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ABSTRACT: The Cahn—Hilliard—Cook (CHC) theory with random phase approximation (RPA) for the
time change in the structure factor in multicomponent polymer systems is used to describe the dynamics
of the early stage spinodal decomposition. Explicit expressions on the time change in the structure factor
for the block copolymer/homopolymer mixture have been obtained with the dynamics of microphase/
macrophase separations of the mixture presented in detail.

I. Introduction

Multicomponent polymer systems have been a fasci-
nating subject of material science in recent years
because of their remarkable physical properties. Tan-
aka and Hashimoto! studied the phase diagram of a
mixture of block copolymer A—B and homopolymer B
(A—B/B) and that of a mixture of homopolymer A,
homopolymer B, and A—B (A—B/A/B) by using the
random phase approximation (RPA). Hong and Nool-
andi? and Whitemore and Noolandi® developed a theory
for the phase diagram of a mixture of A—B and homo-
polymer C (A—B/C) where C has a chemical structure
different from A—B. Jin Kon Kim et al.* studied the
phase diagrams of 4-component polymer systems by
using the RPA.

de Gennes? first introduced the RPA to calculate the
structure factor of macromolecules with heavy-atom
labels in polymer melts. Leibler® studied the structure
factor of monodisperse A~B by the RPA. Tanaka and
Hashimoto! calculated the structure factors of A—B/A
and A—B/A/B systems. Ijichi and Hashimoto? obtained
an explicit expression for the structure factor of three-
component polymer systems. Jin Kon Kim et al.* and
Benoit et al.? derived the structure factor for multi-
component polymer systems.

de Gennes,? Pincus,!? and Binder!! studied the dy-
namics of a binary polymer blend in one-phase and two-
phase regions. Akecasu et al.'? applied the RPA to the
dynamics of a binary polymer blend and a diblock
copolymer in the one-phase region in terms of the
dynamic scattering structure factor. Akcasu and Tom-
bakoglu!® then developed the theory for the dynamic
structure factor in multicomponent polymer systems by
using the RPA.

Akcasul? derived the generalized Cahn—Hilliard—
Cook (CHC) theory!®1¢ and applied it with Rouse
dynamics to the short time dynamics of binary polymer
blends. Kawasaki and Sekimoto!’~1? presented a new
stochastic equation for the multicomponent systems by
adopting the biased reptation model in the mean field
approximation. The Kawasaki and Sekimoto theory
considered g-dependent kinetic coefficients which re-
place the Onsager kinetic coefficients in the usual time-
dependent Ginzburg—Landau equation. They, however,
did not show the practical expressions needed to calcu-
late the structure factors for real experimental systems.
Hence we present here a method to stimulate the long
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Figure 1. Examples of polymer systems considered in this
study: (a) A/B/C, (b) A—B/B, (¢) A~B/C, (d) A/B1/Bs, and (e)
A-B-C. m and n denote the number of “polymer” and that
of “component” in the system, respectively.

time dynamics for multicomponent polymer systems by
using the generalized CHC theory and the RPA with a
g-dependent kinetic coefficient based on the Kawasaki
and Sekimoto theory. This method should permit us
to calculate the time change in the structure factor of
multicomponent polymer systems during the early stage
of spinodal decomposition. We shall apply our results
to an A—B/B system and obtain the necessary explicit
expressions in order to describe the dynamics of the
phase separation process via spinodal decomposition. By
using the derived expressions, we can calculate the time
change in the structure factor of the system quenched
into the unstable region where macrophase separation
and microphase separation occur.

II. Theory

Let us consider the dynamics of spinodal decomposi-
tion by quenching a mixture of m polymers consisting
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of n components into an unstable region. Figure 1
illustrates the examples of polymer systems considered
in this study. Here “m polymers” means that the
mixture has m kinds of copolymers of homopolymers.
The homopolymers made of the same species with
different molecular weights are considered as different
polymers. Hence, an A/B/C system, an A—B/B system,
an A—B/C system, an A/Bi/B; system, and a triblock
copolymer A—B—C system are considered as a three-
polymer system, a two-polymer system, a two-polymer
system, a three-polymer system, and a one-polymer
system, respectively, where B; and B; consist of identi-
cal species but have different molecular weights. The
definitions of a “component” are as follows: (i) the
homopolymers made of a different species are identified
as different components; (ii) the homopolymers made
of the same species with different molecular weights are
considered as different components; (iii) different species
in a block copolymer are identified as different compo-
nents. Therefore an A/B/C system, an A—B/B system,
an A—B/C system, an A/B1/Bs system, and a triblock
copolymer A—B—C system are all considered as a three-
component mixture.

