Open Access Article. Published on 02 September 2025. Downloaded on 12/19/2025 10:45:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

RSC

Applied Interfaces

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal

i '.) Check for updates ‘

Cite this: DOI: 10.1039/d5(f00162e

Received 4th June 2025,
Accepted 1st September 2025

DOI: 10.1039/d51f00162e

rsc.li/RSCApplinter

Introduction

The remarkable

self-cleaning properties

From vinyl to allyl: how a single-carbon difference
alters glass surface architecture, reactivity and
function

Nesrine Khitas, Maziar Jafari, @2 Calvin C. H. Cheng,?
Mohamed Siaj @ *2 and Ali Nazemi @ *2

Natural non-wettable surfaces, such as lotus leaves, exhibit exceptional self-cleaning properties due to
their unique micro- This has inspired to develop artificial
superhydrophobic materials, particularly on mica and SiO,-based substrates, such as glass, using
organosilanes to achieve tailored properties. This study focused on modifying glass surfaces with
vinyltrichlorosilane (VTCS) and allyltrichlorosilane (ATCS) to create coatings with enhanced optical
properties, wettability, and stability. We employed a two-step surface modification strategy: dip-coating
followed by functionalization with 1-decanethiol through radical-initiated thiol-ene click reaction to
functionalize these surfaces with a long alkyl chain to enhance hydrophobicity and improve chemical
stability. The morphology, structure, and chemical composition of the coatings were characterized by
using a combination of techniques, including scanning electron microscopy, atomic force microscopy,
attenuated total reflectance-Fourier transform infrared spectroscopy, and photo-induced force microscopy
(PiFM). PiFM was specifically employed to assess the uniformity of surface functionalization, both at the
surface and throughout the film's depth, and to quantify the efficiency of the thiol-ene click reaction.

and nanostructures. researchers

functional groups, reaction conditions, and substrate
properties. Under proper conditions, the silane precursors

of some plant will self-assemble into monolayers through horizontal

surfaces,"” especially the lotus leaf,"® have attracted the
attention of researchers and have inspired the development of
artificial hydrophobic and superhydrophobic surfaces.* " These
natural surfaces combine micro- and nanostructures with a
waxy coating, resulting in high water contact angles and low
sliding angles."'> The unique combination of surface
topography and surface chemistry is responsible for water
repellency and self-cleaning properties,"”> making them ideal
models for replication.'* In parallel, surface modification of
inorganic materials using organosilanes has emerged as a
practical approach to achieve tailored surface properties that
mimic the natural non-wettable surfaces."”” While this
modification technique applies to various oxide surfaces,'® the
most studied systems include alkyl trichlorosilanes on SiO,-
based substrates,"”” including silicon wafer,'® glass,"*' and
mica.”>™®

The reactivity of the trichlorosilane precursors is highly
dependent on the choice of their chemical composition,
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polymerization. Subsequently, they react with existing surface
silanols, resulting in the formation of covalently bonded
monolayers.  Additionally,  silane  precursors  have
demonstrated a capacity to condense with water and surface
silanols, leading to the formation of covalently attached,
crosslinked polymeric layers through vertical
polymerization.”> Early investigations in this field
predominantly focused on silanes and siloxanes with
relatively simple molecular structures, where silicon atoms
were primarily bound to short*?*?” or long-chain alkyl
groups.>®* > These nonreactive functional groups are often
challenging to functionalize and may require harsh
conditions.>*™® However, current trends in chemistry have
shifted towards silanes with functionalizable groups such as
amines, thiols as well as alkenes.*® This shift has opened up
new possibilities for tailoring material properties under mild
conditions, expanding their potential applications across
diverse technological sectors®” such as optoelectronics,*®*’
microfluidics,” and biosensing.”*! While vinyl- and
allyltrichlorosilanes have demonstrated utility in organic
synthesis,”® their application to glass surface modification
remains less studied**** compared to other organosilanes®®
such as alkyl- and perfluoroalkyltrichlorosilanes including
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alkoxysilanes.”>”?>973>495% Thege short-chain alkenylsilanes
are of particular interest due to their reactive terminal C=C
bond, enabling functionalization via thiol-ene click chemistry
under mild conditions. The wuse of vinyl- and
allyltrichlorosilanes started gaining attention in the mid-20th
century.”’ These compounds were initially explored due to
their ability to form covalent bonds with oxide surfaces,
particularly glass.>® Modification of oxide surfaces with
organosilanes enabled various applications, including the
improvement of adhesion of organic materials, the increase
of the wear resistance of coatings and further chemical
modifications.® In the 1940s and 1960s, researchers began
investigating the use of these organosilanes as coupling
agents for improving binding between inorganic materials
and organic polymers. For instance, studies demonstrated the
improved properties of polyester laminates treated with these
silanes, showing significant strength improvements over their
saturated derivatives (ethyl- and propyltrichlorosilanes).>*

Early studies on allyltrichlorosilane (ATCS)-modified glass
surfaces have shown their potential for subsequent
functionalization. These modifications enable fine control over
multifunctional surface properties such as inertness, wettability,
and photoactivity, with applications ranging from gas
chromatography  capillaries™ to  nanotechnology.”® The
functionalization strategies offer complementary modifications,
with one study increasing surface polarity through oxidation of
the unsaturation in the allyl group, while another enhances
hydrophobicity through a catalyst- and solvent-free 1,3-dipolar
cycloaddition reaction, enhancing the surface's versatility for
various applications.”***  Vinyltrichlorosilane (VTCS)-modified
glass surfaces similarly allow for post-functionalization reactions
through photoinduced disulfide-ene and thiol-ene click
reactions.”* Such approaches provide stable and tunable
interfaces for biosensing and diagnostic applications while
preserving the integrity of the silane layer. The developed VTCS-
derived coatings achieved dual thiol/disulfide-ene reactivity,
persistent superhydrophobicity, and direct protein conjugation.

Herein, we investigate glass surfaces modified by
commercially available VI'CS and ATCS via dip coating. We
explore how a single-carbon variation in the used silanizing
agent affects the resulting surface properties. We also
investigate how functionalizing the surface with a long alkyl
chain thiol through a thiol-ene click reaction enhances the
stability of the superhydrophobic coatings. Our study
includes in-depth surface analyses using a combination of
attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR), photo-induced force microscopy
(PiFM), atomic force microscopy (AFM), scanning electron
microscopy (SEM), water contact angle measurements, and
UV-vis spectroscopy techniques. Notably, this study presents
a novel application of PiFM to quantify the efficiency of the
thiol-ene click reaction and to map the spatial distribution
of functionalization both across the surface and throughout
the depth of the films. These findings offer new insights into
how subtle structural differences between silanizing agents
can significantly influence surface properties.
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Materials and methods
Materials

As substrates, soda-lime glass slides (27 mm x 46 mm x 1.2 mm
thick) were supplied by Ward's Science (USA). Trichlorovinylsilane
(Cl3SiCH=CH,, 97%) (VTCS), allyltrichlorosilane (Cl3SiCH,-
CH=CH,, 95%) (ATCS), 1-decanethiol (DSH) (CHj3(CH,)sSH,
96%), concentrated sulfuric acid (H,SO4, 98%) and hydrogen
peroxide (H,0,, 30%) were purchased from Sigma-Aldrich and
used without further purification. Benzene, toluene, ethanol,
methanol, tetrahydrofurane were all reagent grade and used as
received.

