recently been studied
theoretically.2® These studies considered primarily the
concentration profile at the interface between the con-
stituent components. From the point of view of preparing
multicomponent blend systems, the construction of aphase
diagram is the most desirable. At present, however, there
is no theory available which will enable one to construct
a phase diagram for 4-component polymer systems such
as the (A-B)/C/D blend system, where homopolymers C
and D have chemical structures that are different from
the block copolymer A-B. The only theories available at
present are the those of Hong and Noolandi’” and Whitmore
and Noolandi,? which enable one to construct a phase
diagram for the (A-B)/C blend system (i.e., m = 3).

Thestructure factor 5; ;(q) has long been calculated using
arandom-phase approximation (RPA).%10 Since Leibler!!
first calculated 3;;(q) for monodisperse diblock copolymers,
other research groups”®12-28 have extended the RPA
method to calculate S;(g) for (i) mixtures of a block
copolymer and homopolymer and (ii) block copolymers
having multiblocks® or star-shaped blocks.!”?! Still
others'224-28 included the polydispersity effect in the
calculation of S.','(q), via RPA, for mixtures of a block
copolymer and hompolymers. Specifically, Ijichi and
Hashimoto?® obtained explicit expressions for S;;(g) for
3-component polymer systems, and Vilgis et al.’5 and
Benmouna and Vilgis'® introduced three different methods
(i.e., Ornstein—Zernike (OZ) formalism, RPA method, and
Edwards—Hamiltonian methods) to the calculation of .§,- (@)
for multicomponent polymer systems. Here, “m-compo-
nent” polymer system refers to a multicomponent system
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consisting of m different monomers. Therefore, the
diblock copolymer consisting of components A and B can
be regarded as a 2-component polymer system, and a
mixture consisting of a diblock copolymer, (A-B), and two
homopolymers, C and D, can be regarded as a 4-component
polymer system.

Inthis paper, we shall first present a method to calculate
3.i(g) explicitly for multicomponent (especially m = 4)
polymer systems by extending the RPA method. And
then, we shall apply the method to the following specific
cases: (i) mixtures of two block copolymers, (A-B) and
(C-D) and (ii) mixtures of a block copolymer (A-B) and
two homopolymers C and D. Emphasis will be placed on
discussing the stability limits for the microphase and
macrophase separation, respectively, in the 4-component
polymer systems.

II. Theory

Let us consider an m-component polymer system. In
this situation, the scattering intensity I(q) is given by

m
Zaiajsij(q) (1)
=1
wherea; (i = 1, 2, ... m) corresponds to the scattering power
of monomer i and ¢ = (4x/)) sin (8/2), in which A and 0
are the wavelength of the incident radiation and scattering
angle in the medium, respectively. Applying the incom-
pressibility constraint and symmetry property (i.e., Sij(Q)
= 8;i(g)) to eq 1, we obtain

I(g) ~

m-1
I ~ 3 (@~ 2,)(0;-a,)8,(@ @)
iy

Note that the total number of independent components
in S;j(q) for the incompressible m-component polymer
system is m(m - 1)/2.

It should be mentioned that the incompressibility
constraint must be used very carefully. Recently, some
research groups??35 questioned the validity of the use of
the incompressibility constraint in the RPA calculation.
Since a free volume may exist in polymer blends in the
molten state, it is reasonable to consider the finite
compressibility. On the basis of the equation of state,
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Sanchez and Lacomb?® included the free-volume term in
the calculation of the phase diagram of polymer blends
which exhibit the lower critical solution temperature
(LCST). Benoit® has formulated the RPA expression for
the compressible system. By use of the Edwards Hamil-
tonian, Freed and co-workers®-% obtained RPA expres-
sions for the compressible blend and block copolymer
melts. They® found that (i) the structure factor, Saa(q),
for the block copolymer with finite compressibility does
not become zero in the limit of ¢ — 0, while Sx4(0) for the
block copolymer with incompressibility is equal to zero
and that (ii) significant differences between compressible
and incompressible RPA structure factors arise in blends
and block copolymers near the phase- or microphase-
transition temperature. Very recently, Dudowicz and
Freed®% showed that the finite compressibility must be
considered in order to explain experimental results ob-
tained from small-angle neutron scattering (SANS) for
the phase behaviors of a polystyrene/poly(vinyl methyl
ether) blend.

Note that for the compressible m-component polymer
sgystem the total number of independent components in
1i(@) is m(m + 1)/2. Also, the void volume fraction, ¢y,
and additional interaction parameters between each
component and the void volume (i.e., free volume), x;y (i
= 1 - m), which are very difficult to measure experimen-
tally, are needed to obtain 3;(g) for the compressible
m-component polymer system.

Thus, even if we are well aware of the argument against
the incompressibility assumption, we shall use this as-
sumption for the reason that it allows us to perform
relatively straightforward calculations for S;j(g) for an
m-component polymer system.

Applying the RPA method to the m-component polymer
system, one has®1!

sn(@) = -8_Sy(@U @ (3a)
i=1
=12 ..,m)

m
Ufg) = Uit + (1/B)Y_xdma(@) + VE;  (3b)

k=]
where S;;(q) is the ideal response function, i.e., the Fourier
transform of the density—density correlations of monomers
i and j for ideal Gaussian chains; Uj(q) is the external
potential exerted by adding the jth monomer; on; is the
concentration fluctuation of monomer i; 8 = 1/kg T in which
kg is the Boltzmann constant and T is the absolute
temperature; x;: is the Flory interaction parameter be-
tween monomers j and k; V is the potential required to
assure incompressibility; and vector § having m compo-
nents is given by (1, 1, ..., 1, )T, in which superscript T

denotes the transpose of the vector £.

With the incompressibility constraint, 22, 6n; = 0, from
eq 3 we obtain

m-1

;ank[l + 8,/ @D Xjm ~ xj0)1 = BS (@ Uj(q)
=1

4
5Smj(¢1)fj

By combining eqs 3 and 4, we obtain the following
expression for dn;(q):

A-én(g) = /B 5
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where A is an (n - 1) X (n — 1) matrix and given by

A = Y_[8(@) = 0,@8 (@1 [Xp; = Xpm] + 04D + 5
p=1

()]
and én(g) and B, having (n - 1) components, are given by
sn(g) = [8n,(g), 8ny(q), ..., b1y (1" (7)

B(@) = Y_[S,,(@v(@) - Sp@1U,(q) - U, (@] (8
p=1

Note that v;(q) is given by

v(Q) = t(Q)/t,(Q) (9a)
where
ti(q) = Zsjr(Q) 9b)
r=1

And, n;(q) appearing in eq 7 is also given by*1!

bni(g) = -B)_S;(@U@) (10)
j=1

Applying the incompressibility constraint and symmetry
properties of 5;/(g) to eq 10, we obtain

m-1
sni(q) = -ﬂ;‘s,-km)wk(q) - U, ()] 1)
=1

Since 6n;(g) in eqs 5 and 11 must be the same, we have the
structure factor Sij(q):

m-1

3@ = DA @IS, - vy @S@] (12
k=1

=12 .m-1j=1,2,..m-1)

where A is the inverse of matrix A, whose components
are defined by eq 6. From eq 12 the spinodal point of an
m-component system can be obtained easily since every
3.i(g) has the determinant of A;;(q) in the denominator.
Note that if the determinant of A;j(q) is equal to zero, all
S,i(q) become infinite.

