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a b s t r a c t

Formation of superhydrophobic polymer surfaces were investigated through successive spin-coating of
hydrophobic fumed silica dispersed in an organic solvent onto polymer films. Two different polymers, a
hydrophobic segmented silicone-urea copolymer (TPSC) and hydrophilic poly(methyl methacrylate)
(PMMA) were used as model substrates. Influence of the polymer type and structure, silica concentration
and the number of silica layers applied on the topography, average roughness and the wetting behavior
of the surfaces were determined. Polymer surfaces obtained were characterized by scanning electron
microscopy, white light interferometry, atomic force microscopy and advancing and receding water
contact angle measurements. It was possible to obtain superhydrophobic surfaces displaying hierarchical
micro/nano features both for TPSC and PMMA. A close correlation was observed between the number of
silica layers applied and average surface roughness obtained. It was demonstrated that an average sur-
face roughness value of 125e150 nmwas necessary for the formation of superhydrophobic surfaces, both
for TPSC and PMMA. Chemical structure and nature of the polymeric substrate seem to play a significant
role on the topography and average roughness of the silica coated surfaces formed. Superhydrophobic
surfaces displayed static and advancing water contact angles well above 150� and fairly small contact
angle hysteresis.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Preparation and characterization of polymeric materials with
superhydrophobic surfaces have been extensively investigated
during the last 15 years, after the detailed description of the surface
structure of various natural plant leaves, including the lotus leaf by
Barthlott and Neinhus in 1997 [1,2]. One of the main reasons for
such a remarkable interest in superhydrophobic surfaces is their
very interesting behavior, which include, self-cleaning, anti-
fouling, stain-resistant and ice-repellant properties [3e5]. Such
properties make these materials applicable in a wide range of
diversified fields, including paints and coatings, textiles, exterior
glass windows, rooftops, windshields, solar panels, aircraft wings
and wind turbine blades [3,4,6,7]. It is well documented that the
wetting behavior of a surface is controlled both by its chemical
structure and the surface topography or roughness [8e10]. One of
x: þ90 212 338 1559.
the best known examples of a superhydrophobic surface in nature
is the lotus leaf [1,2,10]. As clearly shown by scanning electron
microscopy (SEM) studies, the surface of the lotus leaf is covered by
irregularly distributed, micron-sized protrusions called papilla,
which have further nanoscale roughness [1,2]. Combined with the
inherent hydrophobicity of the waxy layer on the leaf, these
irregularly dispersed surface structures with dual-scale rough-
nesses give the plant its superhydrophobicity, with static water
contact angle values above 150� and fairly small contact angle
hysteresis [11e17].

Theoretical explanation of the effect of surface roughness on
wetting behavior has been provided byWenzel [18] and Cassie and
Baxter [19]. Wenzel assumed completewetting of the rough surface
by the liquid droplet and modified the contact angle measured on a
rough surface (cosqW) by introducing a roughness factor (r) as
shown in Eqn. 1. (r) is defined as the ratio of the actual area of a
rough surface to its projected geometric area and therefore its value
is always greater than 1.

cosqW ¼ r$cosq (1)
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Table 1
Description of process parameters used for sample preparation.

Sample code Solvent for
polymer

Conc. polymer
soln. (wt %)

Solvent for silica
dispersion

Conc. silica
dispersion (wt %)

TPSC-X IPA 15 THF 0.5
PMMA-X Toluene 10 THF/Toluene

(5/2 by wt)
1.0
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CassieeBaxter correlated the apparent contact angle (qCB) on a
rough surface to the weighted average of the cosines of the contact
angles on the solid and air surfaces (Eqn. 2), where (f) is defined as
the fraction of the surface on top of the protrusions, (1 e f) the
fraction of air pockets and (qg) the contact angle on the air in the
valleys [20]. When the contact angle of air pockets is taken as 180�,
the CassieeBaxter relationship is given by Eqn. 3.

cosqCB ¼ f$cosqþ ð1� fÞ$cosqg (2)

cosqCB ¼ f$cosqþ f � 1 (3)

By combining the CassieeBaxter and Wenzel relationships, a
general equation is obtained for the apparent contact angles
measured on a rough surface (qR).

cosqR ¼ r$f$cosqþ f � 1 (4)

As can be easily deduced from Eqn. 4, increased surface
roughness will lead to much higher contact angles for hydrophobic
surfaces that have a contact angle >90� on flat surfaces. There are
various reports, where modified versions of these equations were
developed to better explain the contact angle behavior of rough
surfaces [21e24].

