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Introduction

Introduction

Hydrogels are transparent and hydrophilic polymer networks that absorb a lot of water. As such,
these systems are used either for their remarkable lubricating properties, for their ability to
absorb water or to release it in response to a physico-chemical stimulus. More precisely, the
lubricating properties of polymer hydrogels in aqueous environments are of paramount
importance in many biological systems (articular cartilages, or mucin layers on the surface of
the cornea,...) and in biomedical engineering (contact lenses,...), where they can provide very
low friction. Besides, water sorption by gel films is found to delay mist formation, which makes
them suitable candidates for anti-mist coatings. Finally, the swelling and deswelling ability of
responsive hydrogels has been advantageously used in the development of soft robotics or
switchable traps in microfluidics. Hence, both the lubricating properties, the ability to swell and
deswell with water, together with their transparency and biocompatibility, make hydrogels
promising candidates for the development of coatings on substrates with the aim of tuning the
surface functionality. However, the long-term durability of hydrogel coatings is conditioned by
their resistance to delamination from the substrate. More precisely, coatings inherently bear
large geometrical aspect ratios where their thickness is far thinner than their lateral size. As a
result, swelling only occurs by increasing the coating thickness as long as the coating is attached
to the substrate. This constrained swelling results in the onset of internal lateral stresses within
the coating which may cause the debonding of the film from the substrate. Therefore, the
debonding of hydrogel coatings is expected to depend on the swelling ratio, their thickness, and

the strength of the interface between gel film and substrate.

In the literature, these swelling stresses were evidenced from the resulting elastic instabilities
that develop at the free surface of swollen gel films: when the gel is attached or constrained
laterally, its surface is observed to buckle into winkles, creasing, etc... while the film remains
attached. On the other hand, other works report on the buckling of locally non-grafted gel films,

with a focus on the morphology of the blisters formed.
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In the present work, we offer to experimentally study the onset of propagation of debonding at
the gel/substrate interface of a hydrogel coating when it swells. From the literature, we identify
the following control parameters: the swelling ability of the gel, which controls the internal
swelling stresses, interfacial strength, and coating thickness. To do so, we first developed a
model system with well-defined properties, namely hydrogel films of controlled thickness and
homogeneous swelling ratio that are grafted on a substrate with covalent bonds of well-
controlled and varied surface density in order to set the interfacial strength with the substrate.
Care was taken to precisely characterize these films in all these aspects. In addition, the
nucleation of delamination was also controlled using localized defects in the grafting of the gel
films. A homemade set-up was then developed to measure the debonding dynamics of these
films in an atmosphere of set humidity. The onset of delamination was then modeled within a
theoretical description we developed that allows us to rationalize the conditions for which

delamination propagates depending on the interfacial strength.
This manuscript is composed of three chapters.

Chapter 1 includes the state of the art and details the objectives of this work. I will review the
literature on the swelling stresses within constrained hydrogels and on morphologies of the free
surface of the swollen gel, whether they are grafted on a substrate or not. This chapter is also
devoted to a review of the different strategies available in the literature to make polymer films,
to create an interfacial defect, and also to control the grafting density of the film on the substrate.

The objective of this dissertation is then exposed.

Chapter 2 is devoted to our synthesis of the hydrogel films and characterization of their
properties Surface-attached poly(N, N-dimethylacrylamide) (PDMA) hydrogel thin films are
prepared on silicon wafers. Then a new strategy is developed to create a well-controlled defect
at the interface of the hydrogel and the substrate. Well-controlled line defects with low adhesion
(width between 2 and 100 pm) are created on the substrate from the passivation of the reactive
thiol groups on the surface of the silicon wafer by allyl butyl ether using microlithography
techniques. And also, a new strategy is developed to vary the grafting density on the surface of
the substrate. For that purpose, the silicon wafer is grafted with mixtures of mercaptosilane and

propylsilane in various proportions prior to thin film deposition.
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Chapter 3 is dedicated to the investigation of the debonding processes of a swollen hydrogel
film from its substrate in relation to the grafting density at the film/substrate interface. For that
purpose, we have developed a methodology consisting in monitoring the initiation and the
propagation of swelling-induced delamination from well-controlled preexisting interfacial
defects. We measured the velocity at which the hydrogel debonds. Our results are then
discussed in light of a theoretical fracture mechanics model which allows to extract quantitative
values of the interface strength as a function of the grafting density.






Chapter 1: State of the art

1. State of the art

RESUME

Les revétements d'hydrogel sont des réseaux de polymeres transparents et hydrophiles capables
d’absorber plusieurs fois leur épaisseur en eau. Cependant, les contraintes induites par le
gonflement du film peuvent entrainer un decollement préjudiciable de I'nydrogel ce qui peut
limiter 1’utilisation pratique de ces revétements. Dans cette étude, nous proposons de décrire
les mécanismes de décollement de films minces d’hydrogel en fonction de leur densité de
greffage a l'interface film/substrat. Le but est de pouvoir contréler et prédire la dégradation des
revétements hydrogel pendant le gonflement ou sous des contraintes de contact. Ce chapitre
présente I'état de I'art et détaille les objectifs de ce travail. Il comprend la revue de la littérature
sur les contraintes de gonflement au sein d’hydrogels contraints et sur les morphologies induites
par les instabilités de la surface libre du gel gonflé, qu'ils soient greffés sur un substrat ou non.
Ce chapitre est egalement consacré a une revue des différentes stratégies disponibles dans la
littérature pour réaliser des films de polymeéres, pour créer un défaut interfacial, mais aussi pour
contréler la densité de greffage du film sur le substrat. L'objectif et le plan de cette these sont

ensuite exposés.



Chapter 1: State of the art

Table of contents

INEFOTUCTION ...ttt ettt b et ne e 7
1  Elastic instabilities induced by the swelling of thin films ... 9
1.1  Surface attached hydrogel FIlMS ........ccoviiiiiei e 9
1.2 Swelling instabilities and delamination...........c.ccceveiieiieeie i 12
1.2.1  Swelling-induced debonding in weakly adhering hydrogel films..................... 12

1.2.2  Morphogenesis from controlled buckling instabilities using substrate patterning.

............................................................................................................................ 13

2 HYArogel COBLINGS ......oviiiieeiiieieee ettt bbbt 16
2.1  Challenges in the synthesis of highly swellable thin polymer films ..............c.......... 16
2.1.1  Layer-by-Layer assembly and Polymer brushes ...........ccccooeviiiininicicen, 17
2.1.2  Hydrogel thin fIIMS ..o 18
2.1.3  CLAG approach using click ChemiStry ..........cccoooviiiiiiniiiiese e 19
2.2 Tuning the interfacial strength at the polymer/substrate interface ............c.ccccevnee. 22
221 SHANIZALION ... e 22
2.2.2  Control of the grafting density ...........cccocvoiiiiiii i, 23
2.3  Patterning of the substrate to control the nucleation of delamination........................ 24
2.3. 1 PROTOTESISE ...ttt 24

2.3.2  Examples of patterned substrates were used together with hydrogel coatings. . 25
3 Objectives Of the diSSEITAtiON ..........cceciiiiiiiiie et 27

A RO O BN CES ..ttt nnnnn 28



Chapter 1: State of the art

Introduction

Hydrogels are hydrophilic materials that can absorb and retain up to 95% percent of water. They
can be present in nature as in muscles, cartilages, and tissues or as xylenes and phloems in
plants.1 The first usage of synthetic hydrogel was reported in 1960.* It was a copolymer of 2-
hydroxyethyl methacrylate (HEMA) and ethylene dimethacrylate (EDMA) for use as contact

lenses.