At this juncture, let us compare eq 12 with the method
introduced by Benoit and co-workers,!51¢ who obtained
S;j(q) for multicomponent polymer systems as follows:

§7(g) =8, (q) + U(g) (18)

where S,(q) and U(g) are the bare (or single-chain)
structure matrix and the interaction (or excluded-volume)
matrix, respectively. U(q) in eq 13should not be confused
with U;(g) in eq 3. Note that the matrices of 8(g), So(q),
and U(q) have (m - 1) X (m — 1) components.

In order to facilitate a comparison of eq 12 with eq 13,
eq 12 can be rewritten with the aid of eq 6 in the following
matrix form:

S =18, -88,()1" + (x, - ox,) +
[S,(@) =S (1 (X + v £) (14)

where all matrices are (m ~ 1) X (m ~ 1) matrices, given
by

S.(@) = S;(g) (158)
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(38,(@);; = v(@)S,(9) (15b)

Xo = Xij (15¢)

®Xo)ij = Xim (15d)

(X);; = [Sin(@) — vi(@) S, (@ IX (15e)
vo(@) = 01(@), V(@) vy Uy (@) (15f)

E=(1,1.., 1)T (m - 1 vector) (15g)

In order for eq 14 to be equivalent to eq 13, the following
conditions must be satisfied:

88,=0 (16a)

U(Q) = (x, - 8x,) + [S(@T (X + v,£) (16b)

Notice that when there is at least one homopolymer (or
solvent) in the mixture and if the homopolymer (orsolvent)
is taken as the mth component, all S,,j(q) G =1,2,..,m
- 1) are equal to zero. In such a situation, eq 16a is
automatically satisfied since 8S,(g) becomes a zero matrix
(see eq 15b). For mixtures of a block copolymer (A-B)
and homopolymer C (i.e., 3-component system), eq 16b
reduces to eqs 19a and b in ref 16 (see Appendix I).
However, when there is no homopolymer (or solvent)
present in the mixture, §S,(q) is not a zero matrix since
at least one component in Sy,j(q) is not equal to zero, and
U(g) given in eqs 19a and b in ref 16 cannot be used.
Therefore, we can say that eq 14 (or eq 12) is more general
than eq 1 in refs 15 and 16. Notice further that, for the
3-component polymer systems, calculations of 3;;(g) from
eq 13 can easily be done. For 4-component polymer
systems, however, S;;(¢) from eq 13 can be obtained only
by a trial-and-error method even when U(g) is known (see
Appendix I). On the other hand, the calculation of S;;(g),
via eq 12, for multicomponent systems is straightforward
since the inverse of the matrix 4;;(g) can easily be obtained
numerically without using a trial-and-error method.

Although S;;(q) and the determinant of A;;(q) can easily
be calculated numerically, one may be tempted to express
S.i(g) inan explicit form. Since the structure factors gi,-(q)
in the explicit form for the 3-component systems were
already obtained by one of us,?37 we shall consider the
4-component polymer systems (i.e., m = 4), which can
represent mixtures of two block copolymers, (A-B) and
(C-D), or mixtures of a block copolymer (A-B) and two
homopolymers C and D. Notice that the chemical
structures of C and D are different from those of A and
B.

After long mathematical manipulations, for m = 4 we
can express the determinant (|D])) of A;j(q) as

IDl = (Sy(q)/ty(@)/F(g) an
where S4(q) is the sum of S;j(g):

4 4
Sy = Zti(q) = ZSU(Q) (18)
=1 7=

and F(q) is given by

4 4
Figy=1+ Zsij(q)xij + ZDz,ijk:(Q)Xinkl +
iJ l;’,Jl
2[W @)/ Sy @lx*p (19)
where Wy(q) is the determinant of S;;j(g)

W.(q) = "Sij(Q)" (20a)
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and
Sij(Q) = S.‘j(Q) - ti(Q)tj(Q)/S4(Q) (20b)
Dy jpnel@) =
(1 H218,1(@)81() + Sy, (@S] - [S(@)8;,(@) +
Sj:(Q)Sik(Q) + Sie(Q)Sjk(Q) + Sjk(Q)Si((Q)] +
Sik(Q)sz(Q) + Sie(Q)S}-k(Q) - 2Si,-(q)Sk,(q)} (20c)
X*D = X12X13X23 + X12X14X24 T X28X24X34 + X13X14X34 ~
[0x12 ¥ X39)(X13X24 + X14X23 = X19X3s) +
(X13 + X24) (X19X34 F X14X23 ~ X13X24) +
(X14 + X23) (X13X34 + X23X24 = X14X23)] (20d)

Note that for 3-component systems, eq 19 can be reduced
to eq 21 in ref 20, since Wy(q) = 0, S«(q) = Ss(q), D2.1212(q)
= Dy1313(q) = D2,2323(q) = —(/4) W3(q)/S3(q), and D2,1213(q)
= D31223(q) = Do1303(q) = (1/9) W3(q)/Ss(g). For mixtures
of block copolymer (A-B) and homopolymer C, eq 19
becomes identical to eq 2.31 in ref 8 (see Appendix II) for
predicting the spinodal point.

