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Abstract

Background/Objectives: The formation of breath figures over polymers like
polystyrene has vast applications in material science for making numerous
micro- and nanopatterned functional surfaces. However, the breath figures
(BFs) method is a complex phenomenon as the actual formation of structures
are many times unpredictable and the nature of structure depends on the
type of polymer, solvent, degree of humidity and additives used. The work
presented in this paper deals with the study of condensation on the surface
of volatile polystyrene polymer solution and their uses for non-wetting using
optical and morphological studies along with mathematical model Voronoi
polygon analysis using polystyrene and solvent of benzene and chloroform.
The growth dynamics of Breath-Figures (BFs) formed due to condensation is
presented in brief. Method: Breath Figure (BF) patterns were prepared by two
solvents: benzene and chloroform. Different representative values of relative
Humidity viz. 60, 70, 80 and 90 % were employed for making BFs. Two different
polymer concentrations of 5 and 10 w/v % was used in this study. Findings:
The morphology has been statistically analyzed for different parameters like
average diameter and their size distribution etc. In case of BFs formed on
benzene surface, droplet has average diameter of about 12 um at 90% humidity
butin case of chloroform surface this diameter is about 25 um at 90% humidity.
Voronoi analysis demonstrates simplistic way to qualitatively check the six-
fold order and the coordination numbers in BFs. Novelty: The work shows
comparative study of BFs patterns using polystyrene on two different solvents
with changing humidity. The study shows morphology of the breath patterns
is mainly dependent on the polymer concentration, humidity and density of
solvents which is a new observation. The study leads to the acquisition of new
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knowledge on BFs which provides insight important for various applications
including biological fields.

Keywords: Breathfigures; Voronoi polygon; Polystyrene; Contact angle;
Condensation

1 Introduction

Fabrication of droplet structures similar to porous structures on polymer via breath
figure approach have tremendous application such as catalysis, immobilization of
active substances in food, functional protein, and enzyme immobilization . Hence,
fabricating them in a simple and controlled manner, with size scalability is of interest.
A simple, cost-effective, single-stage method for the fabrication of porous polymer
films is breath figure (BF) approach ®. The wetting property of solid would be playing
a crucial role in the process of condensation. The wetting property can be changed
by surface roughness, introducing chemical heterogeneity and surface impurities or
contamination. Condensation of water molecules on a cold surface forming tiny
droplets is a common process in nature and it is called Breath figure. The “Breath figure”
name comes from formation of beautiful breath pattern on clean glass in winter season.
Also, another example of breath figure is surface fog. Breath figures are formed due to
condensation of water vapor on cold surfaces. Normally, the morphology of condensate
disappears after evaporation of water. To retain these impressions, a small amount of
polymer is often added in volatile solvent to preserve breath figures impression after
water evaporation®), After evaporation of the volatile solvent, the impression of water
droplet i.e.i.e., breath figure remains fixed on polymer surface for longer duration. The
physical properties of volatile solvents such as vapor pressure, latent heat of evaporation,
surface tension and solvent density are more crucial ®. Several kinds of solvents are
used such as carbon disulfide, benzene, toluene, chloroform, ethyl acetate, 1-2 di-
chloromethane and dichloromethane also polymers like polystyrene are added in the
solvents to obtain films with wide range of porosity features.

BFs formation has been explored by many researchers using different polymers and
employing variation of physical parameters to obtain different structures in terms of
size from micro to nano. The images of BFs shows quantitative variation which has to
be studied quantitatively using several mathematical models. Quantitative parameters
of self-organization can be obtained by building the Voronoi diagram (also called the
Voronoi tessellation, or Voronoi partition) and calculating the appropriate Voronoi
entropy ®). In this work a detailed quantitative analysis of Voronoi polygon analysis
has been done for BFs produced. BFs of different having tuned dimension are utmost
important and work has been carried out by several researchers on different polymers
to obtain different tunable sizes of structures(®. Researchers have explored the effects
of variation of solvent for formation of BFs and have found direct evidence of it
on formation of BFs with different size."® It has also been seen that humidity and
concentration plays a very important role in the formation of BFs.®). Contact angle
and SEM images plays a very important role in studying the BFs and they provide help
and data for several mathematical analysis studies >®). The work presented in this paper
deals with the study of condensation on the surface of volatile polymer solution and
their uses for non-wetting surface using Voronoi polygon analysis and morphological
studies.
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2 Methodology

