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ABSTRACT: A facile approach of fabricating a temperature-

responsive coating capable of switching reversibly from being
superhydrophobic to superhydrophilic is presented. The approach

combines micromolding, layer-by-layer assembly of the polymer T
macroinitiators, and surface-initiated polymerization. Changing 150
between superhydrophobicity and superhydrophilicity depends § 40 °C
heavily on the surface roughness and the switching of the surface
energy levels. In this study, surface roughness was introduced by
replicating the surface morphology of a lotus leaf. The switching of
surface energy levels was made possible by grafting a temperature-
responsive polymer brush. Wetting studies reveal that the reported S B e
approach not only replicates nature but also improves its property Cyele
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by making it responsive to stimulus.
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B INTRODUCTION

Biomimetics involves not only the study of biological materials,
both of its structures and functions, but also the use of
principles attained from nature in developing systems that
mimic it." For some applications copying nature is not enough.
Mimicking nature and incorporating another property, ie,
making it stimuli-responsive, can vastly widen the application of
the material being developed. Recently, the modification of the
surface to impart a stimuli-responsive behavior is gaining a lot
of attention in developing functional coatings for drug delivery
and as biomimetic materials, among others.””* Of particular
interest is the reversible switching between superhydropho-
bicity and superhydrophilicity.”® The wetting property of the
surface depends heavily on its surface energy and on its surface
roughness. One of the most effective ways of controlling the
surface energy (and surface roughness to some extent) is by
covalently grafting polymer chains on the surface.” The surface
characteristic imparted by these high-density surface-tethered
polymer chains, more popularly known as polymer brush,
depends on what polymer is used. A lot of research has been
focusing on using stimuli-responsive polymer brushes as
coatings. Stimuli that have been used to trigger the change in
property of the surface include, but not limited to, temperature,
electrical potential, and light.*'°

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most
studied temperature-responsive polymers because of its lower
critical solution temperature (LCST) at about 32 °C."'~'* At
temperatures below the LCST, the polymer chains are
extended away from the surface and the —C=0 and —N—H
functional groups are hydrogen-bonded to water molecules. On
the other hand, at temperatures above the LCST, the polymer
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chains are collapsed and compact, the water molecules are
expelled, and predominately intramolecular hydrogen-bonding
exists between the polar functional groups. The transition from
extended-to-collapsed configuration of PNIPAM is accompa-
nied by a significant change in surface free energy. When the
polymer brush is extended, the polar groups are exposed at the
surface, and thus the surface free energy is high. In contrast,
when the polymer chain is collapsed, the nonpolar polymer
backbones are exposed on the surface, and thus the surface
energy is low. Surface free energy has a major impact on the
wettability of the surface: surfaces with low free energy are
hydrophobic (contact angle greater than 90°), while surfaces
with Eigh free energy are hydrophilic (contact angle less than
90°).

Surface roughness can enhance the surface’s wetting property
as implied by the Wenzel Model and the Cassie—Baxter
Model.'®"” By incorporating dual-scale roughness and
introducing heterogeneity on the surface energy, hydrophilic
surfaces can become superhydrophilic (contact angle about 0°),
while hydrophobic surfaces can become superhydrophobic
(contact angle greater than 150°). Because of the temperature-
driven switching between high and low surface energies,
PNIPAM has been used to demonstrate the reversible
switching between superhydrophobicity and superhydrophilic-
ity. Recently, PNIPAM was electrospun with polystyrene and
the fabricated nanofibers are thermally responsive.'® The
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Scheme 1. Fabrication Scheme of the Temperature-Responsive Surface with Lotus-Leaf Morphology
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procedure was proven to be low-cost and facile; however, the
need for electrospinning may limit its application.

An alternative approach for introducing roughness is to
imprint patterns on a polymer coating. The patterned polymer
coating can act as the base for the stimuli-responsive polymer
brush. Several approaches, such as a technique called solvent-
assisted micromolding (SAMIM), for imprinting patterns have
been studied.'” SAMIM imprints the pattern on a polymer film
softened by a suitable solvent with a soft polymeric mold. With
this approach, surface roughness can be introduced to a wide
variety of polymers coated on any substrate like glass, silicon
wafer, and steel. SAMIM can be used to replicate surface
features of materials existing in nature. Many biological
materials exhibit excellent wetting properties brought about
by their dual-scale structures and low surface energy coating.
Lotus plant, for instance, contains micropapillae decorated with
nanofeatures. Because this hierarchical structure is coated with
a waxy material, the lotus plant leaf exhibits superhydrophobic
and self-cleaning properties.””*' Mimicking the surface
morphology of the lotus leaf can be a very effective way of
introducing surface features on stimuli-responsive polymer
systems.