Finally, by substituting eqs 6 and 17 into eq 12, for m
= 4 we obtain the structure factors S’a,g(q):

4
saﬁ(q) = {8,5(q) + 2ZD2,aﬁkl(q)Xk! +
7
[W,(q)/S4(@)Ix* 524/ F(q) (21)
(«a=1,2,3,=1,2,3)

where

- 2 2 2
x*aa,2 = 2(X‘yﬁx~/e + XseXys + x‘yexﬂe) - (x'yﬁ + Xse + Xye )
(22a)

(y#é=e*aandy<i<e

X*ap2 = 2(XapXqys T XayXay T XasXss) = X96(Xay T Xas T
2
Xgy T Xg8) = XanXgs =~ XatXgy T Xy (22b)

(y=dé=axBandy<é)

The indexes «a, 3, v, 4, and ¢ appearing in eqs 21 and 22
are not dummy variables, so the summation of these
indexes must notbe taken. From eq 21 811(g), for example,
is given by

4
Siut@ =8, + 2272,111:4((1)sz +
]

[W4(Q)/S4(Q)]X*11,2}/F(Q) (23)
where

X*112 = 2(X23X 04 + X23X34 T X24X34) ~ (X232 + X242 + X342)

(23a)
ITII. Spinodal Decomposition for 4-Component
Polymer System

(a) Stability of F(q). For 4-component systems, the
scattering intensity I(q) is given by eq 2:
3
Ig) ~ ) (a;-ay) (a;-a)8;(q@) (24)

tJ=1
It can be seen from eq 24 that I(g) cannot easily be
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determined quantitatively, even if all 8;;(q) are known, in
the situation where accurate information for all a; is not
available. Therefore, we consider only the stability limit,
where I(g) becomes infinite at ¢ = g*:

I(g*) > = (25)

Since all components of S;(g) have the common denom-
inator F(q) (see eq 21), I(q) becomes infinite when F(q)
is equal to zero.

In order to calculate F(q) for 4-component systems, we
need six different Flory interaction parameters, x12, x13,
X145 X23, X24, and x34, and four different values of degree
of polymerization, N1, N3, N3, and N4 For given values
of N; (i = 1-4), {(xs)ij}, which makes F(g*) equal to zero,
can exist. Note that ¢* can be obtained from the value
of g, where F(q,=¢*) becomes zero (or I(¢»=q*) diverges
to infinity) at (xs)ij. gm is the value of ¢ which makes F(g)
a minimum at given x;j, and ¢ can change with x;; for
4-component polymer systems. Forg* =0,{(x,);;} describes
the spinodal or the limit of thermodynamic stability for
the macrophase transition (or separation), whereas for g*
# 0, {(xs)ij} describes the spinodal point for the microphase
transition (or separation).

Since a criterion for the stability limit (or relationships
between y;;) for 4-component systems is very difficult to
obtain analytically, let us consider a special case where all
N, and the ratio x;;/x12, except for x12, are fixed. In such
a situation, the spinodal transition in terms of (xV) can
be obtained from

Flg*,(xN),] =0 (26)

where x is x12 and Nj is the degree of polymerization of
component 1. In order to check whether or not eq 26 is
indeed satisfied, we rearrange eq 19 as

Flq,(xNp)1 =1+ a,(@)(xN)) + b (@)(xN,)* +
e (QGND? @D

where
4
a,(@) = D_I8,(@IRy/N, (28a)
T
4
bO(Q) = Z[Dzvgjkg(Q)]Rinu/NIQ (28b)
%
¢.(@) = 2lW(@)/S@1x*n/x}/ (ND®  (28¢)
in which
R; = x;/x (29a)
X = Xi12 (29b)

Note that since every S;j(q) in Dz ;jz¢(q) and Wy(g) contains
Ny (k = 1-4), a,(q), bo(q), and ¢,(g) in eq 28 have R;; and
N, implicitly.

Let us now consider several specific cases:

(i) co(@) = 0. This case can be obtained from the
following relationships for x;;:

Ry =1 (30a)
R14 = R23 =« (30b)
Ry=Ry=1-a (30¢)

where 0 < o < 1,since eq 30 gives x*p = 0. Note that when
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a is equal to unity, the 4-component system under
consideration represents a mixture of two block copoly-
mers, (A-B); and (A-B);, having the same structure.
Therefore, in this situation, the following relationship must
be satisfied in order to obtain a definite value for (xN1):

la,(g™1? = 4b (g% (31)

It should be mentioned that eqs 30a-c can be applied
to a special 4-component system. Since there are six
independent x;; (i.e., x12, X13, X14, X23, X24, &nd X34) in eq
217, five dependent equations given by eqs 30a~c leave only
one unknown x (i.e., x12). Therefore, eq 27 can be solved
if x12 is known. But, since x;; is usually expressed by the
solubility parameters of the monomers i and j (§; and ),
six x;; are expressed by only four solubility parameters, §;
(i = 1-4). For example, x12 is given by

X1z ~ (8, = 8,)° (32)

In this situation, « in eqs 30b and ¢ must be equal to 1 or
0 (i.e., a mixture of (A-B); and (A-B);) when the
relationships for x;; are given by eqs 30a—c.

But, due to specific interactions such as the hydrogen-
bonding force between the monomers i and j, the values
of x;; cannot be determined by the solubility parameters
alone. Therefore, we will continue to use the very special
relationships for x;;given by eqs 30a—c for the 4-component
systems.

(ii) e.(q@) #= 0. In this case, one can easily know that
at least one value of (xV;)s, which may be either positive
or negative, exists due to the characteristics of the cubic
function F(q) with respect to x.N1.

(b) Mixture of Two Block Copolymers (A-B) and
(C-D). For mixtures of block copolymer (A-B) and block
copolymer (C-D) S;j(g) are given by

S1(g) = o, Nig(f1,Np) (33a)
Sy(q) = ¢ N1g(1-f;,Ny) (33b)
Sys(@) = (1 - ¢)Ng(f3,N;) (33¢)
S4(@) = (1~ ¢)Nzg(1-f3,Ny) (33d)

S12(q) = (/)N [8(LN)) - g(f, Ny - g(1-f,,N))] (33e)

Syl = (1/2)(1 - ¢)N;[g(1,Ny) - g(f3,N3) - g(l“fs,Ns)]
(33f)

S13(9) = S14(q) = Sp3(q) = Spu(@) = 0 (33g)

where ¢; and 1 — ¢; are the volume fractions of block
copolymers (A-B) and (C-D), respectively, f; is the volume
fraction of component A in block copolymer (A-B) and f;
is the volume fraction of C in block copolymer (C-D), and
fiN1, (1 = fi)N1, f3N3, and (1 - f3)N; are degrees of
polymerization (or number of statistical segments) for A-D
chain segments, respectively. Also g(f;,N)) is given by

8(f,N) = 2[fx; + exp(-fx)) - 1]/x,~2 (34a)
where

x; = Ng'a%/6 (34b)

Note that the statistical segment length, a, in eq 34b is
assumed to be the same for all polymers A-D. For
illustration purposes, let us consider a special case, where
all R;; are given by eq 30. Note that when eq 30 is used,
F(q) in eq 27 becomes a quadratic function with respect
to (xV1), since x*p in ¢o(g) is equal to zero (see eq 20d).