The structure of an m-polymer system consisting of
n components is characterized by concentration fluctua-
tions gi(g,t) of the ith component at wavenumber g and
time z. The structure factor S;(g,¢) which characterizes
the concentration fluctuation of the system at ¢ and ¢
is defined by

Si(q,t) = (eda,t)ofa,thr (1)

where (...)r denotes a thermal average. The scattered
intensity I(q,t) at ¢ and ¢ is given by

Igt)~ Y aaSya.t) @

ij=1

where a; (i = 1, 2, ..., n) corresponds to the scattering
amplitude per monomer of component i. By using the
incompressible constraint and the symmetry property
(Sifg,t) = S;iq,t)) eq 2 becomes

n—1
Igt)~ Y (a; = a,)a; — @,)S;(q,0) 3)
ij=1

According to the CHC equation by Akcasu,!¢ the time
change in the structure factor matrix 8(g,t) is given by

S(g,5) = S,i(@) + Lig.0iS(q,0) - S, (@L'q) @

where S(q,0), Seq(g), and L(g,¢) are the structure factor
matrix at ¢ = 0, the virtual structure factor matrix, and
the normalized dynamic structure matrix, respectively,
with L(g,?) being the hermitian conjugate of L(qg,t).
These matrices are (n — 1) x (n — 1) matrices and the
component 7 is eliminated by using the incompressible
constraint.

S(g,0) and S.q(g) can be calculated by using the RPA.
If the mixture contains at least one homopolymer, we
can use the method developed by Benoit et al.® where
one of homopolymers in the mixture can be eliminated
as the component n. According to the method developed
by Benoit et al., S(g,0) and S.4(g) are given by

[S(q, 017" = [Sy(@] ™" + vo(@) (5)

and
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[Se @1 = [Se@1 ™ + vilg) (6)

respectively. It should be noted that eq 6 is valid only
in the early stages of spinodal decomposition!* when the
system is still in a state of equilibrium. If the system
moves away from equilibrium after a quench into the
spinodal region, 8.4(g) becomes nonphysical in nature
and is referred to as a “virtual structure factor”. In any
case, the procedure (eq 6) should be considered an
approximation even in a shallow quench. Sy(g) is the
bare structure factor matrix and the components S ;(q)
of So(g) depend on the structure of constituent polymers
in the system. For example, if all n-constituent poly-
mers are homopolymers, So;(g) is given by

Sodq) = ¢:Nglq,N;,b) (7
and

Soi(@)=0 fori=j (8)
where ¢; and N; are respectively the volume fraction and
the polymerization index of i and & is the statistical
segment length. It is noted that the statistical segment
length of each component in the system is assumed to
be identical for simplicity. g(q,lV;,b) is the Debye func-
tion, defined by

glg,N,b) = —Z—Z[exp(—xi) +x, — 1] 9
x;
where
N‘bz 2
x == (10)

vo(g) and vr(q) are the interaction matrices before and
after quench, respectively. The elements vo;(g) of vo(g)
are given by ’

Vo;:(Q) = fori=j (11)

1
- 2X in
SO,nn(q) 0.
and
__1 o
vO.U(q) T8, - (Xo,in + Xojn — Xo,ij) fori=j
0,nn q)
(12)
where yo,; are the Flory—Huggins segmental interaction

parameters between k and [ before quench. Similarly,
the elements vr;(q) of vr{g) are given by

1
Ural@) = g5 = Zin (13)
and
1
vr(Q) = S @ (rin T Xrjn — ¥1y) (14

where y14; are the Flory—Huggins segmental interaction
parameters between k and ! after quench. If there is
no homopolymer in the mixture, we use the following
method proposed by Kim et al.* The components S;(g,0)
of S(q,0) are expressed by
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n-1
8;(q,0) = k;cik(q)[so,kj(q) — wy(@)So (@] (15)
where C;x(g) is the component of the (n — 1) x (n — 1)
matrix C(g). C(q) is given by
Cq)=A"Yg) (16)
with

n

Azj(q) = Z[So,ip(q) - wi(q)SO,mp(q)][XO,pj - xo,pm] +
p=1
wig) +9d; A7)

and w;(q) is given by

_ 4
Wi =0 (18
with
tg) = ZSO e (19)
r=1

Scq(g) can be obtained by replacing yo; with x1;.
L(g,t) is expressed by

L(g,t) = exp(D(g)t) (20)

where D(g) is the collective diffusion matrix and is given
by

D(q) = ~q*A@)S. (@] @D

A(q) is the mobility matrix and the elements A;(g) of
A(g) are given by

ZAO,ip(q)ZAOJq(q)
Ay@) = Aoylg) = ——— (22)
ZAO,kl(q)
ki

if we assume that the system obeys the slow theory,®~11
where the slow component controls the collective diffu-
sion of the system. On the other hand, if the system
obeys the fast theory,1314.20.21 where the fast component
controls the collective diffusion of the system, then A;(q)
is given by

