Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 March 2024. Downloaded on 2/16/2026 8:25:12 AM.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Radiation polymerization for the preparation of
universal coatings: remarkable anti-fogging and
frost-resisting performancefy

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 10131

Wenrui Wang,?® Qi Liu,2® Ying Sun,?® Danyi Li,?° Siyi Xu,?® Lin Lin,?®
Fangzheng Wang,? Linfan Li & *3¢ and Jihao Li © *a¢

Hydrophilic anti-fogging coatings have attracted considerable attention due to their ease of preparation
and excellent fog resistance. In this study, a hydrophilic anti-fogging coating based on the random
copolymer p(AA-co-SAS) was prepared using acrylic acid (AA) and sodium allylsulfonate (SAS) as
monomers through radiation polymerization. The introduction of SAS successfully transformed the
random copolymer from a gel state into a film-forming polymer solution. The presence of AA structural
units in p(AA-co-SAS) improved the film-forming properties of the polymer solution. Additionally, there
was a positive correlation between the proportion of SAS structural units in the random copolymer and
the scratch hardness and wetting properties of the coating. After coating polycarbonate (PC) sheets, the
surface hydrophilicity was significantly enhanced, with the contact angle of PC-AA;o/SASs decreasing
from 100.1° to 18.8° within 50 seconds. The outstanding wetting properties endowed the coating with
exceptional anti-fogging and frost-resisting performance. It exhibited optimal transparency under both
testing conditions and demonstrated good stability during cyclic testing. Tape adhesion tests indicated
that the adhesion between the coating and PC reached a 5B level. When AA;o/SASs was applied to PET

film, glass, and PMMA goggles, all samples showed excellent anti-fog performance. Even after being
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Accepted 3rd March 2024 naturally placed for one year under ambient conditions, the PMMA goggles still maintained good

performance in the anti-fog and frost resistance tests. The remarkable comprehensive properties of the
DOI: 10.1039/d3ra08542b polymer coating based on p(AA-co-SAS) suggest enormous potential applications in industries such as

rsc.li/rsc-advances packaging, healthcare, and optical equipment.

preventing water vapor from condensing on the surface; (2)
superhydrophobic surfaces that repel droplets from the
surface;**'* (3) superhydrophilic surfaces that spread droplets

1 Introduction

Fogging is a common phenomenon in daily life. Water vapor

condenses on surfaces to form droplets when the temperature
(T) of the solid surface is lower than the dew point (Ty4) of the
surrounding air steam mixture.”” Due to the small radius of
curvature of the interface between the droplet and the air, the
scattering effect on the incident light is strong, which leads to
areduction in the transmittance.® Fogging is universally known
to have a negative impact on the efficiency and clarity of many
devices, such as lenses, goggles, greenhouse films and
windshields.***

The current anti-fogging strategies are mainly divided into
physical and chemical methods: (1) by adjusting temperature,
humidity, and increasing air flow at the interface, thus

“Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai
201800, China. E-mail: lilinfan@sinap.ac.cn; lijihao@sinap.ac.cn
*University of Chinese Academy of Sciences, Beijing 100049, China
‘Wuwei Institute of New Energy, Gansu, 733000, China
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra08542b

© 2024 The Author(s). Published by the Royal Society of Chemistry

into a water film.”»'® The formation of superhydrophobic
surfaces requires specially hierarchical surface topography;
these designs usually need a complex operation process
limiting their practical application.”” The superhydrophilic
surfaces can be made of either polymers and inorganic mate-
rials or a mixture of the two (composite materials). Inorganic
materials are mainly deposited on the surface of the substrate,
such as La(OH);, SiO,, TiO, (ref. 18-20) etc. Although the
superhydrophilicity endowed by inorganic materials makes
them have good antifogging performance under high temper-
ature and high humidity conditions, when it comes to low
temperature, the surface is still prone to fogging or even
frosting.

Given the disadvantages of inorganic materials for use in
a low-temperature environment, polymer coatings have gained
increasing attention in recent years due to the distinctive
properties they offer, including the ability to coat thermally
sensitive materials, as well as being non-toxic and environ-
mentally friendly. These polymer coatings contain hydrophilic
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functional groups such as hydroxyl(OH), carboxyl(COOH),
amide(NHCOR), amine(NH,) and sulhonic(SO3H). Lee prepared
coatings with anti-fogging and anti-frosting properties by
introducing oligoethylene glycol (OEG) groups. They used
a polysaccharide-based film composed of chitosan (CHI) and
carboxymethyl cellulose (CMC) as the model system.* Cai re-
ported on the use of (Methacryloyloxy)ethyldimethyl-(3-sulfo-
propyl) (SBMA) and Itaconic acid (IA) as functional ingredients
in amphoteric coatings with anti-fouling and self-healing
properties.*

The study of traditional free radical polymerization has
a long and well-established history, with extensive research and
understanding of its reaction mechanism.**?® Currently, this
method is primarily used for synthesizing anti-fog polymer
coatings.”»?”-** Radiation polymerization is a novel technique
rooted in the theory of free radical polymerization. It employs
radiation sources such as electron beams, gamma rays, and
ultraviolet light to break carbon-carbon double bonds in
monomer molecules, resulting in free radicals that trigger chain
reactions, leading to the formation of large polymer
molecules.**** Compared to traditional free radical polymeri-
zation, radiation polymerization offers several advantages: (1) it
is a straightforward process involving the preparation of
areaction solution and exposure to high-energy radiation under
a nitrogen atmosphere.*® (2) Unlike chemical initiators, radia-
tion polymerization does not require additional initiators,
ensuring pure polymer products. (3) Radiation polymerization
provides a consistent source of free radicals unaffected by
temperature and time, facilitating the production of high
molecular weight products and achieving high conversion rates.
(4) The reaction rate constant (Rp) in radiation polymerization
is minimally influenced by temperature, allowing it to be
carried out at low or room temperature.”” This reduces the
occurrence of side reactions common in traditional free radical
polymerization under high temperatures and improves the
regularity of polymer structure.

