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The paper deals with studying the changes in the surface properties of inorganic-organic films after their interaction with
water. The inorganic-organic films were deposited from sols, which were prepared at room temperature as well as the
boiling temperature of isopropyl alcohol by three different ways of mixing the initial precursors — tetraethoxysilane (TEOS),
triethoxy(octyl)silane (OTES), isopropyl alcohol, distilled water and nitric acid. The films, which were prepared by the dip-
coating technique and treated at 170 °C, were exposed to a water attack at 80 °C for 5 hours. To characterise the films,
after their interaction with water, changes in the morphology, rms-roughness and hydrophobicity were used. The studied
properties were investigated, using the atomic force microscopy and sessile drop technique. All the films were hydrophobic,
and their hydrophobicity was without any change or it was only slightly increased after the water attack. On the basis
of the results, it can be stated that the way that the sol is prepared as well as the water attack have the smallest effect
on the changes in the surface morphology of a film deposited from a sol where OTES was added to TEOS at the beginning
of the sol preparation and they were hydrolysed simultaneously at room temperature. The rms-roughness and water contact

angle for this film were only slightly increased after the water attack.

INTRODUCTION

A material’s surface is crucial for its interaction with
the surrounding environment. Its nature markedly affects
and delimits the final mechanical, chemical and optical
properties of the material. In the application of materials
and in the determination of their properties, their surface
chemistry plays a crucial role, as the surface is affected
by interactions not only inside the material, but also at its
interface with the surrounding environment. That is why
materials are very often surface treated [1, 2].

The application of functional films is one way
to improve the surface properties [3-5]. To prepare films,
the sol-gel method is an advantageous selection, either
using the spinning, spraying or dipping method [6-8].

Silica-based functional films can be deposited
on various materials including glass [9, 10], steel,
aluminium, copper [11, 12], silicon substrates [13],
magnesium alloys [5, 14] in the function of anti-
corrosion films to increase the corrosion resistance

of a material or in the function of hydrophobic, self-
cleaning and antibacterial films.

In [11], films were applied on aluminium
substrates by  the  sol-gel method, using
3-glycidoxypropyltrimethoxysilane as the main
precursor and N,N-dimethylthiourea was added in order
to improve the corrosion resistance. The inhibition
effect of the films was investigated by electrochemical
impedance and polarisation, and a significant
improvement in the corrosion resistance of the substrate
was confirmed. Anticorrosion and hydrophobic films
on copper substrates were also obtained from sols with
methyltriethoxysilane [12]. Functional films prepared
by the sol-gel method using tetraethoxysilane (TEOS)
as a precursor were applied to historical glass in order
to increase its resistance to pollutants in the atmosphere
[15]. Moreover, besides applications to glass to improve
the glass corrosion resistance to water [9, 16], functional
films were used as coatings for the protection of cultural
heritage glass [17, 18].
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Inorganic-organic hybrid films are an interesting
group of functional films. In hybrid films, inorganic
components increase the hardness, abrasion resistance,
stiffness, and refractive index of thin films, and organic
components increase the adhesion of thin films on
a substrate as well as the wettability of a thin film
surface (hydrophobicity) [19]. In comparison with
the films mentioned above, inorganic-organic films
are prepared at lower temperatures. These films have
many advantages because they combine the properties
of inorganic and organic components and, therefore,
they can be water, chemical, abrasion, and UV resistant
as well as hydrophobic [20-22].

Silica-based inorganic-organic protection
films can be deposited on different materials, such
as metal substrates [3, 4, 14, 23-26], polycarbonate
substrates [27] and glass [28-31] having the function
of anticorrosion, anti-fogging, superhydrophobic, self-
cleaning, water-repellent, antistatic, scratch resistant
and as antimicrobial coatings [32]. However, there are
only a few studies dealing with inorganic-organic films
deposited on glass from the aspect of the interaction
between the surface of the films and the surrounding
environment [33-35].

