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UV-curable polyether acrylate-based antifog coatings: enhanced hydrophilicity
and durability in polycarbonate applications

Seda Karabulut, Fatmanur Uyumaz Cengiz (5, and Memet Vezir Kahraman

Department of Chemistry, Faculty of Science, Marmara University, Istanbul, Turkiye

ABSTRACT

The degradation of optical clarity in transparent materials poses serious challenges in applications
such as automotive windshields, helmet visors, and medical devices, primarily due to fog forma-
tion. Fogging occurs when high ambient energy coincides with low surface free energy, leading
to moisture condensation and light scattering. A UV-curable antifog coating was developed to
address this issue, utilizing formulations that included a low-viscosity tetra-functional polyether
acrylate oligomer, polyethylene glycol diacrylate, 2-hydroxyethyl methacrylate, and potassium
3-sulfopropyl acrylate (SPA) for improved hydrophilicity. The formulations were applied to polycar-
bonate substrates and cured under UV light. The coatings maintained over 90% light transmit-
tance in the 300-600 nm range and reduced the water contact angle of polycarbonate from ~74°
(uncoated) to ~22-8° depending on SPA content. Swelling ratios were moderate (25-32%), indi-
cating a stable crosslinked hydrophilic network. Formulations containing 5-10 wt% SPA exhibited
superior antifog performance without haze formation, while mechanical tests confirmed high sur-
face hardness (4H-5H) and excellent adhesion. These findings demonstrate that the developed for-
mulation provides a highly durable, optically transparent, and hydrophilic antifog coating suitable
for advanced optical applications.
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1. Introduction strength.!'! However, the functionality and safety of these

Transparent polymeric substrates such as polycarbonate (PC) ~ systems are often compromised by fogging, which results

are indispensable in a wide range of optical and engineering
applications, including protective eyewear, automotive wind-
shields, helmet visors, medical devices, packaging films, and
advanced display technologies, owing to their high optical
transparency, lightweight nature, and excellent mechanical

from the condensation of ambient water vapor on relatively
cooler surfaces. The nucleation of microscopic water droplets
leads to light scattering and reduced transmittance, thereby
impairing visibility and, in critical applications, creating

4-8
severe safety concerns.*™®!
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Table 1. Molar equivalents of reactants for UV-curable coatings.

Formulation LR8982 (mmol-eq) HEMA (mmol-eq) PEGDA (mmol-eq) SPA (mmol-eq) Total (mmol-eq)
FO 0.056 4.61 1.391 0 6.058

F3 0.056 4.61 1.391 0.258 6.316

F5 0.056 4.61 1.391 0.43 6.488

F7 0.056 4.61 1.391 0.603 6.66

F10 0.056 4.61 1.391 0.861 6.919

F15 0.056 4.61 1.391 1.291 7.349

F20 0.056 4.61 1.391 1.722 7.78

To overcome this problem, extensive research has focused
on antifogging strategies. The most established approach
involves generating hydrophilic or superhydrophilic surfaces,
which promote rapid spreading of condensed water into a
continuous film, thus preventing discrete droplet formation.
Surfactant-based coatings, hydrophilic polymers, hydrogel
films, and photocatalytic oxides such as TiO, have been
widely investigated in this context.”'?! Despite their effect-
iveness, such coatings often exhibit poor long-term durabil-
ity, limited mechanical robustness, and optical instability.
Moreover, solvent-based formulations raise environmental
and processing concerns.!'’!

In recent years, UV-curable coatings have emerged as a
promising alternative, offering rapid photopolymerization,
superior adhesion to polymeric substrates, controllable cross-
link density, and environmentally benign solvent-free process-
ing."*'>] Within these systems, incorporation of functional
monomers has proven essential to tailoring surface chemistry
and optimizing antifog efficiency. In particular, sulfonated
acrylate monomers have attracted increasing attention
because the strong polarity of the -SO5™ group significantly
enhances water spreading, reduces contact angle, and stabil-
izes a uniform thin water film.""®'”) Mechanistically, sulfonate
groups provide jonic hydration shells and hydrogen-bonding
interactions that sustain hydrophilicity even after repeated
exposure to humid environments, offering a more robust anti-
fog mechanism than nonionic hydrophilic additives.

Historically, the use of potassium 3-sulfopropyl acrylate
(SPA) in UV-curable formulations was first explored in
industrial reports and technical literature more than a dec-
ade ago, where its ionic functionality was shown to provide
durable transparency and antifogging stability compared
with conventional poly(ethylene glycol)-based systems.!'®!"!
Building on these findings, recent academic studies have
advanced the field through the design of zwitter-wettable or
amphiphilic UV-curable coatings. For example, Zhong
et al.""! developed fast UV-curable zwitter-wettable coatings
with reliable antifogging and frost-resisting performance;
Mossayebi et al.’®! demonstrated chemically robust nanoscale
amphiphilic coatings; and Zhu et al.'”) reported transparent
hydrophilic coatings combining antifog, self-cleaning, and
antibacterial functionalities. These advances consistently
underscore the pivotal role of highly polar or ionic mono-
mers in achieving long-lasting antifogging effects under
demanding conditions.