2.1 Experimental Techniques

Prior to casting a polymer drop on glass surface for BF formation, microscopic glass substrates were cleaned by adopting
standard cleaning procedure. The piece of microscopic glass slides typically (1 x 3 cm® were ultrasonically cleaned using
trichloroethylene (C,HCl3, Thomas Baker) for five minutes to remove any organic impurities. Further they were cleaned in
ultrasonic bath with acetone for same duration and rinsed in iso-propyl alcohol bath. These substrates were dried gently in
nitrogen gas flow and kept in oven at 60 °C for 30 minutes.

2.1.1 Preparation of polymer solution with different concentrations

Commercially available polystyrene beads (Sigma-Aldrich, with M.W. 192 K) were dissolved separately in chloroform and
benzene solvents (analytical grade, Thomas Becker, India). The solutions of different weight concentration ranging from 5 w/v
% and 10 w/v % were prepared, and they were kept stirring for 3-4 hour to ensure homogeneous polymer solution. These clear
solutions were used for drop casting and breath-figure formation.

2.1.2 Drying of colloidal suspension on breath figure surface

Colloidal microsphere solution was used to perform experiments. The polystyrene beads (Polyscience, Inc) of two different
diameters (0.5 and 2 mm) were used to perform experiment. In brief, a diluted solution was prepared from one drop of
microsphere dispersed in a freshly prepared 5 mL of distilled water and stirred it well. For both the time, similar procedure
was followed to get desired solutions. A 2-3 ul drop of this solution was casted on BF substrates and allowed it to dry at room
temperature. These samples were extensively characterized further using optical microscopy technique.

2.2 Characterization Technique

2.2.1 Optical Morphology Measurement

In this study optical microscopy is mainly utilized for characterizing morphology. The images of the BF patterns were captured
using CMOS camera (UI1250 ML-C-HQ, IDS, Germany) attached to an optical microscope (Leitz-Wetzlar, Germany) in
upright transmission mode. Breath figure patterns were captured mainly from the central region of polystyrene film, which
was left behind after the evaporation of the volatile fluid in the droplet region .

2.2.2 Contact Angle Measurement

Contact angle measurement has been found to be an indispensable technique for surface characterization and wettability study
due to its simplicity ). The instrument used in this work was optical contact angle goniometer with image processing software
(SCA20, data physics, Germany). The experiments were carried out at room temperature, 20-22 °C and at relative humidity of
50 %. Experimentally, when a liquid is contacted with solid and other phases, it is usually observed that the contact angle does
not reach its equilibrium value instantaneously. Here, we measure contact angle by casting a water drop of known volume with
the help of micropipette.