Initiators for polymerization can be introduced to the
replicated polymer film via self-assembly, or through a series
of chemical reactions.”* If the molded polymer film bears a
charge, then a layer-by-layer (LbL) assembly of initiators can be
employed. Layer-by-layer assembly is the alternating deposition
of oppositely charged materials on a substrate or on a particle.
The main driving force is the electrostatic attraction between
the charges.”® Layer-by-layer assembly and the subsequent
surface-initiated polymerization (LbL-SIP) have been estab-
lished to be a very promising method for the synthesis of very
dense and stimuli-responsive coatings. The Advincula group has
utilized LbL-SIP to fabricate solvent- and temperature-
responsive thin-film coatings, and freestanding films.**** We
were successful in grafting homopolymer, block copolymer, and
mixed polymer brushes on the surface prefunctionalized via
layer-by-layer assembly of macroinitiators. Effects of solvent
and temperature on properties like thickness and morphology

of these polymer brushes were also studied. To release the free-
standing film, we either dissolved the cellulose acetate sacrificial
layer, or spin-casted poly(vinyl alcohol) on top of the polymer
brush, physically peeled it off, and dissolved the poly(vinyl
alcohol). The response of the free-standing films to change in
pH, temperature, and solvent were then studied.

In this study, we used SAMIM to replicate the lotus-leaf
surface morphology on a thin cellulose acetate film coated on
glass. We then deposited polyelectrolyte macroinitiators via
layer-by-layer assembly and polymerized PNIPAM via atom
transfer radical polymerization. Reversible switching between
superhydrophobicity and superhydrophilicity was then demon-
strated. The fabrication method reported here should be
applicable to copy and to improve a wide variety of naturally
existing morphologies. To our knowledge, this is the first study
to combine SAMIM, layer-by-layer assembly of macroinitiators,
and surface-initiated polymerization in fabrication of stimuli-
responsive polymer coating.

B RESULTS AND DISCUSSION

Fabrication of the temperature-responsive surface by replication
of the surface morphology of the lotus leaf, deposition of the
macroinitiators, and growth of polymer brush is illustrated in
Scheme 1. Briefly, uncured polydimethylsiloxane (PDMS)
solution was casted on a fresh lotus leaf. The solution was cured
at 50 °C for 2 h. The cured PDMS, which bears the negative
replica of the lotus-leaf surface, was peeled off. The cured
PDMS was used to mold the cellulose acetate film, which is
coated on a glass substrate and is softened by acetone. Cellulose
acetate in aqueous solution is negatively charged because of the
partial hydrolysis of the ester group as evidenced by its negative
zeta potential in pH range of 2—10.%° Positively and negatively
charged macroinitiators (structures shown in the scheme) were
deposited via layer-by-layer assembly on top of the partially
negatively charged cellulose acetate. The macroinitiators used
in this study were synthesized previously in our laboratory.
Details of the synthesis are available elsewhere.”’

Successful replication of the surface of the lotus leaf can be
confirmed by comparing the images captured using a scanning
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electron microscope (SEM) of the template (Figure la) and
the replicated surface after growing the PNIPAM brush (Figure

Figure 1. SEM images of the (a) lotus-leaf template (1500%), (b)
replicated surface after growth of PNIPAM brush (1500x%), (c) wide-
area image of the replicated surface (350X), and (d) high-
magnification image of the micropapillae (15000x).

1b). The diameter of the base of the micropapillae ranges from
3 to 8 um. Figure 1c shows that the lotus-leaf morphology was
replicated on a large area. Higher magnification view of the
micropappilae reveals that the microstructures are decorated
with nanoscale cilium-like structures (Figure 1d).** The
combination of micro- and nanoscale roughness renders the
surface superhydrophobic or superhydrophilic depending on its
surface energy.