The dip-coating technique was used to apply sols
to a steel surface, where the sols were prepared from
tetracthoxysilane (as the SiO, source), 3-(trimethoxysilyl)
propylmethacrylate and methylmethacrylate (as the
polymeric components) and HCI (as an acidic catalyst).
An analysis of the corrosion resistance of the coated
substrates was carried out by the electrochemical
polarisation technique, using a computerised potentiostat
while electron microscopy was used to observe
the surface homogeneity. The films applied to the metal
increased the corrosion resistance in HCI [3].

In the work [33], inorganic-organic films were
used as protective coatings on glass materials.
TEOS, as the silica precursor, was separately
functionalised ~ with  different  organo-functional
precursors: octyltriethoxy-silane, hexadecyltrimethoxy-
silane,  [3-(methacryloyloxypropyltrimethoxysilane,3-
glycidyloxy-propyl-methyldiethoxysilane and gamma-
aminopropyltriethoxy-silane. The films were applied
to glass microscope slides by the dip-coating technique,
where they were then exposed to model ageing tests, and
the static contact angles were measured. The best results
of the resistance to weathering effects were achieved
when films from TEOS, which were functionalised with
long alkyl chains, were used.

In the work [34], inorganic-organic films, prepared
by the dip-coating technique, were used for the protection
of historical window glass. The sols were prepared from
TEOS, as the main precursor, with different ratios of
Si-alkoxides functionalised with different alkyl groups:
triethoxy(octyl)silane (OTES), hexadecyltrimethoxy-
silane(HDTMS), 3-(trimethoxysilyl)-propylmethacrylate,
trimethylethoxysilane ~ and  methyltriethoxysilane.

The chemical resistance was studied, when exposing
the films to UV light and the atmosphere with different
amounts of SO,, and the contact angles were observed
and colorimetric measurements were taken. The films
prepared from sols with the long alkyl chains (HDTMS
and OTES) were stable from the aspect of the UV ageing
as well as the corrosion tests.

The aim of this work is to study the changes
in the surface properties of inorganic-organic films after
their interaction with water. The films were deposited
from sols in a “tetracthoxysilane — triethoxy(octyl)silane
— water — nitric acid — isopropyl alcohol” system, while
the given sols were prepared under different conditions.
The changes in the film’s surface were evaluated
on the basis of the morphology, rms-roughness
and hydrophobicity. These properties are used for
the characterisation of the surface state and are some
of the various indicators used to evaluate protective
films.

EXPERIMENTAL
Materials

The inorganic-organic sols were prepared
in a “TEOS-OTES-H20-HNO3-IPA” system from
tetracthoxysilane (TEOS; 98 %; Acros Organics),
triethoxy(octyl)silane (OTES; 97 %; Acros Organics),
distilled water (H,O; TnUAD), nitric acid (HNO;; 65 %;
Centralchem) and isopropyl alcohol (IPA; 99.7 %;
Centralchem).

Preparation of sols

The molar composition of six inorganic-organic sols
was: x(TEOS) : x(OTES) : x(H,0) : x(HNO,) : x(IPA)
= 0.035 : 0.015 : 0.300 : 0.005 : 0.645, respectively,
while the following molar ratios were used: x(H,O)
: (x(TEOS) + x(OTES)) = 6 and x(OTES) : (x(TEOS) +
x(OTES))=0.3.

The sols were prepared at room temperature or at the
boiling temperature of IPA according to three different
procedures. The first sol, designated as BA, was prepared
by mixing a solution containing IPA and TEOS (40 %
of IPA + 100 % of TEOS) with a solution containing
IPA, H,0 and HNO; (40 % of IPA + 100 % of H,O +
100 % of HNO,), and finally, after 1 hour of mixing, a
solution containing IPA and OTES (20 % of IPA + 100 %
of OTES) was added. The final BA sol was also mixed for
1 hour. The second sol, designated as BB, was prepared
by mixing a solution containing IPA, TEOS, and OTES
(50 % of IPA + 100 % of TEOS + 100 % of OTES) with
a solution containing IPA, H,O and HNO; (50 % of IPA
+ 100 % of H,O + 100 % of HNO,) and the final BB sol
was mixed for 2 hours. The third sol, designated as BC,
was prepared from two individual solutions which were
mixed together for 1 hour. The content of one solution
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was based on IPA, TEOS, H,0 and HNO; (70 % of IPA
+ 100 % of TEOS + 70 % of H,O + 70 % of HNO;),
and the other solution was comprised of IPA, OTES,
H,O and HNO; (30 % of IPA + 100 % of OTES + 30 %
of H,0O + 30 % of HNO;). The introduced individual
solutions were mixed for 1 hour. The BA, BB and
BC sols were prepared at room temperature. The sols,
designated as BD, BE and BF, were prepared in the same
way of mixing as the BA-BC sols, however, at a higher
temperature (the boiling temperature of IPA) and with
longer mixing time intervals. During the preparation, the
individual solutions as well as the final BD, BE and BF
sols were mixed for 3, 6 and 3 hours, respectively.

