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ABSTRACT: The paper deals with the fabrication of sol—gel-derived superhydro-
phobic films on glass based on the macroscopic silica network with surface modifica-
tion. The fabricated transparent films were composed of a hybrid —Si(CHs);-
functionalized SiO, nanospheres exhibiting the desired micro/nanostructure, water
repellency, and antireflection (AR) property. The wavelength selective AR property
can be tuned by controlling the physical thickness of the films. Small-angle X-ray
scattering (SAXS) studies revealed the existence of SiO, nanoparticles of average size
~9.4 nm in the sols. TEM studies showed presence of interconnected SiO, NPs of
~10 nm in size. The films were formed with uniformly packed SiO, aggregates as

observed by FESEM of film surface. FTIR of the films confirmed presence of glasslike

Si—O—Sibonding and methyl functionalization. The hydrophobicity of the surface was depended on the thickness of the deposited
films. A critical film thickness (>115 nm) was necessary to obtain the air push effect for superhydrophobicity. Trimethylsilyl
functionalization of SiO, and the surface roughness (rms 2230 nm as observed by AFM) of the films were also contributed toward
the high water contact angle (WCA). The coated glass surface showed WCA value of the droplet as high as 168 =+ 3° with 6 uL of
water. These superhydrophobic films were found to be stable up to about 230—240 °C as confirmed by TG/DTA studies, and WCA
measurements of the films with respect to the heat-treatment temperatures. These high water repellant films can be deposited on
relatively large glass surfaces to remove water droplets immediately without any mechanical assistance.

KEYWORDS: trimethylsilanized silica nanoparticles, sol—gel dip-coating, superhydrophobic films, water contact angle,

antireflection

1. INTRODUCTION

Inspired by nature, tremendous efforts have been made in
replicating its technology. Superhydrophobic surfaces having
water contact angle greater than 150° on which water droplets
virtually form liquid balls are well-known examples of how design
principles adopted from nature can be used in self-cleaning
technology. To survive many of the nature’s hazards, numerous
plant surfaces and body parts of certain insects and animals
exhibit superhydrophobic properties." > The hierarchical struc-
ture of the lotus leaf provides one of the classic examples of
superhydrophobicity and self-cleaning as studied by Burton and
Bhushan® and Bhushan and Jung.>® When water droplets sits on
the apex of the nanostructures, air bubbles fill in the valleys of the
structure underneath it, thus reducing both contact area and
adhesion of the droplet to the surface and hence rolls off with a
slight tremble. Because of the micronanopatterened structures,
these surfaces have attracted a great deal of attention in academia
and industry, and thus find wide applications in various fields” **
such as in electronic and optical devices,” photonic materials,®
and templates for fabricating biological and chemical sensors.”
Recently, Song et al. proposed the fabrication of hydrogel and
polymeric spheres over a superhydrophobic substrate for poten-
tial application in tissue engineering or as support for cell
expansion, cell encapsulation and as spherical structures for
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controlled release of molecule.'® Wenzel and Cassie theories®® >

