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ABSTRACT: Highly ordered, hexagonally patterned poly(methyl methacrylate)
(PMMA) thin film is successfully fabricated using an improved phase separation
method. A mixture of chloroform and methanol, which is used as a volatile solvent/
nonsolvent pair, effectively controls the surface morphology and sensitively determines
the ordered pattern. In particular, the methanol accumulation, which induces the
formation of a gel-like protective layer and enhances the lateral capillary force, is
crucial in the formation of the highly ordered hexagonal pattern even when using a
nonpolar polymer such as PMMA. The convergence of cost-effective and large-scale
production of highly ordered micropatterned film has wide potential for application,
and it can enable new prospects for the commercialization of future high-tech devices

that require specific multifunctionality.
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B INTRODUCTION

Highly ordered two-dimensional (2D) arrays of micropores
with hexagonal honeycomb structures are of significant interest
in many areas such as microtemplates,l_3 membranes, ™
organic optoelectronics,é_8 advanced electronics,”' and tissue
engineering.'"'> Over the past few decades, a variety of top-
down and bottom-u}) techniques, including lithography,">~"*
colloidal templates,'® block copolymer phase separation,'”” ™"
emulsion,””?*' and breath figure (BF),>*”>° have been
developed to create ordered structures with uniform pore
sizes in the nano- to micrometer range. Among these
techniques, BF has become the most common technique for
fabricating films with honeycomb micropore patterns due to its
versatility and cost effectiveness.”>>> In the BF approaches, the
droplet stability and lateral capillary force are key factors that
determine the ordered structure.** Thus, polymers with
specifically designed structures such as block copolymers,
comb-like copolymers, and amphiphilic polymers are good
candidates because they can easily self-assemble at the
interfacial region in order to prevent the coalescence of
droplets.”* The use of nanoparticles or surfactants as stabilizing
agents is another strategy to promote droplet stability and yield
high quality in patterned films.””~** However, nonpolar linear
polymers cannot easily generate ordered structures without
using nanoparticles or surfactants, because they are unable to
form a polymer envelope to stabilize the droplets, which leads
to coalescence and results in a structure with low regularity.”*
Indeed, only a few nonpolar linear polymers have been
successful at fabricating films with honeycomb micropore

-4 ACS Publications  © 2015 American Chemical Society

patterns without using nanoparticles or surfactants as stabilizing
agents. Furthermore, the creation of highly ordered micropore
patterns is only possible under highly humid environments after
drop-casting the polymer solution onto the substrate surface.
These limitations have always become critical hurdles to
commercially producing large-scale films with highly ordered
honeycomb micropatterns.

Here, a simple and cost-effective two-step process is reported
for fabricating films with highly ordered micropore patterns
under ambient air conditions while using commercially
available polymers including nonpolar polymers such as
poly(methyl methacrylate) and polystyrene. The first step in
the process is the conventional coating of the polymer solution
on a solid substrate in order to fabricate a large-scale thin
polymer film with a uniform thickness. The second step is a
quick dip-coating of a mixture of highly volatile solvent
(chloroform, ChL) and nonsolvent (methanol, MeOH) on the
surface of the thin polymer film. The evaporation of the
mixture under ambient air eventually induces phase separation
and spontaneously creates a thin polymer film with a highly
ordered honeycomb micropattern.

B EXPERIMENTAL SECTION

Materials. Commercially available polymer pellets including
PMMA (PMMA EG920) and PS (GPPS 1SNFI) were purchased

Received: March 10, 2015
Accepted:  April 29, 2015
Published: April 29, 2015

DOI: 10.1021/acsami.5b02097
ACS Appl. Mater. Interfaces 2015, 7, 10541-10547


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02097

ACS Applied Materials & Interfaces

Research Article

Figure 1. (a) Large-scale fabrication of the honeycomb film. Here, b—g present the surface morphologies of the typically patterned films prepared
with a solvent/nonsolvent volume ratio of 85/15 under an ambient air environment (i.e., relative humidity of 55% and temperature of 23 °C): (b)
low-magnification FESEM image with the FFT pattern in the inset, (c) high-magnification FESEM image, (d) cross-sectional FESEM image, (e, f)
2D and 3D AFM images, respectively, and (g) cross-sectional profile of e. The inset of ¢ is a FESEM image of the patterned pincushion film. The red

line in e indicates the location of the cross-sectional profile.

from LG Chem Co. (Seoul, Korea). Poly(lactic acid) (PLA) was
purchased from NatureWorks (Minnetonka, MN, USA). They were
first dried in a vacuum oven at 60 °C. Poly(4-styrene sulfonic acid)
(PSS, M,, ~ 75,000, 18 wt % in H,0) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Copper substrates (thickness, 0.5 mm)
were obtained from 4Science (Seoul, Korea). These substrates were
successively washed with a 0.1 M sulfuric acid solution and distilled
water followed by blow-drying in nitrogen gas prior to use.
Chloroform (anhydrous, with amylenes as stabilizers; 99.8%) and
methanol (anhydrous; 99.8%) were purchased from Sigma-Aldrich and
used as received.

