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ABSTRACT: The theory of slow dynamics of monomer concentrations in polymer blends and block copolymer
melts developed earlier by the present authors is reconsidered when the incompressibility condition is replaced
by the condition of constant chemical potential for the total monomer density. This results in modifications
of earlier results even for the symmetric polymer blends where the same results are obtained for macroscopic
interdiffusion. Linearized equations of motion for concentration deviations from homogeneous states as well
as from the equilibrium lamellar state are derived, the latter giving rise to phase equations for long-wavelength
deformations of lamellae. For blends in the strong segregation regime, we find the diffusion along interfaces
of the type considered by Mullins, giving rise to the !/, power law for the domain growth in time. This process,
however, is masked by faster hydrodynamic growth process.

1. Introduction

Dynamics of macroscopic phase separation in polymer
blends and microphase separation in block copolymers is
one of the most interesting but still poorly understood
problems in phase transition studies and in polymer sci-
ences.! A major source of difficulty resides, of course, in
our incomplete understanding of chain dynamics in poly-
mer melts. Nevertheless, a wealth of experimental studies
has been accumulated that motivates one to attempt
theoretical understanding of these problems. We pres-
ented such attempts? stimulated by the pioneering works
of de Gennes, Pincus, Binder, and others.® One of the
crucial assumptions made in these theories is that the
system is totally incompressible. A consequence of this
is that polymer chains cannot move independently even
for the mean field type reptation model, but correlations
are introduced among moving parts of chains that form
temporary rings.24

Difficulty of polymer chain dynamics in melts, however,
precludes a priori judgement of validity of incompressi-
bility, for which we must rely on tests by laboratory ex-
periments or computer simulations.

Experimental tests of the incompressibility assumption
have been performed recently for the related but somewhat
different problem of interdiffusion in compatible polymer
blends. Here two theories have so far been put forward
that give quite different predictions. One is based on the
incompressibility assumption® (slow process) whereas the
other assumes the constant chemical potential for the total
monomer density® (fast process). The available experi-
mental evidence seems to exclude the prediction based on
the incompressibility assumption.! In Appendix A we
discuss the problem of bulk flow in the context of this
work. This development thus necessitates reconsideration
of earlier theories of phase-separation dynamics, which is
the purpose of this paper.

In the next section we summarize the main results of
this work and intuitive discussions will be given wherever
appropriate. Derivations of these results and some formal
developments are contained in the sections that follow.
This reconsideration is important even for the so-called
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symmetric polymer blends® where the difference between
the two theories vanishes for macroscopic interdiffusion
taking place in the homogeneous background (Appendix
A). In section 3 we develop a general theory of concen-
tration dynamics for polymer blends and diblock polymers
in which only relative monomer concentrations are the slow
variables. This means that the total monomer density is
eliminated by requiring that the chemical potential asso-
ciated with the total monomer density is constant. The
theory is first applied in section 4 to the simplest problem
of dynamics of small concentration deviations from the
uniform background in blends and diblocks. Section 5
deals with linear dynamics of small concentration devia-
tions in the equilibrium lamellar phase of diblocks. The
result is used in section 6 to investigate dynamics of
smooth deformations of lamellar structure, which can be
shown to be described by a phase equation. Explicit results
are obtained for the weak segregation regime. In section
7 we are concerned with the late-stage phase separation
of blends where the problem can be reduced to dynamics
of interfaces.

2. Main Results with Intuitive Discussions

In this section we summarize main concrete results of
this paper and also give intuitive explanations wherever
appropriate. We first take up the slow dynamics of the
smooth deformation field u(r, t) of the lamellar mesophase
pattern of the block copolymer system. This is an analogue
of the deformation of roll patterns in Rayleigh-Benard
convection or of layers in the smectic A phase of liquid
crystals.” Here, u(r, t) is found to satisfy the following
phase equation® when the undeformed lamellae are in the
xy plane

i(t)—D62+DV4(t) (2.1)
54 0 = Fw 1V 4 Julr, .

where V 4 = (V)2 with V 2= (3/9x)% + (3/dy)%. The two
terms in (2.1) describe the two types of deformations
shown, respectively, by the left and right figures of Figure
1. For the compressible case now under consideration and
in the weak segregation regime the coefficients in (2.1) are
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Figure 1. Lines of constant phase of lamellar structure associated
with the two types of deformations in (6.12).
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Figure 2. Values of 4,, A,*, A, and A * plotted as functions
of the block ratio. Only half of the curves are shown in view of
the symmetry about 0.5 of the block ratio.

obtained explicitly by employing the reptation model® and
are found to be given by

D, D, b?
D, = ﬁAz D, = W
where N, b, and D are the polymerization index, the Kuhn
length, and the monomer diffusion constant, respectively.
A, and A | are functions of the block ratio and are shown
in Figure 2, where the corresponding functions with as-
terisks for the previously obtained incompressible casel?
are also depicted. We see that the results are very close
to each other. This is to be more or less anticipated be-
cause here we are dealing with the same type of chains in
contrast to blends where different center of mass motions
of different molecular species come into play. Hence, we
expect the situation to be quite different for multicom-
ponent systems like blends of two block copolymers. The
same remark applies to the wavenumber-dependent On-
sager kinetic coefficient in (2.9) as will be discussed at the
end of section 4.

We now consider a polymer blend in the strong segre-
gation regime (SSR) with sharp interfaces dividing A-rich
and B-rich domains, which occur at late stage of phase
separation. For the incompressible case that we have
already considered? the dominant mechanism for mor-
phology change is the correlated reptation loop process as
depicted in Figure 3 where solid and wavy lines represent,
respectively, the A-type and B-type chains lined up to form
a loop that moves in the direction of arrows. Note that
loop processes of this kind need not be restricted to the
naive reptation process® but can include processes where

A, (2.2)
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Figure 3. Correlated reptation loop passing through a domain
wall. Solid and wavy lines represent portions of the loop involving
A- and B-type chain segments, respectively.

Figure 4. Correlated reptation loop connecting two isolated
domains.

the loop is formed from portions of chains that perform
concerted motions along the loop such as the one consid-
ered by Pakula.? The process is characterized by a pair
of a source and a sink of p,(r) on the domain wall, re-
spectively, indicated by @, and Q; in the Figure 3. Thus,
if we consider a region containing either one of the source
or the sink but not both, there is a net increase or decrease
of the A-type monomers within the region. In other words,
there is an apparent violation of the conservation law on
a small scale. This leads to the familiar Lifshitz—Allen—
Cahn law of curvature-driven domain wall motion without
conservation!!

v=D% (2.3)

where v is the velocity along the wall normal, # is the
mean curvature, and D is the polymer self-diffusion con-
stant apart from some dimensionless numerical factor,
which may take large values if only small portions of chains
are involved. This gives rise to the t/2 law of coarsening
at some early stages characterized by small length scales.?
We note that the result obtained here is a consequence of
the effective long-distance hopping of monomers and is
not restricted to the particular kinds of processes consid-
ered here. Here, the incompressibility condition may not
be indispensable but helps to extend the hopping distance
by introducing correlations (“rigidity”) into the system as
will be discussed below.