have been widely adopted in correlating the water contact angle
(WCA) and surface textures and thus interpreting most of exper-
imental results. A combination of dual scale structure, i.e., surface
roughness (micronano combined) and low surface free energy
results in artificial superhydrophobic surfaces. Attempts have
been made in fabricating and mimicking such surfaces applying
coatings with high WCA.**"*° Because of huge scientific and
technological interests several groups have reported fabrication
of silica aerogel based superhydrophobic surfaces using the
sol—gel techniques.>”~* Prakash et al.*' reported the prepara-
tion of silica aerogel thin films at ambient pressure without the
need of supercritical extraction. The inorganic gel is derivatized
with the aid of organosilanes which showed “spring back” effect.
The hydrophobic organosilyl terminated surfaces do not parti-
cipate in condensation reaction, and thus the gel springs back to
the porous state. Barkhudarov et al.** prepared superhydropho-
bic films using fluoroalkyl silanes and studied their effectiveness
as corrosion inhibitor using neutron reflectivity technique.
Budunoglu et al.”® reported a thermally stable flexible and highly
porous aerogel thin films having superhydrophobic properties
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using a colloidal dispersion of an intrinsically hydrophobic
organosilane monomer at ambient conditions. Manca et al.*
prepared superhydrophobic antireflective coatings using a bilayer
approach through the sol—gel process. They used trimethylsila-
nized silica nanoparticles (Aerosil) partially embedded into an
organisilica binder matrix and claimed that the cured (350 °C)
coatings have retained the superhydrophobicity even after 2000 h
of outdoor exposure. All these reports have incompleteness from
several points of view e.g. thermal stability of these superhydro-
phobic coatings, dependency of coating thickness with WCA,
homogeneity with respect to transparency, variation of WCA in
reasonably large coated area, development of antireflection pro-
perties with tunable transmission maxima, structure of these
coatings and so on. In this study, we present a simple, inexpensive
sol—gel dip coating procedure which is based on the preparation
of a macroscopic network with silica gel nanoparticles (NPs)
through the hydrolysis of silicon alkoxide and condensation of
silanols. We have achieved to prepare homogeneous trimethylsi-
lanized SiO, NP-based films applicable for relatively large area of
glass substrates having contact angle 168 % 3° with transmission
up to 95% in desired wavelength without using any flouroalkyl
silanes. The detailed characterization of the films considering the
above-mentioned points have been made.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were used as received. Tetraethoxy
silicate (TEOS) was supplied by Fluka. 1,1,1,3,3,3-hexamethyl disilazane
(HMDS) was obtained from Sigma-Aldrich, while n-propanol, methanol
(MEOH) and hydrochloric acid (HCl) were received from Ranbaxy
fine chemicals, ammonia solution (about 25%, AR) and n-hexane
were supplied by s.d. fine-chem limited. Millipore water (resistivity
~18 MQ.cm) was used throughout this study.

2.2. Preparation of Trimethyl Silyl [-Si(CHs)s] Modified
SiO, Sol. First SiO, sol was prepared at room temperature by
hydrolyzing tetraethoxysilane (TEOS) in presence of ammonium hydr-
oxide (NH,OH) and methanol. In a typical preparation S g of TEOS was
first dissolved in 8 g of methanol, and to this solution a mixture of 7.5 g of
0.02N NH,4OH and 8 g of methanol was added with stirring. At this
stage, pH of this solution was close to 9. The concentration of equivalent
SiO, in the above mixture was maintained at ~5 wt %. To the above
mixture 3.65 mL of 0.1N HCl was added and kept stirring for another
2 h. The whole solution was turned into gel by adjusting the pH close to
8 by adding requisite amount of NH,OH solution and kept overnight
(16 h) for aging. To prepare methyl-modified SiO,, 1,1,1,3,3,3-hexam-
ethyl disilazane (HMDS) in n-hexane with 1:8 in wt/wt ratio (molar
ratio of HMDS to TEOS were varied at 0.5, 1.0, and 1.5) was added and
kept at 60 °C for another 16 h in closed container. Gels so obtained were
filtered, washed with n-hexane and subsequently twice with n-propanol,
ultrasonicated by adding n-propanol (4S5 g) for dispersion, and finally
centrifuged (1000 rpm/10 min) to obtain the sol for film deposition.

2.3. Preparation of Films. Prior to the film deposition, the float
glass substrates (up to a dimension of 115 x 110 mm® in size; thickness
2—3 mm) were cleaned by detergents followed by rinsing with water and
finally dipping in a hot isopropanol bath. The films were prepared by the
dipping technique (Dip-master 200, Chemat Corporation) with a
withdrawal velocity of 2—20 cm min . The coatings were first dried
at 60 °C for 1 h and finally cured at 140 °C for 2 h in an air oven. The
thicknesses of the cured (140 °C/2 h) coatings so obtained are varied
from ~90—500 nm depending on the volume of solvent used for the
dispersion of trimethylsilanized SiO, gels and the withdrawal velocity of
the glass substrates from the sols.