Considering the significant potential of polymer coatings in
anti-fogging applications and the benefits of radiation poly-
merization, this research work combines the two innovatively.
Co® is utilized as the radiation source, while AA and SAS are
employed as functional components. Gamma rays are used to
create anti-fogging and frost-resisting coatings based on the
random copolymer p(AA-co-SAS) under room temperature
conditions. The absence of initiators ensures high product
purity during the reaction process. By introducing SAS, the
random copolymer transitions from a gel to a film-forming
polymer solution. The presence of AA structural units
enhances the coating's film-forming performance. The study's
findings demonstrate that higher proportions of SAS structural
units in p(AA-co-SAS) result in better scratch hardness and
wetting properties of the coatings. Among the tested composi-
tions, AA,,/SAS;s exhibits superior light transmittance after anti-
fogging and frost-resisting tests. It also demonstrates good
stability during cyclic testing and achieves a 5B tape adhesion
level, indicating excellent adherence to PC substrates. Addi-
tionally, the coatings show some degree of abrasion resistance.
When applied to PET films, PMMA goggles, and glass surfaces,
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the coated samples display outstanding anti-fogging and frost-
resisting performance. Even after one year indoors, the PMMA
goggles maintain their excellent performance, highlighting the
coatings' long-term durability and environmental stability. In
conclusion, coatings based on the random copolymer p(AA-co-
SAS), prepared through radiation polymerization, exhibit
exceptional comprehensive properties.

2. Experimental sections
2.1 Materials

Acrylic acid (AA, AR) and sodium allylsulfonate (SAS, 94%) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized water is home-made in the lab. PC, PET, glass slides
and goggles are commercially available. Gamma ray sources
(Co®, 1.5 x 10°Ci) is attributed to the Shanghai Shilong Tech-
nology Co. All reagents were not further purified before use.

2.2 Synthesis of hydrophilic coating solution

A schematic diagram illustrating the synthesis of the hydro-
philic coating is presented in Fig. 1(a). AA and SAS were accu-
rately weighed and added to glass reagent bottles containing
deionized water. The mixture was then sonicated for 10 minutes
to ensure proper dispersion. The total mass of the solution was
100 g, with AA having a mass fraction of 10% and SAS having
mass fractions of 0%, 1%, 3%, 5%, 7%, and 10% in solutions
numbered 1, 2, 3, 4, 5, and 6 respectively. The solutions were
labeled in descending order based on the mass fraction of SAS.

The sample vials containing the aforementioned solution
were purged with nitrogen for 10 minutes and sealed. They were
then placed in the gamma ray source and subjected to irradia-
tion with gamma rays for a radiation polymerization reaction at
an absorbed dose of 30 kGy for 17 hours. The hydrophilic
coating solution was obtained after irradiation.

2.3 Preparation of anti-fogging coatings

The PC, PET, glass slides and goggles were ultrasonic cleaned
with deionized water, ethanol, and deionized water, respec-
tively. They were then dried in a blast oven at 60 °C for 12 h and
kept as a reserve.

The PC surface was coated using the scraping method,
whereby the squeegee was adjusted to be 2 mm away from the
lower substrate. The coating was applied to the front of the
squeegee and pulled at a constant speed of 1 cm s~ ' to ensure
an even distribution across the substrate's surface. The coated
substrate was subsequently dried in a blast oven at 60 °C for 12
hours. the other side of the substrate was treated in the same
way. The coatings were designated as AA,,/SAS,,, where m and n
denote the mass fraction of AA and SAS in the unirradiated
solution respectively.

2.4 Characterization

2.4.1 Molecular weight determination. The molecular
weight and molecular weight distribution of the synthesized
polymer were determined using gel permeation chromatog-
raphy (GPC) on an Agilent 1260 high-performance liquid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Flow chart for the preparation of anti-fogging coatings; (b) schematic illustration of the synthesis of p(AA-co-SAS).

chromatography system with a 0.1 M NaNO; aqueous solution
as the mobile phase. Each sample, weighing approximately
20 mg, was dissolved in 20 mL of deionized water, and the
resulting solutions were transferred to separate sample vials.
The analysis was performed under the following conditions: (1)
detector: G1362A (refractive index detector); (2) column: waters
ultrahydrogel TM120 TM250 TM500 water-soluble gel columns,
serially connected at 7.8 x 300 mm dimensions; (3) solvent:
deionized water; (4) detector temperature: 40 °C; (5) column
temperature: 40 °C; (6) injection volume: 40 pL; (7) flow rate: 1
mL min~%; (8) analysis time: 35 minutes/per sample. A poly-
ethylene glycol (PEG) calibration with 12 standards ranging
from 100 Da to 150 MDa curve was employed for subsequent
calculations.

