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Abstract: In recent years, various coatings based on fluorinated materials, used in a commercial
application, have been created through many preparation routes. However, the techniques utilized to
realize these coatings required either expensive and complex equipment, imply multiple manufactur-
ing steps, or are time- or cost-consuming. In this paper, the major target was to develop fluorinated
hybrid coatings presenting sustainable hydrophobicity and good transparency simultaneously. The
sol–gel method was proposed to obtain these fluorinated hybrid coatings because it does not require
expensive equipment, or the existence of stabilizing agents that reduce the storage period, it consumes
less energy, and it is easy to implement. The influence of perfluorooctanoic acid, utilized in the sol–gel
processing of hybrid silica materials, on the structural, morphological, and optical properties of coat-
ings deposited on glass substrates, was evaluated. Different silane precursors (tetraethyl orthosilicate
(TEOS), triethoxymethylsilane (MTES), and trimethoxyhexadecylsilane (HDTMES)) were utilized
to synthesize hybrid silica materials. The properties of the obtained materials were characterized
by FTIR, UV–Vis, TEM, TGA, AFM, Ellipsometry, and Contact Angle analyses. FTIR spectroscopy
shows the formation of a silica network tailored with organofunctional and fluoroalkyl groups. The
fluorinated silica coatings presented smooth surfaces and good transparency, with a transmittance of
~90% in the visible range. It was found that the fluorinated silica materials improved the coating’s
hydrophobicity (~110◦ in contact angle with water). These fluorinated silica materials can create
multifunctional structures with antireflective and hydrophobic coatings for possible optical devices.

Keywords: sol–gel process; fluorinated materials; antireflective coatings; wettability

1. Introduction

Because of their attractive properties, including chemical and thermal stability, non-
wetting, high oxygen permeability, and low surface energy, fluorinated materials (e.g.,
ceramics, polymers, and different types of silicas) have been utilized in many applications
(e.g., biomedical [1], pharmaceuticals [2], optoelectronics [3], surface coatings [4], and
automotive engineering [5]). Fluorinated derivatives with long chains are extensively
used as functional additives or cross-linkers in order to ensure water resistance, together
with the chemical and stability properties of the coating. Silica materials are harmonious,
with diverse fluorinated functional materials, and can be physically mixed or covalently
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attached to a fluorinated component to create composites with special properties [6]. The
utilization of silica materials modified with fluorinated organic compounds has attracted
great attention due to their significant properties for a large variety of applications (e.g.,
antimicrobial instruments [7], self-cleaning coatings [8,9], anti-fouling coatings [10], solar
cells, and optical devices [11,12]).

Many methods, including chemical vapor deposition [13], physical vapor deposi-
tion [14], wet chemical methods [15], hydrothermal methods [16], and the sol–gel pro-
cess [17], have been adopted to prepare surfaces with micro/nano structures using silane
nanoparticles and to create surfaces with water-repellent and self-cleaning properties uti-
lizing hydrophobic materials (e.g., fluoroalkylsilane and silica precursors with different
alkyl chain lengths). The chemical vapor deposition technique permits modification of
different substrates, but the addition of initiator (e.g., a peroxide) and/or monomers in
the vapor phase is required [13]. Physical vapor deposition was used to obtain films with
thicknesses of nanometers. The major drawback of this method it is the fact that a high
temperature vacuum is required to deposit the film [14]. The sol–gel process is a wet
chemical technique and is the most common approach to achieve silica-based materials and
fluorinated compositions due to several advantages, such as flexibility, simplicity, low cost,
mild reaction conditions, and high-quality materials [18–20]. This method allows for tuning
of the structure, morphology, and properties of the resulted materials by changing the reac-
tion conditions [21]. Perfluorooctanoic acid (PFOA) is one of the types of per-fluorinated
compounds used to achieve fluorinated materials, because it contains a C-F bond in the
molecule with large bond energy. This makes PFOA a chemical with good thermal and
chemical stability and excellent hydrophobicity [22].

