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PACS 83.80.Rs — Polymer solutions

Abstract — Dew or breath figures is a disordered pattern formed by polydisperse water drops that
form when a cold surface comes in contact with breath or moist air. Unexpectedly, self-assembled
arrays of non-coalescent monodisperse water drops form when dilute solutions of polymers in
volatile organic solvents are exposed to moist air. After solvent evaporation is complete, these
condensation figures dry out as well, leaving “holey” polymer films, containing hexagonally ordered
arrays of pores (0.2 to 10 pm). While the macroporous films are produced easily for a wide variety
of solvents and polymers, there is no existing theory that describes how the pore size depends upon
tunable parameters like humidity, air temperature and velocity as well as on the choice of solvent
and polymer. In this study, we propose a transport model to elucidate the role of the solvent and
airflow in determining the rate and extent of evaporative cooling, and contrast our model results
with the corresponding experimental measurements for polystyrene/carbon disulfide solutions.
We describe how modeling evaporative cooling is essential for the quantitative understanding of
dominant processes that lead to growth, non-coalescence and self-assembly of water drops, and

the subsequent formation of ordered arrays of pores.
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Breath figures or dew forms over cold solid or liquid
substrates on contact with humid air [1-5]. The growing
water drops coalesce with each other, and several genera-
tions of drops coexist in a fractal pattern. When the breath
figures form over a pre-cooled liquid substrate (immiscible
with water), they first self-organize into a locally ordered
state, and then coalescence sets in, giving a pattern with
polydisperse drop sizes [3-5]. Breath-figure-like patterns
of water droplets appear on an evaporating polymer solu-
tion, exposed to a stream of moist air, and once the
solvent evaporation is complete, the water drops evap-
orate away as well, leaving a highly ordered array of
holes in the polymer film [6]. To name the process as
breath-figure-templated assembly is to recognize grow-
ing amount of experimental evidence [6-8] showing that
the formation of pores occurs as a result of nucleation,
growth and self-assembly of non-coalescent water drops
over evaporatively cooled polymer solution, as postulated
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by Srinivasarao and coworkers [6]. The templating process
has been successfully applied to a wide variety of poly-
mers (coil-like, rod-coil, star-shaped) and solvents (chloro-
form, toluene, carbon disulfide, dichloromethane, benzene,
THF) and the holey films are developed for applications
such as non-wetting or superhydrophobic surfaces, picol-
iter beakers, microlenses, substrates for cell growth and
photovoltaics, etc. [6,7,9-15]. Since applications require
microporous films with a well-defined structure, we need
to determine how the pore size depends upon the parame-
ters like humidity, air temperature and velocity as well as
the choice of solvent and polymer.

Despite a general consensus that the fabrication
process is simple to perform [6,7,9-15], models capable
of quantitatively predicting the final structure in terms
of these aforementioned variables are not yet available,
partially due to the complex interplay of several physical
processes [6]. The problem has been cited to be very
complex [6,10,12], not only because it requires an under-
standing of mass and heat changes taking place during
the solvent evaporation, coupled with the kinetics of
growth and assembly of water drops, but possibly because
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it also involves convection within the polymer solution
substrate, and the presence of non-coalescence in water
drops. Local variations in the number density of growing
drops as well as local variations in transport fluxes are
likely to occur. The temperature and/or concentration
gradient induced phenomena of Rayleigh-Bénard and/or
Marangoni-Bénard convection [6,8,16,17] could become
important during the templating process. It is clear,
however, that both heat and mass transfer are predom-
inantly influenced by the choice of solvent and airflow
conditions, and it must be therefore useful in the first
instance to examine the correlation between solvent
properties and evaporative cooling.

In this paper, we describe a model for computing
the concentration and temperature changes occurring in
the polymer solution during the breath-figure-templated
assembly (BFTA) of ordered arrays of pores. We show
that the diffusion-based model captures the experimen-
tally observed behavior for a PS/CS, system, and thus we
establish a quantitative methodology for contrasting the
primary effect of the choice of a solvent. Before describ-
ing the model calculations and experimental results, we
explain how our present study is the necessary step in
elucidating the physical processes and parametric space
underlying the breath-figure-templated assembly of pores
in polymer films.

The templating mechanism for the formation of micro-
porous films in our case is driven by the evaporation of a
high-volatility solvent (aided by a flow of moist air over
the solution), and the evaporative cooling drives the nucle-
ation and growth of water droplets. It has been suggested
by Limaye et al. [8] and Srinivasarao et al. [6] that evapo-
rative cooling induces convection currents within the solu-
tion which, in conjunction with the airflow across the
surface, drive ordering of the water droplets. The non-
coalescence of water drops has been attributed to several
factors although the dominant mechanism is currently
being studied. Srinivasarao et al. [6] suggested that the
temperature gradient present in the system may produce
thermocapillary convection such that the droplets are kept
apart by replenishing the fluid (air) layer that needs to be
drained for drops to come together [18]. An alternative
hypothesis is that evaporation flux may be providing a
non-vanishing, replenished vapor layer to keep drops from
coalescing [6]. We derive both the rate at which vapor
flux is generated and how the temperature above the solu-
tion changes as a function of time, and their role in non-
coalescence and self-assembly will be described in detail
elsewhere [19].