Figure 2a shows the reversible thermal response of both the
flat and the replicated surface as captured by the CCD camera.
For the flat surface, the contact angle is measured to be 62° +
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Figure 2. (a) Effect of temperature on the wettability, and (b)
reversibility study of thermal switching of surface wettability of flat (O)
and replicated surfaces (H).

2° at 25 °C. Increasing the temperature to 40 °C increased the
contact angle to 90° + 1°. As the film is cooled back to 25 °C,
the contact angle decreased back to 61° + 1°. The reversible
switching was continued for four more cycles (Figure 2b). The
switching only happens between about 62° and 90°, which
indicates the chemical nature of the PNIPAM brush is not
altered during the temperature changes. The switching from
hydrophilic to hydrophobic is brought about by the change in
chain configuration of the polymer as water is drove off.
PNIPAM is known to have lower critical solution temperature
(LCST) of about 32 °C.*® Below the LCST, the PNIPAM is
predominantly hydrogen-bonded to water molecules, which
causes the surface to be hydrophilic. The high surface energy is
brought about by the availability of strong polar groups, like
C=0 and N—H, to interact with the environment. Above the
LCST, the hydrogen bonding is predominantly intramolecular;
ie, the bonding is between the C=0O and N—H groups of
PNIPAM. This results in the collapsed conformation of the
polymer chain and effectively exposing the low surface energy
hydrocarbon backbone of the polymer brush. This also makes it
difficult for water to interact with the hydrophilic C=0O and
N-H, and as a result making the surface hydrophobic.

The thermal response of the surface is enhanced dramatically
for the replicated surface. At temperature below the LCST, the
surface is superhydrophilic (contact angle of 0°), while at a
temperature above the LCST, the surface is superhydrophobic
(contact angle of 153° + 2°). The advancing (,4,) and
receding angles (0,..) were also measured to be 155° + 1° and
151° + 1°, respectively. With a very low hysteresis of about 4°,
the film is expected to exhibit self-cleaning effect. The self-
cleaning phenomenon is confirmed by dropping a small volume
of water on an inclined coated surface (Figure S1, Supporting
Information). The water droplet rolled off the surface when the
surface was tilted at a very small sliding angle of ~2°. The
contact angle of a hydrophobic film can be significantly
increased by making the surface rougher as implied by the
Wenzel and the Cassie—Baxter Models.'® The superhydropho-
bic/superhydrophilic property depends strongly on the surface
roughness and surface energy.”” For this system, surface
roughness was introduced by using cellulose acetate molded
to replicate the surface of a lotus leaf. As seen on the SEM
images, the cellulose acetate provides the microscale roughness,
while the macroinitiator layers and the PNIPAM brush provide
the majority of the nanoscale roughness and the surface energy.
Air is believed to be trapped between the micro- and
nanostructures and is the reason for minimal contact between
the water droplet and the surface.’® This causes the
hydrophobic surface to be superhydrophobic. On the other
hand, 3D and 2D capillary effect, also brought about by the
hierarchical structure, causes the hydrophilic surface to be
superhydrophilic.*!

The surface roughness for both flat and replicated surfaces
can be quantified by using atomic force microscopy (AFM).
Figure S2 compares the 3D AFM images of the flat and the
replicated surfaces. For the flat surface, the measured average
feature height is S1.5 and 141.4 nm, before and after the
surface-initated polymerization of PNIPAM, respectively. This
is also accompanied by a change in roughness from 14.7 nm
(before polymerization) to 67.8 nm (after polymerization). In
comparison, the average feature height for the replicated surface
is 3.019 um and the roughness is 1.304 ym. The significant
increase in surface roughness contributes to the super-
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Figure 3. (a) UV—vis spectrum of the cationic macroinitiator. (b,c) Multilayer growth of the LbL tracked by UV—vis.

hydrophobic/superhydrophilic property of the replicated sur-
face in comparison to the flat surfaces.

