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ABSTRACT: Microtextured surfaces were prepared by
electrospray deposition (ESD) from hydrophilic and hydro-
phobic acrylic resin solutions. The surface morphologies
and topologies were characterized using scanning electron
microscopy and laser profile microscopy, respectively.
Wetting behaviors on the surfaces were characterized by
contact angle and sliding angle measurements. The con-
tact angle of the water droplet on the hydrophilic resin-
coated surfaces decreased with an increase in the surface
roughness. On the other hand, the contact angle on the

hydrophobic resin-coated surfaces increased with an in-
crease in the surface roughness. In addition, a patterned
surface composed of aligned fibers by ESD showed ani-
sotropy of both wetting and sliding behaviors. These
results indicate that ESD is a useful method for design-
ing a textured surfaces and controlling the surface wet-
tability. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103:
3811-3817, 2007
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INTRODUCTION

Electrospray deposition (ESD) is a straightforward
and versatile method for forming thin films. This
method has the following advantages: (i) applicabil-
ity for broad spectrum of molecules such as: inor-
ganic molecules, synthetic polymers, proteins, and
DNA; and (ii) ability to deposit polymer thin films
with nano-microscaled structures, which range from
spheres to fibers under atmospheric pressure.''°
Electrospray-deposited thin films have recently
attracted much attention for applications such as bio-
sensors and biochips (e.g., protein/DNA-microarrays
and microfluidic devices), antifouling or biocompati-
ble coatings for medical devices, high-performance
filter media, drug delivery systems, and biomaterial
scaffolds for tissue engineering.''® The ESD meth-
ods consist of the following steps: (i) a strong electric
field is applied between a nozzle containing the
polymer solution and a conductive substrate, (ii)
when the voltage reaches a critical value, electro-
static forces overcome the surface tension of the so-
lution, (iii) charged droplets (or jets) are sprayed
from the tip of the nozzle, in a dry atmosphere; and
(iv) the dried droplets (or jets) are finally collected
on the substrate to form a thin film.

One major advantage of the ESD technology is the
forming of nano-microtextured surfaces." > Not
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only the surface chemical composition, but also the
surface roughness affects the wetting behavior.'*
Textured surfaces have been produced by a range of
chemical and physical methods: electrochemical poly-
merization,'® sol-gel method,'® electrodeposition,17
photolithography,'® micromolding,'” and so forth.***>
Recently, some researchers have shown that the elec-
trospray process is useful for producing superhydro-
phobic surfaces.”>* However, there have been few
systematic studies on the relationship between the
morphology of the electrosprayed surface and the
wetting behavior.

In the present study, we prepared microtextured sur-
faces by ESD and then characterized their morphology
and wettability. We used hydrophilic and hydrophobic
acrylic resins, poly(2-hydroxyethyl methacrylate-co-
methacrylic acid) and poly (methyl methacrylate-co-
butyl methacrylate-co-2-hydroxyethyl methacrylate-co-
methacrylic acid), as the coating polymers. The objec-
tives of the present investigation are (i) to prepare
microtextured surfaces by ESD, and (ii) to identify the
effect of the surface morphology on the wettability.

EXPERIMENTAL
Materials

Poly(2-hydroxyethyl methacrylate-co-methacrylic acid)
(poly(2-HEMA-co-MAA), 2-HEMA/MAA = 75/25 in
molar ratio, My = 100,000) and poly(methyl methac-
rylate-co-butyl methacrylate-co-2-hydroxyethyl methac-
rylate-co-methacrylic acid) (poly(MMA-co-BMA-co-2-
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TABLE I
Properties of Poly(2-HEMA-co-MAA)/MeOH Solution
Surface
Concentration Viscosity tension Conductivity
(wt %) (mPas) (mN/m) (mS/m)
10 341 24.7 1.37
15 8.16 242 1.75
20 243 24.6 201
30 94.2 24.7 2.06

HEMA-co-MAA), MMA /BMA /2-HEMA /MAA = 50/
25/24/1 in molar ratio, My, = 120,000) were used as
the hydrophilic and hydrophobic resins, respectively.
These acrylic resins were obtained from Mitsubishi
Chemical MKV Company, Japan. Methanol (MeOH) of
HPLC grade and 2-propanol (IPA) of extra-pure grade
were purchased from Wako Pure Chemical, Japan. All
reagents were used without further purification. Alu-
minum plates (AL-013Series, Nilaco, Japan) were used
as the substrate.