(a) Wound dressing (c) Hydrogel bladder detrusor

Bladder Urethra
» \\
G ”
: 1 Hydrogal slvinking

(d) Hydrogel fish

Figure 1:Application of hydrogel in different fields.®***" (a) A cut on a pig heart is sealed with a
hydrogel by strong adhesion. Adapted from [9]. (b) Hydrogels are used to control drug delivery
applications. Redrawn from [13]. (c) A hydrogel bladder detrusor, which can help to shrink an animal
bladder. The figure is adapted from [22]. (d) A hydrogel fish which can be camouflaged optically and
sonically in water. Adapted from [21]. (e) A new transparent loudspeaker built with dielectric elastomer
and ionically conductive hydrogel. Adapted from [20]. (f) Hydrogel sensors for testing under stretch

and compression. Adapted from [19].



Chapter 1: State of the art

Hydrogels generally consist of highly swollen cross-linked polymer networks which can be
tuned to have different topologies and chemical compositions, thus making them adaptable to
various applications.®> The hydrogel can dissolve and transport different ions and molecules,
which makes them suitable, as an example, for drug delivery applications.®’ Due to their
outstanding mechanical properties and biocompatibility, they are also widely used in other
biomedical applications such as tissue engineering, wound dressing, and contact lenses® ** as

shown in Figure 1 a), b), ).

Hydrogel coatings are also suitable candidates for many applications in engineering fields
where properties such as lubrication, hydrophilicity, and transparency are desired as illustrated
in figure 1.d), e), f). Indeed, these hydrophilic polymer networks may absorb water by swelling
to several times their dry thickness. As such, hydrogel coatings are possibly good candidates
for anti-fog applications, as proposed by several teams'®2! who discussed their efficiency in
terms of light transmission while submitted to warm humid air. Indeed, the coating should act
as a reservoir for humidity, and observation is made?®-22 that the thicker the film, the more water
is absorbed, and the later mist appears. However, the viability of such anti-fog coatings is

limited by their ability to sustain stresses without damage.

In the present work, we offer to focus on the damaging of thin films due to the debonding from
the substrates, in the particular case where debonding is promoted by the swelling of the film

by a solvent.

In the following, we first review the literature on the physical properties of thin swellable films.
Indeed, past studies have evidenced the interplay between the development of elastic
instabilities, the occurrence of delamination, and the constrained swelling of polymers by a
solvent. Here, we focus on cases where the swelling is restricted to only one direction because
either it is confined sideways or it is a thin film attached to a substrate. We describe the
morphologies that were observed in these cases at the surface of swollen polymers and the
physical mechanisms underlying their growth. We also report observations showing that
patterning the anchoring of thin films onto a substrate can be used to tune these 3D
morphologies. This review leads us to show that a quantitative study of the link between
grafting, swelling, and the occurrence of delamination of thin swellable films is needed in order

to better control the development of polymer coatings.

Hence, we next discuss the literature on the challenges in the synthesis of swellable thin
polymer films and the control of their anchoring strength onto substrates. This will allow us to
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define the synthesis strategy of our model systems in order to address the question of their

ability to resist spontaneous delamination upon swelling.

1 Elastic instabilities induced by the swelling of thin films

Unattached, bulk cross-linked hydrogels can swell isotopically in a stress—free state.
Conversely, hydrogel coatings attached to rigid substrates experience compressive stresses
during swelling as the film is allowed to swell only in the direction normal to the surface as a
result of the lateral constraints induced by the bonding of the film to the substrate.?® This uni-
directional swelling thus gives rise to equi-biaxial compressive stresses, which can be quite

large, even exceeding the elastic modulus of the gel.

1.1 Surface-attached hydrogel films

For hydrogel films strongly anchored to the substrate, these swelling stresses are observed to
induce a variety of mechanical instabilities on the free surface, such as cusp-like creases or
rounded wrinkles, which locally relieve compressive stress®> with a characteristic spacing
between folds proportional (and nearly equal) to the thickness of the gel layer. This instability
has important implications for the design of biomaterials, smart surfaces, and sensors since it
places a fundamental limit on the amount of swelling that a surface-attached polymer layer may

undergo without forming topographical features.

A theoretical understanding of this creasing instability was provided in the 1960s by Biot, who
made the simple prediction that a semi-infinite incompressible rubber-like elastic solid will
become linearly unstable to a surface-buckling mode at a critical value of the compressive
strain, which does not depend on the modulus of the material or the characteristic length-scale
of the instability.?® Specifically, he found that the instability should first occur under equi-
biaxial compression when the extension ratio reaches a critical value which does not depend on

the modulus of the material or the characteristic length-scale of the instability.

Using a model system of poly(acrylamide-co-sodium acrylate) hydrogels attached to rigid
substrates (shown in Figure 2), Trujillo and co-workers observed that the onset of creasing
corresponds to an effective linear compressive strain of ~ 0.33 or a change in thickness by a
factor of ~ 2. Remarkably, this value varies only slightly with modulus over a range of ~ 0.6—
24 kPa and is independent of gel thickness from 3 um-mm, in excellent agreement with the

theoretical predictions of Biot.2%2427-29



Chapter 1: State of the art

i
unconstrained gel b
ARy -

\ biaxial compression ’

\ - ’
e=1-1yl
surface-bound gel < 0/ >

Figure 2 adapted from [23]: Swelling of surface-attached poly(acrylamide-co-sodium acrylate)
hydrogels attached to rigid substrates, which gives rise to the compressive stresses which can be

partially relieved by localized creasing of the gel.

For thicker gel samples, the kinetics of the formation of these patterns has been investigated by
Tanaka et al. in the case of ionized polymer acrylamide gels formed in Petri dishes.?* Here, the

Petri dish constrains the swelling sideways, as shown in Figure 3.

