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Amphiphilic Nanoscale Antifog Coatings: Improved
Chemical Robustness by Continuous Assembly of Polymers

Zahra Mossayebi, Sadegh Shabani, Christopher D. Easton, Paul A. Gurr, Ranya Simons,*
and Greg G. Qiao*

Designing effective antifog coatings poses challenges in resisting physical
and chemical damage, with persistent susceptibility to decomposition in
aggressive environments. As their robustness is dictated by physicochemical
structural features, precise control through unique fabrication strategies is
crucial. To address this challenge, a novel method for crafting nanoscale
antifog films with simultaneous directional growth and cross–linking is
presented, utilizing solid-state continuous assembly of polymers via
ring-opening metathesis polymerization (ssCAPROMP). A new amphiphilic
copolymer (specified as macrocross–linker) is designed by incorporating
polydimethylsiloxane, poly(2-(methacryloyloxy)ethyl) trimethylammonium
chloride (PMETAC), and polymerizable norbornene (NB) pendant groups,
allowing ssCAPROMP to produce antifog films under ambient conditions. This
novel approach results in distinctive surface and molecular characteristics.
Adjusting water-absorption and nanoscale assembly parameters produced
ultra-thin (≤100 nm) antifog films with enhanced durability, particularly
against strong acidic and alkaline environments, surpassing commercial
antifog glasses. Thickness loss analysis against external disturbances further
validated the stable surface-tethered chemistries introduced through
ssCAPROMP, even with the incorporation of minimal content of cross–linkable
NB moieties (5 mol%). Additionally, a potential zwitter-wettability mechanism
elucidates antifog observations. This work establishes a unique avenue for
exploring nanoengineered antifog coatings through facile and robust surface
chemistries.
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1. Introduction

Fogging poses significant challenges
in various applications, from everyday
items to medical, aeronautic, automo-
tive, and many more industries.[1] When
condensation-induced fog forms on a
surface with a temperature at or below
the air’s dew point, it hinders trans-
parency through scattering light.[2] To
address this, passive antifog approaches
have gained widespread interest, broadly
categorized into two wettability classes: (su-
per)hydrophilic and (super)hydrophobic.[3]

(Super)hydrophilic coatings rapidly spread
condensed water into a thin film, whereas
(super)hydrophobic surfaces repel discrete
water droplets, effectively preventing fog
formation. However, (super)hydrophilic
surfaces are prone to contamination,
frost/ice buildup, excessive water con-
densation, and dissolution/delamination
while (super)hydrophobic coatings have
limitations in critical droplet size and
require surface tilting for effectiveness.[4–6]

Lee et al.[7] introduced a promising al-
ternative by integrating hydrophilic and hy-
drophobic segments into zwitter-wettable
films, also referred to as amphiphilic or
hydrophobic yet hygroscopic films.[8] The
term “zwitter-wettability” was used to de-
scribe the unique wetting behavior of these

surfaces, which appear water-repellent but can absorb water
molecules while maintaining optical clarity under fogging con-
ditions. These coatings typically display initial water contact an-
gles above 60 ° which decrease over time, indicating faster water
vapor diffusion than the nucleation and growth of condensed wa-
ter droplets.[9] The integration of both hydrophilic and hydropho-
bic components balances water absorption and repellence. The
hydrophobic segments provide structural integrity, while the hy-
drophilic segments enhance water interaction, crucial for antifog-
ging performance. The selection and proportion of these com-
ponents are key for imparting unique antifogging properties.
Enhanced antifogging performance can be achieved in zwitter-
wettable coatings by controlling amphiphilicity and water ab-
sorption capacity.[10] An advantage of zwitter-wettable coatings
is the ease of removing organic contaminants, owing to the
weak retention forces of the hydrophobic component. Unlike
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conventional (super)hydrophilic coatings, the hydrophobic com-
ponent effectively regulates water uptake, restrains excessive
swelling, and prevents delamination, wrinkles, and creases dur-
ing repetitive drying-swelling cycles, ensuring film stability.[4]

Due to their numerous advantages, including ease of prepara-
tion, scalability, tuneable structure, and high stability under fog-
ging conditions, there is growing interest in zwitter-wettable
films.

Recent research, including our work[11] and others,[12] high-
lights the existence of non-freezable bound water within am-
phiphilic networks, preventing frost/ice formation. This offers a
significant advantage in developing amphiphilic antifog coatings
withstanding aggressive temperature conditions, including those
that lead to severe surface frosting.[13] Studies on these coatings
indicate that utilizing hydrophilic compounds like poly(ethylene
glycol) (PEG),[14] along with polyelectrolytes such as poly(acrylic
acid) (PAA),[15] poly(2 (dimethylamino)ethyl methacrylate)
(PDMAEMA),[16] and polyzwitterions like poly(sulfobetaine
methacrylate) (PSBMA),[13,17,18] could synergistically enhance
both antifogging and anti-frosting performance. Recent find-
ings by Bai et al.,[19] show that cationic amphiphilic coatings
containing poly(2-(methacryloyloxy)-ethyltrimethyl ammonium
chloride) (PMETAC) exhibit stronger interactions with water,
leading to a higher content of non-freezable water. This opens
a unique avenue for exploring cationic amphiphilic coatings
effective in both fogging and frosting conditions.