Several works have reported the development of hybrid materials containing flu-
orinated compounds, which have special architectures. Employing sol–gel-fluorinated
materials in the surface coating resulted in micro- and nanotextured surfaces with excellent
properties (e.g., self-cleaning, non-fouling, abrasion-resistant). Guo et al. [23] synthesized
fluorinated silica thought the sol–gel method which was able to be applied in applica-
tions such as self-cleaning, anti-fouling, and anti-adhesion materials, as well as protection
against metal corrosion. It was shown that the achieved material exhibited high trans-
parency (>82%) and good resistance to different media. Yu et al. [24] created a coating
film based on fluorinated silica nanoparticles with hydrophobic and anti-aging proper-
ties. Startek et al. [25] obtained fluorinated materials by sol–gel method, using fluoroalkyl
precursors and silica. The results indicated that longer fluoroalkyl chains can improve
the hydrophobicity of the coated surface. The silica nanoparticle-reinforced fluorinated
coatings were obtained by Banerjee et al. [26]. The obtained results shown that the flu-
orosilane concentration was high enough to be encapsulated within the matrix of the
coating. Li et al. [27] successfully synthesized fluorinated silica sol through sol–gel pro-
cessing. The results indicated that the obtained materials used on glass surface presented
superhydrophobicity and self-cleaning properties. Huang et al. [28] created nanohybrid
silica coating materials by polymerization and the sol–gel process. The performed analysis
showed that the nanohybrid film exhibited hydrophobic properties and high transmittance
(89–97% in the visible light area). Nimittrakoolchai et al. [29] evaluated the effect of silica
nanoparticles coated with the per-fluorinated group on the wettability of the surface. It was
revealed that the surfaces presented superhydrophobic properties, which was determined
using different liquids (water, ethylene glycol, and seed oil). Shao et al. [30] showed that the
mesoporous silica can be modified using fluorinated organosilane. They indicated that the
glass surface covered with the prepared materials presented superhydrophobic qualities
and excellent thermal stability. Fouhaili et al. obtained fluorinated silica nanoparticles
by the sol–gel process. These were deposited on the steel substrates, thus achieving films
with superhydrophobic wetting behavior [31]. Saboori et al. [32] synthesized fluorinated
nanoparticles through the sol–gel method in order to create surfaces with ultrahydrophobic
and ultraoleophobic properties (carbonate and sandstone rock surfaces). Results showed
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that the surfaces were stable and presented different levels of wettability as a function of
the liquid deposited on the surface.

In the present work, the effect of the fluorinated solution on the structural, morpholog-
ical, and optical properties of coatings deposited on glass substrates was examined. This
fluorinated solution was realized through the dissolution of perfluorooctanoic acid (PFOA)
in ethanol, and sol–gel synthesis of hybrid silica materials was utilized to obtain fluorinated
coated materials. Silane precursors with different alkyl chain lengths (tetraethyl orthosili-
cate (TEOS), triethoxymethylsilane (MTES), and trimethoxyhexadecylsilane (HDTMES))
were utilized to synthesize hybrid silica materials. It was demonstrated that the process
of obtaining sol–gel fluorinated silica materials does not require the existence of stabiliz-
ing agents that reduce the storage period, are easy to implement, and provide smooth
layers with uniform thicknesses. The chemical structure, thermal behavior, morphology,
wettability, surface roughness, and optical properties of final materials were assessed.

2. Experimental Section
2.1. Materials

Tetraethyl orthosilicate (TEOS), triethoxymethylsilane (MTES), and trimethoxyhexade-
cylsilane (HDTMES) were acquired from Thermo Fisher Scientific Inc. (Waltham, MA, USA).
Perfluorooctanoic acid (PFOA), titanium (IV) isopropoxide (TIP), and maleic anhydride
(MA) were obtained from Sigma-Aldrich Co. LLC (Saint Louis, MI, USA). Ethanol (EtOH)
and hydrochloric acid solution (HCl 0.1 N) were ordered from PubChem (Bethesda, MD,
USA). Analytical-grade chemicals were utilized as received, without further purification.

