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Transition from Metastability to Instability in a Binary-Liquid Mixture
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In a binary mixture of oligomers of styrene and e-caprolactone, we have studied a transition from me-
tastability to instability by changing a quench depth systematically under an oA'-critical quench condi-
tion. The concentration distribution function turns out to be a good fingerprint for determining whether
phase separation is nucleation-growth type or spinodal-decomposition type. %'e also demonstrate clear
morphological and kinetic evidence of a disuse metastable-unstable transition or crossover phenomena
theoretically predicted for the system with a finite-range interaction.
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Phase-separation phenomena in systems with a phase
diagram have been intensively studied by many research-
ers. ' It is widely known that the nucleation-growth
(NG) type of phase separation occurs in the metastable
region because of the existence of a barrier for nu-

cleation, while the spinodal-decomposition (SD) type of
phase separation occurs in the unstable region where
fluctuations can grow without any barrier. Recent
theoretical studies show that the transition from me-

tastability to instability may be diffuse in a short-range-
force system and it is sharp only in a mean-field-like sys-
tem.

The ideal limit of metastability is the locus of points
where the free-energy barrier I) F* passes through of the
order of a few kqT. According to homogeneous nu-

cleation theory, for 6&=—())m,
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())„',„and (t(„„arethe two branches of the coexistence
curve (see Fig. 1), the creation of a d-dimensional spher-
ical droplet out of a metastable phase at concentration
()), involves a free energy

closely related to the range of the bare interaction.
The problem has been studied mainly from the

theoretical viewpoint. There have been few systemat-
ic, experimental studies on the transition from metasta-
bility to instability, though there have been several in-
teresting studies' ' on nucleation itself. Here we study
the transition in pattern formation from metastability to
instability in a viscous liquid mixture. We have chosen
an oligomer mixture since the viscosity is suitable for
studying the phase-separation dynamics. In a usual
binary'y-liquid mixture, the low viscosity makes the phase
separation so rapid that within a very short time the
phase separation enters in very late stage where gravity
plays a significant role. Furthermore, the phase-separa-
tion behavior is very sensitive to small temperature
changes, and very delicate experiments are required. In
a polymer mixture, on the other hand, the high viscosity
makes the phase separation very slow. Although it is
suitable for studying the initial stage of spinodal decom-
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where g, „
is the susceptibility at the coexistence curve,

Sd and Vd are the surface and volume of a d-dimensional
unit sphere, and f;„,is the interfacial free energy be-
tween two coexisting bulk phases at concentrations t))„',

„

and p, „.The Ginzburg criterion tells us that for
r (1 —T/T, ) I »1 (T, is the critical point, r is the
interaction range) mean-field critical behavior occurs. A
simple calculation sho~s that there exists a clear transi-
tion from nucleation to spinodal decomposition. On
the other hand, for r (1 —T/T, ) I (1 non-mean-
field critical behavior occurs, and hF*/kt)T becomes of
order unity long before the spinodal is reached. In this
case a gradual transition from nucleation to spinodal
decomposition occurs. The broadness of the transition is
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FIG. 1. Schematic phase diagram of a binary mixture. The
solid curve is the binodal line (the coexistence curve) and the
dashed curve the classical spinodal line. The shaded area is a
transitional region from metastability to instability. The
broadness of the transition depends on the interaction range.
The arrow indicates an off-critical quench condition.
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position, it takes too long a time to study nucleation in

the metastable state or the overall phase-separation dy-
namics.

The samples used were mixtures of styrene oligomer
(OS) and e-caproiactone oligomer (OCL). The weight-
averaged molecular weight M„ofOS was 1000 and that
of OCL 5000. M„/M„(M„is the number-averaged
molecular weight) of OS was 1.1 and that of OCL 1.4.
Figure 1 shows the schematic phase diagram of the mix-
ture. The critical temperature was 156'C, and the criti-
cal composition was 80 wt% OS. We have changed the
quench depth hT (=T, ,—T, T, „

is the temperature
of the binodal line) systematically at a fixed concentra-
tion (p,) under an off-critical condition as shown by the
arrow in Fig. 1. The experiments presented in this
Letter were carried out in an OCL/OS (65/35) mixture
whose T, „was 150.0 C. The temperature was
quenched from 151.0 C to various temperatures below
T, „.The temperature of the sample was controlled
within an accuracy of ~ 0.1'C and quenched by using a
hot stage (Linkam TH-600). The quench rate was
90'C/min. The temperature settled within a few sec-
onds after the quench. The pattern-formation process
was observed with phase-contrast microscopy. The
phase-separated pattern has been quantitatively analyzed
by a digital-image-analysis (DIA) method. '

