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Thin hydrogel films attached to a rigid substrate can only swell along the direction perpendicular to the
substrate, which generates compressive stress within the gel. When the stress is sufficiently large, the
free surface of the gel will locally buckle and fold against itself to form various wrinkling patterns. Here
we show that hydrogen-bonded layer-by-layer (LBL) films of poly(vinyl pyrrolidone) (PVPON) and pol-
y(acrylic acid) (PAA) also swell in ethanol/water mixtures. Like ordinary hydrogel films attached to a
substrate, the LBL films also undergo mechanical instability when their swelling degree is large enough.
By adjusting the composition and pH of the ethanol/water mixture, the swelling degree of the film can be
adjusted, which further decides whether the mechanical instability occurs or not. Like ordinary hydrogel
films, the surface wrinkling of the PVPON/PAA films occurs via a nucleation-growth process. Unlike
ordinary hydrogels, the critical swelling degree for the onset of wrinkling for PVPON/PAA films increases
with increasing film thickness. More importantly, the wrinkling patterns can be healed automatically,
because the transient network of PVPON/PAA films allows for the relief of compressive stress via its
rearrangement. The phenomenon observed here may provide a possible way to erase the undesired
wrinkling patterns on constrained hydrogel films.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels are crosslinked 3D networks of hydrophilic polymer
chains which swell but do not dissolve in solvents [1]. To exploit
their applications such as cell culture substrata [2], sensor coatings
[1], etc, they are frequently engineered as thin films attached on a
rigid substrate. The gel films swell when immersed in water. As
they are mechanically confined by the substrate, they can only
expand along the direction normal to the substrate. The anisotropic
swelling generates in-plane compressive stress within the gel.
When the stress is sufficiently large, the free surface of the gel will
locally buckle and fold against itself to form various wrinkling
patterns [3] (Scheme 1A). Swelling-induced mechanical instability
has been observed from various hydrogels, such as polyacrylamide
(PAAm) [4,5], poly(N-isopropylacrylamide) (PNIPAM) [6—8], and
poly(2-hydroxyethyl methacrylate) (PHEMA) [9,10]. In many cases
the swelling-induced mechanical instability is undesired and
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should be avoided. Therefore this instability places a fundamental
limit on the degree to which a gel can swell while remaining flat [5].
However, the wrinkling patterns can also be harnessed for various
advanced applications [11—14].

In recent years numerous ultrathin hydrogel-like membranes
were fabricated using the so-called layer-by-layer (LBL) assembly
method [15]. In LBL assembly, two polymers with complementary
functional groups are deposited onto a substrate in a layer-by-layer
manner, using various interactions, such as electrostatic interac-
tion, hydrogen bonding [16,17], and covalent bonding, as the
driving forces [18]. Through this method, thin films with finely
controlled thickness can be easily coated on substrates of any
shape. These films have found a wide range of potential applica-
tions, such as salt separation, drug release, and biosensing [19—22].
In many cases the films will contact with a solvent and may un-
dergo significant swelling. As they are usually attached on a rigid
substrate, one may expect that they may also experience swelling-
induced surface wrinkling. Like ordinary hydrogel films, the
swelling-induced instability will pose barriers for the application of
LBL films.

In this contribution, the swelling-induced mechanical instability
of hydrogen-bonded LBL films of poly(vinyl pyrrolidone) (PVPON)
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Scheme 1. (A) Swelling-induced wrinkling and its self-healing of PVPON/PAA LBL film: (i) Like ordinary substrate-attached hydrogel film, anisotropic swelling results in equibiaxial
compressive stress within the film [4]. (ii) The film surface buckles when the stress is above a critical threshold. (iii) The transient network of PVPON/PAA film allows for the relief of
the compressive stress and the wrinkles are self-healed. (B) Dynamic hydrogen bonding between PVPON and PAA in the PVPON/PAA LBL films. (C) A schematical illustration of the

relief of the compressive stress via the rearrangement of the transient network.