2.2. Preparation

Hybrid silica materials containing fluorinated solution were synthesized through the
acid-catalyzed sol–gel process. In the beginning, the silane precursors (TEOS (3 g), MTES
(2.5 g), and/or HDTMES (1.7 g)) were prehydrolyzed in acidic conditions with EtOH (15 g)
and HCl 0.1 M (0.5 g) for 15 min, under vigorous magnetic stirring at a temperature of
70 ◦C ± 2 ◦C and a speed of 400 rpm. After that, a fluorinated solution (FS, achieved by the
dissolving of PFOA (0.03 g) in EtOH (15 g)) was included in the synthesis mixtures, and the
stirring was continued for another 45 min. Then, MA (0.06 g) was added to the mixtures,
and after its complete dissolution, TIP (0.3 g) was added dropwise. To complete the hydrol-
ysis and condensation reactions, the second part of HCl 0.1 M (1.5 g) was included, and the
mixtures were constant stirred for an additional 1 h, maintaining the same temperature
(70 ◦C ± 2 ◦C). Finally, two stable and homogeneous sol–gel-fluorinated solutions were
realized and notated as TEOS/MTES/FS (F1) and TEOS/MTES/HDTMES/FS (F2). The
resulting solutions were left to dry at room temperature and then characterized as pow-
dered materials (obtained by placing the solution in plastic vials and analyzed after solvent
evaporation) and as fluorinated hybrid coatings (achieved by deposition of materials only
on one side of the glass substrates using a manual film applicator (Multicator 411, Erichsen,
Minneapolis, MN, USA)). Before being used, the glass substrates were washed with a
detergent and deionized water for 30 min in an ultrasonic bath, followed by cleaning
with acetone, ethyl alcohol, and deionized water. The washing and cleaning process was
repeated three times. Afterwards, the glass substrates were positioned in a desiccator
and dried for 24 h in a vacuum to remove possible reactants and contaminants, as well
as to obtain high-quality coatings. The schematic illustration of the synthesis procedure
to achieve fluorinated silica materials as powdered materials and as fluorinated hybrid
coatings is shown in Figure 1.
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Figure 1. Schematic illustration of synthesis procedure to obtain fluorinated silica materials as
powdered materials and as fluorinated hybrid coatings.

2.3. Methods

FTIR spectra of fluorinated silica materials were recorded on a Fourier Transformed
Infrared spectrometer (FTIR, model FT–IR 6300, Jasco Int. Co. Ltd., San Francisco, CA, USA)
equipped with a 3-inch sphere (model PIKE Mid-IR IntegratIR, Madison, WI, USA), and
evaluated from 500 to 5000–500 cm−1 range.

Thermogravimetric analysis (TGA) was performed on a TA TGA Q500 IR instrument
(TA Instruments, Pittsburgh, PA, USA) working in the 30–750 ◦C range, under a nitrogen
atmosphere, at a heating rate of 10 ◦C/min. Powdered materials (8–10 mg) were analyzed
using alumina crucibles.

The fluorinated silica materials were analyzed through Transmission Electron Mi-
croscopy (TEM, model TECNAI F20 G2 TWIN Cryo–TEM, FEI Company, Hillsboro, OR, USA)
at 200 kV accelerating voltage.