Figure 3 adapted from [24]: Images of an acrylamide gel taken during the course of its swelling within
a Petri dish. Patterns form on the gel and exhibit a typical length scale which increases as the swollen

thickness increases upon swelling.?*

10
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According to the authors, the differential swelling strain that results from the gel's
heterogeneous swelling along the vertical direction is what causes this pattern to appear. A very
thin surface layer initially swells. This layer is constrained mechanically in that its inner surface
is locked to the gel's core while its outer surface is free to expand. As a result, the layer is under
conflicting pressure from the above and lower surfaces, with one pressuring it to swell and the
other to stay firm. The gel stretches (or expands) unidirectionally perpendicular to the surface
in order to balance these conflicting forces when the osmotic pressure is low. When the osmotic
pressure is large, the outer surface is forced to buckle. Here, the characteristic wavelength of
the pattern is proportional to the thickness of the superficial swollen layer. They increase

concomitantly over time.

UV-curable liquid resin

uv l 0;
ncured liquid ™
gradient crosslinked film

self-swellingl
| 2 |

wrinkled film

Figure 4 adapted from [30]: Self-wrinkling mechanism for UV-cured polyacrylate in the open air.*

The study conducted by Chandra et al. % (shown in Figure 4) found that wrinkles can form at
the surface of a swelling film when a gradient of cross-linking along its thickness is obtained
from the synthesis of the gel. To do so, the polymerization of the chemical reaction was
inhibited by oxygen diffusing from the free surface of the sample into the film. Due to oxygen
inhibition, a top layer of non-polymerized monomers that is present during UV curing causes
the bottom cross-linked film to bulge and wrinkle. By adjusting the resin film thickness, oxygen
partial pressure, and photoinitiator concentration, wrinkle wavelength and amplitude can be
adjusted. By spatially arranging the oxygen surrounding the curing film, patterned wrinkles are
created. Then Lacombe et al. 3! have qualitatively demonstrated that the film depth-dependent
cross-linking gradient caused by oxygen inhibition during irradiation exists. They saw long-
range, highly organized surface morphologies like hexagons, peanuts, or lamellae can be

11
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produced through the self-wrinkling of different monomers of acrylates, as shown in Figure 5.
The film thickness, which affects both the type of morphology and its characteristic wavelength,
and the cross-linker concentration, which controls solely the type of morphology, are the two

parameters that can be utilized to easily tune the pattern.

Figure 5 adapted from [31]: Different morphologies present on the surface of the gel for different UV

cured meth(acrylate) monomers.*

1.2 Swelling instabilities and delamination
1.2.1 Swelling-induced debonding in weakly adhering hydrogel films

In situations where the film is not strongly bound to the substrate, swelling stresses can
alternately result in interface delamination followed by large-scale folding and blistering of the
hydrogel films. Such mechanisms have been observed by Velankar et al.?® for
poly(dimethylsiloxane) films swollen with toluene, causing the growth of sharp folds of high

aspect ratio. This situation is illustrated in Figure 6.

Figure 6 adapted from [28]: The SEM image of folded dried PDMS gel after exposure to toluene.?
Buckle delamination of the film from the surface resulted in the growth of sharp folds, which persist

even after the solvent evaporates.
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Other morphologies in the form of craters were also reported by Sharp et al.*?> for water-
immersed ultrathin films of poly(d,l-lactide) as a result of a blistering process which occurs
when the films delaminate from the silicon substrate. The blisters proceed to grow until they
reach a maximum size. At any point during the growth process, the blisters can be made to

collapse by removing the films from the water.

1.2.2 Morphogenesis from controlled buckling instabilities using substrate patterning

From a different perspective, controlled debonding and blistering of swollen hydrogel films on
patterned substrates was also investigated as a tool to generate switchable actuators for soft
robotics or micro/nanofluidic devices.®*-3® By controlling stimuli-responsive elastic instabilities
on selected substrate areas, switchable actuators can be designed. As an example, Xu and
coworkers® elaborated poly(N-isopropylacrylamide)-co-sodium acrylate) (PNIPAM) gel layer
on micro-patterned electrode surfaces, which allowed to trigger electrochemically the reversible
delamination and blistering of the hydrogel films as shown in Figure 7.

:

Figure 7 adapted from [36]: Delamination buckling induced by a reversible electrochemical reaction

within an anionic PNIPAM copolymer gel supported on silicon substrates micropatterned with gold
interdigitated electrodes. a) While the surface is initially flat, increasing the applied potential results in
b) delamination and buckling, followed by c) formation of a straight-sided ‘Euler column.’ The scale

bar is 50 um. 3D reconstructed images show d) the first stage in delamination exhibiting a regular

‘telephone cord’ morphology, and e) Euler column.®®

Similarly, Takahashi et al. explored in a systematic way the 3D architectures which are
generated from the swelling-induced buckling instabilities within acrylamide hydrogel films on
patterned silanized substrates.3’ Utilizing the chemical modification of the rigid substrate and a
conventional photolithography technique, the delamination location is controlled by non-
adhesive stripes, resulting in high aspect folding architectures at selected positions. As shown
in Figure 8, at an early stage of swelling, rapid buckling, which has a straight-sided blister-like
shape, is observed. As the swelling time increased, a telephone-cord-like buckling and

architecture growth was observed as a result of combined buckling along the x and y directions.
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Figure 8 adapted from [37]: Observation of 3D architecture formation within a polyacrylamide gel film
on a silicone substrate patterned with areas of low adhesion. (a) Phase-contrast image shots of the 3D
architecture during swelling in deionized water. After the appearance of rapid buckling (~45 5s),
telephone-cord buckling and architecture growth are observed (~170 s). Finally, the architecture
reached an equilibrium state (~600 s). (b) Schematic illustration of the mechanism of 3D hydrogel
architecture formation. (i) Partially surface-attached flat hydrogel film was fabricated and immersed in
deionized water. The telephone-cord buckling architecture was induced by two coupled bucklings: (ii)
X-axis buckling and (iii) Y-axis buckling. Water is diffusing through the gel and flowing from open

edges.®’

Using this approach, Takahashi and co-workers explored in a systematic way the relationship
between the morphology of the debonded film and the thickness of the film, the cross-link
density, and the associated swelling ratio and geometry of the silanization pattern (Figure 9).
From a theoretical point of view, the formation of swelling-induced telephone cord blisters in
hydrogel films was addressed by Yuan et al.*® within the framework of a large strain theory.

Predictions for the morphology parameters of the developed theory were found to agree with
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experimental results from Takahashi et al. *’. and the critical mechanical conditions associated
with the material-specific parameters, such as the cross-linking density and swelling ratio are
also revealed.
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Figure 9 adapted from [37]:3D Phase diagram of the buckling morphologies achieved within a
polyacrylamide hydrogel film on silicon wafer patterned with areas with low adhesion as a function of

the cross-link density (i.e., the swelling ratio) and the width of the non-adhesive stripe.*

All the above-mentioned studies evidence the onset of swelling induced internal stresses within
gel films, which depend on the swelling of the gel, its thickness, and the degree of constrained
swelling. They are focusing on the morphogenesis of 3D patterns within thin hydrogel films
from buckling instabilities induced over selectively controlled areas with low adhesion. The
propagation of delamination from these buckling instabilities is not considered, the interfacial
adhesion outside the non-adhesive pattern being high enough to prevent debonding under the

action of swelling stresses.

