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Abstract In this work, a multifunctional coating was
developed by grafting a zwitterionic poly[2-(methacry-
loyloxy)ethyl]dimethyl-(3-sulfopropyl)-co-acrylic acid
[poly(SBMA-co-AA)] polymer onto a glass slide,
which possesses excellent antifog, antifrost, and self-
cleaning properties. These properties are attributed to
the strong hydration of the hydrophilic zwitterionic
PSBMA segments. The durability of the coating can be
improved because the carboxyl group (–COOH) of the
PAA segment enables formation of a robust covalent
bond with the amino group (–NH2) on the substrate.
The coating presents long-term stability, as proved by

water contact angles, which were stable at 12 ± 1�
after exposing the coating in ambient environment for
60 days or immersing in deionized water for 24 h. In
addition, the underwater oil contact angle measure-
ment demonstrated that an oil stain on the zwitterionic
poly(SBMA-co-AA) polymer coating can be easily
removed upon contact with water, showing self-clean-
ing performance. These properties verified that the
zwitterionic multifunctional coating exploited in this
research has many potential application prospects,
including construction, automotive, aerospace, ship-
building, biomedical, and other optical fields.
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Introduction

The formation of fog is attributed to uneven conden-
sation of water droplets on the surface of transparent
substrates caused by temperature and humidity
change, which can significantly reduce the transparency
of the substrate, such as windshields, eyeglasses,
goggles, and endoscopes.1–3 This will not only bring
inconvenience to daily life but will also lead to poten-
tial dangers.4–7 Therefore, maintaining the trans-
parency of the substrates is essential for their
practical applications. Thus far, there are two main
antifogging strategies to mitigate the problems. The
first method aims at controlling environmental param-
eters, such as temperature, relative humidity, and
surrounding air flow to avoid condensation.8–12 The
second category focuses on changing the morphology
of water drops by tuning the wetting characteristic of
the transparent substrate surface, including adjusting
the substrate’s surface features (chemistry and rough-
ness) or coating deposition.13,14 In recent years, coating
treatments have been extensively investigated in
antifog fields due to their low cost, adjustable wettabil-
ity, availability, and crosslink ability. According to the
antifog mechanism of the coating, the antifog coating
can be roughly classified into two types: hydrophobic
antifog coating and hydrophilic antifog coating.

Compared with the hydrophobic coating, the hydro-
philic or even superhydrophilic films have been exten-
sively reported as antifog coatings for transparent
substrates.2,15–19 That is the reason that water droplets

can spread quickly on these surfaces, forming a liquid
film that can effectively reduce light scattering to avoid
the formation of fog.20–23 For example, Zhao et al.
fabricated an excellent antifogging/antimicrobial coat-
ing by spin-coating the partially quaternized poly
[2-(dimethylamino)ethyl methacrylate-co-methyl
methacrylate] on the surface of glass slides. The excel-
lent antifogging performance of the coating was mainly
due to the hydrophilic/hydrophobic balance of the
partially quaternized co-polymer, while the strongly
antimicrobial performance was attributed to quaternary
ammonium compound.24 Manabe et al. designed a
multifunctional antifog coating by alternately depositing
poly(allylamine hydrochloride)–poly(vinyl alcohol)–
poly(acrylic acid) (PAH–PVA–PAA) blend as a catio-
nic solution and poly(vinyl alcohol)–poly(acrylic acid)
(PVA–PAA) blend as an anionic solution. These coat-
ings displayed excellent antireflection and antifogging
properties, which were mainly attributed to the strong
hydrophilicity of PVA.25

Another crucial factor that affects the performance
of transparent optical materials is the surface fouling.
To solve this problem, various hydrophilic materials
have been studied as antifouling coatings, such as
poly(N-vinylpyrrolidone), poly(ethylene glycol)
(PEG), and zwitterionic polymers. Stains can be
evidently reduced on the surfaces of these coatings,
which were attributed to the water layer on the
coatings by interacting with water molecules.

