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Coatings films on glass substrate were fabricated by sol-gel
process at room temperature (25°C), using tetraethylorthosilicate
(TEOS) and 1H, 1H, 2H, 2H -perfluorooctyltriethoxysilane
(FAS13), in acidic conditions with ethanol and HCl 0.1M. The
molar ratios between the TEOS and FAS13 were 1:1, 1:5 and 5:1,
respectively. All hybrid films were cross-linked with titanium(IV)
isopropoxide (TIP) as cross-linking agent. The physical properties
of the coatings films were characterized by ESEM, FT-IR, and
UV-VIS-NIR. The surface properties were investigated by
measuring contact angles.

INTRODUCTION*
In the past decade, the wettability of solid
surface has attracted great interests both in
academic and in industry.1-7 Water-repellent
coatings have important applications in all aspects
of use: optical systems, glasses, eyeglasses,
medicine, military products, laser safety eye
protective lenses, mirrors, solar cells, IR diodes,
architectural and automotive glasses and any kind
of display solar energy conversion systems.8-10
Various methods such as sol-gel, chemical
vapor deposition, plasma etching, lithographic
*
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patterning, electrodeposition, etc. can be used to
create hydrophobic surfaces.11-22
Among the methods of obtaining hydrophobic
thin films on glass surface, the sol-gel process is

one of the most versatile methods used for
continuous production.23-28 This process
basically consists of (1) improvement of
processing and properties of conventional
materials and (2) creation of materials with new
properties.29 A variety of surface modifying agents
have been used for forming hydrophobic waterrepellent films on the glass surface, such as
organosilanes,30,31 fluorosilane,32 perfluorinated
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compounds,33 polymer,4,34 etc. Several groups
reported the fabrication of the hydrophobic thin
films using fluorinated alkoxysilane and silane
(such as: 3-glycidoxypropyltrimethoxysilane,
tetraethylorthosilicate (TEOS)).35,36 Orozco-Teran
et al. reported the triethoxyfluorosilane films
modification by silylation for the enhancement of
hydrophobicity.32 Jeong et al. varied the
perfluoroalkylsilane (PFAS)/TEOS molar ratios
and reported the fabrication of coating films on
glass substrate under acidic conditions, with water
contact angles between 110°-118° interval.37
In this paper, we report a study on the formation
of hydrophobic hybrid films by sol–gel processing,
using the mixtures of perfluoroalkylsilane (FAS13)
and tetraethylorthosilicate (TEOS), with addition of
titanium(IV) isopropoxide (TIP). The relationship
between surface roughness, contact angle, and
surface modification was investigated and discussed.
RESULTS AND DISCUSSION
FT-IR studies
FT-IR spectra of hybrid materials (placed into
plastic vials and dried at room temperature)

containing TEOS and FAS13 at different molar
ratios (1:1, 1:5, and 5:1, respectively) are shown in
Fig. 1. In all samples, the bands between 11001050 and 840-800 cm-1 are observed and are
assigned to Si-O-C stretching and deformation
vibrations.37 The peaks at 1000-1100cm-1 interval,
~810 cm-1 and ~455 cm-1, respectively, are
assigned to the Si–O–Si symmetric and
asymmetric stretching vibration which indicates
the successful hydrolysis and polycondensation
reactions of TEOS and FAS13 in all samples.37,38
Weaker band located at ~650 has been attributed to
Si-O-Si stretching vibrations.39 The peak at about
700 cm-1 was located in all samples and
corresponding to Si–C stretching motion.40 The
intense bands at 1138 cm-1 and 1190 cm-1,
respectively correspond to C-F stretching of –CF3
and –CF2.37,41,42 The peaks with smaller intensity
between 640-620 cm-1 interval are attributed to the
chain stretching and wagging modes of CF2 bond,
while the peak at ~560 cm-1 is assigned to bending
and rocking modes.43,44 The presence of additional
new peaks arising from the fluorinated functional
groups confirms that the coating films on glass
substrate were successfully made from the solution
of alkoxides of TEOS and FAS13.