3 Results and Discussion

3.1 Morphology of breath figure

The polymer solution in benzene and Chloroform was drop-casted in a humidified chamber and allowed to form a breath
figure on the surface of polymer solution. After complete evaporation of the volatile solvents, the impression of condensate
droplet (breath figure) is remained on polymer surface in the form of hemispherical dimples. Such surfaces were analyzed for
surface morphology. Figures 1 and 2 show breath figure (BF) patterns for the cases of benzene and chloroform solvents and
for different representative values of relative Humidity viz. 60, 70, 80 and 90 %. Two different polymer concentration 5 and 10
w/v % was used in this study. After a complete drying of liquid, BF patterns were captured using optical microscope at 10x
magnification using CCD camera and these digitalized images were analyzed using open-source ImageJ software. As seen from
Figures 1 and 2 one can visually notice that the ordering of the droplets is quite uniform like two dimensional closed packed
structures with few defects. However, in the case of chloroform, the ordering of the droplets is less pronounced in comparison
to the case of benzene. Figure 3 shows variation of pore diameter verses humidity. Morphological data are in tune with available
literature with providing more detailed analysis and the present data shows better morphological variation with humidity for
two different solvents. Close observation reveals that there is a difference in BF patterns mainly in droplet size distributions as
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well as in the droplet morphology (). It is seen that concentration of the polymer in solution is significantly affecting droplet
morphology. A higher concentration of polymer shows an increase in droplet density and uniformly distributed droplets (see
Figure 2). Figure 3 (a-b) shows plot of average droplet diameter versus humidity value for benzene and chloroform solution
respectively. It is seen that in both cases, droplet diameter linearly increases with humidity. In case of BF formed on benzene
surface, droplet has average diameter of about 12 tm at 90% humidity but in case of chloroform surface this diameter is about
25 um at 90% humidity. This effect is also seen in average density of droplets. In the case of benzene, density of droplets is higher
compared to density in case of BF formed using chloroform solvent. The packing of droplets of large radius leads to more voids
and hence number of droplets accommodating in the unit area decreases. It is observed that secondary growth of BF is not
significant in both cases. Only the size of primary droplets is increasing by the coalescence of neighboring droplets 1*!1), The
above results are in good agreement with available literature which shows there is direct effect of solvent on morphology of
prepared BFs. (12

Fig 1. Breath figures (polymer conc. =5 w/v %) patterns on the surface of benzene (a)-(d) and chloroform (e)-(h) droplets with respective
humidity values

3.2 Voronoi polygon analysis

A Voronoi tessellation or diagram of an infinite plane is a partitioning of the plane into regions based on the distance to a
specified discrete set of points (called seeds, sites, nuclei, or generators). For each seed, there is a corresponding region consisting
of all points closer to that seed than to any other. The Voronoi polyhedron of a point nucleus in space is the smallest polyhedron
formed by the perpendicularly bisecting planes between a given nucleus and all the other nuclei. The Voronoi tessellation
divides a region into space-filling, non-overlapping convex polyhedral *'3). The droplet morphology was further analyzed for
number of the nearest neighbor droplet and periodicity in the BF droplet using Voronoi polygon. As a representative case, a
detailed analysis was carried out for 80 % relative humidity for both benzene and chloroform solution. Voronoi polygon analysis
demonstrates simplistic way to qualitatively check the six-fold order and the coordination numbers in BFs. The coordination
number (z) is defined as the number of its nearest neighbors. In case of a perfect hexagonal lattice, all the pores are the number
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Fig 2. Breath figures (polymer concentration= 10 w/v %) patterns on the surface of benzene (a)-(d) and chloroform (e)-(h) droplets with
respective humidity values
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Fig 3. Average pore diameter vs Humidity (a) benzene (b) chloroform for 5% polymer concentration
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of its nearest neighbors and P4 should be one ). To determine which pores are neighbors, we used a method based on Voronoi
polygons, Voronoi cell (or Dirchlet region) is the convex polygon surrounded by a point, whose sides are perpendicular bisectors
of lines between the points and its nearest neighbors which is shown in Figures 4 and 514

Fig 4. Breath figure pattern on (a) benzene surface and (b) voronoi polygon construction for the same pattern

An analysis of Voronoi construction was made in terms of the coordination number (n) of a polygon, which is the number of
sides of a Voronoi polygon and P, is the fraction of number of polygons having the coordination number n. The salient features
of Voronoi polygon are (a) The segments of the Voronoi polygon are all the points in the plane that are equidistant to the nearest
sites and (b) The Voronoi nodes are the points that are equidistant to three or more sites(*.