Due to the remarkable interest in superhydrophobicity, there
have been intense efforts on developing new methods and pro-
cesses for the preparation of superhydrophobic surfaces that
display dual micro/nano roughness by employing a wide variety of
techniques, which include; layer by layer (LBL) deposition [25],
electrospinning [26], microphase separation [20,27,28], etching
[29,30], spin-coating or dip-coating [20,31,32], solegel synthesis
[10,33], surface modified silica deposition [34e36], templating
[20,28,37], spraying [5,38,39] and others [10,16,20,29,30,40].
However, most of the methods described in the literature are fairly
complex and may involve many steps and in general can only be
applied to specific polymers. Recently we reported a fairly simple
method for the preparation of polymeric materials with controlled
wettability [31,32]. The method is based on spin coating of a fumed
silica dispersion on a wide range of polymeric materials, thermo-
plastic or thermoset. It has been shown that with this simple pro-
cess it was possible to prepare superhydrophobic polymer surfaces
with static water contact angles greater than 170� [32]. Very
interestingly, although the dramatic effects of the particle geometry
or feature shape and size and distribution of protrusions on surface
roughness and superhydrophobicity have been extensively dis-
cussed, no direct correlation between the experimental values of
the average surface roughness and values of water contact angles or
contact angle hysteresis were provided in the literature
[20,30,41,42].

One of the main goals of this study was to investigate the effect
of the layer-by-layer spin coating of hydrophobic fumed silica on
the surface coverage, particle size and distribution, surface topog-
raphy and average roughness of the surfaces obtained. Further-
more, we were especially interested in finding out if there was a
critical or threshold value for the average surface roughness in
order to obtain superhydrophobic surfaces. For this purpose two
polymers different in nature, an inherently hydrophobic segmented
silicone-urea copolymer (TPSC) and hydrophilic PMMA were cho-
sen as the polymeric substrates. Polymer surfaces obtained were
characterized by a wide range of complementary techniques which
included, field emission scanning electron microscopy (FESEM),
white light interferometry (WLI), static, advancing and receding
water contact angle (CA) measurements, in order to gain a better
understanding on the formation of superhydrophobic surfaces.
2. Experimental

2.1. Materials

Segmented thermoplastic polydimethylsiloxane-urea copol-
ymer (Geniomer TPSC 140) (TPSC) with a PDMS content of about
92% by weight and the hydrophobic fumed silica (HDK H2000)
were kindly provided by Wacker Chemie, Munich, Germany [43].
Poly(methyl methacrylate) (PMMA) (Mn ¼ 190,000 g/mol) was
synthesized in our laboratories. Primary particle size for the hy-
drophobic silica is reported to be 5�30 nm, which increases to
100�250 nm after aggregation. The specific surface area is
170e230 m2/g [43]. Reagent grade isopropanol (IPA), tetrahydro-
furan (THF) and toluene were obtained from Merck and were used
as received.

2.2. Sample preparation

Samples were prepared through a successive or multi-step spin-
coating process, which was explained in detail previously [31,32].
TPSC solutionwas prepared in IPA, whereas the PMMA solutionwas
prepared in toluene at concentrations of 15% and 10% by weight
respectively. Silica was dispersed in THF or THF/toluene (5/2 by
volume) mixture at a concentration of 0.5% and 1.0% by weight
respectively. To obtain a homogeneous distribution, the dispersion
was subjected to ultrasound sonication at a frequency of 35 kHz on
a Sonorex RK 255H type ultrasonic bath (Bandelin, Berlin, Ger-
many) for 10 h. Dynamic light scattering (DLS) measurements on
hydrophobic silica suspensions in THF indicated fairly homoge-
neous distribution of the nanoparticles, with a number average size
distribution of 44 ± 9 nm, which is in very good agreement with the
supplier's specifications.

Glass slides (20 � 20 � 0.15 mm) were used as the substrate for
spincoated films. Coating procedure was as follows: Glass slide
surfaces were cleaned by wiping with IPA and THF successively
several times and the parent polymer solution (TPSC or PMMA)was
spincoated to obtain a film with a thickness of 20e30 mm. TPSC
surfaces were coated using the silica dispersion in THF at a con-
centration of 0.5% byweight, while PMMAwas coated by using a 1%
byweight silica dispersion in THF/toluene (5/2 by volume) mixture.
In each case 8 drops of silica dispersion were placed onto the base
polymer film and were allowed to wet the film surface for 1 min in
order to achieve efficient penetration of silica particles into the
polymer during the spin coating process. Spin coating process was
performed at 1000 rpm for 70 s. Before applying the subsequent
layer, the coating was dried under a mild air flow at room tem-
perature for 3 min. These steps were repeated until the desired
number of silica coatings were achieved. To improve the durability
of the surfaces formed, a final silica coating was applied which also
contained the parent polymer. The ratio of the parent polymer to
the silica in dispersion was 1/10 by weight. All samples were first
dried in the hood for several hours and then in a vacuum oven at
room temperature overnight. Table 1 provides the description of
the sample preparation and the coding of the samples obtained,
where the first four letters indicate the base polymer and (X) the
number of silica layers spin coated on the film. For example TPSC-7
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indicates a polydimethylsiloxane-urea film with 7 layers of silica
coating from 0.5% by weight solution in THF.