Atomic Force Microscopy (AFM) measurements were performed with a microscope
produced by Park Systems (XE–100 model) working in non-contact mode. The microscope
is able to obtain accurate images due to its configuration, namely its decoupled XY/Z and
flexure-guided cross-talk eliminated scanners. In all AFM experiments, sharp tips with
less than a 10 nm radius of curvature, ~125 µm length, ~30 µm width, ~42 N/m force
constant, and ~330 kHz resonance frequency (NCHR, Nanosensors™) were used. The
AFM images were processed with the XEI program (v 1.8.0—Park Systems) for thermal
tilt correction and roughness assessment. The root-mean-squared roughness (Rq) is the
standard deviation of the height value in the image, and the peak-to-valley parameter (Rpv)
indicates the height difference between the minimum and the maximum. The AFM images
are shown in “enhanced color”™ view mode, accompanied by representative line scans
which show the surface z-axis in detail.

The spectroscopic ellipsometry (SE) measurements were achieved on a VASE ellip-
someter (J.A. Woollam. Co., Lincoln, NE, USA) at a 65◦ angle of incidence, in the range of
400–800 nm, with a 10 nm step. The film thickness, roughness, and fit error (mean square
error—MSE) were achieved through fitting the experimental spectroscopic ellipsometry
(SE) spectra with a model based on the references within the commercial WVASE32™ soft-
ware (version 3.920). Transmittance spectra of fluorinated hybrid coatings were measured
by SE in the 250–800 nm wavelength range.

Diffuse reflectance spectra of fluorinated hybrid coatings were carried out by an
ultraviolet–visible (UV–Vis) spectrophotometer (model UV-VIS-NIR-Jasco V–570, JASCO
Int. Co. Ltd., San Francisco, CA, USA) equipped with a large integrating sphere (model ILN-
472, JASCO Int. Co. Ltd., San Francisco, CA, USA); they were recorded in the range from
780 to 380 nm. Each hybrid coating was analyzed three times (standard deviation ± 0.2%).

The water contact angles of the coatings were measured using a tensiometer (model
CAM 200, KSV Instruments Ltd., Monroe, WI, USA) connected to a high-resolution camera
(Basler A602f, Ahrensburg, Germany). The results of the static contact angle were the mean
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value of 20 single measurements. Water droplets (~6 µL) were placed carefully in various
zones of the coatings.

3. Results and Discussion
3.1. FTIR Spectoscopy

FTIR spectra of the fluorinated silica materials, obtained as powdered materials, are
shown in Figure 2. The bands at ~940 and ~1050 cm−1, which appear in both spectra of
samples F1 and F2, may be assigned to Si–O–Si bonds (asymmetric stretching vibration
or bending vibrations) [33]. The bands observed at ~1630 and ~3420 cm−1 are attributed
to OH bending and stretching vibrations, respectively [34]. The peak that appears at
~1272 cm−1 corresponds to the stretching vibrations of Si–CH3 bonds [35]. The band
localized at ~1410 cm−1 is related to C–H bonds (asymmetric deformation) and –CH2–
groups (scissors vibration) [36]. Moreover, in both samples, a peak at ~775 cm−1 was
detected that belongs to C–H bonds (out-of-plane vibration) [37]. The peak that appeared
at ~1380 cm−1 is assigned to C–H asymmetric stretching in –CH3 aliphatic group [25]. In
addition, the characteristic band at 658 cm−1 is attributed to the characteristic of –CF2 [38].
Thus, it was demonstrated that the organic alkyl chains derived from silane precursors are
covalently attached to the PFOA.
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Figure 2. FTIR spectra of fluorinated silica materials (as powders): TEOS/MTES/FS (F1) and
TEOS/MTES/HDTMES/FS (F2).