Equally important in designing effective antifogging materi-
als is their durability against physical and chemical damage. De-
spite efforts to enhance mechanical robustness,[20–23] antifogging
coatings remain susceptible to oxidation and decomposition in
chemically aggressive environments,[24] posing challenges in in-
dustrial and instrumentation applications like protective win-
dows and gauge lenses.[25] Although mixed organic−inorganic
hybrid materials have shown improved resistance to acids and
alkalis,[26–29] there is a potential risk of inorganic components
leaching out upon exposure to such aggressive media, leading
to failure.[30] Thus, the challenge remains to design organic anti-
fogging coatings with exceptional chemical stability without com-
promising performance.

Up to this point, cross–linking has been crucial for enhanc-
ing film stability, regardless of the film fabrication techniques.
Layer-by-layer (LbL) assembly,[7,10] semi-interpenetrating poly-
mer networks (SIPNs) through grafting approaches,[13,17,19,23] and
many more methods have been explored to fabricate amphiphilic
cross–linked films. However, these methods often involve addi-
tional postmodification steps for cross–linking, like exposure to
ultraviolet (UV) light, heat, or solutions containing cross-linkers,
leading to challenges such as potential substrate integrity dete-
rioration, incomplete conversion, and lack of control over cross–
linking density.[31,32] In contrast, our group developed a catalyst-
induced cross-linking (CIC) technique to cross-link films with
precise control under mild conditions without requiring heat or
UV light.[32] However, CIC, being a solution-based process, in-
troduces potential limitations related to solvent compatibility and
film consistency due to diffusion barriers.

To overcome these challenges, a novel film fabrication method-
ology in the solid-state has been introduced by our group, known
as solid-state continuous assembly of polymers (ssCAP).[33]

The ssCAP involves a controlled polymerization procedure of

ring-opening metathesis polymerization (ROMP), referred to as
ssCAPROMP, to continuously form and cross-link polymer net-
works with nanoscale precision in a bottom-up fashion. This in-
novative approach has demonstrated several advantages over ex-
isting solid-state film formation techniques including simultane-
ous directional growth and cross–linking, formation of consis-
tent and pinhole-free films, operation under mild reaction con-
ditions, precise control over thickness and cross–linking den-
sity, and the ability to tailor properties through a judiciously
predesigned macrocross–linker. The innovation of ssCAPROMP
has enabled us to advance the creation of densely cross–
linked nanoscale films with unique morphologies for biomedical
applications,[34] as well as patterned and 3D-nanoprinted surfaces
with potential uses in a myriad of applications.[35,36]

Hence, in this study, we propose a novel approach utilizing
ssCAPROMP to design stable nano-engineered films for antifog-
ging applications. This work highlights several key contribu-
tions. First, it extends the application of ssCAPROMP to antifog
surfaces, allowing for precise control of thickness, consistency,
and antifogging functionality in surface-confined/cross–linked
films at the nanoscale. Second, the study explores the applica-
tion of amphiphilic macrocross–linkers in ssCAPROMP, a previ-
ously unexplored area, and introduces a newly designed antifog
cationic/amphiphilic copolymer tailored specifically for this in-
novative approach. Third, it demonstrates enhanced stability of
antifog functionality under chemically aggressive conditions, at-
tributed to the fabrication technique rather than solely the am-
phiphilic structure. Furthermore, this work involves film for-
mation under ambient conditions due to the notably low glass
transition temperature of the designed macrocross–linker and
the oxygen tolerance of the Grubbs Generation III catalyst,[37]

presenting a significant advantage of our ssCAPROMP approach
compared to other controlled/surface-initiated (SI) polymeriza-
tions, which often require oxygen-free environments, elevated
temperatures, or light.[38] Finally, the study explores the underly-
ing antifog mechanism of new amphiphilic coatings. The specific
combination of amphiphilic materials and controlled molecular
and structural features, achievable through the nanoscale assem-
bly process of ssCAPROMP, enables the optimization of antifog-
ging functionality in thin films that sustain even in challenging
environments.

2. Results and Discussion

2.1. Synthesis of Macrocross–linker and Nano-Engineered
Coatings via ssCAPROMP Procedure

The ssCAPROMP process begins with a substrate functionalized
with a Grubbs catalyst as an initiating layer. A macrocross–
linker containing polymerizable norbornene moieties is subse-
quently deposited onto the surface, followed by the growth of
surface-confined/cross–linked films through the in-situ solid-
state ROMP reaction. The adjustment of film thickness for an-
tifogging performance can be readily achieved by modifying the
reaction time and incorporating successive multilayers through
re-initiation.

To synthesize the amphiphilic macrocross–linker, we first
prepared a PDMS-based RAFT macroinitiator following our
previous work,[11] which was subsequently copolymerized with
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Figure 1. Chemical schematic representing the synthesis of amphiphilic macrocross–linker, denoted as PDMS-b-(P(METAC-r-NBMMA))2.

a preformed norbornene-based monomer (referred to as M1
in Figure 1, Supporting Information Section 1.3.1) and an IL
monomer, 2-(methacryloyloxy)ethyl trimethylammonium chlo-
ride (METAC) (referred to as M2). As shown in Figure 1, this
synthesis resulted in the creation of a new cationic/amphiphilic
macrocross–linker, which is represented as PDMS-b-(P(METAC-
r-NBMMA))2 and denoted as P.

