VOLUME 70, NUMBER 1

PHYSICAL REVIEW LETTERS

4 JANUARY 1993

Dynamic Interplay between Phase Separation and Wetting in a Binary Mixture
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Here we demonstrate that the phase separation of a binary mixture confined in a capillary is strongly
affected by wetting phenomena for all the compositions. Near a symmetric composition, the hydro-
dynamics unique to a bicontinuous pattern leads to the extremely quick formation of a macroscopic wet-
ting layer. Then this layer configuration becomes unstable because of the Rayleigh-like instability and
eventually a stable, bamboolike structure is formed. This final structure is determined kinetically, but
not thermodynamically. This is characteristic of a one-dimensional system with a conserved order pa-

rameter.

PACS numbers: 64.75.+g, 05.70.Fh, 64.60.—i, 68.45.Gd

Phase-separation phenomena have been extensively
studied in the past two decades from both the fundamen-
tal and the practical viewpoints [1]. The essential
features of phase separation in the bulk have already
been understood to a considerable extent, and the pattern
evolution dynamics can be well described by scaling
theories or theories based on the time-dependent Ginz-
burg-Landau (TDGL) equation. However, an actual sys-
tem used for any experiment always has a boundary, and
thus the phase separation is under the influence of the
surface to some extent. This surface effect, or the finite-
size effect, plays a crucial role especially in a strongly
confined geometry. Wetting phenomena near criticality
were first studied by Cahn [2]. He predicted a complete
wetting near criticality. In a stable region wetting phe-
nomena can be discussed on the basis of energetics [2-7].
In metastable or unstable regions, on the other hand,
since both wetting and phase separation are dynamic phe-
nomena, we must go beyond energetics and study the dy-
namics. This dynamic interplay between phase separa-
tion and wetting has very recently attracted much atten-
tion [8-13], but this problem is still largely unexplored.
In this Letter we report the first experimental study on
the interplay between phase separation and wetting in a
polymer solution confined in a semimacroscopic, capillary
tube.

The samples used were mixtures of poly(vinyl methyl
ether) (PYME) and water. The weight-average molecu-
lar weight of PVME was 98200. In this mixture, a
water-rich phase is more wettable to glass than a
PVME-rich phase. The inner tube radius ro was varied
in the range from 10 to 200 um. Phase separation was
triggered by a temperature jump from the stable, one-
phase region to the unstable, two-phase region with a rate
of 1.5°C/s. The temperature of the sample was changed
by using a hot stage with a temperature controller (Lin-
kam TH-600RMS). The phase separation process inside
the capillary tube was observed by optical microscopy.
We studied phase separation in a capillary also using oth-
er binary mixtures such as 2,6-lutidine/water mixtures
and oligomer mixtures of styrene and e-caprolactone.

Among these mixtures the PVME/water mixture was
found to be most appropriate for the present purpose be-
cause of the suitable coarsening dynamics, although the
essential features were the same. In the very late stage,
the pattern evolution is affected by gravity. However, in
PVME/water mixtures the final phase-separated struc-
ture is formed before gravity starts to play a role.

Figure 1 shows the phase diagram for this mixture.
This mixture has a lower-critical-solution-temperature-
(LCST) type phase diagram. The symmetric composi-
tion is located around 7 wt% PVME, and weakly depen-
dent on the quench depth because of the asymmetric
shape of the phase diagram. Near the symmetric compo-
sition a bicontinuous, phase-separated structure appears
at least in the initial stage. This percolation region is
schematically shown in Fig. 1 as the shaded region.

Here we show the pattern evolution inside a capillary
tube observed by optical microscopy. Figures 2(a) and
2(b) show the pattern evolution in a capillary tube for
PVME/water (3/97) at T =34.0°C and for PVME/water
(5/95) at T =33.9°C, respectively. In both cases, a
PVME-rich phase which is less wettable to glass appears
as droplets and the matrix wets the wall. Because of a
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FIG. 1. Phase diagram of the PVME/water mixture.
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FIG. 2. (a) Capillary phase separation in PVME/water
(3/97). Photographs correspond to 5.0, 60.0, 120.0, 240.0, and
360.0 s after the temperature jump from 32.5 to 34.0°C, re-
spectively, from top to bottom. The bar corresponds to 80 um.
(b) Capillary phase separation in PVME/water (5/95). Photo-
graphs correspond to 10.0, 180.0, 300.0, 510.0, 660.0, and 2520
s after the temperature jump from 32.5 to 33.9 °C, respectively,
from top to bottom. The bar corresponds to 80 um for the top
four photographs and to 200 um for the bottom two photo-
graphs.

symmetry requirement, droplets eventually locate around
the symmetrical axis of the capillary.

