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ARTICLE INFO ABSTRACT

Keywords: This study investigates the rapid and reversible transition between hydrophilic and hydrophobic states on
Organic coatings aminosilanized glass substrates using ion pair formation between surface-bound amines and organic/inorganic
Hydrophobicity acids. Glass surfaces were prepared via piranha solution treatment, followed by drying and chemical vapor
lef;;zlmy deposition of 3-aminopropyltrimethoxysilane. Water contact angle measurements revealed a sharp transition in
Carboxylic acids surface wettability upon treatment with mineral acids while treatment with carboxylic acids shows a strong
Silanization dependence on carbon chain length. This approach utilizes non-fluorinated long-chain carboxylic acids as

environmentally friendly alternatives to PFAS, aligning with current global efforts for sustainable engineering.
The system’s ability to cycle between hydrophilic and hydrophobic states within min per cycle demonstrates the
efficiency of this ion pair-driven approach compared to conventional methods. Work offers insights into opti-
mizing surface modifications for applications such as self-cleaning, anti-icing, microfluidics and dynamic
wettability control without the need for prolonged processing times and complicated and expensive equipment.

1. Introduction

In nature, there are many organisms who have evolved unique so-
lutions to adapt to the environment, providing inspiration to design
advanced materials. The special surface wettability formed by a com-
bination of hierarchical structures and chemical compositions contrib-
utes to some unique and special functions. Among them, many
biological surfaces show superhydrophobicity, for example, micro-
papillae and nanostructures on the lotus leaf surface are associated
with a waxy material for achieving superhydrophobic and self-cleaning
properties [1,2]. Nowadays, in the modern world, functional surfaces
with reversible hydrophilic-hydrophobic transitions are widely used for
self-cleaning [3,4], fog collection [5], anti-icing [6], droplet trans-
portation [7-11], and recently, as anti-counterfeiting technology [12].
Inspired by nature, it is possible to induce the hydrophobic-hydrophilic
(Cassie-Baxter-Wenzel) transition using different external stimuli such
as light [13,14], temperature [15,16], pH [17,18], ion exchange [19],
voltage [15,20], magnetic field [21] or, recently, electron beams [22].
The adsorption/removal or phase change of hydrophilic or hydrophobic
functional groups on the surface is a key factor in the reversible trans-
formation of surface wettability. Jiang et al. prepared a micro-patterned
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substrate and deposited a monolayer of CF3-azobenzenes that change
wettability with UV light [23]. Diarylethenes were also found to be
another excellent choice for light-sensitive switchable wettability [24]
as well as oxidation of TiO, nanoparticles on the surface [7]. Thermal
oxidation, ultraviolet (UV) irradiation combined with thermal oxida-
tion, and UV irradiation combined with chemical modification are the
primary techniques to induce change in wettability. Thermal oxidation
at 150 °C for 4 h accelerates the adsorption of airborne organic mole-
cules, leading to an increase of C—C/C—H groups and a contact angle of
160° on the textured brass surface [25]. Although it achieves the cyclic
transition between superhydrophobicity to superhydrophilicity, a long
processing time and metal oxides are the disadvantages of this method.
The method of UV irradiation is to use UV light to remove or oxidize
adsorbed hydrophobic groups (C—C/C—H) into hydrophilic groups
(C—0, —OH), thereby reducing the contact angle. However, the UV
irradiation process requires at least 9 h [25]. Despite many developed
methods, most of them still require several hours, and expensive and
complicated equipment to achieve the desired switch from hydrophilic
to hydrophobic surface state or vice versa, respectively. Not only that,
traditional methods for creating hydrophobic surfaces often rely on
fluorinated compounds (PFAS), which are increasingly being phased out
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due to their environmental persistence and health risks. In response to
these concerns, there is a growing interest in developing PFAS-free
surface modification strategies [35].

To address these considerations, the present study involved optimi-
zation of glass substrate (amino)silanization and determination of
reversible hydrophilic/hydrophobic behavior of such coatings, based on
the adsorption and desorption (ion pair formation) of organic and
inorganic acids with varying hydrophilic characters. We systematically
studied the initial preparation parameters of the glass surface like
piranha treatment, drying protocols and the chemical vapor deposition
conditions of 3-aminopropylsilane. Aminosilanized samples were then
used to investigate their reversible and switchable wettability proper-
ties, achievable within minutes per cycle using simple acid/base treat-
ments. Importantly, this approach avoids fluorinated compounds and
requires no specialized equipment, offering a practical and environ-
mentally conscious alternative to light, heat, or voltage-based methods.
The study further reveals how acid chain length and surface protonation
influence wettability dynamics, providing new mechanistic insights into
the role of ion-pair stability in dynamic surface modification. Such
surfaces hold potential for diverse applications, including self-cleaning,
anti-icing, microfluidics, and responsive interfaces and thereby
advancing the field of surface and interface science through both con-
ceptual simplicity and performance robustness.