and poly(acrylic acid) (PAA) in ethanol/water mixtures was inves-
tigated. The purpose of the present study is twofold. Firstly we
want to examine if an LBL film undergoes swelling-induced me-
chanical instability like ordinary substrate-attached hydrogel films
as expected. We found the film surface remains flat at a low
swelling degree, but develops wrinkling patterns when its swelling
is larger than a critical degree. Secondly we want to examine if the
swelling-induced wrinkling patterns can be healed automatically
via the rearrangement of the dynamic network of the film (Scheme
1A). Unlike ordinary hydrogels crosslinked with permanent cova-
lent bonds, the PVPON/PAA films are crosslinked via reversible
hydrogen bonds. Their network is transient and dynamic in nature
[23,24], which endows them self-healing ability like other dynamic
hydrogels crosslinked with reversible bonds [25—27]. Although a
lot of experimental and theoretical studies have been carried out to
understand the swelling-induced instability of substrate-attached
gel films [28,29], to the best of our knowledge, no method has
been proposed to heal the undesired wrinkling patterns.

2. Experimental section
2.1. Materials

Poly(vinyl pyrrolidone) (PVPON) (MW 100 000) and poly(acrylic
acid) (PAA) (MW 10 000) were purchased from Sigma—Aldrich.
Other chemicals are all of analytical grade. The chemicals were used
as received without further purification.

2.2. Film fabrication

The PVPON/PAA LBL films were fabricated as reported previ-
ously [30,31]. Briefly, silicon wafers, used as substrate, were cleaned
in boiling piranha solution (3:7 v/v Hy0,—H,S04 mixture) (caution:
this solution is extremely corrosive!) before use. The pH of the PVPON
and PAA solutions were adjusted to 3.0 with 0.1 M HCl. The silicon
wafers were then dipped into a 0.1 wt% PVPON solution and a 0.1 wt
% PAA solution alternately, each for 4 min, washing in 10~ M HCl
for 1 min in between. After the desired number of dipping cycles
was reached, the film was annealed in 10> M HCl for 6 h and then
dried in the air. The resultant film is denoted as “(PVPON/PAA),”

which means the film is fabricated from PVPON and PAA and has n
bilayers.

2.3. Morphology study

Ethanol/water mixtures were prepared by mixing pre-
determined amount of ethanol and deionized (DI) water. The
composition of the mixtures is expressed as the volume percent
concentration (v/v %) of ethanol. In certain cases, the pH of water
was first adjusted using HCI and then mixed with ethanol. The
surface morphology of the LBL films immersed in the solvents was
observed using an Olympus BX51 optical microscope. Images were
captured by a digital camera coupled with the microscope. All ex-
periments were carried out at room temperature (~23 °C).

2.4. Other characterizations

The reflection spectra of the films were measured with an
AvaSpec-2048 Fiber Optic spectrometer. An experimental setup
reported previously [32] was used when the films were immersed
in solvents. In this setup, temperature of the sample cell was
controlled with a refrigerated circulator. Atomic force microscopy
(AFM) images were acquired on a Benyuan CSPM5000s scanning

probe microscope in tapping mode.

3. Results and discussion
3.1. Swelling of PVPON/PAA films in water

The PVPON/PAA LBL films were previously studied by several
groups [30,31,33—35]. The films were assembled via the formation
of hydrogen bonds between PVPON, as hydrogen acceptor, and PAA,
as hydrogen donor (Scheme 1B) [30,33]. As they are actually a
crosslinked network of PVPON and PAA, they can be regarded as
hydrogels [15,32,36]. Like ordinary hydrogels, the PVPON/PAA films
can also swell in water.

The swelling of PVPON/PAA films can be facilely studied using
the Fabry—Perot fringes on their reflection spectra, providing that
the film surfaces remain smooth during the process [30]. As shown
in Fig. STA in the supporting information, the reflection spectra of a
(PVPON/PAA)¢ film, measured in air as dry film, display oscillations
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Fig. 1. (A—I) Time evolution of surface morphology of a (PVPON/PAA), film soaking in 40% ethanol/water mixture. (J, K) AFM image of a (PVPON/PAA )0 film after a brief immersion

in 40% ethanol/water mixture.