Figure 3 shows the pattern evolution in a capillary tube
for PVME/water (7/93) at T=233.5°C. Here we see the
very rapid formation of a wetting layer and the subse-
quent, Rayleigh-like instability [9,14-17], which trans-
forms the tube configuration of the wetting layer into
stable, periodic bridges. The formation of the wetting
layer with smooth surface is accomplished within an ex-
tremely short time (~7 s). Macroscopic phase separa-
tion in this time scale is very unusual for a polymer solu-
tion.

Figures 4(a) and 4(b) show the pattern evolution in a
capillary tube for PVME/water (10/90) at 7'=33.1 and
33.5°C, respectively. In both cases, the minority phase is
water rich and droplets wet the inner glass surface. The
wetting layer is slowly formed by the collision of droplets
with the wall. It should be noted that this mechanism of
wetting layer formation is different from that in Fig. 3.
In Fig. 4(a), a stable wetting layer is eventually formed.
In Fig. 4(b), on the other hand, the wetting layer be-
comes unstable and forms stable, periodic bridges, name-
ly, a bamboolike structure.

First we discuss the above composition dependence of
the pattern evolution. The pattern evolution in a 1D
capillary can be classified into the following three cases:
(1) 9> % [p, and ¢p are the volume fractions of the
more wettable (water-rich) and the less wettable
(PVME-rich) phases, respectivelyl, (2) ¢,~ + (the shad-
ed region in Fig. 1), and (3) ¢,< ¥. The boundaries be-
tween the three regions are likely determined by percola-
tion thresholds, namely, whether a bicontinuous, phase-
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FIG. 3. Capillary phase separation in PVME/water (7/93).
Photographs correspond to 4.0, 4.5, 5.0, 6.0, 7.0 (left column),
20.0, 60.0, 90.0, 130.0, and 150.0 s (right column) after the
temperature jump from 32.5 to 33.5°C, respectively, from top
to bottom. The bar corresponds to 200 um.

separated structure appears in the initial stage or not (see
Fig. 1). Figures 2(a) and 2(b) correspond to case (1),
Fig. 3 corresponds to case (2), and Figs. 4(a) and 4(b)
correspond to case (3).

When the minority phase is nonwettable to the glass
[case (1)1, droplets slowly coarsen by the Brownian
coagulation and the evaporation-condensation mecha-
nisms [1]. Since the van der Waals interaction between a
droplet and the wall is roughly proportional to R/D (R
the droplet radius, and D the distance between droplet
surface and wall) [18], larger droplets feel a stronger
repulsive interaction from the wall than smaller ones.

(@) (b)

(a) Capillary phase separation in PVME/water
(10/90). Photographs correspond to 30.0, 120.0, 240.0, 300.0,
420.0, and 1020.0 s after the temperature jump from 32.5 to
33.1°C, respectively, from top to bottom. The bar corresponds

FIG. 4.

to 80 um. (b) Capillary phase separation in PVME/water
(10/90). Photographs correspond to 30.0, 180.0, 300.0, 480.0,
900.0, and 960.0 s after the temperature jump from 32.5 to
33.5°C, respectively, from top to bottom. The bar corresponds
to 200 um.
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This interaction likely exceeds the thermal energy kT
(kg is Boltzmann’s constant) for a large value of R/D.
Thus larger droplets locate around the cylindrical axis at
a higher probability because of a symmetry requirement.
This weak, spatial confinement effect increases the chance
of collision especially between large droplets and thus ac-
celerates the coarsening. Such behavior is actually ob-
served in Figs. 2(a) and 2(b). The droplet size finally
exceeds the pore size [the crossover from three dimen-
sions (3D) to one dimension (1D)], and the droplets
transform into capsules [19].