Since antifogging activity is correlated with
amphiphilicity,[23,39–43] we systematically adjusted the feed
ratios of M1 and M2 monomers to regulate the content of
hydrophilic PMETAC segments and hydrophobic norbornene
(NB) pendant groups. This resulted in macrocross–linker
P containing 20 mol% PMETAC and 5 mol% NB pendant
groups, as confirmed by 1H NMR (Figure S2 and Table S1,
Supporting Information). The selection of macrocross–linker
P for the subsequent ssCAPROMP procedure was based on the
requirement of an adequate number of NB double bonds for
successful CAPROMP, as confirmed in previous studies,[44] while
also demonstrating antifog capability through a balance between
hydrophilicity and hydrophobicity.

Nano-scale film fabrication via ssCAPROMP was conducted us-
ing a previously established procedure (Figure 2). Allyl-modified
poly (ethylene imine) (allyl-PEI) was synthesized and character-
ized, as detailed in Supporting Information Section 1.3.3, for

subsequent functionalization of the plasma-treated Si/glass sub-
strates (Figure 2a,b). The allyl-terminated substrates were then
exposed to Grubbs Generation III catalyst (see the Supporting
Information for pyridine modification/characterization (Section
1.3.4)) to create surface-bound catalysts, forming an initiation
layer (Figure 2c). Following either modification step, the sur-
faces were thoroughly rinsed with appropriate solvents to re-
move any unattached or physisorbed materials. Although the
Grubbs Generation III catalyst allows ROMP reaction in air,
CAPROMP in ambient conditions remains challenging due to cat-
alyst degradation.[45,46] To avoid this, we promptly used the cat-
alyzed surfaces with initiation functional groups and spin-coated
a solution of macrocross–linker P (50 mg ml−1 in CHCl3) onto
them. The low glass transition temperature of P (Tg ≈ −127 °C,
Supporting Information Figure S5) facilitated the cross–linking
and growth of surface-grafted films via CAPROMP at ambient tem-
perature. After allowing the coatings to stand at room temper-
ature for a predetermined time (1-30 h), they were soaked in a
solution of ethyl vinyl ether (2% v/v in DCM), followed by chlo-
roform, to remove any unreacted catalyst and non-cross–linked
polymers, respectively. The resulting coatings were then dried
for subsequent analysis (Figure 2d). To produce multilayer coat-
ings, all the steps, starting from initiation, are repeated multiple
times to the previously formed films, e.g. re-initiation and then
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Figure 2. Schematic of solid-state CAPROMP process for the fabrication of amphiphilic antifogging coatings: a) Plasma-treated substrate/wafer (i.e.,
W), b) modification with allyl-PEI (i.e., Allyl-terminated W), c) immobilization of initiator (i.e., Catalyzed W), d) macrocross–linker P is applied through
spin-coating and after prescribed reaction time, any uncross-linked material is removed by washing and the resulting coatings are dried for further
characterization (i.e., CAP (L1)) and, e) to produce multilayer films, all the steps, starting from initiation, are repeated “n” times and the ultimate
coatings denoted as “CAP (Ln)”, where “n” is the number of layers. For example, a triple-layered coating is referred to as “CAP (L3)”.

subsequent film formation (Figure 2e). The coatings produced
via ssCAPROMP are denoted as “CAP (Ln)”, where “n” is the num-
ber of layers. Separately, the macrocross–linker P was spin-coated
onto a cleaned/unmodified substrate, and after drying, it was
used as a control coating.

2.2. Growth Kinetics and Surface Characterization of ssCAPROMP
Coatings

The growth kinetics of ssCAP films prepared under different
polymerization times in ambient atmosphere were investigated
using variable angle spectroscopic ellipsometry (VASE) for thick-
ness measurement. Initially, as depicted in Figure 3a, the reac-
tion exhibited a rapid growth rate, which gradually decreased,
ultimately reaching a maximum thickness of ≈34 nm after 19
h of polymerization (referred to as L1). A control surface was
fabricated by spin-coating macrocross–linker P onto the allyl-
terminated surface, resulting in no film formation after a 19 h
reaction time (Supporting Information Figure S6). This obser-
vation indicates that film cross–linking and growth in the L1
thin film were mediated by surface-initiated ROMP. As shown
in Figure 3a, prolonged reaction time did not result in thicker
films. This limitation can be attributed to the catalyst sites becom-
ing isolated within the highly cross–linked networks of the films,
rendering them unavailable to further norbornene pendants of