2.3. Characterization methods

Spin-coating was performed on a Model 7600 Spin Coater by
Specialty Coating Systems, Inc., Indianapolis, IN, USA. Dynamic light
scattering (DLS) measurements on silica dispersions were per-
formed on Malvern ZetaSizer Nano-S Instrument with the Nano-S
software. Sample holders were glass cuvettes with square
apertures.

Static water contact angle measurements were performed on a
Dataphysics OCA 35 instrument at room temperature (24 ± 2 �C).
10 mL deionized, triple distilled water was used and an average of at
least 10 contact angle readings were taken for each sample on each
instrument. Dataphysics OCA 35 instrument was equipped with the
SCA 20 software, which provided the electronic control of the de-
vice parameters and the monitoring and measurement of the
contact angles. Contact angle hysteresis measurements were also
conducted on Dataphysics OCA 35 instrument by dynamic sessile
drop method. A 0.5 mL water droplet was dispensed from the sy-
ringe tip to touch the surface and then the volume was gradually
increased to 5 mL. In order to measure the advancing angle, the
volume of the sessile drop was increased at a rate of 0.2 mL/s from
5 mL to 25 mL and the highest angle achieved was accepted as the
advancing angle. Then, the volume of the water droplet was
decreased from 25 mL to 5 mL with the same rate. The lowest angle
was accepted as the receding contact angle after the contact line
between the water droplet and the surface started to decrease with
a satisfactory drop shape.

Surface structures of the samples were examined using a field-
emission scanning electron microscope (FESEM) (Zeiss Ultra Plus
Scanning ElectronMicroscope) operated at 2e10 kV. Prior to FESEM
study, samples were coated with a thin gold layer of 2e3 nm to
minimize charging. Surface topographies of the silica coated poly-
mer samples were investigated by White Light Interferometry
(WLI) on a Bruker Contour GT Motion 3D Microscope and Non
Contact Surface Profiler at the vertical scanning interferometry
(VSI) mode.WLI is a fairly sensitive technique for three dimensional
surface mapping of various substrates including polymeric films,
foams, textile fabrics and integrated circuit boards. Using WLI it is
possible tomeasure feature sizes from sub nanometer to millimeter
range. In VSI mode average surface roughnesses of the samples
with height discontinuities between 150 nm to several mm can be
precisely measured. In our studies at least 10 surface maps with
dimensions of 63� 47 mm2were obtained from different sections of
the silica coated samples to determine the average surface rough-
ness values. Atomic force microscope (AFM) images were obtained
on a Bruker Dimension Icon Atomic Force Microscope equipped
with ScanAsyst. AFM images were taken in standard tapping mode
Fig. 1. SEM images of (a) surface of the lotus leaf surface and (b) enlarged view of a single p
University Press.
in air by using Bruker MPP-13120 silicon tip with a force constant of
375 N/m and resonance frequency of 525 kHz. For the calculation of
the average surface roughness values height and phase images
were obtained from several different 50 � 50 mm2 sections on the
sample surface.

3. Results and discussion

Preparation, characterization and applications of super-
hydrophobic surfaces have received widespread attention during
the last 15 years, even though the superhydrophobic behavior of
rough surfaces have been theoretically formulated by Wenzel [18]
and Cassie and Baxter [19] over 70 years ago. Interestingly, the
dramatic interest in the field by the experimentalists materialized
after the reports on the characteristic surface morphologies and
resultant superhydrophobic properties of a large number of plants
[1,2]. McCarthy and co-workers [8,9,11e14,44e56] and various
other groups [4,10,15e17,20,33,41,57e71] have performed some of
the pioneering investigations in the field, including the experi-
mental studies on the preparation and characterization of super-
hydrophobic surfaces and critical evaluation of the theoretical
foundations. A large number of excellent review articles providing
detailed information and discussions on various aspects of super-
hydrophobic surfaces are available [4,10,20,28e30,40,59,60,72].