In the FTIR spectrum of sample F1, a peak at 2974 cm−1 was detected which corre-
sponds to the stretching vibration of the –CH3 groups [39]. The characteristic band of –CH2
(scissoring vibration) is present at 1455 cm−1 [40]. In the FTIR spectrum of sample F2, other
peaks were observed in the range of 2925–2853 cm−1 and are attributed to C–H bonds
originating from stretching vibrations of the –CH3 and –CH2– groups [41,42]. The intensity
of these peaks was found to be increased as compared to that of those noted for sample
F1. This result is consistent with the assumption that the incorporation of HDTMES in
the solution leads to the replacement of surface −OH groups by more −CH3 groups [37].
Another peak at 1468 cm−1 was detected and is assigned to the aliphatic CH– groups
originating from the organic groups (scissoring vibration) [43].
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By analyzing Figure 2, it can be concluded that organo-silicate networks were created
that contained siloxane groups, alkyl chains, and fluoroalkyl chains derived from the silane
precursors and from perfluorooctanoic acid (see Scheme 1).
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Scheme 1. Probable reaction mechanism than can occur between silane precursors and perfluorooc-
tanoic acid.

3.2. TGA Analysis

Figure 3 reveals the TGA analysis of the fluorinated silica materials. The decomposition
temperature (Tmax) and the weight loss (Wt. loss %) of these materials are presented in
Table 1. From this figure, it can be noticed that the thermal decomposition curves of the
fluorinated silica materials through the TGA are divided into three thermal events. The
first zone, occurring at a temperature of 30–100 ◦C, is attributed to dehydration of the
water and of residual organic solvent and exhibits a weight loss of about 1–4%. The second
zone is illustrated at the 100–240 ◦C range and displays a weight loss of approximately
3–8%. The intermediate temperature peak is frequently assigned to the condensation of
non-hydrolyzed groups (≡Si–OH, ≡Si–OCH2CH3) arising from the used silane precursors
and from species derived from molecules physically entrapped inside the silica matrix [44].
The third zone, occurring at the 240–750 ◦C, range exhibits a weight loss of about 4–27%.
The result shows that the sample synthesized with TEOS/MTES/FS (F1) has slightly
lower slopes than the other sample prepared with TEOS/MTES/HDTMES/FS (F2), which
means that the long alkyl chains slightly increased the stability of the prepared material.
In previous data published in the literature [45], it was indicated that the values of the
initial degradation temperature of the fluorinated composites without and with silica were
307 ◦C and 315 ◦C, respectively. This change was attributed to the presence of silica in the
composites, and to formation of the Si–O–Si bonds. It was also shown that the oxidation
of alkyl groups (responsible for the hydrophobic behavior of silica material) can occur at
high temperatures [46].



Appl. Sci. 2023, 13, 1669 7 of 15Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 17 
 

 

Figure 3. TGA curves of the fluorinated silica materials (as powdered materials): TEOS/MTES/FS 

(F1) and TEOS/MTES/HDTMES/FS (F2). 

Table 1. The maximum decomposition temperature (Tmax) and weight loss (Wt. loss %) of the 

fluorinated silica materials, obtained as powdered materials (30–750 °C range). 

Sample 

30–100 °C 100–240 °C 240–750 °C Residue at 750 °C 

Wt. Loss 

% 

Wt. Loss 

% 

Tmax 1 

°C 

Wt. Loss 

% 

Tmax 

°C 

N2 

% 

F1 3.64 7.94 131.6 4.04 470.7 84.37 

F2 1.38 2.59 114.1 27.31 518.8 68.72 
1 Tmax (°C) = T(dα/dt)max. 

3.3. TEM Analysis 

The morphology of the fluorinated silica materials (powdered samples) was 

carried out by TEM microscopy (see Figure 4). The TEM images show that the 

fluorinated silica materials were cross-linked by the covalently bonded Si-O-Si 

structures. In both samples, no phase separations were observed, and it can thus 

be found that reactions occurred successfully by hydrolysis as well as 

condensation of silane precursors and perfluorooctanoic acid. In previous reports, 

it was shown that the stacked organization of the alkyl chains may be due to the 

maximized van der Waals interactions of the chains [47]. It was also demonstrated 

that the morphology of the silica material can be changed as a function of the 

functionalization of the silica surface with alkyl groups arising from silane 

precursors [48]. 

