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O
ver the past decade,many research
groups1�33 haveworked to develop
stable, effective antifogging (AF)

coatings capable of handling a wide range
of environmental challenges. Althoughmany
of these AF coatings perform satisfactorily in
specifically defined antifogging challenges
including such tests as the Erlenmeyer steam
test and the cold-fog test,1�33 there is no
single quantitative test that provides all the
information needed to assess the full optical
performance of the coating. For example,
even coatings that maintain high levels of
light transmission during an aggressive fog-
ging challenge, under specific conditions
may produce significant image distortion
due to excess or nonuniform water conden-
sation (Supporting Information Figure S1a).
Thus, to truly understand the key parameters
necessary for designing widely applicable
antifoggingcoatings, it is essential to evaluate
both light transmission and image distortion
effects under a wide range of controlled
environmental conditions.

In this work, we establish an experimental
protocol that allows for the exploration of
a variety of aggressive antifogging chal-
lenges by controlling not only the initial
substrate temperature (Ti) but also the en-
vironmental conditions in which the AF
behavior is recorded, such as temperature
(Tf) and relative humidity (%RHf). This pro-
tocol also enables quantitative analysis of
the antifogging performance via real-time
monitoring of transmission levels as well as
image distortion. Although others22,33 have
attempted to quantitatively characterize
antifogging performance by measuring
time-dependent light transmission or haze
values in accordance with ASTM standards,
thesemethodologies may not always reveal
the true optical performance of the coating.
In the process of using this new protocol

to evaluate our antifog coatings, we realized
that, under some extreme conditions, many
coatings fail to maintain high transmission
levels coupled with low image distortion
values. As a result, we worked to develop a
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ABSTRACT Antifogging coatings with hydrophilic or even super-

hydrophilic wetting behavior have received significant attention due

to their ability to reduce light scattering by film-like condensation.

However, under aggressive fogging conditions, these surfaces may

exhibit frost formation or excess and nonuniform water condensa-

tion, which results in poor optical performance of the coating. In this

paper, we show that a zwitter-wettable surface, a surface that has the ability to rapidly absorb molecular water from the environment while

simultaneously appearing hydrophobic when probed with water droplets, can be prepared by using hydrogen-bonding-assisted layer-by-layer (LbL)

assembly of poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA). An additional step of functionalizing the nano-blended PVA/PAA multilayer with

poly(ethylene glycol methyl ether) (PEG) segments produced a significantly enhanced antifog and frost-resistant behavior. The addition of the PEG

segments was needed to further increase the nonfreezing water capacity of the multilayer film. The desirable high-optical quality of these thin films arises

from the nanoscale control of the macromolecular complexation process that is afforded by the LbL processing scheme. An experimental protocol that not

only allows for the exploration of a variety of aggressive antifogging challenges but also enables quantitative analysis of the antifogging performance via

real-time monitoring of transmission levels as well as image distortion is also described.
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superior antifog coating that could handle aggressive
temperature/humidity conditions including those that
would normally produce severe frosting on surfaces.
Herein, we describe the development of a new coating
system that maintains excellent optical clarity under
conditions that would normally produce extreme
fogging and/or frosting.
This new coating system is based on a layer-by-layer

(LbL)-assembled multilayer comprised of poly(vinyl
alcohol) (PVA) and poly(acrylic acid) (PAA). Previously,
we have shown that hydrogen-bonded multilayer thin
films consisting of PVA and PAA can be assembled
under acidic conditions (pH 2.0) and further stabilized
to withstand higher pH conditions by a thermal cross-
linking treatment.34 Although this multilayer coating
exhibits good antifog properties, we find that an
additional step of adding poly(ethylene glycol methyl
ether) (PEG) segments throughout the resultant LbL-
assembled multilayer film produces significantly en-
hanced antifog and antifrosting behavior. Antifrosting
in this context refers to the ability of a coating to resist
frost formationwhen a sample is held at very low initial
substrate temperatures (Ti, where Ti is less than the
freezing temperature of water) and then exposed to
higher temperatures and high humidity.
In contrast tomany antifogging coatingswith hydro-

philic1 or even superhydrophilic21,30 wetting behavior,
PEG-functionalized PVA/PAA LbL-assembled multi-
layer films exhibit abnormally high initial water contact
angles (∼110�), followed by a transient decay to lower
contact angle values over a period of several minutes.
These unusually high initial water contact angles
are quite remarkable considering that the multilayer
coating comprises only very hydrophilic polymers that
are water-soluble in non-cross-linked forms and well-
known for their ability to strongly interact with water
molecules. Unlike conventional hydrophobic surfaces,
these coatings have the distinct capacity to alter
reversibly their surface structure in order to minimize
their interfacial free energy with a surrounding me-
dium. In addition, this new nanostructured multilayer
coating can simultaneously present a very hydrophobic
character to water droplets (close to a Teflon-like
surface) and exhibit the capacity to absorb a substantial
amount of molecularly dispersed, nonfreezing water
via hydrogen-bonding interactions.35�37 We refer
to this unique combination of properties as “zwitter-
wettability” and note that such behavior requires
a specific combination of molecular and structural
features that are readily created by controlling the
processing parameters and materials used in the
layer-by-layer nanoscale assembly process.