2.4.2 Coating composition and structural analysis. Proton
nuclear magnetic resonance (‘H NMR) measurements were
conducted on a Bruker AVANCE NEO nuclear magnetic reso-
nance instrument, all samples were measured at a frequency of
600 MHz in D,O. The testing conditions were as follows: (1) test
temperature: 25 °C; (2) RF frequency: 600.13 MHz; (3) number
of scans: 16. The residual D,O signal at 4.79 ppm was used as
the reference peak for chemical shift.

Final characterization of functional groups related to the
random copolymer was determined using a Fourier-transform
infrared spectrometer (Bruker VERTEX 70 V). The attenuated
total reflection mode (ATR) was employed for the measure-
ments with a range of 4000 to 600 cm ', resolution of 4 cm ™,
and 32 scans.

2.4.3 Thermal stability analysis of the coatings. The coating
underwent a drying process for 24 hours at 60 °C in a forced-air
oven. Subsequently, a sample weighing 5-10 mg was placed into
the crucible of a thermogravimetric analyzer (TGA) to perform
testing. The temperature range selected for analysis spanned from
30 °C to 600 °C with a heating rate of 10 °C min~". Throughout the
experiment, a nitrogen atmosphere was maintained, and the gas

flow rate was consistently kept at 20 mL min .

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.4.4 Characterization of surface elements and
morphology of the coatings. To gain further insights into the
surface composition of the coating, ESCALAB Xi+ instrument
was employed for X-ray photoelectron spectroscopy analysis.
The PC-AA,,/SAS,, sample measured 2 cm x 2 c¢m in size with
a thickness not exceeding 2 mm. A monochromatic Al target was
utilized as the X-ray source, and the testing voltage was set to 15
kv. During spectrum acquisition, the C ls peak at 284.8 eV was
used as a reference to correct for charging effects. For the
narrow scan process, an energy step of 30 eV with a step size of
0.1 was employed, while the full spectrum scanning utilized an
energy step of 100 eV with a step size of 1.

The surface morphology of the coatings was examined with
a scanning electron microscope (JSM-6700F JEOL). Before
testing, the samples underwent a gold sputter coating for 120
seconds. The observations were conducted using an accelera-
tion voltage of 5 kv, while the energy-dispersive spectroscopy
(EDS) analysis was carried out at a voltage of 15 kV.

2.4.5 Pencil scratch hardness test for coatings. In accor-
dance with the ISO 15184-1998 standard, the scratch hardness
of the coating was evaluated using an APU QHQ-A pencil
hardness tester. The testing apparatus is depicted in Fig. S1,}
with the specifications of the pencil hardness tester set at 500 g.

2.4.6 Wettability test. The contact angle of the coating was
measured using a Biolin Attension Thet contact angle tester.
Droplets of 5 pL deionized water were applied to investigate the
dynamic contact angle on both the original PC and PC-AA,,/SAS,,
surfaces. The spread rate of the droplets was used to determine
changes in wettability.

2.4.7 Anti-fogging and frost-resisting test. To test the anti-
fogging properties, bare PC and PC-AA,,/SAS,, were placed 10 cm
above a water bath at 80 °C for 15 seconds and then immedi-
ately placed on paper printed with the word “SINAP” to observe
the fogging properties. For the frost-resisting test, bare PC and
PC-AA,,/SAS,, were placed in a refrigerator at —25 °C for 30
minutes. The transmission of the samples over the range 400-
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800 nm was tested using a UV-vis spectrophotometer (U-4900,
Hitachi) with at least three average transmission measure-
ments. The photos and images in this review were taken with an
iPhone 11.

2.4.8 Anti-fogging and frost-resisting cycle test. The cycling
tests followed the same conditions as the anti-fogging and frost-
resisting tests. However, there was one difference in the test
procedure. After each anti-fogging and frost-resisting test, there
was a ten-minute pause. This pause allowed the coating's
surface temperature to naturally return to room temperature
before the next test. A total of eight cycles were conducted to
assess the coating's stability following repeated exposure to
conditions of high temperature, high humidity, and low-
temperature freezing.

2.4.9 Tape adhesion test for coating. The testing was con-
ducted in accordance with the execution standard GB/T9286-
1998. A multi-blade grid knife (AIRY QFH-A) with a spacing of
2 +0.01 mm (11 teeth) was used, and the adhesive tape utilized
for testing was the 600-HC33 test tape manufactured by 3 M
Company. The testing apparatus is shown in Fig. S2, following
the evaluation standards outlined in ASTM D3359 to assess the
adhesion level of the coating.

2.4.10 Scratch resistance test. The experiment involved
placing a PC-AA;(,/SASs sample, measuring 2 cm x 3 cm,
between a 100 g weight and 1000-grit sandpaper, as depicted in
Fig. S3.7 Each test entailed pulling the sample at a constant
speed of 2 cm s~ for a distance of 20 cm. This procedure was
repeated 15 times to observe the scratching condition on the
surface of the coating using an optical microscope.

2.4.11 Versatility test. After evaluating the results of the
fogging and frosting tests, the coating that exhibited the best
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performance was chosen. Next, this optimal coating was applied
to pre-cleaned surfaces of PET film, PPMA goggles, and glass.
Following the application of the coating, fogging and frost
resistance tests were conducted according to the procedure
described in Section 2.4.6.