Glass silanization procedure. Firstly, the glass slides were
cleaned using piranha solution (H,SO,:H,0,), following the
activation protocol of glass described in our previous study.>®
Then, the glass substrates were annealed at 200 °C for 1 h. Once
cooled to room temperature, the activated glass samples were
dip-coated in 8 mL of freshly prepared VICS and ATCS
solutions (40 mM) in benzene for 24 h. Under optimal humidity
conditions (RH 40-60%), the reactions were carried out in
closed vials with brief exposure to air during the introduction of
the solutions and samples. When the ambient humidity is high
(RH > 70%), the vials containing the activated glass samples
were first purged with argon until cooled to room temperature
before adding the solvent. The closed vials were only briefly
exposed to air when adding silanizing agents. Finally, the vials
were placed in a desiccator to maintain controlled humidity.
The modified glass samples were rinsed with toluene, ethanol,
and methanol, gently air-dried, and finally annealed for 10 min
at 100 °C.

Surface post-modification reaction via thiol-ene -click
reaction. Glass surfaces with short-chain alkene-containing
functionalities (i.e. vinyl and allyl) were investigated towards
post-modification via thiol-ene click reaction using DSH to
enhance the stability of the coatings. The silanized glass
samples were immersed in a 20% (v/v) solution of DSH in
tetrahydrofuran (THF), with ~0.05 eq. of azobisisobutyronitrile
(AIBN) relative to the thiol. The reaction was conducted
overnight under an inert atmosphere at 80 °C. The samples
were then withdrawn from the solution, rinsed with hexane,
ethanol, and methanol, gently air-dried, and finally annealed
for 10 min at 100 °C. A schematic representation of the VICS
and ATCS coatings on the glass substrate followed by the thiol-
ene click reaction is shown in Scheme 1. Notably, the dip-
coating process enabled uniform functionalization across the
entire glass substrate. For illustrative simplicity, the reactions of
VTCS and ATCS with the glass substrate are depicted on a single
surface. However, all optical characterizations account for
modification on both sides, and any observed changes reflect
functionalization across the entire substrate.

Characterization

An Attension Theta Optical Tensiometer (Biolin Scientific) was
employed to study the wettability of the coated glass surfaces.
Static water contact angles (0) (WCAs) were measured at
ambient temperature using 10 pL of deionized water. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The reactions of VTCS and ATCS on glass substrate followed by thiol-ene click reaction.

reported values represent the average of three measurements
taken at random positions on each sample. Sliding angles of
the control samples were measured using the same instrument
with 10 pL droplets. A Lambda 750 UV/vis/NIR
spectrophotometer (PerkinElmer, USA) was used to study the
transmittance and reflectance of the coatings. A Nicolet iS50
Fourier transformed infrared spectrometer (Thermo Scientific,
USA) was used to confirm the fixation of the silanization agents
on the glass surface and the functionalization of alkenes.
Surface topography and roughness were analyzed using a
multimode 8 (Bruker, USA) atomic force microscope (AFM). A
JEOL JSM-7600F scanning electron microscope (SEM) (Japan)
was used to examine the morphology of the coatings. Chemical
identities, topography, and quantification of the surface
coverage were determined using a photo-induced force
microscope (PiFM) on a VistaScope instrument (Molecular Vista,
Inc., USA). PiFM spectra and images result from deconvoluting
a summed heterodyne signal (f; +f5). This signal is observed by
lock-in amplifiers tracking two different cantilever resonant
modes, termed f; and f;, where f; < f,. The f, frequency is
exclusive to topographic imaging. PiFM imaging is slightly more
complex, as there are two principal origins which depend on
the pulsing frequency (f;,) of the source irradiation. The more
straightforward method, also termed direct mode, is to pulse
the IR laser at the cantilever frequency (f;). Direct mode enables
laser penetration deep into the sample, triggering a stronger
photothermal expansion effect which is sensed by the tip. This
mode is ideal for bulk surface characterization with nanometer
lateral spatial resolution. The sideband mode is the image
resulting from the laser pulsing at the differential frequency f;,
= fo — fi. The laser pulsing at midpoint between the two
cantilever modes has been proven to yield surface-sensitive
(~10-20 nm depth) spectroscopy and chemical imaging,
generated by the contributions of sample molecule induced-
dipoles and photothermal expansion.>”

Results and discussion

The glass surfaces were coated with VICS and ATCS, short-
chain alkenylsilanes chosen for their reactive terminal double

© 2025 The Author(s). Published by the Royal Society of Chemistry

bonds, which allow further surface modification. The coating
process involved the hydrolysis and condensation of VTCS
and ATCS, forming covalent siloxane bonds with the glass
surface while preserving the alkene functionality. FTIR
spectroscopy was carried out to confirm the covalent bonding
of VICS and ATCS coatings on the glass surfaces. These short
alkenylsilanes were interesting because their unsaturated
bond functionality allows further surface modification.**>%>°
The transmittance ATR-FTIR spectra of pristine glass, VTCS-
and ATCS-modified glass samples were recorded in the 4000-
650 cm ™' range. Due to the strong absorption of the glass
substrate at wavenumbers below 1200 cm™*, which can be
seen as the broad peak in the transmittance spectrum (Fig.
S1), an entire spectral range was not represented.
Consequently, it is inconvenient to determine the presence of
any peaks below 1200 cm™ in the spectra that could be
associated with the VICS or ATCS coatings. Therefore, peaks
associated with the silicon head group, Si-CH,, Si-O-Si or
Si-C overlap with the absorption of the glass substrate and
are not observed in the lower frequency ranges of these
spectra.

VTCS and ATCS fixation on glass surfaces

To the best of our knowledge, the only infrared spectroscopy
study of VTCS-coated glass was previously reported by R.
Harrop,® revealing key features at 1639 cm™, 1450 cm ™, and
971 ecm™*, corresponding to C=C stretching, -CH, in-plane
bending, and -CH, out-of-plane bending modes, respectively.
However, this study does not discuss the full mid-infrared
region (4000-400 cm™'), particularly the C-H stretching
region (3100-2800 cm™'), which is crucial for a more
comprehensive analysis of the organosilane coating. This
research gap highlights the need for a more complete
spectral analysis to fully characterize the VICS coating on
glass surface. Later on, Shen and co-workers®' conducted a
detailed vibrational analysis of VTCS using infrared and
Raman  spectroscopy, supported by computational
calculations (ab initio). While their studies focused only on
the pristine forms of VTCS (gaseous, solid, liquid, and
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dissolved in liquid xenon), their findings provide valuable
insights into the vibrational behavior of VTCS, which may
contribute to a better understanding of the vibrational
behavior of VTCS on glass.