RESULTS

We previously reported that multifunctional thin
film coatings composed of PVA and PAA could be
layer-by-layer assembled under low pH conditions

and subsequently stabilized to high pH by either
postassembly thermal or chemical treatments.34 We
anticipated that the resultant hydrogel-like multilayers
would be good candidates for preparing hydrophilic-
type antifogging coatings with performance similar to
coatings based on multilayers assembled from hydro-
philic polysaccharides.1 To screen these coatings
and compare to other control surfaces, samples were
conditioned at �20 �C and subsequently exposed to
ambient lab conditions (22 ( 1 �C, 40 ( 10% RH).
As revealed in Figure 1b, under these conditions,

hydrophilic glass (soda lime glass substrate treated
with oxygen plasma using the procedure described
previously34) and a 30-bilayer PVA/PAA multilayer film
both exhibit initial high levels of frost formation fol-
lowed by a slow clearing to a more transparent state.
In the case of a hydrophobic fluorosilane-treated glass,
the frosting persists for at least 30 s. Thus, under this
particular challenge, both hydrophobic and hydro-
philic glass as well as glass coated with a PVA/PAA
multilayer thin film did not exhibit acceptable antifrost
behavior.
To enhance the antifrost behavior of the PVA/PAA

multilayer film, PEG molecules were reacted into
the film as schematically illustrated in Figure 1a. The
abundance of free hydroxyl and carboxylic acid groups
in the as-assembled film allows for facile thermal
and chemical modifications that enhance the stability
of the film and provide additional functionality. As-
assembled films (30 bilayers, 1610( 7 nm in thickness)
were thermally cross-linked at 140 �C for 5 min to form
ester linkages. Hydroxyl-terminated poly(ethylene
glycol methyl ether) (Mw = 5000 g/mol) molecules
were then reacted with the pH-stabilized films in
phosphate buffer saline (PBS) solutions (pH∼7.4) using
glutaraldehyde chemistry. The reactionwas performed
while the films are in a highly swollen state and after
the PEG molecules have been allowed ample time
(20 min) to diffuse throughout the film structure. Thus,
the PEGmolecules are dispersed throughout the entire
film and not simply grafted onto the surface. Successful
loading of the covalently attached PEG molecules
throughout the multilayer film was confirmed by
using a probe molecule as previously described34 (for
more details, see Supporting Information (Figure S2)).
In addition, no significant change in thickness was
observed after the PEG chemistry (thickness after
reaction 1600( 29 nm), consistent with the conclusion
that this reaction is not producing a dense grafted
surface layer of PEG molecules. The final PEG-functio-
nalized multilayer exhibited excellent optical quality
and was uniform except at the edges of the glass
slide, as is sometimes observed when glass slide size
samples are coated with multilayers. Figure 1b shows
the dramatic enhancement of antifrost behavior that
results from this additional PEG chemistry. In contrast
to the as-assembled multilayer and the control glass
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samples, the PEG-functionalized multilayer remains
frost-free during the entire experiment.
To more completely assess the antifog/antifrost

capability of this promising new coating system, real-
time monitoring of both light transmission and image
distortionwas conductedunder a variety of temperature/
humidity profiles relevant to common fogging condi-
tions, as shown in Figure 2. In order to provide context,
PEG-functionalized multilayers were compared to a

number of different control surfaces and coatings. A
complete description of the testing apparatus and pro-
cedures can be found in the Methods section.
Figure 3 shows the normalized light transmission

versus time of various coatings after exposure to 37 �C,
80% RH conditions with variation in Ti. Light transmis-
sion was normalized to the incident light intensity
without any sample present. The level of image distor-
tion observed from video images and the corresponding

Figure 1. (a) Schematics showing the fabrication of the antifogging coating including reacting a thermally stabilized PVA/
PAA multilayer film with poly(ethylene glycol methyl ether) (PEG) molecules. (b) Photographs taken immediately and 30 s
after transfer to ambient lab conditions (22( 1 �C, 40( 10% RH) from a�20 �C freezer. Only the PEG-functionalized 30-bilayer
PVA/PAAmultilayer film resisted frost formation at the early and later stages of exposure. MIT logo in the figure was used with
permission of Massachusetts Institute of Technology.

Figure 2. Experimental apparatus (real-time monitoring of transmission and distortion image analysis) used to quantify
antifogging performance.
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correlation coefficient values (R) are also shown. The
correlation coefficient (R) has a scale of 0 to 1, where 1
means no distortion and complete matching of the two
images and 0 means no correlation among the images.
ValuesofRabove0.95 correspond toessentiallydistortion-
free behavior, whileRbelow0.5 corresponds to unaccept-
ably poor visual clarity. Compared to the results shown
in Figure 1b, these experiments were conducted in a
more challenging environment for antifogging, i.e., in
more humid final conditions (37 �C, 80% RH) compared
to ambient lab conditions (22 ( 1 �C, 40 ( 10% RH).
In the case of hydrophilic glass (water advancing

contact angle of 8 ( 1�), high transmission and low
image distortion levels are observed under the least
challenging fogging conditions (Ti = 22.5 �C). This
behavior is consistent with what has been reported38

for hydrophilic surfaces. In sharp contrast however,
under more aggressive fogging conditions, there is an

initial sharp drop in transmission levels followed by a
recovery to values above 90%. This early stage drop in
transmission is due to frost formation facilitated by a
conditioning temperature (Ti) that is below the freez-
ing point of water. Of particular note is the fact that
even though high transmission levels are recovered
after the frost clears, images viewed through the glass
samples are clearly distorted, as revealed by visual
observation and by decreasing R values with lower
temperature conditioning. Relatively high transmis-
sion levels are promoted in part by the presence of
a low refractive index layer of water condensed on
the surface (nwater≈ 1.33) compared to that of the glass
substrate (nglass ≈ 1.5). Condensed water layers on
both sides of the substrate enhance transmission levels
via an antireflection mechanism, even though their
presence also produces image distortion that would be
undesirable for many optical applications. These very

