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ABSTRACT: We modify the Cahn—Hilliard theory of concentration fluctuation dynamics to account for
the short-time networklike nature of high molecular weight polymers. We propose an additional term in
the free energy, due to elastic energy arising from the finite lifetime of entanglements. If we assume a
single-exponential decay time for the entanglements, the equation of motion is governed by two exponential
modes. For quenches into the two-phase region, the faster mode always decays with time, and the slower
mode grows. The theory successfully accounts for data from spinodal decomposition of polymer blends
containing at least one component of very high molecular weight.

Introduction

When a polymer blend is quenched from the miscible
region of the phase diagram into the immiscible two-
phase region, phase separation occurs via the mecha-
nism of spinodal decomposition. A description of the
early-stage dynamics is provided by the Cahn—Hilliard
model,! which considers the dynamic behavior of con-
centration fluctuations near equilibrium. It is predicted
that concentration fluctuations with wavevectors below
some critical value, qc, will grow exponentially with
time, with a particular wavevector, gm, having the
maximum growth rate.

Recent experiments? have shown that anomalous
phenomena are associated with the early-stage dynam-
ics of phase separation in certain polymer blends.
Typical plots of the growth with time of the light
scattering intensity at a fixed wavevector are shown in
Figure 1 for two blends of polystyrene, molecular weight
1.61 x 10% (PS1610) or 2.75 x 10°% (PS275), with poly-
(vinyl methyl ether) of molecular weight 9.5 x 10*
(PVME), after a temperature jump of 3 K into the
spinodal. These experiments indicate that there is a
delay in the onset of phase separation, of up to 200 s
after the jump into the two-phase region for the PVME/
PS1610 blend, whereas there is no significant delay for
the PVME/PS275 blend. The relative composition for
the PS1610/PVME blend is 10/90, which is very close
to the critical composition of the blend; hence, we would
not expect there to be nucleation phenomena in passing
a metastable gap. Rheological measurements, at the
relevant temperatures, indicate that the relaxation time
of the PS1610 component is on the order of 50 s.

Since the only difference between the two blends is
the very highly entangled nature of the PS1610 com-
ponent when compared with the PS275 component, we
are led to address the question of the effect of entangle-
ments on the dynamics of concentration fluctuations in
polymer blends. We believe that the driving force for
the dynamics must be modified to account for the
transient elastic energy of the network. Previously, the
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Figure 1. Growth of light scattering intensity in the equal
time structure factor at a value of g = 6.6 x 10 m™2, for two
blends of PS/PVME after a temperature jump of 3 K inside
the spinodal. The PVME molecular weight for both blends is
9.5 x 104

effects of entanglements on the mobility,3* late stage
growth,5 and the dynamics of concentration fluctuations
in the presence of either a macroscopic flow field® or a
hypothetical microscopic flow field,” referred to as the
“tube velocity”, have been considered. This work has
been explored further by Onuki;® it was proposed that
coupling between stress and the dynamics of concentra-
tion fluctuations occurred in asymmetric blends (i.e.,
those in which the molecular weights of the two
components are different). Binder et al.,® in a formal
treatment, developed a general theory for the dynamics
of concentration fluctuations in the presence of slowly
relaxing structural variables. Although primarily con-
cerned with effects close to the glass transition, it was
also indicated that entanglement effects may lead to
similar physical behavior. Due to a recent increase in
the interest in viscoelastic effects on phase separation
of polymer blends, and in light of recent experiments
(the results of some of which are presented here), it is
timely to further explore these ideas.

Cahn—Hilliard Theory

Within this model the equation of motion for concen-
tration fluctuations is written as
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where F[pq(t)] is the free energy functional for the
system, pq(t) is the Fourier transform of the difference
of the local concentration from the average, and M(q)
is the g-dependent mobility. The free energy for a
polymer blend is often written in the modified Flory—
Huggins%1 form as

FFH[pq] = Z[Xc - X + qu]pqz (2)
q

where y is the Flory—Huggins interaction parameter,
xc is its value on the spinodal curve, and « is the
interfacial free energy cost due to gradients in the
concentration. Equations 1 and 2 lead to the following
relaxation equation:

pa(t) = pg(0) exp{—a’M(a) [r. — x + ¥&’It}  (3)

When a temperature jump into the two-phase region is
performed, so that y. < y, the thermodynamic term
becomes negative for wavevectors q < qc; such concen-
tration fluctuations grow rather than decay. The critical
and fastest-growing wavevectors are

dc = V(X_Xc)/K; U = V(X_XC)ZIK (4)

respectively.