the macrocross–linker due to steric effects.[33] The surface of the
cross–linked polymer exhibited a relatively smooth and homo-
geneous nature, with a root mean square (RMS) roughness be-
low 5 nm acquired by AFM (Figure 3a,b). To further investigate
the uniform growth of the CAP layer, we conducted ellipsomet-
ric mapping (Figure 3c). The remarkably small deviations in the
average thickness of the L1 film (d = 33.8 ± 4.5 nm) across
25 measurement locations within a 0.4 × 0.4 cm2 surface area
suggest that the growth is consistent throughout the formation
of L1, indicating uniform coverage of the film across the pla-
nar surface. One advantage of ssCAPROMP chemistry is that the
maximum film thickness is not limited to its initial growth (as
in Figure 3a). Chain-end fidelity can be maintained through “re-
initiation” allowing for sequential polymer chain extension and
further film thickness growth. In the L2 film formation, when
the L1 film is exposed to Ru catalysts, initiating sites are regener-
ated through cross-metathesis reactions between the unreacted
norbornene pendant groups of the L1 film and the catalyst. This
process leads to a surface reactivation able to react with a new
layer of macrocross–linker P. Consequently, further polymeriza-
tion and L2 film growth occur. As illustrated in Figure 4a, af-
ter two rounds of re-initiation (i.e., L3), the film thickness in-
creased to 86.8 ± 4.8 nm, approximately three times thicker than
the initial L1 film. Importantly, the multi-layered films remained
relatively smooth, demonstrating an overall film roughness of
≈5 nm (Figure 4a,b). Furthermore, thickness mapping of the
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Figure 3. Analysis of ssCAPROMP films using the P macrocross–linker: a) Kinetics of the film’s growth and the corresponding AFM roughness at different
reaction times, b) AFM imaging of the film after 19 h ssCAPROMP polymerization (AFM scale bar is 50 nm), and c) Ellipsometric mapping of the thickness
variation across the film formed after 19 h ssCAPROMP reaction. The image displays thickness at 25 measurement locations within a 0.4× 0.4 cm2 surface
area (thickness in nm vs position).

L3 film revealed consistent film thickness and uniform film for-
mation as the layers extended (Figure 4c). In contrast, the con-
trol spin-coated film displayed significant thickness variations,
showing a standard deviation of ≈38% (Supporting Information
Figure S7). This highlights the even growth achieved in films
produced using ssCAPROMP chemistry, a feat that is not easily
attainable with other solid-state surface-initiated polymerization
techniques.[33–35]

To confirm surface-confined ROMP polymerization and iden-
tify the chemical composition of surfaces at each fabrication step,
XPS analysis was performed, as depicted in Figure 5. Initially, on
the cleaned Si substrate, the C 1s spectrum displayed a negligible
amount of residual organic compounds on the surface (5.6 at.%,
Supporting Information Table S2), signifying the effectiveness
of the cleaning procedure.[47] Following allyl-functionalization,
the amount of carbon increased due to the presence of

Figure 4. Analysis of multilayered ssCAPROMP films fabricated via re-initiation procedure: a) Film thicknesses and corresponding AFM roughness of
multiple layers, b) AFM imaging of the film after three rounds of re-initiation (i.e., L3), and c) Ellipsometric mapping of the thickness of multilayered L2
and L3 films. The image displays thickness at 25 measurement locations within a 0.4 × 0.4 cm2 surface area (thickness in nm vs position).
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Figure 5. X-ray photoelectron spectroscopy (XPS) data of different surfaces: a) survey and highlights of the ruthenium 3d5/2 shoulder detected in the
sample after initiation with Grubbs catalyst, b) C 1s, and c) N 1s high-resolution spectra of the substrate and different surfaces after progressive steps
of the ssCAPROMP process.

ligands associated with allyl-PEI, primarily C–N (Binding
Energy (BE)∼286 eV) and C–C/C–H (BE∼285 eV)[48] (36.3 at.%,
Supporting Information Table S2). Furthermore, an N 1s peak
appeared for the allyl-terminated surface (Figure 5a), with the
dominant contribution of component N1 from peak fitting at low
BE (∼399.3 eV), and a high BE peak ≈401.3 eV corresponding
to protonated amines (N+)[49] (Figure 5c). Upon exposure of
the allyl-modified surfaces to the Grubbs catalyst solution, the
Ru peaks were detected in the C 1s region for the catalyzed
surfaces (Figure 5b), confirming that the reaction proceeded.[35]

The appearance of shoulders at BE∼280.9 eV and BE∼284.9 eV
corresponding to Ru 3d5/2 and Ru 3d3/2, respectively, along
with the emergence of Cl 2p and Cl 2s peaks in the catalyst
survey spectra (Figure 5a and Supporting Information Table S2),
indicates that the initiation layer, participating in the ssCAPROMP
reaction, effectively bonded to the substrate. Furthermore, the
detection of various chemical states in the C 1s spectra (i.e., C–
C/C–H and C–N/C–O), N 1s spectra (i.e., N1 and N+) (Figure 5c),
and Si 2p spectra (Figure S8a, Supporting Information) of the
catalyzed surfaces, albeit with lower intensity compared to the
allyl-terminated surface, provides compelling evidence that the

catalyst-immobilized layer serves as an upper layer, but likely
thin enough to detect the underlying layers when analyzed in
the ultra-high vacuum chamber of the XP Spectrometer.