For later stages of coarsening where length scales are
greater than the typical distance of a source—sink pair, the
conservation law manifests itself and the t!/3-growth law
was recovered. However, it is important to point out a
special feature of this case distinguishing it from the more
usual Lifshitz—Slyozov type processes for small molecules.'®
This arises from the fact that in SSR a polymer chain (e.g.
of the A-type) practically cannot move through wrong
domains (e.g. consisting of the B-type chains). To illustrate
the point consider two isolated A-type domains floating
in the sea of B-type domain as depicted in Figure 4 where
a loop passing through the two A-type domains is also
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Figure 5. Material transfer between two isolated domains for
small molecular system.
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Figure 6. Material transfer along a domain wall.

shown. There is no net transfer of A-type monomers be-
tween the two A-type domains. This is contrasted with
the Lifshitz-Slyozov type process as depicted in Figure 5,
where net transfer is permitted, and thus each isolated
domain can act as a net source or a sink. For the polymer
case, on the other hand, each domain can contain only a
pair of source and sink (i.e. a dipole) and no net transfer
into or out of an isolated domain is permitted. ‘This is
explicitly demonstrated in Appendix E of ref 2a for the
naive reptation process. Late-stage phase-separation ki-
netics of polymer blends for the incompressible case based
on the reptation picture was discussed in ref 2 and will not
be repeated.

We now turn to the case where the incompressibility
condition is replaced by the other extreme condition that
the total density adiabatically follows change of the relative
concentration (the so-called fast diffusion case) expressed
as the requirement of the constant chemical potential
conjugate to the total density. In SSR a change of the
relative concentration, which is again limited to the vicinity
of domain walls since a polymer chain practically cannot
wander into “wrong” domains here also, is accompanied
by a change in the total density, i.e. a change in the number
density of vacancies in the lattice model. (Actually, here
we mean the total density change, which still remains after
the bulk flow has taken place; see Appendix A.) In the
present case the total density variation cannot propagate
far away from the domain wall region since the relative
concentration is fixed there. “Vacancies” and hence the
relative concentration change will then be transported
along the domain wall as is shown in Figure 6. The ele-
mentary steps associated with such a transport will extend
only over finite distances in the absence of rigidity. In the
absence of the total density change associated with a
relative concentration change, basically the same picture
holds where the relative concentration is directly trans-
ported along the domain walls. We denote this distance
by Rp. The situation like this where, however, Ry is of
atomic scale has been considered by Mullins.’®* He showed
that when the length Rt is much smaller than the radii of
curvature of domains, (2.3) is to be replaced by

v = D'Ry?V 2H (2.4)
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with D’ another diffusion constant than D where V,2 is the
Laplacian acting on the domain wall. It is also known that
this leads to the t'/4 law of coarsening.'* Note that here
again no net material transfer occurs between isolated
domains as in the incompressible case. The reptation
model estimate gives

DRy? ~ DyRat (2.5)

where D,,, is the reptation result for the self-diffusion
constant, R the gyration radius of a chain, and £ thickness
of the interface. The very slow process considered here,
however, is normally masked by much faster hydrodynamic
process.

It is instructive to compare (2.3) with D equated to D,
and (2.4) with (2.5). The ratio of (2.3) and (2.4) is

(24) /(2.3) ~ D, oyRaEV2H /Do H (2.6)

For # ~ I, [ being the average domain size, we esti-
mate for [ < Rg?/¢ where (2.1) is valid, (2.6) ~ Rgé/?,
which is very small for the length scale of our interest !
much greater than Rg. For [ > R?/£ where the right-hand
side (rhs) of (2.1) acquires an additional factor Rg%/¢l (see
ref 2), the above ratio becomes £2/R;!, which is again very
small. Thus we see that the process described by (2.4) is
indeed a very slow process counteracting with our expec-
tation that the fast process should give rise to faster do-
main growth. This is due to the fact that the words fast
and slow processes®® are appropriate only when one is
dealing with diffusion in a uniform background.>® The
condition of constant chemical potential in fact gives rise
to another constraint than incompressibility, which re-
stricts the chain movements effectively to very narrow
regions of the width £ surrounding the interface.

Here, we have examined the two extreme cases where
the total density cannot change at all or adiabatically
follows the concentration change. These are the two
special cases of a more general situation in which the total
density behaves as an independent dynamical variable. An
example of theory that deals with such a situation in the
framework of a lattice model is the work of Schichtel and
Binder!® where vacancies are permitted to move inde-
pendently. In a continuum theory this can be done by
introducing the heat mode since the remaining sound wave
modes vary too fast and drop out in the slow concentration
dynamics.

As byproducts of this work we obtain the explicit ex-
pressions for the wavenumber-dependent Onsager kinetic
coefficients denoted as Ag(k), which are associated with
the decay rates of the concentration deviation from uni-
form background for both polymer blend and block co-
polymer system in the compressible case. This is sum-
marized here.

For a blend with the relative concentration S, of two
kinds of polymer with polymerization indices N, and Ny
we have

0 So
So(l - So)[ N—Aznk(NA) + NB-Z'%(NB)

2.7

where T is the temperature, g is the total number density
of monomer, and

92D,

Tp0b2

As(k) =

m(N) =1 - exp(-%k2b2N) 2.8)

The corresponding expression for a diblock copolymer
system with the polymerization index N and the block
ratio S, is
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J\(k)-—iD—l——a So)2n (NS,) +
S - Tpo(Nb)z[ 0/ Mk 0
S N(1 = Sp)] + So(1 = Sp)nu(NS)m[N(1 = S]]

(2.9)

3. Equation of Motion for Monomer
Concentrations

We consider a general multicomponent polymer system
whose chains contain monomers of various species K = A,
B, ... We will be interested in very slow morphology
change, which is assumed to be described by a set {p} of
the local monomer density fields” pg(r, t), K = A, B, ....
Then we can start from the general kinetic equations of
change for {p} as follows (the random force will be con-
sistently omitted here and the argument ¢ is suppressed
for simplicity)?

Lok) = % (dr Agehur) @)
>

ot
ug(r) = 6Hlp}/dpk(r) (3.2)
[k . pelr)
Agg(rr’) =< 70 “A(e): 30 >m (3.3)
Hip} = ~kgT In jl' de ¢~Hiel/ksT (3.4)

Here, ¢ denotes a configuration of the entire system of
chains with the free energy H(c¢). Then chain dynamics
is formally expressed as

%c = -A(c)-0H(c) /3¢ + random force term (3.5)
where ¢ is thought to be arranged as a vector in the chain
configuration space and A{c) is the symmetric kinetic
matrix in this space. jg(r) is the microscopic expression
in terms of ¢ for the monomer density pg(r). The angular
bracket in (3.3) denotes the local equilibrium averages with
the constraint pg(r) = pg(r) for every K and r, and the
integration in (3.3) is restricted to the region satisfying
px(r) = pg(r). The explicit formal details can be found
in section 2 of ref 2a. Here we point out that Axx(rr’) has
contributions mainly from |r - r’| less than about the
end-to-end distance of polymer provided that each chain
is assumed to move independently in the mean field
formed by other chains like the reptation model.® The
fundamental assumption for (2.1) is that there exists a
dynamical regime in which the local monomer densities
are the only slow variables, to which all other variables are
“slaved”, i.e. assume their local equilibrium values. This
is a nontrivial assumption. For instance the local segment
orientation may take very long times to relax, for instance,
in lamellar phase of block copolymers where chains are
already elongated in the equilibrium state.!” Nevertheless,
in this work we adopt this assumption since this is the
simplest one to make for studying morphology dynamics
and work out its consequence, which can be tested by
experiments and computer simulations. We also remark
here that the local quantities such as pg, pk, and ug should
in fact be defined over a suitably chosen coarse-graining
volume. The linear size of this volume must be much
greater than the chain segment length to justify the con-
tinuum description but must be much smaller than the
linear size of a chain in order to see polymer effects such
as apparent violation of conservation for the incompres-
sible case.