2. Experimental section
2.1. Glass substrate preparation

Incisions approximately 15 mm apart were made in the glass slides
(Assistent, 76 mm x 26 mm) using a hardened steel blade. The slides
were then broken by hand into pieces approximately 15 mm x 26 mm.
The cut slides were washed in an Erlenmeyer flask with acetone (Hon-
eywell) and sonicated in the solvent using ultrasound (Elma, X-tra 30 H).
Each slide was individually rinsed with deionized water and placed
against the wall of a beaker. The prepared piranha solution (conc.
H2S04:H20 3:1) was poured into the beaker, ensuring all slides were
covered, and the beaker was covered with a watch glass. The duration of
immersion in the piranha solution was varied. After hydroxylation in the
piranha solution, all slides were rinsed simultaneously in an Erlenmeyer
flask under running deionized water for approximately 5 min and then
rinsed with MeOH (J.T. Baker). The slides were dried on a Teflon rack in
an oven (Kambic¢ SP-55) at 150 °C. The drying time was varied.

2.2. Chemical vapor deposition of aminosilanes

After drying, Teflon lined steel reactors (see Fig. 3A) were purged
with Ar, an HPLC vial was placed in the center of the reactor, and three
glass slides were arranged around it and 50 pL of 3-aminpropyltrime-
thoxy silane (APTMS) was added to the vial with a pipette. The re-
actors were purged with Ar once more, sealed, and placed in an oven
heated to a specified temperature (ranging from 80 °C to 150 °C) for 24
h. The following day, the reactors were opened in a fume hood. The glass
slides were transferred into a solution of N,N-diisopropylethylamine
(DIPEA) (1 mL/100 mL in MeCN). After 5 min, a slide was removed from
the solution and rinsed first with MeCN and then with deionized water.
Such substrates were used for further experimentation. Note: in several
experiments where reactor liners were used multiple times, the glass
slides exhibited a milky white, opaque coating. This due to Teflon liner
degradation (see Supporting Information for more details).

2.3. Surface amine density determination

Fresh aminosilanized glass substrates were placed into an aqueous
solution of trinitrophenol (TNP) (17 mg/L). After 6 min in the TNP so-
lution, the slides were removed, and excess solution was rinsed off with
deionized water. Slides turned yellow (see Figure S-1 and Figure S-3).
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Slides were then immersed into KoCOj3 solution (20 g/L, 4 mL) until all
the yellow coloration from the surface was washed into the solution
(approx. 1 min). Concentration of TNP in the solution was determined
with spectral absorbance measurement at 1 = 368 nm. The surface
amine density was determined according to:

Ny X Crnp X Viacos

number of NH, groups on surface (y) = M % S % 1000 {
TNP

amine
cm?

€9)

Ccrnp) Was determined according to equation from linear curve (Y =
53.54X + 0.0016) (see Figure S-2). N, is Avogadro constant, Vkacos is
the volume of potassium carbonate solution in mL, Mryp is the molar
mass of TNP and S is the surface area of glass slides in cm?.

Streaming potential (Zeta potential) of glass slides was measured
using a SurPASS electrokinetic analyzer (Anton Paar GmbH, Graz,

Austria) at 19-22 °C in 1 mmol/L potassium bromide.

2.4. Contact angle determination

To evaluate the wettability of the specimen surfaces, we tested the
water contact of the specimens using a contact-angle measuring in-
strument. Measurements were performed using an Attension Theta Light
optical tensiometer and One Attension software. The slide was placed on
the tensiometer platform, the camera focus was adjusted, a 3 pL water
droplet was deposited on the slide, and the static contact angle 6 [°] of
the droplet with the glass surface was recorded. Each measurement was
repeated twice.

2.5. Hydrophilic/Hydrophobic cycling of amine-coated glass substrates

The glass slides were immersed in the solution of the appropriate
carboxylic acid in MeCN/H0 1:1 for 2 min, rinsed with water, and dried
with compressed air. After the measurement of contact angle, the slide
was immersed in a solution of K2CO3 (20 g/L), rinsed with deionized
water, and then immersed in the next acid solution. The previously
described procedure was repeated.