Following the formation of a surface-confined film via
ssCAPROMP using macrocross–linker P, denoted as “CAP (L1)”
(Figure 5a), the total amount of carbon increased in compari-
son to the underlying layers (54.5 at.% for CAP (L1) versus 25.8
at.% for Catalyzed W, Table S2 Supporting Information), which
is dominantly attributed to the C–Si signal (BE∼284.3 eV) orig-
inating from the PDMS component of the film. This observa-
tion, along with the analysis of N 1s and Si 2p spectra (Figure 5c
and Supporting Information Figure S8a), supports the success-
ful assembly of the film on the surface via ssCAPROMP. Re-
garding the N 1s spectra, the relative fraction of N1/N+ signifi-
cantly decreased in the CAP (L1) compared to the previous layers
(Figure 5c and Supporting Information Table S2). Since N1 is
predominantly associated with allyl-PEI, while N+ is associated
with macrocross–linker P in the CAP films, the reduction in the
N1/N+ ratio confirms that CAP (L1) acts as a top layer for the allyl-
modified surface. Re-initiating CAP (L1) three times to create
the multi-layered coating “CAP (L3)” more effectively suppressed
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Figure 6. Cold-warm and hot-vapor antifog analysis comparing untreated glass (referred to as U) and ssCAPROMP coatings: a) Raw data obtained from
UV spectrometer within the range of 400-700 nm wavelength as an indication of the light transmission before (dry) and after (fogged) the cold-warm
test, b) Thickness-dependent antifogging in coatings fabricated at various ssCAPROMP reaction times (the average percent light transmission for dry
(before) and fogged surfaces during the cold-warm test derived from the raw data in a)), c) Comparison of antifogging performance in CAP coatings (L1
and L3) with control samples, and d) Photographic images of different surfaces were transferred to an ambient environment after exposure to 80 °C hot
vapor for a prescribed period of time (hot-vapor test). “SC” is referred to as glass spin-coated with macrocross–linker P.

the N1 peak associated with the underlying allyl-functionalized
layer, resulting in a further reduction of the N1/N+ ratio as the
film thickness increased (Figure 5c and Supporting Information
Table S2).

The thickness and homogeneity of both single-layered and
multi-layered CAP coatings were further validated by the atten-
uation of Si 2p signals from underlying layers due to overly-
ing materials (Supporting Information Figure S8a). Additionally,
a comparative analysis of their XPS surveys revealed a thick-
ness sequence of “L1” < “L2” < “L3”, as indicated by the back-
ground intensity (refer to Supporting Information Figure S8b,
see rising background), aligning consistently with ellipsometry
results.

2.3. Thickness-Dependent Antifogging Performance of Coatings

We explored the antifogging performance of nano-engineered
amphiphilic coatings using both cold-warm and hot-vapor meth-
ods. In the cold-warm test, ssCAPROMP coatings having various
thicknesses were placed in a freezer at −20 °C for 30 mins, before
being exposed to an ambient environment (≈ 20 °C). The light
transmission of the coatings both before (dry) and after (fogged)
the cold-warm test was determined using a UV spectrophotome-
ter. Figure 6a illustrates a representative example of the raw data,
which was then converted to the average percent transmittance

within the 400–700 nm wavelength range (Figure 6b,c). For a film
to be considered antifogging, its transmittance should not fall be-
low 80% under fogging conditions.[50]

The transmission analysis of coatings thinner than CAP (L1),
formed at shorter CAPROMP reaction times exhibited optical clar-
ity of <80% under fogging conditions (Figure 6b), which is in-
ferior to the antifogging performance of CAP L1. Hence, a min-
imum thickness of ≈34 nm is necessary for the developed am-
phiphilic films to showcase their antifogging capabilities. The
thicker multi-layered CAP (L3) showed no opacity under the
same fogging conditions. As we previously reported[11] and by
Bai et al.,[19] condensed water from the surrounding cold atmo-
sphere can be absorbed and molecularly bound to the cationic
amphiphilic networks containing PMETAC. In such films, the
so-called bound water imparts resistance to fog/frost formation
even when exposed to temperatures below the normal freezing
point of water. We hypothesize that the improved antifogging
functionality with increasing CAP film thickness is likely due to
the greater amount of bound water, which prevents water crystal-
lization and the resulting opacity.

As depicted in Figure 6c, the transmitted light intensity of the
bare glass control and allyl-terminated glass experienced a sub-
stantial decrease, falling below 40%. In contrast, CAP (L1) and
CAP (L3) coatings remained fully transparent, exhibiting ≈90%
light transmission. This level of transparency is comparable to
the thicker spin-coated glass coating.

Small 2024, 2402114 © 2024 The Author(s). Small published by Wiley-VCH GmbH2402114 (7 of 13)
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In addition to the cold-warm test, qualitative hot-vapor tests
were conducted by holding the samples 3 cm above an 80 °C hot
water bath. The duration for which the samples remained fog-
free was recorded, after which they were transferred to an am-
bient environment and immediately photographed. Half of each
glass slide was coated with CAP films, while the other half re-
mained untreated as a control. Upon exposure of CAP (L1) to
hot vapor, the control side immediately became opaque due to
condensation, while the coated side remained fog-free for ≤5 s
(Figure 6d). We observed an extended delay in fog build-up with
increasing thickness, maintaining perfect clarity for up to 20 ±
5 s in the multi-layered CAP (L3) (Figure 6d). This antifogging
behavior can be attributed to the absorption of water vapor within
the hydrophilic PMETAC segments of the CAP films. In con-
trast, the control experiment on the allyl-terminated glass exhib-
ited a substantial loss of transparency, underscoring the effective-
ness of the CAP overlayers. In comparison, glass spin-coated with
macrocross–linker P, having a thickness of 170.4 ± 65.3 nm, ex-
tended the antifogging duration to 80 ± 20 s, albeit with uneven
excess condensation and subsequent image distortion, likely due
to over-swelling (Figure 6d). Overall, the fabricated CAP coat-
ings demonstrated successful antifogging properties under vari-
ous conditions, whether involving hot vapor or frost.