Fig. 1 – FTIR spectra of the hybrid materials (placed into plastic vials and dried at room temperature) containing TEOS and FAS13
at different molar ratios: (A) 1:1, (B) 1:5, and (C) 5:1, respectively.
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Fig. 2 – ESEM images of hybrid films containing TEOS/FAS13 at different molar ratio: (A) 1:1, (B) 1:5, (C) 5:1.

Surface morphological studies
In the present study, before the deposition of the
alkoxide solutions containing TEOS and FAS13 on
glass substrates, it was necessary to treat the glass
substrates by placing in a fluoroalkylsilane
(FAS13)/ethanol solutions to form a stable
fluorosilanated layer on the silica surfaces. In this
way, the compatibility between treated glass
substrate and alkoxide solutions containing TEOS
and FAS13 was successfully realized. From
experimental point of view, this method used to
obtain coating films on fluorinated glass substrates
with FAS13 is reported for the first time.
The surface morphology of the hybrid films,
which were deposited onto treated clean glass
slides and dried at room temperature, are presented
in Fig. 2. Analyzing this Fig. can be observed that
the film prepared from TEOS:FAS13 molar ratio
of 5:1 have rough microstructure (Fig. 3C),
whereas the surfaces of the films prepared from
TEOS:FAS13 molar ratios of 1:1, and 1:5,
respectively, were smoother (Figures 3 A and B). It
may be noted that the film surface becomes
rougher with increasing of hills and valleys
distributed on the film surface. In our case, hills
and valleys increased in film prepared from
TEOS:FAS13 molar ratio of 5:1 as compared to
films prepared from TEOS:FAS13 molar ratios of
1:1, and 1:5, respectively. This phenomenon can be
due to the aggregates formed by hydrogen bonding
or condensation of the hydroxyl groups from
TEOS at the film surface. In case of film with
TEOS:FAS13 molar ratio of 5:1, the silica
concentration is maximum, compared with other
films, that provide higher roughness.
Static contact angle measurements
Based on Young equation, Wenzel equation,
and Cassie–Baxter equation,45,46 many researchers

were showed that the surface energy or surface
structure (roughness) can influence the contact
angle of liquid droplets on solid surfaces.47-51 The
Wenzel equation predicts that wetting is enhanced
by roughness, when contact angle is < 90°; and the
wetting is lessened by roughness, when contact
angle is > 90°. The Cassie- Baxter model assumes
that the liquid forms a composite surface made of
solid, liquid, and air, and the liquid does not fill the
grooves on the rough surface.
Fig. 3 shows the values of water contact angle
obtained for the hybrid films. The hydrophobic
character of the film surface was observed for all
hybrid film. In previous study, it was demonstrated
that the silica film surface containing only TEOS,
present hydrophilic properties.11 The surface
wettability can be changed from hydrophilic to
hydrophobic,
by
adding
precursor
with
hydrophobic organic group. Analyzing Fig. 3, it
can be observed that the water contact angle
increase from 97°±2 (for film containing
TEOS:FAS13 molar ratio of 1:1) to ~100°±0.8 (for
films containing TEOS:FAS13 molar ratios of 1:5
and 5:1, respectively). This increase in water
contact value may be attributed to the rough
microstructure obtained on these surfaces.52 It can
be deduced from these results that the coating films
are hydrophobic, having fluorinated species
present on surfaces. In case of films containing
TEOS:FAS13 molar ratios of 1:5 and 5:1,
respectively, the hydrophobic perfluoroalkyl
groups (RfSiO-) originating from FAS13 are
mainly enriched at the coating film-air interface
and two layers probably exist in the coating
films.37 From Fig. 3, it can be observed that the
film with TEOS:FAS13 molar ratio of 1:5 have the
same value of water contact angle compared with
film containing TEOS:FAS13 molar ratios of 5:1.
This observation can be explained by the fact that
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the film with TEOS:FAS13 molar ratio of 1:5
contain more perfluoroalkyl groups which provide
an filmogene and smooth surface, while the film
with TEOS:FAS13 molar ratio of 5:1 contain
lower perfluoroalkyl groups which leads to the
formation of rough microstructure and according to
Cassie-Baxter equation assure an higher contact
angle. In the last case, due to the higher surface
roughness, the density of the fluorinated species on
the particles’ surface can increase. Both effect of
roughness and low surface energy molecules on
the deposited films containing TEOS:FAS13 molar
ratios of 1:5 and 5:1, respectively, can assure the
higher water contact angles.
The higher water contact angle values of the
film surfaces containing TEOS:FAS13 molar ratios
1:5 and 5:1, respectively, compared with that of the
film surface containing TEOS:FAS13 molar ratio
1:1 (smooth surface) suggests that the surface
texturing has an importance in the improving the
surface hydrophobicity. In previous studies, it was
shown that the interaction of water with a
hydrophobic surface is primarily a function of van
der Waals interactions and is independent of
electrostatic interactions.53 In our study, it can be
concluded that the wettability behavior is
intrinsically governed by the surface chemical
modification promoted by the insertion of alkyl
chains within hybrid films. Hydrophobic thin films
obtained by sol-gel process using alkoxide
solutions, under acidic conditions, with addition of
titanium(IV) isopropoxide (TIP) are still at the
beginning and from the best of our knowledge
these
thin
films
modified
with