3. Results and discussion

3.1. Substrate preparation and optimization of glass silanization with
chemical vapour deposition (CVD) process

We were following the stepwise protocol depicted in Fig. 1. Hy-
droxylation of glass surfaces before silanization is a critical step in
modifying the surface chemistry and enhancing the effectiveness of
subsequent silanization processes. Surface hydroxylation of substrates
increases the number of available reactive hydroxyl (—OH) groups on
the surface and enables a larger number of silane molecules to react on
its surface. Usually, this is accomplished by treatment of substrates with
plasma [26] or immersion into an oxidizing medium like piranha solu-
tion for a certain amount of time [27-29].

We were interested in the time parameter of this treatment. To assess
the surface hydroxylation level the wettability was evaluated by the
water contact angle measurement of the as-prepared samples prior and
after piranha treatment. We can observe a very sharp drop in hydro-
phobicity of the glass surface when it was exposed to hot piranha so-
lution (Fig. 2A). Surface reaches a contact angle of <10°
(superhydrophilic character) after only a few seconds in the acid/
peroxide mixture. Most of siloxane groups on the surface of glass have
been converted to silanol groups and the hydrophilicity of the surface no
longer changes. Longer times apparently do not aid to an increased
number of reactive hydroxyl groups on the surface.

Due to its strongly hydrophilic nature, molecules of water are bound
in several layers on the surface of hydroxylated glass. Only at elevated
temperatures this layer of water can be evaporated, leaving behind just
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Fig. 1. Stepwise protocol for aminosilanization of glass substrates with CVD method.
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Fig. 2. (A) Water contact angle of glass surfaces after varying times in piranha solution. (B) Water contact angle of glass surfaces after varying drying times (after

hydroxylation in piranha solution for 5 min).

the hydroxylated surface [30]. However, at elevated temperatures of >
150 °C, the surface silanol groups start to convert back to siloxane
groups hampering the surface’s functionalization. Since D’Souza at al.
have shown that at 150 °C mostly water is evaporated from the surface
and the reversion of silanol groups to siloxane is slow [31] (Fig. 2B), we
opted for the examination of drying times at this temperature.

In contrast to hydroxylation of the glass surface with piranha solu-
tion the reversible reaction at 150 °C is much slower. In the first 10 min
of heating the contact angle sharply increases back to 35° indicating a
decrease in hydrophilicity. We can attribute this fast-initial change to
the evaporation of surface bound water from glass surface. After the
thickness of water layer has reached its equilibrium at that temperature
the much slower and steady decrease in the hydrophilicity of samples
can be attributed to the formation of siloxane groups from silanol groups
(Fig. 2).

While the duration of hydroxylation in the piranha solution is not
crucial, we were more interested in how the drying time affects silani-
zation and consequently the hydrophobicity of glass. Silanization was
carried out in Teflon reactors, into which we placed 50 puL of APTMS
along with the hydroxylated glass slides dried for the selected durations.
The reactor was purged with argon, sealed, and placed in an oven at 150
°C for 24 h (Fig. 3A). The number of amino groups attached to the glass
was determined spectroscopically using the TNP binding method
(Fig. 3B) [32]. Number of amine groups on the surface of our slides
prepared with chemical vapor deposition (CVD) method was compared
with commercially available substrates like NANOCS GS-AM-25 glass
slides. Interestingly, the TNP determination method did not detect any
amine groups on the commercially available NANOCS GS-AM-25 glass
slides, indicating the absence of reactive amines or an insufficient amine
density on their surface. An increasing trend in the number of amine

groups per unit area can be observed with longer drying times before
silanization, up to a peak at 15 min, followed by its decrease (Fig. 3C).
This behavior is attributed to the evaporation and thinning of the water
layer on the glass surface, which initially exposes more reactive silanol
groups, allowing greater reaction with aminosilane molecules. Beyond
15 min, the formation of siloxan groups from silanol prevails and the
efficiency of silanization decreases.

Modification of the glass surface was also monitored by measuring
the streaming potential potentials of glass slides (Fig. 4). Nontreated
glass has a slightly negative surface, while after piranha treatment the
glass surface possesses more negatively charged -OH groups and zeta
potential decreases. After aminosilanization, the zeta potential is shifted
to a highly positive value due to positively charged amino groups
bonded at the glass surface.

