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Unusual Phase Separation in a Polymer Solution Caused by
Asymmetric Molecular Dynamics
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Here we demonstrate the first evidence that phase separation in polymer solutions could be
essentially difFerent from that in binary liquid systems. This difference is likely to originate from
the strong asymmetry in molecular dynamics between the two separated phases. When the rheo-
logical time of the polymer-rich phase is slower than the deformation time, the stress field can be
strongly coupled with the concentration difFusion and the coarsening dynamics is dominated by the
viscoelastic efFect. This causes mechanically dominated pattern evolution. The dynamic symmetry
should be considered in addition to the static, composition symmetry,

PACS numbers: 64.75.+g, 05.70.Fh, 61.25.Hq, 61.41.+e

Polymer solutions and mixtures have so far been be-
lieved to belong to the same dynamic universality class
as binary liquid mixtures [1], which is known as model
H in the Hohenberg-Halperin notation [2]. Thus it has
commonly been thought that there is nothing special to
polymers about phase separation, especially in the late
stage [1]. The only exception has so far been the entropy-
induced slowing down of coarsening which was shown to
be characteristic of phase separation in polymer blends
by Kotnis and Muthukumar [3]. All the existing theo-
ries assume that the elementary molecular dynamics is
much faster than the coarsening dynamics, or the dif-
fusion process is the limiting process. This assumption
could be violated when there is a strong asymmetry in
elementary molecular dynamics between the two com-
ponents: For a dynamically symmetric case, diffusion
always becomes the slowest dynamic process, while for
a dynamically asymmetric case it is not necessarily the
slowest one. In this Letter we will demonstrate the first
experimental evidence that the asymmetry in elementary
molecular dynamics plays a crucial role in phase separa-
tion.

The coupling between the stress field and the diffusion
was first noticed and studied by Brochard and de Gennes
[4] for polymer solutions. The problem has recently
been extensively studied by many researchers in connec-
tion with shear-induced phase separation from theoret-
ical viewpoints [5—7]. Recently Doi and Onuki [7] have
derived general diffusion equations including the dynamic
coupling between stress and composition, on the basis of
the two Quid model. The viscoelastic effect on diffusion
and the response to weak shear has mainly been argued
[7]. The discussion has mostly been limited to the near-
equilibrium state and thus the viscoelastic effect on spin-
odal decomposition has so far been unexplored. However,
we believe the basic idea can be applied for the unstable
state far from equilibrium. The polymer composition P
probably obeys the following kinetic equations [7]:

0$ P (1 —P)2 6EV' o t")'

Here u„(r,t) and v, (r, t) are the average velocities of
polymer and solvent at point r and time t, and v =
Pvt, + (1 —P)v, . P(r, t) is the composition of polymer.
po is the average density, p is the pressure, and ( is the
friction constant per unit volume. The free energy F is
given by the following Flory-Huggins —de Gennes form:

where N is the degree of polymerization and y is the
interaction parameter. In the linear response regime o ~"~

is generally written as

where the stress relaxation function G(t) is related
to the complex shear viscosity rl' (co) by rl* (co)

dt e ' G(t). The above equations naturally coincide
with the equations for hydrodynamic systems if we put

crt") = 0. Here it should be stressed that G(t) is
strongly dependent on P(r, t) and N, although it is not
explicitly written in the equations. This fact should play
a crucial role in the phase-separation dynamics as will be
discussed later. Before discussing the viscoelastic effect
in unstable states, the experimental evidences indicating
the effect will be shown below.

The systems studied were the mixtures of monodis-
perse polystyrene (PS) and diethyl malonate (DEM). The
weight-average molecular weight (M ) of PS, its rnolec-
ular weight distribution (M /M„, M„:number-average
molecular weight), and the critical composition (P, ) and
temperature (T,) of the mixture are listed in Table I.
These mixtures have upper-critical-solution-temperature
(UCST) type phase diagrams [8]. The mixtures were
sandwiched between two glass plates with a gap of a
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TABLE I. Physical

M (10)
1.80
3.55
12.6

PS
PS-L
PS-M
PS-H

characteristics of polymer solutions.