In the present study, the objective is to investigate the relationship between delamination and
interfacial physical chemistry between hydrogel films and a rigid silicon substrate. For this
purpose, we propose a methodology where (i) debonding is initiated from well-controlled
defects with low adhesion and (ii) the strength of the film/substrate interface outside the
patterned areas is tuned by playing with the grafting density. To do this, first, we need to

synthesize hydrogel thin films with high swelling ability, which can be grafted on silicon
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substrates with varied strength. For this purpose, it is required to (i) find a new strategy to
control the grafting between the hydrogel and the substrate and (ii) create well-controlled
defects between the hydrogel and substrate interface in order to control the nucleation of the

delamination mechanism.

2 Hydrogel coatings

An ideal hydrogel coating should achieve two features. First, good adhesion between the
substrate and the hydrogel coating has to be kept in any condition, possibly with environmental
change, in air or underwater, which induces the swelling of the hydrogel. Second, the
topographical aspect should be as little disturbed as possible by the environmental change.
There is then a need to propose a facile and versatile method to develop a platform of hydrogel
coatings attached to the substrates with controlled physico-chemical properties such as
thickness, swelling, and interface strength.

In the following, we describe the challenges in the synthesis of thin polymer films onto rigid
substrates. In a second part, we briefly report on the bibliography available on how to tune the
interfacial properties between a polymer film and its substrate. Finally, we discuss the methods

from the literature allowing to pattern the substrate.
2.1 Challenges in the synthesis of highly swellable thin polymer films

Thin polymer films can be roughly classified into two categories. On the one hand, there are
thin polymer films in which chemistry is well-controlled. In this category, Layer-by-Layer (LbL
assemblies) and polymer brushes have been extensively investigated in the last two decades.
However, in LbL assemblies, their thickness range is limited since each layer is nanometer-
thick, so that micrometric assemblies are only obtained for thousands of cycles. For polymer
brushes, the thickness is determined by the chain length. Polymer brushes are then
submicrometer-thick. On the other hand, polymer coatings on rigid substrates can be obtained
by coating methods such as spin-coating, dip-coating, or spray-coating. There is no limitation
on thickness for these polymer coatings. But the control of the chemistry and the
macromolecular architecture cannot be achieved. Recently, in our group, we have developed
surface-attached hydrogel films which combine both features. Surface-attached hydrogel films
have controlled architecture and can be varied over a wide range of thicknesses. In the

following, we report briefly the main features of these thin polymer films.
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2.1.1 Layer-by-Layer assembly and Polymer brushes

A process of preparing thin films is layer-by-layer (LbL) assembly (Figure 10). The films are
created by alternately depositing layers of oppositely charged materials, followed by wash
stages. R. K. ller was the first to use this method, and he was successful in creating multilayers
of colloidal nanoparticles in the 1960s.° After that, Gero Decher revived it in the 1990s by
expanding its applicability from particles to a variety of polyelectrolytes (PEs).***3 Nowadays,
the layer-by-layer assembly has become a universal approach for the facile fabrication of
multicomponent films on solid supports. It is important to note that during the preparation of
LbL assemblies, apart from electrostatic attraction, some other interactions are involved in this
process, including hydrophobic attraction.** Additionally, for some polyelectrolytes and water-
soluble non-ionic polymers, hydrogen bonding can be used to create multilayer films based on
LbL assembly*>". In reality, a wide range of materials, including nanoparticles,*®*° colloids,>
and biological molecules,® can be deposited by LbL in addition to polyelectrolytes to create

functionalized conformal nanostructured interfaces.
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Figure 10 adapted from [40]: Schematics of Layer by Layer process assembling polyanion and

polycation couple.*°

A monolayer of polymer chains that are grafted by one end onto a surface or an interface is
referred to as a polymer brush (Figure 11).5? The polymer chains must extend away from the
surface or interface to avoid overlapping since the grafting density is so great, resulting in a
stretched conformation.>® In reality, a combination of strong entropic repulsion between
polymer chains, entropic stretching costs, and frozen constraints as a result of irreversible
grafting dominates the behavior of polymer brushes.> Generally, there are two ways to prepare
polymer brushes: physisorption and covalent attachment, while the covalent attachment can be
achieved by either “grafting to” or “grafting from” approaches. The “grafting from” method is

preferable because it allows high grafting density and control over the length of polymer chains
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and thus the brush thickness, thanks to in situ surface-initiated polymerizations, usually surface
radical polymerization such as RAFT or ATRP.>® It was demonstrated, however, that the
"grafting to" method enables the production of brushes using different kinds of polymers and
on a variety of grafting densities. The "grafting to™ technique also benefits from simplicity as it

does not involve complex chemistry.>®

Figure 11 adapted from [59]: Schematics of polymer brushes attached to the substrate.*

2.1.2 Hydrogel thin films

Despite their enormous promise, hydrogel thin films are, as far as we know, still hardly studied.
We summarize the few studies on the production of hydrogel thin films in the sections that
follow. Usually, one of the two techniques listed below is used to create thin films of chemically

cross-linked hydrogels:

i. cross-linking copolymerization by mixing monomers and multifunctional comonomers;
ii. cross-linking functionalized (co)polymers with reactive groups or with high-energy

irradiation.

In the first approach, copolymerization and cross-linking take place simultaneously. Solvent-
based free radical polymerization techniques are widely employed. After being contained
between two planar substrates (one functionalized to attach the hydrogel film and the other non-
sticky to detach the film) and spacers, the reaction mixture consisting of monomers, the cross-
linker, and the initiator is then polymerized and cross-linked in situ.®® The UV-initiated
polymerization technique has received the most interest among all free radical polymerization
methods because it allows hydrogel sheets to be micropatterned using a projection mask.%-63
However, because of the UV beam's volumetric absorption, this method might not be suitable
for thick hydrogel films. Due to its beneficial characteristics, such as one-step, solvent-free, and

vapor-phase, plasma polymerization is another alluring deposition method utilized to
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manufacture strongly cross-linked hydrogel thin films (normal thickness ranging from tens to
hundreds of nanometers). In this case, cross-linking occurs naturally as a result of the ion or
electron irradiation of the material during deposition; therefore, cross-linkers are not
required.®*%" And the polymerization time and plasma power can easily be varied to adjust the

dry hydrogel film thickness.