When the minority phase forming droplets is more
wettable to the glass [case (3)], the droplets are attracted
to the wall by the van der Waals interaction. Thus the
droplets gradually wet the glass and form the wetting lay-
er. This wetting layer is stable for a shallow quench,
while it is unstable for a deep quench and eventually
breaks up into bridges by the Rayleigh instability. Since
the more wettable phase feels the attractive interaction
only from the wall, a layer configuration is first formed in
either case. It is shown that in a 1D capillary the transi-
tion between tube and plug configurations occur at
¢p=0, =(c/Ay)?, where o is the interfacial tension be-
tween the two phases and Ay is the difference in the wet-
tability to the wall between the two phases, provided that
an effective interfacial potential in Ref. [9] is weak for a
semimacroscopic capillary. Since oc=ocpe* (u=1.26)
and Ay=Aye® (§=0.34), where e=(T—T.)/T. [1],
o = (c0/Ay0) 2¢2* =9 under the constraint that + < ¢,
<. Thus, for ¢g> ¢, (for a shallow quench) complete
wetting is favored, while for ¢g < ¢, (for a deep quench)
partial wetting is favored. Hydrodynamic stability
analysis [17] also indicates the layer or unduloid
configuration is stable for a thinner film, namely, for a
larger value of ¢g. These predictions are consistent with
the results for PVME/water (10/90).

When the composition is close to the symmetrical one
[case (2)], bicontinuous phase separation occurs. In this
particular phase-separated structure, the hydrodynamics
unique to the bicontinuous tube morphology [10,20] plays
a drastic role under the influence of the wetting effect.
The more wettable phase can be continuously supplied
into the wetting layer through the percolated tubes by
this hydrodynamic flow. This causes the extremely quick
formation of the wetting layer. The thickness of this wet-
ting layer d,, likely grows as d,,~(o/n)t in the initial
stage. This is because the total flux into the wetting layer
through bicontinuous tubes (radius a) per area (S), O,
is proportional to (flux per tube X number of tubes)
=[~(o/n)a*1x (~S/a?) and S(d/dt)d,, should be pro-
portional to Q,. This linear growth of d,, has been experi-
mentally confirmed [21]. It should be noted that the
growth dynamics of the wetting layer is not affected by
the wettability (Ay) after the wall surface is completely
covered by the more wettable phase.

Here we briefly discuss the dynamics of the wetting
layer formation. Table I shows the ratio of the time re-

TABLE I. The formation time of a wetting layer.

¢P 2 T ro Tw Tw/d£
No. (Wt %) (°cC) (um)  Type (s) (s/um)
E7-1 7 33.2 70.5 bi® 4.1 0.14
E7-2 7 33.2 28.2 bi 1.2 0.13
E7-3 7 334 98.7 bi 4.4 0.12
E7-4 7 33.5 81.8 bi 4.0 0.11
E7-5 7 33.5 28.2 bi 1.3 0.11
E7-6 7 33.6 49.4 bi 1.4 0.08
E7-7 7 33.7 51.0 bi 1.4 0.09
E7-8 7 34.0 70.5 bi 1.8 0.04
E10-1 10 333 36.0 dr¢ 420 s
E10-2 10 33.6 71.8 dr 480
E10-3 10 33.6 66.2 dr 210 cee
E10-4 10 34.1 42.5 bi 1.4 0.11

2PVME concentration. °Bicontinuous. °Droplet.

quired to form the wetting layer (z,,) to the final layer
thickness (df,) just before the instability, t,,/df,, for vari-
ous quench conditions. The difference in 7, between the
capillaries having different pore sizes is found to scale as
tw/df. This is consistent with the above prediction. The
difference in 7, between the bicontinuous and the droplet
morphologies is more than the 2 orders of magnitude.
This reflects the difference in the mechanism of the layer
formation. The small value of 7, for 10 wt% PVME at
T=34.1°C is explained by the fact that under the deep
quench condition bicontinuous phase separation appears
even at this composition (see Fig. 1). For bicontinuous
phase separation, t,/d{ should be proportional to n/c
from the above argument. The dependence of t,/d# on
the quench depth ¢ for a PYME/water (7/93) mixture is
consistent with an increase in o (o ¢#) and a slight de-
crease in 7 with increasing e.

Next we analyze the dynamics of bridge formation
near the symmetric composition. This phenomenon is
known as Rayleigh-like instability for a capillary [9,14-
17]. For a quantitative analysis of the bridge formation,
the minimum radius of the deforming tube of the g
phase, r,, is measured as a function of time Az =t —1t,
where ¢, is the time of the bridge formation and ¢ is the
time. Figure 5 shows a scaling plot for the relation be-
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FIG. 5. Plot of 1 —Ar* against Az*. E7-1, O and @; E7-2,
¢.E7-3,0, E7-4,m; E7-7, A and A; E7-8, .