Q, (wt. % PS)
8.7
7.0
4.0

M /M
1.06
1.02
1.05

T, (C)
15.8
21.0
28.8

few pm. The phase-separation process was observed
with phase contrast microscopy. The qThe uench was accom-
plished within a few seconds.

Figure s ows a1 h s a schematic phase diagram of poly-
e hase-l t' . Figures 2(a) and 2(b) show the p ase-

separation behavior observed in PS-H/DEM ( . w .
PS) at 27.4'C. First small droplets of dense polymer
phase are forme quic y.f d

'
kly. These droplets vigorously

move aroun y rond b Brownian motion. Although they ave
a lot of chance of collisions, the droplet coalescence is
rather rare. us eTh s the system very slowly coarsens with

na 'g' 1t' The coarsening process was ana y y 'g'nal zed igi a
image analysis (DIA) [9]. The temporal change of the
structure factor S(q, t) calculated by DIA is shown in
Fig. 2(c). In this case, we find unusually slow coarsen-
ing approximated by q~
the peak wave number of S(q, t). Further, the coarsening
rate, i.e., the va ue o o.,h I f decreases with an increase in t e
quenc eph de th AT. This is also different from usual phase
separation. e eTh b havior is very similar to the moving
droplet phase (MDP) found in a polymer/water mixture

Figures 3(A)—3(C) show the phase-separation behav-
ior observed in (1) PS-L/DEM (8.7 wt. % PS), (2) PS-
M DEM (7.0 wt. % PS), and (3) PS-H/DEM (4.0 wt. %
PS), respectively. The final value of Ppz (Ppr: P of the
polymer-rich phase) for the mixtures (1)—(3) are 1.5$„
3.3$„and 4.5g„respectively (see Table I for the va-

s of ~~ ). Here it should be noted that P, is close
to the chain overlapping concentration an
ratio ~, , is ireep y'p

' d'rectly correlated to the degree of en-
I &1& we see usual pattern evolutiontanglement. n case, w

mmetric bi-characteristic of phase separation in nearly symmetric
Th 'nitial interconnected structure

transforms into droplet pattern because of a slight asym-
I (2) unusual nettuorklike pattern (N ) is

to theseen in the initial stage, but it gradually relaxes o e
pattern wi rouith round interface in the late stage. In case
(3), NP can be seen more clearly. NP loo s simi ar o

fi t ture appears in the initial stage; after a certainne s ruc
incu ation ime eb

' t' the solvent-rich droplets having a rig
contrast emerge, an end th n grow with time. The apparent
volume of the polymer-rich matrix phase keeps decreas-
ing with time . is i~11~ Th' indicates the temporal change
in the concentra ion is r't' d' t ibution even after the formation
of sharp inter ace. is is

'
r Th' '

inconsistent with the conven-
tional picture a e cth t th oncentration is almost constant
with time in the late stage [1]. The coarsening process
is characterized by the thinning of the polymer-rich, net-

h' h
'

driven by the tension along t e
thin part. In the final stage, we see the gradual transi-

regime omina e y
'

d
' t d b interfacial tension [see Fig. 3 )].

I F' 4 show the temporal change in q~ an (q~)n ig. we s
. Therecalculated by DIA for the case (3) [see Fig. 3(C)]. ere

is almost no coarsening unti 'l t 20 s and then after
s to 100 s the domainsthe transitional regime from s

t 5. This initial regime without coarsen-glowas Qm ~ t ' . is
eristic ofing Jrozen regime isjr &

is very unusual and characteri
onentriscoelastic spino a ecd l d omposition. The same exponen

(cr 0.15) in the growth regime was commonly observe
for Fig. 3(B) and other cases.

