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Microporous polymer films prepared by templating “breath figures” tend to have closely packed,
hexagonal arrays of pores. We characterize the hexagonal order of the structured films using
Fraunhofer diffraction patterns in reciprocal space, as well as with the use of Voronoi diagrams and
bond-orientational correlation functions using real space images. The average spacing of the pores over
a wider area can be calculated by two-dimensional Bragg equation, while the analysis of microscope
images provides a direct measurement of the average open pore size and its distribution. The use of
bond-orientational correlation function is particularly useful in quantifying the order of various films
formed under various conditions. Further, we show how the sequential ordering of water drops formed
during breath-figure-templated assembly process can also be characterized using Voronoi analysis and

bond orientational correlation function.

1. Introduction

Microporous polymer films with hexagonally packed pores in
a near uniform size can be prepared simply by casting dilute
polymer solutions in volatile solvents in the presence of moist
airflow.'* It has been shown that the micropore array is the
fossilized version*!® of “breath figures” formed over evapo-
ratively cooled polymer solution.>*!* Breath figures refer to the
patterns formed by condensing water drops when moist air
(breath) is blown over cold substrates; typically nucleation and
growth of water drops occur under partial wetting conditions,
and patterns formed over solid substrates contain random
patterns of polydisperse size drops.’>' In contrast, the breath
figures formed over evaporative polymer solutions contain
highly ordered arrays of nearly monodisperse drops. While the
mechanistic details of this breath-figure-templated assembly of
pores are still being pursued vigorously,?® it is clear that the
nucleation and growth of water droplets occur due to cooling
caused by solvent evaporation." The growing drops eventually
crystallize into ordered arrays, and then evaporate away to leave
behind the fossilized array of pores on the polymer film. A
similar array of pores is created when a dispersion of inorganic
particles in organic volatile solvent is used.?** In this paper, we
primarily focus on the characterization of the hexagonal order of
these structured films formed by using dilute polystyrene
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solutions, where carbon disulfide was used as a solvent. We also
provide a glimpse of breath-figure-assembly process, showing
how degree of order can be studied and interpreted by using the
techniques discussed for analyzing holey films.

The highly ordered microstructure and the simplicity of the
preparation make the “holey” films formed by breath-figure-
templated assembly potentially useful for many diverse applica-
tions including photonic band gap materials and heterojunction
devices,® pico- to femto-litre beakers for small quantity anal-
ysis, ' ceramic microstructures,® light emitting diodes,>?¢ cell
culturing and tissue engineering,'™'? protein micropatterning®’
and honeycomb carbon nanotubes,?>** to name a few. Many of
these applications require films with known degree of order. The
present study illustrates how this underlying order can be
quantified by characterization methods both in the reciprocal
space using diffraction as well as in the real space using Voronoi
analysis and bond-orientational correlation functions.

Sommerfeld in his classic text on Optics?® provides the example
of breath figures as a pattern that can be used to illustrate the
diffraction arising from many randomly distributed particles.
Indeed it is quite fascinating that the application of diffraction
analysis to ordered porous films formed by breath-figure-tem-
plated assembly included in this study provides the comple-
mentary example of diffraction from ordered structure.

The methodology demonstrated here is useful for determining
the regularity and order in patterns and assemblies formed by
diverse methods and materials. Examples of similar studies can
be found in a variety of systems, such as colloidal crystals,*-*°
bubble rafts,*® Coulomb crystal formed by plasma,** block
copolymer assemblies,?® patterns formed by Bernard—Marangoni
convection,**3¢ etc. Moreover, these methods can also be used in
the analysis of patterned surfaces formed by lithography as well
by self-assembly in biological world and in industrial settings.
We demonstrate how the real space analysis with Voronoi
polygons and orientation-correlation functions can be used to
quantify the emergence of order in close-packed arrays of water
drops. The understanding of ordering during growth and
assembly process will lead us to a better understanding of the
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mechanism and eventually to a better control of the size dis-
persity and order in porous films.