2.4. Characterization. The thickness and refractive index (n) of
the films deposited on glass substrates were measured by a spectroscopic
Ellipsiometer (J. A. Woollam). The UV—visible spectra of the film-
coated soda-lime float glass substrates were obtained with a Cary 50 scan
spectrophotometer. TG/DTA measurements were done with a Netzsch
STA model 409¢ thermal analyzer using a dynamic heating rate of
3° min~ . Fourier transformed infrared (FTIR) absorption spectra of
the films (deposited on intrinsic Si wafers) were recorded using a Nicolet
380 FTIR spectrophotometer with 200 scans for each sample. Small
angle X-ray scattering (SAXS) studies of the superhydrophobic sols were
done with a Rigaku SmartLab (operating at 9 kW) using Cu Ka
(A =1.5406 A) radiation. For this study sols were taken in a sealed silica
glass capillary of diameter 1 mm and analyzed. Rigaku NANO solver
software was used to estimate the particle size distribution using SAXS data.
Field emission scanning electron microscopy (FESEM) analysis was
done by Carl Zeiss, Germany, SUPRA-3SVP instrument. Atomic force
microscopy (AFM) study (contact mode) of the films was made by a
Nanonics instrument. Transmission electron microscopy (TEM) mea-
surements were carried out with a Technai G>-30ST(FEI) operating at 300 kV.
TEM samples were prepared by drop casting the diluted final sols onto
the carbon-coated Cu grid and then dried at 60° for 1 h followed by
curing at 140 °C for 2 h. Contact angle measurements were done with a
KRUSS GmbH instrument (easy drop DSA20E model) using 6 uL
water droplets in ambient condition. Water contact angle (WCA) value
was estimated after averaging S0 measurements in different areas of a
115 x 110 mm® coating surface. Thermal stability of the films was
evaluated by treating the films at different temperatures.

3. RESULTS AND DISCUSSION

As mentioned in the Experimental Section, wet silica gel was
first prepared by a typical sol—gel hydrolysis—polycondensation
reaction of tetraethylorthosilicate (TEOS) at pH 9. The reaction
can be represented by the following (eq 1)**

ﬂSi(OC2H5)4 + 2nH,O — xSiO, + 4nC,H;OH (1)

The surface of these gels containin§ numerous numbers of hydro-
philic OH groups (~4—6/nm*)* are reacted with 1,1,1,3,3,3-
hexamethyl disilazane (HMDS) to convert a major amount of the
OH groups by —OSi(CHj;); (trimethylsilyl) according to the
following reaction (eq 2)*’

2—OH + (CH3),SiNHSi(CH;); — 2 — O — Si(CH3); + NH; !
(2)

The above reaction leads to the formation of hydrophobic gels.
The washed gels were then sonicated (30 £ 3 kHz, 40—S50 min
duration) in n-propanol, to form a uniformly dispersed sols of
SiO, NPs covered with hydrophobic —OSi(CHj3); groups. This
dispersion was used to prepare transparent films on cleaned soda-
lime float glass. The SiO, NPs covered by the nonhydrolyzable
methyl groups 6prevent the collapsing of pores during solvent
evaporation®"*® and thereby forming a highly porous structure.

We tried to correlate the amount of HMDS used with respect
to the equivalent SiO, for dehydroxylation and the optical and
hydrophobic properties of the resulting films. For this purpose,
3 sols were prepared using 0.5, 1, and 1.5 mols of HMDS with
respect to the 1 mol of TEOS. The obtained sols (see Experi-
mental Section) were applied on glass surfaces following a
suitable quarter lambda (1) optical design.*’ It has been observed
that the % transmission (in a given 1) of the resulting films
decrease continuously with increasing HMDS concentration.
The sol prepared with high HMDS concentration (1.5 mol)
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Figure 1. Plot of water contact angle (WCA) values with respect to the

film thickness (nm). Films were deposited on float glass substrates and
cured at 140 °C for 2 h. Data points are joined for visual guide.

showed a maximum transmission of ~92% (at ~525 nm),
whereas the intermediate (1 mol) and low (0.5 mol) HMDS
concentrations gave the maximum transmission values ~95
(at ~545 nm) and 96% (at ~555 nm), respectively. Although the
transmission of the later case (lowest HMDS) was slightly more,
its superhydrophobic property (WCA ~146°) was not good
enough as compared to the films obtained from the sols using
1 and 1.5 mol HMDS, where WCA values were 157 and 160°,
respectively. So, this result showed that the transparency and
superhydrophobicity of the coatings can be controlled by adjust-
ing the HMDS concentration. As the trimethylsilanized silica film
is nonabsorbing in the visible wavelength of light with very low
refractive index (~1.1) value, it is expected that the porous
structure of the films cause scattering of light and eventually
control the transmission in the visible region. The use of high
amount of HMDS (1.5 mol %) is expected to increase the rate of
reaction with an increase in local concentration of ammonia (see
eq 2). This may lead to increase the size of the silica aggregates,
resulting in more light scattering and hence lower transparency.
In cases of 0.5 and 1 mol % HMDS, formation of smaller
aggregates is expected because the films show relatively more
transmission due to less scattering.*® >° As the use of 1 mol %
HMDS produces good hydrophobicity as well as transparency,
detailed characterization and evaluation of these films were made
and reported in this work.