3 Results and discussion

Table 1 reflects the composition, reaction conditions, and post-
reaction state of the precursor solution. Acrylic acid (AA), as
a monomer, is commonly used as a functional component in
radiation chemistry due to its high free radical yield and reac-
tivity. In this experiment, the AA mass fraction was 10% for all
groups. As shown in Fig. 2, when the current carrier solution
contained only AA, it directly formed a hydrogel upon irradia-
tion at the current absorbed dose. When the mass fraction of
SAS was 1%, the precursor solution maintained its gel state after
irradiation. Increasing the SAS mass fraction to 3% resulted in
the precursor solution no longer forming a hydrogel, but
instead forming a polymer solution after irradiation. Further
increasing the SAS mass fraction to 10% resulted in the
formation of a polymer solution in the precursor solution after
irradiation for all groups. Video 1 in the ESIt provides a visual
representation of this transformation process. Therefore, the
addition of SAS can be observed to decrease the degree of
gelation of AA during irradiation, transforming the precursor
solution from a hydrogel into a viscous fluid suitable for
squeegee coating.

GPC analysis using H,O as the solvent characterized the
molecular weight and polydispersity of the coatings, results are
presented in Table 2. The relative molecular weights for AA;,/

Table 1 Precursor solution composition, reaction conditions and post-radiation solution state

Solution AA/g SAS/g H,0/g Absorbed dose/kGy Radiation time/h Post-radiation state
1 10 0 90 30 17 Gel

2 10 1 89 30 17 Gel

3 10 3 87 30 17 Viscous fluid

4 10 5 85 30 17 Viscous fluid

5 10 7 83 30 17 Viscous fluid

6 10 10 80 30 17 Viscous fluid

Viscous
fluid

!
‘
‘

Viscous
fluid

fluid

Fig. 2 Dispersion state of precursor solutions after radiation polymerization.
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Table 2 Molecular weight of the coating and the width of the
molecular weight distribution

Coating” M,b M, M,P M} PDI*
AA,(/SAS; 221182 457 674 782 545 415074 2.07
2494 2505 2516 2504 1.00

1404 1430 1457 1426 1.02

658 662 665 661 1.01

AA,(/SAS; 219228 538770 903 772 487338 2.46
2494 2547 2604 2539 1.02

1466 1493 1519 1489 1.02

670 675 680 675 1.01

AA,,/SAS, 129 622 371085 685779 328671 2.86
2580 2641 2707 2631 1.02

1475 1500 1524 1496 1.02

675 682 690 681 1.01

AA10/SAS1o 131128 329223 595 609 294012 2.51
2552 2634 2727 2621 1.03

1486 1505 1524 1502 1.01

645 651 656 650 1.01

% Coating were prepared at room temperature, see Experimental
sections. ? Molecular weights were measured by GPC. ¢ PDI, M,,/M,,.

SAS, and AA,,/SAS; unable to be determined due to their
hydrogel nature. All coatings consisted of four components as
shown by GPC curves in Fig. S4.f The first component was
a high molecular weight polymer. With increasing SAS content,
its number average molecular weight decreased gradually, while
the weight average initially increased and then decreased. The
molecular weight distribution (PDI) displayed an increasing-
decreasing trend, indicating narrow distributions and contrib-
uting to excellent performance. The remaining three compo-
nents were low molecular weight oligomers with no significant
changes in M,, M,,, and PDI even with varying SAS content. In
comparison to conventional free radical polymerization
methods, y-rays offer excellent penetration capability and
uniformly irradiate each monomer molecule, efficiently initi-
ating free radical polymerization by breaking the carbon-
carbon double bonds within the monomer molecules. This
process results in the production of higher molecular weight
polymer products. In this experiment, water was employed as
the solvent, serving as an effective solvent for the polymeriza-
tion products. It effectively delayed the gelation effect while
promoting a higher molecular weight of the polymer.

The NMR hydrogen spectra of all coatings were tested using
D,O as a solvent, and the results are presented in Fig. 3. In
Fig. 3(a), the 'H NMR spectrum of PAA displayed absorption
peaks at 6 = 1.63, 1.77, and 1.94 ppm from the -CH, group, 6 =
2.41 ppm from the -CH group, and possibly an impurity peak at
0 = 2.75 ppm. The synthesized random copolymer was named
n-p(AA-co-SAS), where “n” represents the corresponding reac-
tion solution number from Table 1. The longitudinal compar-
ison between the spectra of PAA and n-p(AA-co-SAS) is shown in
Fig. 3(b). n-p(AA-co-SAS) exhibited proton absorption peaks
from both -CH,-(a) and -CH—(b) groups, which had similar
chemical shifts to those observed in PAA. The impurity peak at
2.75 ppm was still present. Additionally, the characteristic
proton absorption peaks within the range of ¢ = 2.89-3.15 ppm,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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attributed to the -CH,SO;™ group of SAS, were observed in the
H'NMR spectra (Fig. 3(c) and (d)) of n-p(AA-co-SAS).**** These
observations indicated the successful copolymerization of AA
with SAS. Proton absorption peaks on the carbon-carbon
double bonds were detected between 4.5 and 6.5 ppm, indi-
cating the presence of unreacted AA and SAS in the polymer
solution. Furthermore, the absorption peak at 6 = 3.63 ppm
corresponded to -CH,SO; ™ in unreacted SAS. Assuming the
integral areas in the ranges of 4.5-6.5 ppm, 3.63 ppm, ¢, and
b are represented by A, B, C, and D respectively, the composition
ratio of AA structural units to SAS structural units, the conver-
sion ratio of the two monomers in the radiation polymerization
of poly(AA-co-SAS) can be calculated using the provided
formula:

X(SAS)  C )
X(AA)  2D-C
= 0 2
0(SAS) = = x 100% (2)
6D — 3C

0(AA) =

= 0 3
6D —3C 1 2A _3B < 1007 )

Table 3 showcases the calculations for X(SAS)/X(AA), repre-
senting the molar ratio of SAS to AA structural units in p(AA-co-
SAS), as well as §(SAS) and 6(AA), indicating the conversion rates
of the monomers.