In the current study, we have successfully assigned the
VTCS and ATCS characteristic vibrational frequencies (Fig. 1).
Considering the spectral regions 3150-2800 cm™ (top) and
1730-1230 cm " (bottom), the ATR-FTIR spectra in Fig. 1a
confirm the functionalization of glass surfaces with VTCS
and ATCS. The spectrum of the pristine glass shows no
prominent peaks associated with specific functional groups,
indicating their absence on the surface. In the pristine glass,
the peak at 1630 cm™ is attributed to the bending vibration
of adsorbed molecular water (6 H-O-H).°*®* This band is
observed in the spectra of VTCS-modified glass surfaces. After
functionalization with DSH, the intensity and position of the
H-O-H bending vibration remain relatively unchanged. In
the case of ATCS-modified samples, this peak overlaps with
the C=C stretching vibration at 1632 c¢m ', making it
difficult to determine whether molecular water is still
present. These observations indicate that water molecules
may be re-adsorbed from ambient humidity, even after
surface modification. The VTCS-modified glass spectrum
indicates two separate C-H stretching peaks, likely
influenced by Fermi resonance and combination bands
involving the C=C stretch and C-H bending modes.®’ The
peak at 3062 cm ' corresponds to the asymmetric C-H
stretching vibration of the vinyl group, while the peak at 2984
em™ represents the symmetric C-H stretching of the vinyl
group. The peaks at 3024 cm™ and 2958 cm ™" are assigned to
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symmetric and asymmetric C-H stretching of the vinyl group,
respectively. Further, the peak at 1602 cm™ corresponds to

—C stretching vibration, confirming the presence of vinyl
groups. The peaks at 1409 cm™" and 1276 cm ™" are attributed
to in-plane deformations and bending modes of =—CH, and
—CH bonds, respectively.

On the other hand, while there is no literature precedent
for the infrared spectroscopic characterization of ATCS
molecules attached to glass surfaces, most studies have
focused on the pristine forms of ATCS or VICS®*™®° or their
fixation to other substrates, such as aluminum,’® mica,*® or
silicon wafers.”" Similarly, the FTIR spectrum of ATCS-
modified glass exhibits the characteristic vibrational modes
that confirm the covalent bonding of allyl groups. As shown
in Fig. 1a, the peaks at 3082 cm ' and 2977 cm ' are
attributed to =CH, stretching, while the peak at 2930 cm™
corresponds to CH, asymmetric stretching. The peak at 1632
em™ is assigned to C=C stretching. Additionally, the peaks
at 1452 cm ™" and 1419 cm™" are associated with CH, bending
vibration, with the peak at 1387 cm™ corresponding to
=CH, bending. The peak at 1265 cm™ represents the CH,
bending modes of the terminal =—CH, groups. These
absorptions confirm the covalent bonding of vinyl and allyl
groups from VTCS and ATCS onto the glass surface.

Functionalization of the VICS- and ATCS-modified glass
surfaces

The terminal alkene groups in VICS- and ATCS-modified glass
surfaces enable versatile modifications through thiol-ene click
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Fig. 1 ATR-FTIR spectra of (a) pristine glass, VTCS-, and ATCS-modified glass showing characteristic peaks of the vinyl and allyl groups.
Transmittance spectra of VTCS- (b) and ATCS-coated glass surfaces (c) after functionalization with DSH, highlighting changes in peak intensities.
The partial reduction in C=C stretching vibrations (1602 cm™ for VTCS and 1632 cm™ for ATCS) confirms the partial conversion of surface

alkenes, indicating successful but incomplete functionalization.
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chemistry. This approach allows fine surface functionalization
without compromising the integrity of the coating while
simultaneously improving coating stability. Significant changes
were observed following the thiol-ene click reaction between
the VICS-modified glass surface and DSH (Fig. 1b). Two new
peaks at 2924 cm™" and 2855 cm™" are observed, corresponding
to asymmetric and symmetric C-H stretching in methylene
groups. These peaks are characteristic of the alkyl chain from
DSH incorporated during the functionalization reaction. An
increase in peak intensity at 2958 cm™*, associated with the
asymmetric CH stretching in the -CH, groups, was also
observed. This increase in intensity is likely due to the
asymmetric stretching of alkyl groups (methylene or methyl)
from the DSH chains. A new peak at 1467 cm ', attributed to
the deformation of newly formed —CH,- groups, indicates the
successful conversion of some of the C=C bonds to C-C bonds.
Concurrently, a decrease in the peaks at 3062 cm ™, 3024 em Y,
2984 cm™, 1602 em Y, 1409 em ', and 1276 cm ™' were noted,
further confirming the partial conversion of surface alkenes and
the fixation of the DSH molecules on the VICS-modified glass
surface. The partial conversion of surface alkenes was further
supported by the persistence of the characteristic C—=C peaks
after functionalization, as a complete reaction would have
resulted in the total disappearance of such peaks.

Similarly, distinct changes were observed in the IR
spectrum of ATCS-modified glass surface upon its reaction
with DSH (Fig. 1c). The spectrum shows a new peak at 2853
em™, indicative of symmetric C-H stretching vibrations in
the methylene groups, while the intensity of the peak at 2927
em " increases, corresponding to asymmetric C-H stretching
in the methylene groups. These peaks are characteristic of
the alkyl chains introduced by DSH during the click reaction.
Simultaneously, slight decreases in the peak intensities at
1632 cm™', 1419 cm™', 1387 cm™’, and 1268 cm™' are
observed. These reductions likely result from the partial
conversion of C=C bonds into C-C bonds during the click
reaction. The increase in peak intensity at 1452 cm™ is
associated with CH, bending and thus confirms the covalent
bonding of alkyl chains from DSH. The spectral changes in
the VICS and ATCS systems after reacting with DSH exhibit
distinct  differences. In addition, the incomplete
disappearance of VICS and ATCS original peaks suggests that
only a certain percentage of alkene functionalities were
reacted with DSH during the click reaction. The VICS system
shows more pronounced spectral changes, suggesting a
greater extent of thiol-ene click reaction. In contrast, the
changes in the ATCS system are relatively less significant,
indicating a more limited reaction. This may be attributed to
numerous factors, such as steric hindrance and accessibility
of the reactive groups.