Forfi=1-f;=0.2, N3 = (}/y)N1, and a = 0.2, plots of
F(q) versus gR,; for various values of xN; at ¢; = 0.4 and
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Figure 1. Plots of F(q) versus gR; for f, = 1-f; = 0.2, N3/N;
= 0.25, and a = 0.2 for various x N at different ¢1: (a) ¢1 = 0.4;
(b) ¢ = 0.2. Circle and triangle represent microphase and
macrophase separations, respectively.

0.2 are given in panels a and b, respectively, of Figure 1.
Note that R, is the radius of gyration of the block
copolymer (A~B). We have chosen two values of ¢; (i.e.,
0.4 and 0.2), since at ¢ = 0.4 the spinodal for the
microphase transition, (xV1)smicro, 0CCUrs more easily than
that for the macrophase transition, (xN1)smacro (i.€.,
(XN1)s,micro < (XNl)s,macro)’ while at ¢; = 0.2 (XNl)s,macro is
less than (xN1)smicro, Which will be elaborated on below.

The following observations are worth noting in Figure
la: (i) for x N1 <47.9, the system does not become unstable
(i.e., it remains in a stable or metastable state) for both
microphase and macrophase separations, since F(q) is
larger than 0 for all values of qR,;; (ii) for xN1 = (xIN1)©
= 479, F(g*) becomes zero at (gR;)* = 1.86, which
corresponds to the spinodal for microphase separation,
and the ¢ mode at (gR,;)* = 1.86 becomes unstable. Note
that there exist two values of xNy, (xN1)©, and (xN)?
where (xN1)© < (xN1)P, from the solution of F(g*) = 0
at (gR;1)*, because F(g) in eq 27 becomes a quadratic
function with respect to xN; when eq 30 is used; (iii) for
xN1 = (xN1)smacro = 63.6, F(g=0) becomes zero, which
corresponds to a spinodal for the macrophase transition
since the mode with ¢ = 0 becomes unstable; (iv) for xNV;
= (xN1)® = 105.3, F(g) becomes zero again at (qRg)* =
1.86, but it does not have a minimum at (qR;1)*; (v) for
xN1 > (xN1)M (e.g., xN1 = 150), the ¢ mode with (gR;:)*
= 1.86 becomes stable, while the ¢ modes satisfying 0 <
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Figure 2. Plots of (qRg1)center versus xNy for fy = 1 - f3 = 0.2,
Ns/N1 = 0.25, and o = 0.2 at ¢1 = 04.

gR;1 < 1.24 and 3.32 < gR,1 < 6.48 become unstable; and
(vi) (qRg1)center, Which is the minimum point in the second
unstable region appearing in curves 5 and 6, increases with
increasing xN;. It should be noted from curves 2 and 5
that only (xN1)© becomes (x.N1)s micro, because for (xN1)™
F(q) does not exhibit a minimum at (gR)* although F(g*)
is equal to zero.

Also, the following observations are worth noting in
Figure 1b: (i) for xN1 < 69.4, the system does not become
unstable (i.e., it remains in a stable or metastable state)
for the macrophase separation, but the minimum in F(q)
occurs at g = gn, # 0; and (ii) for xN1 = (XV1)s,macro = 69.4,
F(q*=0) becomes zero, which corresponds to the spinodal
for the macrophase transition where the ¢ modeat ¢ =0
becomes unstable. Itisof interest tonotethatthe g modes
around gR;; = 2, which are unstable for small xN; (e.g.,
xN = 100), become stable with further increased values
of xN; (e.g., xIN1 = 150), which is a trend similar to that
shown in Figure la.

It is surprising to note in Figure 1 that, for larger values
of xNj (e.g., curves 5 and 6 in (a) and curve 5 in (b)), there
exist two unstable regions.®® Note that (gRg)center shifts
continuously from (qR;)* toward a larger value of g with
increasing xN; (compare curve 5 with curve 6 in Figure
la and compare curve 4 with curve 5 in Figure 1b).
Therefore, we conclude that the unstable region on the
left side is related only to macrophase separation, while
the unstable region on the right side is related to
microphase separation-with the ¢ mode of (gRg1)center. TO
illustrate the point, plots of (gR,1) cente: versus x.V1 are given
in Figure 2, from which we can observe that (gR,1)center
changes little for 47.9 < xN; < 75, but it increases
significantly for xN1 > 90. For 76 < xNi < 88, (qRg1)center
does not exist (see curve 4 in Figure la).

It should be mentioned that the values of (gRz)* in
Figure 1 were obtained from (gRg1)m, where F[(qR,1)m] is
equal to zero at a given (xN1)s. Note that for the (A~
B)/(C-D) mixture, (qRz1)n, which makes F(g) a minimum
at given xN1, can vary with xN1. This is quite different
from the mixtures of two block copolymers having the
same chemical structure, (A-B);/(A-B)3, where (qR;1)m is
the same as (qR;;)* regardiess of the value of xN;. To
illustrate the point, let us consider the (A-B):/(A-B):
mixture (i.e., « = 1), and plots of F(q) versus qR,; for
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various values of xN; at ¢; = 0.4 are given in Figure 3. It
can be seen in Figure 3 that (i) for xN1 = (x/N1)smicro =
12.15, F{(q) becomes zero at (gRz1)* = 1.03, and (ii) for xN;
> 12.15, F(q*) becomes negative (i.e., unstable at ¢*) and
(gRg1)m, which makes F(g) a minimum, remains equal to
(gR;1)* regardless of the value of xNi. It should be
mentioned that each curve in Figure 3 cannot be super-
imposed onto one another by a vertical shift. Note that
for the {(A-B);/(A-B)s mixture, F(g) in eq 19 becomes

F(q) = [S(g)/W(g) - 2x1IW(g)/S(g)] 35)
where

S(q) = S11(@) + 2815(@) + Spe(q) + Sya(@) + 2S,(9) +
S.(g) (36a)

W(Q) = [Su(Q) + S33(Q)][822(Q) + S44(Q)] - [Slz(Q) +
S3(@)]* (36b)
But, according to ref 18, f(q) is usually defined by

fl@) = S(@)/W(g) - 2x 37

showing that the dependence of f(g) on g does not vary
with x (or xN1). Thus, f(qg) for various values of x (or
xN1) can be superimposed onto one another by a vertical
shift. However, according to eq 35, the dependence of
F(q) on ¢ varies with x and F(q) for various x (or xN1)
cannot be superimposed onto one another by a vertical
shift, as shown in Figure 3.