Accordingly, the present study addresses the research gap
by systematically evaluating the role of SPA content (5-
20wt%) in UV-curable polyether acrylate/PEGDA/HEMA
coatings on PC substrates. Comprehensive

Table 2. Weight composition of reactants for UV-curable antifog coatings.

Formulation LR8982 (g) HEMA (g) PEGDA (g) SPA (g) IRGACURE 184
FO 0.7 0.6 0.4 - 0.05
F3 0.7 0.6 04 0.06 0.05
F5 0.7 0.6 0.4 0.10 0.05
F7 0.7 0.6 0.4 0.14 0.05
F10 0.7 0.6 0.4 0.20 0.05
F15 0.7 0.6 04 0.30 0.05
F20 0.7 0.6 0.4 0.40 0.05
characterization—including UV-vis transmittance, water

contact angle, fogging resistance under steam exposure,
swelling behavior, and mechanical/chemical stability—was
performed to elucidate the correlation between SPA concen-
tration and coating performance. Our results reveal that
intermediate SPA contents (5-10 wt%) yield an optimal bal-
ance between transparency, antifogging efficiency, and
mechanical robustness, while excessive SPA loading
(>15wt%) leads to haze despite eliminating fog formation.
By combining mechanistic understanding with systematic
experimental evaluation, this study provides fundamental
insights and practical guidelines for the rational design of
durable, transparent, and environmentally sustainable anti-
fog coatings for next-generation optical and biomedical
applications.

2. Experimental
2.1. Materials

Polycarbonate (PC) plate, polyether acrylate oligomer
LR8982 (BASF, Germany), polyethylene glycol diacrylate
(PEGDA), 2-hydroxyethyl methacrylate (HEMA), potassium
3-sulfopropyl acrylate (SPA) (Sigma Aldrich, Netherlands),
and Irgacure 184 (Ciba Specialty Chemicals, Switzerland).

2.2. Preparation of coating formulations

The coating formulations were prepared by combining a
commercial polyether acrylate oligomer with two reactive
monomers: 2-hydroxyethyl methacrylate and polyethylene
glycol diacrylate to promote crosslinking and film integrity.
To enhance surface hydrophilicity and antifog performance,
potassium 3-sulfopropyl acrylate (SPA) was incorporated in
varying concentrations (5-10 wt%) depending on the formu-
lation, Irgacure 184 was added as the photoinitiator. All
components were mixed thoroughly at room temperature
until a homogeneous solution was obtained. The formula-
tions are given in Tables 1 and 2.
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2.3. Application and curing on polycarbonate substrates

Each coating formulation was applied onto clean PC plates
using a 30 um film applicator. The coatings were drawn uni-
formly across the surface in a single pass to ensure consist-
ent film thickness. The coated substrates were then cured
under UV irradiation using a high-intensity UV lamp for
complete crosslinking.

2.4. Fabrication of free-standing films

To prepare free-standing films, the same formulations were
poured into Teflon® molds with dimensions of 50mm X
10mm x 1 mm. The molds were exposed to UV light for 5min
using a high-pressure UV curing system. After curing, flexible
and transparent films approximately 1 mm in thickness were
obtained and demolded. These films were subsequently used
for structural, thermal and surface characterizations. Figure 1
shows a schematic representation of the film preparation
procedure.

3. Characterization techniques
3.1. Film curing equipment

3.1.1. UV irradiation system (handheld)

A high-pressure mercury arc lamp (Ultrawit 300, 300W,
Osram) equipped with a quartz glass housing and a tungsten
filament was used to cure the films. The spectral output
closely resembles natural sunlight enabling effective
photopolymerization.

3.1.2. Laboratory-scale UV curing unit
For coatings applied on PC plates, UV curing was performed
using a custom-built laboratory-scale curing machine (EMA
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Figure 1. Schematic representation of film preparation.
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Industrial Machinery, Turkey) providing controlled and uni-
form irradiation.

3.2. Chemical and optical characterization

3.2.1. Fourier-transform infrared Spectroscopy (ATR-FTIR)
Functional group analysis of cured coatings was performed
using a PerkinElmer Spectrum 100 ATR-FTIR spectropho-
tometer. Spectra were recorded in the range of 4000-
380cm™" to confirm characteristic bonding features of the
formulation components.

3.2.2. UV-visible spectroscopy

Optical transmittance of the coatings in the visible region
(300-600nm) was evaluated using a Shimadzu UV-2450
spectrophotometer providing insight into the transparency
and optical quality of the coated surfaces.

3.2.3. Contact angle measurements

The static water contact angle was measured using a Kriiss
FM41 contact angle goniometer (Serial No. 20001606).
Three water droplets were placed on each surface at room
temperature and the average of the measurements was used
to assess the hydrophilicity of SPA-containing formulations.

3.3. Thermal and structural analysis

3.3.1. Thermogravimetric analysis (TGA)

Thermal stability of the free-standing films was investigated
using a PerkinElmer Pyris TGA system under nitrogen
atmosphere. Samples were heated from 30°C to 750°C at a
constant rate of 10°C/min to determine degradation tem-
peratures and residual mass.