Light interaction and nanoscale topography

Developing hydrophobic or superhydrophobic coatings for
practical use is often challenging due to the need to balance
surface roughness with optical transparency.”>”* An increase

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in surface irregularities would increase water repellency but
simultaneously lower the optical performance due to the
enhanced light scattering effect.”* Achieving optimal balance
between both properties requires precise control over the
surface topography. This balance can typically be achieved
when the surface features are kept below # of the visible light
wavelength range (400-800 nm) and ideally below 80 nm.”>”"”
In practice, transparency is measured in terms of
transmittance using UV-vis spectroscopy. Another crucial
parameter is the fraction of the incident light lost due to
scattering and reflection, which is a function of the surface
roughness and abrupt changes in refractive index at the
interfaces.'"”®

Fig. 2 demonstrates the optical properties of the modified
glass surfaces before and after functionalization. The average
transmittance of the pristine glass substrate is 92%, with
approximately 8% of incident light lost due to reflection. VICS
and ATCS coatings improved the average transmittance of the
substrate by ~3.0% and ~1.0%, respectively at 550 nm
(Fig. 2a and b top). DSH functionalization further enhanced the
optical transmittance of both modified substrates. The VTCS-
modified substrate had an enhancement in transmittance of
~3.7% (Fig. 2a top), while for the ATCS-modified substrate, the
enhancement was ~1.4% (Fig. 2b top) at 550 nm. Comparable
optical improvements have been reported in earlier
studies.’®”>’®”° Li and co-workers*® reported a multifunctional
surface where VICS was polymerized on glass. Their surface
maintained about 83% transparency above 400 nm, comparable
to their reference glass. Our results demonstrate superior optical
performance compared to this previous study. Reflectance data
(Fig. 2a and b bottom) revealed a reduction for both VTCS- and
ATCS-modified  glass  substrates.  Furthermore, = VTCS
modification resulted in an average reflectance reduction of
~3.6% (Fig. 2a bottom), while ATCS modification led to an
average decrease of ~1.4% at 550 nm (Fig. 2b bottom). DSH
functionalization further decreased reflectance by ~4.3% for the
VTCS-modified glass and ~1.5% for the ATCS-modified glass at
550 nm. The observed decrease in reflectance is attributed to the
antireflective properties of the films.*® This is likely due to the
low refractive indices of the coatings (nyrcs = 1.43 and nyrcs =
1.44) and their morphology, which together create a gradient
interface between air (7 =~ 1) and glass (n = 1.5).

Water contact angle (WCA) measurements were carried out
to characterize the wettability of the studied surfaces. The WCA
of pristine glass is 26° + 6. The VICS-modified glass surface
exhibited superhydrophobic behavior with a WCA of 168° + 2
and a sliding angle of 2°. After functionalization with DSH, the
samples exhibited a WCA of 170° + 4 with a sliding angle of 1°.
This was achieved despite the absence of perfluoroalkyl chains,
which are known for their low surface energy and ability to
enhance hydrophobicity.*"** In contrast, ATCS-modified glass
showed WCAs of 109° + 4 and 113° + 4 before and after
functionalization with DSH, respectively. These negligible
contact angle changes likely reflect the fact that the additional,
chemically grafted DSH layer does not substantially alter the
surface energy, particularly when DSH chains are embedded
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Fig. 2 UV-vis transmittance and reflectance spectra of VTCS- and ATCS-modified glass before and after functionalization. (a) VTCS-modified glass
(top) transmittance and (bottom) reflectance spectra. (b) ATCS-modified glass (top) transmittance and (bottom) reflectance spectra. In each panel,
spectra of the modified surfaces ae shown with the pristine glass for comparison.

within the coating network or when thiol coverage, as in our
case, is modest. Moreover, AFM measurements (Table 1) show
only minor variations in surface roughness after
functionalization, indicating that the surface morphology, an
important determinant of wettability, was largely preserved.
Finally, it is worth noting that contact angle measurements are
inherently less sensitive than spectroscopic methods to subtle
changes in surface chemistry, especially when surface
morphology and roughness remain essentially unchanged.
Despite these changes in wettability, both surfaces remained
optically transparent. While longer alkyl chains generally
increase hydrophobicity due to greater van der Waals
interactions,® the slightly longer chain of ATCS may have

Table 1 The roughness parameters of pristine and modified glass
surfaces determined by AFM measurements

As prepared Mean roughness Root-mean-square

coatings R, (nm) roughness R, (nm)
Pristine glass 1.1 1.3
Glass-VTCS 50.6 63.3
Glass-VTCS-DSH 50.2 64.2
Glass-ATCS 19.2 26.0
Glass-ATCS-DSH 25.6 37.9

RSC Appl. Interfaces

introduced more conformational flexibility due to the additional
methylene group. Infrared and Raman spectroscopy studies
reported by several groups®®”® indicated that only the gauche
conformer was present in all three physical states of ATCS. This
could potentially affect how molecules arrange on the surface,
leading to less ordered structures, which may reduce
hydrophobicity compared to VTCS. Fig. 3 shows the nanoscale
surface topography and morphology of the modified glass
surfaces before and after functionalization, along with the size
distribution of the surface features. In the 2-dimensional (2D)
AFM images (Fig. 3i-a), the VTCS-modified glass shows a
nanofilament-like dense network. This is consistent with
observations reported by Li and co-workers.”®  After
functionalization with DSH (Fig. 3ii-a), these nanofilament-like
structures become thicker, with less pronounced gaps in
between and slightly increased roughness. In contrast, the
ATCS-modified glass (Fig. 3iii-a) shows irregular agglomerated
structures distributed across the surface, making the coating
less uniform and smoother than the VTCS-modified surface.
These features suggest that ATCS forms discrete domains
instead of a continuous layer, resulting in a heterogeneous
surface topography. After functionalization with DSH (Fig. 3iv-
a), the aggregates become more defined. This change in
topography gives evidence of a possible growth of the aggregates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surface characterization of VTCS- and ATCS-modified glass before and after functionalization. Molecular structures of (i) VTCS, (ii) VTCS-
DSH, (iii) ATCS, and (iv) ATCS-DSH. (a) 2D AFM images of VTCS- and ATCS-modified glass surfaces (i and iii) before and (ii and iv) after
functionalization. (b) SEM images showing scale bars of 100 nm. (i and ii) VTCS-modified glass with nanofilaments and (iii and iv) ATCS-modified
glass with particle-like morphology, both before and after functionalization. (c) Size distribution of (i and ii) VTCS nanofilaments and (iii and iv)

ATCS particles, both before and after functionalization.

after thiol-ene click reaction by increased molecular
interactions in the modified regions.