Hip) is the free-energy functional, ug(r) is the local
chemical potential, and Agg(rr’) represents a generaliza-
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tion of the Onsager kinetic coefficient. All these quantities
depend functionally on {0} and hence can change in time.

In the following it is convenient to use the matrix no-
tation in the r space so that pgx and ug denote vectors with
their r components pg(r) and ug(r), respectively, and Agy
the matrix with the rr’ elements given by

(r|AKK»|1") = AKK/(rr’) (3.6)

Thus (3.1) is written simply as
0
apK = _ZAKK’”’K' (3.7)
L

Here we note two properties of Agx which also follow
directly from (3.3). One is the Onsager reciprocity re-
flecting the symmetry of A(e):

(rlAgglr’y = (r'|Agglr) (3.8)

Another comes from the conservation law for each species:

i}
f& px(r, t)dr =0 (3.9)
That is

§ (rlAgelr) dr = [ (r{Agelr') dr =0 (3.10)

The last result implies that ux(r) is arbitrary up to an
additive constant.

Before proceeding further we encounter a problem.
Even though variations of relative concentrations of dif-
ferent species of monomers can be very slow since driving
forces for them are chemical rather than mechanical, this
is not so for the total density

pr = 2pk (3.11)
K

which can be driven by mechanical forces. There are two
simple ways to deal with the total density. One is to as-
sume that the system is completely incompressible as we
have done previously.%® This leaves no room for free
volume to play a role in the system and brings in certain
rigidity in a general sense!® and hence long-range dynam-
ical correlations such as correlated reptations of polymer
chains.2* Another approach is to assume that the total
density is also slaved to the assumed slowly varying relative
concentration fields defined by

Sk = px/p7 (3.12)

This assumption is formally expressed by requiring that
the total chemical potential

up(r) = 8Hlp}/dp7(r) = %SK(I‘)MK(I') (3.13)

takes on a constant value, say, ug.!® This assumption, in
fact, is equivalent to that made by Kramer and co-workers®
in interpreting the experimental results of interdiffusion
of compatible polymer blends. Expressing Hip} as a
functional of Sk and pr, we have (we often suppress the
arguments r unless confusion arises)

oSk s
pg = po + L ——uk (8.14)
K’ 9pg
with
u% = 6Hlpr, S}/8Sk (3.15)
dSk/dpx = bk /P — Px/P* (3.18)

From (3.7) we find using (3.14) and (8.10) the following
equation of motion for Sk
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a_SK = _zAiK’#?g(’ (3.17)
t K
with
In (3.15) the derivative is taken with fixed p7. However,

we can include the variation of pr in the definition since
using up(r) = ug the difference amounts to

————6H ____5137*(1") ! - 0 / / =
f dpp(r’) 6Sk(r) dr’ = ”Omfpr(r) dr' =0
(3.19)

by constancy of the total segment number. The set of -

equations (3.17) are of course not completely independent
because of the identity > xSk = 1.

Here, of course, abandoning of incompressibility does
not immediately imply that the system is infinitely com-
pressible. Since we assume the local equilibrium
throughout, the total density is given by the usual ther-
modynamic relation (constitutive relation) pp = po(T, ur,
{S}) where {S} represents the set Sx. The incompressibility
condition means that pr is fixed to the same value every-
where in the system, which can be done by varing up.
Here, we are replacing this condition by the requirement
that up is fixed to the same value p, everywhere. Physi-
cally, this implies that pp follows very rapidly to the var-
iation of {§}. This automatically determines oy, which,
however, need no longer assume the same value throughout
the system since {S} need not be the same everywhere.

In the following we shall limit ourselves to the binary
system K = A and B and denote S, and pr simply as S
and p, respectively, so that Sg = 1 - S. Then (3.17) reduces
using (3.16) to

a
5ES = _ASNS (320)

where
ug = 8H/8S (3.21)

1-S 1-8 S S 1-8 S
Ag= Apa —Apg— - — AR~ -
p p e P
%ABAl -8 (3.22)

For later convenience here we give an alternative ex-
pression for Ak, (3.3). For this purpose we write out (3.3)
more explicitly as

®K)9p () ¢
Agpdrr’) = <ZZ Z r A4 (c)- p: r ) (3.23)
ij oo 7 1o}

where ¢! is the position vector of the rth segment of the
ith chain, the sum over 7(7’) is limited to the K(K’)-type
segments and

pi(r) = 8(r - ¢i) (3.24)
X 3 tensor. Since
H(r) = -Vpi(r) (3.25)
1 53
A 'S. Hr)-ALAe) VDA ) )y (3.26)
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This expression shows that Agg(rr’) is nonvanishing only
if the K-type monomer density and the K~type monomer
density are nonvanishing at r and r’, respectively.

Finally, we here reproduce the concrete expressions for
Agx obtained earlier? when the biased reptation model?
in the mean field due to averaged chain interactions is
adopted for chain dynamics.

For binary blend we have

Agx = Agdkx (3.27)
2D¥
(r[AK|r’) = T[pK(r)B(r - r’) - PO'NK(rr’)] (3.28)

where DX is the diffusion constant of a K-type chain along
the tube, P,y (rr’) is the density correlation of two end
segments of K-type chains at r and r’ normalized such that

p(r) = { Poy,(rr) dr’ (3.29)

gives the density of one end of chains, all evaluated in the
local equilibrium state of fixed concentration distribution
{o}.

For AB diblocks, we give an abbreviated matrix ex-
pression for Agg: as (D, is the tube diffusion constant of
a whole chain)

D

App = FO(Poo—POJ“PJo"‘PJJ)
D,

App = ?(PM‘PON‘PJJ'*'PJN)

D
Apa = ?Q(PJO = Pyno = Pyy + Pyy)

D,
App = ?(PJJ ~ P;x— Png + Pnn) (3.30)
where 0, J, and N denote the segments at 7 = 0, N, and
N = N, + Np, respectively, and

(r|Pylr’) = po(r)é(r — 1), etc. (3.31)

Py, etc., denote various density correlations involving
polymer ends and junction points, etc., which are nor-
malized as in (3.29).

We observe here that in any mean-field-type dynamical
model where individual chains move independently in the
mean field determined by fixed configurations of other
chains, A¥.(¢) is nonvanishing only for i = j. This means
that in each term in (3.26) a single chain must pass through
r and r’ implying that Ak (rr’) has the range of the size
of a single chain.

4. Linear Dynamics of Concentration Deviations
from Uniform Background

Here we consider linear dynamics of concentration de-
viation 6S(r, t) from its uniform background value S, It
is then sufficient to consider a single Fourier component
Sk(t) of 8S(r, ¢) in view of the translation invariance of the
uniform background state where (r|Ag|r’) in the uniform
state and ug(r) have Fourier components Ag(k) and Hgg-
(R)Sy, respectively, where Hgg(k) is the Fourier component
of 62H{S}/56S(r)sS(r’) evaluated also in the uniform state
where H{S} is interpreted to be H({p{S}}, {S}) with oS}
adiabatically determined as was discussed in section 2. We
then find

0 - N
EESk = —I‘kSk (41)

Ty = Ag(k)Hgs(k) (4.2)
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In the following we adopt the biased reptation model
and consider blends and diblocks in turn.