As shown in Fig. 1, a critical feature of the lotus leaf surface
revealed by scanning electron microscopy analysis was the pres-
ence of cone-like hierarchical structures with micron and nano-
sized features [2]. As can be seen in Fig. 1-a, cone type pro-
trusions with base diameters of 5e15 mm, heights of 10e50 mm and
aspect ratios in 0.7e10 range, are irregularly distributed on the leaf
surface with distances between each other ranging from 10 to
100 mm. As provided on the expanded image in Fig. 1-b, the sec-
ondary structure exhibited by the cones has nanometer sized hairy
features, which are reported to be critical in achieving super-
hydrophobicity with static water contact angles >150� and low
contact angle hysteresis [11e17]. In addition to lotus and various
other plant leaves, such micro- and nano-sized hierarchical struc-
tures are also observed on butterfly wings and other insects [73,74].

As already discussed, a variety of techniques have been devel-
oped and utilized for the preparation of superhydrophobic polymer
surfaces [10,16,20,29,30,38e40]. Unfortunately, most of these
techniques are fairly tedious and can be applied to a specific group
of polymers. We recently reported a simple spin-coating method
using hydrophobic fumed silica, which could be applied to a wide
range of polymers, thermoplastic (e.g. polystyrene, polycarbonate,
polyurethane) or thermoset (epoxy resins) to produce super-
hydrophobic surfaces with very high static water contact angles
and very low contact angle hysteresis [32]. Although all published
reports extensively discussed the dramatic effect of surface
roughness on superhydrophobicity, no direct correlation between
apilla showing the surface nanostructure [2]. Reproduced with permission from Oxford
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the experimental values of the average surface roughness and
values of water contact angles or contact angle hysteresis were
provided [20,42,58,75]. In this report we discuss our studies on the
development of superhydrophobic surfaces through successive (or
layer-by-layer) spin-coating of hydrophobic fumed silica on two
inherently different polymers, a hydrophobic silicone-urea
segmented copolymer (TPSC) and hydrophilic poly(methyl meth-
acrylate) (PMMA). Effect of the number of silica layers applied on
surface coverage, particle size, its distribution and average surface
roughness were investigated by Field Emission Scanning Electron
microscopy (SEM), White Light Interferometry (WLI) and Atomic
Fig. 2. SEM images of uncoated and silica spin-coated TPSC surfaces, (a) uncoated, and afte
samples).
Force Microscopy (AFM). Superhydrophobicity of the surfaces
formed were demonstrated by advancing and receding water
contact angle measurements and contact angle hysteresis (CAH).

3.1. Surface properties of fumed silica coated superhydrophobic
silicone-urea (TPSC) copolymers

3.1.1. Scanning electron microscopy (SEM) studies
Fig. 2 provides the SEM images of uncoated and silica coated

TPSC surfaces. Uncoated TPSC, which is mainly composed of
extremely flexible PDMS chains, displays a very flat and featureless
r (b) 1, (c) 2, (d) 3, (e) 5, (f) 6, (g) 9, and (h) 10 silica coatings (scale bar 50 mm for all



Fig. 3. SEM images of (a) an agglomerated silica particle on TPSC-6 film (scale bar 1 mm), and (b) nanostructure of the silica particle surface (scale bar 200 nm).
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surface as can be seen in Fig. 2-a. Spin-coating of one layer of hy-
drophobic fumed silica from a very dilute 0.5% byweight dispersion
in THF leads to the formation of a surface coated with highly
scattered silica particles with sizes in 1e15 mm range, randomly
distributed on the surface. Particle size of the silica, which on the
average is around 44 ± 9 nm in THF dispersion, increases dramat-
ically when coated on TPSC surface due to agglomeration. However,
at lower coating levels, silica agglomerates are far apart from each
other and lack in surface density to generate a topography, similar
Fig. 4. Surface analysis of silica coated TPSC-6 by White Light Interferometry. (a) 2D Topogra
axis and (c) Y-axis.
to that observed on lotus leaf. This pattern of insufficient coverage
on the surface may be the reason that superhydrophobic behavior
is not observed at low number of coating layers. As expected, the
silica surface coverage increases as a function of the number of
coatings applied, without a noticeable change in the particle size
until 8 layers of coating (Fig. 2bef).

Very interestingly, as shown in Fig. 2g and h, sizes of the silica
particles increase dramatically after 9 and 10 spin-coating appli-
cations, most probably due to the saturation of the surface and
phical image of 47 � 63 mm2 sample surface and depth profiles of surfaces along, (b) X-



Table 2
Average surface roughness, static, advancing and receding water contact angles and
contact angle hysteresis values, as a function of the number of coatings applied, for
TPSC samples spin-coated with hydrophobic fumed silica.

