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Convection-Induced Patterns in Phase-Separating Polymeric Fluids
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The process of pattern formation and droplet coarsening has been studied for ternary poly
fluids in which phase separation was induced by solvent evaporation. For a particular ran
solvent evaporation rates and thicknesses of liquid layers, ordered hexagonal patterns were
at the liquid film-air interface. We ascribe this effect to Bénard-Marangoni convection induce
solvent evaporation and estimate conditions generating periodic two-phase structures in polymeric
Droplet coarsening rate featured a crossover fromR , t0.89 to R , t0.67 coinciding with the onset
of convection and was explained by convection-induced stabilization of droplets against coales
[S0031-9007(98)07184-1]
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Under particular conditions, patterns with a high de
gree of order and symmetry emerge in phase-separa
polymeric fluids on a length scale significantly exceedin
molecular dimensions [1,2]. For multicomponent liquid
undergoing phase separation due to solvent evaporatio
was suggested that Bénard-Marangoni convection [3] m
be a source of ordered patterns. Indeed, cooling of the
surface due to the solvent removal is similar to heating o
fluid film from below in a sense that it generates temper
ture gradient in a liquid layer. Fluctuations of tempera
ture at the liquid-air interface result in local surface tensio
variations enhanced by the upward flow of the warmer li
uid from the bulk. In a steady state, surface-tension-driv
convection arises in the fluid layer.

The manner in which the dynamics of phase separat
and structure evolution are influenced by convection h
not been studied although it is known that hydrodynam
effects play a significant role in droplet coarsening. For t
cooperative action of Brownian motion and hydrodynam
interactions on the domain growth, Siggia [4] showe
that hydrodynamic effects accelerate coalescence-indu
coarsening toR , tl, whereR is a droplet mean radius,
and t is a coarsening time. Furukawa [5], using couple
Navier-Stokes and Cahn-Hillard equations, predicted f
3D systems with a high Reynolds number two new grow
modes that originated from a balance of the inertial forc
and interfacial tension, i.e.,R , tn with n ­ 1 andn ­

2
3 .

Experimental studies of phase-separation dynamics in
gravity-dominated regime showed that flow can either e
hance or suppress droplet growth, depending on a bala
of viscous and sedimentation forces [6].

It is reasonable to expect that involvement of droplets
a new phase in convection of the intervening liquid wou
generate coarsening dynamics different from that predic
and observed in a flow-dominated regime.

In Bénard-Marangoni convection, pattern formation
governed by a balance of the surface-tension-driven forc
and dissipation due to the thermal diffusion and the fri
tional action of viscosity [3]. The competition of thes
factors is expressed by a Marangoni number
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Ma ­ 2s≠gy≠T dDTdynrk , (1)

wheres≠gy≠T d is the temperature derivative of the surfac
tensiong; DT is the difference in temperature betwee
the bottom and the top film surfaces;d is the thickness
of the fluid layer;n is the kinematic viscosity,n ­ hyr;
r, h, andk are the density, the dynamic viscosity, and th
thermal diffusivity of the system, respectively. Accordin
to the linear stability analysis, the transition to instabilit
occurs at Mac ø 80 [7].

In low-molecular liquids, convection patterns dissipa
when heating of the bottom surface or cooling of the to
surfaces ceases. In contrast, in polymeric fluids, kine
limitations, e.g., vitrification, crystallization, and cross
linking coupled to the phase-separation path dramatica
reduce the mobility of the system. In this way, nonequ
librium patterns that emerge in the liquid state would b
conserved in the solid film. Studies of the “frozen” mo
phology can shed light on the dynamics of phase separa
in fluid systems.