Polymer Entanglements

The effect of entanglements on the driving force of
concentration fluctuation dynamics may be addressed
by first considering the free energy of a polymer blend
in which one or both components are permanently cross-
linked. The stretching of chains, between fixed cross-
links, which must occur to accommodate concentration
fluctuations, gives rise to an elastic term in the free
energy. There are two cases of interest; either both
components are mutually entangled, forming an A—B
network, or only one component is effectively entangled,
forming an A—A network. The former models at short
times blends in which both components have similar
molecular weights. The latter models blends in which
the A component has a much larger molecular weight
than the B component, because at times intermediate
between the reptation of short and long polymers the
only topological constraints affecting the long chains are
entanglements with each other. This is the case in the
experiments referred to in the Introduction. In both
cases the elastic energy, to a good approximation, may
be written as??

F[pq] = FFH[pq] + Fel[pq]

= e — 2+ «0°lpg” + Co(@lpg = Pogl” (5)
q

Hence, the elastic energy is dependent not on the
magnitude of the fluctuation but on the difference
between the magnitude of the fluctuation and the
“frozen-in” initial fluctuation, poq.

The difference between the two cases arises in the
coefficient co, which represents the magnitude of the
elastic energy. For A—B entanglements, it was shown
by de Gennes using an analogy between local cross-link
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density and charge polarization in dielectric media
that?!3

co(a) = 36/N,%b°g” (6)

where Ng is the distance between cross-links in a
network, which corresponds to the entanglement dis-
tance in homopolymer blends, and b is the statistical
segment length. For A—A entanglements the elastic
energy arises due to swelling of the entanglement
network, with an elastic energy!*

Co(Q) = 3a/N, (7)

where ¢4 is the volume fraction of polymer A. Note that
in both egs 6 and 7 the numerical prefactors are not
exact and are treated as phenomenological. A natural
consequence of egs 6 and 7 is that our discussion is valid
only for length scales greater than the distance between
entanglements, i.e., 1/q > Neb?

From the preceding discussion we see how to account
for the transient elastic energy arising from the exist-
ence of entanglements. The total elastic energy at any
time t is the sum of all contributions arising from the
difference between the concentration fluctuation at time
t and the frozen-in and unrelaxed concentration fluctua-
tions from all previous times. This arises from direct
analogy with the network case, but in an entangled
blend the frozen-in fluctuations are not permanent.

First, we consider the contribution to the elastic
energy arising from fluctuations at some previous time,
t. The fraction of entanglements which existed at this
time, and are unrelaxed at time t, is denoted by g(t—t');
it is these entanglements which represent the frozen-
in fluctuation. Hence, the contribution to the elastic
energy is the product of F and the fraction of entangle-
ments unrelaxed, i.e.

Eq(tt) = {co(@)ogt) — oot g(t—t) (8)

It is possible* to imagine other effects giving rise to
elastic energy contributions similar in form to eq 8;
however, in this paper we restrict our attention to
polymer entanglements.

We now sum contributions from all previous times.
Since a new set of entanglements is only born after a
characteristic lifetime, 7y, the total elastic energy may
be written as

Eq (D) = Co(Q)Z)[Pq(t) — pa(t=iz, )97, 9)
=

Substituting t' = jz, and taking the continuous limit,
we have

Eq(t) = (@) S [ny) — po®)Pat—t) I (10)

By including this elastic contribution in the driving force
for small concentration fluctuations away from equilib-
rium, we arrive at the following equation of motion for

Pq(t):

Ipg(t) 3
— = ~a’M@) o0 [te = 1 + x07og (1) +
@ [0t Lo ) ptt) 2} (11)
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This is the first principal result of this paper. A similar
equation of motion was derived in ref 7; however, only
the decay dynamics of concentration fluctuations were
explored in full. In ref 8 Binder et al. investigated the
resultant dynamics governed by a general form of eq
11, but without a molecular interpretation.

Equation 11 may be solved if we make two reasonable
approximations. First, the decay of entanglements by
reptation is approximated by a simple single-exponen-
tial decay

g(t—t) = exp{—(t — t)/z,} (12)

Clearly, the form of eq 12 is such that the physical effect
of eq 8 is most significant when the viscoelastic relax-
ation time is long.

Second, taking the time of the temperature jump (or
quench) to be t = 0, we neglect any contributions to the
elastic energy from fluctuations for which t < 0; i.e., we
take the fluctuations in pq at t = 0 as a boundary
condition and assume that no elastic energy is associ-
ated with them in the first instance. The time-depend-
ent scattering function is found from

Sy(t) = [pg(t) pa(0)T

Equation 11 may then be solved, using the Laplace
transform technique, to give

Sq(t) = S4(0) [Ay exp{—Ryt} + (1 — Ay) exp{—R,t}]
(13)
where

_1, 2a-—b

2 Vb? — 4c
R, =%[b +b? — 4]

R, = 3[b — Vb? — 4¢]

with a =Ry, b = Rt + Ry + Ry, and ¢ = RtRy. The
following definitions have been used for the three
effective dynamic rates:

R; = 20°M[y. — x + «q°]
Ry = 24(q) Mg? (14)
R, = 1/7,

The first of which, R, can be recognized as the Cahn—
Hilliard relaxation, or growth, rate. For simplicity we
assume that the mobility, M, is independent of q.