The superhydrophobic films deposited on cleaned soda-lime
float glass substrates appeared visually clear and spot-free. These
films can be applicable for large area surfaces. It has been
observed that the hydrophobicity of film surface depends on
the thickness of the films.>"**> The thickness of heat-treated
(140 °C/2 h) films and the corresponding measured WCA
values are plotted and presented in Figure 1. As shown in the
figure that the WCA values are very low (33—53°) when film
thickness values are less than 100 nm. The surface has started to
become superhydrophobic (WCA >150°) when film thickness
value approaches >115 nm. The films showed very high WCA
values (160—171°) in the thickness ranges ~150—500 nm. We
observed extreme superhydrophobicity in cases of films having
thickness values ~300 nm and above. In such cases, WCA values

WCA =168 + 3° |

Figure 2. Photograph of water drops on superhydrophobic film coated
float glass (size 115 x 110 mm?). A magnified view of one of the drops is
shown in the inset.
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Figure 3. TG/DTA of the superhydrophobic powder sample. Measure-
ment was performed at a heating rate of 3 °C min ™" in air.

as high as 171° were observed and it was difficult to place a water
drop on the surface.

Four parameters can be accounted for the phenomenon of
superhydrophobicity, namely chemical modification of the sur-
face by hydrophobic trimethyl groups, surface roughness (related
to the porous structure), thickness of the film and the underlying
glass substrate which is relatively hydrophilic in nature. Affixing
two of them i.e. surface modification by hydrophobic groups and
the surface structure, primarily two counter-acting forces are
acted on the water droplet i.e. the up thrust of air (air push)
entrapped in the nanogrooves (pores) and the electrostatic attr-
action force between the water droplet and the hydrophilic glass
surface.>® With increasing coating thickness, concentration of
nanogrooves formed by the agglomeration of SiO, NPs per unit
area will be more resulting in the greater up thrust of air and thus
a globular water droplet (high WCA) on the surface is formed.
However, when coating thickness decreases, the electrostatic
attraction force between the hydrophilic glass surface and water
droplet predominates over the air push, and thus water droplet
comes in close proximity with the glass substrate, resulting in a
flatter water droplet (low WCA). Here we have found a critical
film thickness value of ~115 nm and above which is essential to
obtain superhydrophobic properties of the surface.
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Figure 4. (a) Plot of heat-treatment temperatures of the films vs WCA.
The data points are joined by a dashed line for visual guide. (b) Images of
water droplets as observed by the contact angle meter during the
transformation of superhydrophobic (WCA 166°) to hydrophilic
(WCA 11°) surface. As the WCA remains unchanged from 100—
230 °C the intermediates are not shown. The film of thickness
~350 nm was deposited on glass surface and heat-treated in an oven
at different temperatures (100—320 °C) in a cumulative heating
procedure with a holding time of 2 h in each step. The WCA was
measured with 6 #L water droplets in all cases.

Figure 2 shows a representative photo of a 115 x 110 mm”

float glass coated with superhydrophobic film of thickness
~400 nm. The water droplets (decorated with red dye) take per-
fect spherical shape and appeared almost like floating on the
surface (see the magnified inset of Figure 2). The average WCA
value measured at S0 different places was found to be 168 =& 3°
with 6 uL water droplets.