We also investigated the effect of silanization temperature on the
number of accessible amino groups. We used glass slides that were
previously hydroxylated in a piranha solution for 5 min and then dried
in an oven at 150 °C for 15 min. Silanization was performed following
the same procedure as in the previous experiment, with the difference
being the temperature at which the silanization reaction took place. An
interesting trend can be observed here, where the number of amino
groups first decreases with an increasing temperature, and then sharply
jumps at the temperature of 150 °C (Fig. 3D). The polymerization of (3-
aminopropyl)trimethoxysilane (APTMS) and its reaction with -OH
groups on substrate surfaces is a highly complex process influenced by
various parameters, including temperature, water content (both in
liquid and gas phases), and pH. Aminosilanes can adopt multiple con-
formations on the surface, forming layers of varying structural organi-
zation. However, not all conformations are suitable for applications
requiring exposed amine groups for subsequent reactions. Typically,
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higher reaction temperatures result in denser packing of aminopropyl
chains and increased covalent bond formation between APTMS mole-
cules, which can significantly impact surface functionality [33,34].

3.2. Reversible hydrophobicity effect of different acids on glass surface

With optimal aminosilanization conditions in hand, we continued
our research on the effect of binding of acids to aminosilanized glass and
the resulting changes in hydrophobic properties. The aminated glass

slides prepared at optimal conditions were immersed for 2 min in a
solution of the selected acid (mineral or carboxylic; HCl, HySO4, acetic
acid and citric acid) in a 1:1 MeCN/water mixture to protonate the
amine groups on the surface and form a monolyer of A~ eeee"NHj salts
(Fig. 5). The excess acid was rinsed off with water, dried with com-
pressed air, and the contact angle was measured.

We first tested the effect of protonation of amino-functionalized glass
surface with classical inorganic acids. The contact angle of amino-
functionalized glass was 34° (Fig. 6). Upon treatment with acids the
surface becomes much more hydrophilic when amine groups are pro-
tonated. Contact angles as low as 19° were achieved with acetic acid.
The behavior of small and polar organic acids (acetic and citric) is as
expected, showing similar low contact angles to mineral acids, consis-
tent with the polarity of acetic and citric acids.

To investigate further, we wanted to understand how organic acids
with longer carbon chains (C; — Cyp) would influence surface hydro-
phobicity. Perfluorooctanoic acid (PFOA) was used as a standard since
perfluorinated compunds were classicaly used for preparation of hy-
drophobic surfaces. Since per- and polyfluoroalkyl substances (PFAS)
molecules, such as PFOA, are increasingly recognized for their envi-
ronmental persistence and adverse health effects, they are being pro-
gressively phased out and banned from consumer products [35]. In light
of this, we focused on exploring alternative carboxylic acids with long
carbon chains as substitutes for PFOA. Our study included carboxylic
acids with a varying number of carbon atoms, ranging from Cs (acetic
acid) to Cyp (eicosanoic acid), to evaluate how the chain length in-
fluences the surface hydrophobicity (Fig. 7B). From Fig. 7B we can
observe a trend of increasing contact angles with number of C atoms in
carboxylic acid bound to the surface. Carboxylic acids with 2, 7, 10, 18
and 20 carbon atoms have contact angles of 16°, 54°, 70° 98° and 103°,
respectively, demonstrating the positive effect of chain length on hy-
drophobicity. To our surprise, simple and environmentally benign
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stearic and eicosanoic acid performed even better than PFOA. We also
demonstrate that a selective portion of the aminosilanized glass surface
can be tailored to become either hydrophilic or hydrophobic. This is
achieved simply by exposing it to different types of acids (Fig. 7C and
Figure S-5). Besides for water, contact angles for oil (olive oil) and
heptane were also determined as representatives of semi polar and
nonpolar liquids. Oil behaves very similar to water with highest contact
angle measured when aminosilanized glass was coated with PFOA.
Heptane contact angles were intrinsically low due to very low surface
tension of the liquid.

3.3. Reversible hydrophilic/hydrophobic coating

We further demonstrated the reversibility of interactions with the
acids that yielded the highest contact angle (perfluorooctanoic acid,
PFOA) and the lowest contact angle (hydrochloric acid) in the previous
experiment. To assess the durability and consistency of the hydrophobic
and hydrophilic states, the aminosilanized glass slides were subjected to
multiple cycles of acid exposure and rinsing. Each glass slide was
immersed for 2 min in a 1:1 water:acetonitrile solution containing the
selected acid (sulphuric acid or PFOA) to protonate the amine groups on
the surface, thereby modulating the surface hydrophobicity. After each
immersion, the slides were thoroughly rinsed with water to remove any
excess acid, dried with compressed air, and the contact angle was
measured to evaluate the surface’s hydrophobic or hydrophilic state.
This process was repeated for a total of 30 cycles on the same glass slide
sample, resulting in 60 acid changes per sample (Fig. 7A).