2. Experimental

Two types of polymers were used in this study: atactic poly-
styrene (a-PS) and poly[p-(phenylene)ethynylene] (PPE) with
hexoxy side chain (hexo-PPE). The flexible chain polymer, a-PS,
has weight-average molecular weight of 50 000 and a carboxylic
acid terminal group, and was purchased from Scientific Polymer
Products. The semiconducting polymer, hexo-PPE, was obtained
from Prof. U. Bunz at Georgia Institute of Technology (currently
at the University of Heidelberg). Polymers were dissolved in
a volatile organic solvent, carbon disulfide (Reagent A.C.S.,
Fisher Scientific).

After a drop (~0.15 cm®) of polystyrene solution with a typical
concentration of 1 wt% is spread onto a clean microscope slide,
the slide is immediately transferred into a humidity-controlled
chamber and moist air is passed across the surface of the solu-
tion. The temperature and humidity of the airflow are monitored
and well controlled in the chamber, while different airflow speeds
can be realized. Carbon disulfide evaporates quickly, leaving
behind an opaque yet iridescent polymer film sticking to the glass
slide, generally within tens of seconds depending on the volume
of the drop and the airflow rate. For imaging purpose, the
microporous films were made in a glass chamber on a microscope
stage.

An optical microscope (Leica DMRX, 40x/NA 0.75 dry
objective) coupled with a CCD camera is used to image the films
and, with the help of a Bertrand lens, the corresponding
Fraunhofer diffraction patterns. An interference filter (central A
=532 4+ 2 nm, FWHM = 10 £+ 2 nm) was used to provide near
monochromatic illumination. To obtain sharp diffraction
patterns, the aperture diaphragm is closed down to a minimum
to create a well-collimated, normal-incident light beam on the
sample.

The stages of breath-figure-assembly process were captured by
a high-speed digital camera (Photron FASTCAM-DVR) which
was connected to an optical microscope (Leica DMLSP). A long-
work-distance objective (50x/NA 0.5 L) was used to record the
film forming process in the transmission mode. The underlying
polymer solution contained a polymer with rigid backbone:
hexo-PPE dissolved in carbon disulfide. Images were captured at
125 frames per second, and all the observations were made at
central region of the films. The coordinates of pores in macro-
porous films and water drops undergoing assembly process were
computed using Image Pro, and these coordinates were then used
for the Voronoi analysis as well as for calculating bond-orien-
tational correlation using Matlab codes written for this purpose.

3. Characterization of hexagonal order
3.1. Reciprocal space analysis of holey films

3.1.1. Image formation. In an optical microscope, when well-
collimated light is normally incident onto a sample in the
transmitted mode, light will be transmitted in different directions
with certain amplitude transmission function depending on the
optical properties of the sample.?” Light waves leaving the sample
film in the propagation direction are focused by an objective to

a point in its back focal plane, where they are made to interfere.
All of the focused points form a diffraction pattern in the back
focal plane with the position of each point corresponding to
a diffraction angle (angle between the diffracted beam and the
incident beam). For Gaussian optics (i.e., small angle or paraxial
approximation), the relationship of the diffraction-point position
and the sinusoid of the diffraction angle is linear. In the modern
optical microscopes, a series of lenses are combined to make
a complex objective so that the linear approximation can be
preserved out to large angles (up to the angular semi-aperture of
the objective).

Subsequently, for the formation of the image of a sample, as
a microscope is generally used for, the light waves converging at
the back focal plane of the objective continue so that they all
overlap again in the intermediate image plane. There they form
a complicated interference pattern—the direct space image of the
sample. In this process, the diffraction spots behave like a set of
point sources and the image is their diffraction pattern. Thus, it is
a double process of Fraunhofer diffraction for a lens to form
a magnified image of the object. Mathematically the objective
performs a double Fourier transform.?”