3.1. Thermal Stability of the Films. The final hydrophobic
sol was evaporated to dryness and then heat-treated at 140 °C for
2 h, and subjected to thermogravimetry (TG) and differential
thermal analysis (DTA) studies. The results are presented in
Figure 3. It was observed that the material did not decompose
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Figure S. FTIR spectra of the films deposited on both side polished
intrinsic Si wafer. (a) Superhydrophobic film of thickness ~350 nm
prepared using HMDS and (b) similar film prepared without using
HMDS. Both films were cured at 140 °C/2 h. Absorbance scale has been
shifted for clarity.

until about 255 °C. The TG curve showed no noticeable weight
loss up to about 255 °C, and after that the decomposition of
organic components (mainly methyl groups) was started
exothermically. The decomposition took place mainly in two
steps as observed from the TG curve; however the corresponding
DTA showed a more complex nature of decomposition showing
a sharp exothermic peak at 270 °C followed by a relatively broad
exothermic peak at 383° flanked by two shoulders at 368 and
492 °C. We have also studied the thermal stability of the films
with respect to the WCA. For this purpose films of about 350 nm
in thickness (film thickness was checked after curing at 140 °C/2h)
was prepared on glass substrate and WCA values were measured
with respect to the thermal treatment temperatures in the range
100—320 °C with a holding time of 2 h at the respective
temperatures. The data are presented in Figure 4a. The images
of water droplets as observed by the contact angle meter are also
shown in the panel b of Figure 4. The films heat-treated up to
230 °C showed no deterioration of the surface and the WCA
remained same at 166° (Figure 4a,b). The WCA started to
decrease at 250 °C and gradually became hydrophilic showing
WCA of only 11° at 320 °C. This observation indicated that the
decomposition of organic groups at about 320 °C led to the
formation of hydrophilic silanol surface (Figure 4b). The differ-
ence of decomposition temperatures in cases of TG/DTA
(>255 °C) and oven heating (>230 °C) is due to the different
heating conditions. In case of TG/DTA the sample was heated in
a dynamic condition (heating rate of 3° min ') whereas oven
heating was performed at fixed temperatures with a holding time
of 2 h. So in the latter case, the sample got enough time to
decompose at relatively low temperature.

3.2. Structure of Films. The structure of film materials was
analyzed by FTIR, SAXS, TEM, FESEM, and AFM techniques.

3.2.1. FTIR Studies. The chemical bonding of the dip-coated
superhydrophobic silica films heat-treated at 140 °C for 2 h was
investigated by the FTIR spectroscopy. For this purpose films
were deposited on intrinsic Si wafers and heat-treated in a similar
way as that of films on glass substrates. Films prepared from sol
without using HMDS was also studied for comparison. Figure 5
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Figure 6. (a) Transmission SAXS profile of the superhydrophobic sol
along with the simulated curve using a spherical particle model, and (b)
size distributions of the silica nanoparticles estimated from the SAXS
profile using the NANO solver software.

shows FTIR spectra of the trimethylsilanized superhydrophobic
film of thickness ~350 nm along with HMDS untreated silica gel
films. Both the films were cured at 140 °C for 2 h. The silica gel
films showed characteristic O—H related peaks at 3742
(terminal/free O—H), 3443 (broad) and 3236 (O—H stretching),
968 (Si—OH) and Si—O—Si originated bands at 1082 (Si—O—Si
asymmetric stretching), 810 and 453 cm ™' (Si—O—Si symmetric
stretching).**** The corresponding trimethylsilanized superhy-
drophobic film showed almost absence of all the O—H related
bands. The spectrum showed presence of several Si—(CHjs);
group related peaks at 2964, 2906 (C—H stretching), 1258
(Si—C), 879, 848, and 756 cm ' (CH, rocking)%’s“’55 and a
strong peak at 1100 cm ™' due to Si—O—Si asymmetric stretch-
ing. The presence of Si—CHj;— peaks and almost disappearance
of —OH related bands revealed that most of the Si—OH groups
were successfully substituted by the Si—O—Si(CHs); as shown
by eq 2. It can be noted here that the Si—O—Si asymmetric
stretching (TO mode) of the superhydrophobic film shifted
significantly toward higher wavenumber (1100 cm™") com-
pared to the HMDS untreated silica film (1082 cm™').
The appearance of this band near 1100 cm™ ' indicated the
formation of glasslike silica structure as glassy silica absorbs close
to this region due to Si—O—8i.*°