Discussion

Despite the complicated dependence on the various
thermodynamic and viscoelastic variables of the relax-
ation amplitudes and rates, some general comments can
be made based on the observation that of the three rates
in eq 14 only Rt can be negative.

The most significant property is that R; is always
positive, even if Ry is negative. It can also be seen that
R1 > Ry; i.e., R; represents the fast decay mode and R»
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Figure 2. Time dependence of the theoretical scattering curve
(eq 13) for an A—A entangled blend. The values used are (i) x
— % = 0.0005, for a temperature jump of 3 K with experimen-
tally determined y parameters;'® (ii) g = 6.6 x 108 m™*
corresponding to the data in Figure 1; (iii) gm = 14.4 x 106
m~1 (see ref 2), (iv) Ry = 1/50, taken from rheological measure-
ments; (V) ¢co = 3.8 x 1073, which although chosen to give a
good fit to the experimental data, is very close to the theoretical
value predicted by eq 7 with?® N, = 145 for PS1610; and (vi)
M = 2 x 1071 m? s7%, which gives approximately the correct
slope for the growth rate. The experimental data are for the
PS1610/PVME95 blend. For comparison the prediction of
Cahn—Hilliard theory for the same parameters is also in-
cluded.
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Figure 3. A plot of Rx(q)/g? against g? for the same param-
eters used in Figure 2. Cahn—Hilliard theory predicts a linear
relation. Inset: the q dependence of the growth rate, Rx(q).

represents the slow mode. In Figure 2 the time depen-
dence of the scattering curve, based on eq 13 with the
use of eq 7, is shown and compared to the scattering
data presented in Figure 1. For A—B entangled blends,
the g dependence of the growth rate is identical to that
established for Cahn—Hlilliard theory (see eq 4), the only
difference being that the growth rate is slowed. How-
ever, for A—A entangled blends the q dependence of the
growth rate is altered noticeably, as illustrated in Figure
3, from which it can be seen that, although q. is
unchanged from Cahn—Hilliard theory, qn, is shifted to
smaller g values. In Figure 4 we compare the theoreti-
cal prediction with experimental data taken from the
PS1610/PVME95 blend; the fitting parameters are
identical to those used in fitting the time-dependent
curve. Further details of the experimental method will
be published in the near future.1®

We briefly mention the phenomenon of thermal noise
which could be the explanation for the experimental
scattering function being constant during the delay
time. The method developed by Cook!® to include
thermal noise in the Cahn—Hilliard theory cannot be
applied to the above development; the white noise
approximation which is valid for correlation functions
with a single-exponential decay mode is not valid for
more complex decay modes. In principle, it is possible
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Figure 4. Comparison of Ry(q)/g? against g2, using the same
parameters used in Figure 2, with experimental data? for the
PS1610/PVMED95 blend.

to calculate the frequency-dependent noise spectrum,
based on the method of Lifshitz and Pitaevskii,1” but
in practice this leads to an intractable equation of
motion.

In the limit of Rt << R, Ry, i.e., if modes arising
from the viscoelastic nature of entangled polymers are
much faster than the thermodynamic mode, the solution
may be decoupled into a purely viscoelastic mode, and
a modified thermodynamic (or Cahn—Hilliard) mode

S4(1)/S,(0) ~ A, exp{—(R, + Ro)t} +

(1 — Ay exp{—R(1 + R/R,) 't} (15)

The validity of the various comments made in the
preceding paragraph, regarding the dynamic behavior
of concentration fluctuations, is clear when examining
this form of the equation of motion. An initial negative
slope in the time-dependent structure factor after a
quench in the two-phase region arises because the initial
fluctuation has elastic energy associated with it. This
begins to relax by quenching the fluctuations before
phase separation has time to occur. At longer time
scales the remaining concentration fluctuation is free
to grow, albeit more slowly, as entanglements disappear.

With reference to eqs 6 and 7 we can see that for a
blend dominated by A—B entanglements the decay mode
is q independent, whereas for a blend dominated by
A—A entanglements the decay rate will be quadratic in
g. It is also worth noting that in our theoretical
development we have not modified the equilibrium free
energy nor have we simply modified the kinetic coef-
ficient.