known as Fabry—Perot fringes. These fringes originate from the
interferences between beams reflected at the air-film and film—
substrate interfaces (inset in Fig. S1A) [30,32,34]. From two adja-
cent peak wavelengths, A, and 4,4, the film thickness, h, can be
calculated using the following relationship [30]:

h— 1
2ne(1/2 ~ 1/l 1)

where n, is the refractive index of the film, which was previously
measured to be 1.45 [30]. For the 20-bilayer film shown in Fig. S1A,
its thickness was calculated to be ~ 1440 nm. The reflection spectra
of the same film immersed in water were also shown in Fig. S1A.
Compared with the spectra measured in air as dry film, the
amplitude of the oscillations is reduced significantly. When the film
is transferred into water, the refractive index of the medium in-
creases from 1.0 (air) to 1.33 (water), significantly reducing the
difference in refractive index at the medium—film interface.
Accordingly, the amount of light reflected at the interface de-
creases, resulting in a reduced amplitude of the Fabry—Perot fringes

(1)

[32]. Also using Eq. (1) and ignoring the slight decrease in refractive
index of the film, the thickness of the wet film was calculated to be
~1850 nm. The increased thickness indicates clearly that the film
swells in water. The swelling degree of the film, SD, was calculated
to be ~1.28 using the following equation:

SD_%

(2)

where hg and hs are the thicknesses of the dry and swollen film,
respectively.

The swelling kinetics can also be easily monitored using the
same method. As shown in Fig. S1B, once immersed in water, the
film swells quickly. The swelling equilibrium is attained within 5 s.
The extremely quick swelling of the PVPON/PAA film is attributed
to its thin thickness, as the swelling rate of a hydrogel is inversely
proportional to the square of its characteristic dimension [37].

The morphology change of the film during swelling was
examined using an optical microscope. The original dry film is
highly smooth as reported previously [30,31] and it remains highly
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smooth in water. No coarsening of the film surface was observed. In
addition, well-defined Fabry—Perot fringes were observed
throughout the swelling process. It is known that Fabry—Perot
fringes can only be observed from highly smooth films [30,31]. This
observation confirms again that the film remains flat and smooth
during its swelling in water.

3.2. Surface wrinkling in ethanol/water mixtures

The above experiments reveal that the PVPON/PAA film swells
in water like ordinary hydrogels, however, no swelling-induced
instability was observed in the experimental time-frame, possibly
because its swelling degree in water is not large enough. Although
both PVPON and PAA are highly hydrophilic, the film material,
which is actually an interpolymer complex [38], is somewhat hy-
drophobic. Therefore its swelling degree in water is relatively low.

An enhanced swelling of PVPON/PAA film can be achieved by
adding ethanol to water. In this way, significant surface wrinkling
was observed. As a typical example, Fig. 1 shows the morphology
changes of a (PVPON/PAA),¢ film immersed in 40 v/v% ethanol/
water mixture. The original dry film is highly smooth without any
features on the surface. Shortly after immersion in the ethanol/
water mixture, however, small round features were generated on
the film surface (Fig. 1A). AFM imaging shows these features are
shallow holes surrounded with a raised rim, looking like craters
(Fig. 1] and K). These features grow gradually with time and coa-
lesce with the neighboring features (Fig. 1B—G). At an extended
immersion, the wrinkling patterns fade gradually (Fig. 1H and I).

Besides the 40% ethanol/water mixture, the morphology
changes of (PVPON/PAA)yo films in ethanol/water mixtures with
various compositions were studied. Typical results were collected
in Fig. 2. Similar surface wrinkling was observed in 60% ethanol/
water mixture, but the film remains largely flat in 20% and 80%
ethanol/water mixtures. The results suggest that the PVPON/PAA
film behaves differently in solvents with different composition.

The mechanical instability of substrate-attached hydrogel films
in solvents has been explained by their anisotropic swelling
[4,5,9,10]. Unlike free-standing films which can swell uniformly in
all directions, a substrate-attached gel can only expand in the di-
rection normal to the substrate, because of the mechanical
constraint provided by the rigid substrate. The uniaxial swelling of
the gel results in equibiaxial compressive stress within the film
[4,5]. When this compressive stress becomes sufficiently large, the

Fig. 2. Morphology of (PVPON/PAA),, films after soaked in ethanol/water mixtures for
10 min. Ethanol concentration is 20%(A), 40%(B), 60%(C), and 80%(D), respectively.

free surface of the gel folds upon itself to locally relieve the
compressive stress (Scheme 1A).