Preparation of Porous Structures. In the first step, a
homogeneous solution containing 10 wt % PMMA in ChL was
prepared. Then, the polymer solution was coated onto the copper
substrate via spin-coating (1000 rpm for the first 10 s and 3000 rpm
for the following 30 s), and it was left in ambient air to completely
evaporate the solvent, which resulted in the formation of a thin
polymer film with a uniform thickness. For large-area fabrication, other
coating techniques can be employed, including bar or roll coatings, as
long as the air humidity and solution viscosity are controlled. The
binary mixtures of the solvent/nonsolvent were prepared with different
volume ratios of ChL and MeOH and were stirred continuously for 24
h before use. The patterned porous structure was fabricated using the
method available in the literature.*® Briefly, the polymer film coated on
the copper substrate was dipped into a mixture of solvent and
nonsolvent for S s using a dip-coater (E-flex, Seoul, Korea). Then, the
specimen was withdrawn from the solvent mixture, and the residual
solvent on the surface of the specimen was allowed to evaporate
completely under ambient air conditions. The optimum dipping
conditions were a dipping speed of 50 mm/min and a withdrawal

speed of 60 mm/min. The humidity and temperature controller (TH-
TG-1000, Jeio Tech, Seoul, Korea) was used to precisely control the
ambient humidity and temperature.

Preparation of Membranes. The procedure was the same as that
for the preparation of the porous structure, except that an additional
sacrificial layer between the copper substrate and PMMA thin film was
used. The sacrificial layer is necessary not only in order to easily detach
the thin PMMA film from the copper substrate but also for efficiently
generating a through-pore structure. In order to fabricate the
additional sacrificial layer, a solution containing 10 wt % PSS in
methanol was prepared first. The PMMA/PSS bilayer was prepared
through sequentially coating PSS and PMMA onto the copper
substrate using the spin-coating method. First, the PSS solution in
methanol was coated onto the copper substrate via spin-coating, and
then the coating was dried completely in a vacuum oven at 70 °C.
Second, the polymer solution in chloroform was continuously coated
onto the PSS/copper surface and left in air for complete drying.
Because PSS is not dissolved in chloroform, the PSS precoating is
stable in polymer solutions. Thus, a bilayer of polymer and
polyelectrolyte (PSS) can be prepared. Next, the bilayer of PMMA/
PSS coated onto the copper surface was exposed to the solvent
mixture (ChL/MeOH) to induce a phase separation using the same
procedure as discussed in the previous section. After drying
completely, the honeycomb structure was formed. Finally, the
freestanding polymer film with through-pores can be obtained after
removing the PSS layer through immersing the sample in water for
several minutes.

Characterization. The morphology of the obtained specimen was
characterized using a field emission scanning electron microscope
(FESEM; JEOL, JSM-7000F, Tokyo, Japan) and atomic force
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microscope (AFM; Pork Science Instruments Autroprobe CP). The
static contact angle measurement was performed using a drop shape
analyzer (Kriiss DSA 100, Hamburg, Germany). Distilled water (DW)
was used as the probe liquid for this measurement, and a minimum of
five readings were averaged.

B RESULTS AND DISCUSSION

The optical image in Figure la demonstrates the potential for
the proposed strategy to be expanded to large-scale production
of honeycomb micropatterned films. The film was prepared
with a ChL/MeOH volume ratio of 85/1S in an ambient air
environment. The homogeneous sample color reflects the high
uniformity of the patterned film, which was observed
throughout the coated surface (~30 cm?). Parts b and ¢ of
Figure 1 demonstrate a relatively large area and a perfectly
ordered array of the hexagonal micropore domains, respec-
tively. The fast Fourier transform (FFT) analysis, as depicted in
the inset of Figure 1b, further confirmed the long-range
hexagonally ordered array. The monodispersed pore array was
uniformly formed with a diameter of 2.7 ym and an interval of
0.8 pm. The inset of Figure Ilc illustrates the surface
morphology after peeling off the top layer of the honeycomb
film, which demonstrates that each pore has a spherical jar
shape with an internal diameter of 3.5 ym. Figure 1d presents a
cross-sectional image of the honeycomb film, which exhibits a
monolayer of pore arrays on the substrate surface. Each pore is
closed at one end, and they are isolated from each other. The
thickness of the film was approximately 1.7 ym, which is slightly
larger than the pore depth (1.6 um) due to the bottom thin
layer inside the pore. For more insight into the geometry, the
2D and 3D AFM images are also presented in Figures lef,
respectively. As seen in Figure 1g, the scan profile at a cross-
section of Figure le further confirms the diameter, interval, and
depth of the pores.