3.1.2. Diffraction pattern analysis. As illustrated in Fig. 1, the
microporous film forms a very nice, spot diffraction pattern with
sixfold symmetry, indicative of the underlying hexagonal order
of the micropore array. The average spacing of the pores can be
calculated from the diffraction pattern by two-dimensional

Fig. 1 Direct-space image (a) and its diffraction pattern (b) of a poly-
styrene film, cast from a carbon disulfide solution (~1% by weight).
Imaged by LEICA DMRX microscope with a 40x dry objective
(NA = 0.75) and an interference filter (A = 532 nm). Miller indices (4k) of
the first ring of diffraction spots are shown in (b) with the unit vector
direction given in (a). The parallel white lines passing through the center
of the air bubbles in (a) are the virtual lattice lines analogous to the
parallel planes in a crystal.
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Bragg’s law, also called grating equation. The detailed discussion
of diffraction patterns formed by ordered and randomly
arranged particles can be found in any standard text on optical
physics,?37 and we limit our discussion to diffraction by highly
ordered films.

Bragg’s law for transmission through a two-dimensional
lattice is

mA = ndhksin (9, (1)
where m is the order of the diffraction maximum (m =0, 1, 2,...),
A is the wavelength of the incident light, # is the refractive index
of the dispersion medium, dj is the lattice spacing and 6 is the
angle between the incident and diffracted beams.

For a layer of closely packed spheres, d,; is the spacing
between a set of parallel lines through the centers of the spheres
(Fig. 1a), where (hk) is the two-index specification of a set of
parallel lines, analogous to the Miller indices of a set of parallel
planes in a crystal.?®3® The unit cell relationship is

dhk

D{ 3 2

1/2
2 h2+hk+k2]

where D is the center-to-center distance of the spheres.3°

In our experiment, 2 is 532 nm and the dispersion medium is
air so that n = n,;, = 1. Thus, by knowing the angle 6, the lattice
spacing d and the center-to-center distance D can be calculated
from eqn (1) and (2). As discussed above, for a microscope
objective

sin 6 « rq 3)
where rq is the distance between the zero™-order diffraction spot
and the m™-order one, which can be directly measured from the
diffraction pattern by an image analysis software. Thus, by using
a reference with known direct-space spacing (d or D), e.g., an
optical grating, the diffraction space, ie., the reciprocal space,
can be calibrated and the values of d and D of unknown samples
can be calculated from their diffraction patterns.

Here, we use the numerical aperture (NA) of the objective to
do the calculation, which makes the calculation rather straight-
forward. NA is defined as nsin 6y 4, where n is the refractive index

of the dispersion medium and . is the angular semi-aperture of
the objective, i.e., the maximum angle with respect to the optical
axis at which diffracted light can be collected by the objective.
Diffraction angle fna corresponds to the most outside circle in
the diffraction pattern (Fig. 1b), thus its sinusoid is proportional
to the radius of the NA circle in the diffraction pattern. The
values of D calculated from the spot diffraction pattern for a film
(Fig. 1b) are given in Table 1. It is evident from the data that the
values calculated from the diffraction pattern compare very
favorably with those measured directly from the direct-space
image.

While our motivation here is primarily to illustrate how the
order seen in real space images can be described and quantified
by diffraction analysis commonly applied in crystallography, we
can make generic observations about the interaction of light with
holey films. Diffraction patterns formed by ordered structures
are quite abundant in nature, and provide the gemstone opals as
well as certain beetles and snakes with their beautiful colors.***?
The possibility of forming porous structures that can be filled
with another fluid provides us with a method for producing the
“play of color” seen in opals. While the holey films formed with
polymers here do show interference colors, increasing the
refractive index contrast by incorporating inorganic materials is
likely to provide the optical properties required in designing the
structures useful in areas ranging from low and high reflection
coatings on lenses and mirrors to textured paints with structural
color, to just name a few.

3.2. Real space analysis of the holey films

3.2.1. Voronoi polygon analysis of the holey films. A way to
qualitatively check the sixfold order is to look at the coordina-
tion number (z) of every pore and the fraction (P.) of the pores
that exhibit a given coordination z.'*2'** The coordination
number (z) of a pore is the number of its nearest neighbors. For
a perfect hexagonal lattice, all the pores should have six neigh-
bors and Pg should be one.