Blend. Here we use (3.28). pg is then a constant equal
to the uniform chain number density so that ps = pSy/Na
and pg = py(1 - Sp)/ Np with p, the uniform constant value
of pp. For Gaussian chains with the Kuhn length b we also
find that Pyy(rr’) has the Fourier component given by®

o 1
Pon, (k) = px exp(— ék"’szK) (4.3)

Therefore, we have for the Fourier components of Ag the
following:

K
Aglk) = —%pxnk(NK) (4.4)
with
nmIN)=1- exp(—%k2b2N) (4.5)

Substituting (3.27) into (3.22) we find

o 1-S, So
As(k) = ( ) Aa(R) + ( ) Ag(R)  (4.6)
Po Po

We follow the reptation model® to put
DX = D, /Ngb? 4.7)

with D; the monomer self-diffusion constant and use (4.4)
and (4.6) to obtain

7,(Np)

(4.8)

If we combine the result (4.8) with more well-known ex-
pressmns for H ss(k) (which is equal to the inverse of the
variance of S k in equlhbnum and metastable states),® we
obtain the complete expressions for the linear decay or
growth rates of deviations from uniformity depending on
the signs of Hgg(k).

For the limit of small &, (4.1) should reduce to the dif-
fusion equation since one can see that Ag(k) goes as k? from
(4.8) and Hss(k) remains finite as 8 — 0. The latter re-
duces to d*H(S;)/dS% with H(S,) the free energy density
for the state with a umform concentration S;. If we take
the Flory-Huggins form for H(S)®

Ag(k) = 2Dlsu So) -5 (N)+S°
)= T " 0 N%ﬂk )

H(S) = pohaT| = In S +
Na

1-8
Ny

In (1-8)+ xS1 - S)] (4.9)

x being the Flory—Huggins interaction parameters, we
obtain (py can be taken as the overall average density,
which is taken to be fixed since explicit consideration of
pr is not necessary under the slaving assumption made in
section 3)

Hgs(0) = d2H(S,) /dS,? =
PokBT 1- So o
So(l - SO>[ Ne TNy T xS - So)] (4.10)

The final result for £ — 0 is
I, = Dyk? (4.11)

where D, is the mutual diffusion constant given by
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L=5% S0 g s1-s9 | @12
NA NB_XO("O) (-)

My, being the mobilities defined by Ax(k)/k? with & — O
- Dy & _ Dypy 1 -8,
AT 3T N, B~ 3T N
The expression (4.12) exactly coincides with that obtained
by Kramer et al.® Hence, our work can be regarded as a
generalization of their “fast” mutual diffusion theory.

Diblocks. Here the Fourier components P(k) of the P's
are given by

(4.13)

Poo(k) = Pun(k) = Pyylk) = co = po/N
Byy(k) = Bosk) = col1 — np(N4)]
B (k) = Pyy(k) = coll — mp(Np)]
Pon(R) = Pyo(k) = col1 - mp(N)] (4.14)

where ¢, is nothing but the constant chain number density.
The Fourier components A(k) of the A’s, (3.30), now be-
come, using also the definition in (4.5)

Apak) =2 °Dcnk<NA>
. A oD,
Aap(k) = Aga(R) = —-——ma(NA)nk(NB)
App(k) = 2 0Dcnk(NB) (4.15)

Using (3.22) where S and p are now the constants S; =
Ny/N and pg, respectively, we find

2¢oD,

PO

Agk) = [(1 - So)*np(Ny) + Sfnu(Np) + So(1 -

So)ne(IVa)ne(Ng)] (4.16)

For the linear case S(r) is conserved in contrast to more

general situation. Thus, we find, for (kb)? « 6/N,, 6/Ng
2

bD°S1 So)k2 4.17
3OT 0( - 0) (' )

Ag(k) =

and for (kb)2 > 6/N,, 6/Ng

2¢oD,

Aglk) = (1- 8, + Sp) (4.18)
p*T

For diblocks, however, the most interesting k regions are
those corresponding to the incipient microphase separa-
tion.

Note here the similarity of these results for f&s(k) with
those obtained for the incompressible case.?d In fact, (4.17)
is identical with that for the incompressible case. So is
(4.18) for the special case of Sy =1/, The reason for this
similarity was discussed in section 2.

The theoretical results obtained here can be used to
analyze experimental results on the early-stage dynamics®
in quenched polymer blends and diblocks and also on the
decay rates of concentration fluctuations in equilibrium
states of these systems.

5. Linear Dynamics of Concentration Deviatior
in Lamellar States

Here we consider diblocks in one of the mesopl
lamellar phase. Although an equilibrium mes~
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corresponds to straight and regular lamellar microstruc-
ture, most electron micrographs show irregularities such
as distorted lamellae.?! It is thus of interest to study
dynamics of distorted microstructures. Here we consider
linear dynamics of small concentration fluctuations in the
equilibrium lamellar structure. This problem was already
taken up by us®-1° adopting the reptation model and as-
suming the incompressibility. Our starting point is the
linearized version of (3.20) for the deviation 6S(r)

%asm = - f Ao, Pustr) dr 5.1)
Ao(r, ) = (FlAgI)o (5.2)

where a subscript 0 in this section indicates that the
quantity is evaluated for the equilibrium lamellar state,
and ug(r) is already linear in the deviation

ps(r) = f B(r, r)6S(r’) dr’ (5.3)
B(r, v) = [82HIS} /6S(r)sS(r)], (5.4)

We choose the z axis to be perpendicular to the lamellar
plane. The lamellar state is invariant under translations
in the lamellar plane as well as by integer multiples of
vectors 2, Z being the unit vector along the z direction and
! the period. This invariance is reflected by the following
properties of Ay(r, ¥’) and B(r, r'):

Ao(r + a + miz, v + a + miz) = Ay(r, ), etc. (5.5)

with m an arbitrary integer and a an arbitrary vector in
the xy plane, where we adopt the periodic boundary con-
dition for the entire system.

We now transform relations like (5.1) and (5.3) into
forms that reflect the invariance like (5.5). We first in-
troduce Fourier transforms by

5S(r) = J; e*r3(k), etc. (5.6)
with

f.= (21)3  d 5.7)

Hence (4.1) becomes
280k) = - f{ Ak, ka5t (5.8)
at TS RIks ’
f fdl‘ dr’ e—ik-r+ik’-r’A0(r’ l") =
f fdé d{ eniek)EG/ 2)(“"')"1&0(5 + %i’ ,E- %s‘ ) (5.9)

We now put with m a suitable integer

Alk, k’)

E=(+mhz+§, (5.10)
where &, is restricted to
0<¢§< (6.11)

and ¢, is in the xy plane. Then

fdt..= z §ds f d, .. (5.12)

where the integral with circle is over the interval (5.11).
In view of (5.5) the expression on the right-hand side of
(5.9) then contains the factor

9r)3 =
fd'EJ. z kK @mi+E L) = ( ;r) > 6(k K - —mz)

me=— me—w l

(5.13)

where the following identity has been used to obtain the
right-hand side.
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«©

S eimr = Y 5(x - m) (5.14)

m=-w m=—cw

(5.9) is thus transformed using (5.5) further into
Ak, k) =

fdf f dg, e itk Ebo-(/D(k+k)4

271rmz)Ao(£0z + §', &0z - —;) (5.15)