The nucleation and growth of droplets on solid
substrates has been studied extensively in the context of
the formation of dew and breath figures [2-5], as well as
in developing a greater understanding of chemical vapor
deposition [20]. In those experiments and models [2-5],
the systems considered differ from polymer solutions
in at least two important aspects: 1) the substrate is
pre-cooled below the dew point and 2) coalescence is

the dominant growth mechanism in the late stages. In
polymer solutions, cooling is evaporation driven, the
drops can remain non-coalescent and these grow and
assemble into a close-packed, highly ordered array of
similar size drops (packing fraction approaching 0.90).
The significant difference in growth kinetics and patterns
formed necessitates the quantitative analysis of factors
underlying droplet growth and assembly over evaporating
polymer solutions.

In the present study, we first compare the experimen-
tally determined mass loss due to evaporation with a
model that considers the diffusion of solvent through a
polymer film with airflow at the top surface. A thin film
of polymer solution, with polymer content C' (C' <5%) is
deposited on a solid substrate. The film is initially at the
ambient temperature, T. Let us assume that the solution
is spread into a rectangular block of area, S, with initial
height hg and initial volume Vj. The presence of the poly-
mer retains the boundary of the film, thus maintaining
the area of the film constant, while the volume of the fluid
decreases with time. A flow of humidified air, with velocity
Voo and kinematic viscosity v, is considered to move in a
direction z such that a laminar boundary layer is formed
close to the surface of the polymer solution according to
the Reynolds number condition (Re ~ vz /v, > 10°) for
a boundary layer flow which presently corresponds to velo-
cities v, ~ 1m/s (typical velocities from experiments).

Let us consider the evaporative mass loss problem
by proposing that the liquid solvent diffuses through
the polymer solution to arrive at the surface, where it
is removed by the blast of moist air. The problem is
therefore considered to be predominantly diffusion limited
and may be conveniently described by Fick’s law, such
that the diffusion process within the polymer solution is
represented by ,

L 886;L = 8&7 (1)
z ot
where Dy, is the diffusion coefficient of the solvent, and
(', is the concentration of the solvent at position z in the
film. At the bottom surface of the film, no solvent loss
takes place through the supporting substrate and hence
the boundary condition at this surface

oC,

As the sample is sufficiently thin, mass loss is considered
to occur only at the top surface due to the negligible area
for mass transfer presented by the sample edges. At the
top surface, the solvent is considered to be continuously
removed by mass transfer to the airflow, and hence the
appropriate boundary condition is

oCr  kur
9z DK

(C;—CL) at z=1, t>0. (3)

K is the equilibrium distribution coefficient and C7 =
KCpo. In effect, we use the Henry law, and the term
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Fig. 1: (Colour on-line) Theoretically predicted mass loss as
a function of time for PS/CS2, using a flow rate of 0.75m/s,
and a thickness corresponding to 0.12 g of the film, area 1cm?
(typical experimental values).

KCpL is replaced by the concentration inside the film
substrate in equilibrium with the bulk concentration in
vapor [21,22]. The mass transfer coefficient, kjsr, for the
transfer of component A into the free stream of B is defined
in terms of the diffusion at the interface as

_DL(@OL/@Z)‘Z:O

4
Cr1—Creo @)

kyr =
For laminar flow, the mass transfer coefficient can
be estimated from the Sherwood number, Shrayinar =
kyrl/Dy =0.664Re'/2Sc!/3. Here the Schmidt number,
Sc=v/D is the ratio of momentum diffusivity to mass
diffusivity [22], and for a typical case of 1m/s moist
airflow over a carbon disulfide solution, Re (~ 1000) and
Sec (=1.2) correspond to measures with respect to air
diffusivity, viscosity and velocity. The mass transfer coeffi-
cient for the turbulent flow has a different correlation [22].
The diffusion equation with the aforementioned bound-
ary and initial conditions has a solution of the form

Mg wE (@D
M, (B+a’+a) P\" 2 )

where (3, values are roots of [,tang,=a=*kyrl/
KDy, [21] and M;/M, denotes the mass of the polymer
solution relative to the initial mass as a function of
time. The transient depletion of the solvent calculated
above depends upon the velocity of airflow and solvent
properties, as the values of mass transfer coefficient (and
hence that of coeflicients o and () depend on these
experimental parameters. The rate of the solvent loss is
mainly limited by the diffusion coefficient of the solvent.
Figure 1 shows the calculated mass loss as a function of
time, and fig. 2 shows the corresponding experimentally
measured evaporation profile for a PS/CSy solution
(adapted from experiments done by Song [12]). The
calculated rate of mass loss appears to closely resemble