Zwitterionic polymers have equal anionic and
cationic groups in the molecular chain, making the
polymer electrically neutral. There is a strong dipole–
dipole interaction between molecular segments.26,27

Typical cations are quaternized ammonium, and zwit-
terionic groups can be classified into sulfobetaine (SB),
carboxybetaine (CB), and phosphorylcholine (PC)
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according to the kind of anions. This special molecular
structure makes it suitable for many aspects, such as
emulsifiers and antifoulants.28 These zwitterionic
polymers that exhibit highly hydrophilic and antifoul-
ing performance are also attributed to their equal
anionic and cationic groups on the molecular chain. In
recent years, zwitterionic polymers have also been
developed to achieve effective antifogging and frost-
resisting for their high hydrophilicity. For instance,
Huang et al. prepared a superhydrophilic coating by
grafting zwitterionic sulfobetaine silane (SBSi) on
oxidized surfaces. This coating displayed excellent
antifog and self-cleaning performance due to the
strong water–substrate interaction.16 Li et al. fabri-
cated a semi-interpenetrating polymer network
(SIPN) coating from amphiphilic block co-polymers
of polyhedral oligomeric (POSS-PDMAEMA-b-
PSBMA) with a small amount of ethylene glycol
dimethacrylate (EGDMA) via UV-curing. The pre-
pared coating displayed excellent antifogging perfor-
mance mainly as the hygroscopicity of PDMAEMA
and PSBMA blocks in SIPN.29

In this work, we first created a multifunctional
coating based on the zwitterionic polymer poly
[(2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)-co-
acrylic acid [poly(SBMA-co-AA)]. This coating can
achieve antifog, antifrost, and self-cleaning properties at
the same time. Moreover, the coating also exhibits
distinguished long-term durability and water resistance.
Therefore, this strategy would be expected to address
the problems of single function, poor water resistance,
and durability of the current antifog coatings. This kind
of zwitterionic multifunctional coating can be obtained
by a simple preparation method: (1) pretreatment of
glass slide with (3-aminopropyl)triethoxysilane
(APTES); (2) synthesis of poly(SBMA-co-AA); (3)
grafting poly(SBMA-co-AA) onto glass slide.

Materials and methods

Materials

[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
(SBMA, ‡ 97%), ammonium persulfate (APS, AR, ‡
98%), 3-aminopropyl triethoxysilane (APTES,99%),
N-(3-dimethylaminopropyl)-N¢-ethylcarbodiimide hydro-
chloride (EDC, 98%), N-hydroxysuccinimide (NHS,
98%), and 2-(N-morpholino)ethanesulfonic acid
(MES, ‡ 99%) were purchased from Aladdin. Sulfuric
acid (H2SO4, AR, 98 wt%), hydrogen peroxide (H2O2,
AR, 30 wt%), tetrahydrofuran (THF, AR), acetone
(C3H6O, AR), ethanol (C2H5OH, AR), acrylic acid
(AA, AR), disodium hydrogen phosphate dodecahy-
drate (AR, ‡ 99.0%), and sodium dihydrogen phos-
phate dihydrate (AR, ‡ 99.0%) were purchased from
Shanghai Sinopharm Reagent Company (China).

Pretreatment of glass slide

In order to obtain enough active functional groups on
the surface of the pure glass slide, APTES was grafted
onto its surface by silanization, as shown in Scheme 1.
The glass slides (24 9 24 mm2) were continuously
washed with deionized water, acetone, and ethanol
for 30 min in an ultrasonic cleaner. They were hydrox-
ylated by immersion in a piranha solution (H2SO4:
H2O2 = 7:3) at 90�C for 1 h and then washed with
copious amounts of deionized water and ethanol to
neutrality. The hydroxylated slides were immersed in
an APTES solution (5 mL APTES, 92 mL methanol,
and 3 mL water) overnight at room temperature to
obtain the amination glass (glass-APTES) slides. After
that, deionized water and ethanol were used to wash
the glass-APTES slides thoroughly; then, the glass-
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Scheme 1: Synthesis procedure of the poly(SBMA-co-AA) coating
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APTES slides were dried at 60�C in a vacuum oven for
further use.