Y S

[®

Fig 5. Breath figure pattern on (a) chloroform surface and (b) Voronoi polygon construction for the same pattern

The percentage values of P4, P5, P6 and P7 in case of benzene were found to be 0.166, 0.250, 0.583 and 0.147. The same
in case of chloroform were respectively found to be 0.163, 0.295, 0.459 and 0.104. For comparison, a distribution for the case
of a random configuration of points has been plotted in Figure 6. Similar observations in variation of percentage values due
to change in physical parameters have also been reported in literature 117, however the data shown in this study is in more
detailed information.

As discussed above, by changing polymer concentration and humidity, there is change in diameter of pores as well. This
results in micrometer rough surface which can be utilized for (a) water repellent surface and (b) micrometer sized petri-plates
for cell culture. In the following section we present detailed analysis on wetting property on BF surface using optical contact
angle (OCA) goniometer 1718,
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Fig 6. The fraction of P, of Voronoi polygons of coordination (n) vsn is plotted for Benzene and Chloroform solvent

3.3 Contact angle measurements

Contact angle measurement technique provides information related to the ability of liquid to spread on the given surface.
Usually for the plane surface it is defined by Young’s equation:

cos By = v WL (1)

Yov

where 7;being surface energy of the i™liquid (solid) in presence of j*" solid (liquid). For the rough surface the apparent contact
angle 0* can be defined by Wenzel model as:

cos 0* = rcos By (2)

where r is roughness factor defined as the ratio of actual surface area to the projected area. This is always greater than 1 for
rough surface and 1 for a flat surface.

In the present case the flat polystyrene are surfaces prepared from benzene and chloroform without humidity shows water
contact angle (WCA) higher than 90° 1), Hence, any roughness on a polystyrene (PS) surface will enhance apparent WCA.
The CA measurements were carried out using 5 ml drop of distilled water. A water drop was gently placed on the breath figured
polystyrene substrates prepared from benzene and chloroform solution and contact angle was measured using Optical contact
angle (OCA). From Figure 7 of WCA for different humidity level, it is seen that the highest CA was observed for BF surface
prepared at 90% humidity. For comparison, we have plotted a graph of apparent Contact angle (CA) with respect to humidity
for PS surface prepared from benzene and chloroform solvents.
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Fig 7. Water Contact Angle (WCA) on breath figured surface prepared at different Humidity level

Experimental data clearly demonstrate that pore size of breath figures can be controlled by both solvents and film processing
conditions, mainly humidity. The variation in CA is also shown as a function of pore size which can be controlled by the
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humidity condition. The increase in contact angle is due to interaction of droplet molecules due to variation in humidity which
has also been reported in literature ?*-?2). Several researchers have obtained the variation in contact angle by varying different
physical parameters such as temperature and other ??%_ In this study we obtained desired variation by changing the humidity
which is very easy and simple.

In the following Table 1, we summarize results on breath figures on polystyrene surface prepared from solution in benzene
and chloroform in the controlled humidity condition.

Table 1. Quantitative features of BFs pattern on the surface of benzene and chloroform

Srno  Humidity (%) Average Pore diameter Surface coverage (%)
(mm)

Benzene Chloro-form Benzene Chloro-form

1 60 59 7.1 0.792 0.729
2 70 9.8 13.2 0.725 0.806
3 80 11.3 15.50 0.721 0.775
4 90 13.4 23.1 0.742 0.705

4 Conclusion

The above work shows comparative study of BF patterns on two different solvents with changing humidity revealing the
insight for obtaining tunable BFs structures with required pore size and its detailed analysis was successfully carried out. The
morphology data predicts that the formation of breath patterns is mainly dependent on the polymer concentration, humidity,
and density of solvents. During the breath figure formation i.e. condensation of water vapor on benzene, the droplet sinks in the
solution due to low density of solvent. This process reduces the rate of droplet coalescence, hence more ordered arrangement
of droplet is seen in the case of benzene. However, such order of droplets is less in the case of chloroform solution. Voronoi
construction for analyzing the nature of patterns is employed. In both the cases, the probability of six nearest neighbors is
highest.
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