A prerequisite for the wrinkling of the gel surface is that the
swelling degree of the gel is large enough to produce sufficiently
large compressive stress [3]. Previous theoretical and experimental
studies indicate that the onset of wrinkling is only related to the
effective compressive strain experienced by the surface layer,
irrespective of the modulus and thickness of the mismatched layers
[13]. The critical value of compressive strain for wrinkling insta-
bility, e, was reported to be 0.35 [13]. For the critical swelling ratio,
Kang and Huang’s theoretical and numerical analyses found it lies
between 2.5 and 3.4 [29], while Dervaux and Ben Amar [28] found
it lies between 1.5 and 3, depending on the underlying mechanism
of volume variation. Recently, Hayward et al. [5] established that
the critical swelling degree for the onset of wrinkling of surface-
bound PAAm hydrogel films, expressed as film thickness change
ratio, is ~2. This value is in excellent agreement with Biot’s theo-
retical predictions [39]. However, Guvendiren et al. [10] found that,
for their PHEMA hydrogel films with depth-wise crosslinking
gradient, the onset of wrinkling is at a linear expansion of ~1.12.

The different behaviors of the PVPON/PAA film in different sol-
vents are expected to originate from the different swelling degree
of the film. As shown above, the swelling degree of PVPON/PAA film
in pure water is only ~ 1.28. This value should be smaller than the
critical swelling degree for the onset of wrinkling, therefore the
film remains flat. We tried to use Fabry—Perot fringes to measure
the swelling degree of PVPON/PAA film in ethanol/water mixtures.
Unfortunately, because of the occurrence of surface wrinkling, the
Fabry—Perot fringes always become ill-defined, or even disappear
totally, especially in 40% and 60% ethanol/water mixtures. To
circumvent this difficulty, we used mixtures of ethanol and 10> M
HCI, instead of mixtures of ethanol and pure water. In ethanol/10
3 M HCI mixtures, Fabry—Perot fringes can still be clearly observed
from the reflection spectra of the film, thus allowing for the mea-
surement of swelling degree.

As shown in Fig. S2 in the supporting information, the equilib-
rium swelling degree, SD,, of the film first increases gradually with
increasing ethanol concentration in the solvent, reaches a
maximum at 60% ethanol, and then drops sharply with further
increasing ethanol concentration. The SD,s at 60% and 40% ethanol,
which are the highest and the second highest, are ~1.90 and ~ 1.74,
respectively. It is expected that in ethanol/water mixture the same
trend will be followed. In addition the SD. of PVPON/PAA films
should be larger in ethanol/water than in ethanol/103 M HCL
Therefore, it is likely that the SD, of the film in 40% and 60% ethanol/
water mixtures will be higher than the critical swelling degree for
the onset of wrinkling ( ~ 2 as suggested by Hayward et al. [5]). As a
result, mechanical instability of the film was observed in the two
solvents. In contrast, the SD, of the film in 20% and 80% ethanol/
water mixtures should be still lower than the critical swelling de-
gree, therefore, the film remains largely flat in these solvents.

The swelling degree of the PVPON/PAA film can not only be
influenced by the composition of the ethanol/water mixture, but
also by its pH. For the SD, of (PVPON/PAA),¢ films in water, it de-
creases from ~1.28 in DI water (pH~5.5) to ~1.23 in water with
pH3.0. A lower pH suppresses the deprotonation of the carboxylic
acid groups in PAA, and thus reduces the swelling degree of the film
[40,41]. A lower pH should reduce the SD, of PVPON/PAA film in
ethanol/water mixtures in a similar manner.