perfluorooctyltriethoxysilane (FAS13) have not
been studied before. In previous study, the
hydrophobic character of coatings films on
untreated glass substrate (obtained by sol–gel
method from solutions containing different
precursors
(tetraethylorthosilicate
(TEOS),
methyltriethoxysilane (MTES), phenyltriethoxysilane (PTES), vinyltriethoxysilane (VTES),
octyltriethoxysilane (OTES)), was shown.11
Antireflection characteristics of hybrid films
Fig. 4 shows the diffuse reflectance analysis as
a function of a wavelength of the visible light,
indicating the anti-reflective character of the
hybrid films deposited on glass slides. The
reflectance of hybrid films at 550 nm was about
7% -TEOS:FAS13 = 1:1, 6.8% - TEOS:FAS13 =
1:5, and 11.2% - TEOS:FAS13 = 5:1, respectively.
It can be seen in this Fig. that the samples
containing TEOS:FAS13 molar ratios 1:1 and 1:5,
respectively, have the lowest diffuse reflectance.
The antireflection effect of these films can be
responsible
for
further
enhancement
of
transparency. In case of hybrid film with
TEOS:FAS13 molar ratio 5:1 was observed the
higher diffuse reflection effect supported by the
increase of the roughness of film surface.
This result is in good agreements with ESEM
measurements, which demonstrated that the hybrid
film containing TEOS:FAS13 molar ratio of 5:1
have rough microstructure.

Fig. 3 – a) Water contact angle values and b) shape of the water droplets on hybrid films prepared
with TEOS:FAS13 at different molar ratio: (A) 1:1, (B) 1:5, (C) 5:1, deposited on glass slides.
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Fig. 4 – Diffuse reflectance spectra of the hybrid films deposited on glass slides
containing TEOS:FAS13 at differnt molar ratio: (A) 1:1, (B) 1: 5, and (C) 5:1, respectively.

