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ABSTRACT: The thermodynamics and the dynamics of incompatible polydisperse polymer blends are
analyzed. The free energy is constructed following the Flory-Huggins approach, where the degree of
incompatibility is characterized by the Flory interaction parameter x. The Cahn-Hilliard approximation
is used to analyze the early stages of spinodal decomposition dynamics of a polymer blend quenched into
the unstable region. A blend of polydisperse A polymers with the Schulz—Flory distribution and monodisperse
B polymers is analyzed by treating polymer A as a one-, two-, and three-component system with a weight-
average degree of polymerization and a polydispersity index, which we refer to as two-, three-, and four-
component models, respectively. The thermodynamics and the dynamics of incompatible monodisperse
A-monodisperse B polymer blends are consistent no matter which model is used. When polymer A is
polydisperse, however, [S(k,t) - S(k,0)]/S(k,0), where S(k,t) is the characteristic structure function, is definitely
different in the three different models due to kinetic effects.. The differences are dependent on the functional
form of the Onsager coefficients. For wavevector-mdependent Onsager coefficients, the reduced wavevector
for which [S(k,t) — S(k,0)1/S(k,0) is a maximum, kwk, is always equal to 1/v/2in the two-component model,
while kpuk increases as x increases in the three- and four-component models. While for wavevector-
dependent Onsager coefficients, kmk decreases as x increases in the three different component models. As
x — », the difference in k., between two- and three-component models and between three- and four-
component models is 0.05 and 0.02, respectively, independent of the weight-average degree of polymerization
when the polydispersity index of polymer A is equal to 2.0. When the polydispersity index of polymer A is

4231

reduced to 1.5, the difference in k;“k becomes 0.04 and 0.01, respectively.

I. Introduction

Since most commercial polymers are polydisperse, a
description of the thermodynamics and the dynamics of
the phase separation process that includes polydispersity
effects isrequired. Incompatible A~B polymer blends have
long been described by the mean field theory which
assumes that the chains obey Gaussian statistics and the
monomers are placed at random in space without cor-
relations. Edwards! showed that long polymer chains in
the molten state obey Gaussian statistics. Furthermore,
de Gennes pointed out? that the mean field theory is a
good approach for incompatible high degree of polymer-
ization (P) polymer blends. When a polydisperse polymer
blend is analyzed, the mean field theory may not be
applicable since the short chains may swell the long chains.
However the swelling effect can be neglected if the
polydisperse polymer samples of high weight-average
degree of polymerization are chosen to have asmall fraction
of short chains. To study the effect of polydispersity on
the thermodynamics and the dynamics of the phase
separation process of incompatible polymer blends, we
concentrate our attention on a blend of an incompatible
polydisperse polymer A sample with weight-average degree
of polymerization Py, and with polydispersity index y4
and a monodisperse polymer B sample with degree of
polymerization Pg. We construct the thermodynamics
using the Flory-Huggins mean field theory. The free
energy of mixing per lattice site is therefore given by
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where

X = I%,(wm - %(wAA + wBB))

is the usual Flory interaction parameter and ¢, and ¢ are
the average compositions of polymers A and B, respec-
tively. Ineq1, °A_p is the average composition of polymer
A whose degree of polymerization is equal to P. In the
x—¢ plane, there exists a spinodal curve which is the
boundary between the metastability and instability of the
system. Inside the spinodal curve, the mixture is always
unstable and breaks up into two phases by spinodal
decomposition.3+

We use the n-component system method developed by
de Fontaine® to find the instability limits and the critical
point. In an A-B blend where the polymer A sample has
n — 1 different degrees of polymerization and polymer B
is monodisperse, an (n — 1)*(n — 1) matrix with matrix
elements f;; defined as

(9 _9d0\(8 _9
""_(aﬂ- 3%)(&@ 3«0,.)(Aﬂ @

must be obtained to find the instability limits of the blend.
The effect of polydispersity on the critical point, on the
other hand, is easily obtained.® The critical point is given

by
° PAw -1
e+ )

P 1/2
2Xc=( 11 Al 11 2)( 5—+ 112
PAZ/ PB/ PAW PB/

where P, is the z-average degree of polymerization of
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polymer A defined by

;W(P) X P2

P,, (4)

;W(P) X P

W(P) is the weight distribution of polymer A. This result
will be corroborated with a technique described later.