Sample Av. Roughness
(nm)

Static
water CA (�)

Adv. CA (�) Rec. CA (�) CAH (�)

TPSC 6.3 ± 1.1 110.5 ± 0.5 117.0 ± 1.1 93.6 ± 0.1 23.4
TPSC-1 76.6 ± 14.4 109.2 ± 0.3 102.1 ± 1.4 77.8 ± 1.2 24.3
TPSC-2 118.2 ± 13.7 108.6 ± 1.8 100.5 ± 1.7 77.6 ± 1.7 24.1
TPSC-3 124.3 ± 28.6 150.8 ± 2.1 168.6 ± 1.9 159.8 ± 9.0 8.8
TPSC-4 122.9 ± 17.2 162.9 ± 0.6 166.8 ± 1.6 165.6 ± 1.3 1.2
TPSC-5 120.9 ± 47.8 161.4 ± 2.9 168.4 ± 1.5 167.3 ± 0.8 1.1
TPSC-6 190.4 ± 37.6 159.3 ± 0.2 168.2 ± 0.4 168.1 ± 0.6 0.1
TPSC-7 208.0 ± 70.4 164.5 ± 0.1 167.9 ± 0.5 167.7 ± 0.2 0.2
TPSC-8 159.4 ± 23.7 160.0 ± 1.0 167.5 ± 0.8 167.4 ± 1.0 0.1
TPSC-9 85.9 ± 18.3 140.0 ± 0.4 156.6 ± 1.4 145.1 ± 2.4 11.5
TPSC-10 84.2 ± 19.0 143.1 ± 0.9 130.6 ± 0.2 117.6 ± 1.4 13.0
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strong tendency of the particles to agglomerate to form a fused
silica network. These agglomerates, which are also distorted in
shape and are somewhat elongatedmay be responsible in deviation
from Lotus-like behavior and lower static water contact angles
observed, as will be discussed later. It is important to note that the
surface coatings obtained by successive spin coating processes do
not necessarily form independent layers, but they are more like
aggregate coatings obtained by gradually depositing certain
amount of fumed silica particles during each spin-coating step. As a
result, the amount of surface covered by fumed silica particles in-
creases with the number of spin-coating steps.

As already discussed, one of the critical features of naturally
superhydrophobic surfaces is the presence of micro- and nano-
sized hierarchical structures in the particles. SEM micrographs
provided on Fig. 2 suggest that the aggregated fumed silica particles
most probably are also percolated, providing a topography with
micro and nano length-scales suitable for entrapping air and thus
generating superhydrophobic surfaces with very high water con-
tact angles and low contact angle hysteresis. To demonstrate the
formation of such a dual sized hierarchical structure in the silica
coatings obtained, one of the particles on the TPSC-6 sample
(coated with 6 spin-coating steps of silica) was randomly chosen
and examined in SEM under higher magnification (20,000� and
100,000�) (Fig. 3).

SEM images, which are provided in Fig. 3, clearly demonstrate the
hierarchical structure of the silica particles on the polymer surface.
Fig. 5. AFM images of 50 � 50 mm2 TPSC-6.
As can be seen in Fig. 3-a, the diameter of the agglomerated silica
particle is about 5 mm, which also displays nanometer sized surface
roughness as shown in Fig. 3-b. Nanosize roughness is due to the
individual fumed silica particles in the aggregate, which have di-
mensions in 5e30 nm range [43]. Very similar micro and nano-sized
hierarchical structures were observed in all silica particles investi-
gated in all of the samples obtained, which are not shown here.

3.1.2. Average surface roughness determination
In addition to SEM studies, which provided information on the

size and distribution of the silica particles, extent of surface
coverage and topography of the TPSC surfaces as a function of the
number of layers applied, White Light Interferometry (WLI) at
Vertical Scanning Interferometry (VSI) mode was used to investi-
gate the surface topographies of the coated samples and to deter-
mine the average surface roughness values. In addition, height and
phase images and surface roughness values of a silica coated TPSC
sample was also obtained by AFM for comparison.