Based on Figures 1 and 3, plots of (xN1), versus ¢; for
various values of @ (0 < « < 1) are given in Figure 4a—f.
Note that the case of « = 1, given in Figure 4a, corresponds
to the (A-B){/(A-B); mixture with f; = 0.2 and f3 = 0.8,
and the case of o = 0, given in Figure 4f, corresponds to
the (A-B)1/(A-B) mixture with f; = f3 = 0.2 and N3/N;
= 1/,, where f3 is the volume fraction of A and N3 is the
total degree of polymerization in the block copolymer (A-
B)..

The following observations are worth noting in Figure
4a~f: (i) with decreasing «, the stability for macrophase
separation increases gradually, and the stability for
microphase separation increases rapidly for ¢; = 0.2. Here,
increased stability means a decrease in the transition
temperature for the systems where x decreases with
increasing temperature or increasing (xN1)s; (ii) for a =
0, the spinodal curve for the macrophase transition no
longer exists; (iii) for a > 0.166, in the region of ¢;cL <
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¢1 < ¢1cr, only the spinodal curves for macrophase
transition exist; and (iv) for a = 0.166, ¢1,c1. and ¢1,cr have
the same value (0.2). Note that ¢, cL (and ¢1,cr) is the
volume fraction of the block copolymer (A-B) in the
mixture below (and above) which the spinodal point for
the microphase transition occurs more easily than that for
the macrophase transition (i.e., (xV1)smicro < (xIV1)a,macro)-

The spinodal curves for the macrophase transition shown
in Figure 4a—e were obtained by finding the values of
(XxN1)s macro 8atisfying the following expressions:

F(g*=0)=0 for¢,cp<¢; <o cx (38a)
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F(g=0)=0 for0<¢, <¢,cLor¢,cpg<¢;<1 (38b)
By substituting eqs 19, 20, 33, and 34 into eq 38, we obtain

1/[N$;] + 1/[Ny(1 = 6] = 2(xer), (39)

where

Xeti = Fifaxas + 11— f)x14 + (1 = f)fsxos +
A=A = fIx24 — HLL = f)x12 — 31 = f3)xz4 (40)

and (xe)s is the effective Flory interaction parameter
between the block copolymer (A-B) and the block co-
polymer (C-D) at the spinodal point. Note that, for the
situations under consideration, W,(¢=0) and all terms of
Dyiire(q=0) in F(q) (see eq 27) are equal to zero (or, bo-
(g=0) = c,(g=0) =0). Thus F(q) becomes a linear function
of xN1, and only one value of (xN1)smacro €Xists. It should
be mentioned that eqs 39 and 40 were derived previously
by others,183%4! who investigated the miscibility or stability
limits for a mixture of two random copolymers, (A-B) and
(C-D), based on the mean-field theory. Note that the
mean-field spinodal point for the macrophase separation
in a mixture of two block copolymers is the same as that
in a mixture of two random copolymers and can easily be
obtained from the Flory-Huggins theory with proper
modification of the free energy.

It should be pointed out that in Figure 4 spinodal curves
occurring for ¢1crR < ¢1 < 1 have a physical meaning
different from those for ¢;cL < ¢1 < ¢1,cr. For example,
point C in Figure 4c has physical meaning only in the case
when the mixture is quenched from a single phase (e.g.,
point A in Figure 4c) to a state above point C. When the
mixture is first quenched from a single phase to a state
between point B and point C, point C cannot predict the
spinodal from the state between point B and point C to
a state above point C. In this sense, point C is not a
spinodal for the macrophase transition in the conventional
sense. In other words, at point C in Figure 4c, F(g) is not
a minimum at ¢ = 0 although F(g=0) is equal to zero, as
shown in curve 3 in Figure la. The spinodal for mac-
rophase separation in the conventional sense corresponds
to the system where F(q) is a minimum at ¢ = ¢* = 0 and
F(g*=0) = 0, as shown in curve 2 in Figure 1b. Note that
the values of xV; at points A-E in Figure 4c were used to
obtain curves 1-3, 5, and 6 in Figure 1a, respectively.

The observations made above in reference to Figure
4a-e (i.e., the stability for macrophase separation is
enhanced with decreasing o) can be explained using eqs
30 and 40:

(Xeff)u - (f1 + f3 - 1)2 - a(2f1 - 1)(2f3 -1

Xetdam1  (fL+ f3-D* = @f, - 1f - 1)

When f; + f5 = 1 (except for f1 = f3 = 0.5), eq 41 reduces
to

4D

(Xefd of Kot a=1 = @& (42)

For 0 < a < 1, the value of (xeff)« becomes smaller with
decreasing «, which explains the enhanced stability for
macrophase separation shown in Figure 4a—e. But eq 41
(or eq 42) cannot be used to predict the spinodal curves
for microphase separation given in Figure 4a~f. Note from
eq 39 that macrophase separation no longer exists when
(xeff)« is equal to 0, which is the case for a = 0, given in
Figure 4f.

Plots of (gRg1)* versus ¢; for various values of o are
givenin Figure 5. Note in Figure 5 that (i) for the mixtures
having o greater than 0.166, with increasing ¢;, (gR;1)*
decreases sharply in the region of ¢; < ¢1,cL, is zero for
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Figure 5. Plots of (gR,:)* versus ¢, for fy = 1 - f3 = 0.2, and
N3/N; = 0.25 for various values of a.

10l < ¢1 < ¢1CR, and increases in the regime of ¢; >
é1,cR; (ii) for the mixtures having « less than 0.166, (qQR,)*
decreases gradually with increasing ¢;; and (iii) for the
mixtures having a equal to 0.166, (gRg1)* for macrophase
separation occurs at only one point, ¢; = 0.2.

Forfi=1-f;=0.5, N3 = (/) Ny, and a = 0.5, plots of
F(q) versus qRg for various values of xN; are given in
Figure 6a for ¢; = 0.2, Figure 6b for ¢; = 0.1, and Figure
6¢c for ¢; = 0.35. Note that this system does not have
instability for macrophase separation, as is obvious from
eqs 30 and 40 (i.e., xet = O for all @). It can be seen from
Figure 6a that (i) for xV1 < (xVN1)s micro = 52.5, the mixture
does not become unstable (i.e., it remains in a stable or
metastable state) for microphase transition; (ii) for xN;
= 52.5, the mixture becomes unstable at two different
modes, (qR;1)*V = 1.946 and (gR41)*® = 3.89; and (iii) for
52.5 < xN1, the mixture becomes unstable for two modes,
(ngl,L)(l) < (qRy) < (ngl,R)(l) and (ngl.L)m < (ngl) <
(qR;1r)®. The center of the unstable mode (or the
minimum point in F(q)) occurring on the left side,
(qRg1)center'?, shifts toward a smaller ¢ mode with increas-
ing xN1, whereas the center of the unstable mode occurring
on the right side, (qRg1)center'®, shifts toward a larger ¢
mode with increasing xVi.