In this work, experiments were performed on flui
polymeric films in which phase separation was caus
by the evaporation of a volatile solvent. By controllin
solvent evaporation rate and thicknesses of liquid film
we generated convection and examined conditions requ
for the formation of ordered patterns in phase-separat
systems. Another objective was to explore the effect
convection on the coarsening dynamics of a new phase

Polystyrene sPS, Mw ­ 234 000d and polymethyl
methacrylate (PMMA,Mw ­ 306 000d were dissolved
in toluene at the total polymer concentration 4.1 w %
The weight ratio of PMMA/PS was 1:9. The PMMA
molecules were covalently labeled with a fluoresce
dye 4-amino-7 nitrobenzo-2-oxa-1,3-diazol (NBD) [8
The filtered polymer solution was cast onto quar
glass substrates positioned into a sealed chamber. F
thicknessd varied from 0.12 to 3 mm and the aspec
ratio ranged from 0.05 to 0.002. To control toluen
evaporation rate from the films, dry nitrogen was pass
through the chamber with a speed varying froms0 to
© 1998 The American Physical Society 3427
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7.9d 3 1025 m3ys. Toluene evaporation was monitore
by weighing the sample in the chamber at regular tim
intervals. The duration of experiments was determin
by d and the solvent evaporation rate and ranged from
to 45 min until a constant film weight was reached. Th
surface structure of the films, however, developed ov
a shorter timet, i.e., within 4–25 min after the solution
was cast onto the substrate. Further solvent evapora
did not affect the surface morphology of the films. Th
solvent evaporation rate,ms, calculated for the linear
part of the graphms ­ fstd, varied from0.23 3 1023 to
0.72 3 1023 kgym2 s, and showed a minor increase wit
a thickness of the sample. The difference in temperatu
between the topsTtd and the bottomsTbd surfaces was
measured asDT ­ Tb 2 Tt for films with d . 0.32 mm
by placing two calibrated thermocouples at the liqui
air and liquid-substrate interfaces with an accuracy
60.1 ±C. In a steady state,DT in films with d in the
range from 0.32 to 3 mm varied from 0.4 to2.5 ±C.

The surface and the bulk film structures were studi
by laser confocal fluorescent microscopy (LCFM) using
Bio-Rad MRC 600 confocal microscope. The lateral an
vertical resolutions were on the order of 0.3 and0.7 mm,
respectively. Images were analyzed by the digital ima
analysis programIMAGE TOOLS (NIH).

Typical surface structures of the films obtained at d
ferent solvent evaporation rates from liquid layers wi
d ­ 0.58 6 0.02 mm are shown in Figs. 1(a)–1(c). An
increase in the rate of solvent removal results in the tra
sition from a random distribution of large polydispers
PMMA-rich domains [Fig. 1(a)] to an ordered pattern o
PMMA particles arranged mostly in hexagons [Fig. 1(c)
This change is accompanied by an increase of the nu
ber density of the PMMA domains and a reduction of the
dimensions.

In the second series of experiments, the thicknessd of
liquid films was varied while the difference in temperatu
across films was kept constant. The LCFM micrographs
the surface structure are shown in Figs. 2(a)–2(c). In th
films with d ­ 0.22 mm, a disordered pattern is forme
by dimers and trimers of small particles which appear
due to coalescence of small droplets accompanied by
vitrification of the system [Fig. 2(a)]. An increase ofd
to 0.92 mm generates periodicity of the PMMA domain
shown in Fig. 2(b), whereas in layers withd ­ 2.5 mm a
chaotic distribution of large polydisperse domains of th
PMMA-rich phase is observed.

The experimental observations can be understood
terms of the relationship (1): for a particular solven
Bénard-Marangoni convection occurs in fluid polymer
layers when the increase of the film thickness and/or s
vent evaporation rate (i.e., increase of the latent heat
vaporization) provides the driving force for thermocapi
lary convection. The hydrodynamic conditions require
for the formation of two-phase ordered patterns are e
mated in Fig. 3 in which the polydispersity in the inter
domain center-to-center distance is plotted as a funct
3428
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FIG. 1. LCFM images of the surface patterns in PMMA-P
films obtained at different toluene evaporation rates. Fluore
cent PMMA-rich domains are prominent on the backgroun
of PS. The 488 nm line from an Ar laser was used for th
dye excitation. DT across the liquid layer: (a)0.49 ±C, (b)
1.05 ±C, and (c)1.51 ±C. d ­ 0.58 6 0.02 mm. Scale bar is
10 microns.

of the Marangoni number Ma. Polydispersity was define
as syL, wheres is the standard deviation of the value
of interdomain distance, andL is the average interdomain
distance. The minimum value insyL ø 0.1 corresponds
to the most regular patterns.