(5)
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Fig. 2: (Colour on-line) Experimentally determined mass
profiles, for PS/CS, solutions, for polystyrene (mono-carboxy
terminated, M, =50K) and airflow of 0.75m/s, varied PS
content.

the experimentally measured profiles with the exception
of the more dilute solutions, where the surface area itself
was not constant. The higher the initial concentration of
polymer in the solvent, the better and sooner the contact
line is pinned. The magnitude of ( is quite insensitive to
change in velocity (for typical airflows employed; 0.25-1
m/s) and the model computed mass loss occurs nearly
at the same rate, in agreement with the experimental
results of Song [12]. It is inherently assumed in the model
that the choice of polymer and the molecular weight do
not affect the time required for mass loss and studies
conducted to date on a range of polymers used to form
breath figures appear to support the validity of this
assumption [12].

Next, we model the change in the temperature of the
surface during evaporation, and compare it with experi-
mental measurements. The variation of surface tempera-
ture as a function of time during the evaporative period is
essentially a heat diffusion problem and may be described
by the equation ,

T% _% (6)

z ot

We consider the polymer solution to be thin enough
such that the dominant heat exchange takes place in
the z-direction, and that the heat of mixing of solvent
vapor and moist air is negligible. Let us define 6 as
the difference between the temperature of the solvent
and the temperature of the airflow, Dp is the thermal
diffusion coefficient, given by Dy = Kr/pral, Kr is the
heat conductivity and o is the specific heat of the solvent.

At the bottom surface, which is in contact with a solid
insulating substrate, the boundary condition of zero flux
is applied, implying

00/0z=0 at z=0 Vt. (7)
Heat is continuously exchanged at the top surface. The
heat exchange associated with the enthalpy of evaporation
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Fig. 3: (Colour on-line) Comparison of the model profiles of the
temperature variation (in °C) as a function of time (in seconds)
plotted for carbon disulfide, CS2 (blue) and chloroform, CHCl3
(black) for flow rates of 0.5 (squares), 0.75 (circles) and 1
(crosses) m/s, respectively.

is 1prlLyap(dR(t)/dt), where R(t)=M(t)/M(0) is the
relative mass at time ¢ and L4, is the heat of vapor-
ization. Radiative heat loss is equal to k160, where ki =
40003, where o is Stephan’s constant. Heat loss due to
airflow is equal to kg7, where kgt is dependent upon
both the Reynolds number Re and the Prandtl number
Pr and is calculated using the Nusselt number, Nuj =
kg Lyap/ K7 = 0.664Re'/? Pr1/3, Lastly, conductive heat
exchange is equal to KT%. All heat exchange terms are
incorporated in the boundary condition:

1
§leL déR*l’KT@*kHTg:O at z=1, t>0.

wr g T RT, ®

The ki is dropped as the term is much smaller than
the heat transfer coefficient, kgyr. By defining ¢ =6/6’;
0 =3°DrprLoapé/2Kr, X=2z/l, T=t/7; 7 =12/Dr
(heat diffusion timescale), £ as the pre-factor for
M(t)/M(0), x=kurl/Drapr (ratio of convective to
diffusive heat transfer) and = 32Dy /Dy, (related to
the ratio of heat and mass diffusion timescales) the heat
equation becomes

dp 0?9
kA 9
or 0X? (9)
with the initial condition and the boundary conditions as
¢p=0; 0<X<1l; 7=0,
o9
= X = 1
Ee 0 at 0, (10)
o9
- —T) = X=1 .
X X¢+exp(—y7)=0 at , T>0

The heat equation, with the aforementioned bound-
ary and initial conditions, was solved numerically for the
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Fig. 4: (Colour on-line) Experimentally measured temperature
profile, for a flow rate of 0.5m/s, humidity 52%, PS 3% by
weight in CSs.

PS/CS2 and PS/CHCI; system and the computed temper-
ature as a function of time is shown in fig. 3. This shows
a remarkable similarity to the corresponding experimen-
tally measured temperature profile plotted in fig. 4, which
was obtained by using an embedded thermocouple probe,
see SEM image in fig. 5. We note that the temperature
first decreases below room temperature and as the evap-
oration rate of the solvent slows down, the temperature
starts to rise back again. The magnitude of the tempera-
ture drop and its duration appears to be controlled by the
magnitude of thermal and mass diffusivity of the solvent
(through value of ) and by the convective losses as incor-
porated in the magnitude of the heat transfer coefficient,
kpr (and hence the value of x).