In the second method, functionalized (co)polymers are coated in a thin layer to create hydrogel
before polymer chains are cross-linked in the dry state. There have been several coating
processes established to date, including spin coating, dip coating, spray coating, etc. these
coating techniques allow to vary the film thickness from 0.01 um to several micrometers.
Various cross-linking methods are available depending on the chemical make-up of the
polymer. For instance, pH-responsive hydrogel thin films are created by spin-coating thin layers
of mixed PVA/PAA chains, drying them, and then thermally cross-linking them at 130°C via
an esterification reaction.®%°

While the cross-linking of copolymers with photo-reactive pendant groups or monomers can be
accomplished either by the addition of photoinitiators’® or by exposure to UV radiation.’*"
Because it is compatible with photolithography and enables the creation of hydrogel films with
a wide range of dry thicknesses, the cross-linking method based on UV irradiation is widely
employed (from nanometres to tens of microns).””® Actuality, random chain scission caused
by high-energy radiation, such as an electron beam, -rays, or UV light, leads to free radicals
that are then recombined to create a cross-linked polymer network.® The ratio of cross-linkers

and/or the radiation exposure is said to determine the cross-linking density.

Recently, our group proposed a facile and versatile approach that enables the development of a
platform of surface-attached hydrogel films with well-controlled chemistry. We called this
approach CLAG which is the acronym of Cross-link And Grafting. The surface-attached
hydrogel thin films are prepared by simultaneously cross-linking and grafting preformed and

functionalized polymer chains by click chemistry, as shown in figure1.22:80-83
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Figure 12 adapted from [79]: Schematic of ene-functionalized polymer is mixed with dithiol cross-linker

and spin-coated on a thiol modified substrate to form a well-controlled film."

The click chemistry we chose is the thiol-ene reaction® as it can be activated by heating (at
temperatures below the temperature of polymer degradation) or by UV irradiation (at 250 nm
without the need of a photoinitiator). Moreover, numerous thiol chemicals are easily available
for grafting onto substrates and for the chemical cross-linking between functionalized chains.
For example, mercaptosilanes are used for grafting onto oxide layers (silicon and glass
substrates, silica, titanium oxide...). Dithiol cross-linkers with specific spacers are chosen to
adapt to the polymers. Dithiol cross-linkers can also react with each other to form stable
disulfide bridges of flexible lengths, which promote the connection between polymer chains for

the formation of the chemical network.

The key aspect of the CLAG approach is that it starts with preformed polymer chains. As radical
polymerization is highly sensitive to oxygen, it is very difficult to well control the synthesis of
polymer networks on the surface if the process starts with coated monomers. Ene-functionalized
polymer chains are first synthesized by the free radical polymerization method. This is also one
of the great advantages of the CLAG approach, as free radical polymerization is a
straightforward method which allows low and high polymer molecular weight in contrary to
controlled radical polymerization. And here, there is no need for narrow distribution of polymer
chains as they are dedicated to being cross-linked. This enables us to generalize the CLAG

approach to various hydrogels made with acrylate- and acrylamide- polymers.

Various ene-functionalized polymers have been synthesized by free radical polymerization.
Among them, a few examples are shown in
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Figure 13. Poly(dimethylacrylamide) PDMA hydrogel films have been investigated for anti-
mist properties.?? Poly(acrylic acid) PAA hydrogels were shown to be a good platform for
aptamers grafting in the design of biosensors.®®> The temperature-responsive properties of
poly(N-isopropylacrylamide) PNIPAM hydrogels, which show Lower Critical Solution
Temperature (LCST) behavior, were investigated’*#2®, Poly[poly(ethylene glycol) methyl
ether methacrylate] poly(PEGMA) can also have LCST properties with adjustable temperature
transition depending on the length of the PEG side chains.®” The ene-functionalized polymers
synthesized can be then purified and recovered (by freeze-drying or precipitation) to be
characterized. In particular, the ratio of ene-functionalization, which can be determined by

NMR spectroscopy, will rule the cross-linking ratio and then the swelling of the hydrogel layer.
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Figure 13: Generalization of CLAG strategy to various polymers such as poly(dimethylacrylamide)
PDMA, poly(acrylic acid) PAA, poly(N-isopropylacrylamide) PNIPAM, poly[poly(ethylene glycol)
methyl ether methacrylate] poly(PEGMA).

The ene-functionalized polymers are then solubilized in a proper solvent with suitable dithiol
cross-linkers before being coated on the thiol-modified substrates. Different coating methods
can be used, such as spray-coating, spin-coating, and dip-coating, depending on the thickness
range desired. Spin-coating is often used because it requires little polymer, and it allows the
formation of polymer films widely ranging from a few nanometers to several micrometers,
which is well suited to our studies. After the spin-coating of polymer films on the treated
substrates, the cross-linking and surface-grafting of polymer chains are achieved by activating
the thiol-ene click reaction either by heating to obtain hydrogel films or by UV irradiation to
obtain hydrogel patterns. It means that the synthesis of surface-attached hydrogels is performed

in a dry state without solvent (melting polymer condition).
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When swelling in water, the surface-attached hydrogel film can undergo mechanical stresses,
resulting in the formation of instabilities such as wrinkles at the surface of the hydrogel layer.
This depends strongly on the thickness and the swelling ratio of the hydrogel. In situations
where the film is not strongly bound to the substrate, swelling stresses can result in interface
delamination followed by large-scale folding and blistering of the hydrogel films. This depends
on the interface strength between the hydrogel and the substrate. This interface strength ruled
by the grafting density of the hydrogel to the surface can be controlled by the reaction of the

ene-functions to thiol monolayer, which is the subject of the next part.
2.2 Tuning the interfacial strength at the polymer/substrate interface

The control of the interface strength is a key point of our studies. As explained in the previous part, the
interface strength is ruled by the grafting density of the hydrogel to the surface. It can be
controlled by the silanization of reactive species on the substrate. In the following, we report
briefly the main silanization techniques described in the literature. We also review some
photolithography techniques used to fabricate controlled micro-patterns. We describe in detail
only two processes that are the closest to the strategy we will adapt to create line defects by

micro-patterning using a photolithography-like technique.

The high adhesion between the hydrogel coating and the oxide layer of substrates is achieved
by using a common bridge molecule silanization.® Alkoxysilanes help to improve adhesion
and modify the substrate.®® These silanes should be selected, which can minimize hydrolysis
and other by-products during silanization. To avoid this, silanization is done in a nitrogen-
plugged reactor. This can avoid any reaction to oxygen with silanes. As schematically depicted
in Figure 14, the alkoxy group at the end of the silane can hydrolyze to form a silanol group in
the aqueous environment and condense with the hydroxyl group on the target surface to form
siloxane bonds, enabling strong bonds between the substrate and the hydrogel group.”8%° The

other end of the silane should have the active group which can react with the polymer.
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Figure 14 adapted from [91]: The steps involved in the commonly assumed silanization.”
2.2.2 Control of the grafting density

The chemical modification of silica surfaces has been widely used for DNA microarray to
robotic micro handling.8°2°8 For controlling the grafting density of silica surfaces, it is
necessary to mix silanes with different functionalities or vary the density of silanes on the
surface of the substrate. The density of silane on the surface can be tuned by time®,

concentration'®, or by dilution with an inert component. 1%
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Figure 15 adapted from [102]:(a) one step deposition method, (b) stepwise deposition method.'%?
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A mixed layer of silane can be obtained by codeposition'®1% or by stepwise deposition.10::102
In co-deposition, both the silanes are deposited together in a defined concentration®1%, as
shown in Figure 15. a. The stepwise technique is suitable for silanes which react to each other.
First is preferred when silanes may react to each other. Then this partially functionalized
substrate is exposed to the second silane to have the desired mixture of silanes.®® This is
illustrated in Figure 15(b) and Figure 16.
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Figure 16 adapted from [101]: The two-step silanization procedure.'®

In the literature, surface modifications by mixed monolayers of silanes have been used to
control the wetting properties of liquid droplets on modified substrates.!* It has also been used
to develop a DNA microarray on a substrate whose grafting density is varied by mixing
silanes.®” Until now, there has been no study done to vary the grafting density by mixing
different silanes on a substrate that is used for grafting thin hydrogel film on the substrate with

varied interfacial strength.