From Figure 6b, it can be seen that (i) for xN; <
(XN1)smicro® = 46.6, the mixture does not become unstable
(i.e., it remains in a stable or metastable state) for
microphase transition; (ii) for xN; = 46.6, the mixture
becomes unstable for microphase separation at (gR,1)*®
= 3.89; (iii) for 46.6 < xN1 < (xV1D)s,micro” = 112.87, the
g modes near (qR;1)*®@, or (gRg1)center®, become unstable;
(iv) for xN, = 112.87, the g modes at (qR;)*® = 1,563 and
near (gR;1)*® become unstable; and (v) for xN; > 112.87,
the ¢ modes at both (qRg1)center'™ and (qRg1) center™® become
unstable, and (gRz1)center™™ and (gRz1)center™® shift toward
alower and higher value of g, respectively, with increasing
xNi. Figure 6¢ can be explained in a similar manner. This
system is just complementary to the system considered in
Figure6b. The mode (gR1)*V reaches an instability first,
and the mode (gR;1)*® reaches an instability later with
increasing xN1.

Based on Figure 6, plots of (gR,1)* versus ¢; are given
in Figure 7a. It can be seen in Figure 7a that (i) (gRz)*®
is the same (i.e., 1.946) as that for the block copolymer
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Figure 6. Plots of F(q) versus gR,; for f; = f3= 0.5, N3/N; = 0.25,

and a = 0.5 for various xN; at different ¢,: (a) ¢1 = 0.2; (b) ¢

= 0.1; (¢) ¢1 = 0.35. Circle and triangle represent microphase

separation with (qR;)*® and (gR,)*?, respectively.

(A-B) for ¢; = 0.13 and decreases rapidly with decreasing
¢1 and (ii) (qRg1)*® is the same (i.e., 3.89) as that of the
block copolymer (C-D) for ¢; < 0.312 and increases rapidly
with increasing ¢;. Note that it may be possible that two
values of (qR;)* exist for ¢; < 0.06 and ¢; > 0.5 (but not
for ¢; = 0 and 1), although it is very difficult to determine
the exact value from numerical computations.

Also based on Figure 6, plots of (xN1), versus ¢; are
given in Figure 7b. Note that (i) the values of xN; at
points A—C in Figure 7b were used to generate curves 1,
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2, and 5 in Figure 6a, respectively; (ii) the values of xN1
at points D-F in Figure 7b were used to generate curves
2-4 in Figure 6b, respectively; and (iii) the values of xN1
at points G-I in Figure 7b were used to generate curves
2-4 in Figure B¢, respectively. It can be seen in Figure 7b
that, in the system considered above, there exist four
different regimes: (a) regime I, where the mixture does
not become unstable (i.e., it remains in a stable or
metastable state) for microphase transition; (b) regime II,
where the mixtures become unstable for the ¢ modes near
(qRg1)center'”, but stable or metastable for the ¢ modes
with (gRg1)center'®; (c) regime III, where the mixtures
become unstable for the ¢ modes near (gRg1)center™®, but
stable or metastable for the ¢ modes with (gR.1)center™;
and (d) regime IV, where the mixtures become unstable
for the ¢ modes near (qRg1)center'” and (qRg1)center®. Also
note in Figure 7b that (i) (xN1)smicro'"’ corresponding to
(gRg)*Y increases rapidly with decreasing ¢1, (ii)
(XN 1)s.micro® corresponding to (qR;1)*®@ increases slightly
at first and then increases rapidly with increasing ¢, and
(iii) these two values become the same at ¢; = 0.2.
Finally let us consider the spinodal curves and (gRg)*
given in Figure 8 for various values of « for the mixtures
considered above (i.e., fi = f3 = 0.5 and N3 = (}/ ) N1). Note
that, for practical purposes, the spinodal points for the
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microphase separation of the mixture, (xN1), in Figure
8a, were taken from the value of (XN1)smicro!l or
(XxN1)s micro®, whichever was smaller. Also, the values of
(gRz1)* in Figure 8b were taken as corresponding values
of (xNy)s in Figure 8a. It can be seen from Figure 8a that
the stability for microphase separation increases with
decreasing o until a < 0.5. Note that the value of (xN1),
for 1 — a is the same as that for a. For the mixtures
considered above, since x.s obtained from eq 40 becomes
zeroregardless of the value of &, no macrophase separation
will occur. It is of interest to note in Figure 8a that for
a = 0.6 and 0.5 there exists a discontinuity in (xN1)s at
¢1= 0.2 and for « = 0.8 there exists a slight maximum near
¢1=0.07, which is quite different from the situation having
a =1, where (xN1)smicro decreases steadily with increasing
¢1. Also, at ¢; = 0.2, (gR,1)* becomes discontinuous for
a = 0.5 and 0.6, as shown in Figure 8b. These phenomena
can be explained by the existence of two values of
(xIN1)s,micro Which occur at different values of (gR;1)*, and
these two values are the same at ¢; = 0.2.

From Figures 6 and 7b, we can conclude that, for specific
relationships of R;jsuch as those given by eq 30, it is possible
that two different values of (xN1)smicro (i.€., (XN1)s,micro™”
and (xN1)smicro?) exist at different values of (gRg1)* (i.e.,
(qR1)*V and (gR;1)*?) and that each value of (qR;; ) * varies
with ¢;. These results can be tested experimentally using
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small-angle X-ray scattering by choosing a mixture of two
block copolymers. It should be mentioned that even for
the (A-B)1/(A-B); mixture, where f; = f3 = 0.5 and N3 «
Nj, it may be possible that two spinodal points exist for
the microphase separation at different values of g*.1¥ But,
(qR;)*?V and (gR,1)*® do not vary with ¢;, which is
different from the situation of the (A-B)/(C-D) mixture,
where these two values change with ¢, as shown in Figure
7a. Note further that for the (A-B)1/(A~B)s mixture where
f1 = f3 = 0.5 and N3 is not much different from N; (e.g.,
N3/N; = 1/,), there exists only one value of the spinodal
for the microphase separation.