SEM images (Fig. 3b) further confirm these observations,
revealing a well-defined nanofilament network for VTCS
(Fig. 3i-b and ii-b), which generates a highly porous surface
instead of a densely packed coating. The size distribution
analysis (Fig. 3i-c) indicates a relatively narrow filament
diameter size range between 32 and 42 nm with an average
diameter of 37 + 1 nm. These results explain our superior
optical performance compared to those reported by Li and co-
workers,*® whose silicon nanofilaments measured ~30-50 nm
in diameter. Furthermore, the notable reflectance reduction
from 8.6% for pristine glass to 5.0% and 4.4% at 550 nm
achieved by the VTCS-modified glass before and after
functionalization, respectively, is primarily attributed to its
porous nanofilament network.®® This network reduces the
abrupt refractive index change between glass and air. It creates
a gradual index transition, minimizing Fresnel reflections
through effective index matching, thereby enhancing the optical
performance of the glass surface.** Similar improvements have
been reported for polymethylsiloxane nanofilament coating,
with filament diameters of 20 to 50 nm, where ellipsometry

© 2025 The Author(s). Published by the Royal Society of Chemistry

revealed a refractive index as low as 1.12."° After
functionalization with DSH (Fig. 3ii-c), the diameter distribution
shifted towards larger sizes, with most filaments measuring
between 45 to 65 nm and an average diameter of 52 + 2 nm.
The measured sub-65 nm diameters of these porous
nanofilaments further confirm their role in reducing the
reflected fraction of visible light and enhancing transparency.®
The high surface roughness of the porous VICS nanofilament
network (Table 1) contributes significantly to the surface
architecture, supporting the development of the observed
superhydrophobic behavior, which is discussed in detail in a
later section.®

ATCS (Fig. 3iii-b) shows a distribution of irregular
agglomerates with smaller particle-like structures across the
surface, which is suspected to be a thinner coating than the
layer underneath the aggregate features (Fig. S2). The equivalent
circular area diameter (ECAD)® is defined as the diameter of
the particle’'s projected image based on its area and is
represented by (d,). The ECAD of ATCS-glass particles exhibits a
broad distribution, with most particles having a diameter below
150 nm and a few extending up to 210 nm (Fig. 3iii-c). This
reflects the heterogeneous nature of the ATCS coating with an

RSC Appl. Interfaces
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average ECAD of around 80 + 4 nm. The d, was calculated using
the following equation:

da =2%/(A/m) 1)

where A is the area of the particle measured by Image],
representing the number of pixels or calibrated unit (nm) within
the particle boundary.

Following functionalization with DSH, the particle
distribution becomes more concentrated around 100 nm, with
a few particles extending up to 425 nm, suggesting further
aggregation growth. The particle ECAD distribution (Fig. 3iv-c)
shows a narrower range, with most particles still below 150 nm
and a mean diameter of approximately 96 + 1 nm. This suggests
shifting towards slightly larger particles after the click reaction.
Roughness parameters, measured by AFM analysis, presented
in Table 1 for the VICS- and ATCS-modified surfaces before and
after functionalization provide valuable insights into the
evolution of surface topography. The VICS-modified surfaces,
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characterized by a porous nanofilament network, show minor
changes upon functionalization. The relatively constant mean
roughness (R,) (from 50.6 nm to 50.2 nm) and root mean square
roughness values (Rg) (from 63.3 nm to 64.2 nm) indicate that
the general network structure was preserved upon
functionalization. On the other hand, the functionalization
resulted in more pronounced changes for the ATCS-modified
surfaces. While the R, values remain relatively constant (26.0
nm to 25.6 nm), the R, increased significantly (19.2 nm to 37.9
nm). This increase suggests that the functionalization caused
more pronounced surface features due to aggregate growth or
coalescence without altering the average surface height.

Chemical mapping and spectral analysis of surface
modification using photo-induced force microscopy (PiFM)

Infrared results highlighted the need for a more sensitive
quantitative technique to investigate surface chemistry and
accurately quantify the functionalization reaction conversion

106 nm
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Topography (iii)
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Fig. 4 PiFM spectra, chemical mapping, and topography images of glass surfaces modified with VTCS. PiFM spectra of VTCS-modified glass before
(a) and after (b) thiol-ene click reaction. PiFM chemical mapping images before (c) and after (d) functionalization, collected at 1467 cm™ and 1409
cm™in (i) sideband and (i) direct modes. (iii) Topography images of the corresponding analyzed surface.
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of the studied surfaces. In this context, PIFM®*"~*° local point
infrared spectroscopy was selected as an emerging technique
to support our initial findings. This technique represents a
high-resolution spectroscopy technique, enabling the
observation and mapping of chemical changes with
nanoscale resolution and offering a complete investigation of
the functionalization process. It should be noted that local
point infrared spectral acquisitions were collected over all the
analyzed surfaces, and an average of these spectra was then
presented. Bare soda-lime glass produced a distinct mid-
infrared PiFM spectra with no visible peaks in the 1700-1250
em™ range (Fig. S5a). The PiFM local point infrared spectra
of VICS- and ATCS-modified glass surfaces (Fig. 4a and b
and 5a and b, respectively) showed peaks attributed to the
stretching and bending vibrations of the vinyl (1602 cm™,
1467 em™, 1409 em™', and 1276 cm™") and allyl (1632 cm ™",
1452 ecm™*, 1387 em ™, and 1265 cm ™) groups. These findings
were in good agreement with the ATR-FTIR spectroscopy
results for both samples (Fig. 1) and further supported the
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expected functional groups on the modified glass surfaces.
Notably, the absence of a peak around 1467 cm " (Fig. 4a)
indicates the absence of C-C single bonds in the initial VTCS
structure. Significant spectral changes are observed following
the thiol-ene click reaction with DSH (Fig. 4b), providing
additional evidence for the partial surface functionalization.
The intensity of the C=C stretch decreased considerably,
indicating the consumption of a certain percentage of the
vinyl groups. The peaks at 1409 cm™ and 1276 cm™ also
decreased with approximately the same range, further
confirming the loss of C=C functionality and suggesting that
these double bonds have been converted into C-C bonds
upon thiol-ene click reaction. The appearance of a new peak
at 1467 cm ' provides additional evidence for this
conversion, signifying the presence of CH, groups in C-C
single bonds.

To evaluate the spatial distribution of the DSH
functionalization in VICS and ATCS films, we performed PiFM
chemical mapping in both sideband and direct modes. As

High
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®

Direct Mode (i)
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(i) Direct Mode (ii Topography (jii

Fig. 5 PiFM spectra, chemical mapping, and topography images of glass surfaces modified with ATCS. PiFM spectra of ATCS-modified glass before
(a) and after (b) thiol-ene click reaction. PiFM chemical mapping images before (c) and after (d) functionalization, collected at 1632 cm™ and 1378
cm™in (i) sideband and (i) direct modes. (iii) Topography images of the corresponding analyzed surface.
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expected, since the PiFM spectrum of bare soda-lime glass did
not show any signals overlapping with those of VICS or ATCS,
the corresponding PiFM maps of its surface displayed uniformly
low intensity, as illustrated in Fig. S4b at the C=C band (~1632
em™). The resulting chemical maps (Fig. 4c and d; 5c and d;
S3c and d; and S4c and d) revealed a distinct contrast between
the control and functionalized samples, providing supported
evidence of successful functionalization occurring both at the
surface and within the film depths. High-intensity zones in
these maps correlated with the locations of filamentlike
structures and particles observed in the topography scans of
VTCS- and ATCS-modified glass surfaces, respectively.