Our dynamics studies are concentrated on the early
stages of the phase separation process by spinodal
decomposition. The theory of spinodal decomposition
dynamics for binary systems has been developed by Cahn
and Hilliard.34 The kinetics of spinodal decomposition
are described by a nonlinear differential equation for the
rate of change of the composition. For simplicity, Cahn
and Hilliard developed a linearized differential equation
to describe the early stages of the phase separation, which
was proved to be correct later by Langer, Baron, and Miller’
insystems well described by the mean field theory. Cook?®
included in the linearized Cahn—-Hilliard theory the effect
of the thermal fluctuations, or the “heat bath” term. This
term, however, can be neglected if the system is quenched
into the deep region for which x is much larger than x..
The most useful point of the linearized Cahn-Hilliard
theory is that a time-dependent structure function,
proportional to the scattering intensity by small angle
X-ray scattering experiments,? can be derived from it.

de Fontaine has developed the linearized Cahn-Hilliard
equations for a multicomponent system. These equations
could be used to analyze the early stages of the spinodal
decomposition process of the incompatible polydisperse
A-monodisperse B polymer blends with n components.
In practice, however, his approach generates n(n - 1)/2
independent partial structure functions and the numerical
values of these partial structure functions are difficult to
get since a n(n - 1)/2 X n(n - 1)/2 matrix must be
constructed. Therefore, we try here to approach the real
system by treating the polydisperse polymer A as a mixture
of one, two, and three monodisperse polymer samples and
constructing in this way the spinodal decomposition
dynamics as two-, three-, and four-component models,
respectively. Itshould be noted that the idea of the three-
component model was first proposed by Takenaka and
Hashimoto!® to see the effect of polydispersity on the
validity of the dynamic scaling law in the late stage of
spinodal decomposition. However they use the Onsager
coefficients derived by assuming that in the incompressible
liquid the motion of the monomers occurs only by
exchanging their positions. Here, instead, we use vacancy
driven diffusion (see section II).

In section II we find the compositions that describe the
mean field thermodynamics and Cahn—-Hilliard dynamics
of polydisperse polymer A-monodisperse polymer B
blends. We constructthe two-, three-, and four-component
models in section I1.1-3, respectively. In section IL1,
polydisperse polymer A is regarded as a monodisperse
polymer with degree of polymerization equal to Psy. The
early stages of spinodal decomposition dynamics for
different x values will be obtained using the Cahn—Hilliard
approximation for binary systems. In section II.2, the
polydisperse polymer A is assumed to be composed of two
monodisperse polymer samples, 1 and 2. The method to
obtain the compositions of samples 1 and 2 will be described
inthissection. Then we analyze the thermodynamics and
the dynamics of the systems described in section II
according to the Cahn-Hilliard approximation for ternary
systems and compare with the results in the two-
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component model. In section II.3, polymer A was con-
sidered to be composed of three monodisperse polymer
samples, 1-3. We describe the method to obtain the
compositions of these samples in this section. The
thermodynamics and the dynamics will be analyzed in the
four-component model and will be compared with the two-
and three-component models. In section II, we also
describe the thermodynamics and the dynamics of in-
compatible monodisperse A-B polymer blends in the
different models for a comparison with polydisperse
A-monodisperse B polymer blends. The discussion and
conclusions are given in sections III and IV, respectively.

II. Theory and Results

Incompatible polydisperse polymer A-monodisperse
polymer B blends are described by the weight-average
degree of polymerization and polydispersity index of
polymer A (Pay and +ya, respectively), and degree of
polymerization of polymer B (Pg). The weight distribution
W(P) of polymer A is described by the Schulz-Flory
distribution;11:12

il P=1,2 ., (5)

where 7 and ¢ are constants related to Pyy and va. If ¢
is an integer,

+1
Ppy =% )
PAw 1
7A——PAD-1+; V)]

The weight distribution of polymer A of a given P,y and
va can be determined using eqs 6 and 7 by solving for ¢
and . The critical compositions are determined by using
egs 3 and 4. Two incompatible polymer blend systems (1
and 2) are analyzed. System 1 has

P,, = Py = 1000
v, =20
@ac = 0.5505 ®
¢p, = 0.4495
X P = 2.020 62
and system 2
P,, = Py =1000
vy =15
¢ac = 0.5359 9)
op, = 0.4641
x.P = 2.010 36

The monodisperse A-B polymer blend (y4 = 1) to be
analyzed for comparison with the incompatible polydis-
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perse A-monodisperse B polymer blends has
P, = Pg = 1000

@a. = 0.5
Ac (10)

eg, = 0.5

X =2

II.1. Two-Component Model. In this model the
polydisperse polymer A is characterized by the degree of
polymerization Pay. We can construct then the diffusion
equations as in a binary system. Two theories have been
used to construct the linearized Cahn—-Hilliard differential
equations in monodisperse polymer blends, one proposed
by de Gennes!® and the other by Kramer.!* We adopt the
results of Kramer et al. who propose that there is a net
vacancy flux during the diffusion processes with the
constraint of local thermal equilibrium of vacancies, which
has been shown!® to agree better with experiments.16
Therefore, the diffusion fluxes of polymers A and B are