Solution properties

The solution viscosities were measured by an oscillating-
type viscosity meter (VM-100A, CBC Materials, Japan).
Surface tensions of the solution were determined by
the Whilhelmy plate method using a fully automated
surface tensiometer (CBVP-Z, Kyowa Interface Science,
Japan). The solution conductivities were measured
using a conductivity meter (CM-20S, TOA, Japan)
with conductivity cell (CG-511B, TOA, Japan). All
measurements were carried out at 25°C.

Fabrication of microtextured surfaces by ESD

The ESD device is the same as that used in a previ-
ous study.'” The polymer solution was contained in
a syringe with a stainless-steel nozzle (1.0 mm inter-
nal diameter). The nozzle was connected to a high-
voltage regulated DC power supply (HDV-20K 7.55TD,
Pulse Electronic Engineering, Japan). A constant vol-
ume flow rate was maintained using a syringe-type
infusion pump (MCIP-III, Minato Concept, Japan).
The grounded substrate was an aluminum plate
(15 x 20 cm? area). The distance between the nozzle
tip and the substrate surface was 15 cm, the applied
voltage was 15 kV (corresponding to an applied field
of 1.0 kV/cm), and the flow rate was 0.02 mL/min.
The duration of the deposition was 20 min, which is
sufficient to obtain the coating layer with a stable
surface structure. All sprayings were carried out at
25°C under 30% relative humidity.

Observation of surface morphology

The morphologies of the microtextured surfaces
were observed using a scanning electron microscope
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(SEM, SM-200, Topcon, Japan) operated at 10 kV. All
samples were sputter-coated with Au. The surface
roughness R, (average deviation from the arithmetric
centerline) of the microtextured surfaces was deter-
mined using a color 3D profile microscope (VK-9500,
KEYENCE, Japan). A violet laser with a 408 nm
wavelength was used as the incident beam. The ob-
servation area was 270 um x 202 pm.

Evaluation of wetting behavior

The static contact angles of the water droplets were
measured by the sessile drop method using a contact
angle measurement system (DropMaster 500, Kyowa
Interface Science, Japan). The weight of the water
droplets for the measurements was 2 mg. All mea-
surements were carried out at five or more different
points for each sample at 25°C. The sliding angles
of the water droplets were measured using a fully
automated sliding angle measurement system (Drop
Master 700 and DM-SA, Kyowa Interface Science,
Japan). The weight of the water droplets for the mea-
surements was varied from 10 to 50 mg. All mea-
surements were carried out at five or more different
points for each sample at 25°C.

RESULTS AND DISCUSSION

Morphology and wettability of microtextured
surfaces by ESD

The properties of the coating solutions, hydrophilic
acrylic resin/MeOH solution and hydrophobic acrylic
resin/IPA solution, are summarized in Tables I and II,
respectively. The viscosity of the polymer solution
increased with an increase in the polymer concen-
tration. We grew hydrophilic and hydrophobic acrylic-
resin coatings by ESD from the respective polymer
solutions at various concentrations. For comparison,
we also prepared the cast films from a 30 wt % hydro-
philic resin/MeOH solution and 28 wt % hydrophobic
resin/IPA solution, respectively. The cast films pro-
duced a native polymer surface.

Figures 1 and 2 show the surface SEM images of
the hydrophilic and hydrophobic acrylic resin-coated

TABLE 1I
Properties of Poly(MMA-co-BMA-co-2-HEMA-co-MAA)/
IPA Solution

Surface
Concentration Viscosity tension Conductivity
(wt %) (mPas) (mN/m) (mS/m)
4 3.53 22.0 0.5
15 135 22.8 1.8
20 458 23.2 3.1
28 - 23.1 8.2
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Figure 1 Surface SEM images of hydrophilic acrylic resin-coated layer; electrosprayed coatings from (a) 10 wt %,
(b) 15 wt %, (c) 20 wt %, and (d) 30 wt % solutions, and (e) cast film from 30 wt % solution.

layers, respectively. The size of the structures in the
coated layer is shown in Figure 3. At the lower solu-
tion viscosity, beads were formed. The solution with
a higher viscosity tended to form a thicker ribbon-
like fiber. These results correspond to the effect of
the solution viscosity described in our previous arti-
cle®'® The average diameter of the spheres/fibers
was 0.1-4 um for the hydrophilic resin-coated layer
and 5-15 pm for the hydrophobic resin-coated layer.
On the other hand, the surfaces of the cast films
were very smooth.