UV irradiation -

+
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Film casting

Film molding
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3.3.2. Scanning Electron Microscopy (SEM)

Fractured cross-sections of gold-sputtered free-standing
films were examined using a Philips XL 30 ESEM-FEG/
EDAX SEM instrument for surface morphology, elemental
composition and elemental mapping. SEM analyses were
performed at Bogazi¢i University.

3.4. Evaluation of antifogging and coating properties

3.4.1. Fogging test

Antifog performance was evaluated via direct steam expos-
ure. Coated samples were held over a beaker containing
freshly boiled water with the coating surface facing down-
ward toward the vapor. Fog formation was visually inspected
immediately after exposure.

3.5. Mechanical and chemical resistance tests

3.5.1. Pencil hardness test

Surface hardness was determined according to ASTM
D3363-74 using a series of pencils ranging from 1H to 6H.
Each pencil was applied at a 45° angle under consistent
force. The hardest pencil that did not scratch the surface
was recorded as the coating’s pencil hardness. Five measure-
ments were taken for each sample and the average value was
reported.

3.5.2. Cross-cut adhesion test

Adhesion of the coatings to PC substrates was evaluated
using a Gardco cross-cut adhesion tester according to
ASTM D3359. A Imm x 1 mm grid was cut into the coat-
ing layer using a specialized blade. Following brushing and
tape application (Scotch tape), the number of detached
squares was counted and the adhesion percentage calculated
using:

Adhesion(%) = A x 100
Ao
where A, is the initial number of squares and A is the num-
ber remaining after tape removal. Results were further classi-
fied on a 0-5 rating scale based on the amount of
detachment.

3.5.3. Solvent rub test

The chemical resistance of the coatings was evaluated using
a methyl ethyl ketone (MEK) rub test. A cotton cloth soaked
with MEK was rubbed over the coated surface in a back-
and-forth motion with each cycle counted as one rub.
Changes in appearance or damage to the coating were
recorded.

3.5.4. Chemical resistance

Chemical resistance was assessed by placing a drop of con-
centrated sulfuric acid (H,SO,), sodium hydroxide (NaOH),
and xylene directly onto the coated surface. Samples were

left undisturbed for 24 h, after which surface changes such
as discoloration, blistering, or degradation were noted.

3.5.5. Swelling test

Swelling behavior was assessed by immersing dried free-
standing films in distilled water for 24h. Initial dry mass
(M,) and swollen mass after immersion (M;) were recorded
and the swelling percentage was calculated as:

M, — M,

Swelling(%) = x 100

0
Three replicate measurements were taken per formulation
and the average swelling ratio was reported.

3.5.6. Solvents used

For surface and chemical resistance evaluations, technical
grade solvents such as xylene, sulfuric acid, sodium hydrox-
ide, and methyl ethyl ketone (MEK) were used without fur-
ther purification.

4, Results and discussion

The characterization of mixtures prepared with polyacrylate
oligomer, four-functional LR 8982, difunctional PEGDA,
mono functional HEMA and mono functional SPA in vary-
ing ratios for non-fogging coating formulations was per-
formed using ATR-FTIR spectroscopy. The ATR-FTIR
characterization of the formulations, obtained from the sur-
faces of the uncured formulation and the coated PC layer
after UV curing, is shown in Figure 2(a).

The ATR-FTIR spectra of the coatings confirm the suc-
cessful incorporation of acrylate and sulfonated functional-
ities (Figure 2a). The absorption band at ~1180 cm™?
corresponds to C-O stretching of ester groups typical of
acrylate backbones.!"®! The peak near 1350 cm™" arises from
the asymmetric S=O stretching of sulfonate groups intro-
duced by SPA, with increasing intensity at higher SPA con-
tents. The strong band at ~1720cm™" is assigned to the
C=0 stretching vibration of acrylate and methacrylate moi-
eties."”?°! The broad absorption band centered around
3400 cm™" is attributed to hydroxyl groups, originating from
both residual HEMA and moisture affinity of sulfonated
domains.*'**" Collectively, these spectral features support
the formation of crosslinked, hydrophilic networks consist-
ent with the designed formulation.

The optical transmittance of the coatings was initially
evaluated in the 300-600nm region to confirm that the
incorporation of SPA does not compromise the intrinsic
transparency of PC (Figure 2b). However, it should be noted
that the most relevant range for practical optical applications
lies within 380-780 nm, which corresponds to the visible
spectrum perceived by the human eye. In addition, a com-
plete assessment of transparency in polymeric coatings
requires not only total light transmittance but also the separ-
ation of parallel (direct) transmission and diffuse scattering,
the latter being quantified as “haze.”'*?! Although haze was
not measured in the present study, our results consistently
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Figure 2. (a) Characterization of the coating structure using FTIR and (b) light transmittance of free films in the visible region.

indicate that excessive SPA loading (>15wt%) induced vis-
ual cloudiness, qualitatively supporting the importance of
haze analysis. Future work will therefore extend optical
measurements to the 380-780 nm region and include quanti-
tative haze determination for a more rigorous evaluation of
transparency.