Jp =11 - )MV, - MgVl  (1l.a)
Jp = —[~egM,Vu, + (1 - op)MgVugl  (11b)

where M, and Mg are Onsager coefficients for the A and
B monomers. Since Js + Jp = 0, there is only one
independent diffusion flux. Let us choose J4. Using the
conservation law, we get

S ear] = VI - 60MyTitp - exMpVig]  (12)

where M, and Mp can be expressed in terms of the diffusion
coefficient D, of each monomer as

fii < 1- exp(—kZRgf)) D.P,
P szgi2 KT

M= i=A,B (13.a)

where P, is the effective number of monomers per
entanglement length and R,; is the radius of gyration. In
eq 13.a we used the results of Pincus!’18 for the wavevector
dependence of the Onsager coefficients M;in the reptation
model. Though in the work of Pincus the mobility was
assumed to obey de Gennes’ model, it can be used in
Kramer'smodel. When kR « 1, the Onsager coefficients
become k-independent and reduce to

(13.b)

By using the Gibbs-Duhem equation and substituting
for the chemical potentials, we can rewrite eq 12 in the
form

Zleatr)] = MUP'VHopr) - T4, 0] (14)
where
M =[(1-¢)°M, + ¢, Mp] (15)

f” is defined as the second derivative of the free energy,
and « is the gradient-energy coefficient.

Rundman and Hilliard® have shown that small angle
X-ray scattering is a good technique to test the theory of
spinodal decomposition. The scattering intensity is
directly proportional to the structure function S(k,t) which
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is the Fourier transformation of the pair correlation
function C(r,t). The structure functions are defined as

Sy(k,t) = (qol(k DeX(kit)) = 5] Cyr,)e™ d°r (16.2)
where

Cij(r— r/yt) = <¢i(r,t)¢j(r,st)) (16-b)

ilkit) = V¢,(r,t)e“‘ "d’r (16.c)

and (...) denotes the thermal average. Under conditions
of incompressibility, there is only one independent
structure function.

S(kt) = SAA(k,t) = SBB(k,t) = "SAB(k,t)

The time dependence equation for the scattering function
can be obtained by multiplying eq 14 by ¢A(,t) to get the
relationship between Cj;(r,t) and the derivative of Cy(r,t)
with respect to time and taking the Fourier transform,

2S(k,t) = 2MEH " + 26kHS (k) an
which is known as the Cahn-Hilliard equation. In the
Cahn-Hilliard-Cook approximation a “heat bath” term
Q(k,t) = 2Mk2KpT must be added to the right hand side
of eq 17. The heat bath term is very important for
quenches in the one-phase region or for shallow quenches,
very near the x.. As the final x, xs, increases to a value
far from x., the effect of the heat bath is negligible. Since
we will only concentrate on deep quenches, into a region
of x¢ > x¢, we neglect the heat bath term. Therefore, the
solution of S(k,t) becomes

S(k,t) = e MH+20DE g () (18)

where S(k,0) represents the initial structure function,
which is related to the initial x, x,, in the one-phase region
where x, < X In polydisperse polymer blends (see
Appendix),

1
= KBT( + - 2x) (19)
ﬁ"AP Aw ‘PBP B
and
P} 1
= K,T X ( A 4 —,) (20)
? 36 ¢’AP Aw ¥B

In Figures 1-3 and Figures 4-6 we plot AS /S(k,0)
versus k* for the polydisperse A-monodisperse B systems
1and 2 (see eqs 8 and 9), respectively, in the two-component
model, where AS = S(k,t) - S(k,0) and k* is defined as the
ratio of k to k. where k. is given by f/ + 2kk2 = 0. In
Figure 7 we show AS/S (k,0) versus k* for the monodisperse
A-B system (see eq 10) quenched to different x¢ values.
As observed, k,,, decreases as x; increases.

I1.2. Three-Component Model. In this model, the
polydisperse A polymer is considered to be composed of
two polydisperse polymer samples, 1 and 2, having weight-
average degree of polymerizations equal to le and Pzw,
respectively. The average compositions ¢, and ¢, are
constructed to bethesame. Polymersample 1 is composed
of the chains whose degrees of polymerization are less than
P,, and polymer sample 2 is composed of the chains longer
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Figure 1. Normalized structure function of the polydisperse
polymer blend 1 described in eq 8 for quenches from x, = 0 to
x¢tP = 5.0 for t = 1. The symbols —, - - -, and ¢- - -¢ correspond
to the two-, three-, and four-component models, respectively,
and ki, = 0.58, 0.5, and 0.53, respectively.
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Figure 2. Normalized structure function of the polydisperse
polymer blend 1 described in eq 8 for quenches from ¥, = 0 to
xtP = 10 for t = 1. The symbols —, - - -, and ¢- - -¢ correspond
to the two-, three-, and four-component models, respectively,
and k., = 0.47, 0.51, and 0.49, respectively.