3.1.2.1. White light interferometry (WLI). WLI is a simple, non-
contact technique which provides quantitative information on the
3-dimensional surface topography of materials. It is based on the
analysis of the interference patterns of light waves with a broad
optical bandwidth capable of precisely mapping a variety of surfaces
with roughnesses from nanometer to millimeter range. Fig. 4-a
provides the WLI image of a 47 � 63 mm2 section of the TPSC-6
surface. The colors indicate the heights (red (in web version)) and
depths (blue (in web version)) of the peaks and valleys respectively,
while the flat regions are in green (inweb version) color as shown by
the column on the left-hand-side. Depth profiles of the TPSC-6
surface along a horizontal and vertical line, as marked on Fig. 4-a,
are provided in Fig. 4b and c respectively. As can be seen from these
depth profiles, silica particles with heights in 2.5e3.5 mm range are
randomly distributed on surfaces that display nanoroughness.
Average surface roughness values determined from WLI measure-
ments on uncoated and silica coated TPSC samples with dimensions
of 47 � 63 mm2 are provided on Table 2. Also included in Table 2 are
the static water contact angles obtained on these samples.

As can be seen from Table 2, uncoated TPSC surface, is fairly
smooth and has an average roughness of 6.3 ± 1.1 nm. Surface
roughness of TPSC coated only with one layer of silica dramatically
increases to 76.6 ± 14.4 nm. As the number of silica coatings
(a) Phase image and (b) height image.



Fig. 6. 3D AFM image of 50 � 50 mm2 TPSC-6 surface.
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increase, average surface roughness also increase gradually,
reaching to a maximum value of 208.0 ± 70.4 nm after 7 layers of
coating. Addition of more layers results in a slight decrease in the
surface roughness, which is most probably due to the maximum
coverage of the surface and agglomeration of the silica particles, as
can also be seen in the SEM images provided in Fig. 2.
3.1.2.2. Atomic force microscopy (AFM). Silica coated samples ob-
tained in this study have protrusion heights of 2 to over 5 mm,
which are very close to the Z-axis limit of the AFM instruments.
However, since AFM is a very sensitive surface characterization
technique in order to compare the results obtained by WLI, height
and phase images and average surface roughness values of TPSC-4
and TPSC-6 were also obtained by AFM. In order to obtain good
images a silicon tip with a very high force constant of 375 N/m and a
resonance frequency of 525 kHz was used. AFM phase and height
images of a 50� 50 mm2 TPSC-6 sample are provided on Fig. 5. For a
better illustration of the surface topography, 3D AFM image of
TPSC-6 surface is also reproduced on Fig. 6.

The phase image provided in Fig. 5-a is very similar to that
observed by SEM, where fairly homogeneously distributed silica
particles with diameters of 2 to about 10 mm are observed. In the
height image (Fig. 5-b) hard silica particles are observed as light
colored domains. Maximum particle height obtained was 2.2 mm.
Fig. 6 clearly shows the 3D topography with silica particle heights of
0.5e2.2 mm. Particle tops look fairly sharp, which is due very hard
tapping. Average surface roughness values (Ra) obtained for TPSC-4
and TPSC-6 surfaces from AFM studies were 119 and 166 nm respec-
tively, which compare very well with the (Ra) values obtained from
WLI,whichare122.9±17.2and190.4±37.6nmas reportedonTable2.
Fig. 7. Relationship between; (a) the static water contact angles, (b) average surface
roughness, and (c) contact angle hysteresis values as a function of the number of silica
spin-coating applied onto TPSC.
3.1.3. Water contact angle measurements and contact angle
hysteresis studies on TPSC samples

Average values of the static, advancing and receding water
contact angles and contact angle hysteresis obtained on the un-
coated and hydrophobic fumed silica coated TPSC surfaces are
provided in Table 2 as a function of the number of coatings applied
from a very dilute dispersion of 0.5% by weight silica in THF.
Since uncoated TPSC surface is mainly covered with PDMS, it is
relatively hydrophobic and displays a static water contact angle of
110.5 ± 0.5�, typical for PDMS surfaces. Contact angles of TPSC
samples coated with 1 and 2 layers of silica do not show any
noticeable change. On the other hand TPSC-3 sample which has 3
layers of silica coating shows a dramatically higher contact angle of
150.8 ± 2.1�, which indicates formation of a superhydrophobic
surface. Addition of more silica layers gradually increase the water
contact angle, which reaches to a plateau with contact angle values
between 160 and 165�, well above the critical value of 150�, re-
ported to be necessary for superhydrophobic behavior. Application
of more layers of silica coating do not provide any further
improvement, but leads to a slow decrease in the static water
contact angle to around 140�, parallel to the decrease in the surface
roughness as shown on Table 2. As can be seen from Table 2, we
believe one of the critical observations on hydrophobic fumed silica
coated TPSC copolymers investigated in this study, is the formation
of superhydrophobic surfaces with water contact angles of >150�

only when the average surface roughness of the samples reach to
around 120 nm.