Figure 3. Normalized light transmission versus time of various coatings on glass after exposure to 37 �C, 80% RH conditions
(black: Ti = 22.5 �C, red: Ti = �11.2 �C, blue: Ti = �19.6 �C). Light transmission was normalized to the incident light intensity
averaged over the 421�573 nm range without any sample present. Below are images recorded through the sample at the
indicated times and their corresponding R values. (a) Hydrophilic glass. (b) Hydrophobic glass. (c) PVA/PAA multilayer film
(140 �C, 5 min). (d) PEG-functionalized PVA/PAA multilayer film.
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hydrophilic surfaces also become less water wettable
with aging under normal laboratory conditions. The
net result as shown in the Supporting Information
Figure S3a (“bare glass”) is lower transmission levels
and corresponding decreasing R values during fog
testing. This is a well-known problem that occurs with
highly energetic, very hydrophilic surfaces.39

Figure 3b shows the normalized light transmission
and image distortion for the hydrophobic (advancing
water contact angle of 112 ( 1�) fluorosilane-treated
glass. Results reveal that not only does this hydropho-
bic coating exhibit significant distortion due to frosting
and fogging but also the transmission values remain
very low during the entire testing period. Clearly,
typical hydrophobic surfaces are not well suited for
handling an aggressive fogging challenge. In the case
of a glass slide coated with the polymer poly(methyl
methacrylate) (PMMA) (advancing water contact angle
of 72 ( 2�), it was also found that low transmission
values and high image distortion occurred during
testing (Supporting Information Figure S3b).
When the PVA/PAA multilayer film was subjected to

the same testing protocols (Figure 3c), it was found
that samples conditioned at room temperature (Ti =
22.5 �C) maintained high transmission and low image
distortion values during the entire testing period.
However, decreasing Ti to �11.2 �C and further to
�19.6 �C results in significant frost formation in the
initial stages of the experiment and in corresponding
reductions inR, to 0.79 and 0.58, respectively. Note also
that after 10 s in the latter cases, the transmission levels
are high even though the sample promotes significant
image distortion. In sharp contrast to all of the samples
tested, adding PEG segments to the PVA/PAA multi-
layer film produced a coating that maintained high
normalized transmission levels (above 90%) and low
image distortion (R values of 0.98) regardless of the
initial conditioning temperature (Figure 3d). Thus, even
under the most aggressive testing conditions, this coat-
ing effectively inhibits both frost formation and fogging.
On the basis of the full set of antifogging results for

the various surfaces examined in this study, the follow-
ing conclusions can be made. Hydrophilic glass sur-
faces can be effective at preventing fogging under
mild conditions but are not able to prevent initial
stage frost formation when samples are conditioned
at temperatures below the freezing point of water. In
addition, such surfaces can promote significant image
distortion even after clearing of the frost. Commonly
prepared hydrophobic surfaces, on the other hand,
are unable to prevent fogging or frost formation under
the conditions explored in this study. It is generally
accepted that good antifog behavior is typically asso-
ciated with surfaces that exhibit an advancing water
droplet contact angle of less than 40�.12,38 Hydropho-
bic surfaces are classically defined as having an initial
advancingwater droplet contact angle of 90� or higher

and are generally not considered to be effective at
preventing fog or frost formation. As will be discussed
shortly, PVA/PAA multilayers, both as-prepared and
PEG-functionalized, exhibit hydrophobic character
when probed with water droplets (initial advancing
contact angle ∼100� or higher). Clearly the excellent
antifrost and antifogging capability of the PEG-
functionalized multilayers is not consistent with con-
ventional wisdom and warrants further clarification
and understanding.

Wetting Properties of PEG-Functionalized PVA/PAA Multilayer
Films. To investigate the origin of the excellent anti-
frost capabilities of PEG-functionalized PVA/PAAmulti-
layers, time-dependent contact angle measurements
were conducted for the three hydrophobic surfaces
examined in this study: hydrophobic glass, as-prepared
PVA/PAAmultilayers, and PEG-functionalized PVA/PAA
multilayers. As shown in Figure 4b, the surfaces of all of
these coatings exhibited initial advancing water drop-
let contact angles of greater than 100�. In the case of
the hydrophobic fluorosilane-treated glass (initial con-
tact angle 112 ( 1�), the contact angle remains nearly
constant with time. For the PVA/PAA multilayers
and PEG-functionalized PVA/PAAmultilayers, the initial
contact angle (111 ( 3� for PVA/PAA multilayers and
117( 12� for PEG-functionalized PVA/PAAmultilayers)
drops slowly to much lower values over the course of
the experiment, reaching about 70� for the PVA/PAA
multilayer and about 50� for the PEG-functionalized
PVA/PAA multilayer after 600 s. Not unexpectedly, the
multilayer systems exhibit time-dependent behavior
that is often attributed to transient surface reconstruc-
tion associated with a reorganization of hydrophilic
functional groups to the surface in response to the
water droplet.40�45 Also note that the initial water
contact angle of the PEG-functionalized PVA/PAA mul-
tilayer is essentially the same as that measured for the
unmodified multilayer film. The observation of similar
contact angles is consistent with the conclusion that a
dense top layer of PEO is not grafted onto the surface.

In order to investigate this change in water contact
anglemore in depth, a drop shape analysismethodwas
applied as reported previously.41 Goniometry allows
extraction of the droplet height (h), droplet width (rb),
and also its contact angle (θ) versus time as shown in
Figure 4a. The spherical cap model was employed to
determine the wetted surface area and the droplet
volume. The initial droplet volume calculated using this
model matched well with the actual water dispensed.
The wetted surface area and droplet volume changes
with time for the various samples were compared by
using the equation given below.