(&m l) Zé(k k' -

From now on we replace k, etc., by k + (27 /l)mz where
m is a suitable integer and k is restricted to the first
Brillouin zone given by

~r/l<k<w/l (5.16)
(5.15) is written after some algebra as

f&(k + glfm kK + 2Tmz)

@n)(k, - k) f i, e-ih-n?lf e x

J‘ d;zze—i(k,ﬂzw/t)m)r.ei<2w/z)m(—eo+<1/2>r.)5 k, -

kR, + —(m m’ - m))Ao(Eoz + §', £02 - S) 5.17)

Since k, and k,’ are restricted by (5.16), we have |k, - k.|
< 27 /1, which in turn requires m - m’- i = 0 in (5.17).
Hence, (5.17) becomes

n 2
A(k + lmi, k' + glzm’i) =

l
(2m)®
”) 5(k - k) f df, et f dt, fdgo
itk r(mbm) /D gmiC2x /D (m-m)ko Ao( £ + 5;, £ - %g-)
(5.18)

We now introduce a new Bloch-type representation for
5S(r), etc., as follows

3S(r) = fk‘eik-rék(z), ete. (5.19)

with Sk(z) the [-periodic function of z defined by

S,z)= T S(k + %’—rmz)e%‘m/' (5.20)

m=-x

where the integral in (5.19) is over the first Brillouin zone.
Using (5.14), we can also find the inverse of (5.20) as

N 27 1 - omi
ms)l== —-2ximz /|
S(k + ; mz) lfdz Sk(z)e (5.21)

The equation_of motion (5.8) can now be recast into the
equation for S, (). Thus, using (5.20), (5.8), and (5.18),
we have

“Sk(z = ——fdz K22 (2") (5.22)

where
Rz = 2 far ot far, ko x

l’%Zexp[ 2T7rm( 50) ]Zexp[ m (

§§'z + & ]Ao(éo2 + Ei', §z - 55’) (5.23)
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We use the identity (5.14) for product of the two sums in
(5.23) to transform it into

12226(2 - %{z - - ml)é(z’ + %{, - & - m’l) =

z+ 2z

BYyosg,+2'-z+mi-ms

m m’ 2

_EO__

m+ m z) = REST6(, + 2/ — 2 + ml)s X

2 mm’

z+2 m ,
( 5 —50——2—l—ml) (5.24)

where m was changed to m + m’in the last line. Now,
because of the 6 functions, Ay in (5.23) can be written as

Ao((z + mi)z + %fl, (z’+ ml+ mDz - %ﬁ) =

Ao(zz + %h, (@' + ml)z - %Q) (5.25)

and is brought behind the summation sign of (5.24) where
&, now appears only in the second § function of (5.24) in
the entire expression for A. Since the integration over &,
is limited by (5.11), only one term remains in the sum over
m’. These considerations amount to the following result:

Ay(zz’) = 2xl f di | ekuts ¥ e""‘=(""""’)A0(zi +

m=-»

1 .1
Eh, (' + mlz - Ei'l) (5.26)

Equations 5.22 and 5.26 thus describe the linear dynamics
of deviation in the lamellar phase where k and z (and 2z’
too) are restricted to be in the intervals (5.16) and (5.11),
respectively.

The above procedure used to transform (5.1) into (5.22)
can be followed verbatim to transform (5.3) into the fol-
lowing form

Asul2) = % FaeBe)d) 62D

where B, is defined by a formula analogous to (5.26).
Combining (5.22) and (5.27), we find the closed linear
equation of motion for Sy(z) as follows

9 « 1 .
&Sk(z) =-7 fdz'ak(zz')sk(zf) {5.28)
with
o2z’ = % & dz LBy (5.29)

The normal-mode analysis of (5.28) provides us with
various excitation modes in the lamellar state. Note that
@y(22’) is not equal to &_,(22) in general and hence the
oscillatory behavior of 6S cannot be a priori excluded at
this stage.

6. Lamellar Phase Equation

The equation of motion (5.28) for a small concentration
deviation in the equilibrium lamellar state is still the in-
tegral equation not easy to solve in general. Here, we
consider smooth deformations, which vary very slowly in
space on the length scale of [; that is, kl << 1 in (5.28). Such
deformations occur in the z direction and can be described
in terms of a slowly varying displacement field u(r) which
enters S(r) as

S(r) = 8(2) - u(r)Sz)

where S(z) now describes the equilibrium lamellar state

Macromolecules, Vol. 22, No. 7, 1989

and the prime denotes differentiation. In view of the
slowly varying nature of u(r) we can put in (5.19)

Sy(z) = -0, 5"(2) (6.1)

where dy is the Fourier component of u(r). Substituting
this expression for Sy (z) into (4.29) and integrating over
z from 0 to [ after multiplying on both sides by S1(z), we
obtain the equation of motion for 4 (the so-called phase
equation’®) as

%ﬁk = -wkak (6~2)
wy = fdz fdz’S'(Z)&k(zz')gl(zl)/lfdz $1)?

(6.3)

For small &, (6.3) can be further reduced by making use
of the eigenfunction expansion of By(zz"). In order to find
this we go back to (5.4) and consider a change 6H of H|S}
due to 4S(r):

H =3 f {dr dr' Ble, ¥)S@IISr) =

1 1 -
5 { dr 8S()us(r) = i F 4z Bue ) =

#fk‘f dz f dz’ 8, (2)*By(22")Su(2") (6.4)

where the identity (5.14) has been used together with

(5.16), and (5.27) was used in the last step. If we further
substitute (6.1) into (6.4), we find

1 g
oH = 5 jk‘BﬂukP (6.5)
with
_ 1 = o —
B, = B fdz fdz’S’(z)Bk(zz’)S’(z’) (6.6)

(6.5) gives the free energy associated with smooth defor-
mation field of the lamellar structure. On the other hand,
this result implies that the integral operator whose kernel
is By(zz’) has the eigenfunction S{z) with the corre-
sponding eigenvalue

2B,/ fS'(zﬁ dz
This gives rise to the following eigenfunction expansion
of By(zz")
By (z2') = [I2B,/$2182)S%2") + ... (6.7)
where

§= fdz S1z)? (6.8)

and the ellipsis stands for the contribution from eigen-
functions orthogonal to S4z). Then from (5.29) and (6.3)
only the first term of (6.7) contributes to wy. The result
is

2
Wi = EAkBk (6.9)
where
A = }' *S12)A NS’
A= Fdz §dz’' §@)A(2)51")  (6.10)

This is the result found in ref 2c¢, which we have rederived
here in a slightly more transparent manner. The uniaxial
symmetry gives for small k.