Figure 3. TGA curves of the fluorinated silica materials (as powdered materials): TEOS/MTES/FS
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Table 1. The maximum decomposition temperature (Tmax) and weight loss (Wt. loss %) of the
fluorinated silica materials, obtained as powdered materials (30–750 ◦C range).

Sample
30–100 ◦C 100–240 ◦C 240–750 ◦C Residue at 750 ◦C

Wt. Loss
%

Wt. Loss
%

Tmax
1

◦C
Wt. Loss

%
Tmax
◦C

N2
%

F1 3.64 7.94 131.6 4.04 470.7 84.37
F2 1.38 2.59 114.1 27.31 518.8 68.72

1 Tmax (◦C) = T(dα/dt)max.

3.3. TEM Analysis

The morphology of the fluorinated silica materials (powdered samples) was carried
out by TEM microscopy (see Figure 4). The TEM images show that the fluorinated silica
materials were cross-linked by the covalently bonded Si–O–Si structures. In both samples,
no phase separations were observed, and it can thus be found that reactions occurred suc-
cessfully by hydrolysis as well as condensation of silane precursors and perfluorooctanoic
acid. In previous reports, it was shown that the stacked organization of the alkyl chains
may be due to the maximized van der Waals interactions of the chains [47]. It was also
demonstrated that the morphology of the silica material can be changed as a function of the
functionalization of the silica surface with alkyl groups arising from silane precursors [48].

3.4. AFM Analysis

Figure 5 displays the bi-dimensional AFM topographic images of samples F1 and
F2 deposited on glass substrates, at a scale of 4 µm × 8 µm. AFM images were scanned
firstly over larger scales, in order to prove that the films were adherent to the substrate
used and to check the corrugation of the surfaces. Sample F1 exhibited random “bumps”
which were a few nm in height and 100–300 nm in diameter (see Figure 5a and the red
line in Figure 5c), and, additionally, a few pits no deeper than 10 nm (see the green line
in Figure 5c). Sample F2 showed some wavy-like parcels (as seen in the red line from
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Figure 5d) and some deposits of materials (see the right down corner), but in between these
defects, the surface was uniform (see the green line in Figure 5d).
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Figure 5. 2D AFM images (enhanced contrast) scanned over 4 µm × 8 µm, together with two
representative line scans collected along the X-axis (the positions are indicated in each AFM figure)
for fluorinated hybrid coatings: sample F1 (a,c) and sample F2 (b,d).

Figure 6 exhibits the morphology of samples F1 and F2, deposited on glass substrates.
It was obtained from bi-dimensional AFM topographic images, scanned over an area of
2 µm × 2 µm.
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Figure 6. 2D AFM images (enhanced contrast) scanned over 2 µm × 2 µm together with two
representative line scans collected along the green and red lines (the positions are indicated in each
AFM figure) for fluorinated hybrid coatings: sample F1 (a,c) and sample F2 (b,d).

As can be observed from Figure 6a,b, on smaller scales of 2 µm × 2 µm, both samples
were relatively smooth, as observed from the arbitrary line-scans collected by Figure 6c,d
in different areas. While sample F1 (Figure 6a) exhibited randomly distributed small pores,
visible as dark spots a few nm deep (see the red line in Figure 6c), sample F2 (Figure 6b)
presented level differences in the z-axis no higher than 6 nm (see the green line in Figure 6d).
Figure 7 shows the root-mean-square roughness of the F1 and F2 coatings in comparison
with the uncoated glass substrate. It can be seen that at low scales (2 µm × 2 µm), both F1
and F2 coatings were smooth, as their RMS roughness’s did not exceed 1.2 nm, while at
larger scales (4 µm × 8 µm), sample F2 became more corrugated due to some protuberances
formed during film deposition. The roughness is in line with the values of water contact
angles, but it is also influenced by the chemical differences between the fluorinated silica-
based coatings.
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Figure 7. Root-mean-square roughness for the uncoated glass and the fluorinated hybrid coatings
(TEOS/MTES/FS (F1) and TEOS/MTES/HDTMES/FS (F2)), at the scales of 2 µm × 2 µm, and
4 µm × 8 µm.