In order to determine which pores are neighbors, we use
a method based on Voronoi polygons. The Voronoi cell (or
Dirichlet region) is the smallest convex polygon surrounding
a point, whose sides are perpendicular bisectors of lines between

Table 1 Center-to-center distance of air bubbles calculated from the diffraction pattern (Dc,;) according to eqn (1)—(3), comparable with D e.s = 4.76

pm measured from the corresponding direct-space image shown in Fig. la

Family of lines Indices (hk) Order (m) Average d.,/pm Average D, /pm
{10} (10), (01), (11) 1 4.09 4.72
2 4.10 4.74
3 4.12 4.76
4 4.09 4.73
~ ~ 5 4.12 4.75
{11} (1), (12), 21) 1 2.38 4.75
2 2.36 4.72
~ ~ ~ ~ 3 2.37 4.74
{12} (12), (21), (13), (31), (23), (32) 1 1.55 4.74
~ ~ ~ ~ 2 1.55 4.74
{13} (13), (31), (14), (41), (34), (43) 1 1.14 4.75
{23} (23), (32), (25), (52), (35), (53) 1 0.94 4.74
{14} (14), (41), (15), (51), (45), (54) 1 0.90 4.74
{15} (15), (51), (16), (61), (56), (65) 1 0.74 4.76
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the point and its neighbors. While the Voronoi diagram consists
of polygons that represent the region closest to the point, it
allows one to construct Delaunay (or Dolone) tessellation, where
non-overlapping simplexes (say triangles on a plane) tessellate
the space, providing the necessary toolbox for pattern recogni-
tion and for modeling the properties of spatial structures.** Two
points are said to be neighbors if their respective Voronoi poly-
gons have one side in common.'**

In Fig. 2, two microporous films are shown with their micro-
scopic images and Voronoi polygon analysis. For clarity, only
polygons with non-six sides are drawn. Further, the degree of
order in a system can be described in terms of the entropy of
conformation, defined as S = —2P.In P..***"** The smaller the
value of S'is, the higher the degree of order is. We can see, in these
films, most polygons are six-sided (Pg is larger than 0.9), while
only a small number of polygons have five and seven sides, other
polygons are almost nonexistent.

3.2.2. Orientational correlation function of the holey films. To
further quantitatively characterize the degree of the order of the
hexagonally structured microporous films, we used the bond-
orientational correlation function, Gg(r). It was first suggested
for a two-dimensional melting theory by Nelson and Rubinstein
et al.,** and has been successfully used to identify the ordering
and disordering of colloids?*:3**47 a5 well as plasma crystals,*?
liquid crystals*® and block copolymer assemblies.** The “bond” is
defined as the imaginary line joining a sphere at r = (x, y) to its
near neighbors (Fig. 3), where the point r is the projection of the
sphere center onto the plane on which it rests.*® The Gg(r)
measures orientational order of a hexagonal lattice.

The normalized measure of orientational correlation is given
by:*

Py=0.0012, Ps= 0.0392, Ps= 09296,
P7=0.0300, S =- £ P,InP, = 03081

Py = 0.0012, Ps = 0.0322, Ps= 09368,
Py=0.0298, § = - 5 P;InP,= 0.2846

Fig. 2 Voronoi polygon analysis of hexagonally ordered films. (a) and
(b) are optical images of microporous a-PS films, in reflection mode and
transmission mode, respectively. (c) and (d) are the correspondent Vor-
onoi polygon analysis of (a) and (b), where the dots correspond to the
center of the pores and only polygons with non-six sides are marked.
Textboxes below (c) and (d) give the calculated values of the fraction of
coordination number (P.) and the entropy of the systems (S).

Fig. 3 The bonds joining a sphere at r = (x, y) to its near neighbors are
shown as white short lines in the image. ¢ is the bond angle with respect to
an axis, e.g., x-axis here.