B, =Bkz2+Bk,* 6.11)
and A, can be replaced by A,, which is finite. The final
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result for wy takes the following diffusive form

wy=Dk2+ D k,* (6.12)
with
2
D, = EEAOB’ (6.13)
AOB n (6.14)

The B’s can be obtained 1f elastic properties of the la-
mellar structure are known on the basis of specific models
of diblocks (see below (6.18) and (6.19)) whereas A, is
generally more difficult to find. Further reduction of A,
is pos31b1e if the spatial modulation of S(z) is weak, that
is, in the weak segregation regime (WSR) where S(2) is
sinusoidal with the small amplitude h:

S(z) = h sin (27z/0) (6.15)
This then permits A,(2z’) in (6.10) to be replaced by that

for the homogeneous state found in section 3 where A in
(5.26) takes the form

J;f\s(l_() explik, ¢, + ik, (z - 2’ - m)]

with Ag(k) given by (4.16). In this way we obtain with the
help of (5.14)

Kk(z) Z,) =
e . 27 27
> As(kl, k, + -Tm) exp[tTm(z - z’)] (6.16)

m=-w

(6.15) and (6.16) are substituted into (6.10) to yield

Ay = 1r2(’z) [As(kl, k, + zl”) + f\s(kl, k, - 27")]

(6.17)
B, and B in WSR have been obtained elsewhere? as (now
So = N4/N)
s {F)
Bz mh (6.18)
Tpobz 2
B, = mh (6.19)

where we have combined (4.25) of ref 23 and (5.35) and
(5.36) of ref 22, the latter having been obtained by putting
the coefficient b2/4S,(1 — Sy)o, equal to unity (note h
equals p,! times the amplitude of the density modulation).
& now becomes 272h?/! and from (4.16) with D, = D,/ Nb?,
D, being the monomer diffusion constant, we find

BAy/8% = 20)7WI/h)UD, /o, TN, (6.20)
with
A = 2[(1 = Sp)n.(Ny) +

So™eNg) + So(1 = SohnNyne(N)] (621)

7.(N) B 1 - exp(-27%*N /313 (6.22)

Thé final results for the D’s are

D, D,b?
D, = FZA, D, = WAJ_ (6.23)
with
_ A ! )21 M
A =5 A sy A+F (27rb NSa-sy &2

We now compare these results with the earlier ones
obtained by assuming incompressibility'® where the only
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difference is in the value of A;. This value, which is now
denoted as A;*, is given by

A = 2nc<NA>nc(NB)[ - fr(Nn(Ve) ] / ne(N
(6.25)

It is interesting to note that despite quite different ap-
pearances, \; and A\, * are very similar. Indeed, for the two
limiting cases of Sy « 1 (and hence Sy = 1) and Sy = 1/,,
the two are approximately the same:

>\1 = >\1* = 2176(NA)1 SO <1
=~ (N1 + Jm(Na)], So =% (6.26)

The numerical values of A, and A, as well as A,* and
A, * corresponding to A* are shown in Figure 1. The
intuitive meanings of D, and D, are explained in Figure
2 where two types of deformations are shown whose decay
rates are given by the two terms in (6.12). Experimental
tests of these results on decay rates of deformations of
lamellar structure will provide a new channel of investi-
gations into chain dynamics in the mesophases of block
copolymers although this is not a good test for validity of
the incompressibility condition.

7. Interface Dynamics in Phase-Separating
Polymer Blends

For binary polymer melts in which monomers of dif-
ferent species repel each other, the enthalpic cost of
bringing a large portion of the A-type chain inside the
region that consists of the B-type segments is very high
when the polymerization indices are very large. Thus at
low temperatures still above the glass transition, the system
is divided into domains consisting exclusively of the A-type
or the B-type segments separated by the domain walls
(interfaces) whose thickness is very small compared with
the typical linear size of domains. This is called the strong
segregation regime (SSR) and is realized typically in mi-
crophase-separated block copolymers and at late stages of
phase separation of polymer blends. Here the relative
concentration S can change only near the domain walls
since S(r, t) is equal to 1 (or 0) in the A-rich (or B-rich)
domains. Such variations of S in turn induce domain wall
movements. Hence, we here derive the equation of motion
of domain walls. We now remind the reader that from the
argument of section 2 (r|Agg|r’') practially vanishes if r
is in the K-poor domain or r’ is in the K”-poor domain.
This fact combined with the form of Ag given by (3.22)
implies that (r|Ag|r’) should vanish unless both r and r’
are located near the domain walls, which we had expected.
Then we can employ the standard prescription to obtain
the interface equation of motion from (3.20). We param-
etrize a location on the interface by the set of variables a
and the coordinate along the normal direction is denoted
as n and the speed of interfacial motion and the virtual
infinitesimal interfacial displacement along n by v(a) and
6q(a), respectively. If we consider the usual situation where
the average radius of interfacial curvature I{t) is much
greater than its thickness, S(r) near the interface is very
close to that for the equilibrium concentration profile of
a flat interface denoted as S(n). Thus we find

%S(r, B = -S(nvla), ete. (7.1)

where the prime denotes differentiation. We also find the
infinitesimal change of H expressed in two ways

oH = - { da 3g(a) f dn Snus(r) = - f da sq(@)f(@)
(7.2)
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where f(a) is the static force for interfacial displacement
defined through (7.2). For polymer blends in which H is
given, apart from a trivial additive constant, by the in-
terfacial tension o times the total interfacial area, we have?

fla) = cH(a) {(blend) (7.3)

For block copolymers the connectivity of molecules in-
troduces an additional contribution to H, which takes the
form of interaction energy among interfacial elements. If
we adopt the simplified model for diblock copolymer
systems proposed in ref 23, f(a) takes the following form

fla) = cH(a) + f dr’

L ~S(r') (diblock) (7.4)
Ira - F I
where « is some paositive constant, r, the position vector
at the interfacial element a, and S(r) the concentration
profile in SSR. Since in (3.20) we need ug(r) only near the
interface, we can put in view of (7.2)

ug(r) = fla)u*(n) (7.5)
where u*(n) fulfills the condition
f SAn)u*(n) dn = 1 (1.6)

Substituting (7.1) and (7.5) into (3.20) and integrating
over n after multiplying by S’(n), we obtain

via) = f da’ ¥(a, a")f(@’) (1.7)

where
¥(a,a’) = é’ib § (dndn' S)(riAgI* ) (19)

$p = f S/(n)? dn (1.9)

and r is now expressed as (1, a) near the interface. Since
Y(aa’) is the Onsager kinetic “coefficient” for the inter-
facial motion, the reciprocity demands ¥(a’a) = ¥(aa’).
This is satisfied if we take, in view of (7.6)

u*(n) = §,718%(n) + (terms orthogonal to S'(n))
Hence, (7.8) is replaced by

7Y = 1 7 Q, IN QI
Y(aa’) = :??ffdn dn’ §(n)(riAglt)S4n’)  (1.10)

Note that so far we have not used any specific model for
polymer chain dynamics.

The interface equation like (7.7) has been obtained
earlier? when the incompressibility is required. Our
equation differs from the previous one in the following two
respects. One is that if the mean-field-like chain dynamics
is assumed, ¥{aa’) here is nonvanishing mainly for |r, -
r,| less than about the end-to-end distance of polymer
chains whereas previously ¥(aa’) contained the Cou-
lomb-like long-range contributions arising from the in-
compressibility requirement. The second is that, in the
absence of incompressibility requirement, the conservation
law for the relative concentration S(r, t) need not generally
hold. Regarding the latter point, however, if p(r) is locally
determined by S(r), that is, if up(r) = u, reduces to the
local relation between p(r) and S(r) like pp(r) = pp(S(r)),
the conservation law for S(r) is asymptotically satisfied
in the limit of strong segregations. This is because here
we have

pa(r) = pp(S(r))S(r) = pp(1)S(r)

except in the very thin interfacial regions since S(r) is 1
or 0. Therefore, the conservation law for p,(r) immediately
leads to that for S(r). We may call this the local limit,
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which is more likely to be realized in blends than in block
copolymers. The conservation law then gives

f\I/(aa’) da =0 (7.11)