Preparation of films

One day after preparing the individual sols, the dip-
coating technique (withdrawal speed of 40 mm-min™)
was used to prepare the film on glass substrates (glass
microscope slides, which were cleaned with detergent,
water, distilled water and IPA, and then dried). After
deposition of the individual sols, the films were treated
for 2 hours at a temperature of 170 °C, and then they were
left to cool to room temperature. All the prepared films
were transparent and colourless, and their geometrical
thickness was about 200 nm.

Interaction of films with water

The individual films were vertically inserted into
polypropylene bottles with 100 ml distilled water. The
films were in contact with the water for 5 hours at a
temperature of 80 °C. After that, the films were rinsed
with distilled water and IPA, and they were dried for
30 minutes at a temperature of 80 °C. The films were
designated as BAk-BFk after the water attack.

Characterisation of films

Before and after their interaction with water,
the films’ surface was characterised by atomic force
microscopy (AFM) and the hydrophobicity was also
determined.

The measurements of the films’ surface were carried
out by a Bruker Innova® atomic force microscope in a
tapping mode at a frequency of 300 kHz (RTESPA-300
tip) at room temperature and the relative humidity. The
surface of each film was measured at randomly chosen
places. NanoScope 1.5 Analysis software was used to
process the surface morphology and topography.

The contact angles of the distilled water were
determined by the sessile drop technique [36], using at
least 10 droplets of a 10 ul volume for each film. The
contact angles of the water were calculated from the
droplet profiles by the non-linear least squares method in
Matlab software.

RESULTS AND DISCUSSIONS
Morphology of films

Figures 1 and 2 show the AFM images of the
surface of the films, which were deposited from the
sols prepared at room temperature as well as the boiling
temperature of IPA, respectively. The films in the
mentioned figures represent the films’ surface before
(a-c) and after (d-f) their interaction with the water.
From the given figures, it can be seen that the surface
morphology of the inorganic-organic films is affected
not only by how the initial precursors were mixed and
by the temperature during the sol preparation, but also
by the interaction with the water. The interaction of the
BA, BD, BC and BF films with the water markedly and
mainly affected the surface morphology of these films.
The given films were deposited from sols, which were
prepared by adding OTES to the mixture, where only
TEOS was pre-hydrolysed (BA and BD sols/films), and
from sols, where TEOS and OTES were hydrolysed
separately before they were mixed (BC and BF sols/
films).

After the water interaction with the BA film, which was
deposited from a sol prepared at room temperature, the
removal of the non-uniformly distributed cavities from
the film surface was observed (Figure 1a). The mentioned
cavities had circular (diameters in the range of 0.5 — 2.3
pm) and irregular shapes (dimensions in the range of
3.5 — 10 pum). After the water attack, a film surface with
fine granular shapes and almost uniformly distributed
cavities of predominantly circular shape were obtained
(BAKk film, Figure 1d). The given circular cavities had
diameters in the range of 0.2 — 1.0 um, while the same
number of individual cavities of similar dimensions was
observed. The depth of the cavities increased from the
range of 30 — 100 nm to the range of 90 — 180 nm after
the water attack. The water action caused the removal
of the film surface which was created by larger circular
and irregular cavities. Moreover, new smaller circular
cavities were created, and, probably, there was also an
increase in the depth of the existing cavities with smaller
diameters.