It is known that phase separation can be realized with the
introduction of a nonsolvent to the polymer solution.”*** The
locally concentrated methanol-rich phase, which is induced by
the solvent evaporation, is responsible for the phase separation;
in this case, the water that condensed from air to a nonsolvent
assists in growing the nonsolvent droplets, which in turn enable
the formation of the honeycomb pattern on the polymer film.**
When a nonsolvent is used in conjunction with a solvent, it has
dual roles of increasing the number of nucleation sites and
reducing the crystallization time of the polymer through
increasing the extent of the phase separation. Accordingly, the
nonsolvent content can be expected to determine the aggregate
size or pore volume of the resulting porous structure. Thus, the
pore size, pore density (number of pores per area), and
conformational entropy of the patterned film were thoroughly
characterized at various compositions in order to investigate the
influence of the ChL/MeOH compositions on the surface
morphology.

Figure 2 presents the FESEM images of the PMMA film
surfaces prepared with different compositions of ChL/MeOH
under an evaporation temperature of 20 °C and a relative
humidity (RH) level of 60%. An experiment using only ChL
without adding a nonsolvent resulted in a random distribution
of many irregular pores with a mean pore diameter of 1.03 +
0.23 pm, as seen in Figure 2a. This result indicates that only
water droplets, randomly condensed from ambient air during
the ChL evaporation as in the BF technique, are not sufficient
to generate many uniform micropores. At a MeOH content of
10%, there were many micropores with a poor distribution
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Figure 2. FESEM images of the film surfaces prepared with various
solvent/nonsolvent volume ratios of (a) 100/0, (b) 90/10, (c) 85/15,
and (d) 80/20. The inset in each image is the corresponding FFT
pattern. Scale bar: 5 ym.

(also supported by the FFT image in the inset of Figure 2b) but
a nearly uniform size of 1.89 + 0.1 ym was formed over the film
area, as depicted in Figure 2b. This indicates that a small
amount of MeOH in the ChL/MeOH solution has a crucial
function in the formation of uniform micropores. At a MeOH
content of 15%, a highly ordered 2D array of micropores with a
hexagonal honeycomb structure was obtained, as seen in Figure
2¢ and the FFT image in the inset. The average pore diameter
was 2.72 + 0.06 um; this results in a small relative standard
deviation of 2.2%, which demonstrates the high uniformity of
their size. Because all micropores were not only uniform in size
but also regularly distributed over the surface, a ChL/MeOH
volume ratio of 85/15 appears to be the most appropriate ratio
for fabricating a thin PMMA film with a highly ordered
honeycomb micropattern. However, further increases in the
MeOH content to 20% generated fewer ordered structures with
a low uniformity in pore size, as seen in Figure 2d. The average
pore diameter increased to 3.01 + 0.21 um due to the increase
in the MeOH content, while the thickness of the pore wall
decreased. Briefly, the methanol content of 15% is the optimum
concentration for generating the best quality of patterned
PMMA films, which is supported by the smallest values of the
standard deviation and conformational entropy, as listed in
Table 1.

The change in the surface morphology with varying solvent
compositions was also confirmed through analyzing the wetting
properties of the resulting films, as seen in Figure 3. From a
macroscopic perspective, the apparent contact angle was

typically used to qualify the surface wettability, which is

Table 1. Effect of Methanol Content on the Mean Pore
Diameter, Standard Deviation of Pore Diameters, Number
Density, and Entropy

pore
size std dev pore density

solvent composition (um) (um)  (pores X 107°/um?*) entropy

ChL/MeOH = 100/0 1.03 0.23 344.0 1.265

ChL/MeOH = 90/10 1.89 0.10 107.5 0.933

ChL/MeOH = 85/15 2.72 0.06 80.2 0.079

ChL/MeOH = 80/20 3.01 0.21 72.0 0.583
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Figure 3. Wetting properties of the patterned films prepared with
various compositions of solvent/nonsolvent pairs. The photograph on
the right represents the high adhesion force between the droplet and
patterned surface.