2.3 Patterning of the substrate to control the nucleation of delamination

In the present work, we offer to nucleate delamination of thin swellable film from a well-defined
spot. To do this, we need to create a pattern with low interfacial strength. In the following, we
review the techniques used in the past to pattern substrate. Indeed, the interest in patterning at
micro and sub-micrometer scales has been increasing in recent years with the advancement in

tissue engineering and microfluidics.1%®

Over the last two decades, patterned thin films and structured polymeric systems have been
identified for optics, medicine, biotechnology, and energy harvesting.!%” Photolithography is a
facile process to pattern a substrate. This process only requires high-intensity light and a
photomask to produce different patterns on a silicon wafer.1%81% Each substrate is coated with

a photoresist which may or may not dissolve when exposed to UV light. This patterned
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photoresist can act as a guide to chemically etch the actual substrate. Then the remaining
photoresist is removed to get the well-patterned substrate.!’® There are two types of
photoresists: positive and negative photoresists. A positive photoresist is made with polymers
which are insoluble, but when exposed to UV light, it degrades into a soluble polymer. A
negative photoresist is composed of either monomers or polymers, which can polymerize or

cross-link when exposed to UV light to form insoluble polymers, as shown in Figure 17.

Coating of

photoresist

Mask

exposure

Development
0w -
Negative photoresist Positive photoresist

Figure 17 is adapted from [106]: Schematic illustration of mask lithography process.'%

2.3.2 Examples of patterned substrates were used together with hydrogel coatings.

Xu et al. * have made a patterned substrate, as shown in Figure 18, by fabricating an electrode
on the cleaned silicon wafer by standard photolithographic patterning, e-beam evaporation, and
lift-off in acetone. The silicon substrate is micropatterned with gold interdigitated electrodes
(IDE) with a width w is 60 pm, spaced by an edge-to-edge distance which varied from 90 pm.
to 120 um, and the initial thickness of the gel is 25 um. The polymer used in this experiment is
anionic PNIPAM copolymer gel. The adhesion of gel to the substrate not covered by electrodes
is achieved by the silane coating. This thiol monolayer creates an electrochemically switchable
link between the gel and the gold microelectrodes. Thermo-responsive PNIPAM deswell with
the increment in temperature, which is wisely used to modulate the compressive mismatch in

the surface attached gel. This compressive stress creates delamination.
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Figure 18 adapted from [33]: Fabrication of gel-based film on an interdigitated electrode array.*®

The patterned substrate in Figure 19 is the study done by Takahashi et al., where the patterned
substrate is created by plasma etching of a selected part of the silane monolayer. The substrate
is first immersed in a 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) solution for 2 hours
for silanization. The substrate is then cleaned in ethanol and dried using nitrogen. In order to
create a pattern on the surface of the substrate, a photoresist was spin-coated on a substrate.
And it is exposed to a patterned UV and developed. A 30 s plasma etching was done by
introducing the sample to a plasma etcher, during which the TMSPMA that was not protected
by the photoresist layer was removed. The rest of the photoresist was removed by soaking the

substrate for 1 minute in acetone and then dried using nitrogen.

As we are studying the interface between the substrate and hydrogel, we cannot compromise in
dealing with any new coating like photoresist and etching on the surface of the substrate, which
could create grafting heterogeneities and defects that could compromise the polymer deposit by
spin coating. So it is required to make a new photolithographic method that can be suitable for

thiol substrate, which has minimum exposure to other materials.
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Figure 19 adapted from [37]: A schematic image showing the steps involved to create a 3D hydrogel

architecture.®’
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Figure 20: Schematic description of a hydrogel fim attached to the substrate, which is delaminating

from the interface due to the compressive swelling stresses and forms a blister.

The development of hydrogel films as the coating is conditioned by better control of their
durability. To do so, we need to understand the factors affecting the delamination of the coating

from the substrate.

When a hydrogel is grafted to the substrate, it undergoes constrained compressive stresses,
which sometimes are observed to result in the buckling of its free surface. Different studies
have shown that this compressive stress is also enough to delaminate thin films from the
substrate. However, those studies focused on the delaminated areas from a morphologentic
point of view. In this study, instead of focusing on morphogenesis, we offer to link the grafting
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density of hydrogel thin films to the interfacial strength involved in the debonding of these films

when it is induced by swelling stresses and to address the following open questions:

- What are the mechanisms driving the debonding? What are the length scales involved?

- Do the 3D morphologies due to the elastic buckling of the swollen films play a role in
these debonding mechanisms?

- How can we quantitatively evaluate the resistance to debonding of a grafted film in
relation to both the grafting density and the parameters controlling the swelling stresses

(solvent, network properties, film thickness)?

To do so, we use well-controlled delamination experiments performed on hydrogel thin films
of varied thickness and interfacial strength, with controlled defects on which delamination
starts. To this end, we will use the CLAG method with thiol-ene click chemistry to prepare the
samples. In the following of the manuscript, we will first describe the hydrogel film synthesis
with a focus on three objectives: (i) homogeneity of the hydrogel film across the whole sample
(both in thickness and cross-link density), (ii) the control of the chemical grating density out of
the defects, (iii) the patterning of controlled grafting defects on the substrate. The strategy,
protocol, and results are described in Chapter 2.