Gs(r) = (Y6 (N6 (0))/Gy(r) )
where y4(r) is the bond-orientational order parameter,

Ys(r) =D 6(r — ru)exp(6igy) (3)

i

The sum runs over nearest-neighbor bonds centered at rj and
inclined at an angle ¢, with respect to the x-axis. Gy(r) represents
auto-correlations of bond densities py,

po(r) =Y 8(r—ry) (6)

Ty

The brackets in eqn (4) represent an average over particle
positions and orientations consistent with a separation vector of
magnitude r. It is divided by Gy(r) to ensure that the correlations
do not decay when all bonds carry identical order parameters.
For a perfect hexagonal crystal, G¢(r) would be fixed at unity for
all r. For less ordered hexagonal close-packed solids, Gg(r)
decays with increasing r. Here, we use the method described by
Quinn et al3* to do the calculations. First the positions of the
pore centers are recorded, and then the midpoints r; and the
angles ¢; (with respect to an arbitrary axis) of the bonds which
join the pores to their nearest neighbors are calculated. Next
a numerical average of cos[6(¢; — ¢¢)] is performed for all bonds i
whose midpoints are r = |r; — ro| away from the midpoint r, of the
center bond 0, which has a bond angle ¢g. This result is averaged
again using each bond as a center bond, yielding Gg(r). Some
calculated results are shown in Fig. 4.

Comparing the direct space characterization data of the
sample films (a) and (b) in Fig. 2, we can see that film 2(a) has
a larger value of Gg(r) (more ordered), but smaller P¢ and larger
entropy S (less ordered) than film 2(b). This is plausible because
Ge(r) measures the long-range orientational order. The orienta-
tion of packed pores changes a lot across the grain boundaries in
2(b), thus the G4(r) decays faster with distance r. Meanwhile, for
film 2(a), the pore size is not as uniform as that in film 2(b), with
some larger or smaller pores locally trapped, leading to more
polygons with the number of sides differing from six. However,
the long-range orientation of the array of the pores in film 2(a)
does not change as much as that in film 2(b).

3.3. Real space analysis of assembling water drops

3.3.1. Voronoi analysis of assembling droplets. The breath-
figure-templated assembly of holey films involves the

This journal is © The Royal Society of Chemistry 2011
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Fig. 4 (a) Plots of orientational correlation function, Gg(r), in units of
average spacing of pores, for the samples shown in Fig. 1(a) (O), 2(a)
(A), 2(b) (A), and 4(b) (@), respectively.

crystallization of non-coalescent water drops, followed by
subsequent evaporation of water, leaving a porous film. The
array of growing water droplets, which appear over evaporating
organic liquids or polymer solutions, progressively transform
into a highly ordered, hexagonal assembly in two dimensions and
in certain cases, form a three-dimensional crystal of non-coa-
lescent water drops. The development of ordered structure from
initially randomly distributed drops or clusters of drops is easily
observed under a microscope, as shown in Fig. 5.

« R
(b)
© |

(d)

Fig.5 Optical images of water droplets growing and packing over hexo-
PPE in CS; solution (left) and their Vornoi diagrams (right). Evolution of
hexagonally packed array of water drops is accompanied by
corresponding increase in the number of hexagons (and hence the
decrease in pentagons/heptagons) in the Voronoi analysis. Pentagons are
dark gray (blue online), while heptagons are light gray (green online).
Each successive image from (a) to (d) is 4 s apart.

Curiously, the water droplets behave like atoms or colloidal
particles* or bubble rafts,*>! and produce a range of defects and
dislocations associated with two-dimensional crystals.>** These
include vacancies, defects due to the presence of foreign atoms,
stacking faults and grain boundaries. The physics that governs
the nucleation, growth, non-coalescence and assembly of water
drops is described and discussed elsewhere.5*** In this paper, we
limit the discussion to the characterization of local arrangement
of drops as revealed by using a Voronoi construction as shown in
Fig. 5. Also, the presence of drops that are surrounded by five or
seven drops is illustrated by colored/filled cells, and the increase
in order is reflected in increase in the number of hexagonal cells
as shown in Fig. 5. Notice that the pentagons and heptagons
typically occur as a pair, or form a chain. The chain is seen to
form at the place where grain boundary occurs. The grain
boundaries and stacking defects are progressively removed as
water drops pack into a highly ordered structure, as seen in the
last image of the panel. It is worth pointing out that a highly
ordered array of pores is obtained after these water drops
evaporate away, only when the pattern formed by water drops
itself shows a high degree of order. We must remark, however,
that the Voronoi analysis of hexatic phase formed by drops
condensed over pre-cooled passive liquids shows a much higher
degree of disorder:> the number of hexagons is lower and most
polygons are of different sizes, revealing larger heterogeneity in
both the size of drops and the distance between drops. The
dynamics of pairs of pentagonal and heptagonal polygons, called
peta-hepta domains (PHDs), has been studied before in the
Bernard-Marangoni systems (non-equilibrium system)3?*3¢ as
well as ordering of soap bubbles®! (equilibrium assembly). In
either case, the defects tend to disappear over time, indicating
that the system tries to select ordered hexagonal pattern prefer-
entially, as it is likely to be the system with minimum free energy
for a two dimensional assembly where curvature effects are not
relevant.>®