We present an innovative platform here for creating ultra-
thin, surface-confined amphiphilic films with controlled thick-
ness. The nano-scale CAP coatings have the potential to resist
the formation of wrinkles and creases in repeated drying-fogging
cycles, a challenge primarily associated with thick antifogging
films that result in light scattering.[4] The homogeneity of our de-
veloped CAP coatings, which remains independent of the film’s
thickness (as demonstrated in the XPS analysis), combined with
balanced amphiphilicity, prevents any local over-swelling of the
hydrophilic segments and potential image distortion. We have
precisely controlled the degree of cross–linking via ssCAPROPM to
fine-tune the antifogging effect. Increasing the proportion of NB
pendants in macrocross–linker P, from 5% to 10% results in the
formation of a denser network with less water absorption capacity
than required for effective antifogging. Conversely, incorporating
more hydrophilic groups in macrocross–linker P can potentially
lead to films that are more effective in withstanding fogging tests.

2.4. Wetting Properties and Zwitter-Wettability of ssCAPROMP
Coatings

The time-dependent changes in the contact angle, surface area
(S), and volume (V) of water droplets on surfaces for 350 s were
measured to understand their antifogging mechanism. As de-
picted in Figure 7a, the contact angle on the control bare glass
remained nearly constant over time, demonstrating negligible
drop due to water evaporation. In the amphiphilic CAP films
(L1 and L3), the water contact angle decreased linearly over time,
with a more rapid decrease observed for CAP (L3), reducing from
65 ° to 35 °. This suggests that the decline in the contact an-
gle on the CAP films (L1 and L3) is not solely attributed to wa-
ter evaporation; absorption also plays a significant role. For the
spin-coated surface (d = 170.4 ± 65.3 nm), we initially observed
a sharp decline (≈ 62 °in 30 s), which then leveled off to two lin-
ear decreases with a slope similar to that of bare glass at the end.

This transition from hydrophobicity to superhydrophilicity is at-
tributed to surface reconstruction associated with the reorienta-
tion of hydrophilic PMETAC segments to the surface in response
to the water droplet (Figure 7c), a well-accepted phenomenon in
amphiphilic systems.[51–54]

Another important observation is that the initial water contact
angle of CAP films (L1 and L3) decreased from 82 ± 5 ° to 65
± 2.5 °, compared to the spin-coated glass. This enhanced initial
contact angle in the spin-coated sample is due to the non-cross–
linked and flexible surface enriched in hydrophobic and soft moi-
eties of PDMS, as confirmed by XPS analysis. In the XPS survey
spectra of the spin-coated film (Supporting Information Figure
S9), no discernible peaks associated with N 1s and Cl 2p were de-
tected. This absence of peaks suggests that the low surface energy
hydrophobic PDMS groups are oriented toward the surface. Con-
sequently, based on XPS elemental quantification (Supporting
Information Table S2), the relative fraction of Si2/C (Si2 assigned
to siloxane groups) significantly increased in the spin-coated film
compared to the CAP films (L1 and L3), indicating the enrich-
ment of hydrophobic siloxane on the surface of the spin-coated
film and thus a higher initial water contact angle. Increased wa-
ter contact angle due to high surface roughness, as reported by
others,[55] was assumed to be negligible since all surfaces showed
a similar range of surface roughness (≈ 5 nm) by AFM analysis.

We further investigated the antifogging mechanism by moni-
toring changes in the surface area of the droplet (S), represented
as ΔS

S0
, where S0 is the surface area at time zero, and ΔS = S − S0

(Figure S10, Supporting Information). According to the surface
area of the droplet on CAP coatings (L1 and L3) over time, it is
indicated that wetting-induced surface deformation did not occur
due to their robust and cross–linked networks, meaning that the
reduction in water contact angle is mostly attributed to water dif-
fusion. In contrast, the spin-coated glass exhibited a significant
increase in S (almost triple of S0) as the droplet quickly spread
due to strong water interactions and potential dissolution (Figure
S10, Supporting Information), aligning with time-dependent wa-
ter contact angle results. Similarly, in previous studies,[7] films
with less cross–linking degree exhibited noticeable deformation,
whereas highly cross–linked systems remained unaffected by
this behavior.

To assess water absorption capacity, we tracked the changes in
droplet volume on surfaces, represented as ΔV

V0
, where V0 is the

volume at time zero, and ΔV = V − V0 (Figure 7b). For CAP
coatings (L1 and L3), nearly half of the droplets penetrated the
surface, with a slightly faster rate in the thicker film (L3). This in-
dicates that water diffusion into CAP films outpaced nucleation
and growth on the surface, confirming their zwitter-wettability.
The greater water-absorbing capability of L3, correlated with its
increased thickness, is closely linked to its antifogging perfor-
mance, particularly against hot vapor. This implies that water ab-
sorption is the dominant antifog mechanism in the CAP films
(Figure 7d), whereas the combined swelling and film-wise con-
densation mechanism in the spin-coated glass compromise its
stability.