Synthesis of poly(SBMA-co-AA)

The zwitterionic poly(SBMA-co-AA) polymer was
synthesized via free-radical-initiated polymerization
method. In a three-necked flask, 6.3 g SBMA and
1.08 g AA were dissolved with 40 mL deionized water.
Then, 0.06 g ammonium persulfate was dissolved in
10 mL deionized water and transferred to a 10 mL
syringe. Under stirring at 60�C, it was dropped into the
reaction system as the initiator in the N2 atmosphere.
After continuous reaction for 6 h, the mixed solution
was precipitated with THF solution for two times at
room temperature. Then, the zwitterionic poly(SBMA-
co-AA) polymer product was obtained by freeze-
drying.

Grafting poly(SBMA-co-AA) onto glass slide

The zwitterionic poly(SBMA-co-AA) polymer (6.3 g)
was dissolved in 50 mL of 0.1 M MES buffer. Then,
EDC (1.8 g, 0.2 mol) and NHS (1.1 g, 0.1 mol) were
added to the solution and stirred for 1 h. After that, the
amination glass slides were soaked in the above
solution for 24 h to obtain the zwitterionic poly
(SBMA-co-AA)-modified glass [glass-poly(SBMA-co-
AA)] slides. Finally, the glass-poly(SBMA-co-AA)
slides were washed thoroughly with deionized water
and dried at 60�C in a vacuum oven.

Characterizations

1H NMR spectra were conducted with an AV400 M 1H
NMR spectrometer with tetramethylsilane (TMS) as
an internal standard. The 1H NMR sample was
prepared by dissolving zwitterionic poly(SBMA-co-
AA) polymer into D2O. The molecular weight of
poly(SBMA-co-AA) was determined by PL50 gel
permeation chromatography (GPC) (American). Ther-
mal gravimetric analysis (TGA) was obtained by a
TG209F1 instrument (Germany) under nitrogen atmo-
sphere. Fourier transform infrared (FTIR) spec-
troscopy was carried out on a PerkinElmer Spectrum
Two spectrometer (American). The surface chemical
composition of the glass-poly(SBMA-co-AA) slide was
characterized by X-ray photoelectron spectroscopy
(XPS). The XPS analysis was performed using a
Thermo ESCALAB 250 spectrometer (American)
with a monochromatic Al Ka source at 1486.6 eV.
The topography of the surfaces was measured by
a tapping-mode atomic force microscope (AFM) with
an MFP-3D microscope (Asylum Research, USA) at
room temperature. The water contact angles (WACs)
of the glass-poly(SBMA-co-AA) slide surface and
their development were recorded by the sessile-drop

method, using an optical CA goniometer (KRÜSS
Contact Angle DSA30R, KRÜSS, Germany) at ambi-
ent temperature; the volume of droplets was 5 lL. The
average water CAs were obtained at three different
positions on the samples to characterize the average
wetting properties of the coatings. UV–Vis spectropho-
tometer (UV-3600, Jasco) was used to measure the
UV–Vis transmission spectra of glass-poly(SBMA-co-
AA) slide.

Antifog and antifrost tests

The hot bath and freezing methods were used to
evaluate the antifog and antifrost properties, respec-
tively. For the antifog test, the glass-poly(SBMA-co-
AA) slide and the pure glass slide were set above the
hot bath (80�C) for 10 s; the distance between the hot
bath and the samples was 5 cm. The fogging perfor-
mances were recorded after removing samples imme-
diately from the water steam. The glass-poly(SBMA-
co-AA) slide and the pure glass slide were stored in a
freezer at � 18�C for 30 min, and then, they were
exposed to ambient conditions to estimate the antifrost
performance. Furthermore, in order to quantitatively
evaluate the antifog and frost-resisting properties of
the glass-poly(SBMA-co-AA) slides, light transmis-
sions in the range of 380–780 nm were recorded during
the fogging or frosting tests.
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Fig. 1: 1H NMR spectra of SBMA and poly (SBMA-co-AA)
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Stability tests

The durability of the zwitterionic poly(SBMA-co-AA)
coating was investigated through exposing the glass-
poly(SBMA-co-AA) slide in the surrounding environ-
ment for 60 days or immersing in deionized water for
24 h. The durability of the poly(SBMA-co-AA) coat-
ing was evaluated by continuously monitoring the
change of the contact angle and the antifogging and
antifrost properties. These samples were dried in a
vacuum oven at 60�C after each test.