The difference in the pattern evolution among Figs.

o
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FIG. 1. Schematic phase diagram of a polymer/liquid rnix-

1, 2. BL andis at the 0 temperature and equal to 1,ture. gg is y a e
critical oint, respec-CP stand for the binodal line and the cri ica p

tively. KSL and SSL indicate the kinetic- and static-symmetry
lines, respectively.
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I IG. 2. Phase separation pattern inrn in PS-H DEM (0.98
wt. %%uoPS) . (a)60 sansd. &b& 120 s after the quench to 27.4'C.

einS t.The bar is 10 pm in en . e in100
'

1 ngth. (c) Temporal change in (q, ).
Solid line in the 2:y plane represents q t
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FIG. 3. Pattern evolution during phase separation (A): PS-L/DEM (8.7 wt. % PS); (a) 2 s, (b) 5 s, (c) 10 s, (d) 30 s, (e) 120
s, and (f) 480 s after the quench to 14.5'C. (B):PS-M/DEM (7.0 wt. % PS); (a) 2.5 s, (b) 5 s, (c) 10 s, (d) 20 s, (e) 60 s, and
(f) 480 s after the quench to 9.2'C. (C): PS-H/DEM (4.0 wt. % PS); (a) 20 s, (b) 60 s, (c) 120 s, (d) 180 s, (e) 360 s, and (f)
720 s after the quench to 14.8'C. The bar in (A) is 200 ym in length.
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l'IG. 4. Temporal change in q (o) and S(q ) (~) for
PS-H/DEM (4.0 wt. %) quenched into 14.8'C [see Fig. 3(C)].

3(A)—3(C) likely comes from the difFerence in the degree
of dynamic asymmetry between the two phases which can
be characterized by the dynamic asymmetry parameter
pd@ —'r& /'r& . Here r,

' and r," are r& for the polymer-
rich and solvent-rich phases, respectively. Since pd~ is
proportional to Ng~„ for a deep quench, pd drastically3/2

increases with N and AT. Thus the viscoelastic effect be-
comes significant for large N or AT. For shallow quench
conditions where pg~ 1 (dynamically symmetric cases),
it has already been confirmed experimentally that usual
spinodal decomposition proceeds in both polymer solu-
tions and polymer mixtures [1,12]. The limited range of
pd in the previous experiments is the reason why the
behavior in these systems has so far been believed to be
the same as that in binary liquid mixtures [1].

First we discuss the coarsening dynamics of MDP. The
viscoelastic efI'ect should be considered when the charac-
teristic time of the collision (or the contact time) r, is
shorter than or comparable to wq. Brownian motion of a
droplet with mass m is characterized by a randomly vary-
ing thermal velocity of magnitude (v) (k&T/m) ~/~ and

duration 7.„mD~/k~T (D~ the dif.Fusion constant of
a droplet with radius R). Thus r, should satisfy the rela-
tion rr}/(v) ( w, ( ro/D~, where ro is the range of inter-
action. Next, wt, in a polymer-rich droplet can roughly be
estimated as ~q a2N P~, /D} (a is the length of a unit
monomer and D} is the diffusion constant of a monomer)
[13]. For large N and P&„,wq could be longer than w, .
For such a case, a droplet usually behaves as an elastic
body on the collision time scale. This viscoelastic efI'ect
is probably responsible for the unusual slow coarsening
(o ( 0.1) and the unusual dependence of the coarsening
rate on LT. Since ~q is strongly dependent on N and
P~„it is natural that this phase exists only in a polymer
solution having large N for large AT. With an increase
in 7q/~„ the coarsening rate becomes slower and finally
MDP might be kinetically stabilized for r& )) r, [10].