than P,, where P, is given by

P=p, P=x

1
; W,(P) = ; WaP) =~ (1)
=] =P,
Therefore, P;y, and Py are given by
P=P,
; W,L(P) X P
i E— (22.2)
P=P,

Z_‘ WP
=1
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Figure 3. Normalized structure function of the polydisperse
polymer blend 1 described in eq 8 for quenches from x, = 0 to
x¢P = 20 for t = 1. The symbols —, - - -, and ¢- - - correspond
to the two-, three-, and four-component models, respectively,
and k. = 0.37, 0.43, and 0.45, respectively.

025 T T T T A
//‘;.‘..0\’. \\\
0.20 - N .
4 *
rS * N
//’s“ FUAN
o /I“" !
A
S o5t 4 Y -
* /’ Lo
— d Y
oh # *
- A Voo
o ,v‘,v’ ‘.‘.‘ \\
Q 0.10 + /l ."‘, \ 7
[77] 'S ",.‘ \\
< '.:. \
L
0.05 - A\
VoA
Lo
'
'.. 1
\
0.00 1 i n Lot
0.0 0.2 04 , 06 0.8 10
K

Figure 4. Normalized structure function of the polydisperse
polymer blend 2 described in eq 9 for quenches from x, = 0 to
xtP =5.0fort =1, The symbols —, - - -, and ¢ - -¢ correspond
to the two-, three-, and four-component models, respectively,
and k., = 0.57, 0.56, and 0.55, respectively.

P
; W,(P) X P
= _—_——p=,

; W(P)

where W, (P) is a normalized weight distribution.
The free energy of mixing per lattice site is

P,, (22.b)

eilng, _glng ¢lng
+ +
le P2w P3

Af = KBT[ + xo03 +

x¢;¢;] (23)
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Figure 5. Normalized structure function of the polydisperse
polymer blend 2 described in eq 9 for quenches from x, = 0 to
xtP =10 for t = 1. The symbols —, - - -, and ¢---4 correspond
to the two-, three-, and four-component models, respectively,

and k., = 0.46, 0.49, and 0.49, respectively.
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Figure 6, Normalized structure function of the polydisperse
polymer blend 2 described in eq 9 for quenches from x, = 0 to
xtP =20 fort = 1. The symbols —, - - -, and #---¢ correspond
to the two-, three-, and four-component models, respectively,

and kpuk = (.36, 0.40, and 0.41, respectively.

The spinodal surface is given by

-
with
fu KBT[«)IPIW + E; - 2x] (24.9)
fie=fu= KBT[;’;ITa - 2x] (24.b)
fa = KBT[‘P P + E - 2x] (24.0)
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Figure 7. Normalized structure function of the monodisperse
polymer blend described in eq 10 for quenches from x, = 0 to
x¢P for t = 1. The symbols —, - - -, and - - - correspond to x.P

= 5.0, 10, and 20, respectively, and km = (.56, 0.44, and 0.34,
respectlvely

va/2 and ¢, Py, + ¢;P3, = 0P
1111 e
" I N N

Since ¢; = ¢, =

2XS = I

eaPaw  v8FB
which is consistent with the result for the two-component
model. Therefore, the critical compositions and critical
x in the three-component model of the polydisperse A
and monodisperse B polymer blend can be obtained from

o _ o _¢gAc
‘plc-¢2c_-2—
@1 = Phe (26)

3-comp _ . 2-com]
Xg O = xR

Therefore, system 1 analyzed in the three-component
model will be

P,, =474
P,, = 1526
P, = 1000
27
C1e = g = 0.275 25
@5, = 0.4495
x.P = 2.020 62
System 2 will be
P,, =560
P,,, = 1440
P, = 1000
(28)

¢1. = ¢p. = 0.267 95
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s, = 0.4641

x.P = 2.010 36

With this construction, when polymer A is monodisperse,
Py = Poy = Py, the monodisperse system described in eq
10 would be

P,, = 1000
P, = 1000

P, = 1000
(29)

le = ‘p;c =0.25
@30 = 0.5

x kP =2
In the three-component model, the diffusion equations
can be derived as follows:

Jy=-[(1 - ePM,Vu; - ;MY — :MyVingl  (30.8)
Jy = ~[-eM, Ty + (1 = 0)M, Vi ~ ;M V5] (30.b)

Jy = ~[-esM, Vi, = 0sM Vs + (1= oM, V5] (30.0)