S(t) ¼ πrb
2(t) (1)

V(t) ¼ πrb2(t) h(t)
3

(2þ cos θ(t))
(1þ cos θ(t))

(2)
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where S(t) and V(t) define the wetted surface area and
volume of the drop as a function of time, respectively.
Figure 4c shows how the normalized wetted surface
area changes with time for these samples. While the
surface area for the hydrophobic fluorosilane-treated
glass does not change with time, the data for the
multilayer samples indicate an increase in the wetted
surface area consistent with spreading of the water
drops. For the PEG-functionalized PVA/PAA multilayer
film, thewetted surface area increased nearly 300%over
the 600 s time interval. However, from Figure 4d, where
the normalized volume change with time is plotted, no
significant difference in volume was observed (small,
10�20% decreases in volume can be anticipated due to
evaporation ofwater from the droplets). From themulti-
layer results, it was concluded that the spreading of the
water droplet dominates relative to the absorption of
water into the film from the droplet over the 600 s of the
experiment. Furthermore, PEG-functionalized PVA/PAA
multilayerfilmsexhibit amuch faster evolving spreading
of a water drop than the PVA/PAA multilayer films,
suggesting that the surface reconstructs from a high
initial to a lower final water contact angle more quickly
for the PEG-functionalized PVA/PAA multilayer film.

It was unexpected for the PVA/PAA multilayer
film and PEG-functionalized PVA/PAA multilayer film

to exhibit such high values of the initial advancing
water droplet contact angle (θw). Two main factors
were considered as possible sources of this unusual
behavior: (A) the presence of hydrophobic acetate
groups in the partially hydrolyzed PVA polymer and
(B) water droplet induced surface deformation at the
three-phase contact line due to the intrinsically “soft”
nature of the PVA/PAA multilayer film.

In the former case, it is to be recognized that the
PVA used in the PVA/PAA multilayer films contains
11�16% acetate-bearing repeat units.34 It is possible
that these relatively hydrophobic moieties preferen-
tially orient and become trapped at the film/air inter-
face during the heating process used to thermally
cross-link the film (140 �C for 5 min under vacuum).
Similar abnormally high water contact angles have
been reported before.46�49 For example, nanocompo-
site poly(N-isopropylacrylamide) (PNIPA) films with
clay network structures exhibited θw values in the
range 100�131�. The authors attributed this behavior
to the alignment ofN-isopropyl groups of PNIPA chains
at the gel�air interface. Consistent with the notion
that the acetate groups are sufficiently hydrophobic to
influencewettability, measurements of θw of poly(vinyl
acetate) and partially hydrolyzed PVA with 11�16%
acetate groups (films covalently bonded to a glass

Figure 4. (a) Schematic representation of the spherical capmodel used for the calculation of wetted surface area and droplet
volume. (b) Water contact angle evolution over time (600 s) for three samples exhibiting hydrophobic behavior. (c) Wetted
surface area evolution over time (600 s) for the three samples expressed asΔS/So whereΔS = S� So and So is the initial wetted
surface area at t = 0. (d) Water droplet volume evolution over time (600 s) for three samples expressed as ΔV/Vo where ΔV =
V� Vo and Vo is the initial water droplet volume at t= 0. Filled symbols denote the average of three ormore independent data
points every 20 s.
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substrate and heated at 140 �C for 5 min under
vacuum) revealed advancing contact angles of 75 (
2� and 75 ( 5�, respectively. In contrast, fully hydro-
lyzed PVAwith 1�3% acetate groups exhibits a contact
angle of 58 ( 1� after a similar heat treatment (see
Supporting Information (Figure S4)).

With regard to the latter possibility, it was reported
recently50 that on thin soft substrates Young's law fails
when there is substantial deformation near the three-
phase contact line. Under such circumstances, the
macroscopically observed contact angle increases
and the substrate is effectively less wettable. As shown
in the Supporting Information (Figure S5), PVA/PAA
multilayer films that have been thermally cross-linked
at 140 �C for 5min show significant substrate deforma-
tion at the three-phase contact line after a hemispher-
ical droplet of water is fully evaporated; more heavily
cross-linked systems (140 �C, 10 and 30 min) do not
show this behavior. On the basis of the previous
predictions,50 one would expect the contact angle to
increase by a maximum of about 10� as a result of this
effect. The additional enhancement in contact angle
may be attributed to the chemical structure/mobility
of the polymer matrix. It has been reported that the
extent to which a gel surface may become hydro-
phobic by reorientation and conformational changes
depends on the chemical structure of the polymer in
the gelmatrix and also on themobility of the individual
chain segments.46 The effect of polymer mobility on
the hydrophobicity of a hydrogel has been studied
previously,49 where a soft mobile gelatin gel with over
95% water content was found to have water contact
angle in the range 90�120�.

It should be noted that others have suggested51

that a rough surface could also contribute to the
observation of very high values of θw. However, as
reported previously,34 PVA/PAA multilayer films have
Ra roughness values of about 0.6 nm for∼1.5 μm thick
films, while the roughness of PEG-functionalized PVA/
PAAmultilayer films is about 1.8 nm. Thus an enhance-
ment of θw due to high surface roughness was as-
sumed to be negligible for both surfaces. We therefore
conclude that the abnormally high initial values of θw
observed on both PVA/PAA multilayer films and PEG-
functionalized PVA/PAA multilayer films derive from
the combined effects of the initially surface-enriched
hydrophobic acetate moieties, the softness of the
multilayer film, and the mobility of chain segments
near the surface.

Condensation Experiments. One might expect that
more hydrophobic surfaces inhibit the condensation
of water by suppressing nucleation and that this effect
might play a role in antifogging behavior.52�55 To
determine if the various surfaces investigated exhib-
ited differences in water condensation during fogging
conditions, the maximum amount of water condensed
from moist air and steam was investigated. Various

coatings (PVA/PAA multilayer film, PEG-functionalized
PVA/PAA multilayer film, hydrophilic glass, and hydro-
phobic glass) were incubated at�20 �C for 1 h, and the
mass change versus time was measured immediately
after transfer to ambient lab conditions (22( 1 �C, 40(
10% RH). The maximum amount of water condensed
was more or less the same (5�7 mg) for all of the
coatings investigated regardless of their wetting prop-
erties except for the PVA/PAA multilayer film, which
exhibited a larger amount of condensed water (9 mg)
during the measured time period. Thus, no correlation
between the amount of water condensed and anti-
frost/antifogging behavior was observed.