The typical patterns observed in the NG-type phase-
separation process at 145'C are shown in Fig. 2, while
those in the SD-type phase-separation process at 139'C
are shown in Fig. 3. These figures demonstrate the
diA'erence in morphology and dynamics between NG and
SD, although both have droplet patterns. In NG the nu-

clei, which look black, were born and grew almost in-

dependently. The density of droplets in NG is much
lower than in SD. In SD the spatial concentration fluc-
tuations grew in both amplitude and size, and formed

droplets which look gray in the photographs. The drop-
lets became darker and darker with time, and became
larger and larger mainly by a coalescence mechanism.
The droplet-type growth in SD is a result of an off'-

critical quench or an asymmetric composition. The
droplet-type pattern observed in SD is completely
diff'erent from the percolated-cluster or interconnected
pattern observed in the initial or intermediate stage un-
der a critical quench condition. ' '

In addition to the direct morphological observation,
the concentration distribution function P(re) clearly
shows the diff'erence in phase-separation mechanism be-
tween NG and SD. P(rti) can be directly calculated by a
numerical operation of DIA. ' Figures 4(a) and 4(b)
show the temporal change in P(p, t) for NG and SD, re-
spectively. In NG, a small peak appears almost at the
final equilibrium composition tji,

t „and grows without
changing its peak position significantly. The main peak
around pg„does not change much because the volume
fraction of the minority phase is so small. This behavior
is quite consistent with the general picture of nucleation.
In SD, on the other hand, the peak initially becomes
broad, reflecting the growth of concentration fluctua-
tions, and starts to deviate from the Gaussian shape be-
cause of nonlinearity. ' The P(re) becomes bimodal
and the amplitude of the concentration fiuctuations (h, tl1)

increases with time. Finally, two peaks approach the
final concentrations, p„',1, and tjig„. The above behavior
of P(p) is consistent with the prediction for spinodal
decomposition. We can clearly distinguish the type of
phase separation, namely, whether the phase separation
is NG or SD, from the behavior of P(p, t).

Next we show the transition in kinetics from NG to
SD with the quench depth (AT). We focus our attention
on the time evolution of the scattering function S(k) (k
is the wave number), which is the one-dimensional (1D)
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FIG. 2. Temporal change in the patterns observed at 145'C
with optical microscopy during the NG-type phase-separation
process. (a)-(d) correspond to the structures at 5, 17, 95, and
1175 s after the quench, respectively. The bar corresponds to
20 pm.

FIG. 3. Temporal change in the patterns observed at 139 C
with optical microscopy during the SD-type phase-separation
process. (a)-(d) correspond to the structures at 1, 21, 111,
and 6300 s after the quench, respectively. The bar corresponds
to 20 pm.
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FIG. 5. Dependences of the scattering peak intensity
S(k „.(ri), ti) and the exponent a for the characteristic wave-

length 1I. „onthe quench depth AT. (0, 0) S(k .,(r i), ri) at
the phase-separation time t l =100 and 1000 s, respectively; (&)
the exponent a.
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FIG. 4. (a) Temporal change in the concentration distribu-
tion function P(p, r ) for NG observed at 145'C. Curves corre-
spond to P(p) at 1, 13, 95, 395, 1775, 5075, 7200, and 10800 s

after quench, respectively, from the bottom to the top around
the intensity of 90. Intensity (x axis) corresponds to concen-
tration or composition, p. The scale of the y axis is expanded
to show a growing small peak around pQ„. (b) Temporal
change in the concentration distribution function P(p, t) for
SD observed at 139'C. Curves correspond to P(p) at 1, 3, 7,
16, 31, 81, 171, 381, and 1521 s after quench, respectively,
from the top to the bottom at the intensity of 128.

radial function obtained from the two-dimensional (2D)
power spectrum P(k) of a digitized image. ' Figure 5

shows the quench-depth dependences of the scattering
peak intensity S(k,.„(tl ), t l ) at a phase-separation time

tI and the exponent a for the characteristic wavelength
[=2m/k, „,where km, „gives the maximum of

S(k)]. Even for NG, where nuclei appear almost ran-

domly in space, S(k) has a weak, but distinct peak
reflecting both intraparticle and interparticle correla-
tions. A,

„
is found to roughly scale as t for all the

quench conditions. The values of t I chosen here are 1QO

and 1000 s. For any value of t i
() 100 s),

S(k,„(tl),tl) depends on hT qualitatively in the same

way. Figure 5 clearly shows a clear, but diffuse transi-
tion in kinetics between the metastable and unstable re-

gions. From the direct morphological observation, the
phase-separation behavior looks like NG above 145'C,
while it looks like SD below 139'C. The dependences of
both S(k,„(ti),ti) and a on AT clearly reflect the
difference in the type of phase separation between above
145'C and below 139'C. The scattering intensity is
much lower in NG than in SD if we compare them at the
same phase-separation time. This reflects the difference
in both kinetics and hp in the final equilibrium state
(p, „—tt, ' „),which can be estimated from the phase di-
agram. The phase-separation speed increases with an in-

crease in the quench depth. In particular, it increases
sharply around the transition from metastability to insta-
bility, namely, around 142'C.