55



VOLUME 70, NUMBER 1

PHYSICAL REVIEW LETTERS

4 JANUARY 1993

tween Ar* (=r,/r;, with r; the initial tube radius before
deformation, namely, just after the formation of the wet-
ting layer) and At* [=At/At,s, with Aty experimental-
ly determined by Ar*(At;;;) =%1. In the initial stage
(for a large Ar*) the fluctuation 1 —Ar* grows exponen-
tially as predicted by the theories [15-17], while in the
late stage (for a small Ar*) it starts to deviate from the
exponential growth because of nonlinear contributions.
Eventually, Ar* has a linear dependence on At* in the
late stage [21], which can be explained by the simple hy-
drodynamics unique to a tube configuration based on the
Poiseuille flow. The growth dynamics of fluctuation com-
ing from the Rayleigh-like instability can be scaled by the
characteristic growth speed (At,/,), and can be described
by the universal function near the symmetric composition
(see Fig. 5). The evolution dynamics is governed by the
balance between surface-tension driving forces and
viscous resistance in the outer fluid. Thus the initial ex-
ponential growth of the instability is characterized by the
time constant 7, which is proportional to (nr;/c)h(ri/ro)
[15-17], where h(r;/r¢) is a complex function of r;/ro
and other variables [17], namely, At/ o (nri/c)h(ri/ro).
This relation is qualitatively consistent with the observed
dependence of Aty on the quench depth, although an
analysis including A (r;/ro) is necessary for a detailed
comparison.

In a 1D capillary, the system stops coarsening in the
late stage even though it does not reach the lowest energy
state. The final bridge structure of the phase separation
is determined kinetically by the fastest growing mode,
and not thermodynamically. The characteristic size of
the bridge (Amax) is roughly given by ~2zr; according to
the classical theories on the Rayleigh instability [15-17].
This length scale appears because the lobes must be axi-
ally symmetrical constant-pressure surfaces. As predict-
ed by Liu er al. [9], after the formation of the bamboo-
like structure the coarsening is extremely slow, since the
evaporation-condensation mechanism plays a minor role
in the coarsening because of the absence of a curvature
difference between plugs. This is because the only
relevant length scale is the radius of the capillary tube
(r¢) after the crossover from 3D to 1D. Further, thermal
motion of the bridge structure is not allowed from the
conservation law because of the 1D nature. Thus the
bamboolike structure is likely stable or metastable and no
coarsening is expected in the late stage. It is characteris-
tic of a 1D system having a conserved order parameter
that the kinetics instead of the energetics dominates the
final structure.

In summary, we have found that in a 1D capillary the
phase-separation behavior is strongly affected by wetting
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phenomena for all the compositions, although the manner
of coupling between the two phenomena is strongly
dependent on the composition. This is a specific feature
of a 1D system coming from a strong, geometrical con-
finement. In a 2D system, on the other hand, phase sepa-
ration is strongly coupled with wetting only when the
minority phase is more wettable to the walls [21]. The
behavior described here should be universal for any
binary mixture confined in a semimacroscopic, capillary
tube. Since the wetting phenomena so drastically affect
phase-separation behavior even in a semimacroscopic
container, special care should be taken to study bulk
phase separation experimentally.
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FIG. 2. (a) Capillary phase separation in PVME/water
(3/97). Photographs correspond to 5.0, 60.0, 120.0, 240.0, and
360.0 s after the temperature jump from 32.5 to 34.0°C, re-
spectively, from top to bottom. The bar corresponds to 80 um.
(b) Capillary phase separation in PVME/water (5/95). Photo-
graphs correspond to 10.0, 180.0, 300.0, 510.0, 660.0, and 2520
s after the temperature jump from 32.5 to 33.9 °C, respectively,
from top to bottom. The bar corresponds to 80 um for the top
four photographs and to 200 um for the bottom two photo-
graphs.
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FIG. 3. Capillary phase separation in PVME/water (7/93).
Photographs correspond to 4.0, 4.5, 5.0, 6.0, 7.0 (left column),
20.0, 60.0, 90.0, 130.0, and 150.0 s (right column) after the
temperature jump from 32.5 to 33.5°C, respectively, from top
to bottom. The bar corresponds to 200 ym.
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FIG. 4. (a) Capillary phase separation in PVME/water
(10/90). Photographs correspond to 30.0, 120.0, 240.0, 300.0,
420.0, and 1020.0 s after the temperature jump from 32.5 to
33.1°C, respectively, from top to bottom. The bar corresponds
to 80 pm. (b) Capillary phase separation in PVME/water
(10/90). Photographs correspond to 30.0, 180.0, 300.0, 480.0,
900.0, and 960.0 s after the temperature jump from 32.5 to
33.5°C, respectively, from top to bottom. The bar corresponds
to 200 pm.