Effect of Elevated Temperature and Relative Humidity on
Macroscopic Water Drop Profiles. The transient nature of
the contact angle with time for the PVA/PAA-based
multilayer coatings (Figure 4b) was previously attrib-
uted to surface functional group reorganizations
in response to the presence of the probewater droplet.
To examine if conditioning (for 1 h before water
droplets added) the coatings in humid environments
at higher temperatures would influence this effect,
the evolution of macroscopic water drop profiles was
examined in controlled environments at elevated
temperature and higher humidity (37 �C, 80% RH).
Both the PEG-functionalized and as-assembled PVA/
PAA multilayers show faster decreases in contact an-
gles with time and reach lower values of the contact
angle when incubated and then probed in a higher
humidity, higher temperature environment, as shown
in Figure 5a, b, and c. However, even after conditioning
in an environment that would be expected to render
the coatingsmore hydrophilic due to reorganization of
hydrophilic groups to the surface as reported pre-
viously by others,43 the PEG-functionalized multilayer
still exhibits an initial water droplet contact angle
above 90� for the first 25 s of the experiment. In order
to study this behavior in detail, another simple test
was performed. A water drop was placed on a PEG-
functionalized PVA/PAA multilayer film after being
transferred to ambient lab conditions (22 ( 1 �C,
40 ( 10% RH) from a �20 �C freezer, as shown in
Figure 5d. As revealed in this image, the coated section
of the glass remains frost-free, indicating that molecu-
larly condensed water has been effectively absorbed
by the film. However, a water drop placed on top of
this frost-free coating exhibits a water contact angle
above 90�. Thus, this unusual surface simultaneously
presents a very hydrophobic character, but also has the
capacity to absorb a substantial amount of molecularly
dispersed water. We refer to this unique combina-
tion of properties as “zwitter-wettability”, as shown in
Figure 5e.

Effect of Thermal Cross-Linking on Wetting Behavior. PVA/
PAA multilayer films were thermally treated to varying
extents to ascertain how increased cross-linking might
influence wetting and antifrost behavior. Previously,
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we have reported34 that increasing the heating extent
either by time or temperature alters the cross-link
density of the multilayer film. Figure 6b shows how
the swelling ratio (defined here as the ratio of the
thickness of a film in contact with DI water to that of a
dry film) changes with increase in heating time. For the
140 �C, 5 min treated sample, the swelling ratio was
3.6, and as the heating time increased from 5 to 30min,
a decrease in swelling ratio was observed: the corre-
sponding values of swelling ratio were 2.9 and 2.3,
respectively. Decreasing swelling ratios are consistent
with an increase in cross-link density (Supporting
Information Table S1). Figure 6a shows the transmis-
sion versus time plots of PVA/PAA multilayer films after
exposure to 37 �C, 80% RH conditions for samples with
the different thermal treatments. It is evident from
the transmission experiment as well as the distortion
analysis that increasing the cross-linking density is
detrimental to the antifogging performance. Further-
more, a comparison of the transient water contact
angle profiles of the PVA/PAA multilayer films with
increasing cross-linking density (Figure 6c) revealed
that the initial water contact angle of a PVA/PAA
multilayer film decreases from 111 ( 3� to 77 ( 4�,

and 70 ( 3�, with increasing cross-linking times. The
abnormally high initial water contact angle (∼110�)
shown for the 140 �C, 5 min treated PVA/PAA multi-
layer film is lost for the more heavily cross-linked
systems and becomes closer to what was found for a
poly(vinyl acetate)-coated glass (75( 1�). Thus, a more
cross-linked film behaves as a more conventional
hydrophilic coating. This result supports the hypoth-
esis that the enhanced contact angle is due to the
combined effects of a flexible surface enriched in
hydrophobic acetate moieties and the softness of the
multilayer film as mentioned earlier.

Effect of Overall Film Thickness and Type of Polymer Top
Layer on Antifog/Antifrosting Behavior. The effects of bilayer
number (or overall film thickness) and the type of
polymer that was used in the last deposition step of
the LbL assembly on antifog/antifrosting capabilities
were investigated. The PVA/PAA multilayer films men-
tioned throughout this article are prepared by ther-
mally cross-linking a 30 bilayer PVA/PAAmultilayer film
((PVA/PAA)30) on a glass substrate for 5 min at 140 �C;
the 30 bilayer films are typically approximately
∼1.5 μm in overall film thickness. In order to explore
the effect of overall film thickness, a six-bilayer PVA/PAA

Figure 5. (a) Photographs ofwater dropprofiles versus timeon aPEG-functionalizedPVA/PAAmultilayerfilm in 37 �C, 80%RH
conditions. (b) Water contact angle evolution over time (600 s) for a PVA/PAAmultilayer film in ambient conditions and 37 �C,
80% RH conditions. (c) Water contact angle evolution over time (600 s) for a PEG-functionalized PVA/PAA multilayer film in
ambient lab conditions (22( 1 �C, 40( 10%RH) and 37 �C, 80%RH conditions. (d) Photographof awater drop placedon PEG-
functionalized PVA/PAA multilayer film after being transferred to ambient lab conditions (22 ( 1 �C, 40 ( 10% RH) from
�20 �C. Inset photograph shows the zoomed-in image of the water drop with a contact angle above 90�. Only the PEG-
functionalized PVA/PAA multilayer coated part of the glass resist frost formation. (e) Schematic representation of zwitter-
wettability. MIT logo in the figure was used with permission of Massachusetts Institute of Technology.
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multilayer film (∼100 nm) and its PEG-functionalized
counterpart were prepared. Transmission experiments
and distortion image analysis on these thinner samples
were performed, and the results (Supporting Informa-
tion, Figure S7) show clearly that the antifog/antifrost
performance of the six-bilayer films was inferior to the
30-bilayer films. Similar observations have been re-
ported previously,1 where a minimum critical thickness
of the film was necessary to achieve acceptable anti-
fogging performance.