governed by the surface roughness and surface chemistry. The
water contact angle of the smooth PMMA film was ~68.5°,
which indicated that PMMA was inherently hydrophilic. Figure
3 depicts the variation of the water contact angle as a function
of the MeOH content. The contact angle increased with
increasing MeOH content and reached a maximum value
(~118°) at 20 vol. %. Subsequently, the contact angle began
decreasing when the MeOH content was more than 20 vol. %.
This can be explained by the effect of air trapped within the
cavities of the porous surface on the increase of the apparent
contact angle. In the Cassie—Baxter theory, which is applied in
porous structures,®® air pockets are assumed to be trapped
underneath liquid droplets, which represent a composite
surface. Defining the apparent contact angle in the Cassie
mode as 8, 0. can be correlated to the surface solid fraction
using the following equation:

cost9c=fs(cost95+ 1) -1

where f, and 6, are the surface solid fraction and the contact
angle of the smooth surface. The apparent contact angle
increases with increases in the surface roughness. Thus, the
increase of the water contact angle can be ascribed to the
enhancement of the pore volume of the microporous surface.
Interestingly, the porous patterned surface exhibited high
adhesion with liquid droplets as seen in the photos on the right
of Figure 3. The highly adhesive force of the microporous
surface with the water droplet can be explained using the Cassie
impregnating wetting state and the negative pressure caused by
the volume change of air sealed in the micropores.>”*®

The pore size of the patterned film can be further fine-tuned
through modulating of the experimental processing conditions
such as the ambient humidity level, evaporation temperature,
concentration of the coating solution, and withdrawal speed of
the film from the solvents (Supporting Information Figures
S1—S4). Briefly, the ordered patterns could be formed within
an RH range of 40—80% and a temperature range of 10—30 °C.
The concentration of the polymer coating solution should be in
the range of 5—15 wt %, in which the polymer solution revealed
suitable viscosity during the coating process. The pore size can
be increased through increasing the RH levels or reducing the
evaporation temperature. The withdrawal speed (ie., pulling
the specimen out from the solvent/nonsolvent solution) should
be 60 mm/s in order to acquire a sufficient thickness for the
coating film.

In order to understand the advantages of the newly
developed strategy over the conventional BF approaches, the
role of methanol was further investigated in the stabilization of
the nonsolvent droplets and in the enhancement of the lateral
capillary force between the adjacent droplets, which was
beneficial to the formation of the ordered structures. Figure 4a
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Figure 4. Schemes illustrating (a) the methanol accumulation that
induced the formation of the gel-like layer and (b) the origin of the
lateral capillary forces induced via deformation of the solution surface
when the film is thin.

presents the formation of the nonsolvent droplets. The solvent
evaporation induced not only water absorption from air but
also methanol accumulation from the solution. The mass
transfer of methanol induced the transport of some polymer
molecules to the interfacial region between a continuous
solution phase and a dispersed droplet phase. The polymer
molecules in the interfacial region must change their
conformation from swollen coils to collagsed globules as a
result of the influence of the nonsolvent.”*** The collapsed
polymer molecules function as nanoparticles. Thus, the
interfacial region eventually has a gel-like state and finally
functions as a protective layer, which stabilizes the droplets
from the coalescence and results in high regularity of the pores.
Because the solvents used in the conventional BFs are
commonly immiscible with water,”>™>® there is no mass
transfer from the solution to the droplets. Consequently,
nonpolar linear polymers do not have the potential to form a
gel-like protective layer. This is the primary reason for the
lower regularity of the structures prepared using nonpolar linear
polymers through the conventional BF technique. Moreover,
the methanol accumulation can also enhance the lateral
capillary force between adjacent droplets. Theoretically, the
deformation of the solution surface by nonsolvent-rich droplets
results in capillary forces, as represented in Figure 4b. The
lateral capillary force between two droplets with radii of R; and
R, separated by a center-to-center distance (L) is expressed as
follows:>>*°

Fe —Zn'O'QlQZ
B L (1)

where o is the interfacial tension of the solution and droplets, r;
and r, are the radii of the two contact lines, and Q; and Q, are
the “capillary charges”, which are defined as follows:

Q,=rsiny (i=1,2) ()
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where y; and y, are the meniscus slope angles at the two
contact lines. After substituting eq 2 into eq 1, it can be easily
concluded that the lateral capillary force is directly proportional
to the radii of the two droplets (F ~ R;R,). More methanol
accumulation induces larger droplets, which results in a
stronger capillary force. Thus, the capillary force is sufficiently
strong to induce aggregation and ordering of droplets. This is
consistent with the experimental observations in the 2D
micropore array, which revealed better ordering of the
honeycomb pattern with larger pore sizes as the MeOH
content increased from 10% to 15% in the solution, as
described in Figure 2 and Table 1.

