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Mechanisms of mesoscopic patterning
in evaporated polymer films deposited on tilted
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Mesoscopic self-organization in evaporated polymer solutions was investigated. The structure
of dried films was studied with optical and SEM microscopy. Formation of mesoscopic cells
was studied in situ with a shadowgraph technique. Intensive migration of the vapor bubbles is
an important factor in the formation of mesoscopic cells. A mechanism of mesoscopic network
formation, based on the mass transport instability in evaporated film, was proposed. The
impact of the solvent is discussed. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Evaporation-induced mesoscopic patterning in organic
and non-organic liquids was under intensive investiga-
tion recently [1-5]. Very different regular patterns, in-
cluding periodic structures and spirals, were observed
[3-8]. Mesoscopic patterning attracted particular in-
terest for two main reasons: firstly, understanding its
mechanisms is important for enhancing polymer coat-
ings; secondly, new applications of mesoscopic struc-
tures were proposed. Among them, M. Shimomura
reported use of mesoscopically patterned polymer films
as novel biofunctional interfaces intended for cell growth
[9].

Much theoretical effort was devoted to understanding
the mechanisms responsible for mesoscopic patterning.
Two main approaches could be recognized: the first treats
mesoscopic structuring as a process of cracking under sol-
vent evaporation [10, 11]; and the second approach relates
mesoscopic self-assembling to various kinds of surface
instabilities such as Marangoni surface tension instabil-
ity [3, 4, 12—18]. It has to be emphasized that describing
physical processes occurring in evaporating films turns
out to be very challenging, since couplings between the
microstructure and hydrodynamic flow are highly non-
linear [19, 20]. Within recent years, there were several
attempts to work out the mathematical model describ-
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ing a flow of evaporated liquid layers, considering strong
non-linearities inherent to such flows [21-27]. The im-
pact of the Soret effect on the mesoscopic patterning was
studied as well [22]. At the same time, a comprehensive
understanding of the mesoscopic structuring occurring
under the evaporation of polymer liquids has still not been
achieved.

De Gennes recently has shown that mesoscopic self-
organization may be due to some non-Marangoni kind of
instability [12]. He has shown that in an evaporating film,
a convective instabilities are due to the concentration ef-
fects (when the surface tension of polymer o, is higher
than the surface tension of the solvent o): a region of
upward flow (“plume”) of solvent-rich fluid induces a lo-
cal depression in surface tension, and the surface forces
tend to strengthen the plume. His calculations led to the
conclusion that when o, > oy, this kind of instability
should dominate over the classic Bénard-Marangoni in-
stabilities. However, De Gennes already indicated that
this model does not explain high roughness of PS/acetone
films (when 0, < o) and low roughness of PS/toluene
films, when (o, > o) [13]. Thus De Gennes supposed that
these phenomena are due to “crust” effects: a polymer-rich
“crust” builds up near the free surface: when it dries out,
it is under tension and should rupture—creating meso-
scopic crack patterns, as reported by different groups

455



[3, 4, 6, 7]. Our experimental work will show that the
real situation in the evaporated film is more complicated:
mesoscopic patterns are substantially due to the migration
of vapor bubbles, formed under the evaporation of the
solvent.

Physical properties (including their viscosities and
transport properties) of organic solvents used in our in-
vestigation were studied thoroughly experimentally and
reported by different groups [28-30].