The outermost layer effect was also investigated by
ending the multilayer assembly with PVA: (PVA/PAA)30.5.
The noninteger value of Z indicates that the assembly
process ends with the same polymer used to start the
process; that is, the film is topped with the hydrogen-
bonding acceptor PVA. As shown in the Supporting
Information (Figure S8), regardless of which layer is on
the top, functionalizing the PVA/PAAmultilayer filmwith
PEG results in excellent frost-resisting films.

Inhibition of Frost Formation. PVA/PAA multilayer films
and PEG-functionalized PVA/PAA multilayer films are
essentially soft coatings that have an abundance of
hydrophilic functional groups that can absorb a sub-
stantial amount of water vapor from moist air. This
property makes this system an extremely interesting
platform for antifogging applications. However, it still
remains a question why PEG-functionalized PVA/PAA
multilayer films inhibit frost formation after incubation
at very low temperatures and manage condensed

water in such a way that minimizes image distortion.
It has been reported35,37,56 that water absorbed in
certain polymer systems can exist in different states
including nonfreezing (molecularly bound) and melt-
ing point depressed states. In this case, the water
molecules are presumably molecularly dispersed as a
result of strong polymer�water hydrogen-bonding
interactions and hence are not capable of freezing at
the usual temperature. One might expect that if this is
the case in the PEG-functionalized PVA/PAA multilayer
coatings, excess water on the surface could freeze, but
water dispersed throughout the filmwould experience
a depressed freezing point or none at all. In order to
explore this hypothesis, samples were pre-exposed to
different amounts of water prior to cooling (�20 �C)
and subsequently tested under frost-forming condi-
tions (Figure 7). Pretreatments before incubating in a
freezer included (I) drying in ambient conditions, (II)
immersion in DI water for 20 seconds followed by an
exposure to compressed air just to remove the excess
water layer on the top, and (III) immersion in DI water
for 20 seconds followed by immediate transfer into
the freezer. The observation of interference patterns
after the treatment for sample II confirmed that the
film absorbed a substantial amount of water prior to
incubation in a freezer. As shown in Figure 7b, only
sample III exhibited ice formation, with the surface ice
eventually sliding across the film top surface. Sample II
supports the idea that water existing in the multilayer

Figure 6. (a) Normalized transmission versus time after exposure to 37 �C, 80% RH conditions of PVA/PAA multilayer films
thermally cross-linked with different heating times (5, 10, 30 min). Right photos are images recorded through the samples
after 30 s and their corresponding R values. (b) Swelling ratio of PVA/PAA multilayer films with varying cross-linking
treatments. (c) Water contact angle evolution over time (600 s) for PVA/PAA multilayer films in ambient conditions varying
cross-linking treatments. Open symbols denote the average of three independent data points every 10 s.
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film is nonfreezing and therefore imparts a resistance to
frost formation even when a film is treated at tempera-
tures below the normal freezing point of water.

DISCUSSION

Classically, a hydrophobic surface is defined as a
surface that supports a water droplet advancing con-
tact angle of 90� or higher. The PVA/PAA multilayer
coatings, both as-prepared and PEG-functionalized,
satisfy this simple definition. Both multilayer systems
also exhibit a zwitter-wettable character, that is, the
ability to rapidly absorb molecular water from the
environment while simultaneously appearing hydro-
phobic when probed with water droplets. However, in
the case of the PEG-functionalized multilayer, its special
chemical and molecular architecture imparts a combi-
nationofphysical properties that turn out to beuniquely
suited for the prevention of frost formation and fogging.
This combined zwitter-wettable and frost-resistant
character requires a number of key molecular and
structural features including (1) a surface enriched in
hydrophobicmoieties and (2) an abundanceof available
hydrophilic functional groups within the material
that strongly hydrogen bond with water to produce a
sufficient amount of nonfreezing water molecules.
When these elements are in place, it is possible to create

frost-resistant coatings that simultaneously exhibit both
hydrophobic and hydrophilic characteristics.
The as-prepared PVA/PAA multilayer comes close to

achieving all of the required elements, but only after
adding PEG molecules does it become fully capable of
resisting frost formation. The hydrophilic segments of
both PEG35 and PVA56 are known to interact strongly
with absorbed water molecules via hydrogen-bonding
interactions to produce a nonfreezing bound state.
Ultimately, however, it is the amount of nonfreezing
water the material can accommodate that determines
its effectiveness as an antifrost coating. The capacity of
a material for absorbing a large amount of nonfreezing
water is determined by its cross-link density (both
physical and covalent), level of crystallinity, and level
of competitive hydrogen bonding of the system.35�37,56

In all of these cases, increases of the parameter will
decrease the amount of nonfreezing water the system
can accommodate. For the as-prepared multilayer,
the molecularly blended hydrogen-bonded complex
created by the nanoscale layer-by-layer assembly pro-
cess ensures that crystallization of the PVA molecules
will be limited or nonexistent. This same complexation,
on the other hand, also reduces the amount of
molecular interactions possible with water molecules
(competitive hydrogen bonding). Likewise, the low