Contact angle measurements were performed by deposit-
ing distilled water, a polar solvent, onto polycarbonate surfa-
ces. The native water contact angle of uncoated
polycarbonate is reported to be approximately 74°.*>! In
this study, PC substrates were coated with formulations con-
taining increasing amounts of SPA and distilled water drop-
lets were applied to the surface for measurement. The
contact angles formed between the water droplets and each
coated surface were recorded and are visually presented in
Figure 3. The mean contact angle values, calculated from
three independent measurements per sample, are summar-
ized in Table 3. It should be noted that the present study
reports only the static contact angle, which provides a basic
measure of surface wettability. However, for vapor-barrier
and antifog surfaces, dynamic wettability parameters such as
contact angle hysteresis (advancing and receding angles) and
the slip angle (the minimum tilt angle at which a droplet
begins to slide) are considered more decisive.””**! These
measurements provide insights into droplet mobility, surface
pinning, and the energy barriers governing condensation/
evaporation cycles. Although not included in the current
work, future investigations will incorporate these analyses to
better correlate SPA content with functional antifog
performance.

As shown in Table 3, increasing the SPA content in the
coating significantly reduced the water contact angle. This
indicates enhanced surface wettability, attributed to the sup-
pression of water cohesion and improved spreading behavior
on the coating surface.

The antifog performance of the coatings was evaluated
through a steam exposure test. This was conducted by plac-
ing freshly boiled water into a beaker and positioning the
coated surface of the polycarbonate (PC) sample directly
above the beaker opening, allowing the surface to be
exposed to water vapor. Observations for each sample are

B [ 1]
e
F1 F10

F15 F20

S| o o ———
e (——

Figure 3. Images of the contact angle formed by coated polycarbonate plates
when in contact with water.

summarized in Table 3 and representative images captured
during the fogging test are presented in Figure 4.

While fog formation was evident on the uncoated PC
surface as well as on coatings with formulations FO and F3,
formulations F5, F7, and F10 demonstrated excellent anti-
fogging performance along with high optical transparency.
Although no fog formation was observed for F15 and F20
formulations, the higher SPA content resulted in a hazy
appearance, indicating that excessive SPA may compromise
visual clarity despite preventing fog condensation. The anti-
fog performance was assessed qualitatively by exposing
coated PC substrates to boiling water vapor, followed by vis-
ual inspection (Figure 4). While this approach demonstrates
clear differences in fog formation between samples, it is a
nonstandard and operator-dependent method. More rigor-
ous assessment of antifog coatings generally requires quanti-
fication of mist onset time (time until fog first appears),
transmission stability during condensation, and mist clear-
ance time (time required to regain transparency after
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Table 3. Contact angle values and fog test results of the prepared coatings.

Tests Fo F3 F5 F7 F10 F15 F20
Contact angle 47.70 36.09 27.87 22.34 8.73 8.42 2.87
Fog test Fogging Fogging No fog formation No fog formation No fog formation No fog formation No fog formation

Figure 4. Fog formation on prepared coatings.

fogging).**?°" Additionally, the visual observation that F15
and F20 do not fog but exhibit “haze” indicates the need for
quantitative haze and clarity measurements (e.g. ASTM
D1003 standard test for haze and luminous transmit-
tance).”!) Although not included in this study, future work
will incorporate these standardized metrics to provide a
more comprehensive evaluation of antifog performance and
optical quality.

The fracture surface morphologies of the coatings were
examined using Scanning Electron Microscopy (Figure 5).
Based on the surface morphologies, it can be said that the
coatings have dense cross-links and a solid surface that is
close to ideal with no voids.

The thermal stability of the UV-curable antifog coatings
was assessed using thermogravimetric analysis (TGA). Free-
standing film samples were heated from 30°C to 750°C at a
rate of 10°C/min under a nitrogen atmosphere. The result-
ing thermograms provided insight into the thermal degrad-
ation behavior of the materials. TGA spectra of the prepared
coatings are presented in Figure 6 and the corresponding
thermal decomposition data are summarized in Table 4.

As shown in Table 4, the incorporation of SPA into the
formulations resulted in a clear improvement in thermal sta-
bility. With increasing SPA content, the total mass loss
decreased (from 99.45% for FO to 87.58% for F20), consist-
ent with the higher char residue formed at elevated SPA
loadings. At the same time, the onset temperature of ther-
mal degradation (Ts) increased significantly, from 250 °C for
the F3 sample to 275°C for F15 and up to 289°C for F20.
A slight increase in Tso was also observed (420 °C for F0 to
431°C for F20). These results indicate that SPA not only
promotes greater thermal residue formation but also shifts
the degradation to higher temperatures, thereby enhancing
the overall thermal resistance of the coatings.****

Nevertheless, the improved thermal stability observed
with increasing SPA should be interpreted cautiously. The
increase in ash content and the higher Ts% values indeed
reflect the contribution of inorganic potassium sulfonate,
which forms nonvolatile residues upon degradation. This
mineral loading effect partly explains the reduced overall
mass loss. However, the systematic shift of degradation
onset to higher temperatures also suggests that the incorpor-
ation of ionic sulfonate groups within the crosslinked acryl-
ate matrix introduces stronger intermolecular interactions
and reduced chain mobility, thereby retarding thermal
decomposition. Therefore, the enhanced thermal stability is
considered to result from a synergistic effect of inorganic
residue formation and ionic reinforcement of the polymer
network, rather than exclusively from mineral loading.