2. Experimental

Three kinds of polymers: polystyrene (PS) 143 E (sup-
plied by BASF), polycarbonate (PC) Lexan 141 (supplied
by GE Plastics) and polymethylmethacrylate (PMMA)
Acrylex CM 205 (supplied by Chi Mei Corp), were dis-
solved in two groups of organic solvents: chlorinated
(dichloromethane CH,Cl, and chloroform CHCl;) and
aromatic: (toluene and xylenes). All solvents were sup-
plied by Karlo Erba Reagenti, the concentration of the so-
lution was 5% wt for all kinds of polymers and solvents.
Two types of substrates (quartz glass and polypropylene
(PP)) were coated with different experimental techniques:
fast dip-coating and deposition on the tilted substrates (see
Fig. 1A and B). Substrates were cleaned thoroughly with
acetone and ethyl alcohol and rinsed with a large amount
of distilled water.
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Figure 1 Schemes of the dip-coating deposition (A) and deposition on the
tilted substrate (B).
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When the substrate is dip-coated, the liquid film runs
out from the polymer solution (which was kept under
isothermic conditions: t; = 5-30°C for chlorinated sol-
vents and 20-110°C for aromatic solvents), adheres to
the substrate surface and solidifies during the evaporation
of the solvent (see Fig. 1A). Dip-coating was carried out
with a high pulling speed V = 47 cm/min. Pulling di-
rection was vertical in all our experiments. Films were
immediately dried under different conditions: with a hot
or room temperature air current parallel or normal to the
substrate and in the closed box under isothermal condi-
tions (t; = 20°C). Gas current velocity (v = 0.1 — 12
m/s was measured with an anemometer (PROVA AVM
03). When the gas stream was normal to the substrate
it was stabilized with a 0.5 m length tube. The drying
temperatures were varied in the range 7; = 20 — 100°C.

When tilted substrates were coated, the same polymer
solutions were dripped on the quartz glass substrates as
depicted in Fig. 1B and dried with a hot air stream. The
slope of the substrate was varied in the range o = 22-76°.
The structure of the dry film was studied by means of
optical and scanning electron microscopy.

Pattern formation was visualized and studied in situ
with a shadowgraph technique similar to those described
by Weh and Kumacheva [3, 14].

3. Results and discussion

3.1. Optical microscopy and SEM study of the
patterns: impact of the solvent and
parameters of drying

When polymers were dissolved in aromatic solvents,

transparent films with no patterning were obtained under

all deposition techniques and all drying conditions. When

films were dried slowly in the closed box homogenous

transparent films without any patterning were obtained

for all kinds of solvents and substrates.

Mesoscopic patterning was revealed with optical and
SEM microscopy when substrates were coated with chlo-
rinated solvent-based polymer solutions and were dried
with the air stream. In this case, both deposition tech-
niques (dip-coating and deposition on the tilted substrates)
brought into existence very similar self-assembled, meso-
scopically scaled patterns, depicted in Figs 2-5. There
was no difference in the mesoscopic structure of the films
obtained by dip-coating when hot air was blown in par-
allel and normally to the surface. It has been established
that mesoscopic structuring takes place in both cases un-
der broad ranges of drying temperatures (t; = 20—100°C)
and air stream current velocities (v = 0.1-12 m/s). In spe-
cific cases under high drying temperatures (t; > 60°C)
the mesoscopic oredering was destroyed, and the close-
packed submicrometric patterns analogous to those re-
ported previously by our group were observed [6].

The patterns are comprised of polymer domains sep-
arated by highly porous areas. Similar structures were
reported by Weh and Shimomura [3-5], but the resem-
blance is superficial: in our case self-assembling takes



Figure 2 Optical microscopy and SEM images of self-organized mesoscopic structures obtained under fast dip-coating deposition of PMMA films on
the quartz glass substrate. Solvent—dichloromethane. The drying temperature —90°C. A, B—Optical microscopy reveals ordered mesoscopic structure.
C—SEM image of the mesoscopic cell. D—SEM image of the cell boundary.

Figure 3 SEM images of mesoscopic patterns obtained under fast dip-coating deposition of PMMA film on the quartz glass substrate. Solvent—chloroform.

The drying temperature —60°C. A—SEM image of mesoscopic cells. B—SEM image of the boundary.

place in the vertical or tilted flow of the evaporated solu-
tion. Pulling direction (vertical) and longitudinal direction
of the structures depicted in Fig. 2 are identical. It is impor-
tant to note that the characteristic size of the mesoscopic
cell was 30-50 um, and it was only slightly sensitive to
the kind of polymer, substrate or deposition technique.