Figures 4 and 5 are photographs of 2 mg water
droplets and the contact angles on the hydrophilic
and hydrophobic acrylic resin-coated surfaces, respec-
tively. All of the hydrophilic acrylic resin-coated sur-
faces by ESD showed a lower contact angle than that

of the cast film [49°, Fig. 4(e)]. Particularly, the electro-
sprayed surfaces made from a 30 wt % hydrophilic
acrylic resin solution is superhydrophilic, with a con-
tact angle of 0° [Fig. 4(d)]. On the other hand, all of the
hydrophobic acrylic resin-coated surfaces by ESD
showed a larger contact angle than that of the cast film
[73°, Fig. 5(e)]. These results indicate that ESD is a use-
ful method for designing a textured surface and con-
trolling the surface wettability.

Wetting behavior on microtextured
surfaces by ESD

There are two well-established models for wetting
on rough surfaces: the homogeneous wetting, where
the liquid completely penetrates the roughness

Figure 2 Surface SEM images of hydrophobic acrylic resin-coated layer; electrosprayed coatings from (a) 4 wt %,
(b) 15 wt %, (c) 20 wt %, and (d) 28 wt % solutions, and (e) cast film from 28 wt % solution.
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Figure 3 Diameter of fibers/spheres in (a) hydrophilic
acrylic resin-coated layer, and (b) hydrophobic acrylic resin-
coated layer.

grooves, and the heterogeneous wetting, where air is
trapped underneath the liquid inside the roughness
grooves. The apparent contact angle on a rough sur-
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face in the homogeneous regime, 6y is given by the
Wenzel equation®®

cos Oy =71 cos Oy (1)

where, 0y is the ideal Young contact angle and r is the
roughness ratio, defined as the ratio of the true area of
the solid surface to its projection area. This equation
shows that, if a surface is hydrophilic (8y < 90°), rough-
ness (r > 1) makes 0y, smaller than 6y and vice versa. On
the other hand, the apparent contact angle in the heter-
ogeneous regime composed of two different materials,
Ocp, is given by the Cassie-Baxter equation®

cos Ocp =f1 cos 01+ f cos 6 (2)

where, a unit area of the surface has a surface area
fraction f; with a contact angle 6; and an area frac-
tion f, with a contact angle 6,. When f, represents
the area fraction of trapped air, eq. (2) can be modi-
fied as follows:

cos Ocg =f cos Oy + (1 —f)cos 180°
=fcosOy+f—-1 (3)

where, f is an area fraction of the solid-liquid inter-
face and (1 — f) is that of the solid—air interface. This
equation shows that, if a surface is hydrophobic (6y
> 90°), the increase in area fraction of trapped air
makes Ocg larger than 0y.

As shown in Figures 1 and 2, the surface morphol-
ogies of the electrosprayed surfaces composed of
fibers and/or spheres were highly complicated. To
understand the wetting behavior of water droplets
on the electrosprayed surfaces, we calculated the
apparent contact angle using a simple first-approxi-
mation theoretical model. To apply the Cassie-Baxter
equation to our data, we need to know the area frac-
tion of liquid—solid interface. The experimental mea-
surement of the area fraction is very difficult. There-
fore, in the present study, we adapted the Wenzel
equation. The surface roughness, R,, obtained from
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Figure 4 Shapes of 2 mg water droplets and contact angles on hydrophilic acrylic resin-coated surfaces; electrosprayed
coatings from (a) 10 wt %, (b) 15 wt %, (c) 20 wt %, and (d) 30 wt % solutions, and (e) cast film from 30 wt % solution.

All data were reproducible within 3 degrees.
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Figure 5 Shapes of 2 mg water droplets and contact angles on hydrophobic acrylic resin-coated surfaces; electrosprayed
coatings from (a) 4 wt %, (b) 15 wt %, (c) 20 wt %, and (d) 28 wt % solutions, and (e) cast film from 28 wt % solution. All

data were reproducible within 3 degrees.

the 3D profile observations of the electrosprayed sur-
faces and the contact angle of the cast film are repre-
sented by r and 0y in eq. (1), respectively. Here, R,
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Figure 6 Relationship between surface roughness, Ra,
and contact angle of water droplets on electrosprayed sur-
faces: (a) hydrophilic acrylic resin-coated layer, and (b)
hydrophobic acrylic resin coated layer.

is an average deviation from the arithmetric centerline
of the surface and used for simplification. Figure 6
shows the relationship between the surface rough-
ness, R,, and the contact angle on the electrosprayed
surfaces. The theoretical results agreed well with the
experimental ones for the hydrophilic resin-coated
surfaces [Fig. 6(a)]. This suggests that the wetting
behavior on the hydrophilic resin-coated surfaces
obeys the Wenzel behavior. On the other hand, the
distinct difference between the experimental result
and theoretical one appears for the higher surface
roughness on the hydrophobic resin-coated surfaces;
the experimental contact angle is larger than the the-
oretical prediction based on the Wenzel equation
[Fig. 6(b)]. This implies that the enhancement in the
apparent contact angle attributed to the trapped air
between water droplets and the textured surface. In
other words, the wetting behavior appears to follow
the Cassie-Baxter behavior.