AY@) = Ayo@) = &, 3 Aipol@) — & D Agiol@) +
p=1 g=1

882 D Ars (@) (23)

r=1s=1

It is noted that if the { and j components (i = j) are those
of a block copolymer then Ag;{q) is nonvanishing. For
examples, Ao aB(q) [=Aoa(@)], Aopc(q) [=Aoca(q)], and
Ao,ca(@) [=Ao,ac(g)] are zero for an A/B/C system (Figure
la), whereas these parameters are not zero for an
A—-B-C system (Figure le). Our result is somewhat
different from the Akcasu et al. result!® because they
calculated only the short time bare mobility matrix,
which is diagonal in the Rouse limit, whereas in this
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Figure 2. Schematic illustration of an A—B—C-D block
copolymer of which A and D are assumed to be, respectively,
the head and the tail of the copolymer.

study we are considering the long time mobility. Ka-
wasaki and Sekimoto!”~1° proposed the expression for
Ao (@) by using the biased reptation model. According
to their theory, Ag/{q) is given by

Ao (@) = 3D Ny Py(@) (24)

where D; is the self-diffusion coefficient of the £
polymer, and ¢, and N, are respectively the volume
fraction and the polymerization index of the & polymer
given by

&= D0, (25)

(k)

and

Ny= YN, (26)
(k)

Here the summation in eqs 25 and 26 denotes that in
the & polymer. For example, in the case of an A—B/C
system as shown in Figure 1c, N1 and N; are Ny + N
and N, respectively. If the monomeric diffusion coef-
ficient and the polymerization index between entangle-
ments of each component in the k& polymer are identical,
D, is expressed by

27

where Dy, and N, are respectively the monomeric
diffusion coefficient and the polymerization index be-
tween entanglements. If i = j and the i component is
not present in the same polymer containing the j
component, Ao ;{(q) is 0. Py(q) is given by

Pq)=—IP, (@~ P,,@ — P, (@) +P,, (@]
Nkb q J J ' iy (28)

with

Pyizj(q) = exp(— -é— a7 b2q2) 29)

where y; and z; are respectively the head point and the
tail point of the i component. For example, let us
consider the A~B—C—D copolymer as shown in Figure
2. If A and D are assumed to be the head and tail,
respectively, y; and 2z; of each component are expressed
by

yA=O’ 2A=NA,

y8=N,, 2z =N,+ Np,
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yC=NA+NB’ ZC=NA+NB+NC’

and

(30)

It should be noted that Schwahn et al.?2 reported a
discrepancy between the theoretical results and their
experimental results in the g-dependent Onsager kinetic
coefficient. Kawasaki and Koga?® suggested that this
discrepancy was caused by the stress effects. In this
paper, the Kawasaki and Sekimoto theory is assumed
to be valid.

D(q) is not symmetric so that we have to diagonalize
D(g) by a similarity transformation to calculate L(q),

A(q) 0

A(q)

dg)=QDQ ' = (31)

0 @

where d(g) is the diagonal matrix of D(q), Ax(q) are the
eigenvalues of D(g), and Q is given by

Q' =lqy, gy s Yyy] (32)

where qx are the eigenvectors of D(g). By using eq 31,
L(q,t) is expressed by

Lgt) = Q'Qexp(D(@))Q'Q = Q' exp(d(g)t)Q
= Q"ll(q,t)Q (33)

where 1(g) is given by

eilt 0
Agt

gn=| ° - (34)

0 e/{,,-lt

By substituting eq 33 into eq 4, we obtain

S(g,t) = S.(¢) + Q1 X (g,)QIS(g,0) —
S.(@1Q1 g.HQI" (35)

The procedure to calculate S(g,¢) is as follows: (i) the
calculation of 8(¢g,0) and S.4(g) by using egs 5, 6, 11,
and 12, (ii) the calculation of D(g) by using S.(g) and
eqs 21—24, (iii) the calculation of Ax(q) from D(q), (iv)
the calculation of Q by using Ax(q), and (v) the calcula-
tion of S(g,t) by using eq 35.