We will then perform debonding experiments from these films on a homemade set-up. The
results are described in Chapter 3. These results will be used to determine the relationship
between the onset of delamination and the chemistry at the interface between the hydrogel and
the substrate. As controlled parameters, we will change the thickness of the film, the width of
the defect, and the grafting density. The results will be used to develop a model to understand

the mechanisms controlling the onset of delamination.
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2. Surface-attached hydrogel films
with controlled interfacial strength

and defects

RESUME

Les films d'hydrogel sur des substrats solides combinent les avantages des hydrogels,
lubrification et biocompatibilité, avec la rigidité des substrats. Un bon film d'hydrogel doit avoir
une bonne adhérence avec le substrat alors que ses caractéristiques topographiques doivent étre
aussi peu perturbées que possible par le changement d'humidité ou 1'immersion qui induisent le
gonflement de I'hydrogel. Les propriétés physico-chimiques, telles la densité de réticulation
entre les chaines et la densité de greffage sur les substrats, doivent étre alors contrdlées de
maniére trés fine. Le défi est donc de proposer une méthode facile et flexible pour développer
une plateforme de films d'hydrogels greffés aux substrats et dont 1’épaisseur, le gonflement et
la densit¢ de greffage peuvent étre finement ajustés. Nous rapportons ici la synthése et le
gonflement d'hydrogels de poly(N, N-dimethylacrylamide) dont la densité de greffage et les
défauts locaux a l’interface avec le substrat sont bien controlés. Pour obtenir des films
d'hydrogel sur une large gamme d'épaisseurs allant de quelques nanomeétres a plusieurs
micrometres tout en controlant finement 1'architecture macromoléculaire, nous proposons une
approche simple et facile appelée CLAG qui est I'acronyme de Cross-Link And Grafting. Les
films minces d'hydrogel attachés a la surface sont préparés par réticulation et greffage
simultanés de chaines polymeéres préformées et fonctionnalisées par chimie click. Les chaines
polymeres préformées et fonctionnalisées par des groupes alcéne sont déposées sur un substrat
modifié thiol pour étre réticulées et greffées par réaction thiol-éne. Le gonflement du film
d'hydrogel est piloté par le taux de réticulation qui est finement controlé par le taux de
fonctionnalisation -¢ne. L’adhérence a l'interface est ajustée par la densité de greffage de la
couche d'hydrogel qui est finement controlée par la quantité de thiol greffé sur le substrat. La

quantité de thiol peut étre modifiée en mélangeant le thiol réactif avec le propylsilane passif
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dans le processus de silanisation. L’adhérence a l'interface peut également Etre ajustée
localement en dessinant des zones passives ou I'hydrogel n'est pas accroché sur le substrat. Ceci
a ¢été réalisé en passivant le thiol sur des lignes sélectionnées par irradiation UV a travers des

masques pour activer la réaction thiol-¢ne.

ABSTRACT

Hydrogel coatings on rigid substrates combine the advantages of hydrogels, such as lubricity
and biocompatibility, along with the benefits of stiffness and toughness of substrates. A good
hydrogel coating should have good adhesion with the substrate, while their topographical
features should be as little disturbed as possible by humidity change or underwater, which
induces the swelling of hydrogel. To achieve this, the physico-chemical properties such as the
cross-linking density between chains, and the grafting density to the substrates, must be finely
controlled. The challenge is then to propose a facile and versatile method to develop a platform
of hydrogel coatings attached to the substrates with controlled thickness, swelling, and interface
strength. Here, we report the synthesis and swelling of surface-attached poly(&V, N-
dimethylacrylamide) hydrogels with controlled interface strength and local defects. To obtain
hydrogel films over a wide range of thicknesses from a few nanometers to several micrometers
while the macromolecular architecture is finely controlled, we propose a facile and versatile
approach called CLAG which is the acronym of Cross-Link And Grafting. The surface-attached
hydrogel thin films are prepared by simultaneous cross-linking and grafting preformed and
functionalized polymer chains by click chemistry. Preformed ene-functionalized polymer
chains are coated on a thiol-modified substrate to be cross-linked and grafted through a thiol-
ene reaction. The swelling of the hydrogel film is ruled by the cross-linking ratio, which is
finely controlled by the ratio of ene-functionalized polymer. The interface strength is adjusted
with the grafting density of the hydrogel layer, which is finely controlled by the amount of thiol
grafted on the substrate. The amount of thiol can be varied by mixing reactive thiol with passive
propylsilane in the silanization process. The interface strength can also be adjusted locally by
patterning passive zones where the hydrogel is not attached. This was achieved by passivating

thiol on selected lines by UV irradiation through masks to activate the thiol-ene reaction.
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1. Introduction

Hydrogel coatings on rigid substrates have a keen study due to their high application in various
fields. They can mimic in vivo mechanical environments for cell culture, responsive coatings,
sensors, and active components for microfluidic coatings.!™ Hydrogel coatings substrates
combine the advantages of hydrogels, such as lubricity and biocompatibility properties, along

with the benefits of substrates, such as stiffness and toughness.> !

An ideal hydrogel coating should achieve two features. First, good adhesion between the
substrate and the hydrogel coating has to be kept in any condition, eventually with
environmental change. When the hydrogel coating is exposed to air or humidity underwater,
the adhesion on the substrate can change from good to bad, resulting in detachment of the
coating. Second, the topographical aspect should be as little disturbed as possible by the
environmental change. Hydrogel coatings actually can exhibit instabilities such as wrinkles on
the surface due to the change of swelling. As the thickness of the hydrogel layer is much lower
than the lateral dimension, the hydrogel can only swell in the direction perpendicular to the
substrate and can undergo compressive stresses parallel to the substrate.!!"!” When these
compressive stresses become greater than the buckling threshold of the elastic layer, they give

rise to buckling instabilities that relax these stresses.'®2?

When the hydrogel coating is not sufficiently strongly bound to the substrate, swelling stresses
can result in interface delamination. The delamination process can lead to large-scale folding
and blistering of the hydrogel films. This is often promoted with minor defects in the interface
between the hydrogel and the substrate. These defects can affect the durability of coatings. This
buckle delamination is usually considered to be an undesirable and uncontrollable phenomenon.
However, by finely controlling the adhesive region between the thin layer and substrate, it is

possible to develop a sustainable hydrogel coating with longer durability.

Then a challenge would be to propose a facile and versatile method to develop a platform of
hydrogel coatings attached to the substrates with controlled physico-chemical properties such
as thickness, swelling, and interface strength. This would help to understand and prevent from
the delamination of the coating from the substrate. The key point is then the fine control of the
physical chemistry of the substrate/gel interface (nature of the chemical bonds, grafting density)
and of the film properties (swelling ratio, thickness) so as to control and predict the failure of

the coatings during swelling.
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Recently, our group has developed surface-attached hydrogel films, which can be varied over
a wide range of thicknesses from a few nanometers to several micrometers, while the
macromolecular architecture is finely controlled. We proposed a facile and versatile approach
which enables the development of a platform of surface-attached hydrogel films with well-
controlled chemistry. We called this approach CLAG which is the acronym of Cross-Link And
Grafting. The surface-attached hydrogel thin films are prepared by simultaneously cross-linking
and grafting preformed and functionalized polymer chains by click chemistry, as shown in

figure 1.23%7

The click chemistry we chose is the thiol-ene reaction®® as it can be activated by heating (at
temperatures below the temperature of polymer degradation) or by UV irradiation (at 250 nm
without the need of a photoinitiator). Moreover, numerous thiol chemicals are easily available
for grafting onto substrates and for the chemical cross-linking between functionalized chains.
For example, mercaptosilanes are used for grafting onto oxide layers (silicon and glass
substrates, silica, titanium oxide...). Dithiol cross-linkers with specific spacers are chosen to
adapt to the polymers. Dithiol cross-linkers can also react with each other to form stable
disulfide bridges of flexible lengths, which promote the connection between polymer chains for

the formation of the chemical network.