Wetting and sliding behaviors on patterned
surface composed of aligned fibers by ESD

One of the recent breakthroughs in electrostatic fiber
formation (or electrospinning) is the alignment of
fibers.*> Xia and Li have demonstrated that electro-
spun fibers could be uniaxially aligned over long
length scales (up to several centimeters) by using a
collector consisting of two pieces of conductive plates
separated by a void gap.’**' Here, we obtained
the aligned fibers from a 15 wt % hydrophobic resin/
IPA solution by ESD using the gap method (The dis-
tance between the nozzle tip and the grounded two
aluminum plates with a 10 cm gap was 15 cm. All
other ESD conditions were the same as mentioned
above); and then placed the aligned fibers on an alu-
minum substrate to produce a patterned surface.
Figure 7(a) shows a typical SEM image of the pat-
terned surface composed of the aligned fibers. This
image clearly supported the fact that the ribbon-like
fibers of the hydrophobic acrylic resin were un-
iaxially aligned on the substrate. The fiber diameter

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 (a) SEM image of the patterned surface composed of aligned fibers by ESD. (b) Optical micrograph (top view)
of wetting for a water droplet on the patterned surface by ESD and the measurement direction. Shapes of 2 mg water
droplets on the patterned surface composed of aligned fibers by ESD, (c) from the orthogonal direction, and (d) from the

parallel direction.

corresponded to that on the randomly deposited sur-  tained from the 3D profile observations was 6.5 pm
face by ESD from the same polymer solution [see x 1.1 um. Figure 7(b) shows a typical optical micro-
Fig. 2(b)] and average value of base x height ob-  graph of wetting for a water droplet on the patterned
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Figure 8 Effect of the weight of the water droplet on the sliding angles for the surfaces composed of electrosprayed fibers
from 15 wt % hydrophobic acrylic-resin solution. ([J) parallel direction in the patterned surface composed of uniaxially
aligned fibers, (O) orthogonal direction in the patterned surface composed of uniaxially aligned fibers, and (/) on the
surface composed of randomly deposited fibers.
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surface and the measurement direction. The water
contact angles on the patterned surface composed of
aligned fibers were 127° and 92° from the parallel
and orthogonal directions, respectively, [Fig. 7(c,d)].
The water contact angle from the parallel direction
corresponded to that on the randomly deposited sur-
face by ESD from the same polymer solution [122°,
see Fig. 5(b)]. These results indicate that the pat-
terned surface composed of aligned fibers shows ani-
sotropy of the wetting behavior. Figure 8 shows the
effect of the weight of the water droplet on the slid-
ing angles. As shown in the figure, the sliding angle
for the parallel direction in the patterned surface
decreased with an increase in the weight of the
water droplet. On the other hand, for the orthogonal
direction in the patterned surface, water droplets
with various weights did not slide down even at the
maximum tilt angle (85°). These results indicate that
the patterned surface also shows a strong sliding
behavior anisotropy; the water droplet easily slides
down in the parallel direction on the patterned sur-
face, but hard to slide down in the orthogonal direc-
tion on the patterned surface. For the randomly
fiber-deposited surface, only water droplet with
highest weight can slide down. This result supported
that patterned surface was very effective for prevent-
ing the orthogonal-direction sliding behavior.

CONCLUSIONS

Microtextured surfaces were prepared by ESD from
hydrophilic and hydrophobic acrylic resin solutions.
The wetting behaviors on the electrosprayed surfaces
composed of fibers and/or spheres were influenced
by both the chemical composition and surface rough-
ness; the hydrophilicity and hydrophobicity on the
electrosprayed surfaces were enhanced by increasing
the surface roughness. Water contact angles on the
electrosprayed surfaces from hydrophilic and hydro-
phobic resins changed with a maximum at about 50
degrees compared with their native smooth surfaces.
Our first-approximation theoretical approach sug-
gested that the wetting behaviors on the hydrophilic
and hydrophobic resin-coated surfaces would be
attributed to the Wenzel and Cassie-Baxter regimes,
respectively. In addition, the patterned surface com-
posed of aligned fibers by ESD showed anisotropy
for both the wetting and sliding behaviors. These
results indicate that ESD is a useful method for
designing textured surfaces and controlling the sur-
face wettability. Recently, Yamagata and coworkers
reported the micropatterning by ESD and a stencil
mask.**> Precise control of nano-microtextured surfa-
ces by the electrospray process opens a new direction
for the electronic, optical, and medical applications.
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