The swelling ratios obtained from the swelling test of the
antifog coatings are presented in Table 5. Despite the pres-
ence of a crosslinked polymeric network, measurable swel-
ling (25%-32%) was observed due to the inherently
hydrophilic nature of the coatings, which arises from the
affinity of polar functional groups within the formulation.
While these values confirm the hydrophilic character of the
films, it should be noted that such high water uptake in
thinner coatings typically results in haze formation and
reduced modulus. In the present study, no direct correlation
between swelling behavior and the optical/mechanical per-
formance data (transmittance and hardness) was established.
A more comprehensive evaluation would require swelling
kinetics as a function of time and film thickness, as well as
moisture absorption isotherms obtained by Dynamic Vapor
Sorption (DVS).****) Although not performed in this work,
these analyses are planned for future studies to elucidate the
coupling between water uptake, transparency, and mechan-
ical stability in SPA-based antifog coatings.
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Figure 5. SEM images of samples with (a,b) F3 formulation, (c,d) F7 formulation, and (e,f) F15 formulation.
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Figure 6. TGA thermograms of non-fogging coatings.

The results of the pencil hardness test revealed that sur-
face hardness values ranged between H and 5H. As shown
in Table 5, formulations with higher SPA concentrations,

2
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Table 4. TGA analysis results of films that do not fog in a nitrogen
atmosphere.

Sample Ts (°0) Tso (°C) Ash (%)
FO 218 420 0.55
F3 250 423 3.96
F5 255 424 566
F7 259 425 7.45
F10 260 427 7.40
F15 275 430 10.42
F20 289 431 12.42

Table 5. Swelling behavior, pencil hardness, and MEK rub resistance of UV-
curable coatings.

Test FO F3 F5 F7 F10 F15 F20
Swelling ratio 25.03 28.80 3218 3145 2795 2789 2697
Pencil hardness H H 4H 4H 4H 5H 5H

MEK rubbing 300+ 300+ 300+ 300+ 300+ 300+ 300+

particularly F5 and beyond, which also exhibited excellent
antifogging performance, demonstrated pencil hardness val-
ues exceeding 4H. This indicates that the incorporation of
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Figure 8. Adhesion performance of anti-fog coatings on polycarbonate plate
surfaces.

SPA not only enhances antifog properties but also contrib-
utes to improved mechanical durability of the coatings.

As illustrated in Figure 7, a cross-hatch pattern was cre-
ated on the coated surface using parallel cuts spaced 1 mm
apart. The adhesion performance was evaluated based on
the amount of coating removed by adhesive tape and the
results, reflecting the degree of adhesion between the coating
and the substrate, are summarized in Table 5.

Cross-cut adhesion tests demonstrated excellent adhesion
across all coating formulations, with no observable detach-
ment of coating fragments, as shown in Figure 8. The
removal rate was determined to be 0%, indicating strong
interfacial bonding between the hydrophilic coating formula-
tions and the polycarbonate (PC) substrate. These results
confirm the effective interaction and compatibility between
the coating and the PC surface.

The solvent resistance of the antifog coatings was eval-
uated using the methyl ethyl ketone (MEK) rub test. In this
method, each back-and-forth motion was counted as a single
rub. As shown in Table 5, all formulations withstood more
than 300 rubs without visible damage, indicating excellent
resistance to solvent attack. These results confirm the strong
chemical stability of the coatings under aggressive solvent
exposure.

The chemical resistance of the antifog coatings was
assessed by applying various chemical agents onto the sam-
ple surfaces and allowing them to remain in contact for
24 h. Upon exposure to concentrated sulfuric acid (H,SO,),
discoloration and surface degradation such as yellowing and
pitting were observed. In the case of concentrated sodium

hydroxide (NaOH), blistering and partial delamination of
the coatings occurred. However, no visible changes were
detected on the surfaces treated with xylene, indicating high
resistance to non-polar organic solvents.