EXPERIMENTAL
Materials
The alkoxysilanes tetraethoxysilane (TEOS, from MerckSchuchardt), and 1H, 1H, 2H, 2H -perfluorooctyltriethoxysilane (FAS13, from Aldrich) were used as
purchased. Ethanol was obtained from Merck (99.9%).
Titanium(IV) isopropoxide (TIP, Aldrich) was used as crosslinking agent under sol-gel conditions. Maleic anhydride (MA,
from Fluka) was added as complexing/retardant agent in the
sol-gel reaction. HCl 0.1M (from Riedel-de Haën) was used as
a catalyst for rapid hydrolysis.
Preparation of the hybrid silica films
The coating solutions were prepared by sol-gel process,
mixing TEOS, FAS13, and ethanol (1 mL) and reacting with
HCl 0.1M (0.112 mL) for 1h, under continuous stirring at the
room temperature (25°C). The molar ratio between
TEOS:FAS13 was 1:1, 1:5 and 5:1, respectively. In the next
stage, under continuous stirring, maleic anhydride (MA)
(0.03 g) was added to the solution. After complete MA
dissolution, is added in dropwise the cross-linking agent
(titanium(IV) isopropoxide, TIP, 0.16 mL) with HCl 0.1M
(0.24 mL) and mixed for another hour at room temperature
(see Scheme 1). The compositions of the coatings solutions
are summarized in Table 1. The hybrid materials were
obtained by being placed into polyethylene vials
(characterized by FT-IR) and deposited on a treated glass
slides by draw down sample coating with the manual
applicator to obtain hybrid films (characterized by ESEM,
UV-VIS-NIR and contact angle measurements).
Surface fluoroalkylsilane treatment
Glass slides pretreatment, to ensure uniform wetting, was
carried out by cleaning with detergent, followed by alcohol

and deionised water rinses. Then, the glass slides were placed
in a fluoroalkylsilane (perfluorooctyltriethoxysilane, FAS13,
0.25 mL)/ethanol (24.75 mL) solution for two days to allow
adsorption of a FAS13 layer onto the SiO2 surface.
Subsequently the glass slides were dried at room temperature
for 30 min and used to obtain stable hybrid films.
Characterization
All synthetised samples were dried at the room
temperature (25°) and characterized both as hybrid materials
(placed into plastic vials) and as films deposited onto clean
glass slides.
FT-IR spectra of hybrid materials dried at room
temperature (placed into plastic vials), in the range 400-4000
cm-1, using a Fourier transforms infrared spectrometer (Tensor
37 from Bruker) were measured in ATR mode using Golden
Gate unite, which gave the information about the various
chemical bonds such as Si-OH, Si-C, C-H, and Si-O-Si.
The surface morphology of the hybrid films deposited
onto clean glass slides was visualized by Environmental
Scanning Electron Microscopy (ESEM) (FEI QUANTA 200).
The ESEM images were obtained in low vacuum mode.
The wetting properties of the hybrid films deposited onto
clean glass slides and dried at room temperature) were
performed using the contact angle measurements (KSV CAM
200). The reported values of contact angle were obtained as
average of five measurements (liquid droplets (10 µ) deposited
in various region of the film).
The UV-VIS-NIR reflectance spectra of the hybrid films
deposited onto clean glass slides were obtained with an UVVIS-NIR-Jasco V-570 spectrophotometer. Reflectance of
coated samples was determinated by diffuse reflectance
analysis, in the range 380-780 nm.
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Scheme 1 – Experimental procedure for preparation of hybrid materials.
Table 1
Composition of coating solution as a function of TEOS:FAS13 molar ratio
Reagent
TEOS (mL)
FAS13 (mL)
Ethanol (mL)
HCl 0.1M (mL)
Titanium(IV) isopropoxide (TIP) (mL)
Maleic anhydride (g)

CONCLUSIONS
Hydrophobic coating films on glass substrate
were prepared by sol-gel method using alkoxide
solutions contained TEOS and FAS13 at different
molar ratios, under acidic conditions, with addition of
titanium(IV) isopropoxide (TIP). In this study, the
hydrophobic properties were obtained by surface
modification using fluoroalkylsilane (FAS13). The
water contact angle values of the coating films are
high, at 97° and 100°, respectively. FT-IR spectra
show the presence of C-F and Si-O bonds resulting
from alkoxide solutions of TEOS and FAS13. It was
observed that the hydrophobicity and optical
transparency can be achieved simultaneously by
controlling the surface roughness. These coatings
may have numerous applications in industrial use on
large scale, such as on windows and car windshields.
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