Based on the findings in Fig. 4, it is evident that the
proportion of SAS structural units in p(AA-co-SAS) initially
increases and then decreases as the SAS content increases.
Similarly, the conversion rate of SAS exhibits a decrease fol-
lowed by an increase, while the conversion rate of AA shows
a slight decrease.

The formation of hydrogel under the action of y-ray generally
undergoes the following process: (1) the carbon-carbon double
bond in the monomer breaks under the action of radiation,
generating reactive free radicals that trigger the polymerization
reaction to form polymers. (2) As the polymer chains grow, the
molecular weight of the polymer gradually increases, and its
solubility in solvents decreases, resulting in stronger entangle-
ment between the chains. (3) When these molecular chains are
irradiated with y-rays, free radicals are generated on the chains.
In cases where the degree of entanglement is too high, the free
radicals between the chains combine with each other to form
chemical bonds. When a sufficient number of bonds are
formed, the polymer forms a three-dimensional network
structure called a hydrogel.

Based on the results of GPC and '"H NMR analysis, it is
suggested that SAS plays the following two roles in the poly-
merization process, leading to the gradual conversion of the AA
and SAS copolymer from a hydrogel into a viscous polymer
solution: (a) the introduction of SAS reduces the number-
average molecular weight of ploy(AA-co-SAS), improving the
polymer's solubility in water and weakening the intertwining
effect between the molecular chains. (b) The presence of SAS
structural units in poly(AA-co-SAS) imparts amphoteric polymer

RSC Adv, 2024, 14, 10131-10145 | 10135
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Fig. 3 H NMR spectrum of samples: (a) PAA; (b) PAA and n-p(AA-co-SAS); (c) 3- p(AA-co-SAS); (d) 4-p(AA-co-SAS); (e) 5-p(AA-co-SAS); (f) 6-

p(AA-co-SAS).

properties to the polymer, giving it excellent hydration ability
and significantly enhancing its solubility in water.

In order to assess the film-forming properties of the coat-
ings, various coating systems were applied to glass surfaces
using a scraping technique. After drying, the coated samples
were visually examined to evaluate their initial film-forming
performance, as depicted in Fig. 5. When the coating con-
sisted solely of PSAS, its film-forming performance was inade-
quate. The surface of the coating exhibited irregularities along

with numerous cracks and wrinkles. Moreover, the

10136 | RSC Adv, 2024, 14, 10131-10145

transparency of the coated glass was substantially reduced,
resulting in a blurred logo visibility. However, with the intro-
duction of AA and subsequent synthesis of p(AA-co-SAS) through
radiation polymerization, the film-forming properties of the
coating improved significantly.**> The polymer coating dis-
played a smooth and uniform surface while maintaining satis-
factory light transmission after application to the substrate.
To summarize, under the given absorbed dose, the incor-
poration of SAS effectively transformed the precursor solution
from a hydrogel into a viscous fluid capable of forming films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Feed ratios, composition ratios and conversion rates of
radiation polymerization®

M(SAS):N(AA)  m(SAS):n(AA)  X(SAS):X(AA) O(SAS)  0(AA)

3:10 1:6.67 1:8.06 88.33%  98.19%
5:10 1:4.00 1:2.46 78.99%  98.59%
7:10 1:2.86 1:2.40 82.93%  97.10%
10:10 1:2.00 1:2.77 81.70%  96.97%

“ M: N represents the mass ratio of monomers before reaction (SAS:
AA). m:n represents the molar ratio of monomers before reaction
(SAS: AA).

The addition of AA had a notable impact on enhancing the film-
forming behavior of the polymer solution. The synergy between
AA and SAS was vital for achieving optimal results.

In the ATR spectra (Fig. 6(a)), the coated PC exhibited a broad
absorption peak around 3400 cm ', which was attributed to the
vibrational absorption of -COOH in comparison to the bare PC.
The peak at 1715 cm ™" was identified as the stretching vibration
of C=0 in ~-COOH. Furthermore, the peaks at 1040 cm ' and
660 cm ™" corresponded to the stretching vibration of S=O in -
SO, .>»* Additionally, the peak at 1650 cm™! indicated the
bending vibration of C=C, suggesting the presence of unreac-
ted monomers in the coating. These observations align with the
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findings from the H'NMR studies, where non-polymerized AA
and SAS were detected as peaks between 6.5 and 4.5 ppm in the
"H NMR spectrum (Fig. 3(e) and (f)).

XPS analysis was performed to analyze the elements on the
surface of the coated PC, as shown in Fig. 6(b). For the bare PC,
distinct peaks were observed at 285 eV for C 1s and 532 eV for O
1s. After coating the PC surface with the material, peaks at
168 eV for S 2p and 1072 eV for Na 1s were observed, with the
intensities increasing as the SAS content in the coating system
increased. The high-resolution XPS spectrum of PC-AA,,/SAS,, is
shown in Fig. S5, revealing the presence of three types of sulfur
bonding in this coating: S=O near 169.5 eV, S-O near 168 eV,
and C-S near 164 eV.** Combining the XPS and ATR analyses, it
can be concluded that the irradiation-induced coating was
successfully deposited on the PC surface. The surface coatings
contain both ~-COOH and -SO;" functional groups, which are
expected to enhance the surface wettability.