Indeed, the presence of five and seven sided polygons existing
in the first three Voronoi images in Fig. 5, or in Fig. 2, could arise
from either curvature effects or from stacking faults in a planar
two dimensional assembly.>® As the final structure (last image in
Fig. 5) has no pentagons or heptagons, the series of images show
stacking faults only. It is well known that a curved surface like
buckyballs cannot be tessellated by hexagons only, and at least
a dozen pentagons are required to account for curvature.®® A
higher number of pentagons and additional heptagons are found
on curved substrates as seen in the Voronoi analysis of bubble
rafts,%” colloidosomes® or in patterns found on the exoskeleton
of an iridescent jewel beetle called Chrysina Gloriosa.>® A higher
number of pentagons and heptagons arise in these systems, as
according to Nelson,* systems with large R/a can minimize the
free energy by incorporating additional grain boundaries.*® Here
R refers to the curvature and « to the size of colloid, bubble, or
particle relevant to the system (equal to droplet radius). While it
will be interesting to see such stacking faults in a breath-figure-
templated pattern formed on curved surface, in the examples
discussed in this paper, the process was carried out on flat
substrates only. In any case, when the surface is curved, only
a limited region on substrate appears to be in focus on the
microscope, and in the examples included here, no curvature is
visible at least up to 1000 drop diameters, from the drops or
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Fig. 6 Plots of orientational correlation function, Gg(r), in units of
average spacing of pores, for the four images shown in Fig. 5: (a) A, (b)
A,(c)O,and (d) @.

pores captured in figures included herewith. The ordered
microstructured PPE films (conjugated, semiconducting poly-
mer) show a high degree of order, and were described at length in
a previous publication.’

3.3.2. Orientational correlation function of assembling drop-
lets. In an earlier sub-section, we described the degree of the
order of the hexagonally structured microporous films can be
represented by bond-orientational correlation function, G(r).
The increase in order observed in Fig. 5 can be quantified in
terms of Gg(r) as well, and Fig. 6 shows how the increase in order
leads to higher bond-orientation correlation, extending up to
10r, where r is the distance from a central drop expressed in units
of a, that is the size of water drop. The bond-orientation corre-
lation functions shown in Fig. 6 correspond to the four images
shown in Fig. 5 and where open triangles show the lower value of
order in the first frame while filled circles show how increase in
order leads to stronger bond correlations for larger distances.
The presence of highest order in last image is brought about by
the rearrangement of water drops that seek to maximize their
packing efficiency by organizing themselves into a highly ordered
structure.

4. Conclusions

We have examined and characterized the two-dimensional
closely packed array of pores in a polymer film, via diffraction
pattern analysis, orientational correlation function, and Voronoi
polygon analysis (coordination and entropy). For the films
forming at different conditions or the images of one film at
different formation stages, it is helpful to characterize the order
for better understanding of the mechanism of the formation of
the order structure in the film. The present study illustrates how
the degree of order present in assembling arrays of water drops
grows over time. The use of optical microscope for diffraction
pattern analysis allows quantitative comparison between
different polymer film. Further the well-established principles of
crystallography can be applied to understand and describe the
microstructured films. Contrastingly, the analysis of patterns in
real space using a combination of Voronoi analysis and orien-
tational correlation function allows us to look at short range and
long range order, respectively.
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