There are two independent fluxes since J1 + J3 + J3 = 0.
LetussayJ; and J;. By using the Gibbs-Duhem equation
and the conservation law of the diffusion, we get

2] = My~ ) + MgV - i) (BLa)

ZHoar )] = My VP, = ) + MV =) (3Lb)
where
0= (1= e)?M, + oM, + ¢'M,  (32.8)
~(1 - epeeM, - (1 - oo My + oM,
(32.b)

My=M, =

My, = oM, + (1 - ¢°M, + 0°M,  (32.0)
In eq 31, ; — ug can be expressed in terms of f;; and the
gradient-energy coefficients «;;.3

In an n-component system f;; and «; are derived as
follows: The total free energy of the n-component system
Fis

F = fv[f(wi;i =1,2,.,n)+

Ly (v Vot )f( =1 )]dV @39
= Yo =1 ..,n
2,; A eave)

and the chemical potential y; is given by

0
M; = —f(a;;i = 1! 2’ seey n) -
de;

n

2
Z[v Charepye ]f(«»,,z 2, .., m) (34)

j=1

A Taylor expansion of (3/d¢)f(eii = 1, 2, ..., n) about ¢;
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= ¢, gives

of, . f,
N =—+ ) —(g;-

@) (35)
a‘P,' J-Ia‘Pi ¢; !

% fosi=1,2
—J et = L, 4, ...
a(Pl !
where f, = f(¢§ i=1,2 ..,n)and <p; denotes the average
composition of the ith component. Since ¢1(r,t) + ¢2(r,t)
+ o+ en(rt) =1, ¢, — ¢, and Vg, can be expressed in
terms of the other n - 1 components. Therefore, the
chemical potential becomes

of, nmif &, Y, .
p=—r+ - (pj=¢;) =
J=1

n-1
2) (k; — k) VZ0; (36)
]-Zl ij in j
where
- flezi=1,2,.,n
o 10 fesi=1, ) @37
voo2 Ve, dVe;
and
n-1 n-1
M= b ——-—+ file;— e -2) V% (38)
n 3¢ e, ;uz j Z i
where f;; is given in eq 2 and
Kij = ;U - ;in - ;nj + ;nm (39)

In polymer blends for the three-component model, f;; and
x;j can be obtained using the same steps as the two-
component model (see Appendix), f;; are given in eq 24,

and
el )] o
rs .8,
5 136 ‘P1P 1w2 ¥3
a’ 1
Kig = Koy = KBT[EE X (—, ] (40.b)
1 2]

B 36 ° 2 °
¥ 2P2W Y3

Thus, the time dependence composition equations become

(rt) = (Mufu + M17f21)v2¢1(ryt) - 2(A'fll"ll +

Migko) Vi, (rt) + (Myyf1y + Myofp) Vien(rt) -
2(1‘411“12 + M12K22)V4¢p2(r,t) (41.a)

at"1

Z%‘Pz("’t) = Myfn+ M22f21)V2¢1(’at) —2(Mykyy +

M) Ve () + (Myfia + My ) Ve (rt) -
2(My kg + Myoron) Vigo(r,t) (41.h)

Since there are two independent compositions ¢ (r,t) and
¢2(r,t), there are three partial structure functions S13(k,t),
S1a(k,t), and Saa(k,t). The differential equations for the
three partial structure functions in a ternary system were
proposed by Hoyt.!? First we multiply eq 41 by &1(7,t)
and ¢2(7,t) to get the equations of the time derivatives of
the pair correlation functions. The Fourier transforms of
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these equations are
251100,0) = [-2My Ry, + 200,k - DMk fn +
2e0,kH18 1 (Rit) + [-2M B2 (f1g + 265k7) - Mok iy +
2k00k?)18 (k) (42.2)
%Sm(k’t) = [-MyR*(fyy + 263,k°) - MkP(fy +
2k01k9)1811(B,t) + [-My k2 (fyy + 2k, k%) — My k3 (fyy +
2K21k2)]slz(k,t) + [_M21k2(fl2 + 2K12k2) - Mzzkz(fzz +
200k D18 5(k,t) + [-M K2 (frg + 2k15R%) — Mk (fpy +
2k0k2)1Sp5(k,st) (42.1)
%Szz(k’t) = [-2My B (fy, + 2uy,k%) — 2M ok (fyy +

2k00k?) 1850 (kst) (42.c)

The above equations can be expressed in the matrix form
as

a = .
3;181 = [AL[S] 43)

where matrix [S] represents

S11(R,8)
S,5(k,t)
Soalk,t)

and the components of matrix [A] are
Ay = 2M Ry + 26,RD) - 2M R (fyy + 260k
Ap= '2M11k2(f12 + 2"12k2) - 2M12k2(f22 + 2"22k2)
Ap=0
1
Ay = '2‘A32