A number of assumptions have been made for t
calculation of Ma. Rayleigh convection was neglecte
since for all liquid layers the ratio MayRa ranged from 11
to 30 where Ra is a Rayleigh number [9]. A variatio
in the concentration of solvent across liquid films wa
assumed to be not too large; thus the average composi
of liquid layers was used for calculations. Finally, sinc
the concentration of toluene during pattern evolution w
bigger than 80 w %, the values of≠gy≠T , k, and b

were assumed to be close to those of the pure solve
The value of thermal diffusivity was calculated ask ­
ayrcp [10]. The dynamic viscosity of the intervening
liquid was measured as being that of the PS soluti
at the concentration corresponding to the onset of pha
separation [11]. At the concentration of PS in the solutio
4.7 w %, the dynamic viscosity wash ­ 0.09 P.

The transition to ordered patterns occurs at Ma. 90.
In films thicker than 1.8 mm for which Ma exceeds 410
the surface patterns become disordered, presumably du
the turbulence in fluid layers.
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FIG. 2. Surface patterns in blend films formed from PMMA
PS-toluene layers with varying thicknessd: (a) d ­ 0.32 6
0.02 mm; (b) d ­ 0.58 6 0.02 mm; (c) d ­ 2.5 mm. Scale
bar is 10 microns.

It has to be noted that surface patterns obtained
Ma . Mac are not perfectly hexagonal: about 20% o
the cells shown in Figs. 1(c) and 2(b) form polygon
Partial distortion can be caused by the nitrogen flo
in the chamber. However, more important is the tim
dependence of the variables in Eq. (1); i.e., Ma; Mastd.
The viscosity of the PS-rich solution is the parameter th
undergoes the largest change during toluene evaporat
achieving at the moment of a complete pattern formati
the value of 0.95 P. This effect implies that for th
system studied the Boussinesq-Overbeck approximat
[13] is not strictly applicable. In addition, an attachmen
of PMMA-rich droplets to the air-film interface produce
lateral pressure gradients at the horizontal boundary, wh
compete with those in az direction. Nevertheless, Fig. 3
demonstrates the approach to producing ordered patte
from phase-separating polymeric systems.

Inspection of the ordered interface patterns reveals t
convection cells are,10 mm in size. This value is about
20 times less than expected for liquid films withd ranging
from 0.6 to 1.2 mm [3,8]. The reason for the differenc
may emanate from the occurrence of the convection in
very thin layer adjacent to the free film surface and th
non-Newtonian behavior of the intervening fluid.

The dimensions and the number of the PMMA-ric
domains are also influenced by hydrodynamic condition
Figure 4 shows the variation of the mean radiusR and the
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FIG. 3. Standard deviation in the interdomain distance no
malized by the average interdomain distanceL plotted as a
function of a Marangoni number Ma. Ma is controlled byssd
solvent evaporation rate; (d) thickness of the liquid layer.

number densityn of the PMMA domains as a function of
Ma. A crossover in the reduction ofR and an increase in
n occurs at Ma. Mac; i.e., it coincides with the transition
to ordered surface patterns in the corresponding polyme
films. The surface area fraction of PMMA domains is he
at 0.087 6 0.009.

In order to assess more clearly the effect of convecti
on the rate of coarsening of the PMMA-rich droplets,R
was plotted as a function of the coarsening timet (Fig. 5).
A short time scale of the experiment made difficult
precise measurement of the power laws of coarsen
dynamics. Nevertheless, a crossover in the droplet grow
rate was observed at the onset of convection in liquid film
the PMMA-rich domains grew withR , t0.89 at Ma , 90
and asR , t0.67 at Ma . 90.