III. Dynamics of Spinodal Decomposition in an
A—B/B Mixture

Let us consider the dynamics of spinodal decomposi-
tion in an A—B/B mixture as an application of the CHC
theory. It is noted that the dynamic structure factor of
the system in the one-phase region have been considered
by Tombakoglu and Akcasu.?* The mixture referred to
A in A-B, B in A—B, and homopolymer B as 1, 2, and
3. We identify homopolymer B or component 3 as the
matrix. I(g,t) of the mixture is, according to eq 3, given
by

Ig,t) ~ (a; — a3)®Sy,(q,t) (36)

First, we shall calculate S(q,0) and S.q(g) which are 2

Spinodal Decomposition of Polymer Systems 3243

x 2 matrices. The components Sy ;(q) (i, j = 1, 2) of
So(q) are given by

So11(@) = Ny h(f.Ny,b,9) (37
So.22(@) = Nydh(1 — Ny,0,9) (38)

and

N,
So.12(@) = Sp21(@) = ?bd’b[h(l,Nb,b,(I) -
h(be,b,Q) - h(]- - erb9bsQ)] (39)

where
o, =@, + & (40)
N, =N, +N, (41)
f=N/(N; +N,) (42)
and
hEND.) = 2ife + e — 1] (43)
X
with
2 .2

The elements vo{q) and vr;{g) of the interaction
matrices are given by

o(@) = @ ~ %oap (45)
D012(@) = Vo21(@) = V2@ = @ 46)
and
vpn(@) = m ~ 2 ap 47)
0112@) = Vp(@) = 1@ = @ (48)
respectively, where
So,33(q) = N3¢3h(1,N3,b,9) (49)

By substitution of eqs 45 and 46 into eq 5, S(g,0) can
be obtained explicitly as follows:

S(g,0) =
(S011(@)S0,55(@) + A% (Sg15(g)S35(@) + A% ] /A
(S0,12(¢)80,55(9) + A% (S0,20(@)8 35(q) + A° - 2%0.B)
(50)
where

A= So,n(q) + So,zz(q) + 230,11(‘1) + So,33(q) -
20,48(5011(@)S0 33(9) + A% (51)

and
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A= S0,11(@)S0 25(@) — [So,lz(q)]z (52)

Similarly, S.q(q) is given by
S =
(S0,11(@)S 53(g) + A% (So,m(q)so,ss(q) + A% ] /

(So12(@)S035@) + A% (Sg25(@)S 35(q) + A® = 21 4p)
(53)

Next, we shall calculate D(g). Here it is assumed that
the A—B/B system obeys the slow theory. The elements
Aif{q) of Alg) are given by

Ayl = Ao 11( @A 22(@) + Aga3(@)] — [A0,12(q)]2
H Aga3(@) + Ag 11(@) + Ag (@) + 2A,12(9)
(54)
Ag(q) = Ay, 22(‘1)[1\0 1(@) + Ay, 33(@)] — [Ao 12(q)]2
24 Ay, 33(g) T Ag11(@) + A, 22(q@) + 244 15(q)
(55)
and
Ag(@) = App(@) =
A0,12(CI )[Ao,lz(q) + Ao,33(q)] - Ao,n(q)Ao,zz(q) (56)
Ag33(g) + Ao,u(q )+ Ao,zz(q )+ 2Ao,12(q )
where
Aonlg) = bz;fbn(Nl) (57)
Aogl@) = b;"f"navz) (58)
Aosl@) = bz;‘i’snuvl)navz) (59)
and
D¢
A0y33(q) bzzzan(Ng) (60)
with
n(N,) = 1 — exp(—N,b*¢*/6) (60a)

where D}, and Dj; are the self-diffusion coefficient of block
copolymer and homopolymer B, respectively.

By using eqs 21 and 53—56 the elements D;{q) of D(q)
are expressed by

0,22(@) 1
_ - +
Dy(g) {All( )[ A° * So,33(@) 2xT'AB]
(@) 1
Alz(q)[ ) 120 5, 33(61)]} o
8o.12(@)
D, y(q@) = —q2{A11(q)[— OZ:) * S, 33(q)]

So,n(q) 1
AIQ(Q)[ AO + 80’33(Q)]} (62)
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Figure 8. Stability limit of macrophase separation (solid line)
and microphase separation (broken line) for the A-B/B
mixture with N; = N = 1000 and N; = 1000.