To study the effect of pH, a series of mixtures were prepared by
mixing ethanol with water whose pH was adjusted using HCI.
Ethanol concentrations of the mixtures are all at 60%. It is note-
worthy that the pH5.5 mixture is actually prepared using “pure”
water without adding HCI. Fig. 3 shows the patterns developed on
(PVPON/PAA)yo film surface after 10 min immersion in the
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Fig. 3. Surface morphology of (PVPON/PAA), films after soaked in 60% ethanol/water
mixtures for 10 min. pH is 3.0(A), 4.0(B), 5.0(C), and 5.5(D), respectively.

mixtures. In mixtures with a pH of 4.0—5.5, obvious surface wrin-
kling was observed, but the film remains flat in pH3 mixture. The
results suggest that the swelling of the film is suppressed to a large
extent at pH3, resulting in a swelling below the critical swelling
degree for the onset of wrinkling. In contrast, the swelling at pHs
4.0 and 5.0 is less suppressed and is still higher than the critical
swelling degree, therefore surface instability was observed at these
pHs.

In the previous studies, 20-bilayer films with a thickness around
1500 nm were used. To study the effect of film thickness on their
behavior in ethanol/water mixture, PVPON/PAA films with various
bilayer numbers were fabricated. They were then treated with 60%
ethanol/water mixture. Surface wrinkling was observed from all 4
films (Fig. 4), suggesting the swelling of the films is all higher than
the critical swelling degree for the onset of wrinkling.

3.3. Nucleation, growth, and coalescence of the wrinkling patterns

Previous studies reveal that the swelling-induced surface
instability of substrate-attached hydrogels may occur through a

Fig. 4. Morphology of 10(A), 20(B), 30(C), and 40-bilayer (D) PVPON/PAA films after
being soaked in 60% ethanol/water mixture for ~10 min.

linear instability, or via a nucleation-growth process [10,13].
Particularly Hayward et al. [7] studied the formation of surface
creases on PNIPAM copolymer gel layers and found creases appear
through the formation of short nuclei that grow laterally across the
surface. Close examination of the buckling process of the PVPON/
PAA film reveals also a nucleation-growth process. The pattern
evolution on the 20-bilayer film in 40% ethanol/water mixture is a
typical example (Fig. 1). The round wrinkling features with a size
~2 pm were first observed at an immersion time of 40 s. Thereafter
these features grow gradually. We calculated the number of the
features and found it decreases monotonously with time (Fig. S3 in
the supporting information). In addition we did not observe the
emergence of any new features at the later stage of the process.
These observations suggest the nucleation process only occurs at
the very early stage, probably shortly after the swelling of the film
overpasses the critical swelling degree for the onset of wrinkling. It
is well-known that many structures form via a nucleation-growth
mechanism and the separation of nucleation and growth stage al-
ways results in monodispersed structures [42]. In deed the wrin-
kling features obtained here are rather uniform in size, especially
before their coalescence. The narrow size distribution of the fea-
tures also suggests that the stress field, as a result of the rapid
swelling of the film, is uniform [43].

Fig. 5 shows a typical example of the growth process of the
wrinkling features. The driving force for the continuous growth
of these features is considered to be the residual stresses in the
unbuckled areas [43]. Particular attention was paid to the
growth of single features, such as the one indicated in Fig. 5.
Fig. 6 shows the size change of several separated features with
time. We only examined the cases in which the density of the
wrinkling features is low which allows for the examination of
single features.

As shown in Fig. 6, the size of the features increases continu-
ously with time. Previously the growth kinetics of wrinkling
pattern of constrained hydrogels was studied by several groups
[7,10,44]. In these studies, for the early stage of pattern evolution,
the relationship between the size of the pattern, expressed by its
characteristic wavelength, A, and time t was found to be A(t) «ct1/2,
As shown in Fig. 6, a linear relationship between the pattern size
and t1/2 was also found for the early stage of pattern growth. By
extrapolating to a pattern size of 0, the time for the first emergence
of the wrinkling pattern can be determined, which is ~10 s for all
three cases shown in Fig. 6. Previously Guvendiren et al. [10] re-
ported that an induction period of ~2 min was necessary for the
pattern to develop on their PHEMA hydrogel films. Compared with
Guvendiren et al.’s hydrogel films, the initiation of surface buckling
of PVPON/PAA films is much faster, possibly due to the fast swelling
of these thin films (see Fig. S1B).