To further prove the zwitter-wettability of CAP coatings, we
conducted water uptake (swelling) tests using the AFM scratch
technique to measure thickness changes of CAP (L3) film after
24 h of water immersion. This coating exhibited a 54% increase
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Figure 7. Time-dependent a) water contact angle, and b) volume, over 350 s for the control glass and spin-coated samples as well as single-layer (L1)
and multi-layered (L3) ssCAPROMP films. Schematic representation of the water-surface interactions in c) spin-coated, and d) CAP films.

in thickness (Supporting Information Figure S11), confirming
zwitter-wettability behavior.

2.5. Chemical Stability of Antifogging Performance

The susceptibility of antifogging coatings to chemical degrada-
tion poses a significant challenge in various industrial applica-
tions. To assess the efficacy of our covalently cross–linked films,
produced through ssCAPROMP, we conducted anti-fogging perfor-
mance tests after immersing them in aqueous solutions under
various pH conditions. These stability tests consisted of an ini-
tial fogging experiment, soaking in either acidic (pH 1.5), neutral
(pH 7), or basic (pH 13.5) solutions, followed by drying and an-
other fogging test. Acidic and alkaline solutions were prepared
using 0.1 M hydrochloric acid and sodium hydroxide, respec-
tively, with deionized water serving as the neutral solution. The
coated substrates were immersed in their respective solutions
(5 ml per 1 cm2 of coating) for 1 and 24 h and then underwent as-
sessments through both cold-warm and hot-vapor fogging tests.
These results were compared to those of a control spin-coated
(SC) glass and commercially available antifog lens.

As shown in Figure S12 (Supporting Information), a 3M com-
mercial lens failed to maintain antifogging performance after

1 hour of soaking in a basic solution, with light transmission
dropping to ≈60% following the cold-warm test. Similar obser-
vations were made for the spin-coated (SC) glass, not only after
1 hour of soaking in basic solution but also in acidic media. In
contrast, CAP coatings (L1 and L3) maintained light transmis-
sion (≥80%) under fogging conditions after soaking at each of
the three pH levels. When extending the soaking time to 24 h
(Figure 8a), the commercial lens only maintained stability under
neutral conditions, while the spin-coated glass proved ineffective
under all three conditions. This ineffectiveness can be attributed
to the physiosorbed adhesion of these coatings to the substrate,
which makes them susceptible to immediate delamination upon
exposure to aqueous solutions, limiting their long-term perfor-
mance. Conversely, CAP coatings (L1 and L3) retained their an-
tifogging performance (light transmission ≥ 80%) even after pro-
longed exposure to all tested pH levels. However, it was observed
that the thinner CAP film (L1) was not as transparent as the
thicker film (L3) during the cold-warm test, especially after im-
mersion in the strong acidic solution.

We further evaluated the stability of the multi-layered CAP film
(L3) and the commercial antifog lens using a hot-vapor test. They
were initially subjected to the hot-vapor test, followed by immer-
sion in neutral, acidic, and alkaline solutions, and then another
hot-vapor test to detect any potential changes in their fog-free
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Figure 8. Analysis of chemical robustness of the coatings using both cold-warm and hot-vapor tests. a) Comparison of the light transmission (%) of dry
and fogged samples upon initial use as well as following 24 h of soaking in various solutions and then exposing to the cold-warm antifog test. Bare glass,
commercial 3M, and spin-coated glass were used as the control samples. b) Photographic images of the multilayered CAP films (L3) were taken after
they were soaked for 24 h in various solutions and exposed to hot vapor (80 °C) for 20 s (hot-vapor test). The samples were transferred to an ambient
environment after the test to capture the images.

duration before and after immersion. The commercial lens ini-
tially resisted vapor condensation, but its antifogging effective-
ness was lost after one hour of soaking in various solutions (see
Supporting Information Figure S13). In contrast to the commer-
cial lens, which fogged immediately upon exposure to hot vapor,
the CAP film (L3) remained fog-free for ≈20 s, nearly the same
as before immersion. This coating (L3) was then submerged in
each solution (acidic (pH 1.5), neutral (pH 7), and basic (pH 13.5))
for an extended duration of 24 h and again exposed to hot vapor
(80 °C) for 20 s. As observed in Figure 8b, there was no loss of
optical clarity for these coatings during the hot-vapor test.

In summary, the multi-layered CAP film (L3) outperformed
the commercially available antifog glasses in both quantitative
light transmission analysis (i.e., cold-warm) and qualitative hot-
vapor tests after exposure to neutral, acidic, and alkaline solu-
tions (see Supporting Information, Table S3). This superior per-
formance can be attributed to the strong covalent bonds forming
a robust cross–linked network throughout the film. As previously
demonstrated,[35] there is no significant morphological variation

in the multi-layered CAP film, as the covalent interlayer poly-
norbornene cross–links securely bound layers together. Conse-
quently, the intimately cross-linked layers did not delaminate or
degrade even after multiple processing steps. As reported here,
the surface-tethered ssCAPROMP chemistry proves to be a robust
approach in preventing film degradation against various exter-
nal disturbances, thus ensuring excellent stability of antifogging
coatings.