Table 1. Characteristic Parameters Used in This Study

N, 1000 Dy, nm?%/s 0.25
N, 1000 D3, nm%s 1
N3 1000 b, nm 0.7
So,.22(@) 1
D()=—2{A()[’ + -2 +
21\q q 1214 AO 80,33(q) XT,AB
So12(@) 1 ]}
Aoo(@)l— — + (63)
24 [ A° So,33(q)
and
S,12(9) 1
D()=—2{A()[— S+ +
20\q q 129 AO So 33(q)

0,11(@) 1 }
+ 4
A22(Q)[ A° So23(q )] 64

Finally, we calculate S11(g,¢). Before the calculation,
we have to obtain the diagonalized matrix d(g,t), Q, and
Q1. The eigenvalues A:i(q) and A3(g) are the solution

[Dy1(@) — M@ Dyy(q) — A(@)] — D15(q)D4:(q) =0 (65)
Qis
_ D1 Dy, ]
Q=[G - Dy Gy~ Dy (66)
Substituting eqs 65 and 66 into eq 35, we obtain S11(g,¢):
1 2@t
Si1(g,t) =S 11(@) + la,(g)e?1@
1149 9,119 (@) - lz(q))2 a
az(q)e(l1(4)+iz(q))t + aB(q)eQI'lz(q)] (67)
where
al(Q) = (Sn(q,o) - Seq’u(q»(il(Q) - Dzz(q»z +
2(812(‘1,0) - Seqylz(Q))(ll(Q) - DZQ(Q))Dlg(Q) +
D15 @)%(85x(q,0) = Seq22(@)) (68)
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Figure 4. Time change in the structure factor for the A~B/B system with ¢, = 0.2 quenched from y = 0.001 to y = 0.009. The
unit of time indicated in the graph is seconds.
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Figure 5. Time change in the structure factor for the A—B/B system with ¢, = 0.6 quenched from y = 0.001 to y = 0.0076.
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Figure 6. Time change in the structure factor for the A—B/B system with ¢, = 0.6 quenched from y = 0.001 to y = 0.009.

ay(q) = 2(A1(q) — Dyx(@))(Dy5(q) — Ax(@)XS1(q,0) —
Seq,ll(q)) + 2D1,(g)X2Dyy(q) — 4,(q) —

lz(q»(sm(q,o) - Seqylg(q» - 2D12(Q)2(822(Q70) -
Seq22(@) (69)

and

as(g) = (S1,(q,0) — Seq,ll(q))(D22(q) - lz(q))z -
2(Dgy(q) — A5(@)D15(g)(812(q,0) — S,y 12(g) +
(522(@,0) = Seq2(@)D1(q) (70)

Let us analyze the dynamics of spinodal decomposi-
tion in the A—B/B mixture by using eq 67. Tanaka and
Hashimoto! investigated the phase diagram of the
A-B/B mixture in detail by RPA. The stability limit of
the mixture for macro separation can be calculated by
setting the condition

S;g=0"t=0 (71)
If S11(q) has a peak at ¢ = qy,, S11(¢) has the microphase
separation and the stability limit for the microphase
separation can be calculated by setting
Sulg=g,)' =0 (72)

The results suggest that the mixture has both a
microphase separation and a macrophase separation.
Both phenomena depend on the volume fraction and the
molecular weight of the constituent polymers in the
mixture.

As an example, we calculated the dynamics of the
A~—B/B mixture shown in Table 1, where we assumed
that the diffusion coefficient is independent of temper-

ature. Figure 3 shows the phase diagram of the mixture
used in this calculation. As indicated by Hashimoto and
Tanaka,! the mixture showed only macrophase separa-
tion at ¢, < ¢. but macrophase separation and/or
microphase separation at ¢y, > ¢.. We calculated three
cases: (i) The quench from P to Q. This quench is
expected to induce only the macrophase separation. (i)
The quench from R to U. The point S is below the
stability limit of the macrophase separation but above
that of the microphase separation. Thus only micro-
phase separation progresses. (iii) The quench from R
to V where both micro- and macrophase separation are
expected to occur.

Figure 4 shows the time change in the structure factor
of the A—B/B system with ¢, = 0.2 quenched from P (y
= 0.001) to @ (x = 0.009). The peak appears at ¢ =
0.11 nm~! and ¢ = 700 s and the peak shifts to a small
q region. This shift was also shown in the time change
of the scattered intensity of homopolymer blends cal-
culated by Strobl.?