Deposition of the macroinitiators on the molded cellulose
acetate film was monitored by using UV—vis spectroscopy.
Figure 3a shows the absorbance from 200 to 800 cm™" of the
cationic macroinitiator. Three relevant peaks are observed: at
375 nm, which corresponds to the 7 — 7™ transition; at 300
nm, which corresponds to the n — #* transition; and at 224
nm, which corresponds to the n — ¢* transition. Figure 3b
shows the UV—vis spectrum (from 300 to 800 cm™") for every
two bilayers of the macroinitiators deposited on the molded
cellulose acetate. As expected, the absorbance increases with the
amount of deposited macroinitiators. The absorbance at 375
nm was plotted against the number of macroinitiator bilayers
(Figure 3c). The resulting graph shows a linear dependence
between the absorbance and the number of macroinitiator
bilayers, signifying that the amount of macroinitiator increases
linearly as the number of bilayers is increased. This further
confirms the successful deposition of macroinitiators on the
molded cellulose acetate.

X-ray photoelectron spectroscopy (XPS) was used to
determine the elemental composition of film. The survey
scan for the cellulose acetate, as shown in Figure 4a, contains
only the signals for carbon (C) and oxygen (O). In the same
figure, we can see that C, O, nitrogen (N), and bromine (Br)
are present for the macroinitiator layers and for PNIPAM
brush. By getting the area under the peaks for N and O, we can
get the relative amount of N and O (i.e, N/O) of the three
samples. Since there is no nitrogen in cellulose acetate, the N/
O ratio is 0. For the macroinitiator, the ratio is 0.11. Looking at
the structures of the macroinitiators, we can see that there are
approximately 2 N’s for every 15 O’s, and the N/O ratio is
equal to 0.13. After the polymerization of PNIPAM, the N/O
increased to 0.95. This means that there is 1 O for every N,
which is consistent with the structure of PNIPAM. Also, the
signal for Br is still present for PNIPAM, confirming the living
nature of the polymerization.”* The absence of the peak at
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Figure 4. (a) XPS survey scan and high-resolution carbon scan of the
cellulose acetate film (b), after LbL assembly of macroinitiators (c),
and after the growth of PNIPAM brush (d).

~950 eV indicates that there is no copper catalyst left on the
PNIPAM surface.

Additional information can be gained by analyzing the high-
resolution carbon scan for each sample. Figure 4b shows that
the cellulose acetate contains C—C (and C=C) at 284.71 eV,
C—O at 28637 eV, and C=0 at 288.70 eV,>' which is
consistent with the structure of cellulose acetate. The same set
of peaks are observed for the macroinitiators. Take note that
C—N and C—Br bonds do not appear probably because their
contribution is negligible compared to the other oxidation
states of carbon. After the polymerization of PNIPAM, the C—
N peak intensity becomes more significant. The presence of
C—O indicates that, on some areas, the macroinitiator layers
are still within 5—10 nm depth and are detectable by XPS.
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Figure 5. FT-IR spectrum and FT-IR images (focused at 1650 cm™") of the molded cellulose acetate (a,b) and after growing the PNIPAM brush

(c,d), respectively. Area is 176 X 176 um.

Fourier transform infrared spectroscopy (FTIR) was also
utilized to further confirm the successful growth of the
PNIPAM brush on the molded cellulose acetate. For the
cellulose acetate (Figure Sa) the relevant peaks are 3580—3650
cm™! for the hydrogen-bonded O—H stretching, 2850—3000
cm™! for C-H stretching, 1740 cm™! for the ester C=0, 1220
and 1040 cm™ for the C—O stretches, and 1370 cm™ for the
C—H bending. Upon growth of the PNIPAM brush on the
molded cellulose acetate, new peaks at 1650 cm™', which
corresponds to C=0 stretch (amide I), and at 1545 cm™,
which corresponds to N—H bending (amide II band), are
observed (Figure 5¢).2* FTIR imaging was also utilized to
check the surface coverage of the PNIPAM brush. Figure Sb,d
shows the IR images of cellulose acetate and PNIPAM brush,
respectively, focused at 1650 cm ™. As expected, the absence of
amide C=0O stretching causes very low absorbance at 1650
ecm™! for cellulose acetate. On the other hand, intense
absorption at 1650 cm™" was observed for PNIPAM brush.

Bl CONCLUSION

In this study, we demonstrated that the stimuli-responsive
polymer brush could be grown from a multilayer film of
macroinitiators deposited on top of the cellulose acetate coating
replicated from a lotus leaf. The polymer coating shows
reversible switching between superhydrophobicity and super-
hydrophilicity even after five cycles of heating and cooling. This
reversible switching is made possible by the temperature-driven
changing of the surface energy levels of the PNIPAM brush.
The approach is proven to not only replicate nature but also to
improve its property by making it stimuli-responsive. In
addition, the nonspecificity and facileness of the coating
procedure may prove advantageous in imparting reversible
stimuli-responsive wetting on any substrate.