When this condition is satisfied, then, for the region of
interface where the radius of curvature as well as the
distance to the nearest element of other interfaces is much
greater than the size of a chain, the interface equation (7.7)
for any mean-field model of chain dynamics takes the
following form

vla) = D,V,? f(a) (7.12)

where V,? is the Laplacian on the interface and D, the
coefficient of surface diffusion. For the case of blends with
(7.3) this reduces to the equation obtained by Mullins!?
for surface diffusion:

v(a) = ¢D,V,2% (a) (7.13)

In the late stage of phase separation when the length
scale characterizing the random domain structure is again
denoted as I(¢), a simple dimensional analysis of (7.13)
predicts for I(t) > Rg, the chain gyration radius, the fol-
lowing behavior:1

I(t) « t1/4 (7.14)

If we adopt the reptation model of chain dynamics,’ we
estimate in Appendix B that ¢D, ~ D,,R¢ where D, is
the chain self-diffusion constant. Thus (7.14) becomes

l(t) ~ (1)1'el:rRG£t)1/4 (715)

At much later times but still in the interconnected mor-
phology of domain structure, the hydrodynamic domain
growth?* takes place yielding

Wt) ~ (a/mt (7.16)

where 7 is the shear viscosity. The crossover then occurs
atl =1, « N/2ort =f, « N'/2 given respectively by

Ty = (DyepRgn/ 0)/® = (Rt /)3l < Iy (7.17)
B = (DyepRc®)Y3(n/0)*® = (Rt /LDY3t, < ty,  (7.18)

where [, and ¢, designate the crossover from the Allen-
Cahn t1/2 behavior of the incompressible case to the hy-
drodynamic behavior. Thus, we observe that the hydro-
dynamic regime [ ~ t is reached much earlier than the
previous incompressible case?® since Iy = nDyp/0 < N is
much greater than Rg « N'/2, Indeed the ¢!/ growth
behavior may not be observable experimentally since [, «
N2 s only of the same order as Rg « N'/2 or even smaller.
More explicitly, we find [,/Rg ~ x/*N,%/® where x is the
Flory-Huggins interaction parameter and N, is the number
of monomers between adjacent entanglements.

When the domains are no longer interconnected but
consist of separated droplets, the hydrodynamic growth
originating from the hydrodynamic instability of inter-
connected domain structure is no longer important and,
for small molecular systems, the Lifshitz—Slyozov-Wagner
(LSW) evaporation—condensation mechanism!? dominates
the coarsening.?® For blends of long polymer chains in
SSR, the situation can be drastically different. Here a
chain of one species is unlikely to be found in the domain
of another species as was mentioned earlier, which pro-
hibits diffusion processes needed in the LSW mechanism.
Indeed, for morphology with droplets whose radii and
average droplet separations are much greater than the
chain size, ¥(aa’) of the mean-field model is nonvanishing
only for those a and a’that are on the surface of the same
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droplet. Here, (7.12) is approximately valid and hence the
volume of each droplet no longer changes in time. Al-
ternatively, one may start from (3.1) and (3.26) and can
show by integrating by parts that the total A-type segment
number contained in a A-rich precipitate does not change
in time in the mean-field model where use is made of the
fact that no A-type segment exists in the B-rich domain
outside the droplet. The suppression of coarsening de-
scribed seems to be in accord with the recent experimental
finding that coarsening virtually stops when interconnected
domain morphology changes into separate droplets.?

8. Discussion

We have presented the dynamical theory of concentra-
tions in polymer blends and diblocks with the assumption
of constant chemical potential for the total monomer
density in a general way. However, specific predictions
made are all based on the mean-field-type chain dynamics
such as the biased reptation in which individual chain
movements are uncorrelated, which are reflected in specific
assumptions for A(c) in (2.3). Such mean-field models can
be quite inadequate as recent computer simulations seem
to indicate.#?® There is also a work claiming that inclusion
of constraint release mechanism largely eliminates the
controversy over slow and fast diffusion processes.”
However, there is a recent report supporting the reptation
picture on the basis of extensive molecular dynamics.?®
Correlated chain movements generally introduce long-
range components in the kernels of equations of motion
such as (r|Aglr’) and ¥(aa’). If this range is finite, our
predictions will still hold qualitatively if the chain di-
mension is replaced by this finite range of correlations.
However, if the correlation range is infinite reflected by
power law decays of kernels as we have encountered ear-
lier,2 the situation will drastically change. Hence, we
definitely need further information on dynamics of indi-
vidual chains as well as cooperative motion of many chains
in polymer melts. On the other hand, experimental tests
of our predictions should in turn shed light on the nature
of chain dynamics in polymer melts.
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Appendix A

Here we consider the question of the bulk flow for
polymer blends® in the present context. We follow the
notations of section 3 and formally write the equation of
motion of the density variables for blends as

d

apK = _AKH‘K K= A, B (A.l)

Assuming existence of the inverses of Ak, we rewrite this
as

a
AK_lgpx = —pg (A.2)

Then the condition of the constant total chemical potential
(3.13) can be expressed in terms of the densities as

a
ZSgAk ek =0 (A.3)
K ot

Here we have set this constant equal to zero by supposing
that we are dealing with an extremely large system and

Polymer Blends and Block Copolymer Melts 3073

changes are taking place in some large but finite regions
in the system, and very far from the region where the
density variations are taking place, the left-hand side of
(A.3) should vanish. If we note that the right-hand side
and the left-hand side of (A.2) express, respectively, the
static and frictional forces for the density variations acting
on a unit quantity of the component K; (A.3) can be in-
terpreted as expressing the balance of frictional forces on
each component per unit quantity of the blend. This, in
fact, is the condition in disguise of the one used by
Brochard®? to study interdiffusion of compatible polymer
blends (also note that dpg/dt = (pg)real — (Px)bu 88 Will be
shown below).

Now, the system described by (A.1) generates inhomo-
geneous total density and hence pressure differences when
the blend consists of polymer chains of widely different
polymerization indices. Such pressure differences must
be equilibrated. This equilibration process cannot be
described by (A.1), which only contains dissipative pro-
cesses arising from random thermal motions (fluctuation
dissipation theorems). In order to examine the situation,
we consider the simple case where the total density in
equilibrium states does not depend on the relative con-
centration. We then rewrite (A.1) using pg = ppSg where
pr is the total dendity and Sk is the fraction of K

a a 4
PTESK = 5Pk SK&pT (A4)

We now reinterpret (A.4) as follows. We regard the left-
hand side of (A.4) to be the actual rate of density change
really taking place in the system, which is denoted as
(pg)ealr The first term on the right-hand side (A.4) rep-
resents the intrinsic change due to random fluctuations
and is denoted as (pg)intrinsic: T he second term then rep-
resents the bulk flow term (pg)pux associated with the
equilibration process mentioned above. With this new
interpretation (A.4) represents the correct density change
with the bulk flow. Obviously

%(bK)real =0 (A5)
implying that the total density change does not actually

take place. The bulk flow term is readily found from (A.1),
(A.3), and (A.4) as

(Pourk = Sk(PT)buik

at
[SAA.lS + (1 - S)AB—1S]"1[SAA-1 - (1 - S)AB_I]pT'a{’t‘S
(A.6)

where we have denoted S, = S and Sg = 1 - S. The rate
of change of Sk of course is not affected by the bulk flow,
and the results for Sk described in the test remains the
same in this new interpretation.