Another critical parameter strongly supporting super-
hydrophobicity is the contact angle hysteresis (CAH), which is the
difference between the advancing and receding contact angles. It is
suggested that for a truly superhydrophobic surface CAH should
be < 10�, where water droplets would roll effortlessly on the
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surface, without pinning [53]. Table 2 provides the advancing and
receding water contact angles and CAH data for TPSC samples. It is
interesting to note the fairly high CAH values around 24� for un-
coated TPSC and samples coated with 1 and 2 layers of silica, which
also displayed somewhat low static water contact angles around
110�. On the other hand TPSC-3, which has a static water contact
angle of 150.8 ± 2.1� also has a fairly low CAH value of 8.8� clearly
indicating the formation of a superhydrophobic surface. CAH values
decrease dramatically to 1� or lower as the number of silica coating
layers increases. Fig. 7a and b provide the variation in the static
water contact angles and CAH values respectively, as a function of
the number of silica spin-coatings applied onto the TPSC surface.
Fig. 8. SEM images of uncoated and silica spin-coated PMMA surfaces, (a) uncoated, and
Both data clearly indicate the formation of superhydrophobic sur-
faces after 3 silica spin-coating steps, with static water contact
angles above 150� and CAH values well below 10�.

For a better visualization of the relationship between the change
in the surface roughness and its influence on the static water
contact angles and on contact angle hysteresis of silica coated TPSC
surfaces, the data presented in Table 2 are plotted in Fig. 7. The
shaded area in Fig. 7 clearly demonstrates the strong interdepen-
dency between the increased surface roughness, very high static
water contact angles of around 160� and extremely low CAH values
on superhydrophobic TPSC surfaces obtained by the successive
spin-coating of fumed silica. However, it is also important to note
after (b) 1, (c) 2, (d) 3, (e) 4, (f) 7, (g) 9, and (h) 10 silica coatings (scale bar 10 mm).



Fig. 9. SEM images of a silica particle on PMMA surface after 7 spin-coating steps, showing the formation of a micro-nano hierarchical structure.

Table 3
Average surface roughness, static, advancing and receding water contact angles and
contact angle hysteresis values as a function of the number of coatings applied for
PMMA samples spin-coated with fumed silica.

Sample
code

Av. Rough.
(nm)

Static water
CA (�)

Advancing
CA (�)

Receding
CA (�)

CAH (�)

PMMA 13.3 ± 5.7 67.5 ± 0.7 72.9 ± 1.5 51.7 ± 0.6 21.2
PMMA-1 190.0 ± 50.2 149.6 ± 0.8 160.3 ± 1.8 151.4 ± 1.4 8.9
PMMA-2 173.3 ± 89.3 149.7 ± 4.7 159.9 ± 0.6 149.6 ± 1.6 10.3
PMMA-3 202.8 ± 54.2 148.1 ± 2.3 162.8 ± 1.9 149.0 ± 1.3 13.8
PMMA-4 201.8 ± 53.1 147.7 ± 2.9 161.3 ± 0.9 145.7 ± 0.6 15.6
PMMA-5 300.9 ± 131.9 156.0 ± 0.2 160.2 ± 0.4 150.6 ± 1.1 9.6
PMMA-6 386.3 ± 88.2 166.0 ± 0.4 166.7 ± 0.6 166.0 ± 1.1 0.7
PMMA-7 313.9 ± 86.7 168.2 ± 0.8 169.9 ± 0.8 169.7 ± 0.4 0.2
PMMA-8 249.5 ± 82.3 163.1 ± 0.4 162.8 ± 0.2 157.3 ± 1.8 5.5
PMMA-9 132.4 ± 18.0 163.5 ± 0.2 165.0 ± 0.6 158.4 ± 1.4 6.6
PMMA-10 183.0 ± 52.7 151.3 ± 0.6 157.7 ± 1.6 148.8 ± 1.8 8.9
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that in addition to a critical roughness value, in order to obtain
superhydrophobic behavior the surface must also be homoge-
neously covered with agglomerated silica particles that are sepa-
rated from each other in 10e50 mm range as observed in SEM
studies shown in Fig. 2.

3.2. Surface properties of fumed silica coated poly(methyl
methacrylate) (PMMA)

In addition to inherently hydrophobic TPSC, we also investi-
gated the preparation of superhydrophobic surfaces through layer
by layer spin coating of hydrophobic, fumed silica on inherently
hydrophilic PMMA, which has an average static water contact angle
of 67.5 ± 0.7�. For this purpose 1% silica dispersion in THF/toluene
(5/2 by weight) was used as the coating mixture. Similar to TPSC
systems, PMMA surfaces were characterized by SEM, WLI, static,
advancing and receding water contact angle measurements.