5. Conclusions

In this study, UV-curable antifog coatings were successfully
developed to prevent fog formation on optically transparent
polycarbonate surfaces. Coating formulations containing
varying concentrations of potassium 3-sulfopropyl acrylate
(SPA) yielded highly crosslinked, hydrophilic networks,
where the sulfonate (-SO5") groups from SPA and hydroxyl
(-OH) groups from HEMA significantly enhanced surface
hydrophilicity, promoting water spreading and suppressing
condensation. As evidenced by fog and contact angle tests,
water droplets dispersed uniformly on the coated surfaces,
thereby preventing light scattering and preserving optical
clarity. FTIR confirmed the formation of crosslinked poly-
mer networks, while UV-Vis spectroscopy demonstrated
that SPA incorporation maintained transparency within the
300-600 nm range. Mechanical and chemical stability were
supported by swelling, hardness, adhesion, solvent rub and
resistance tests, and TGA indicated improved thermal
endurance. Among all tested formulations, those containing
5-10wt% SPA (F5, F7, and F10) exhibited the best balance
of light transmittance, antifog performance, and durability,
making them promising candidates for optical applications.
Nevertheless, it should be noted that optical characterization
was limited to 300-600 nm and haze was not quantified and
only static contact angles and qualitative fogging tests were
performed. Future research will therefore focus on extending
optical analysis to the full visible range (380-780nm) with
haze determination, incorporating dynamic wettability
parameters (advancing/receding angles and slip angle), and
evaluating long-term performance under abrasion, washing,
and humidity aging. These additional studies will provide a
more comprehensive understanding of the structure-prop-
erty relationships and accelerate the translation of SPA-
based UV-curable coatings into advanced optical and bio-
medical applications.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Fatmanur Uyumaz Cengiz () http://orcid.org/0009-0004-6294-6819
Memet Vezir Kahraman () http://orcid.org/0000-0003-1043-6476

References

[1] Zhang, Y; Koike, T.; Yoshizaki, R; Ren, G.; Shibata, A
Kiriake, S.; Hasegawa, R.; Nagasawa, I.; Nagato, K,; Sugita, N.;
Ito, Y. Ultrahigh-Speed Laser Drilling of Transparent Materials
via Transient Electronic Excitation. Sci. Adv. 2025, 11,
eadv4436. DOIL: 10.1126/sciadv.adv4436.


https://doi.org/10.1126/sciadv.adv4436

(10]

(12]

(14]

[16]

JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY e 9

Kaewpirom, S.; Boonsang, S. Optical and Structural Properties
of Insoluble and Flexible Biodegradable Regenerated Silk Films
for Optically Transparent Hydrophilic Coating of Medical
Devices. Adv. Mater. Interf. 2022, 9-9. DOI: 10.1002/admi.
202102072.

Yoon, J.; Ryu, M; Kim, H; Ahn, G; Yim, S;; Kim, D.; Lee, H.
Wet-Style Superhydrophobic Antifogging Coatings for Optical
Sensors. Adv. Mater. 2020, 32, €2002710. DOI: 10.1002/adma.
202002710.

Durén, I. R.;; Laroche, G. Water Drop—Surface Interactions as
the Basis for the Design of anti-Fogging Surfaces: Theory,
Practice, and Applications Trends. Adv. Colloid Interface Sci.
2019, 263, 68-94. DOI: 10.1016/j.cis.2018.11.005.

Li, W, You, C; Jiao, Z. Efficient anti-Fog and Anti-reflection
Functions of the Bio-Inspired, Hierarchically-Architectured
Surfaces of Multiscale Columnar Structures. Nanomaterials
(Basel) 2023, 13, 1570. DOI: 10.3390/nan013091570.
Tedjojuwono, K. K,; Clark, N.; Humphreys, W. M. 2013 Optical
Characterization of Window Materials for Aerospace
Applications. Proc. SPIE. 8884. 88841I1. DOI: 10.1117/12.
2029469.

Li, T.; Wang, Y.; Liu, X,; Yang, S.; Zhang, S.; Wang, S.; Dong,
W. Transparent UV-Cured Polyurethane-Surfactant Coatings
with Antifogging Properties. ACS Appl. Polym. Mater. 2022, 4,
8147-8155. DOI: 10.1021/acsapm.2c01092.

Mossayebi, Z.; Shabani, S.; Easton, C. D.; Gurr, P. A,; Simons,
R; Qiao, G. G. Amphiphilic Nanoscale Antifog Coatings:
Improved Chemical Robustness by Continuous Assembly of
Polymers. Small 2024, 20, 2402114. DOIL 10.1002/smll
202402114.

Kim, Y,; Thuy, L. T; Kim, Y.; Seong, M.; Cho, W. K,; Choi,
J. S.; Kang, S. M. Coordination-Driven Surface Zwitteration for
Antibacterial and Antifog Applications. Langmuir 2022, 38,
1550-1559. DOTI: 10.1021/acs.Jangmuir.1c03009.

Yang, Y.; Sun, T.; Ma, F; Huang, L.; Zeng, Z. Superhydrophilic
Fe’™ Doped TiO, Films with Long-Lasting Antifogging
Performance. ACS Appl. Mater. Interf. 2021, 13, 3377-3386.
DOI: 10.1021/acsami.0c18444.

Zhong, H.; Liu, X;; Yu, B.; Zhou, S. Fast UV-Curable Zwitter-
Wettable Coatings with Reliable Antifogging/Frost-Resisting
Performances. Biomimetics 2022, 7, 162. DOI: 10.3390/
biomimetics7040162.

Kang, Y.; Lin, W.; Wan, Y,; Bao, L; Xu, X;; Wang, Y.; Liu, P;
Wang, J. Supramolecular Lock-Shell Layer Nanocapsules
Enabling Polyethylene with Long-Term Antifogging Ability.
ACS Appl. Polym. Mater. 2024, 6, 10961-10976. DOI: 10.1021/
acsapm.4c02102.