The film thickness (dfilm), roughness, and fit error (mean square error—MSE) were
achieved through fitting the experimental spectroscopic ellipsometry (SE) spectra, and
their values are presented in Table 2. The roughness increased with the sample’s thickness,
although the absolute values were very low, revealing a smooth surface, which was also
underlined by AFM measurements.

Table 2. Thickness (dfilm), roughness, and fit error (MSE).

Sample dfilm (nm) Roughness (nm) MSE

F1 1052 0.93 1.804
F2 1570 2.34 1.468

3.5. Optical Analysis

The transmittance spectra of the fluorinated hybrid coatings (achieved through the
deposition of fluorinated silica materials on glass substrates) were measured by spectro-
scopic ellipsometry (SE) in the 250–800 nm wavelength range. The spectra are presented
in Figure 8. All samples presented a good transmission of more than 85% in the visible
spectral range. An interesting small increase was observed in the transmission of the F1
sample in comparison with the uncoated glass substrate, but a decrease in the transmission
was also observed for sample F2, which could be correlated with the increase in F2’s sample
thickness leading to an increase in the absorption. It can also be seen that the F1 spectrum
starts at 85% transmittance, while the F2 spectrum starts at 65% transmittance, indicating
that the addition of more −CH3 groups from HDTMES effectively utilized more light. In
previous reports, it has been shown that films of lower thicknesses always have a lower
optical gap [49].
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Figure 9 reveals the diffuse reflectance spectra of fluorinated hybrid coatings, recorded
in the range of 380–780 nm.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 13 of 17 
 

 

Figure 9. Diffuse reflectance spectra of the uncoated glass and the fluorinated hybrid coatings 

(TEOS/MTES/FS (F1) and TEOS/MTES/HDTMES/FS (F2)). 

In previous papers, it has been shown that to produce electricity (for example, 

in photovoltaic systems), coatings with antireflective effects play a significant role 

in reducing losses, owing to the reflection of sunlight [50]. 

3.6. Contact Angle Measurements 

The analysis of the water contact angle of the surfaces is an easy method for 

detecting surface changes at the monolayer level. In previous papers, it has been 

shown that wetting behavior is influenced by the nature and length of the pendent 

chain [51], as well as the surface group’s concentration [36]. 

The values of the water contact angles and profiles of the water drops on the 

uncoated glass substrate and the glass substrates coated with fluorinated silica 

materials (samples F1 and F2) are shown in Figure 10. According to this figure, it 

can be observed that the wetting behavior of coatings depends on the fluorinated 

silica materials which were deposited onto the glass substrates. Both samples F1 

and F2 developed a hydrophobic property (92 ± 1.3°, and 110 ± 1.2°, respectively) 

in comparison with uncoated glass substrate (35 ± 1.6°). In the case of fluorinated 

hybrid coatings, some of the silanol groups on the film surface were replaced by 

alkyl groups (methyl, hexadecyl), and this phenomenon led to a modification of 

the surface activity. 

Figure 9. Diffuse reflectance spectra of the uncoated glass and the fluorinated hybrid coatings
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As can be seen in Figure 9, the diffuse reflectance spectrum of uncoated glass was
found to be ~10.5% (l = 550 nm). In the case of glass substrates coated with the fluorinated
silica materials (samples F1 and F2), the reflectance was ~9.7%. Both fluorinated hybrid
coatings presented lower reflectance than the uncoated glass. It can also be observed
that the reflectance of the fluorinated hybrid coatings decreases as the wavelength range
increases. From the obtained results, it can be concluded that the silanization of the glass
substrates with fluorinated silica materials is helpful in lowering reflectivity.
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In previous papers, it has been shown that to produce electricity (for example, in
photovoltaic systems), coatings with antireflective effects play a significant role in reducing
losses, owing to the reflection of sunlight [50].