The water interaction with the BB film did not significantly
change the morphology of its surface (Figure 1b). The
surface of the BBk film was also uniform referring to the
distribution of small granular shapes and cavities (Figure
le). There was only a small change in the dimensions
of some irregular cavities from the range of 0.2 — 0.7
pm to 0.2 — 1.2 um before and after the water attack,
respectively. The depth of the cavities correlated with
their dimensions, which slightly increased from a range
of 10 — 40 nm to 10 — 60 nm after the water attack.

The surface of the BC film (Figure lc), which was
created from irregular ridged shapes (their width and
height were in the range of 3 — 10 um and 50 — 160 nm,
respectively), was markedly changed after its interaction
with water. After the water attack, these ridged shapes
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were removed from the surface, and there was a non-
uniform rugged surface formed from little granular
shapes and cavities as well as large shallow circular and
irregular cavities (Figure 1f). The large circular cavities
had a “diameter” from 2 um and some irregular large
cavities had a dimension even bigger than 9.5 um. The
large cavities had a depth in the range of 10 — 60 nm.

(Figure 2d). It seems that the large cavities were created
by the connection of circular cavities at several places
and their “diameter” was in the range of 1.6 — 3 pm.

The surface of the BE film consisted of non-uniformly
distributed granular shapes and their aggregates
(Figure 2b and its cut). After the water interacted with the
film, the mentioned granular shapes were removed from

Figure 1. The AFM images of the film surface before: a) BA, b) BB, ¢) BC, and after the water attack: d) BAk, ¢) BBk, f) BBk;

the sols for the given films were prepared at room temperature.

The surface of the BDk film, deposited from the
sol prepared at the boiling temperature of IPA, was
considerably different from the surface of the BD film.
The BD film was rugged, with non-uniformly distributed
larger irregular granular shapes and cavities (Figure 2a).
After the water attack, there was a significant violation
of the BDk film surface and mutually connected large
cavities with a depth from 100 to 200 nm were created

the film surface and a non-uniform rugged surface
of the BEKk film with small granular shapes and cavities
was observed (Figure 2e and its cut). After the water
attack, the dimensions of the cavities on the surface
of the BEk film were slightly larger, and similar findings
were observed for the BB and BBk films deposited
from the sol which was prepared in the same way
of mixing the initial precursors as was in the case of the sol
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for the BE and BEk films, but it was at room temperature.
A significant change in the film surface was also observed
for the BF film after it interacted with the water. After the
water attack, cupola shapes (with a height up to 160 nm)
on the surface of the BF film (Figure 2c¢) were changed
to little ridged shapes with a height up to ~10 nm or
even to irregular large cavities with a depth in a range
of 10 — 150 nm (Figure 2f). The dimensions of these
ridged shapes and large cavities were in the range
of 1.4 — 5.5 um and up to ~8 pum, respectively.

2.0um

e)

is prepared at room temperature and the boiling
temperature of IPA, respectively.

In the case of the films deposited from sols prepared
at room temperature, the water action had an effect
on the rms-roughness of the BA and BB films,
i.e., films prepared from the sol where OTES was added
to the pre-hydrolysed TEOS (BA sol), and from the sol
where TEOS and OTES were hydrolysed simultaneously
(BB sol). The water attack caused a significant increase

- —
2.0um

Figure . The AFM images of the film surface before: a) BD, b) BE, ¢) BF, and after the water attack: d) BDk, ) BEk, f) BFk; the
sols for the given films were prepared at the boiling temperature of IPA.

Rms-roughness of films

Figures 3 and 4 show the dependence of the
rms-roughness of the films before and after the water
interaction with their surface on the way of the sol

in the rms-roughness average value from ~10 nm
(for the BA film) to ~37 nm (for the BAk film). This
significant change in the rms-roughness is connected
with the significant change in the surface morphology
in consequence of the removal of certain places from
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the surface of the mentioned film after the water
attack. For the BB film, the rms-roughness was slightly
increased from the value of ~8 nm to ~14 nm for
the BBk film because, after the water attack, the
change in its surface morphology was not noticeable.
The rms-roughness of the water-attacked BCk film
remained the same as the rms-roughness for the BC film
before the water attack, although there was a noticeable
change in the surface morphology of the water-attacked
film, which was deposited from the sol where TEOS and
OTES were pre-hydrolysed separately. It is probably
the result of the large removal of shapes, after they
created the film, as well as the increase in the depth
at places between these shapes.