3.2.2. Small-Angle X-ray Scattering (SAXS). SAXS studies were
undertaken to estimate the particle size distributions of the silica
clusters in the final sol. It is now established that SAXS analysis can
give accurate particle size with its distribution.>” Figure 6a shows
the experimental transmission SAXS profiles obtained from the
final hydrophobic silica sol. The simulated curve using a spherical
particle model is in good agreement with the measurement
(Figure 6a). Figure 6b shows the particle size distribution obtained

Intensity (Counts)

Cu Cu

123 4561789 Toha
Energy (keV) ——

Figure 7. TEM images of the superhydrophobic film material cured at
140 °C/2 h: (a) low-resolution image showing interlinked agglomerated
SiO, NPs, (b) EDX spectrum, and (c) image of a marked portion of
(a) in a magnified resolution. SAED pattern is shown in the inset of
(a). Cu peaks appeared in the EDX spectrum are from the Cu-grids used
for TEM study.

from such SAXS profile. The average size of the particles was
estimated to be 9.4 nm with a dispersion of ~35%.

3.2.3. Transmission Electron Microscopy. The microstructure
of the silica clusters in the dispersed sol was examined by TEM.
For this purpose diluted hydrophobic sol was drop casted on a
carbon coated Cu grid, dried and cured at 140 °C for 2 h prior to
TEM study. TEM bright field image presented in Figure 7a
shows presence of interlinked SiO, clusters of size ~10 nm. The
average particle size distribution obtained by SAXS matched very
well with the TEM. The EDX analysis (Figure 7b) confirms the
presence of Si and O in the material. The Cu peaks observed in
the EDX pattern are from the Cu grid used for TEM study. The
carbon peak (Figure 7b) is mainly from the carbon coated grid
with some contribution from the surface methyl groups of the
sample. SAED pattern presented in the inset of Figure 7a
confirms the amorphous nature of silica. A representative portion
of the low resolution image (marked by square box in Figure 7a)
was observed by TEM with high magnification and presented in
Figure 7c. Agglomerated silica clusters of about 10 nm in size are
clearly visible in this image.

3444 dx.doi.org/10.1021/am200666m |ACS Appl. Mater. Interfaces 2011, 3, 3440-3447
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3.2.4. FESEM Study. The film surfaces were observed by the
FESEM in order to see the surface microstructure. For this
purpose two representative cured (140 °C/2 h) films of thickness
~100 and ~350 nm were analyzed. The low thickness
(~100 nm) film was of particular interest to check the presence
of any inhomogeneity of the film deposition. FESEM images of
the films are shown in Figure 8a,b. Both the (a) low and high (b)
thickness films show complete coverage of the substrate®® with
uniformly packed SiO, nanoaggregates. The size of the SiO,
nanoaggregates vary in the range of ~10—30 nm (see the
magnified image presented in the respective insets). It is expected
that the larger aggregates were formed with the agglomeration of
smaller particles (~10 nm) during the formation of such well
packed films. Although the glass surface was covered by films in
both the cases, it should be noted here that the low and high
thickness films showed very different WCA values of ~53° and
~167°, respectively. So thickness of the film has a pronounced
effect in controlling the hydrophobicity as discussed before (see
Figure 1 and related discussion).

3.2.5. Atomic Force Microscopy. The hydrophobicity of a
surface is degpendent both on its chemical composition and
topography.”® AFM study of one representative hydrophobic
film of thickness ~350 nm was undertaken to see the surface
topography. Figure 9 shows AFM image of the film covering an
area of 15 x 15 um®. The surface of the film was found to be
spiky in nature with a root-mean square (rms) roughness value of
about 30 nm. This spiky topography favors high hydrophobicity

Figure 8. FESEM images of films having thickness (a) ~100 and (b) of the ﬁlm‘ surfac?. . . .
~350 nm. The WCA values of low (~100 nm) and high (~350 nm) 3.3. Antireflection (AR) Property. The trimethylsilanized SiO,
thickness film surfaces were ~53 and 167°, respectively. sol is composed of many nanosized spherical amorphous SiO,