The features grow gradually into contact with each other,
and coalesce to form larger features. This is the main reason
for the decreasing feature number with time as shown in
Fig. S3. As an example, Fig. S4 shows the process of the coa-
lescence of adjacent wrinkling features. Coalescence of two
adjacent round features results in an oval-shaped feature.
Interestingly, the oval-shaped feature becomes round-shaped
gradually, suggesting the residual stress the feature experi-
enced is isotropic.

The nucleation-growth mechanism allows for a deeper analysis
of the wrinkling pattern process. For the (PVPON/PAA )y films, it is
expected that a larger degree of swelling will generate more
wrinkling nuclei at the nucleation stage. For example, the swelling
degree of the film is larger in 60% mixture than in 40% mixture,
therefore immersion in 60% mixture produces more wrinkling
features. Because of their large amount, these features coalesce
quickly to afford larger features with irregular shape as shown in
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Fig. 5. Time evolution of surface morphology of a 40 bilayer PVPON/PAA film soaking in 60% ethanol/water mixture. Green arrow indicates the gradual expansion of a single feature
with time. Red circle indicates the disappearance of a feature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 2C. Similarly the swelling degree of the (PVPON/PAA)yo film
decreases when the pH of the 60% ethanol/water mixture decreases
from 5.5 to 4. The amount of wrinkling nuclei generates at the
nucleation stage decreases accordingly, giving the different wrin-
kling patterns at different pHs as shown in Fig. 3.

The swelling degree of films with different thickness in the same
60% ethanol/water mixture is expected to be the same, therefore
one may expect that same amount of wrinkling nuclei will generate
and hence similar wrinkling pattern will appear on films with
different thicknesses. Surprisingly images shown in Fig. 4 imply
that the amount of wrinkling nuclei generates at the nucleation
stage actually increases with decreasing film thickness. Particularly
because of a very large number of wrinkling nuclei generate at the
nucleation stage and their quick coalescence and self-healing (see

25
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Fig. 6. Size change of single features with time. (1) a (PVPON/PAA)3 film immersed
in 60% ethanol/water mixture. (O) a (PVPON/PAA)4 film immersed in 60% ethanol/
water mixture. (A) a (PVPON/PAA),¢ film immersed in 40% ethanol/water mixture.

below), the wrinkling pattern of the thinnest (PVPON/PAA)yo film at
an immersion time of ~10 min, as shown in Fig. 4A, is already
partially self-healed.

To explain this phenomenon we examined the critical ethanol
concentration for the onset of wrinkling. These films were treated
with ethanol/water mixtures with various ethanol concentrations.
As shown in Fig. 7, the critical ethanol concentration for the onset of
wrinkling decreases with decreasing film thickness, from ~44%
ethanol for a 40 bilayer film to ~33% ethanol for a 10 bilayer film.
Therefore when the films are all immersed in 60% ethanol/water
mixture, a larger compressive stress and hence more wrinkling
nuclei will generate within a thinner film. As the swelling degree of
PVPON/PAA film increases with increasing ethanol concentration in
this range of ethanol concentration (see Fig. S2), the results shown
in Fig. 7 suggest the critical swelling degree for the onset of wrin-
kling increases with increasing film thickness. Previous studies on
ordinary hydrogels reveal that the critical strain for surface buck-
ling is relatively insensitive to the thickness of the gel [5,7]. In this
respect, the behavior of the PVPON/PAA films is different from or-
dinary hydrogels.

3.4. Self-healing of wrinkling patterns

We have shown that the PVPON/PAA LBL films undergo surface
wrinkling in ethanol/water mixtures when their swelling degree is
large enough, similar to ordinary surface-attached hydrogel films.
Previous studies on ordinary hydrogels showed that the growth of
wrinkling pattern will finally stop and a permanent pattern will be
obtained because the mechanical constraint of the substrate is
permanent [4,44]. Some wrinkling patterns remain stable even
after drying [9].