The time change in the structure factor of the A—B/B
system with ¢, = 0.6 quenched from R (y = 0.001) to U
(x = 0.0076) is plotted as a function of ¢ in Figure 5.
The interesting feature on the time change in the
structure factor is that the peak at ¢ = 0.11 nm™! and
t = 0 s shifts to larger g values with time in the early
time region. This is because the effects of thermal
fluctuations. After ¢ = 80 s, the peak shifts to smaller
q values.

The calculated results for the system quenched from
R (x = 0.001) to V (x = 0.009) where the concentration
fluctuation mode at ¢ = 0 is unstable are shown in
Figure 6. The same tendency shown in Figure 5 is
observed in Figure 6. This is because the g value at
which the structure factor grows with the maximum
rate for Figure 5 is almost the same for Figure 6, even
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though the concentration fluctuation mode at ¢ = 0 is
unstable. Unfortunately, this equation is valid only in
the early stage of spinodal decomposition, where the
concentration fluctuations are small, so that we cannot
simulate the microphase separation induced by mac-
rophase separation. We should observe the difference
in the time change in the structure factor between the
quench from R to U and that from R to V at a further
time region where nonlinear effects become important.

IV. Conclusion

In this paper, we have proposed a method to calculate
the dynamics of the early stage spinodal decomposition
for multicomponent polymer systems by using the
generalized CHC theory and the RPA. We considered
the g-dependent Onsager kinetic coefficient by following
the Kawasaki and Sekimoto theory and obtained explicit
expressions to describe the time change in the structure
factor for an A—B/B mixture. The time change for three
quench conditions have been calculated as an example.
In a forthcoming paper,26 we plan to calculate the
compatibilizer effects of the A—B block copolymer in the
dynamics of A/B/A—B mixtures.

Acknowledgment. We gratefully acknowledge sup-
port of this research by the Polymers Program, National
Science Foundation (DMR 9301294).

References and Notes

(1) Tanaka, H.; Hashimoto, T. Polym. Commun. 1988, 29, 212.
(2) Hong, K.; Noolandi, J. Macromolecules 19883, 16, 1083.

Spinodal Decomposition of Polymer Systems 3247

(3) Whitemore, M.; Noolandi, J. Macromolecules 1985, 18, 2486.

(4) Kim, J. K.; Kimishima, K.; Hashimoto, T. Macromolecules
1993, 26, 125.

(5) de Gennes, P. G. J. Phys. (Paris) 1970, 31, 235.
(6) Leibler, L. Macromolecules 1980, 13, 1602.
(7) ljishi, Y.; Hashimoto, T. Polym. Commun. 1988, 28, 135,

(8) Benoit, H.; Benmouna, M.; Wu, W. Macromolecules 1990, 23,
1151.

(9) de Gennes, P. G. J. Chem. Phys. 1980, 72, 4756.
(10) Pincus, P. J. Chem. Phys. 1981, 75, 1996.
(11) Binder, K. J. Chem. Phys. 1983, 79, 6387.

(12) Akcasu, A. Z.; Benmouna, M.; Benoit, H. Polymer 1986, 27,
1935.

(13) Akcasu, A. Z.; Tombakoglu, M. Macromolecules 1990, 23, 607.
(14) Akcasu, A. Z. Macromolecules 1989, 22, 3682.

(15) Cahn, J. W. J. Chem. Phys. 1965, 42, 93.

(18) Cook, H. E. Acta Met. 1970, 18, 297.

(17) Kawasaki, K.; Sekimoto, K. Physica 1987, 143A, 349.

(18) Kawasaki, K.; Sekimoto, K. Physica 1988, 148A, 361.

(19) Kawasaki, K.; Sekimoto, K. Macromolecules 1989, 22, 3063.

(20) Kramer, E. J.; Green, P.; Palmstrom, C. J. Polymer 1984, 25,
473.

(21) Brochard, F. In Molecular Conformation and Dynamics of
Macromolecules in Condensed Systems; Nagasawa, M., Ed,;
Elsevier: New York, 1988; p 249.

(22) Schwahn, D.; Janssen, S.; Springer, T. J. Chem. Phys. 1992,
97, 8775.

(23) Kawasaki, K.; Koga, T. Physica 1993, 196A, 389.

(24) Tombakoglu, M.; Akcasu, A. Z. Polymer 1992, 33, 1127.
(25) Strobl, G. R. Macromolecules 1985, 18, 558.

(26) Takenaka, M.; Chu, B. Manuscript in preparation.

MA9460192