3.2. Shadowgraph visualization of the
mesoscopic self-assembling

The shadowgraph technique allowed effective visual-

ization of the mesoscopic self-assembling. Four distinct

stages of the self-assembling process were observed.
At the first stage thin (~1 um thickness) boundaries
are formed (Fig. 6A). Formation of these boundaries
is inherent for chlorinated solvents only (distinctions
between chlorinated and aromatic solvents will be
discussed below).

This stage extends over the first 5 s of the drying pro-
cess. Dimensions of the boundaries are very close to those
of mesoscopic cells. We relate formation of these bound-
aries to polymer solution flow instability, the nature of
which will be discussed below. At the second stage inten-
sive boiling of the solvent begins (the low boiling point of
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both solvents has to be emphasized). We have related al-
ready mesoscopic patterning to the boiling of the solvent
[6, 7]; however, direct experimental verification of this hy-
pothesis is reported first in the present paper. At this stage
an intensive migration of the solvent vapor bubbles toward
the cells boundaries has been observed (Fig. 6B). Similar
lateral flow of the solvent due to the Marangoni surface
tension instability was discussed previously by Weh [3].
At the third stage (Fig. 6C) the bubbles precipitate on the
boundaries formed at the first stage of the drying process,
thus yielding structures depicted in Fig. 2C and D. The
characteristic time of these stages is of the order of 5 s.
At the same stage a surprising phenomenon was revealed
with shadowgraph technique: migration of the bubbles
along the boundary toward network nodes (Fig. 6C) re-
sulting in the formation of large nodal bubbles, displayed
in Figs 3A,B and 5A. On the last stage (Fig. 6D) we ob-
served intensive lateral migration of the bubbles, yielding
the final structure of the mesoscopic cell. SEM images

of these cells demonstrate that the central domain of the
cell is much more free from pores than areas adjacent to
the cell’s boundary (Figs 3A and 4A), this phenomenon is
due to the lateral motion of the bubbles. Porous domains
of the mesoscopic cells are comprised of small pores with
dimensions of 200-1000 nm, presented in Fig. 5B. To-
tal time, necessary for the mesoscopic cell formation was
estimated as 15 s.

3.3. Possible mechanisms responsible

for the mesoscopic cell formation
At first glance, the phenomenon of mesoscopic self-
assembling may be related to Marangoni surface tension
instability, extensively studied both experimentally
and theoretically [4, 14-22]. When films are dried by
external air flow under low drying temperatures (f; >
ts), conditions necessary for the formation of two-layer
(gas phase/liquid) Marangoni instability are formed:

Figure4 A.Optical microscopy images of self-organized mesoscopic PC films deposited on the tilted quartz glass substrate. Solvent - chloroform. The drying
temperature —60°C. a = 76°. B. SEM images of self-organized mesoscopic PC films deposited on the tilted quartz glass substrate. Solvent—chloroform.

The drying temperature —60°C. @ = 22°.
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Figure 4 (Continued.).

intensive cooling of thin liquid film with a sufficiently
thin gas layer (due to both evaporation and blowing). The
visual appearance of the network presented in Fig. 6A
is very similar to patterns produced by Marangoni
instability.

However, this phenomenon hardly explains some
of the experimental facts: formation of mesoscopic
cells under high drying temperatures 7, < t;, whereas
Golovin, Nepomnyashchy and Pismen established that
“no monotonous instability occurs when the heating is
from the gas phase” [21]. The second fact which has no
explanation is the absence of mesoscopic cells when poly-
mers were dissolved in aromatic solvents.

We already proposed another kind of mass transport in-
stability, which is perhaps responsible for the mesoscopic
cells formation [7]. De Gennes supposed that due to fast
external drying, all solvent which leaves the solution is
immediately removed from the system. Then, at an early
stage of the evaporation process, a polymer-rich layer
is formed [13]. According to earlier results, the charac-
teristic thickness of such a layer may be on the order
of 50-70 nm, about 20 times less than the characteristic
thickness of the film by the end of drying. This bound-
ary layer has an essentially lower diffusion coefficient

B

Figure 5 SEM images of self-organized mesoscopic PC films deposited on
the tilted quartz glass substrate. Solvent—chloroform. The drying temper-
ature —60°C. o = 76°. A—image of the area adjacent to the nodal points
of the cell, B—image of the typical porous domain.

than the bulk solution; therefore, the evaporation of the
solvent is primarily governed by diffusion through this
layer.