Lee, S.-H.; Kang, M.; Jang, H.; Kondaveeti, S.; Sun, K;; Kim, S.;
Park, H.-H.; Jeong, H. E. Bifunctional Amphiphilic Nanospikes
with Antifogging and Antibiofouling Properties. ACS Appl.
Mater. Interf. 2022, 14, 39478-39488. DOI: 10.1021/acsami.
2c08266.

Yoon, S. M, Lee, Y; Park, K; Nahm, S; Moon, M.
Subwavelength Hollow-Nanopillared Glass with Gradient
Refractive Index for Ultralow Diffuse Reflectance and
Antifogging. ACS Appl. Mater. Interf. 2020, 12, 6234-6242.
DOI: 10.1021/acsami.9b19228.

Tashlykova-Bushkevich, I. I. Microstructure, Elemental and
Phase Composition and Their Influence on Hydrophilic
Properties of Rapidly Solidified Al-In Alloys. Electrotechnical.
Rev. 2018, 1, 124-127. DOI: 10.15199/48.2018.04.30.

Bai, S; Li, X; Zhao, Y; Ren, L; Yuan, X. Antifogging/
Antibacterial Coatings Constructed by N-
Hydroxyethylacrylamide  and  Quaternary ~ Ammonium-
Containing Copolymers. ACS Appl. Mater. Interf. 2020, 12,
12305-12316. DOIL: 10.1021/acsami.9b21871.

Zhu, Y.; et al. A Transparent Hydrophilic Coating for Long-
Lasting Antifogging with Self-Cleaning and Antibacterial
Properties. Chem. Eng. ]. 2024, 487-154111. DOI: 10.1016/j.cej.
2024.154111.

(18]

(19]

[20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

Anyaegbu, M. G.; Ogugbue, J. C.; Ugwoha, E. Compositional
Profiles and Spatial Distribution of Microplastics across Three
Selected Rivers in Rivers State, Nigeria. AJEE. 2024, 23, 17-33.
DOI: 10.9734/ajee/2024/v23i2525.

Adi, D. S; Hwang, S; Pramasari, D. A; Amin, Y;
Widyaningrum, B. A, Darmawan, T.; Sugiyama, ]. Spectral
Observation of Agarwood by Infrared Spectroscopy: The
Differences of Infected and Normal Aquilaria Microcarpa.
Biodiversitas. 2020, 21. 21. 7. DOI: 10.13057/biodiv/d210704.
Nassar, A. M.; Ahmed, N. S.; Haseeb, M. E.; Abdel-Rahman,
A. A, H; Nasser, R. M. Synthesis and Evaluation of
Terpolymers as Viscosity Index Improvers and Pour Point
Depressants. Petrol. Coal. 2017, 59, 4. 447-95.

Ozcan, A; Kasikovié, N; Kandirmaz, E. A; Durdevié, S
Petrovi¢, S. Highly Flame Retardant Photocured Paper Coatings
and Printability Behavior. Polym. Adv. Technol. 2020, 31. 11,
2647-2658. DOI: 10.1002/pat.4991.

Yuan, C; Wang, Y. The Preparation of Novel Sulfonated
Poly(Aryl Ether Ketone Sulfone)/TiO, Composite Membranes
with Low Methanol Permeability for Direct Methanol Fuel
Cells. High Perform. Polym. 2021, 33. 3, 326-337. DOL 10.
1177/0954008320958044.

Zhang, Z.; Wang, J.; Shang, J.; Xu, Y.; Wan, Y.-J; Lin, Z; Sun, R;
Hu, Y. A through-Thickness Arrayed Carbon Fibers Elastomer
with Horizontal Segregated Magnetic Network for Highly Efficient
Thermal Management and Electromagnetic Wave Absorption.
Small 2023, 19, €2205716. DOL: 10.1002/smll.202205716.

Zhao, L.; Zhao, C; Liu, J.; Liu, Z; Chen, Y. Effect of Sputtering
Pressure on the Structure and Properties of SiO, Films
Prepared by Magnetron Sputtering. Micro Nano Lett. 2020, 15,
872-876. DOI: 10.1049/mnl.2020.0222.

Extrand, C. W. Contact Angles and Hysteresis on Surfaces with
Chemically Heterogeneous Wettability. Langmuir 2002, I8,
7991-7999. DOI: 10.1021/1a020497i.

McCarthy, T. J. Slip Angle and Contact Angle Hysteresis: Their
Importance in Superhydrophobic and Antifogging Surfaces.
Langmuir 2017, 33, 8993-9000. DOI: 10.1021/acs.langmuir.
7b01435.

Elkalashy, S.; Zaki, M.; Reheem, A. M. A ; Khalil, R. Engineering
and Modification of Physical Properties of Thermoplastic
Polymeric Films Using Oxygen Ions Bombardment for Industrial
Applications. J. Thermoplast. Compos. Mater. 2025, 38, 2368-
2392. DOI: 10.1177/08927057241296488.