Figure 7. Frost formation experiment of PEG-functionalized PVA/PAA multilayer films with different water pretreatments.
Samples were subjected to a �19.6 �C freezer for 1 h and exposed to ambient conditions (22 ( 1 �C, 40 ( 10% RH). (a)
Schematic representation of how condensed water is presented after exposure to ambient conditions for differently
pretreated PEG-functionalized PVA/PAA multilayer films: (I) Dry PEG-functionalized PVA/PAA multilayer film, (II) wet PEG-
functionalized PVA/PAA multilayer film, (III) water-soaked PEG-functionalized PVA/PAA multilayer film. (b) Corresponding
photos taken immediately and 30 and 60 s after exposure to ambient conditions for differently pretreated PEG-functionalized
PVA/PAAmultilayer films. Arrow indicates the direction of increase in time.MIT logo in the figurewas usedwith permission of
Massachusetts Institute of Technology.
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level of covalent cross-linking needed to stabilize the
multilayer also decreases the nonfreezing water capac-
ity of the system. Thus, the addition of PEG segments
is needed to further increase the nonfreezing water
capacity of the multilayer. The nanoscale layer-by-layer
process for creating these PEG-containing multilayer
films57�59 makes it possible to optimize many of the
key parameters responsible for the antifrost behavior.
We therefore anticipate that further optimization of the
structures of the polymers used and the assembly
process could result in an as-prepared multilayer that
exhibits antifrosting properties comparable to the PEG-
functionalized system. It should also be noted that in
the absence of nanoscale LbL assembly, cast films of
the same PVA/PAA composition are rough and turbid
(clearly not of optical quality), as shown in Figure S6. The
enabling role of this nanoscale processingmethodology
is thus very apparent and critically important to the
results presented in this paper.
The unusual hydrophobic nature of the multilayer

is also a consequence of the structure and surface
organization of the molecular complex formed by
the layer-by-layer assembly process and subsequent
chemical cross-linking. Previous reports of hydrophilic
gels with unusually high advancing water droplet
contact angles46�49 conclude that this attribute is
associated with the stable alignment of hydrophobic
chain segments at the substrate surface. To achieve
this alignment, the level of cross-linking and interchain
molecular complexation (for multicomponent polymer
systems) must be low enough to allow sufficient
molecular mobility for the surface segments to achieve
the required stable molecular conformations. As noted
in this paper, increasing levels of cross-linking reduce
the advancing contact angle to levels expected for a
cross-linked homopolymer of partially hydrolyzed
PVA (about 75�). Increasing levels of cross-linking
and complexation also would be expected to decrease
the compliance of the multilayer, thereby reducing the
enhancement in contact angle due to the “softness
effect” described in the Results section. Thus, to realize
hydrophobic behavior that is observed even when a
sample is incubated in a high humidity environment
and preloaded with nonfreezing water, it is essential
that the energetics favor surface alignment of the
hydrophobic chain segments even when exposed to
gas phase water. This was accomplished in the PVA/
PAA multilayers by utilizing partially hydrolyzed PVA
(provides the needed hydrophobic acetate groups),
assembling under controlled pH conditions (controls
the complexation process), and limiting the level of

postassembly cross-linking. It should be noted that the
hydrophobic character of this multilayer system may
help to overcome a major problem with antifog coat-
ings based on extremely hydrophilic, high surface
energy materials, namely, a high susceptibility to
fouling by low surface energy contaminates.12,60

Additional work is required to confirm this possibility.
Finally, we note that the observation of zwitter-

wettability is possible due to differences in the way
water interacts with a surface when it is in a gas phase
molecular state versus a droplet state. In the latter case,
the liquid surface tension of water (γLV) dominates the
initial interaction of the drop with the surface due to
stronghydrogen bonding ofwatermolecules within the
water droplet. In contrast, molecularly dispersed water
molecules in the atmosphere can directly diffuse into
the multilayer film and interact with the abundant
embedded hydrophilic groups. The net result is an
ability to present simultaneously both hydrophobic
character to water droplets and hydrophilic character
to gas phasewatermolecules. This is possible, even after
the thin film has absorbed a significant amount ofwater,
as hasbeenobserved in certainpolymer hydrogels.46�49

CONCLUSION

In summary, we show that zwitter-wettable surfaces,
surfaces that simultaneously present a hydrophobic
character and have the capacity to absorb a substantial
amount ofmolecularly dispersedwater, can beprepared
using hydrogen-bonding-assisted LbL assembly of PVA
and PAA. Real-timemonitoring of transmission aswell as
distortion image analysis revealed that when PEG seg-
ments were reacted throughout the PVA/PAAmultilayer,
a coating was produced that maintained high normal-
ized transmission levels and low imagedistortion regard-
less of the initial conditioning temperature. Thenet result
was a coating system that effectively inhibited both frost
formation and fogging.
Static water contact angle and swelling experiments

indicated that the abnormally high initial advancing
water contact angle of the multilayer platform (>100�)
was attributed to the presence of surface-enriched
hydrophobic acetate groups and the softness of the
multilayer film. An abundance of hydrophilic functional
groups within thematerial allows water droplets placed
on a surface to spread by surface reconstruction and for
molecularly dispersed water molecules to strongly hy-
drogen bond to produce nonfreezing water molecules.
The addition of PEG to the PVA/PAA multilayer film
provides an additional capacity to absorb nonfreezing
water and an improvement in antifrost behavior.

METHODS

Materials. Asahiklin (AK225, Asahi Glass Company), poly-
(vinyl alcohol) (Mw = 131 000 g/mol, PDI = 1.50, 87�89%

hydrolyzed, Sigma-Aldrich), poly(acrylic acid) (Mw = 225 000

g/mol, 20% aqueous solution, Sigma-Aldrich), glutaraldehyde

solution (grade II, 25% inH2O, Sigma-Aldrich), 2-butanone (MEK,
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99þ% ACS reagent, Sigma-Aldrich), poly(glycidyl methacrylate)
(Mw = 25 000 g/mol, 10% solution in MEK, Polysciences),
poly(methyl methacrylate) (Mw = 540 000 g/mol, Scientific
Polymer Products), poly(ethylene glycol methyl ether) (Mw =
5000 g/mol, Sigma-Aldrich), and 1H,1H,2H,2H-perfluorodecyltri-
chlorosilane (Sigma-Aldrich) were used as received. Standard
soda lime glass microscope slides and phosphate buffer saline
were obtained from VWR. Deionized water (DI, 18.2 MΩ 3 cm,
Milli-Q) was used in all aqueous polymer solutions and rinsing
procedures.