The transition observed in Fig. 5 can be explained by
the transition in the coarse-graining mechanism. Ap-
parently, A~a„behaves differently as a function of time
below 139'C compared to above 145'C. In the unsta-
ble region below 139'C, the exponent a is roughly equal
to —, , which is characteristic of the intermediate stage of
phase separation in a system with conserved order pa-
rameter. ' In the metastable region above 145 'C, on
the other hand, the exponent is very small (- i'&& ),
reflecting very slow coarsening. It should be stressed
that around the transition the exponent a smoothly
changes its value as a function of the quench depth, with
a finite width of several degrees. This is strong evidence
that the transition is diffuse and the behavior cannot be
explained by the mean-field picture. The problem will be
discussed later. The difference in the exponent between
NG and SD can be attributed to that in the growth
mechanism of droplets. In NG, droplets with almost
final composition grow monotonously and almost in-

dependently of each other, since a small final volume
fraction of the minority phase in NG weakens the in-
teraction between droplets and the collision between
droplets is very rare. Therefore, the number of droplets
increases roughly at the rate of nucleation except for the
late stage. In SD, on the other hand, the initial wave-

length of concentration fluctuations is small and the
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number density of droplets whose composition is far
from the equilibrium value is initially very large. Be-
cause of the high density of droplets, droplets often col-

lide with each other and grow efficiently by the coales-
cence mechanism. The number of droplets decreases
monotonously with time as N —t

As can be seen in Fig. 5, there is a clear, but diffuse

transition in kinetics. Here we mention morphological
evidence for the broadness of the metastable-unstable
transition. At 143 and 141'C the phase separation ini-

tially proceeds in the NG-like manner and a small num-

ber of black droplets with high contrast appeared just
after the quench. Then many small droplets with low

contrast appeared and grew with increasing contrast.
This behavior is characteristic of the SD-type phase sep-

aration. They grew to a size observable with microscopy
at about 18 and 9 s after the quench to 143 and 141'C,
respectively. In other words, NG and SD proceed simul-

taneously in the transitional region, suggesting that both

processes can be thermally activated. The transitional

region ranges roughly from 144 to 140 C. The mixed

appearance of the two types of phase separation (NG
and SD) indicates the existence of a crossover region be-

tween the metastable and unstable regions. This mor-

phological transition coincides very well with the kinetic
transition shown in Fig. 5.

In conclusion, we have found a clear, but difl'use tran-

sition from metastability to instability from both mor-

phological and kinetic viewpoints. Furthermore, DIA is

found to be a powerful tool to clarify the interplay be-

tween the geometrical characteristics of the growing ob-

jects and the dynamical growth laws. The broad transi-

tion probably reflects the fact that for the short-range-
force system the barrier for nucleation in the metastable
state gradually disappears with an increase in the quench

depth, and near the transition infinitesimal fluctuations

may not be necessarily unstable because of nonlinearity

and the short-range nature of the interaction even in the

unstable region. It is reasonable to believe that our sys-

tem is a short-range-force system since the molecular

weights of the oligomers are not large enough to cause a

long-range interaction and the entanglement efl'ect. It
should be mentioned that polydispersity may also make
the transition diffuse, although our samples have rather
narrow distributions of molecular weight. Since in the
mean-field theory or the long-range-force limit the spino-

dal is defined as a sharp line even in polydisperse poly-

mer mixtures, polydispersity does not affect our main

conclusion that the diffuse transition observed is due to a
short-range nature of the interaction. However, it may
affect the degree of broadness of the transition. It would

be very meaningful to study the molecular-weight depen-

dence of the width of the transition. This kind of sys-

tematic control of the interaction range may be possible

only in oligomer or polymer mixtures.
The initial number of droplets rapidly increases with a

decrease in the barrier for nucleation. When this energy

barrier becomes very small (of the order of kttT), a high
density of unstable fluctuations develops. Both morphol-

ogy and kinetics of phase separation drastically change
at the transition from metastability to instability, al-
though the transition is not so sharp. This indicates a
sudden increase in the droplet density at the transition
with the quench depth. The change in droplet density
also affects the coarsening process. With an increase in

the quench depth, droplets start to interact with each
other even in the initial stage beyond a certain threshold
of droplet density, since conservation of concentration
causes an interaction between droplets through the de-
pletion effect. This causes the change in the main
droplet-growth mechanism from independent growth to
coalescence, and strongly affects the coarse-graining dy-
namics. The details on the coarsening process and the
difference in the type of spatial point-distribution pattern
between NG and SD will be discussed elsewhere.
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