For VTCS-modified surfaces (Fig. 4c and d), pre-
functionalization maps at 1409 cm™ " (§(=CH,)) showed higher
contrast in the sideband mode (Fig. 4ci) compared to the direct
mode (Fig. 4cii). The in-depth mode (Fig. 4cii) reveals a more
uniform filament-like structure with high-intensity signal
distribution, representing areas rich in vinyl groups. However,
gaps between these structures indicate regions with lower
molecular  concentrations.  Post-functionalization = maps,
collected at 1409 cm ™" (J(=CH,)) (Fig. 4d), 1276 cm ™" (§(=CH))
(Fig. S3), and 1602 cm ™" (\(C=C)) (Fig. S3), show a decrease in
intensity, particularly in the areas surrounding the features.
This indicates that the regions originally rich in C—=C bonds
have been effectively converted, leaving fewer double bonds and
a more uniform surface. A similar pattern is observed at the
surface level, with homogeneous functionalization indicating
good molecular permeability of the molecules as they diffused
into the VTCS layer. These findings confirm the successful
functionalization of the modified glass surface both at the
surface level and within the film. In contrast, ATCS-modified
glass (Fig. 5a and b) demonstrated moderate changes in the
peak intensities. Following the functionalization reaction
(Fig. 5b), we observed a mild decrease in peak intensities at
1632 ecm™ (WC=C)), 1265 cm ' (§(=CH)), and 1387 cm*
(6(=CH,)), indicative of the partial loss of C=C bonds.
Concurrently, the increase in intensity of the preexisting peak at
1452 cm ™ (§(CH,)) supports the formation of C-C bonds
resulting from the thiol-ene reaction with DSH. These spectral
changes provide strong evidence for the partial thiol-ene click
reaction.

To confirm the uniformity of the functionalization across the
ATCS-modified surfaces, we also employed PiFM in sideband
(Fig. 5ci) and direct modes (Fig. 5cii) analyses. Before
functionalization (Fig. 5¢), in-depth and surface PiFM mapping
revealed that the entire substrate is uniformly coated, not just
regions with visible aggregates. The in-depth PiFM maps
collected at 1632 cm™* (W(C=C)) (Fig. 5cii) and 1265 cm™
(6(=CH)) (Fig. S4) show a higher signal intensity in the
aggregate regions due to the higher molecular concentration in
these areas compared to the surrounding surface areas.
However, surface mapping reveals a relatively more
homogeneous signal distribution with low-intensity signals in
the regions between aggregates. The underneath layer is
composed of a lower molecular concentration than the
aggregates. After functionalization (Fig. 5d), the PiFM images
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collected at 1632 cm™ (W(C=C)), 1387 ecm™ (§(=CH,)), and
1265 cm™' (§(=CH)) (Fig. S4) show a decrease in signal
intensity, while certain regions remained at high intensity
uniformly across the surface. The in-depth PiFM results
(Fig. 5dii) further support this finding, as the signal intensity,
pre-functionalization was initially localized to the aggregates
becomes more evenly distributed across the surface. However,
some regions exhibit lower saturation levels compared to the
pre-functionalized surface (Fig. 5cii). This indicates that certain
C=C bonds remain unconverted across the substrate. This
confirms that functionalization occurred at both levels: on the
aggregates and surrounding areas across the entire substrate,
with some C=C bonds remaining unconverted. These results
provide valuable insights into surface chemistry and the
distribution of the functionalization.

Why does VTICS form porous nanofilament networks but not
ATCS?

Previous research on VTCS coatings has been limited, with
only a few studies exploring their potential for creating 3D
nano-architectures. Rollings and co-workers” as well as
Rollings and Veinot® were the first to investigate VICS as a
coating, reporting the formation of nanofibers through
surface-induced vapor-phase polymerization on silicon
wafers. Later on, Li and co-workers*®* demonstrated the
formation of VICS-porous nanofilaments through the phase
separation technique on glass substrates. It is known that
under optimized conditions, organosilanes condense with
water and surface silanols, creating covalently attached,
crosslinked polymeric layers through vertical
polymerization.”> In our study, VICS condensation with
water and glass surface silanols resulted in a porous
nanofilament network. This has likely occurred due to the
covalent bonding of VTCS followed by crosslinking into
polymeric layers through vertical polymerization. Among the
key factors governing the production of nanofibers are the
concentration of the surface hydroxyl groups and the
adsorbed water layer, which serve as nucleation sites for
vertical polymerization.>

Under ambient conditions in our study, when VTCS is
introduced to the reaction vial, it hydrolyzes either in
solution or upon adsorption on the glass substrate,'®**%°
Subsequently, the hydrolyzed VTCS is attached to the surface
due to the condensation reaction of its one (or possibly more)
silanol groups with the glass hydroxyl groups. At this point,
the remaining silanol groups are available for coupling with
other physisorbed hydrolyzed VICS moieties.'® Subsequently,
the alkyl chains of each VTCS crosslinking must rearrange
into a configuration that minimizes their interaction from
overlapping van der Waals radii (3.5 A).°* This is because the
maximum bond length of a Si-O-Si, even when stretched to
its limit, is 3.2 A.°? The residual hydroxyl groups maintain
specific orientation away from the substrate to guide further
condensation reactions with other hydrolyzed VTCS
moieties.”’ The nanofilament growth is initiated by the first

© 2025 The Author(s). Published by the Royal Society of Chemistry
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anchored hydrolyzed VTCS, followed by the nucleation site.
Therefore, vertical polymerization produces a porous cross-
linked nanofilament network. Hence, the key point for
nanofilament formation is the initial nucleation and
subsequent vertical growth of the polymeric islands
perpendicular to the surface.’® In contrast, research on ATCS
coatings is even more limited. Li and Horton,”® studied the
assembly process of ATCS on mica under an inert
atmosphere to minimize the water vapor effect on the
polymer formation in the monolayers. They found that, at
room temperature, ATCS forms homogeneous and
continuous overlayers of only 1 to 2 molecules thick. At -78
°C, polymerized aggregates formed due to water
condensation within the reaction chamber. Additionally,
nanoindentation technique was employed to evaluate the
mechanical properties of the coatings, distinguishing
between ordered SAM and polymerized aggregates on the
surface. In our study, both VICS and ATCS have double
bonds at the end of their alkyl chain. However, ATCS
contains an additional methylene group, leading to a slightly
longer chain with increased flexibility. While VICS readily
forms nanofilaments, ATCS exhibits different assembly due

(@)

J ——glass-VTCS
—— glass-VTCS-DSH

Absorbance (a.u.)