nanoparticles (NPs) having an average diameter of ~10 nm. The
films are constituted by interlinking of these SiO, NPs with each
other, and the stacking of these particles constructs void pores
8. 7nm . inside the film which makes the refractive index of film (1) lower
than the index of the substrate (1), and as a result, the films
become antireflective (AR) in nature. The films produced in this
work showed a refractive index value of 1.10 = 0.01 with very low
extinction coefficient (k) values. Very low k value throughout the
visible range indicates that the film is nonabsorbing in nature.
Ellipsometric measurement of one representative film showing
refractive index (n) and extinction coefficient (k) values is pre-
sented as Supporting Information (Figure S1). On the glass
substrates we have deposited such hydrophobic porous coatings
of different A/4 thickness values, keeping in view obtaining single
layer AR films (Table 1). For the deposition of such coatings first
a calibration curve of thickness (t) values with respect to different
withdrawal velocities (v) of the substrates was made (see Figure
S2 and related discussion; Supporting Information). Using

Z: 26

Figure 9. AFM image showing the surface topography of a representa- this calibration graph 1/ was calculated to obtain the required
tive film of thickness ~350 nm. The rms surface roughness value /4 thickness of films.*’ Figure 10 shows that the position of
obtained from the image is ~30 nm. transmission maxima of the coated glass can be tuned by

Table 1. Optical and Physical Thickness Values of Superhydrophobic Films for Obtaining Maximum Transmission at a Desired
Wavelength Considering the Refractive Index (RI) of the Film 1.10 £ 0.01°

min reflection or max optical thickness physical thickness = optical experimentally observed max %
transmission (nm) (A/4) (nm) thickness/RI (nm) wavelengths (nm) transmission
500 (AR1) 125 113.6 500420 95.2
550 (AR2) 137.5 125 55020 952
600 (AR3) 150 136.4 600 & 20 95.2

“The calculation was based on the single-layer 1/4 optical designs for AR effect. Both the desired and observed transmission maxima values are given.
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Figure 10. Transmission optical spectra of single-layer AR-coated glass
substrates. The position of transmission maxima were tuned by con-
trolling the A/4 optical designs. Transmission spectrum of uncoated
glass is also shown.

controlling the thickness of hydrophobic film layers after curing.
The transmission curves of films deposited using different 1/4
thickness values corresponding to 500 (AR1), S50 (AR2) and
600 nm (AR3) are shown in the above-mentioned figure. The
same sol was used to deposit such set of films. As shown in
Figure 10, the experimental curves follow closely to the given
optical designs. In cases of AR1, AR2 and AR3 the peak maxima
appeared at 503, 545, and 581 nm, respectively.

The % transmission is found to be increased from 91
(uncoated glass) to more than 95 at the predetermined wave-
lengths (Table 1). In general a refractive index of less than 1.22 is
ideal for an AR film having ~100% transmission value. Although
the measured RI values of these hydrophobic coatings are less
than 1.22 we could achieve a maximum transmission value of
little higher than 95%. As the films are nonabsorbing in nature, it
is expected that the scattering of light originating from the SiO,
agglomerates is mainly responsible for the loss of transmission.

4. CONCLUSIONS

The above studies demonstrated synthesis of trimethylsila-
nized SiO, nanosphere based superhydrophobic coatings applic-
able for large area glass surfaces and their detailed characterizations
keeping in view applications. We showed here that the amount of
surface modifying agent HMDS in the sol and the coating
thickness are two important parameters to obtain high WCA
(168 == 3°) as well as tunable AR effects. The study revealed that a
critical thickness is necessary in obtaining the desired air push
effect for superhydrophobicity. The thickness of the film, its
porosity, surface roughness and —Si(CH,); functionalization, all
in combination yielded high-performance superhydrophobic coat-
ings. These coatings can find applications as self-cleaning surfaces
with optical benefits (AR effects). The formation of perfect
spherical water balls on these large area superhydrophobic
substrates can find potential applications in the synthesis of

water-soluble highly spherical hydrogels incorgorated with cells,
antibodies, drugs and related biomaterials.”” Such surface is
useful in protein microarray chip technology.”’ This superhy-
drophobic substrate can also find applications in medical diag-
onistics where large numbers of water-soluble specimens in the
form of isolated spots (drops) can be analyzed simultaneously.

B ASSOCIATED CONTENT

© Supporting Information. Refractive index and extinction
coefficient curves of one representative film sample (Figure S1)
and calibration curve of film thickness with respect to the
withdrawal velocities for AR coating deposition (Figure S2).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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