(¢) Mixture of Block Copolymer (A-B) and Two
Homopolymers C and D. For mixtures of block copol-
ymer (A-B) and two homopolymers C and D, S;j(g) are
given by

S11(@) = ¢;N18(f1.Ny) (43a)
Ses(q) = ¢.N,g(1-f,N,) (43b)
S33(q) = ¢3Ng(1,N;) (43¢)
Su(@) = ¢.Ng(1,Ny (43d)

S15(@) = (/)¢ N, [8(LN,) - g(f,,Ny) - (1-f,,N)] (43e)
S13(q) = S14(q) = Sy3(q) = Sp(q) = Sp(@) =0 (43D)

where ¢1, ¢3, and ¢4 are the volume fractions of (A-B), C,
and D, respectively; Ni, N3, and N, are the degrees of
polymerization (or numbers of statistical segments) for
(A-B), C, and D; and f; is the volume fraction of component
A in block polymer (A-B).

Let us again consider a special case where the interaction
parameters are given by eq 30. For fi = 0.5, N3 = Ny =
(Y/2)N1, ¢3 = ¢4 = (1 — ¢1)/2, and « = 0.5, plots of F(q)
versus gR,; for various values of xN; at ¢, = 0.8 are given
in Figure 9. It can be seen in Figure 9 that (i) for xV; <
(XN1)s micro = 13.12, the mixture does not become unstable
(i.e., it remains in a stable or metastable state) for both
microphase and macrophase separations; (ii) for xN; =
13.12, F(g*) is zero at (qR,1)* = 1.946, which corresponds
to the spinodal for microphase separation, and the ¢ mode
satisfying (qR;1)* = 1.946 becomes unstable; (iii) for xN;
= (xNDsmacro = 20, F(g*=0) is equal to zero, which
corresponds to the spinodal for macrophase transition
where the ¢ modes satisfying both 0 and 1.06 < gR,; <3.47
become unstable; (iv) for xN1 > 20 (e.g., xN1 = 50), the
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q modes satisfying 0 < gR,; < 0.58 and 2.71 < qR,, < 6.06
become unstable; and (v) (qRg1)center, Which is a minimum
point in the second unstable region of microphase tran-
sition appesaring in curves 4-6, shifts toward a larger value
of g with increasing xN1. It should be noted that curves
5 and 6 in Figure 9 are very similar to curves 5 and 6 in
Figure la. Therefore, forlarger values of xNy, the unstable
region appearing on the left side is related to macrophase
separation, whereas the unstable region on the right side
is related to microphase transition.

Based on Figure 9, plots of (xN1); versus ¢; are given
in Figure 10a for various values of « (0.5 < a < 1). Note
that the values of x./V; at points A-D in Figure 10a were
used to generate curves 1-3 and 5 in Figure 9, respectively.
Also, plots of xN: versus ¢; for N3/N; = 0.1, f; = 0.5,
and ¢3 = ¢4 = (1/2)(1 - ¢;) are given in Figure 10b. It can
be seen in Figure 10a that (i) for « = 1 (i.e., the mixture
of the block copolymer (A-B); and two homopolymers A
and B), both (xN1)smicro and (xV1)smacro decreases with
decreasing ¢;; (ii) for & = 0.8, (3/V1)s micro initially increases
and then decreases with decreasing ¢1; (iii) for « = 0.6 and
0.5, (xIN1)s micro increases rapidly with decreasing ¢;; and
(iv) (xV1)s,macro is independent of « at a given ¢;. Note
that both (xN1)s,micro and (xN1)emacro fOr 1 — a are the same
as those for a. It should be mentioned that curve 1 in
Figure 10a (i.e., « = 1 or 0) was reported previously.*?
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The spinodal curves for the macrophase separation in
Figure 10a were obtained by substituting eqgs 19, 20, and
43 into eq 38&:

1/(N1¢;Nyp3) + 1/(N3¢sNydy) + 1/(N,1¢1 Ny ) -
2(X13'/N4¢4 + X14'/N3¢3 + X34/N1¢1) + 2(X13’X34 +
X34X14’ + X13/X14’) - [(X13/)2 + (X14’)2 + (X34)2] =0 (44
where

X13/ = f1X13 +(1- f1)X23 ‘f1(1 - fx)Xm (45a)

X1 = fix1e ¥ U= x4 = il = f) X1z (45b)

Note that eq 44 can also be obtained from eq 48 in ref 20.

For fi = 0.5, N3 = Ny = YNy, and ¢3 = ¢4 = (1 - ¢1)/2,
which is the same situation considered in Figure 10, eq 44
reduces to

(XNl)s,macro =2/[v(1-¢p] (46)

From eq 46 we observe that (xN1)smacro decreases with
decreasing ¢1 and (xIN1)smacro i8 independent of « at a
given ¢ (see Figure 10).

It should be mentioned that both (xN1)smicro and the
region of the spinodal for macrophase transition (i.e., ¢1,cr)
increase with decreasing o until a reaches 0.5 for mixtures
of block copolymer (A-B) and two homopolymers C and
D, as shown in Figure 10. On the other hand, the region
of the spinodal for macrophase transition (¢1 cr — ¢1,cL)
decreases, whereas (x.V1)s,micro increases with increasing o
for mixtures of two block copolymers, (A-B) and (C-D),
as shown in Figure 4a—d.

When the ratio N3/N; = N,/ N is decreased to 0.1, the
microphase transition region is greatly extended, as shown
in Figure 10b, although the general trend is similar to that
in Figure 10a.

IV. Concluding Remarks

In this paper, we have presented a new method for
calculating the structure factors 3; (@) for multicomponent
polymer systems using the random-phase approximation
and incompressibility constraint. Specifically, we have
derived eq 12 for an m-component polymer system and
obtained S;;(q) in explicit form given in eqs 17-21 for
4-component polymer systems. We then considered, for
illustration purposes, spinodal curves (or stability limits)
for two 4-component polymer systems, namely (i) mixtures
of two block copolymers, (A-B)/(C-D), and (ii) mixtures
of a block copolymer, (A-B), and two homopolymers, C
and D. We have found that under certain relationships
between the x;;, in the mixtures of two block copolymers
(A-B) and (C-D) having different chemical structures,
two spinodal transitions for microphase separation are
possible at two different values of (gR;1)* and that each
(gR;1)* changes with ¢;. Note that, in the most general
situation, we need six Flory interaction parameters, x;,
for the 4-component polymer systems considered above.
The predictions made in this study must await the results
of careful experimental investigation in the future.