! | | [ T | T
1600 1500 1400
Wavenumber (cm™)

1700 1300

()
——glass-VTCS
——glass-VTCS-DSH

Photo-induced Force (a.u.)

| |
1500 1400 1300

Wavenumber (cm™)

|
1700 1600

View Article Online

Paper

to its structural constraints. The additional methylene group
introduces steric hindrance which combined with the
formation of charged centers due to the partial C=C
polarization, disrupts the lateral crosslinking required for
filament growth.’® Instead, ATCS adopts two distinct
morphologies, an ordered SAM and irregular polymerized
aggregates, which were suggested to be physiosorbed in the
nanoindentation study of Li and Horton.>®

Quantification of the thiol-ene click reaction conversion

The peak integration method was applied to both ATR-FTIR
and PiFM spectra (Fig. 6) to quantify the thiol-ene click
reaction conversion. The method involves measuring the area
under the peaks associated with the C—=C bond before and
after functionalization. The conversion (%) of the thiol-ene
click reaction is then calculated using the following equation:

Conversion (%) = ((Ainitial — Afinal)/Ainitia) X 100 (2)

where Ajnitia;, represents the area of the C—=C peak before
functionalization, and A, after functionalization.
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Fig. 6 Quantifying the thiol-ene click reaction conversion via ATR-FTIR (a and b) as well as PiFM (c and d) spectra of VTCS- and ATCS-modified
glass before and after functionalization. (a and c¢) VTCS- and (b and d) ATCS-modified surfaces, highlighting the C—=C bond peak area reduction.
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Based on ATR-FTIR analysis, the click reaction conversion
was estimated to be approximately 63% and 40% for VTICS-
and ATCS-functionalized glass surfaces, respectively. These
values are slightly higher than those obtained via PiFM
analysis which yielded conversions of about 56% and 33%
for VTCS- and ATCS-functionalized glass surfaces,
respectively. This difference is attributed to differences in
resolution and sampling depth between the two techniques.

Thiol-ene click reaction is widely used as a general route to
functionalize organosilanes for surface coating applications.*®
This reaction is typically known for its high efficiency, resulting
in quantitative to near-quantitative yields.”*** The conversion
values obtained in our study from both ATR-FTIR and PiFM are
relatively low, which is unexpected for this reaction. While Li
and co-workers*® performed click reactions of glass substrates
bearing vinyl groups, they did not provide quantitative analysis
of the reaction yields. In contrast, Campos and co-workers®
achieved 45-75% surface coverage for multiple functional thiols
attached to alkene-terminated oxide-free Si(111) substrates via
thiol-ene click chemistry. This reaction is typically known for its
high efficiency, resulting in quantitative to near-quantitative
yields.”** Our click reaction conversions for VTCS and ATCS
are relatively low at 56% and 33%, respectively, which is
unexpected for this reaction. Furthermore, Zhang and co-
workers®® have employed wettability measurements to confirm
the covalent bonding of diverse thiols to an allyl-containing
copolymer grafted onto metal surfaces. Additionally, the
researchers demonstrated the practical efficiency of the coating
by applying it to a porous membrane. They achieved 99.2%
separation  efficiency, = which  also  confirmed the
functionalization's effectiveness. Kaczmarek and co-workers™
reported a successful reaction, as evidenced by the total
disappearance of the characteristic peaks corresponding to thiol
and the C=C stretching vibration of polyether. However, their
reaction was performed at the molecular level, which likely
facilitated higher efficiency.

Similarly, the study by Tucker-Schwartz and co-workers”
involved the synthesis of fifteen trialkoxysilanes. These
chemicals were produced by reacting either alkenes with
mercaptoalkyltrialkoxysilanes or thiols with allyltrialkoxysilanes.
The reaction was carried out in the presence of a photo-initiator
in molecularly dissolved state. A key difference in our work was
the heterogeneous nature of the reactions in solid-liquid
interface and the use of a surface-sensitive approach to quantify
the reaction yield. Unlike conventional techniques that provide
averaged bulk signals, PiFM spectra deliver quantitative surface
chemical information with molecular resolution. This high
spatial sensitivity likely enabled us to distinguish between
reacted and unreacted molecules, subtleties that earlier
methods may have overlooked.

Furthermore, the reaction yields are highly dependent on
the availability of surface-exposed C—C bonds. In the case of
VTCS, the formation of nanofilaments during self-assembly on
the glass surface likely traps a fraction of C=C bonds within
the internal network, rendering them unavailable for
subsequent reactions. Similarly, ATCS coating form aggregates
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with disordered arrangements, which may sterically obstruct
access to a fraction of C=C bonds, preventing their reaction
with decanethiol. However, the conversions were incomplete,
likely due to steric hindrance preventing some double bonds
that are buried within the polymerized VICS nanofilaments and
ATCS aggregates from reacting.

Thus, a fraction of alkene molecules not positioned at the
coating-solution interface remain inaccessible to react with
thiols due to limited molecular penetration. The lower
conversion observed for ATCS (33%) compared to VICS (56%)
suggests that ATCS aggregates adopt a more compact
morphology that buries allyl groups more effectively than the
VTCS filament-network. Biggs and co-workers®” have quantified
polymer grafting efficiency on acrylate silane functionalized
glass substrates through quartz crystal microbalance with
dissipation (QCM-D) using gold, plain, and coated silicon
sensors. They reported that steric hindrance was the limiting
factor for poly[oligo(ethylene glycol)methyl ether methacrylate]
grafting on gold sensors, while that of poly(N-
isopropylacrylamide) was dependent on chain length. While the
successful grafting on silicon-coated sensors had lower
efficiency than that on gold, this was attributed to the acrylate
group density and spacing. Thus, steric hindrance and
molecules accessibility are decisive factors in thiol-ene reaction
yields on functionalized glass surfaces.

Chemical stability and mechanical durability of the surfaces

VTCS-modified glass surfaces demonstrated superior
properties to ATCS coatings, making them more promising
candidates for practical applications. The VTCS coatings
consist of a well-defined nanofilament network exhibiting
desired transparency, superhydrophobicity, self-cleaning
ability, and antireflective properties. In contrast, while ATCS
coatings are transparent, they demonstrate hydrophobicity
with lower contact angles. They are comprised of irregular
structures, which may compromise their long-term
performance. Consequently, we were interested in evaluating
the chemical stability and mechanical durability of the
prepared superhydrophobic VTCS-modified glass surfaces
before and after functionalization with DSH through their
static water contact angle.