Cheng, C; Jhuang, J.; Wu, P.; Huang, C. Surface Characteristics
of Polycarbonate by Radio-Frequency Linear Dielectric Barrier
Plasma Activation. Surface Interf. Anal. 2022, 54, 3-12. DOL
10.1002/sia.7009.

ASTM D1003-21. Standard Test Method for Haze and Luminous
Transmittance of Transparent Plastics. ASTM International: West
Conshohocken, 2021. DOI: 10.1520/D1003-21.

Zuo, X.; et al. Thermal Degradation Behavior of Sulfonated
Polyimides: Effect of Ionic Groups. Polym. Degrad. Stab. 2021,
188-109576. DOI: 10.1016/j.polymdegradstab.2021.109576.

Li, J; et al. Influence of Ionic Groups on the Thermal and
Mechanical Properties of UV-Cured Acrylates. Prog. Org. Coat.
2022, 162-106575. DOI: 10.1016/j.porgcoat.2021.106575.

Yan, H; Li, N,; Fang, Z; Wang, H. Application of
Poly(Diphenolic Acid-Phenyl Phosphate)-Based Layer by Layer
Nanocoating in Flame Retardant Ramie Fabrics. J. Appl. Polym.
Sci. 2017, 134, DOI: 10.1002/app.44795.

Thomas, S.; et al. Moisture Sorption and Swelling Behavior of
UV-Curable Polymeric Networks. Prog. Org. Coat. 2021, 156,
106243. DOI: 10.1016/j.porgcoat.2021.106243.

Kim, S.; et al. Correlation of Water Uptake, Haze, and Modulus
in Hydrophilic Polymeric Coatings. ACS Appl. Mater. Interf.
2022, 14, 22451-22463. DOI: 10.1021/acsami.2c02843.

Kumar, A.; Harini, S; Asha, K. Swelling Behavior of
Hydrophilic Polymeric Networks in Antifogging Applications:
Correlation with Optical Properties and Performance. J. Appl.
Polym. Sci. 2019, 136, 47267. DOIL: 10.1002/app.47267.


https://doi.org/10.1002/admi.202102072
https://doi.org/10.1002/admi.202102072
https://doi.org/10.1002/adma.202002710
https://doi.org/10.1002/adma.202002710
https://doi.org/10.1016/j.cis.2018.11.005
https://doi.org/10.3390/nano13091570
https://doi.org/10.1117/12.2029469
https://doi.org/10.1117/12.2029469
https://doi.org/10.1021/acsapm.2c01092
https://doi.org/10.1002/smll.202402114
https://doi.org/10.1002/smll.202402114
https://doi.org/10.1021/acs.langmuir.1c03009
https://doi.org/10.1021/acsami.0c18444
https://doi.org/10.3390/biomimetics7040162
https://doi.org/10.3390/biomimetics7040162
https://doi.org/10.1021/acsapm.4c02102
https://doi.org/10.1021/acsapm.4c02102
https://doi.org/10.1021/acsami.2c08266
https://doi.org/10.1021/acsami.2c08266
https://doi.org/10.1021/acsami.9b19228
https://doi.org/10.15199/48.2018.04.30
https://doi.org/10.1021/acsami.9b21871
https://doi.org/10.1016/j.cej.2024.154111
https://doi.org/10.1016/j.cej.2024.154111
https://doi.org/10.9734/ajee/2024/v23i2525
https://doi.org/10.13057/biodiv/d210704
https://doi.org/10.1002/pat.4991
https://doi.org/10.1177/0954008320958044
https://doi.org/10.1177/0954008320958044
https://doi.org/10.1002/smll.202205716
https://doi.org/10.1049/mnl.2020.0222
https://doi.org/10.1021/la020497i
https://doi.org/10.1021/acs.langmuir.7b01435
https://doi.org/10.1021/acs.langmuir.7b01435
https://doi.org/10.1177/08927057241296488
https://doi.org/10.1002/sia.7009
https://doi.org/10.1520/D1003-21
https://doi.org/10.1016/j.polymdegradstab.2021.109576
https://doi.org/10.1016/j.porgcoat.2021.106575
https://doi.org/10.1002/app.44795
https://doi.org/10.1016/j.porgcoat.2021.106243
https://doi.org/10.1021/acsami.2c02843
https://doi.org/10.1002/app.47267

	UV-curable polyether acrylate-based antifog coatings: enhanced hydrophilicity and durability in polycarbonate applications
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of coating formulations
	Application and curing on polycarbonate substrates
	Fabrication of free-standing films

	Characterization techniques
	Film curing equipment
	UV irradiation system (handheld)
	Laboratory-scale UV curing unit

	Chemical and optical characterization
	Fourier-transform infrared Spectroscopy (ATR-FTIR)
	UV–visible spectroscopy
	Contact angle measurements

	Thermal and structural analysis
	Thermogravimetric analysis (TGA)
	Scanning Electron Microscopy (SEM)

	Evaluation of antifogging and coating properties
	Fogging test

	Mechanical and chemical resistance tests
	Pencil hardness test
	Cross-cut adhesion test
	Solvent rub test
	Chemical resistance
	Swelling test
	Solvents used


	Results and discussion
	Conclusions
	Disclosure statement 
	Orcid
	References