The investigation into the weight loss rate of AA,,/SAS,
coatings at different decomposition temperatures was con-
ducted using TG to compare the thermal stability of the coat-
ings. As depicted in Fig. 6(c), the weight loss of the polymer can
be categorized into 4 stages. In the first stage, 30 °C to 100 °C,
the primary loss is the free water absorbed by the polymer
coating. The second stage, 100-300 °C, is characterized by the
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(b)

1.2+ —a— ((SAS)
1:2.46 1:2.40 —e—0(AA)
1:2.77 ~:al
_ S 1.0
< T
< z g R .
% Sosf
~ =
7)) -
; E 0.6 |
1:8.06 S
0.4 F
' L {'h 1 1 1 1 1
1:6.67 1:4.00 1:2.86 1:2.00 1:6.67 1:4.00 1:2.86 1:2.00

m(SAS):n(AA)

Fig. 4
conversion.

T

Glass-AA (/SAS; Glass-AA,/SAS;

Glass-AA,/SAS,

m(SAS):n(AA)

(a) Histogram of feeding ratio versus structural unit composition ratio in p(AA-co-SAS); (b) relationship between feed ratio and monomer

Glass-AA,/SAS, Glass-AA/SAS,,

Fig. 5 Photographs of different systems of coatings after application to glass surfaces.
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loss of bound water in the coating and the decomposition of the
-COO™ groups.* At 300 °C, the residual mass of the coating is
71% with a SAS mass fraction of 3%, and as the SAS content
increases, the residual mass at 300 °C progressively rises,
reaching 81% at a SAS mass fraction of 10%. The DTG curve in
Fig. 6(d) illustrates that the addition of SAS can decrease the
maximum thermal decomposition rate of the -COO™ groups.
The maximum thermal decomposition rate of AA;y/SAS;, is
approximately half that of AA;,/SAS;, demonstrating that the
inclusion of SAS diminishes the thermal decomposition of the -
COO™ groups in the second stage and enhances the thermal
stability of the coating at 300 °C. It is noteworthy that the
temperature corresponding to the maximum thermal decom-
position rate of AA;,/SASs is slightly increased to 272 °C, in
contrast to the 265 °C observed for the remaining coatings. The
third stage, 300 °C to 400 °C, mainly involves the decomposition
of SO; ™ in the polymer structure.*® While the fourth stage, 400 °©
C to 600 °C, primarily entails the thermal decomposition of the
polymer chain.?” From 400 °C to 600 °C, the TG curves of the
coatings with high SAS content consistently exceed those of the
coatings with low SAS content, indicating that the addition of
SAS moderately enhances the thermal stability of the polymer
backbone.

The surface morphology of the coatings was observed
directly through SEM photographs. The SEM images in
Fig. 7(a)-(d) demonstrate that all the current coatings exhibit
smooth, flat, and dense surfaces without any holes or cracks.

10138 | RSC Adv, 2024, 14, 10131-10145

(a) ATR spectra of bare and coated PC; (b) XPS survey spectra; (b) TG curve for coatings; (d) DTG curve for coatings.

This indicates the excellent performance of the polymer coat-
ings prepared using the irradiation method. EDS images of PC-
AA;(/SAS; in Fig. 7(e) and (f) reveal the uniform distribution of S
and Na elements on the surface. The relative elemental content
after EDS scanning is presented in Table S1, with a detailed
analysis procedure described in the Table S1t section. The
molar ratio of S to Na elements in the scanned area was calcu-
lated to be 1:1, and the molar ratio of -COOH group to -SO3™
group was calculated to be 1:1 based on the EDS scan results.
These findings are consistent with the composition of the
coatings, indicating good homogeneity of the polymer coatings
obtained through the irradiation method. Furthermore, the
coatings can be polymerized to achieve the desired molar ratio
product based on the feed ratio, demonstrating controllability
in the process.

Table 4 summarizes the coating hardness obtained through
pencil testing, and Fig. S61 shows optical photographs of the
coated surfaces after testing. The results indicate that the
scratch hardness of the coatings follows a consistent trend with
the composition of p(AA-co-SAS) structural units. Specifically, as
the proportion of SAS structural units increases, the scratch
hardness of the coatings also increases. Xu et al. also discovered
that SAS as a surfactant has the effect of improving the hardness
of composite coatings.*®

Fig. 8(a) illustrates the total transmittance of all samples
under ambient conditions (25 °C, 50% RH). The results are
summarized in Fig. 8(d), where bare PC exhibited

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The scratch hardness of AA,,/SAS,, coatings

Sample name X(SAS): X(AA) Scratch hardness

PC-AA,,/SAS; 1:8.06 2B
PC-AA,(/SAS; 1:2.46 HB
PC-AA,(/SAS, 1:2.40 H
PC-AA,(/SAS;o 1:2.77 B

a transmittance of 82%, while PC-AA,,/SAS; demonstrated the
lowest transmittance value of only 65%. Increasing the SAS
mass fraction initially leads to an increase followed by
a decrease in sample transmittance. The transmittance of PC-
AA,/SAS5, PC-AA,(/SAS-, and PC-AA,,/SAS,, were 78%, 78.5%
and 76.5%, respectively.