4 before water attack
» after water attack
B
= 0
i ]
=
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E 10 I
I
o
Ba  BAk BE BBk BC BCk
Film
Figure 3. The influence of the way the sol was prepared

at room temperature as well as the water attack on the surface
rms-roughness of inorganic-organic films.

In the case of the films deposited from the sols
prepared at the boiling temperature of IPA, the water
attack caused a significant increase in the average value
of the rms-roughness only for the film created from the sol
where OTES was added to the pre-hydrolysed TEOS —
the rms-roughness increased from ~9 nm for the BD film
to ~49 nm for the BDk film. In the case of the other two
ways the sol was prepared, the water interaction with the
films caused a reduction in their rms-roughness (from
~7 nm for the BE film to ~0.7 nm for the BEk film, and
from ~37 nm for the BF film to ~20 nm for the BFk film).
The reason for the increase or reduction in the average
rms-roughness of the BDk, BEk and BFk films can
be clearly seen in the changes in the surface morphology
of these films in consequence of their water interaction.
The water action caused the violation of the BD film
surface and the significant removal of its parts, and
the surface of the attacked film was “irregular” and its
rms-roughness was increased. The granular shapes on the
surface of the BE film, which increased the 7ms-roughness
of the film, were removed from the film surface during
the water interaction of the given film. The rms-roughness
of the BF film was also reduced, because the water

attack caused a change in the film surface by the removal
of or reduction in the large cupola shapes on the film
surface.

GO
before water attack
50 m after water attack

a0
E i)
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10 s I

o S
BD  BDk BE BEk EF BFk
Film

Rems-roughness [nm)

Figure 4 The influence of the way the sol was prepared at the
boiling temperature of IPA as well as the water attack on the
surface rms-roughness of inorganic-organic films.

In the case of the films before their water interaction,
the way of mixing the initial precursors had an effect
on the rms-roughness only for the films which were
prepared from the sols where TEOS and OTES were
pre-hydrolysed separately before they were mixed.
The BC and BF films had the highest rms-roughness
in comparison with the other films for both sol preparation
temperatures. After the water interaction with the films,
the initial precursors mixing effect on the rms-roughness
was changed. After the water attack, the BAk and BDk
films, which were deposited from sols where only TEOS
was pre-hydrolysed, had the highest rms-roughness,
and the BBk and BEk films, which were deposited
from the sols where TEOS and OTES were hydrolysed
simultaneously, had the lowest 7ms-roughness.

Hydrophobicity of films

Figures 5 and 6 show the dependence of the contact
angle of the films before and after the water interaction
with their surface on the way the sols were prepared
at room temperature and at the boiling temperature
of IPA, respectively. All the films deposited from the
sols prepared at the different conditions are hydrophobic
before as well as after their water interaction.

For films deposited from sols prepared at room
temperature (Figure 5), a slight increase in the average
value of the contact angle of the water was observed
after the water attack of the BA and BB films which
were deposited from the sol where OTES was added
to the pre-hydrolysed TEOS as well as from the sol where
TEOS and OTES were hydrolysed simultaneously (from
~97° for the BA film to ~100° for the BAk film, and
from ~99° for the BB film to ~102° for the BBk film).
The mentioned increase in the contact angle can
be explained by the changes in the distribution of the
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polar (Si—-OH) and nonpolar groups (Si—R groups
from OTES) on the surface of the film after its water
interaction. During the water attack, the water primarily
interacts with the polar Si~OH groups and due to the
leaching process, there are larger depths of “hydrophilic”
places on the film surface (the creation of cavities with
different dimensions, mainly on the surface of the BAk
film). Subsequently, the places with nonpolar groups
remain on the film surface and they contribute to an
increase in the hydrophobicity.

110
before water attack
w after water attack
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Film

Figure 5. The influence of the way the sol was prepared at room
temperature as well as the water attack on the water contact
angle of the inorganic-organic films.