Self-cleaning tests

To verify the self-cleaning property of the zwitterionic
poly(SBMA-co-AA) coating, a hydrophobic contami-
nant mixed with soybean oil and carbon powder was
dropped on the pure glass slide and the glass-
poly(SBMA-co-AA) slide, respectively. The removal

effects of the stains were characterized by continu-
ously rinsing samples with water.

Results and discussion

Preparation and properties
of the poly(SBMA-co-AA) coating

The 1H NMR spectra of SBMA and the zwitterionic
poly(SBMA-co-AA) polymer are shown in Fig. 1.
d = 4.7 ppm was the solvent peak of D2O. The proton
absorption peaks of SBMA were presented as follows:
d = 6.05 ppm and d = 5.67 ppm were the characteristic
proton absorption peaks of (–C=CH2); d = 4.54 ppm
was the proton absorption peak of methylene group on
(–OCH2–); d = 3.45–3.73 ppm was the methylene pro-
ton absorption peak on (–+NCH2–) connected to N;
d = 3.1 ppm was the methyl proton absorption peak on
[–+N(CH3)2] connected to N; d = 2.87 ppm was the
methylene proton absorption peak on (–CH2–SO3

�)
attached to the sulfonic acid group; d = 2.15 ppm was a
methylene proton absorption peak on (–CH2–C–SO3

�)
separated from the sulfonic acid group by a C atom;
d = 1.83 ppm was the proton absorption peak of
(–CH3). In the 1H NMR spectrum of the zwitterionic
poly(SBMA-co-AA) polymer, the proton characteris-
tic absorption peaks of d = 6.05 ppm and d = 5.67 ppm
disappeared,30,31 which indicated the complete poly-
merization of SBMA and AA.

The molecular weights of the zwitterionic polymer
poly(SBMA-co-AA) were characterized by GPC. As
shown in Fig. 2a, the Mw of poly(SBMA-co-AA) was
27648 and its PDI was 1.18, which indicated that the
molecular weight of poly(SBMA-co-AA) was uni-
formly distributed. The thermal stability of the zwitte-
rionic polymer poly(SBMA-co-AA) was examined by
TGA. As shown in Fig. 2b, the zwitterionic polymer
poly(SBMA-co-AA) was stable up to 250�C, which
met the requirements for practical applications. In
addition, there was about 7.9 wt% mass loss which was
observed from 44 to 250�C, resulting from the exis-
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tence of free and bound water in the zwitterionic
polymer poly(SBMA-co-AA).

The FTIR spectrum of the surface of the glass-
poly(SBMA-co-AA) slide is shown in Fig. 3. The
zwitterionic poly(SBMA-co-AA) polymer was grafted
onto a glass-APTES slide by amidation reaction. The
3402 cm�1 peak was caused by bound water, which was
formed by the highly hydrophilic zwitterionic PSBMA
segments in the poly(SBMA-co-AA) polymer. The
2923 and 2853 cm�1 peaks were attributed to the
stretching vibration of (–CH3 and –CH2–).32 The peak
at 1725 cm�1 was assigned to the carbonyl stretching
vibration. The 1649 and 1565 cm�1 peaks corre-
sponded to amide groups [O=C–NH];33 the peaks of
751 and 1035 cm�1 belonged to the –Si–O–Si– and –Si–
O–C– stretching vibrations.34 These results demon-
strated that a robust amide bond was formed between
the carboxyl group (–COOH) on the poly(SBMA-co-
AA) polymer and the amino group (–NH2) on the
surface of the glass-APTES slide. Hence, the FTIR
spectrum further indicated that the zwitterionic poly
(SBMA-co-AA) polymer was successfully grafted onto
the surface of glass slide.

The surface chemical composition, element contents
of the substrate surface, and the changes of the

chemical bond could be confirmed by X-ray photo-
electron spectroscopy (XPS). The XPS spectra of the
pure glass slide and the glass-poly(SBMA-co-AA)
slide are shown in Fig. 4. The emergence of N and S
elements was clearly observed on the surface of the
glass-poly(SBMA-co-AA) slide (Fig. 4b) but did not
exist on the pure glass slide surface (Fig. 4a). The N 1s
peak with a binding energy of 401 eV (Fig. 4c)
was attributed to the quaternary ammonium
[� N(CH3)2

+].35,36 Moreover, spin–orbit split doublets
of S 2p peak were observed at the binding energy 167.0
and 168.2 eV, which were associated with the sulfonate
[–CSO3

�] (Fig. 4d). The characteristic S element of the
zwitterionic poly(SBMA-co-AA) co-polymer was only
observed on the surface of the glass-poly(SBMA-co-
AA) slide, which was consistent with the 1H NMR and
FTIR results.