To evaluate the effectiveness of anti-fogging and frost-
resisting abilities, bare PC and PC-AA,/SAS, were placed
10 cm above an 80 °C water bath for 15 seconds or exposed to
a —25 °C refrigerator for 30 minutes before being tested under
ambient conditions (25 °C, 50% RH). Fig. 8(b) shows the
transmittance results of anti-fogging tests. The transmittance of
bare PC decreased drastically from 82% to 17%. However, PC-
AA/SAS5, PC-AA;(/SAS,, and PC-AA;,/SAS;, maintained
a transmittance of 79%. This indicates that higher SAS content
improved the anti-fogging ability of the coating. The optimal
SAS content for anti-fogging was determined to be 5%.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 8(c) shows the transmittance results of frost-resisting
tests. The transmittance of bare PC decreased to 13% after
testing. On the other hand, PC-AA;,/SAS;, PC-AA,(/SAS5, PC-
AA,0/SAS;, and PC-AA;(/SAS,, displayed transmittance levels of
65%, 79%, 70%, and 76%, respectively. Thus, an increased SAS
content improved the coating's frost-resisting ability, with the
optimal SAS content being 5%. Considering the transmittance
under different conditions, including ambient, high-
temperature and high-humidity, as well as low-temperature
and freezing environments, PC-AA;,/SAS;s was identified as the
optimal sample. Therefore, for subsequent universal and cycle
testing, AA;o/SASs was applied to the surfaces of various
substrates.

Fig. 9(a)-(d) depicts a comparison between the bare PC and
the PC-AA,o/SAS; after conducting anti-fogging and frost-
resisting tests. This comparison effectively showcases the
outstanding anti-fogging and frost-resisting performance of the
AA,,/SAS;s. Under both test conditions, it is evident that the bare
PC rapidly fogs up, whereas the PC-AA,,/SASs maintains clarity
throughout the tests.

The anti-fogging mechanism of hydrophilic coating is to
spread water droplets into a water film."»*” Therefore, the
contact angle of the coating was analyzed using a contact angle
tester, and Fig. 9(e) shows the relationship between the contact
angle of the coating and time. Fig. S7t represents the surface

RSC Adv, 2024, 14, 10131-10145 | 10139
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(b) after conditioned at 80 °C for 15 s; (c) after conditioned at —25 °C for 30 min; (d) summary chart of transmittance.

area of a liquid droplet calculated by the test software Avantage,
with a volume of 5 pL. The contact angle of Bare PC at 0 s is
97.5° which decreased to 88.7° after 100 s. From the trend of
the graph, it can be observed that the diffusion rate of the
coated PC has significant differences. PC-AA;,/SASs and PC-
AA,(/SAS; have the fastest diffusion rate, followed by PC-AA;/
SAS;, and PC-AA,,/SAS;, which have the slowest diffusion rate.
Through analysis and comparison, it was found that the diffu-
sion speed of water droplets on the coating is positively corre-
lated with the proportion of SAS structural units in p(AA-co-SAS).
A higher proportion indicates better spreading performance of
water droplets. The contact angle of PC-AA;,/SAS; decreased
from 86.6° at 0 s to 68.3° after 100 s. The contact angle of PC-
AA,(/SAS,, decreased from 79.1° at 0 s to 48.7° after 100 s. The
overall best-performing PC-AA;,/SASs had a contact angle of
100.1° at 0 s, which rapidly decreased to 40.1° after 10 s and
further decreased to 18.8° after 50 s. Therefore, its outstanding
anti-fogging and frost-resisting properties are mainly due to its
supreme wetting ability, which can quickly disperse water
droplets into a water film within a short time, reducing the
refraction and scattering of light, thus achieving high light
transmittance of the transparent optical materials. At the same
time, the moisture absorption capacity of the coating also
contributes to its anti-fogging and frost-resisting properties.
The diffusion trend of PC-AA,,/SAS; generally reflects that of
PC-AA;(/SASs. Within the same period of time, a faster droplet

10140 | RSC Adv, 2024, 14, 10131-10145

diffusion rate means a larger droplet spreading area in the same
time. Fig. S77 reflects this pattern of variation.

The above results indicate that the content of SAS deter-
mines the wetting performance of the coating. Both excessively
high and low content can lead to a decrease in water droplet
spreading speed. Fig. 9(f) shows the contact angle test images of
bare PC and PC-AA,,/SAS,,. The time points of the images are 0,
0.8, and 100 seconds, reflecting the wetting process of all
samples intuitively.

To test the long-term and repeated stability of the coating's
performance in high humidity and freezing environments, anti-
fogging and frost-resisting cyclic tests were conducted. The
results are presented in Fig. 10. Both the anti-fogging (Fig. 10(a))
and frost-resisting (Fig. 10(b)) cyclic tests showed that the PC-
AA,(/SAS;s exhibited excellent optical performance, with the logo
clearly visible behind the coating. Fig. 11 illustrates the changes
in transmittance of the coating during the cyclic tests. The
coordinates on the axis represent the number of tests, with “N”
indicating untested. In the anti-fogging cyclic test, the trans-
mittance of the coating remained between 78.4% and 79.9%,
with a maximum deviation of only 1.5%. In the frost-resisting
cyclic test, the transmittance of the coating remained between
77.2% and 79.2%, with a maximum deviation of only 2.0%. The
test results demonstrate that PC-AA;,/SASs; exhibits excellent
cyclic stability and can withstand the challenges of high humidity
and freezing environments for an extended period of time.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The interfacial adhesion of the polymer coating was tested
using a tape peel experiment, which is widely applied to study
coating adhesion. Adhesion is a critical indicator of coating
durability, and ASTM D3359 provides grades ranging from 5B
down to 0B, with 5B being the highest level of tape peel test.
AA,,/SAS; exhibited a 5B level of adhesion on the PC surface, as
observed in the optical microscope images taken before and
after the tape peel test (Fig. 12). The polymer coating remained
intact after the test, indicating proper adhesion between the
coating and the PC substrate.