Inderiving eq 12, we have imposed the incompressibility
constraint. Recently, Freed and co-workers3!-3 raigsed
questions about the validity of the incompressibility
constraint for block copolymer melts. Atpresent, however,
there is not sufficient experimental evidence, which either
supports or rejects the validity of the incompressibility
constraint, that has been used in the derivation of various
expressions for the structure factors for block copolymers
using the RPA method.”#11-24 We must await the results
of careful experiment, which will enable us to determine
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the validity of (or reject) the incompressiblity constraint
often used in RPA calculations.
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Appendix I

For the mixtures of a block copolymer (A-B) and a
homopolymer C, we have

88,(q) =0 (Al)
and, S,71(g)-(X + v.é,) is given by
X133+ 1/333(Q) —Xgz + 1/833(Q)
-x13 F 1/S33(Q) —Xg3 + 1/833((1)
Also, from eqs 16b, Al, and A2 we have

U(g) =

~2x13 + 1/835(Q) X12 = X13 ~ X23 + 1/833(q)
X12~ X13 ~ Xg3 + 1/S35(@) —2x03 + 1/S33(q)

(A2)

(A3)

Note that U;1(g) (or U22(q)) in eq A3 is the same as eq 19a
in ref 15 and U12(q) in eq A3 is the same as eq 19b in ref
15. In order to calculate S‘,-j(q), we first consider §-1(g).
From eqs 14 and A2, we have

Sp(@)/d + Uy(@)  =Spy(g)/d + Upyl(q)
I = | O22 11 12 12
5 l:_Slz((I)/d + U@ Suy(@)/d + Un(@) } (A4
where Uj;(q) are given by eq A3 and d is given by

d = 8,,(9)Sp(q) - [Sp@T’ (A5)
The inversion of matrix §(g) is given by!6
_1|8u(@ + Un@d S, - Uyl (A6)
A [81(@) - Up(@d  Sy(q) + Uy(g)d
where A is given by

A=1+ Sll(q)Ull(q) + Szz(Q)Uzz(Q) + 2812(Q)U12(Q) +
dlUL(@Up(@) -U @] (AT

Note that Su(g) (or 822(¢)) in eq A6 is the same as eq 9a
in ref 16 and Si12(q) in eq A6 is the same as eq 9b in ref
16.

Let us now consider the 4-component polymer systems
for which each component of U(g) is known and 88,(g) is
azeromatrix. Inthissituation, S;;1(q) is easily calculated
from eq 13:

S(g)

8,7'@ = 8,7@ + Uj(@) (A8)

On the other hand, the calculation of Sjj(q) from 8;;1(¢)
requires the solution of six nonlinear equations:

[3,,:@8,(9) - 8,%(@)1/D = [8,,(9)S5(q) - Sy,%(@)1/D +

Uss(q) (A9a)

[81:(@)853(@) - 815%(@)1/D = [S1,(9)S53(@) - Si5(@)1/D +

U, () (A9Db)

[822(0)855(@) = 85591/ D = [Sy5(9)S33(q) — Sp*(@)1/D +

Un(@ (A9c)
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[8,5(@)8,5(@) - 815(0)855(@)1/D = [S43(9)S:3(q) -
S12(@)833(@)1/D + Uy,(q) (A9d)

[8,2(0)855(a) - By()813(@))/D = [S12(@)Sp4(q) -
S (@)S13(@)1/D + Us3(q) (A9e)
[3,2(@)815(@) ~ 51,(@)85(@1/D = [8,,(@)S13(0) -
Su(Q)Sza(Q)]/D + U23(Q) (A9f)
where

D = 3,,@[8,2(@)853() - 8352 (@] ~ 8, [815(9)835(9) -
S15(@)855(@)1 + 8139 [815(9)855(q) - 815(0)85(@))
(A10a)

D = 8,,(q)[Sx(9)S53(q) - 5232(‘1)] - S12(9)[S15(q)S;5(q) -
S13(Q)Sz3(Q)] + 813((]) [Slz(Q)Sza(Q) - Sm(Q)Szz(Q)]
(A10b)

Note that the solution of eqs A9 and A10 for §; (@) requires
an initial guess for each value of 8;i(q) (i,j = 1, 2, 3), which
is rather difficult, Without having a reasonable approx-
imation for each Sij(q), the solution of eqs A9 and A10 is
difficult to obtain.

Appendix II

From ref 8, the spinodal point can be obtained from

a(g*)c(g*) = [b(gM]* (B1)

Substitution of eqs 2.21-2.23 in ref 8 into eq B1, after
some rearrangement, gives (see eq B4 in ref 43)

[a- a,=- bo) - 4¢1°b°] (ch¢c)2 + 2{[aogAA(q) + bogBB(Q) -

(1-a, - b.)8as(®)]/Dy(@) + 1/Al@}(xr o) -
[1+ S,(q)/A(g)1/Dy(q) =0 (B2)

where
Dy(9) = 84a(9)88p(9) - [2ap(@)]? (B3a)
S2(q) = 8aa(q) + £pp(q) + 28,5(q) (B3b)
A(Q) = dyrugu(q)/ o,
8, = Xau/X b, = Xpu/x (B3c)
Also, the spinodal point is given by
Fg" =0 (B4)

From eq 19 for m = 3 and eq B4, we have
“F@*)[S3()/ Wa@] = (x:5° + X153 + Xa5D) =~ 2(X19X13 +
X12X3 + X13X23) — [Sa(@)/ Wy(@)I{1 + 2[8,5(@) x5 +
515(@)x13 + Sp5(@)x351} = 0 (BS)

where
S12(9) = ¢crcgan(@)

S02(q) = dcrcgpplq) (Bba)
S33(q) = dyrugu(@)  Sia(@) = Sy(@) =0 (B6b)
S3(g) = S11(@) + Spp(q) + Sy3(q) + 2S,,(q) (B6c)

811(@) = dcreganl(@)

W3(g) = [S11(@)Spe(@) - S12(Q)21333(Q) (Béd)

Note that in deriving eq B5 from eq 19, the following
relationships are used:

W@ =0 S,q =8S:q) (B7a)
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Dy 1910(@) = Dy 1313() = Dy 9393(q) = —(1/4)W3(q)/S3(q)
(B7b)
Dy 1915(@) = D2,1223(q) = Dy 1303(q@) = (1/4) W3(q)/S3(9)
(B7c)

From eqs B6 and B3 we have

S,(q)/ Wy(@) = [1 + Sy(@)/A(@)/[Dx(g)(dcrc)’]  (BS)
Also, we have

[S5(9)/ W5(@)10S,5(q) + b,855(q) + a,Si5(9)] =
{l—agaa(@) — b gpp(@) + (1 —a, - b)8ar(9)1/Dy(q) -
1/ A@}/ (pcre) (BY)

Finally, substitution of eqs B8 and B9 into eq B5, after
some rearrangements, yields eq B2.
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