For small deviations from the homogeneous equilibrium
state treated in section 4, (A.6) reduces after Fourier
transform to

(ADbux = [Se?As(R)™ + (1 - Sp)?Ag(R) ] [SeAa(R)™? -
¢}
(1 - SpApk)MToosS (AT

i}
(P buik = ‘%(i)k)bulk =-—pp=

This is a straightforward generalization to finite k of the
known results for bulk flow density variation.® For small
k where

- k2b?
Ag(k) = ﬁPOSKDcK (A.8)
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the macroscopic (k — 0) bulk flow can be made to vanish
by the choice D,* = D,B. (Here we are allowing D, in (3.7)
to be unequal for A and B.) Since the self-diffusion con-
stant DK is proportional to D X/Ng, this condition is
N,Dg¢* = NgDgB, which is already given in ref 6. Even with
this choice, however, the bulk flow is generally nonvan-
ishing when viewed on a smaller scale (finite k) unless N
= Npg or when the system is inhomogeneous.

When the equilibrium value of the total density can
depend on the relative concentration, this introduces the
following additional contribution to the bulk flow term

(A.7):
dor) 9
(E)M&s (A9)

The real concentration change then becomes

. _ 9 dor) 9
(0K)real = pTatSK + SK( 3S )“Tats (A.10)
Appendix B

Here we estimate the magnitude of ¢D, appearing in
(7.13). For a blend, where f(a) = ¢%(a) is slowly varying
over the distance of O(¢) on the interface, we can expand
fla’) in (7.7) as

fla’) = f(a) + (a - a')-V,f(a) +

1

§(a -a')(a - a):V, V fla) + ...
where a denotes the location on the interface and we have
neglected the curvature except in f(a). Substituting this

into (7.7) and using the conservation law (7.11) and the
symmetry we find

v(a) = ¢DgV, 2% (a) (B.1)
with
= .]_' ’ — 12 7
Ds—4fda la — a’'|*¥(a, a’) (B.2)

Hence, we only need ¥(a, a’) with a # a’. Then, using
(3.22), (3.28), and

p 1
Pop,(xr) ~ FKQNK(’-T/) ~ N;Eg *(Ir - r'|/Rg)
(B.3)

where Qy(rr’) is the Helfand function® and @*(x) is some
function decaying to zero for x for the order unity, we
readily estimate

D. 1
I oo — =% ]
(r|Aglr’) TN RG3Q (r - r'|/Rg) (B.4)
Thus, noting &, ~ £71, we estimate from (7.10)
Y(a, a’) 2c-“’:—z—l--—Q"‘( -a’|/Rg) (B.5)
’ pTN RG3 la I G .

Therefore we obtain from (A.2) using D, ~ ND,,,/b* and
o ~ pb?T /£

D.?
~ 4 —-—a’l ~ ~ —
oDg ~ oRg*¥(ja - a’| ~ Rg) aRGpTN D, optRc
(B.6)

Note Added in Proof. In response to the comment
made by one of the referees regarding the assumption of
constant total chemical potential in section 2, we point out
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that this assumption in fact is equivalent to the use of the
Gibbs~Duhem relation at constant pressure and temper-
ature, which was also used by Silescu.®? This is valid as
long as the local equilibrium assumption familiar in
thermodynamics of irreversible processes is correct.
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ABSTRACT: It has been concluded that the tube renewal process is negligible in (nearly) monodisperse polymers
from the successful line-shape analyses of the viscoelastic spectra in terms of the proposed general theory
{the monodisperse theory). In the case of binary blends, however, it is clearly visible in the measured spectra
that the stress anisotropy in the regions of a long-chain tube, where entanglements with the short chains occur,
relaxes as the short chains reptate away (referred to as the regional tube renewal or constraint release process).
(Note: The word “regional” is added to distinguish the process considered here from the tube renewal or
constraint release process, which involves the whole polymer chain and is often treated as a “Rouse tube”
motion.'*?!) A related phenomenon is the tube size enlargement effect, which can be observed very clearly
in the terminal region of the long-chain component. Considering the regional constraint release process, a
functional form for the stress relaxation moduli of binary blends (the binary theory) was previously proposed
in brief. Here, the binary theory is described in detail. Specifically the effect of tube size enlargement is
analyzed. The results of the analyses are in good agreement with the theoretical predictions. The relations
between the monodisperse theory and the binary theory are discussed in light of the present and previous
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data analyses.

I. Introduction

On the basis of the Doi-Edwards theory,'™ a general
linear viscoelastic theory for monodisperse flexible linear
polymer melts and concentrated solutions (also referred
to as the monodisperse theory below)® has been developed
by including the chain contour length fluctuation effect
and two additional relaxation processes: the Rouse motion
of an entanglement strand (assuming the entanglement
points are fixed in the short time region) and the chain
slippage through entanglement links. The theory has been
very successful in describing quantitatively the line shapes
of the linear viscoelastic relaxation spectra of nearly
monodisperse polystyrene melts®? and concentrated solu-
tions® and explaining the universal observations: the
molecular weight (MW) dependence of the zero-shear
viscosity and the steady-state compliance and their re-
spective transition points, M, and M/.>® It has also been
shown that the theory correlates quantitatively the vis-
coelasticity data and the diffusion data.?

An important conclusion derived from the successful
comparisons of the monodisperse theory and the experi-
mental results of polymer viscoelasticity is that the tube
renewal (or constraint release) process is negligible in a
monodisperse system to MW as low as 1.24M,. This
conclusion has been physically explained by the fact that
the number of entanglement strands per cubed tube di-
ameter, n;, which has been shown to be topologically a
universal constant, is quite large (~17).1°

In the case of binary blends consisting of two far sepa-
rated monodisperse components, however, it is clearly
visible in the measured spectra that the stress anisotropy
in the region of a long-chain tube, where entanglements
with the short chains occur, relaxes as the short chains
reptate away (the regional constraint release process). As

0024-9297/89/2222-3075$01.50,/0

early as 1983,!! we have recognized this effect and by in-
cluding it proposed a functional form for the stress re-
laxation moduli, G(¢), for binary blends. Our functional
form was published as a note in ref 6! with some prelim-
inary experimental results. In the Appendix of ref 8, it
was shown how the functional form can be reduced to that
for a concentrated solution (denoted here as G,(t)) con-
sisting of a high MW polymer with MW > M, (as the
polymer) and a low MW polymer with MW < M, (as the
solvent). The high MW part of the G,(t) function is
identical with that for the pure monodisperse melt as the
MW is normalized with respect to the entanglement MW
of the concentrated solution, M./, given as

M,/ = M Wyt (1)

where M, is the entangle MW of the pure melt and Wy
is the weight fraction of the high MW component. And
the low MW part of G,(¢) is described by the Rouse theory
of a free chain.’® The line shapes of the linear viscoelastic
spectra of a series of concentrated polystyrene solutions
have been very successfully analyzed in terms of the G,(¢)
function. It has been shown from the analyses that within
experimental error the friction factor (K) in the Rouse part
(for the low MW chains) and in the general theory part
(for the high MW chains, with M.’ given by eq 1) are
identical.® This strongly supports that the general theory
has bridged the gap between the Rouse theory and the
Doi-Edwards theory.

On the basis of the study, it was first pointed out? that
in a binary blend consisting of a high MW (My) mono-
disperse component and a low MW (M;) monodisperse
component, both MWs being greater than M,, tube size
in the terminal region associated with the high MW com-
ponent should enlarge gradually with decreasing M;, (at
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