The durability and stability testing comprised three
protocols, each involving three freshly prepared samples
tested over three successive cycles. Each cycle lasted 2 hours
except for the thermal cycling test, where each cycle lasted
for 6 h. Our protocols were guided by literature®°*°° and two
testing standards for photovoltaic panels: ASTM B117-16"*°
for immersion in an ionic solution and IEC 61215-2'°" for
thermal cycling. We believe these test conditions are relevant
for evaluating the durability of superhydrophobic surfaces on
a laboratory scale. However, further refinement of the
proposed protocols is welcomed to effectively assess the
aging characteristics of different types of superhydrophobic
surfaces at an industrial scale. Other parameters may also
need to be considered for various applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To evaluate the durability of superhydrophobic surfaces
under simulated environmental conditions, we developed a
custom-designed waterfall-impact setup similar to that used
in our previous study®® with a moderate flow (4.3 mm h™")
(equivalent to 4.3 mm h™' over 1 m?). All experiments were
conducted under laboratory conditions at room temperature.
The coating's resistance in an ionic environment was also
examined. Before and after functionalization with DSH, three
samples of the modified glass were submerged in a 5 wt%
sodium chloride solution, following ASTM B117'°° guidelines
for the salt spray testing standard. This solution's pH was
measured at 5.7, simulating the combined effects of salt
exposure and slightly acidic rainwater.'”> The samples were
soaked in the solution for multiple cycles, rinsed with
deionized water, and finally air-dried.

The waterfall impact test (Fig. 7a) shows a significant initial
drop of contact angles from ~170° to ~140°, both before and
after functionalization. Subsequently, this decrease reached and
maintained a plateau at ~140° for the following three cycles.
The initial contact angle of ~170° with the sliding angle of 2°
confirms the Cassie-Baxter state, where air is trapped within

@) 150
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Fig. 7 Evolution of the water contact angle of the VTCS-modified
glass samples before and after functionalization with DSH over
multiple cycles under (a) a custom-designed waterfall impact test, and
(b) a salt solution immersion test following ASTM B117.1°°
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the nanofilament network, enabling water repellency.'®*'%*
However, the significant decrease to ~140° and the observed
droplet pinning during measurements suggest a transition
toward the Wenzel state.® This suggests a loss of
superhydrophobicity due to surface degradation caused by
water impact.

The salt solution immersion (Fig. 7b) highlighted the
superior stability of the DSH-functionalized surfaces. The
functionalized samples demonstrate higher resistance to
degradation, maintaining their superhydrophobicity throughout
the experiments. In contrast, the unfunctionalized samples
exhibit a notable decrease in WCAs when subjected to chemical
degradation. The salt immersion test revealed a gradual decline
in hydrophobicity, with functionalized surfaces maintaining
superhydrophobic properties to a minimum extent of ~150°.

The protocol for the thermal cycling test was designed
based on the MQT11 thermal cycling test specified in IEC
61215-2."" Each cycle of this test involved exposing the
sample to temperature variations ranging from —20 °C to 100
°C, with transitions at room temperature. The
temperature limit (-20 °C) was achieved using a laboratory
freezer (General UF 17CW1, USA), while the upper-
temperature limit (100 °C) was attained using a laboratory
oven (Fisher Scientific Isotemp 200 Series, USA). During
transitions between extreme temperatures, samples were
allowed to equilibrate to room temperature through heat
exchange with the ambient environment on a bench. The
thermal cycling profile (Fig. S6) followed these steps: cooling
to —20 °C and holding for 2.5 h, equilibration to room
temperature for 1 h, heating to 100 °C and holding for 2.5 h,
and finally equilibration to room temperature. It should be
noted that this protocol derives from the standard IEC 61215-
2:2021"°" test conditions, which specify temperature extremes
of -40 °C and 85 °C. Our modified approach accommodated
our equipment limitations while subjecting the samples to
significant thermal stress. While our thermal cycling protocol
was conducted under ambient atmospheric condition, we
acknowledge that performing such tests under inert and low-
humidity environments may offer further insight into the
stability of reactive surface groups such as vinyl. This
remains an important direction for future work.

The thermal cycling test (Fig. 8) highlighted the superior
stability of the functionalized surfaces. The functionalized
samples demonstrate higher resistance to degradation,
maintaining their superhydrophobicity throughout the
experiments. In contrast, the unfunctionalized samples exhibit
a notable decrease in WCAs when subjected to chemical and
thermal degradation. The salt immersion test revealed a gradual
decline in hydrophobicity, with functionalized surfaces
maintaining superhydrophobic properties to a minimum extent
~150°. Similarly, the functionalized samples retained higher
and more stable contact angles during thermal cycling,
indicating enhanced thermal durability. These findings confirm
the effectiveness of DSH functionalization in preserving the
superhydrophobic properties under salt immersion and thermal
cycling tests.
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Fig. 8 Evolution of the water contact angle of the samples before and
after functionalization over multiple cycles for thermal cycling test.

Conclusions

This study demonstrates that the initial molecular
arrangement of VICS and ATCS, prepared under the same
reaction conditions, forming the coating structure on the
glass surface, mainly determines the properties of the
resulting coatings. VICS developed a porous nanofilament
network with superhydrophobic properties and enhanced
transparency. In contrast, ATCS produced irregular aggregates
with hydrophobic properties and enhanced transparency.
Upon functionalization with DSH, the properties of the
modified surfaces improved, preserving the initial coating
structure with only slight modifications. For VICS coating,
functionalization increased superhydrophobicity from 168° +
2 to 170° + 4 and enhanced optical properties, increasing the
transmittance by 4% compared to the pristine glass. The
ATCS contact angles increased from 109° + 4 to 113° + 4 after
functionalization, with a 2% increase in transmittance.
Indeed, functionalized VTCS-modified surfaces demonstrated
superior thermal and chemical stability, remaining
superhydrophobic during the experiments. However,
superhydrophobicity was not preserved during the water
impact testing, as evidenced by a drop in WCA after the first
cycle. Compared with VTCS, ATCS has an additional
methylene group that increases its steric hindrance and
flexibility, resulting in a heterogeneous coating with lower
hydrophobicity. This structural difference led ATCS to form
irregular aggregates. PiFM provided valuable insights into the
spatial distribution of functionalization and reaction yield.
From ATR-FTIR analysis, the thiol-ene click reaction
conversion was estimated to be approximately 63% for VICS-
and 40% for ATCS-functionalized glass surfaces. Slightly
lower conversions (56% for VICS- and 33% for ATCS-)
obtained by PiFM were attributed to variations in spatial
resolution and sampling depth differences between the
techniques. The lower yield for ATCS may be attributed to the
inaccessibility of double bonds caused by the aggregate
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morphology. These findings highlight the importance of
molecular structure in determining the coating properties
and functionalization efficiency.
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