Atomic force microscope (AFM) with tapping mode
was used to analyze the morphologies of the surfaces.
The morphologies of the sample surface and the
corresponding roughness values are shown in Fig. 5.
The surface of pure glass slide was relatively smooth
with a low roughness value (Ra = 0.54 nm in average),
as shown in Fig. 5a and 5b. After amination treatment
with APTES, the surface roughness value of the glass-
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APTES slide increased to 1.69 nm on average (Fig. 5c
and 5d). Finally, the glass-APTES was further modified
with the zwitterionic poly(SBMA-co-AA) polymer; the
surface roughness value of glass-poly(SBMA-co-AA)
slide reached 6.12 nm on average (Fig. 5e and 5f). In
addition, the brush poly(SBMA-co-AA) can also be

observed in Fig. 5e and 5f. The final thickness of the
coating reached 60 ± 0.02 nm.

The wettability of the pure glass slide and the
modified glass slides was measured by a water contact
angle (WCA) analyzer. The results are depicted in
Fig. 6. The pure glass slide showed a WCA of 36.7� in
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Fig. 6a. After modifying with the APTES, the WCA
increased to 55.9� (Fig. 6b). This was due to the
hydrophobicity of the silane coupling agent APTES,
indicating that the pure glass slide was successfully
modified by the APTES. After that, the glass-APTES
was further modified with zwitterionic poly(SBMA-co-
AA) polymer and the WCA decreased to only 12.1�

(Fig. 6c), which was attributed to the highly hydrophilic
zwitterionic PSBMA segments in the poly(SBMA-co-
AA). These results indicated that zwitterionic poly
(SBMA-co-AA) coating has excellent wettability.

To further investigate the wetting properties of the
zwitterionic poly(SBMA-co-AA) coatings, the devel-
opment of contact angle and diameter [DD = D�D0,
D0 was the original diameter (t = 0 s); D was the
diameter (t = Dt s)] of water drops with contact time on
the surface of the glass-poly(SBMA-co-AA) slide was
also recorded within 8 s. As shown in Fig. 7, it can be
observed that the water contact angle declined rapidly
to 15� on the surface of the glass-poly(SBMA-co-AA)
slide within 2 s, whereas the diameter of the water
droplet increased more than 25% on the surface of the
glass-poly(SBMA-co-AA) slide. As the contact time
increased to 4 s, the water contact angle (WCA)
reached a steady state at 12 ± 1�. The diameter of
the water droplet also increased by a steady state
above 28 ± 1% on the glass-poly(SBMA-co-AA) slide
surface. The water contact angle (WCA) and the
diameter of the zwitterionic poly(SBMA-co-AA) coat-
ing surface changed quickly at the early time, which
were attributed to the hydrophilic zwitterionic PSBMA
segments of the poly(SBMA-co-AA) coating. This
phenomenon could also explain the excellent antifog
and antifrost properties of the zwitterionic poly
(SBMA-co-AA) coatings.
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Fig. 8: Photographs of poly(SBMA-co-AA)-modified glass slides with a blue border and pure glass slides with a red border:
(a) and (c) exposed the pure glass slide and the modified glass slide to about 5 cm above the hot water vapor of 80�C for
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Antifog and antifrost performance