The PC-AA,,/SASs sample was subjected to a friction resis-
tance test by placing it between a 100 g weight and a 1000-grit
sandpaper. The sample was pulled with a distance of 20 cm at
a speed of 2 cm s~ '. After conducting 10 tests, only a few
scratches were detected on the surface of the coating. However,
after 15 tests, a substantial number of scratches became visible.
This indicates that the polymer coating possesses a degree of
scratch resistance. The optical microscope images illustrating
the results of the scratch test can be found in Fig. S8.t

With a view to investigating the versatility of the AA,,/SAS;
coatings, which exhibit the best overall performance, they were
applied onto PET film and glass surfaces to test their anti-
fogging and frostresisting properties. As illustrated in

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. S9(a)-(c),t the transmittance of uncoated PET and coated
PET under ambient conditions was determined to be 75.1% and
75.8%, respectively. Subsequent to the anti-fogging test, the
transmittance of uncoated PET decreased significantly to
37.1%, while that of coated PET remained relatively stable at
76.5%. Following the frost-resisting test, the transmittance of
uncoated PET experienced a slight reduction, whereas coated
PET sustained its clarity with a transmittance of 78.1%. In both
scenarios, the presence of the logo on the back of the coated
PET was clearly discernible (Fig. 13(a) and (b)). Similarly, for
glass samples (Fig. S10(a)-(c)f), the transmittance under
ambient conditions was determined to be 85.3% for both
uncoated and coated glass. Post anti-fogging test, the trans-
mittance of uncoated glass dropped to 39.9%, whereas the
coated glass still retained 85.7% transmittance. Subsequent
frost-resisting test resulted in a transmittance decline of
uncoated glass to 63.5%, while the coated glass maintained
a transmittance of 85.2%. Clear visibility was maintained by the
coated glass throughout the testing conditions (Fig. 13(c) and
(d)). These experimental outcomes confirm that the coating
does not impact the transmittance characteristics of the
substrate under ambient conditions, as the transmittance of the
coated samples remained similar to that of the substrate.

RSC Adv, 2024, 14, 10131-10145 | 10141
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Moreover, the coated samples exhibited good transmittance Furthermore, the coating was successfully applied to a pair of
even after undergoing the tests, thereby establishing their PMMA goggles, resulting in a clear coated section and a heavily
exceptional anti-fogging and frost-resisting properties. fogged uncoated section (Fig. 13(e) and (f)). Even after a year in
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Fig. 11 Transmittance of PC-AA;o/SASs in anti-fogging cycle tests: (a) at ambient condition (25 °C, 50% RH); (b) after conditioned at 80 °C for
15 s; (c) scatter plot of transmittance for anti-fogging cycle tests; transmittance of PC-AA;0/SASs in frost-resisting cycle tests: (d) at ambient
condition (25 °C, 50% RH); (e) after conditioned at —25 °C for 30 min; (f) scatter plot of transmittance for frost-resisting cycle tests.
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an indoor environment, the goggles still show good perfor-
mance, proving that the coating has good long-term resistance
and environmental stability (Fig. S11f). These findings
emphasize the exceptional versatility of the AA;,/SASs coating,
thereby enabling its application on a wide range of polar
surfaces for effective anti-fogging and frost-resisting purposes.

4 Conclusion

We have successfully developed an anti-fogging coating using
radiation polymerization based on the random copolymer p(AA-
c0-SAS). In this random copolymer, SAS serves two essential
functions. Firstly, it reduces the polymer's number-average
molecular weight, thereby weakening intermolecular entangle-
ment. Secondly, it enhances the hydration capability of the
random copolymer due to its structural units. As a result, the
solubility of the random copolymer in water significantly

© 2024 The Author(s). Published by the Royal Society of Chemistry

increases, transforming it from a gel state into a polymer
solution suitable for coating applications after radiation poly-
merization. Additionally, the AA structural units contribute to
improved film-forming performance of the coating. Our
research findings show that the scratch hardness and wetta-
bility of the coating are directly proportional to the content of
SAS structural units in p(AA-co-SAS). Among the anti-fogging
and frostresisting tests, AA;(/SASs exhibits outstanding
optical performance. It also demonstrates good cycling stability
during repeated testing. Tape adhesion tests reveal that the
coating strongly adheres to PC with a 5B level. Moreover, the
coating exhibits a certain degree of scratch resistance. Upon
applying AA;0/SASs to surfaces such as PET film, glass, and
PMMA goggles, the coated samples exhibit excellent fogging
and frost resistance properties. Remarkably, the PMMA goggles
maintain stable performance even after one year of indoor
exposure. These results confirm the coating's versatility and
long-term environmental stability. In conclusion, the developed
coating has significant potential application value in industries
such as packaging, medical equipment, and transportation that
require fog resistance and frost protection.
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