To further substantiate the robust surface chemistry of the ss-
CAP process, a hydrophobic PDMS-based triblock macrocross–
linker was synthesized, containing 10 mol% PNB pendants but
lacking PIL segments. Using this macrocross–linker, thin films
were formed and tested for chemical stability by measuring the
static water contact angle after exposure to acidic, neutral, and ba-
sic solutions for 24 h. The results, shown in Figure S14 (Support-
ing Information), indicated no change in contact angle, demon-
strating the enhanced chemical stability of the ssCAP process.

The fabrication of highly stable antifog surfaces, using cur-
rently reported techniques, is challenging as surface components
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Figure 9. Ellipsometric mapping of the thickness of multilayered CAP films (L3) after soaking for 24 h in various solutions of neutral (pH 7), acidic (pH
1.5), and basic (pH 13.5). The image displays thickness at 25 measurement locations within a 0.4 × 0.4 cm2surface area (thickness in nm vs position).

may decompose or leach out under strong acidic and al-
kaline conditions.[26,28–30,42] Despite not having a mixed or-
ganic/inorganic structure, our nanoengineered CAP coating (L3)
stands out as one of the most chemically durable organic coatings
reported thus far for antifog functionality.

To further explore the stability of the CAP (L3) films, we mea-
sured their thicknesses after the various chemical stability tests.
As shown in Figure 9, while CAP (L3) coating does not exhibit
delamination or significant localized defects after exposure to the
varying pH solutions, a slight reduction in the film thickness still
occurs. This film thickness loss can be attributed to possible ox-
idative cleavage of olefin functionalities within the film network
as previously reported.[56,57] However, further investigations will
be conducted to propose a detailed mechanism explaining this
observation. Overall, the film thickness and consistency remain
similar to that of the initial CAP (L3) film, demonstrating the
increased robustness of the coatings created using ssCAPROMP
technique.

2.6. Mechanical Durability of Antifogging Coatings

Mechanical durability is another crucial consideration for prac-
tical applications of antifogging coatings. Mechanical tests were
conducted in accordance with the MIL-C-48497 standard, which
is one of the most suitable specifications for optical coatings.
A moderate abrasion test was performed to assess whether the
films could withstand cleaning and handling in a semi-controlled
environment. This test involved rubbing a cheesecloth pad (MIL-
CCC-440) across the surface at a constant force (i.e., 26.7 kPa) for
a specified number of cycles. To evaluate the adhesion of the films
to the substrate, we applied pressure-sensitive tape (3 M Scotch
600) onto the coating surface and then peeled it off at a 180 °

angle. The antifogging performance of the films was compared
before and after each mechanical durability test using the cold-
warm method. Additionally, we conducted the crosshatch test fol-
lowing a previously established procedure (test method B, ASTM
D3359-09ɛ2).[11]

Since the multilayered CAP film (L3) demonstrated the best re-
sults in terms of fog resistance and chemical robustness, it was
selected for the mechanical durability measurements and com-
pared to the P, spin-coated onto the glass. As expected, the tape

peeling test had no impact on the light transmission of CAP film
(L3) during the cold-warm test (Supporting Information Figure
S15a, Supporting Information). CAP film (L3) also maintained
excellent transparency even after 30 abrasion cycles, with only
a slight decrease in average light transmittance under fogging
conditions. In contrast, the control spin-coated glass exhibited
severe fogging after the abrasion test. As discussed earlier, this
is attributed to the physiosorbed nature of the spin-coated film
compared to the covalently bonded CAP coating.

Furthermore, we examined the surface of the coatings after
the crosshatch test using Field Emission Scanning Electron Mi-
croscopy (FESEM) imaging. As shown in Figure S15b (Support-
ing Information), no noticeable damage was observed along the
crosshatched lines of the multilayered CAP (L3) surface, whereas
the spin-coated sample was partially delaminated. These obser-
vations confirm the mechanical integrity of the surface-confined
and cross–linked coating fabricated via ssCAPROMP procedure.

3. Conclusion

In conclusion, we have introduced a novel approach, solid-
state continuous assembly of polymers through ring-opening
metathesis polymerization (ssCAPROMP), to create highly stable
nano-engineered antifog coatings with simultaneous directional
growth and cross–linking. Through a new cationic copolymer
design, which combines polydimethylsiloxane (PDMS), hy-
drophilic poly(2-(methacryloyloxy)ethyltrimethylammonium
chloride) (PMETAC), and polynorbornene pendants, thin films
were achieved under ambient conditions with controlled thick-
ness and consistency. A minimum film thickness of ≈34 nm
was required to resist fog formation through the cold-warm test.
In addition, the onset of fog formation through the hot-vapor
test was further delayed by up to 20 ± 5 s with the controlled
addition of two extra layers, reaching 86.8 ± 4.8 nm. This can
be improved by applying additional layers through re-initiation.
Notably, this multi-layered coating retained its antifog per-
formance even after prolonged immersion (24 h) in aqueous,
acidic, and oxidative environments. This superior stability, which
outperformed a commercial antifog lens, results from the robust
surface-tethered chemistries introduced through ssCAPROMP,
as confirmed by film thickness analysis post-stability tests.
Furthermore, the mechanism of antifogging was suggested to
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be zwitter-wettability. This study highlights the potential of CAP
nanotechnology in enhancing film stability and suggests future
research directions for exploring more robust alternatives. Our
developed amphiphilic coatings hold great promise for applica-
tions requiring robust, controlled, and ultra-thin interfaces with
water-absorbing capabilities.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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