In contrast, we observed the disappearance of the wrinkling
features from the PVPON/PAA films. As shown in Fig. 8, the feature
indicated by arrow continues to grow until an immersion time of
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Fig. 7. Stability diagram of PVPON/PAA films with different thickness in ethanol/water
mixtures. Open symbols indicate the film remains flat while the solid ones indicate
mechanical instability occurs.

~9 min. Thereafter it begins to shrink and finally vanishes. It is
noteworthy this is not an isolated case. Another example can be
found from the images shown in Fig. 5.

Because the wrinkling features vanish gradually, the film surface
becomes less coarse after an extended immersion. A typical
example was shown in Fig. 1. The result indicates that the swelling-
induced surface instability is partially self-healed. A more pro-
nounced example was observed when immersing a 20 bilayer
PVPON/PAA film in pH4 60% ethanol/water mixture. As shown in
Fig. 9, surface coarsening of the film was observed shortly after the
immersion. The film surface is first fully covered with fine wrin-
kling features. With time elapses, the wrinkling features grow to a
bigger size, however, their number drops sharply, leaving more and
more film surface unbuckled. Finally the whole surface becomes
flat again.

As mentioned above, the film surface buckles because of the
swelling-induced compressive stress, and the residual stresses in
the unbuckled surface drives the wrinkling features to grow with
time. [43] The disappearance of the wrinkling features suggest the
local residual compressive stress in the film is relieved. Previously
wrinkling patterns was also observed from unconstrained hydro-
gels at their early stage of swelling [4]. At this stage, the surface
layer is swollen, but the inner part is not, therefore the surface layer

is mechanically constrained by the inner part. Similarly mechanical
instability occurs when the swelling degree of the surface layer is
large enough. When the gel is fully swollen, however, the surface
layer is no longer mechanically constrained. With the relief of
compressive stress, the flat gel surface is restored.

Here the relief of compressive stress in PVPON/PAA films is
achieved via a different way. Unlike ordinary hydrogels which are
crosslinked with covalent bonds, in the PVPON/PAA films the
PVPON chains bind with PAA chains via reversible hydrogen bonds
(Scheme 1B). Therefore the 3D network of the film is transient. The
crosslinks can be broken and reform again and are at a dynamic
equilibrium between breakage and formation. Hydrogels cross-
linked with similar reversible/dynamic bonds were usually referred
as dynamic hydrogels [25—27,45—48]. It was reported that the
transient network of dynamic hydrogels can be broken when
applied a large strain, but recover upon the removal of the strain
[26]. Here the dynamic nature of the PVPON/PAA film allows it to
relief the compressive stress via the rearrangement of the network
(Scheme 1C). As a result the wrinkling pattern can be self-healed. In
contrast for ordinary surface-contrained hydrogels, as their cross-
links are permanent and will not allow for rearrangement, the
wrinkling pattern will not vanish.

4. Conclusions

In conclusion, we demonstrate that the PVPON/PAA LBL films
behave similar to ordinary surface-attached hydrogels. They swell
in ethanol/water mixtures. In addition, they undergo mechanical
instability when their swelling degree is larger than a critical de-
gree, because the film is mechanically constrained by the rigid
substrate and can only swell in direction perpendicular to the
surface. The swelling-induced surface wrinkling of LBL films
certainly will pose barriers for some of their applications where the
film surface is required to remain flat in solvent.

The PVPON/PAA LBL films also display behaviors different from
ordinary hydrogels. Particularly the swelling-induced buckling of
ordinary constrained hydrogels results in permanent wrinkling
patterns. In contrast, the dynamic network of the PVPON/PAA film
allows for the relief of compressive stress and therefore the wrin-
kling pattern can be healed automatically. Base on this observation,
we expect that novel hydrogel films capable of self-healing the
undesired wrinkling patterns will be designed by introducing dy-
namic crosslinks.

Fig. 8. Surface morphology of a 40 bilayer PVPON/PAA film immersed in 60% ethanol/water mixture. The wrinkling feature indicated by arrow first grows with time and then

vanishes.



2204 Q. Han et al. / Polymer 55 (2014) 2197—2204

Fig. 9. Surface morphology of a 20 bilayer PVPON/PAA film immersed in pH4 60% ethanol/water mixture.
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