SEM images of the uncoated and various layers of silica coated
PMMA surfaces are provided in Fig. 8. As expected, uncoated PMMA
surface (Fig. 8-a) is fairly smooth and featureless. Application of just
one layer of fumed silica coating from 1% dispersion results in the
formation of a fairly homogeneous silica coating over the PMMA
surface with particle size varying in 1e10 mm range (Fig. 8-b).
Application of more layers of silica leads to an increase in the
number of particles covering the surface but does not seem to in-
fluence the average particle size until about 9 spin-coating steps
(Fig. 8-c, d). Similar to the observations made on TPSC surfaces,
application of 9 and especially 10 layers of coating results in the
agglomeration of silica particles. This leads to the formation of
microplaques in sizes ranging from 20 to 50 mm. As can be seen in
Fig. 8-f, some of these microplaques are also interconnected and
form larger surface structures.

As shown in Fig. 9, when a typical silica particle on the PMMA
surface is examined under higher magnification, surface nano-
structure is clearly visible, indicating the formation of a micro-nano
hierarchical structure, similar to those observed for TPSC surfaces
and the Lotus leaf.

3D Roughness profiles and average surface roughness values of
the silica coated PMMA surfaces were also determined by using
WLI. Results obtained are summarized on Table 3 together with the
average static, advancing and receding contact angles and CAH
values obtained on these surfaces. When compared with TPSC
surfaces, the roughness values of PMMA surfaces are generally
much higher at the same number of silica coating layers. This is
most probably due to the higher concentration of the fumed silica
in the dispersion used for the spin-coating process and the hy-
drophilic nature of PMMA surface, which does not interact strongly
with the hydrophobic silica particles. This leads to aggregation of
the hydrophobic silica particles during spin coating and results in
formation of larger silica particles and a coating with higher
roughness. Unlike the TPSC system, where superhydrophobic sur-
faces were obtained after 3 layers of coating, in PMMA static and
advancing water contact values of 150 and 161.5� were obtained
after only one layer of coating. Average values of the static and
advancing water contact angles did not display much change as a
function of the number of silica coating layers applied. When
compared with the values obtained on TPSC surfaces in super-
hydrophobic regime, PMMA surfaces display slightly higher CAH
values in 0.2e15.6� range, which most probably is due to pinning
on highly irregular surface topography which is generally made of
larger silica agglomerates.

Fig. 10 provides the change in the surface roughness as a func-
tion of the number of silica spin-coating steps applied and its in-
fluence on the static water contact angles and contact angle
hysteresis of silica coated PMMA surfaces, which is generated by
using the data presented in Table 3. These results on PMMA, which
is an inherently hydrophilic surface are very similar to those ob-
tained on hydrophobic TPSC surfaces provided in Fig. 7 indicating
no significant effect of the nature of the uncoated film on the silica
coated superhydrophobic surfaces obtained.
4. Conclusions

Preparation and characterization of superhydrophobic polymer
surfaces have received widespread attention during the last 15
years. This led to the development of a large number of methods
and processes for their preparation, which included electro-
spinning, etching, microphase separation, spraying, solegel syn-
thesis and various other techniques [16,20]. Unfortunately, most of
these techniques are substrate specific and usually involve fairly
tedious processes. In this study a simple method, which is based on
successive spin-coating of a hydrophobic fumed silica dispersion in
an organic solvent onto a silicone-urea (TPSC) copolymer or



Fig. 10. Relationship between; (a) the static water contact angles, (b) average surface
roughness, and (c) contact angle hysteresis values as a function of the number of silica
spin-coating applied onto PMMA.
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poly(methyl methacrylate) (PMMA) film surface has been
described for the preparation of superhydrophobic polymer sur-
faces. SEM studies have shown the formation of surface topogra-
phies with hierarchical micro-nano features both for TPSC and
PMMA samples, which is reported to be critical in obtaining
superhydrophobic behavior [16,49,57,58]. Average surface rough-
ness values have been shown to increase from about 10 nm for the
uncoated base film to greater than 300 nm as a function of the
number of silica layers applied, using White Light Interferometry
and Atomic Force Microscopy measurements. TPSC and PMMA
surfaces displayed superhydrophobic behavior with static water
contact angles well above 150� and contact angle hysteresis values
below 10� when the average surface roughness values reach around
125e150 nm.
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