1
Ay = §(A11 + Agy)

1
Ay = §A12
Agp= '2M21k2(fu + 2“11”‘2) - 2M22k2(f21 + 2K21k2)

Agy = —2My K% (frg + 2k5R%) — Mok (fog + 2xp0k?) (44)
The solution of the partial structure function is

[S] = eA*L[S ] (45.a)
elAlt can be calculated by

eM 0 0
elAlXt = [P]-| 0 PRE ] JIPI? (45.b)
0 0 e

where )A; is the principal value and [P] is the matrix of the
principal vectors. In (45.a), [S,] is the matrix of the initial
partial structure functions; i.e. the partial structure
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functions in the one-phase region.

Sn(k,O)
[SO] = Sm(k,O)

822(k:0)
where
1 % 2( P? 1) B
1 a 1
S (k,0)=[—°_+ s —2x + — ——e—+—. ]
. P, ePs - 1B\gPLt e
(46.8)
2.2 =1
S9(k,0) = [Tl“ 2x,+ kl—g(l;)] (46.b)
e3P ©3
% 2( P} 1) N
1 1 a 2
Spk0) = | =+ = -2t \ 53t ]
# ePw Py 1B \gPy g
(46.c)

In the three-component model, the scattering intensity
should be proportional to the linear combination of the
three partial structure functions, i.e. S(k,t) = Sy(k,t) +
2S12(k,t) + Saa(k,t).

In Figures 1-3 we show AS/S(k,0) versus &* for system
1analyzed in the three-component model (see eq 27). When
x¢P is equal to 5.0, AS/S(k,0) is smaller than that in the
two-component model at all k*. Alsotherange of * where
AS/S(k,0) > 0 is smaller than 1.0, and k., is smaller than
that in the two-component model. As x¢P increases to 10,
the range of k* where AS/S(k,0) > 0 is almost equal to 1.0,
and AS/S(k,0) and k;mk become larger than those in the
two-component model. We also can find k., decreases
as x¢P increases. As x:P is very large, the difference
between the k;mk in the two- and the three-component
models is found to be a constant 0.05.

In Figures 4—6 we show the results for system 2 (see eq
28). Basically, the results are similar to those for system
1: AS/S(k,0) becomes larger than that in the two-
component model when x¢P is greater than 9.0. As x¢Pis
very large, the difference of k.., between the two- and the
three-component models is Fgﬁ‘nd to be a constant 0.04.
Ingeneral, the difference between the two-component and
three-component models decreases as the polydispersity
index of polymer A decreases. When polymer A is
monodisperse, the results in the two- and three-component
models are exactly the same (see Figure 7).

I1.3. Four-Component Model. Inthis model polymer
A is divided into three polymer samples, 1-3 with equal
average compositions and with weight-average degrees of
polymerization P;y, Py, and Psy, respectively. Polymer
sample 1 contains the chains whose degrees of polymer-
ization are less than P*. Polymer sample 2 contains the
chains whose degrees of polymerization are between P*
and P**. Those chains whose degrees of polymerization
are greater than P** belong to polymer sample 3. We
determine P* and P** by the relation

WP = S WP = Y Wb =t

where W (P) is a normalized weight distribution. There-
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fore Py, Pow, and Psy are given by

;WA(P) X P

(48.a)
ZWA(P)
Z;WA(P) X P
48.b)
‘Z;_WA(P )
WA(P) X P
P=pPne
Py, = (48.c)
WL (P)
PP
The free energy of mixing is
eilne, ¢lng elneg eglne
Af = K, T[ + +
f B le P 2w P 3w P 4

X(er + 0y + ¢;)¢:] (49)

and the spinodal curves are given by

fll f12 f13
foo fao ful=
f31 f32 f33
with
fi= KBT(‘.I— .,1 ) i=1-3 (50.a)
¢;Pw Py
fij= KBT( 01 - 2x) i#j,,j=1-8 (50.b)
ey

Expandmg the determinant and usmg qol = <p2 = ¢3
A/ 3 and <p1P 1w + ‘PZPQW + ¢3P3w = ‘pAP Aw W€ find

e (51)
¢aPaw  e8PB

which is consistent with the two- and three-component
models. Therefore, the critical conditions in the four-
component model can be obtained simply from the two-
component model.