From Fig. 7A, we can observe a consistent trend in the contact angles
for each acid throughout the cycles, indicating the reproducibility and
stability of the surface modifications. The contact angles for PFOA
remained consistently high, reinforcing its hydrophobic effect, while

sulphuric acid maintained low contact angles, confirming its hydrophilic
influence. Notably, after 30 cycles, there was no significant loss in the
reliability of the hydrophobic/hydrophilic switching mechanism of the
glass surface, demonstrating that the system is robust and capable of
repeated reversible modifications without degradation of performance.
This consistency suggests that the acid treatments can be reliably used
for dynamic surface modifications in applications requiring adjustable
wettability.

3.4. Possible explanation of reversible hydrophilicity-hydrophobicity
mechanism

The effect of chain length on increasing hydrophobicity of surface
starts to diminish after C;g atoms (Fig. 7B). We can attribute this to
structural differences affecting molecular packing on the glass surface
[36,37]. While moderate chain lengths (C14-C;1g) promote dense and
ordered monolayer formation through van der Waals interactions be-
tween aligned hydrocarbon chains, longer chains (Cy) introduce greater
flexibility and conformational disorder. As chain length increases,
entropic factors promote tilting, folding, or less ordered packing of the
chains relative to the surface normal, which reduces the effective surface
hydrophobicity despite the longer hydrocarbon backbone. Similar ef-
fects have been observed in self-assembled monolayers where excessive
chain length leads to imperfect organization and loss of surface perfor-
mance [38] (Fig. 8). These findings suggest that while longer carbon
chains can enhance hydrophobicity, there are practical limits due to
molecular packing and interaction distances that should be considered
when designing surfaces for optimal wettability control.

To support the proposed ion pair formation between surface amines
and adsorbed acids we conducted X ray photoelectron spectroscopy
(XPS) analysis of the functionalized glass surfaces conjugated with acids.
In the N 1s region, aminosilanized glass exhibited a NHs*:NH: ratio of
16.1:83.9. After treatment with acids this shifted to 20.2:79.8 for
Arachidonic acid and 27.0:73.0 for PFOA (Figure S-6). C 1s spectra
shows an increase in the O—C—O component at 288.8 eV, rising from
1.92 % in aminosilanized glass to 2.07 % with arachidonic acid and 2.92
% with PFOA (Figure S-7). These changes are consistent with acid—
amine ion pair formation on the surface (Tables S1 and S2). F 1s spectra
show a broad CF; peak from PFOA (Figure S-8). Full spectral data and
peak assignments are provided in the Supporting Information.

3.5. Possible application of aminosilanized surfaces with reversible
hydrophilic-hydrophobic character

To date, numerous applications utilize surface chemistry respon-
siveness. For instance, surfaces can exhibit reversible hydrophilic-
hydrophobic behaviour in response to changes in pH, temperature, gas
exposure, or ion concentration, offering significant potential in fields
such as wastewater treatment, oil-water separation, microfluidics, bio-
sensors, sensor detection, droplet storage, and germicidal applications
[39]. Glass surfaces with switchable hydrophilic-hydrophobic
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properties may also find use in smart homes, providing dirt protection
and self-cleaning capabilities (Fig. 9) [40]. Recent work has also
demonstrated the integration of reversible wettability into 3D-printed

surfaces, expanding potential applications in advanced manufacturing
and smart material design [41].

4. Conclusions

This study demonstrates a rapid and reversible method for control-
ling surface wettability on aminosilanized glass substrates through ion
pair formation between surface-bound amines and acids. By optimizing
the silanization process and utilizing organic and inorganic acids, we
achieved fast wettability transitions within min, offering a significant
improvement over conventional methods that require longer processing
times and complex equipment. The temperature of silanization, partic-
ularly near the boiling point of (3-aminopropyl)trimethoxysilane,
proved critical in maximizing surface amine density. We also found that
the hydrophobicity of the surface increases with the length of the car-
boxylic acid’s carbon chain, demonstrating the ability of the system to
modulate the hydrophobicity of the surface. The system exhibited stable
and repeatable wettability switching over multiple cycles, making it a
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Fig. 9. Potential applications for glass with reversible hydrophobic-hydrophilic
character. Examples are: Self-cleaning surface of solar panels, protection of
surfaces like panels for houses and roofs, self-cleaning window for homes and
liquid separation techniques.

promising approach for applications requiring dynamic surface prop-
erties, such as self-cleaning and anti-icing technologies. In contrast to
conventional stimuli-responsive methods (light, temperature, electric
field), our system achieves reversible wettability control rapidly,
without requiring external devices or extended processing times. Addi-
tionally, long term stability, abrasion resistance and chemical durability
of coatings were not evaluated. These constraints highlight that the
findings represent a proof-of-concept framework rather than a fully
validated application-ready system.
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