Now let us discuss the physical mechanism of diffusion
instability: it is based on the observation that the local
trough from outside the boundary layer has a tendency to
grow as the reduced thickness facilitates the diffusion of
the solvent in this place. Consequently, a local crest out-
side the boundary layer tends to grow as it suppresses the
diffusion. Small-wavelength perturbations of this sort are
suppressed by surface tension, and therefore there exists
a critical scale for development of the layer instabilities.
The critical wavenumber for stability was thus estimated

as [7]:
J(DAc)*p
kerie ~ s“—a

where D, p and o are the diffusion coefficient, density
and surface tension of the solution correspondingly, s is
the boundary layer thickness and Ac is the dimensionless
concentration jump at the boundary layer. For the sake of
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Figure 6 Main stages of the mesoscopic cell formation, revealed with shadowgraph technique: A—formation of the lateral “network”, B—migration
of solvent vapor bubbles to the network boundaries, C—migration of the bubbles along the cell’s boundary, D—final formation of the mesoscopic

cell.

numeric evaluation we take s ~ 70 nm (this estimation
for the thickness of the boundary layer has been obtained
by De Gennes in paper [13]) and the physical parameters
of the solvents established experimentally [28-30 ]. Our
estimation results on ki ~ 6x10° m~!. This estimation
corresponds to the typical scale for the loss of stability
equal to 27 /kei ~ 10 um. This figure qualitatively coin-
cides with experimental findings. It could be seen that our
estimation does not contain physical parameters of the
polymer, but parameters of the solvent only, which are
actually rather similar for different kinds of chlorinated
solvents.

Our model supplies at least qualitative explanation for
the fact that aromatic solvents do not produce mesoscopic
patterns. Waggoner experimentally studied dependence
of the chlorinated and aromatic solvent diffusion coef-
ficient D on concentration in polystyrene solution [30].
He established that as polymer concentration increases
chloroform data show a markedly steeper concentration
dependence than does toluene. Solutions of PS in toluene
a give linear dependence for the function D(c), where ¢
is a weight fraction of the polymer: D = Dy—kc, (Dg
— is solvent self-diffusion coefficient) whereas the same
dependence for polystyrene dissolved in chloroform fits
well with D = Dy(1 — ¢)”, y =1.6.

This fact could explain why the use of chlorinated
solvents brings into existence the phenomenon of meso-
scopic patterning: fast changes in the diffusion coefficient
favor formation of the local polymer-rich crests discussed
above. However co-occurrence of traditional Marangoni
instability and the instability discussed in the present pa-
per is possible as well.

The subsequent stages of the mesoscopic cell forma-
tion connected with the bubbles migration are much more
clear: what is actually seen in SEM and optical images
is the frozen picture of the bubbles distribution. Higher
drying temperatures favor formation of the thinner bound-
aries (see Figs 2-5).
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4. Conclusions

Mesoscopic patterning in evaporated polymer films de-
posited on tilted and vertical substrates was studied.
Polystyrene, polycarbonate and polymethylmethacrylate,
when dissolved in chlorinated solvents, formed self-
assembled mesoscopic structures, whereas the same poly-
mers dissolved in aromatic solvents produced clear films.
Shadowgraph visualization of the process demonstrated
that at the first stage of the evaporation process a meso-
scopic network was formed. Possible mechanisms of
mesoscopic network formation were discussed. We sup-
posed that diffusion instability could play a decisive role in
this process. It was revealed by a shadowgraph technique
that migration of the vapor bubbles toward the mesoscopic
network plays the decisive role in the patterning process.
Migration of the vapor bubbles along the network bound-
aries, resulting in the formation of large network nodes
was observed as well.
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