If we contrast the temperature profiles for chloroform
and carbon disulfide, fig. 3, for the flow rates shown, the
extent of cooling is always larger for carbon disulfide. The
difference in the extent of cooling is demonstrated remark-
ably well by a drop of carbon disulfide solution that clouds
much faster in ambient conditions. Interestingly, a higher
airflow velocity produces a smaller temperature change.
The explanation is simple and as follows. Evaporative cool-
ing is counteracted by an increased and opposing conduc-
tive heat flux, from the warmer air that flows over the
colder substrate. By changing the depth and width of the
curve that represents the variation in temperature with
time, the time available for drops to nucleate and grow
must change.

The kinetics of droplet nucleation, growth and assembly
are determined by the mass and heat flux of water vapor
and these are directly influenced by the local conditions
controlled by the solvent evaporation. Specifically, we note
that the water droplets are formed by a condensation
process, which occurs when the temperature decreases
below the critical dew point temperature in the vicinity of
the substrate. The growth of droplets due to condensation
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Fig. 5: SEM images for microporous films with an embedded wire (PS/CS3), the scale bar is 10 ym.

is fundamentally limited to the period within which the
polymer solution is maintained below the dew point. It
is proposed that the transient temperature profile of the
solution may be approzimated by the singular cooling effect
of evaporative solvent flur, thereby providing a simple
and effective means for estimating the potential drop
growth time and hence the eventual pore size. But even
without formulating a growth law, one can expect that the
increase in velocity implies lower drop sizes, for the drops
can grow only for a shorter duration. This is in accord
with the experimental observations reported by various
groups [6,23,24]. By using the corresponding physical
properties in our numerical solution, we can predict the
temperature changes for any given solvent.

It is worth noting that as the temperature of the solution
and the polymer concentration change, the absolute values
of the physical properties of the solvent will vary accord-
ingly. Also heat change accompanies the condensation and
the evaporation of water drops. Even though these effects
can be included explicitly, we estimated that the variation
of the key parameters (including vapor pressure, heat of
vaporization, specific heat and diffusivity of the liquid) is
sufficiently low (i.e. within a few percent of those of the
pure solvent) to justify their omission in the present treat-
ment. Despite this and even with our simplifying approxi-
mations, the model appears to capture most of the aspects
of the evaporation rate and cooling occurring within the
context of breath-figure-templated assembly.

Knowing the polymer concentration and substrate
temperature as a function of time provides an estimate
of how the surface tension and viscosity of the solution
changes during the droplet growth and assembly phases.
As the polymer solutions progress from a dilute to semi-
dilute state during evaporation, the associated viscosity
increases by approximately three orders of magnitude [25].
In breath figures formed in liquids, the delayed coales-
cence of drops [3,26] which allows for their assembly into
rafts, is attributed to the draining time required for the
solvent to move out which scales linearly with viscosity.
In the late stages, where droplets are closely packed and

lie within the polymer solution, the draining time for the
increasingly viscous polymer solution will be at least three
to four orders of magnitude larger than that of the pure
solvent. The mechanism for non-coalescence during the
early stages will be detailed elsewhere [19]. We infer that
the assembly and pore size observed on varying archi-
tecture, molecular weight and concentration [6,12,27,28],
(keeping the polymer solvent and airflow conditions the
same), are related to how these factors influence the rate
of change of viscosity of the underlying substrate. For
drops to grow and self-assemble, the viscosity needs to
vary at a rate that allows drops the mobility to evolve into
these closed-packed arrays. The change in concentration
and molecular weight directly influence the viscosity
encountered by drops, and hence they influence the final
morphology of the polymer films.

In this study, we show how the choice of solvent deter-
mines the rate and extent of evaporative cooling. The
rate of mass loss and temperature change measured for
a polymer solution, PS/CSs system, exposed to a stream
of (moist) air are captured quite well by our model. We
contrasted the extent of evaporative cooling for carbon
disulfide and chloroform and determined that CSy solu-
tions have a greater temperature drop. The approach
can be easily extended to other solvents, and polymer
solutions. Our elucidation of how the choice of solvent
and airflow velocity determines the timescales as well
as heat and mass fluxes is an essential step towards
our goal of unraveling the physics of nucleation, growth,
non-coalescence and assembly of water drops and as a
result, establishing how pore sizes can be manipulated
using process parameters. The detailed model for kinet-
ics of drop nucleation and growth will be described in
a subsequent publication [19]. We note here that the
rate of solvent evaporation and the associated concen-
tration and temperature-dependent properties of a poly-
mer solution affect the morphology obtained in a range
of other systems including functional adhesives, porous
membranes and anti-reflection coatings [29,30], fibers spun
from solution (for example in electrospinning [31]) and
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spin casting [32]. Changes in concentration and tempera-
ture influence the kinetics and dynamics of phase transi-
tions and, thus, they are of importance in processes such
as the casting of immiscible polymer blends and block
copolymers [33].
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