In order to demonstrate the advantages of the proposed
strategy over the conventional BF technique, a honeycomb film
was fabricated under harsh conditions, including low humidity.
The highly ordered honeycomb film was obtained even when it
was prepared in a confined region inside a small open-ended
tube, as depicted in Figure Sab. This can be a significant

Figure 5. (a) Coiled PMMA film coated on a copper substrate
inserted inside an open-ended glass tube (the coating surface was
exposed to air) and (b) the uncoiled film after the solvent treatment.
The inset of b is the corresponding FESEM image of the patterned
film. FESEM images of the honeycomb patterned film prepared from
(c) PS and (d) PLA in an ambient air environment (i.e., relative
humidity of $5% and temperature of 23 °C). The solvent/nonsolvent
volume ratio was 85/15 for PMMA and PLA patterned films and 90/
10 for the PS film. The scale bars in a and b are 2 cm; those in the
inset of b, in ¢, and in d are 5 um.

challenge for BF techniques because it is difficult to provide
humid air in confined regions with curvature. The proposed
strategy was also successful in fabricating ordered patterns from
other common polymers such as PS and PLA, as presented in
Figure Sc,d. Considering the cross-linkability of PS and the
excellent biocompatibility of PLA, the proposed strategy could
have significant potential to extend the application of
honeycomb films to areas that require more specific multi-
functionality. Moreover, a variety of common substrates such as
glass, copper, wrapped foil, and plastic could be used to prepare
ordered patterns in polymer films (Supporting Information
Figure SS).

It is worthy to note that the highly ordered honeycomb film
with through-pores can be realized from the phase separation of
polymer solution at the interface of water-soluble polyelec-
trolyte-coated copper substrates, as shown in Figure 6. Films

Schematic representation

Polymer layer

J Solvent treatment

Washing & transfer

Figure 6. Schemes illustrating the fabrication of a microporous
membrane via an improved phase separation method. FESEM images
present (a) a wrinkled membrane and (b) a membrane covering over
dust. Scale bars are 20 ym.

with through-pores have exhibited significant potential as size-
selective membranes and masks.**"* To date, size-selective
microporous membranes are usually fabricated using the BF
method through casting a dilute solution of an expensive
copolymer at a water/air or ice/air interface.**> However, the
casting technique possesses a limit of creating a large-scale film
with a uniform thickness resulting from the surface tension of
the polymer solution. Through exploiting the solution
precoating, a large-scale, uniform polymer film can be prepared
on the polyelectrolyte surface, which enables massive
production of membranes. The calculations by Wan et al.
indicate that the interfacial tension of soft substrates is essential
for the formation of honeycomb films with through-pores.* The
polyelectrolyte sacrificial layer used in the proposed strategy
can be dissolved in water or methanol, which are the main
components of the nonsolvent droplet. Thus, further
penetration of the nonsolvent droplets into the sacrificial
layer leads to stable formation of the honeycomb topcoat layer
with through-pores. Because the proposed strategy can also be
applied to other commercially available polymers with different
mechanical properties, it can be a useful technique for
producing size-selective microporous membranes with large
areas.

B CONCLUSION

A simple and cost-effective strategy for producing microporous
honeycomb films with highly ordered hexagonal structures
using various commercially available polymers, including
nonpolar linear polymers such as PMMA, has been reported.
All fabrication steps were conducted under an ambient air
environment without providing additional humid air or using
stabilizing agents. The mixture of ChL/MeOH, which was used
as a volatile solvent/nonsolvent pair, effectively controlled the
surface morphology as well as sensitively determined the quality
of the patterned film. The ChL/MeOH volume ratio of 85/15
was demonstrated to be the most appropriate ratio for
fabricating thin PMMA films with highly ordered honeycomb
micropatterns. The pore size could also be controlled through
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adjusting the compositions of the solvent pairs and modulating
the experimental processing conditions. Moreover, it was
demonstrated that the methanol accumulation, which induces
the formation of gel-like protective layers and enhances the
lateral capillary force, is responsible for the regularly ordered
structures of the nonpolar polymers. The convergence of cost-
effective and large-scale production of highly ordered micro-
patterned film has wide potential for application, and it can
enable new prospects for the commercialization of future high-
tech devices that require specific multifunctionality.
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Effect of experimental conditions on surface morphology
including humidity, temperature, solution concentration,
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