The modified Cahn—Hilliard mode of eq 15 is similar
to the results of ref 8, in which a “retarded” growth rate
is also predicted; however, the present theory shows that
a slowed growth rate occurs regardless of whether the
two components are asymmetric. The assumption that
the phase separation time scale is much greater than
the viscoelastic time scale is also made in ref 8; our
results strongly suggest that the most interesting
features, which arise from the coupling of viscoelasticity
and concentration fluctuation dynamics, occur when the
time scales are not widely separated. Furthermore, it
is not apparent that, for asymmetric blends, a model
which only includes one viscoelastic time scale is ap-
propriate, unless one component has a much greater
relaxation time than the other. The latter scenario
corresponds to our A—A network. Below we discuss a
model for asymmetric blends which incorporates two
time scales.
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It is possible to go beyond the single-exponential
rheological relaxation function given by eq 12 and use
the full reptation spectrum given by!8

— 8 1 2
g(t) = - ng exp{—p“t/r,} (16)

The solution to eq 11 is then a sum of exponentials;
initial numerical analysis which includes only the first
correction to eq 12 shows that the behavior as illustrated
in Figures 2 and 3 is not noticeably changed. In a future
paper we hope to investigate the behavior due to more
complex relaxation spectra, such as that associated with
entangled star polymers.

Another interesting extension of the theory is to
consider blends which are not dominated by either pure
A—A or pure A—B networks. This will arise when the
two components are well entangled but still have
different rheological relaxation times. In this case we
can imagine the system to contain three types of
temporary networks, each with its own relaxation time
and contribution to the free energy. A simple extension
of eq 11 which describes this behavior is

apy(t
2D i) (t) e = 2 + K010y’ (0) +

gA(_ 9]

®a CAA(q)f dt’ ————p,(t) —

Oa, B( t')
TvAB

2¢7¢Cas(0) f dt Pyt

gB(_)

$e7Cea(@) [ At =0 ® } (17)

where ga and gg are the relaxation functions for the A
and B components with relaxation times 7,4 and tyg,
respectively; ga g is the relaxation function of the faster
component, with 7,ag being the corresponding relax-
ation time, i.e.

TvA,B = rnin[‘L—vA’TvB]

The elastic energy magnitudes, caa and cgg, are given
by eq 7; cag is given by eq 6. Such a complete analysis
is only readily applicable to blends in which both
components have the same entanglement molecular
weight; no expression for N, to use in the calculation of
cag exists when the two components have different
entanglement molecular weights.

A complete solution of eq 17 is possible if we again
use the same assumptions that facilitated solution of
eg 11, and we define B to be the slower component; its
general form is

Sq(t) = S4(0) [A, exp{ —R,t} + Az exp{—R;t} +
A, exp{—R, t}] (18)

The dependence of the three rates and amplitudes on
the various thermodynamic and elastic parameters is
now very complex; the rates are the three solutions of
the cubic equation

s+ (R, + R, + Rp)s* + (R,R,s + RR,g +
R,aR.e)s + R,R4Re — R, — R, =0 (19)

o' VA

and the corresponding amplitudes, which satisfy the
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condition A+ Ag + A, = 1, are given by

(R +RW(R, + Ryp)
" (R,~R)(R,—R,)

— (Rﬁ + RVA)(Rﬁ + RVB)
P Ry —RY(R; —R)

— (Ry + RVA)(Ry + RvB)
T R, TRIR, — Ry

(20)

where

R, = 20°M{[x, — x + kG°] + ¢a°Can(Q) + PadeCas(d) +

¢BZCBB(q)}
PaCan(d) 1
R, = %; R,= f_[¢A¢BCAB(Q) + g Caa(d)]
VA vB
Roa= 1/‘L’V ; Ry = 1/TVB (21)

We would expect that the roots of eq 19 are real and
that for a quench into the two-phase region only one
rate would become negative; numerical solutions with
various trial parameters suggest that this is the case.
Despite the apparent complexity of eq 18, the results
are still amenable to comparison with experiment.

Conclusions

In summary, we predict that the effect of viscoelas-
ticity due to entanglements is to delay the onset of phase
separation. This is, to some degree, in accord with the
experimental evidence illustrated in Figure 1. The
delay time is dependent on both the magnitude of the
elastic energy and the entanglement lifetime. Clearly,
a delay is only likely to be observable, on the time scales
usually associated with phase separation, if the en-
tanglement lifetime or the reptation time is significant
compared with the growth rate. The reptation of
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PS1610 in a PVME95 matrix satisfies this condition.
Physically the delay corresponds to the need for the
blend to relax any excess elastic energy before a (slowed)
growth process may proceed; in other words, the A
component initially reacts as if it were a cross-linked
network and the blend is consequently still within the
one-phase region of the phase diagram until the en-
tanglements have relaxed. Another method of achieving
viscoelastic relaxation times comparable to phase sepa-
ration time scales is if the temperature is such that one
component is close to its glass transition temperature.

Finally we note that the ideas presented also provide
a candidate explanation for the unusual q dependency
of the growth rate, at least for blends with high
molecular weights.
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