Good antifog and antifrost properties are critical to
obtain optically clear materials. In this work, the hot
water vapor and frozen storage experiments were
conducted to evaluate the antifog and frost-resisting
performance of the glass-poly(SBMA-co-AA) slide,
respectively. The antifog and antifrost performances of
the pure glass slide and the glass-poly(SBMA-co-AA)
slide are shown in Fig. 8. It can be seen that a large
number of water droplets accumulated on the pure
glass slide after 10 s exposure to 80�C hot water vapor,
while little fog formation was observed on the glass-
poly(SBMA-co-AA) slide (Fig. 8a and 8c). This was
because on the surface of the zwitterionic poly(SBMA-
co-AA) coating, water droplets can form a liquid film
quickly, which reduces light scattering to avoid the
formation of fog. In addition, the pure glass slide

almost completely lost its transparency owing to severe
frosting, which could transform into fog after exposing
to ambient conditions for 5 s (Fig. 8b and 8d).37 On the
contrary, little frost or fog was observed on the glass-
poly(SBMA-co-AA) slide, still maintaining an excel-
lent transparency. This phenomenon was attributed to
the fact that water molecules from a nonfrozen bonded
water can interact with the hydrophilic coating through
hydrogen bonding.38,39 In addition, the zwitterionic
PSBMA segments could reduce the freezing point of
water.40

In this work, UV–Vis spectrophotometer was used
to further quantitatively measure the antifog and
antifrost performances, selecting the spectral data in
the range of 380–780 nm. According to the standard of
American Society for Testing and Materials (ASTM)
F659-06,41 the definition of an antifog coating is one
that maintains a light transmittance over 80% after
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exposure to hot water vapor for 30 s. Before the
fogging and frosting tests, it could be observed that the
glass-poly(SBMA-co-AA) slide exhibited similar light
transmission (about 90%, Fig. 9a) with the pure glass
slide. During the fogging testing, the light transmission
of the pure glass slide quickly decreased to � 75%,
while the light transmission of the glass-poly(SBMA-
co-AA) slide still remained as high as � 88% (Fig. 9b).
In addition, during the frosting testing, it could also be
observed that the light transmission of the pure glass
slide decreased to less than 65% owing to severe
frosting on its surface, while a high transmission
(� 86%) could be observed on the glass-poly(SBMA-
co-AA) slide (Fig. 9c).

Long-term stability

In practical applications, the durability of antifog coat-
ings remains a great challenge. In this work, the long-
term effectiveness of the zwitterionic poly(SBMA-
co-AA) coating was evaluated by exposing it to the
ambient environment for 2 months or immersing in
deionized water for 24 h. There was no significant
change in antifogging (Fig. 10d) or frost-resisting
(Fig. 10e) properties. In addition, the results of the
water contact angle test (Fig. 10a, 10b, and 10c) further
demonstrated that the surface of the zwitterionic
poly(SBMA-co-AA) coating was still highly hydrophi-
lic. This effective stability was attributed to the robust
covalent bonding, which formed between the carboxyl
group (–COOH) in the zwitterionic poly(SBMA-
co-AA) and the amino group (–NH2) on the surface of
the glass-APTES by amidation reaction.42

Self-cleaning performance

To verify the self-cleaning performance of the zwitte-
rionic poly(SBMA-co-AA) coating, soybean oil and
carbon powder were mixed as oil stains, which were
dropped on the pure glass slide and the glass-
poly(SBMA-co-AA) slide. Then, these contaminated
slides were rinsed with water. The optical images are

shown in Fig. 11, on the pure glass slide, some oil stains
still remained after a continuous rinsing. On the
contrary, on the glass-poly(SBMA-co-AA) slide, al-
most all of the oil stains were washed away.43 Thus, the
zwitterionic poly(SBMA-co-AA) coating presents an
excellent repellence to oil stains because of its low
adhesion to hydrophobic fluids under water.

Conclusions

In this work, we first developed a multifunctional coating
with excellent antifog, antifrost, and self-cleaning prop-
erties, which were based on the zwitterionic poly
(SBMA-co-AA) polymer for transparent optical sub-
strates. The hydrophilic zwitterionic PSBMA segments
made the zwitterionic poly(SBMA-co-AA) coating
possess excellent antifog and frost-resisting properties.
In addition, owing to the strong water–PSBMA interac-
tion on the glass-poly(SBMA-co-AA) slide, the oil
stains could be washed away easily. Further, the PAA
segments formed robust covalent bonds with the amino
group (–NH2) on the substrate to enhance the durability
of the zwitterionic poly(SBMA-co-AA) coating. Results
showed that the zwitterionic poly(SBMA-co-AA) mul-
tifunctional coating developed in this research had great
potential application prospects, such as construction,
automotive, aerospace, shipbuilding, and biomedical.
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