For the film deposited from the sol, where TEOS
and OTES were pre-hydrolysed separately before they
were mixed, the water attack caused a slight decrease
in the water contact angle (from ~97° for the BC film
to ~93° for the BCk film); the mentioned decrease is
probably the result of a significant change in the film
surface after its water interaction due to the removal of
parts with a predominantly nonpolar character.
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before water attack
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W after water attack
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Figure 6. The influence of the way the sol was prepared at the
boiling temperature of IPA as well as the water attack on the
water contact angle of the inorganic-organic films.

The increase in the temperature of the sol preparation
(from room temperature to the boiling temperature
of IPA) caused a change in the effect the way of the sol

preparation had on the contact angle of water. For films
deposited from sols prepared at the boiling temperature
of IPA (Figure 6), the way of mixing the initial precursors
had the most marked effect on the contact angle for the
films, which were prepared from the sol where TEOS and
OTES were hydrolysed simultaneously, and this effect
was observed for films before, as well as after, their water
interaction. In comparison with other films, the BE and
BEk films had the lowest water contact angle (~95°). The
lowest value of the contact angle shows that during the
sol preparation, the reactions of OTES were not as “fast”
and, therefore, the binding of its nonpolar =Si(C¢H,,)
groups was not as adequate in comparison with the other
sols and the surface of the films prepared from the given
sols had a lower hydrophobic characteristic. Considering
the higher temperature of the sol preparation, the water
attack caused only a slight increase in the contact angle of
the film, which was deposited from the sol where OTES
was added to the pre-hydrolysed TEOS (from ~101° for
the BD film to ~106° for the BDk film).

CONCLUSIONS

In presented paper, the effect of a water attack
at 80 °C on the properties of inorganic-organic films
deposited from sols prepared at different conditions was
studied. The sols in the “TEOS-OTES-H,0-HNO,—
IPA” system were prepared in three different ways
of mixing the initial precursors at two temperatures.
The surface properties of the films were evaluated on
the basis of the morphology, rms-roughness and water
contact angle (hydrophobicity).

The surface morphology of the prepared inorganic-
organic films markedly depends on the way the sol
is prepared, mainly on the mixing the initial precursors,
and consequently, it also has a subsequent effect
on the surface morphology of the films after their water
interaction.

The changes in the rms-roughness of films after
the water attack are mainly affected by the way the
initial precursors are mixed during the sol preparation
as well as by the water interaction with the films. Before
the water attack, the highest rms-roughness was observed
for the films deposited from the sols which were
prepared by mixing the separately pre-hydrolysed TEOS
and OTES. However, after the water attack, the highest
rms-roughness was observed for the films deposited
from the sols which were prepared by adding OTES
to the mixture, where only TEOS was pre-hydrolysed.

The films before and after the water attack are
hydrophobic. The way the initial precursors are mixed
had an effect on the water contact angle mainly for
the films deposited from sols prepared at the boiling
temperature of IPA and the water interaction with
the films did not change the hydrophobicity.

Related to evaluating the interaction of the prepared
inorganic-organic films with water, the lowest effect
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of the water attack on the films’ properties was observed
for the films deposited from the sol which was prepared
by mixing TEOS and OTES at the beginning of the sol
preparation, which means that both precursors were
hydrolysed simultaneously. After the water attack, only
small changes in the surface morphology as well as
aslight increase in the rms-roughness and hydrophobicity
were observed, mainly for films deposited from the sol
prepared at room temperature. The largest change in the
surface morphology after the water attack was observed
for films deposited from the sol which was prepared
by mixing the separately pre-hydrolysed TEOS and OTES
and from the sol which was prepared by adding of OTES
to the mixture with the pre-hydrolysed TEOS. For the
film deposited from the sol which was prepared by the
adding OTES to the pre-hydrolysed TEOS, the change
in the surface morphology was also accompanied by
a significant increase in the rms-roughness and a slight
increase in the hydrophobicity.

In spite of the changes of the studied surface
properties, it can be stated that the prepared inorganic-
organic films are sufficiently resistant to the water
attack and the observed changes in the hydrophobicity
are mainly caused by the way the sol was prepared.
Therefore, the given inorganic-organic films could be
used as hydrophobic protective coatings.
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