Next we consider the pattern evolution observed in
Figs. 3(B) and 3(C). In the initial stage, the viscoelas-
tic efI'ect becomes more important with an increase in

P through the dependence of crl"l on P: ol"l is likely
proportional to —p / Ns for q'} ) q'}*. In this initial
stage the phase-separated structure seems to be frozen
for a while, and after a certain incubation time holes of
solvent emerge (see Fig. 3(C) [(b) and (c)]). This can
also be confirmed from the transitional behavior in Fig.
4. This hole formation process looks similar to the nu-
cleation and growth in the metastable state: The parts
where 9' cr("~ has locally relaxed might promote the nu-
cleation of solvent-rich droplets. It should be noted that
the incubation time is much longer for Fig. 3(C) ( 20
s) than for Fig. 3(B) ( 3 s). This clearly indicates that
viscoelasticity is responsible for this unusual frozen state.
The origin of the frozen state could be explained as fol-
lows: The self-induced velocity field caused by phase sep-
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aration creates the stress field, which transiently shifts
the phase diagram. This apparent phase diagram likely
corresponds to a virtual free energy including the contri-
bution from cr(") (see the first equation), which is esti-
mated as g(P, t) = f(P) + k(t)P ~ Ks [k(t): a coupling
factor decreasing with t] This physical picture can be
easily understood if we consider the extreme situation
such as gels or elastic solids [14], in which the Hamilto-
nian directly includes the elastic effect. Although it is
well known that the external stress field shifts the phase
diagram [15], this kind of viscoelastic effect due to the
self-induced, internal velocity field has never been con-
sidered. Thus further study is necessary to clarify the
effect.

In the initial kinetic regime the asymmetry in the
molecular dynamics plays a more important role than
the composition asymmetry, although the final state is
dominated by the composition asymmetry. In Fig. 1 we
schematically indicate both the symmetric composition
determined by the kinetically deformed, apparent phase
diagram, g(P, t), and that determined by the thermody-
namic phase diagram, f(P). This gap between the two
kinds of symmetry, namely dynamic and static symme-
try, is likely responsible for the unusual temporal change
in the concentration distribution even after the forma-
tion of a sharp interface. In the right-hand side of the
kinetic-symmetry line, the polymer-rich phase appears in
the continuous, matrix phase in the initial stage. In its
left-hand side, on the other hand, the polymer-rich phase
appears as a droplet phase and MDP is formed. Between
the kinetic- and Static-symmetry lines, the polymer-rich
phase appears as the major (matrix) phase in the initial
stage and then it transforms into the minority (droplet)
phase as in Figs. 3(B) and 3(C).

After the frozen regime, the characteristic domain size
commonly grows as t . This coarsening process is con-
siderably slower than that for usual binary fluids [1] prob-
ably because the pattern evolution is dominated by the
slow dynamics of the polymer-rich, viscoelastic phase.
In the late stage the polymer-rich, matrix phase shrinks,
discharging the solvent, reflecting the change in g(P, t),
and adopts the unusual networklike structure (NP). A
tensile force acts along the thin part of the matrix since
the elastic contribution from cr(") should be dominant
because of the large deformation rate. If the elongated
part is not thick enough to support the tension, it splits
in two and relaxes to the force-free shape. Locally, NP
has a geometrical characteristic unique to 2D systems:
the angle between branches approximates 120' in many
places, reflecting the force-balance condition. In the very
late stage, on the other hand, the stress field is mostly
relaxed, reflecting the decay of the deformation rate and
instead the 7'P term in vr has the most significant con-
tribution. Thus the interface tension governs the pat-
tern evolution in this stage and the domain starts to be-
come spherical. The morphological transition from NP

to round-interface pattern in the late stage [Figs. 3(B)
and 3(C)] can be explained by the above physical picture
of viscoelastic relaxation.

In summary, we have found unusual viscoetastic spin-
odal decomposition for ideal polymer/liquid mixtures.
The behavior is strongly dependent on the asymmetry
in molecular dynamics between the two phase-separated
phases. The stress field can be strongly coupled with the
order parameter through the velocity field for large pd .
The order parameter is no longer only the slow variable
of the system. The concept of the dynamic symmetry is
introduced in addition to the static, composition sym-
metry. Dynamically asymmetric polymer mixtures do
not belong to the dynamic universality class called model
H, and they should be classified into a new universal-
ity class. Similar phenomena could be observed for any
mixture, one of whose components has intrinsic slow dy-
namics (e.g. , complex fluids and mixtures, one of whose
component is near glass transition).
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