A reduction in the domain growth rate and a stabiliz
tion of the particle number density shown in Fig. 4 indica
that (i) at Ma, 90 droplet growth is dominated by coa
lescence; (ii) when the threshold of convection is exceed
coalescence-induced coarsening is suppressed.

Fast domain coarsening at Ma, 90 can be understood
in terms of a cooperation of the Brownian coagulation a
flow-dominated coalescence. For near-critical compo
tions in a flow-dominated regime, Siggia’s scaling analys
[4] predictsn ­ 1, a dependence stronger than actually o
served. At Ma. 90, the circulation of the intervening liq-
uid between the warmer and cooler spots succeeds the
occurring between narrow and wide gaps to pressure gra
ents. Convection-induced stabilization of droplets again
coalescence can occur due to the increase of hydrodyna
resistance to the approach of droplets to each other.
these conditions, PMMA-rich droplets are most likely lo
cated at warmer sites of the liquid-air interface, i.e., t
stagnant spots of the convection cells where circulati
of liquid keeps them apart from each other. As a resu
droplet growth is dominated by a diffusive process par
supplemented by coalescence with droplets arriving fro
the bulk of liquid film. In thick liquid films, e.g., Fig. 2(c),
the steady state circulation of the PS solution ceases.
3429
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FIG. 4. Plot of the mean radiusR snd and number density
n smd of the PMMA-rich domains as a function of Ma.
d ­ 0.58 6 0.02 mm.

transition to turbulence accelerates droplet coarsening
coalescence. This effect was predicted by Furukawa [
for droplet growth at sufficiently high Reynolds numbers

In films formed from liquid layers at Ma. 90, the layer
with a thickness of about10 20 mm adjacent to the free
interface was depleted of PMMA domains. The existenc
of such layers in corresponding convecting fluids can b
anticipated from the droplet drag to warmer spots at th
air-liquid interface and toward the hotter film-substrate in
terface [14]. The velocity of the droplet motionu was
estimated asu ­ 2h2yf3hLs2hL 1 3hDdgj hf3hLRys2 1

xDxLdg s≠gy≠T d=T 1 srL 2 rDd shL 1 hDd gR2j [14],
where=T is the temperature gradient,xL, xL, rL andhD ,
hD , rD are the thermal conductivities, viscosities, and de
sities of the PS-rich solution (intervening liquid) and th
PMMA-rich solution in droplets, respectively. Assum-
ing the temperature gradient to be uniform,=T ­ sTb 2

Ttdyd ­ 26 ±Cycm for the system shown in Fig. 1(c),
xL ø xD , rL ø rD , the viscosity of the solution inside
and outside the droplets of the order of,1021 P, R of
droplets in the bulk solution,0.1 mm, and ≠gy≠T ­
0.112 dyneycmK [11], we obtain the velocity of the
droplet motion of about0.37 mmys. For the time of pat-
tern formation of about,9 min, the path over which the
droplets move would be,200 mm, i.e., 10 times bigger
than the thickness of the depleted layer below the top su
face. We believe that the difference between the observ
and the estimated path is caused by the increase of visc
ity of the PS-rich solution due to toluene evaporation.

In conclusion, this is the first experiment that demon
strates the formation of ordered patterns in thin films o
phase-separating polymeric liquids by inducing Bénar
Marangnoni convection. We show that by controlling th
solvent evaporation rate and the thickness of liquid laye
regular surface patterns can be produced in blend film
The onset of the convection occurs at Ma. 90. Con-
vection suppresses droplet coalescence and leads t
crossover in the coarsening rate of the minor phase fro
n ­ 0.89 to n ­ 0.67 in R , tn.
3430
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FIG. 5. Average domain radiusR of the PMMA phase plotted
as a function of coarsening time in liquid PMMA-PS-toluen
films with the thickness0.58 6 0.02 mm. The shorter time
scale corresponds to higher values of Ma.
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