Glass Substrate Pretreatment. The glass substrates were first
degreased by sonication in a 4% (v/v) solution of Micro-90
(International Products Co.) for 15 min and subsequently soni-
cated twice in DI water for 15 min and dried with compressed
air. They were then treated with oxygen plasma (PDC-32G,
Harrick Scientific Products, Inc.) for 2 min at 150 mTorr. This
glass is denoted here as hydrophilic glass and was used as the
substrate for all the polymer coatings that were produced by
layer-by-layer assembly. However, specifically for the PVA/PAA
system, additional poly(glycidyl methacrylate) anchoring chem-
istry was included in order to covalently bond the first layer
of PVA to the substrate, following the protocol described in our
previous work.34

Coating Methodology. LbL assemblies of PVA and PAA were
constructed using a Stratosequence VI spin dipper (Nanostrata
Inc.) controlled using StratoSmart v6.2 software. LbL assembly
employed dipping times of 10 min for the polymer solutions,
followed by three rinses of 2, 1, and 1 min. The concentration
of the polymer solutions was 1 mg/mL, and the pH of these
solutions and the rinse water was adjusted to pH 2.0 with 0.1 M
HCl or 0.1 M NaOH. The nomenclature for LbL films follows the
following conventions: (hydrogen bonding acceptor/donor)Z
where Z is the total number of bilayers deposited. The PVA/PAA
multilayer film mentioned throughout this article is prepared
by thermally cross-linking (PVA/PAA)30 on a glass substrate for
5 min at 140 �C, unless other conditions are specified. The PEG-
functionalized PVA/PAA multilayer film was prepared by im-
mersing a PVA/PAA multilayer film in a 10 mg/mL PEG solution
(pH 2.0) for 20 min. Then the sample was soaked at 30 �C in
0.13% (w/w) glutaraldehyde in PBS for 10 min, rinsed with DI
water, and dried with compressed air. PMMA-coated glass
was prepared by dissolving PMMA in Asahiklin at a concentra-
tion of 10 mg/mL. An approximately 150 nm thick coating was
deposited onto a pretreated glass substrate by dip-coating
for 1 h and heating the film for 1 h at ∼60 �C to completely
evaporate the solvent. Pretreated glass substrates were treated
with 1H,1H,2H,2H-perfluorodecyltrichlorosilane by first placing
them, along with a few drops of the reactive fluoroalkylsilane
liquid, inside a Teflon canister under an inert nitrogen atmo-
sphere and then sealing the canister and heating it overnight at
110 �C to result in hydrophobic fluorosilane-treated glass.61

Film Characterization. Dry film thicknesses were measured
using a Tencor P16 surface profilometer with a 2 μm stylus
tip, a 2 mg stylus force, and a scanning rate of 50 μm/s. Water
contact angle measurements were performed using a Rame-
Hart model 590 goniometer after vertically dispensing droplets
of deionized water on various coatings. Water contact angles
were measured as deionized water was supplied via a syringe
into sessile droplets (drop volume∼10 μL). Measurements were
taken at three different spots on each film, and the reported
uncertainties are standard deviations associated with these
contact angle values. The evolutions of water drop profiles in
a controlled environment (37 �C, 80% RH) were measured by
taking movies of the water drop inside the environmental
chamber. Then, ImageJ software was used to fit the extracted
images with the built-in angle tool. To determine the swelling
ratio, a custom-built quartz cell was used in conjunction with a
J.A. Woollam XLS-100 spectroscopic ellipsometer as described
previously.34 Data were collected between 400 and 1000 nm at
a 70� incidence angle and analyzed with WVASE32 software.
Condensation experiments were performed by preparing the
samples on glass substrates of dimension 37.5 mm� 25.0 mm,
equilibrating in the freezer set at�20 �C for 1 h, and measuring
the mass change versus time immediately after transfer to

ambient lab conditions using a digital scale balance (model
Ag204, Mettler Toledo Instruments).

Antifogging Characterization. The quantitative antifogging per-
formance on various coatings was evaluated in part by a
customized setup in an environmental chamber as shown in
Figure 2. Measurements were conducted by performing visible
light transmission measurements (light source: tungsten lamp
(421 nm �573 nm), detector: InstaSpec II, Oriel Instruments,
monochromator: 125 mm spectrography/monochromator,
model 77400, Oriel Instruments) on a sample in a controlled-
humidityglovebox (environmental chamber, Electro-TechSystems,
Inc.). Optical fibers were used tomeasure the normalized transmis-
sion values inside the environmental chamber. Before measuring
the real-time transmission behavior inside the controlled environ-
ment, the samples were first allowed to equilibrate for 1 h in a
freezer set at a designated temperature (Ti) before being moved
to the environmental chamber, which was maintained at 37 �C,
80% RH. Samples were transferred using a secondary container,
and the exposure time was measured within 3 s after the sample
was placed in the environmental chamber.

For the image distortion analysis, styrofoam was used as an
insulator to inhibit the condensation ofwater vapor on the inner
wall of the environmental chamber. Amicroscopy test chart was
used for the test image. A reference video was taken with no
sample between the camera and the test image. Exposure time
was measured within 3 s after the sample was placed between
the camera and the test image. Photos were extracted from
the video at 5 and 30 s after exposure and referenced as target
images. Distortion image analysis62 was conducted by examin-
ing pixel intensity array subsets on two corresponding images
(reference and target images) and extracting the deformation
mapping function that relates the images, allowing a correlation
coefficient to be obtained as shown in the Supporting Informa-
tion (Figure S1b). Also, it should be noted that transmission
measurement and image distortion analysis were conducted
consecutively on the same samplewith drying steps (in ambient
conditions) in between.
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