System 1 analyzed in the four-component model is
described by

2x, =

P,, =354
P,, =849
P,, = 1797
P, = 1000 (52
C1e = Coo = Py, = 0.1835
¢1o = 0.4495

x P = 2.020 62
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and system 2 by
P, =449

P,, =898
P,, = 1653

P, = 1000 (53)
Pre = 03 = @ = 0.5359/3
¢4 = 0.4641

xP = 2.010 36

With this construction, the monodisperse polymer system
becomes

P,, =Py, = Py, = P, = 1000
P, = 1000
€1 = Prc = 03, = 0.5/3 (54)
¢ = 0.5
XFP =2

The partial structure functions in the four-component
model may be derived by introducing three independent
diffusion fluxes

3
J, = _;Mihv(“k -u) i=1-3 (85)
=1

Substituting for u; — p4 in terms of f;; and «; (see eq 38),
and using the conservation law, dy;(r,t)/dt = -VJ;, we get

—%(r B = ;M,,[ka,v pi(rt) - 2Zxk,v4¢,<r Bl

J=1
3 3
Z Mlkfkjvz‘P}(r ) -2 ZMikxij4¢j(r,t)
=1J=1 =1 j=1

(56)

i=1-3
with

0= A=) My + "My + "M + "M,
er(1- M, + 010, My +
eieM,
M3 =My, = (1 - epesM, + erosMy — (1 - oM, +
9";‘9;M4

My = oM, + (L= )My + 03"Ms + "M,

Mp=M, =-(1- “’;)‘P;Ml -

M,y = My, = ¢p0.M, ~ 031 - e)M, - 0,(1 = o) M, +
vaesM,
My, = o.M, + ¢2M, + (1 - ¢’ M + oM, (67

fi; and k;j can be obtained by following the same steps as
the two-component model (see Appendix), f;; are given in
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=K T[ ( ’ >+ 1 )]  =1-3 (58.a)
_ i1=1- .
i B ‘pll zw (2

KBT[36(1)] ij=1-8i%j (58b)

The equations of the time derivatives of the six partial
structure functions are given in matrix form as

eq 50 and

0 _ .
_at[S] = [A]-[S] (59)
where

S (R) T
S,5(k,t)
Si3(R,t)
Soo(k,t)
Spa(k,t)
L Sas(k,t) -

There are nine independent coefficients in [A]:

[S1=

3
ZZM ulfa + 2Ki1k2)

=1

Ay = -2k

3
A12 = _Zkzlei(fiZ + 2Ki2k2)

=1

3
i "ZkzzM 1ilfig + 2x,gE%)

=1

3
2ZM2i(fi1 + 2,k%)

=]

3
A“ = _2k22M2i(fi2 + 2Ki2k2)

=1

3
A45 = —2kzzM2i(fi3 + 2Ki3k2)

i=1

Ag = —2k2i

i=1

M ai(fil + 2Ki1k2)

3
i=1

Ag = 2k ZM& 2 + 2x;5k%) (60.0)
t=1
The other dependent coefficients are given by

Ap=—75 —

At Ag

Ag = 9

Ayt Ag

- 9

Phase Separation Dynamics in Polymer Blends 4239

A21'A53=%
A23_A56=%
A24‘A35=%
Azs"‘A%:%
Ay A52=%
Aaz—A54=%

Ag=Agp=Ag=0 (60.b)

In the four-component model, the scattering intensity
is proportional to the linear combination of the partial
structure functions, i.e. S(k,t) = Sy(k,t) + 2S12(k,t) +
2813(k,t) + Saa(k,t) + 2823(k,t) + Sas(k,t) where the partial
structure functions at a given time in the early stages can
be calculated from

[S] =¢8] (61)

where the initial partial structure functions are given by

- -1
2.2 p2?
TR
¢1le ¢3P3 ¢1P ¥3

k22
S, (k,0) = [———2 + 18( )]

i # j;i,] =1-3 (62.b)

In Figures 1-3 we show AS/S(k,0) versus k* for system
1analyzed inthe four-component model (see eq 52). When
x¢Pis equal to 5.0, AS/S(k,0) is the smallest, and the range
of k* where AS/S(k,0) > 0 is the narrowest of the three
different component models. As x:P increases to 10,
AS/S(k,0) is larger than that in the two-component model
in the region of k* between 0 and 0.8 but still smaller than
that in the three-component model. We can find, when
xsPreaches 20, AS/S(k,0) begins to be the largest compared
with the results of two- and three-component models. In
general, km decreases as x¢P increases. The region over
which kp“k is found is between 0.53 and 0.27 when x¢P is
in between 5.0 and 100. Comparing the values of &,
obtained in the three- and four-component models, the
difference of k;“k stays about 0.02 when x¢P is very large.

i=1-3 (62.8)
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Figure 8. Normalized structure function of the polydisperse
polymer blend 1 described in eq 8 with k-independent Onsager
coefficients (see eq 13.a) for quenches from x, = 0 to x:P = 5.0
for t = 1. The symbols —, - - -, and ¢:- -4 correspond to the
two-, three-, and four-component models, respectively, and

Epeax = 0.71, 0.66, and 0.65, respectively.