B EXPERIMENTAL SECTION

Preparation of the PDMS Mold. The uncured PDMS
solution was prepared by mixing 10 parts of elastomer base and
1 part curing agent (Sylgard 184, Dow Corning). The PDMS
solution was poured on the fresh lotus leaf and then cured at 50

°C for 2 h. After curing, the PDMS mold was peeled off gently
from the lotus leaf and was used as the negative template.

Fabrication of the Replicated Surface. Glass substrates
were cut into 2.5 cm X 1.5 cm sizes, cleaned by sonication in
piranha solution (30% of 30% H,0,/70% concentrated sulfuric
acid) for 20 min, in Milli-Q water (18.2 MQ-cm resistivity) for
20 min, and then in acetone for 20 min, and finally cleaned by
oxygen plasma for 3 min. Five weight percent of cellulose
acetate was spin-casted on silicon wafer at 3000 rpm for 60 s.
The PDMS mold was placed on the cellulose acetate (Aldrich)
softened by acetone for 20 min. The mold was removed after all
the acetone has evaporated. The negatively charged substrate
was then immersed automatically by a programmable dipping
machine (HMS Series Programmable Slide Stainer, Carl Zeiss,
Inc.) alternately to positive and negative macroinitiator
solutions for 20 min per layer with washing in Milli-Q water
in between. The concentration of both macroinitiators is 1 mg/
mL. Ten bilayers of macroinitiators were deposited.

Surface-Initiated Polymerization. For PNIPAM, mono-
mer solution was prepared by mixing 1 g of N-isopropylacry-
lamide (>98% TCI America, recrystallized in n-hexane to
remove the initiator), 60 uL of N,N,N’,N’,N”-pentamethyldie-
thylenetriamine (PMDETA, 99% Aldrich), 9 mL of Milli-Q
water, and 9 mL of methanol in a 20 mL vial. The solution was
degassed to remove dissolved oxygen and impurities for 1 h.
The solution was then transferred to another vial containing
12.7 mg of Cu(I)Br (98% Alfa Aesar, also degassed) via a
cannula. The green solution was transferred to another vial
containing the replicated surface with macroinitiators. The
polymerization was conducted at room temperature and with
slight overpressure of nitrogen to prevent oxygen from
prematurely terminating the reaction. After 1 h, the solution
was exposed to air and the functionalized surface was washed
with a generous amount of water to remove the unreacted
monomer, the catalyst, and the ligand.

Instrumentation. Static and dynamic water contact angles
were measured by using a CAM 200 optical contact angle
meter (KSV Instruments Ltd.). SEM analysis was done using
JEOL JSM-6510LV SEM. FT-IR imaging was conducted on a
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Digilab FT'S 7000 spectrometer, a UMA 600 microscope, and a
32 X 32 MCT IR imaging focal plane array image detector with
an average spatial area of 176 ym X 176 um in the reflectance
mode. XPS data (at takeoff angle of 45° from the surface) was
recorded using a PHI 5700 X-ray photoelectron spectrometer
with a monochromatic Al Ka X-ray source (hv = 1486.7 eV)
incident at 90° relative to the axis of hemispherical energy
analyzer. High-resolution carbon spectra were curve-fit using
Gaussian—Lorentzian functions with a Shirley background
correction. All atomic force microscopy images were recorded
using a PicoScan System (Agilent Technologies, formerly
Molecular Imaging Corp.) with 8 gm X 8 ym scanner. Tapping
mode was used for all samples. UV—vis spectra were obtained
by using an Agilent 8453 spectrometer.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1 shows the movement of the water droplet on the
surface inclined at a very low sliding angle of ~2°. Figure S2
shows the 3D AFM images of (a) a flat surface with layer-by-
layer assembled macroinitiators, (b) flat surface after the
surface-initiated polymerization of PNIPAM, and (c) replicated
surfaces after the surface-initiated polymerization of PNIPAM.
This material is available free of charge via the Internet at

http://pubs.acs.org.
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