3.6. Contact Angle Measurements

The analysis of the water contact angle of the surfaces is an easy method for detecting
surface changes at the monolayer level. In previous papers, it has been shown that wetting
behavior is influenced by the nature and length of the pendent chain [51], as well as the
surface group’s concentration [36].

The values of the water contact angles and profiles of the water drops on the uncoated
glass substrate and the glass substrates coated with fluorinated silica materials (samples F1
and F2) are shown in Figure 10. According to this figure, it can be observed that the wetting
behavior of coatings depends on the fluorinated silica materials which were deposited onto
the glass substrates. Both samples F1 and F2 developed a hydrophobic property (92 ± 1.3◦,
and 110 ± 1.2◦, respectively) in comparison with uncoated glass substrate (35 ± 1.6◦). In
the case of fluorinated hybrid coatings, some of the silanol groups on the film surface were
replaced by alkyl groups (methyl, hexadecyl), and this phenomenon led to a modification
of the surface activity.
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Figure 10. Values of the water contact angles and profiles of the water drops on the uncoated glass
and the fluorinated hybrid coatings (TEOS/MTES/FS (F1) and TEOS/MTES/HDTMES/FS (F2)).

The increase in the water contact angle values can be attributed to the length of the
functional group, following the order of MTES < HDTMES. It has been reported that the
coating exhibits a hydrophilic character when the interaction forces between the water
and the substrate are almost equal to the cohesive forces of the bulk water. In this case,
the water does not drain cleanly from the substrate. The decrease in the contact angle
may be due to unstable siloxane groups (Si–O–Si) or the presence of free silanol groups
(Si–OH). These groups create polar and reactive surfaces, conferring interaction with water
molecules that were physically adsorbed through the hydrogen bonds [52]. In previous
reports, it has been demonstrated that the water contact angle increase could be associated
with to a large amount of air entrapment between the silica material, forming a composite
microstructure of the solid film and the air that reduces the effective contact area of water
from the surface [53].
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4. Conclusions

In this paper, the fluorinated silica materials were realized via an acid-catalyzed sol–gel
process using different silane precursors (TEOS, MTES, and/or HDTMES) and fluorinated
solution. The transparent and antireflective fluorinated hybrid coatings were achieved by
the deposition of these materials onto glass substrates. The presented results indicated
the relationship between the silane precursors (utilized in the synthesis of hybrid silica
materials) and the final properties of the created coatings. The chemical structure, thermal
behavior, morphology, wettability, and surface properties of the resulted materials were
evaluated by FTIR, UV–Vis, TEM, TGA, AFM, ellipsometry analysis, and water contact
angle measurements. The FTIR spectra showed that organo-silicate networks were formed,
which included siloxane groups, alkyl chains, and fluoroalkyl chains derived from the
silane precursors and from the fluorinated solution. TEM images demonstrated that the flu-
orinated silica materials had been cross-linked by the covalently bonded Si–O–Si structures.
Optical analysis revealed that the fluorinated hybrid coatings presented lower reflectance
(~9.7%, at 550 nm) than the uncoated glass substrate, as well as good transparency, with a
transmittance of ~90% in the visible range. Water contact angle analysis indicated that the
fluorinated hybrid coatings developed hydrophobic properties (~110◦). Although there are
fluorinated reactive silanes that are commercially available and can be utilized with the
sol–gel method, they are, in a great measure, limited to linear per-fluorinated carbon chains,
which diminishes the chemical variation and the scope of the fluorinated materials. The
rational structure engineering and the mechanism study are the essential scientific issues
to be discussed for the future development of fluorinated materials, which will present
excellent performance in large-scale applications (e.g., electronics, energy storage devices,
and protective coatings).

Author Contributions: Conceptualization, V.P. and V.R.; methodology, V.P. and V.R.; formal analysis,
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