In Figures 46 we show the results for system 2 analyzed
in the four-component model (see eq 53): Compared with
Figures 1-3, the difference between the results analyzed
in the three- and four-component models is smaller. The

difference between the k... in the three- and four-
component models is about 0.01 with very large x:P. In
Figure 7, we also show the result for the monodisperse
system analyzed in the four-component model (see eq 54),
which is exactly the same as in the two- and three-
component models.

III. Discussion

In order to determine the effect of & dependence in the
form used for M; in eq 13.a, we run the numerical solutions
for all of the cases discussed in the previous section using
M; in eq 13.b, i.e. a wavevector-independent Onsager
coefficient. In Figures 8 and 9 we plot AS/S(k,0) versus
k* for the polydisperse A-monodisperse B system (1) (see
eq 8) in the two-, three-, and four-component models for
xtP = 5.0 and xtP = 100. In this case we found no shift
in kp,, for the two-component model, while k., in-
creases as xy increases for the three- and four-component
models.

IV. Conclusions

Polydispersity effects in the thermodynamics and the
early stages of the phase separation dynamics in incom-
patible monodisperse A-monodisperse B and polydisperse
A-monodisperse B polymer blends have been studied. The
polymer blend is analyzed as a. two-, three-, and four-
component model by dividing polymer A into one, two,
and three samples, respectively. The samples are char-
acterized by the average degree of polymerization. We
analyze numerically two polydisperse systems. Both
systems 1 and 2 have the Schulz~Flory distribution with
polydispersity indices va = 2.0 and ya = 1.5, respectively.
Wefind that when polymer A is monodisperse, the results
of thermodynamics and dynamics analyzed in the three
different models are the same, in this case there is only
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Figure 9. Normalized structure function of the polydisperse
polymer blend 1 described in eq 8 with k-independent Onsager
coefficients (see eq 13.a) for quenches from x, = 0 to x.P = 100
for t = 1. The symbols —, - - -, and ¢-- -4 correspond to the
two-, three-, and four-component models, respectively, and

Fpeax = 0.71, 0.75, and 0.76, respectively.

one independent structure function which can represent
the scattering intensity in a scattering experiment. When
polymer A is polydisperse, however, the dynamics are not
described by the standard way of analyzing polydispersity
effects: using a two-component model where the effects
of a distribution of degrees of polymerization are only
included through the weight-average degree of polymer-
ization of the polymer A.

Our results are explained by kinetic effects. When the
driving force which causes the phase separation is small,
that is when the quench size Ax =[x~ x4 is small, the long
chains cannot diffuse completely and seem “frozen” in the
early stages, which will cause a smaller scattering intensity

and k;“k in the four and three-component models with
respect to the two-component model. As Ay increases to
larger values, the long chains are no longer frozen in the
early stages and cause a larger scattering intensity and
Rpeax Of the four- and three-component models with
respect to the two-component model. This observation is
independent of which model we use for the Onsager
coefficients of the various components (see eq 13.a or eq
13.b), as expected.
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Appendix

The gradient-energy coefficient « in the polydisperse
polymer A-monodisperse polymer B blends can be ob-
tained by calculating the structure function Sp4(k) in the
one-phase region using the random phase approximation
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1 + 1
eaGA(Prwk)  oaGp(Ppk)

Spatk) = [ - 2x]—1 (A.la)

where

1 Py
Ga(Pgh) == 3" (explik-(R, - R,)]) = Py X f(K'R;))

B nm=1

(A.1b)
amny,

Go(Ppwh) = z AAGA(P k) (A.lc)
¢A a=]

n, is the total number of chains of polymer A, f(x) is the
Debye function,

flx) = %(e" -14x) (A.2)

and R,?is the mean square radius of gyration. Expanding
G(P, k) for kR, << 1 and assuming the mean lengths of
segments A and B are the same as a yield

2

2 2 P—
G AP k) = PA,,( 1-Ee —A) (A.30)

18 P,
_ k o’
where
na
@
pl=" (A.3¢)

Substituting eq A.3 into eq A.1a can yield an expression
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of Saa(R) in the form

— -1
k2l Pa°
SAA(k)=[ u1 01 - X 18(-—A_2+_1_0
eaPay  ¢sPp ¢AP Aw  ¥B
(A4)

In the Cahn-Hilliard—-Cook equation, the structure
function in the one-phase region as t — = is given by

Syatk) = KgTUf” + 2ck%! (A.5)
Combining eqs A.4 and A.5,

1 1
=K T(,—-—+,——2x) (A.6a)
B eaPaw epPp
KT[ 2( N 1)] A.6b
K= +— (A.6b)
27136 ?APA ¢B
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