The key aspect of the CLAG approach is to start with preformed polymer chains. As radical
polymerization is highly sensitive to oxygen (it is worth for coating due to the high surface to
volume ratio), it is very difficult to well control the synthesis of the polymer network on the
surface if the process starts with coated monomers. Ene-functionalized polymer chains are first
synthesized by the free radical polymerization method. This is also one of the great advantages
of'the CLAG approach, as free radical polymerization is a straightforward method which allows
low and high polymer molecular weight contrary to controlled radical polymerization. And
here, there is no need of narrow distribution of polymer chains as they are dedicated to be cross-
linked. This enables us to generalize the CLAG approach to various hydrogels made with
acrylate- and acrylamide- polymers such as poly(N, N-dimethylacrylamide) (PDMA)?,
poly(acrylic acid) (PAA)*, poly(N-isopropylacrylamide)  (PNIPAM)?*63%32  and
poly[poly(ethylene glycol) methyl ether methacrylate] poly(PEGMA).>* The ene-
functionalized polymers synthesized can be then purified and recovered (by freeze-drying or
precipitation). The ratio of ene-functionalization, which can be finely characterized, will rule

the cross-linking ratio and then the swelling of the hydrogel layer.
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The ene-functionalized polymers are then solubilized in a proper solvent with suitable dithiol
cross-linkers before being coated on the thiol-modified substrates. Different coating methods
can be used, such as spray-coating, spin-coating, and dip-coating, depending on the thickness
range desired. Spin-coating is often used because it requires little polymer, and it allows the
formation of polymer films widely ranging from a few nanometers to several micrometers,
which is well suited to our studies. After the spin-coating of polymer films on the treated
substrates, the cross-linking and surface-grafting of polymer chains are achieved by activating
the thiol-ene click reaction either by heating to obtain hydrogel films or by UV irradiation to
obtain hydrogel patterns. It means that the synthesis of surface-attached hydrogels is performed

in a dry state without solvent (in melting polymer condition).

The control of the interface strength is another key point. The interface strength is ruled by the
grafting density of the hydrogel to the surface. It can be controlled by the silanization of reactive
species on the substrate. Adapted to our CLAG approach, the grafting density can be varied by
mixing reactive thiol with passive silane such as propyltrimethoxysilane on the silicon
substrate. Moreover, a detailed investigation of the debonding mechanisms under the action of
swelling stresses requires that delamination is induced from well controlled defects with low
adhesion (see chapter 3). The formation of such localized defects from the inhibition of
hydrogel/substrate adhesion can be achieved by locally passivated thiol-grafted groups with
reactive small molecules before coating the ene-functionalized polymer on the substrate. This
is realized using photolithography-like technique exploiting the versatility of the thiol-ene click

reaction, which is activated by UV irradiation.

Here, we report the synthesis of surface-attached poly(Z, N-dimethylacrylamide) hydrogels
using the CLAG approach. We show that their thickness can be adjusted on a large range and
the swelling can be well controlled. Ellipsometry is used to measure the thickness in air and
water. Within the framework of a collaboration with Nicolas Gauthier and Marc Veillerot at
laboratory LETI (CEA Grenoble), we also show that the interface strength can be finely
controlled and characterized by XPS and ToF-SIMS techniques.
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2. Experimental Methods

2.1. Synthesis of thin films

N, N-Dimethylacrylamide (DMA, 99%), and acrylic acid (AA, 99%) were purchased from
Aldrich and purified prior to use by passing through the basic alumina column to remove
inhibitors. N-Hydroxysuccinimide (NHS), and  N-(3-dimethylaminopropyl)-N -
ethylcarbodimide hydrochloride (EDC) and sodium disulfite (Na2S20s) were obtained from
Aldrich. Allylamine (98%) and ammonium persulfate, ((NH4)2S20s, 98%) were purchased from

Thermo Fischer.

N-Propyltrimethoxysilane (97%) was obtained from ABCR. Anhydrous toluene (anhydrous,
99.8%), (3-mercaptopropyl)trimethoxysilane (95%), and toluene (ACS Reagent grade) were
purchased from Aldrich.

1,4-Dithioerythritol, allyl butyl ether (98%), and N, N-dimethylformamide (DMF, 99.8%) were
obtained from Aldrich and used for the preparation of the polymer hydrogel film.

Silicon wafers with a diameter of 76.2 +0.5 mm and thickness of 380 + 25 um were obtained
from Neyco. Quartz Chromium mask of 5" * 5" * 0.9" with a standard positive photoresist

AZ1518 of 360 nm is purchased from MB Whitaker & Associates.

The ene-functionalized poly(¥, N-dimethylacrylamide) (PDMA) was synthesized by a two-step
process. The first step is the free radical copolymerization of dimethylacrylamide and acrylic
acid in water using a (NH4)2S820s/ Na2S20s redox initiator. 10 g (0.10 mol) of
dimethylacrylamide and 0.382 g (5.3 mmol) of acrylic acid are added to 0.052 g (0.97 mmol)
of NH4Cl in 100 mL of water. After adjusting the pH to 3-4 with 1M NaOH, the solution is
bubbled for an hour with nitrogen. 0.15 g (0.65 mmol) of (NH4)2S20s and 0.0375 g (0.19 mmol)
of NaxS20s are introduced after one hour under nitrogen. The solution is kept at ambient
temperature for 24 hours. This solution is then dialyzed for four days and freeze-dried to get

purified poly(DMA-co-AA) copolymer.

For the ene-functionalization of PDMA, poly(DMA-co-AA) copolymer is modified using
allylamine. First, 1.47 g (7.66 mmol) of EDC and 1.77 g (15.37 mmol) of NHS are added into
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the 10 g of copolymer solution (3-5% of polymer in water), then the pH of the solution is
adjusted to 4.5 is left under stirring for two hours at ambient temperature. Then, the aqueous
solution of 0.58 g (10.16 mmol) allylamine is added to the medium, associated with the
adjustment of the pH to 10 with NaOH, for the formation of the targeted amide bond through
the nucleophilic attack of allylamine onto the carboxylic acid. The amification reaction is
allowed to proceed for 16 hours at room temperature. The final solution of ene-functionalized
PDMA was dialyzed against 0.1 M NaCl for four days and then four days against MilliQ water
to remove the excess of EDC, NHS, and allylamine. After the dialysis, it is subsequently

recovered by using a freeze-dryer.

The silicon wafer is silanized with (3-mercaptopropyl)trimethoxysilane. The silicon wafer is
freshly cleaned inside the UV ozone chamber during 20 minutes before being transferred to a
sealed reactor filled with nitrogen. A 3% volume of (3-mercaptopropyl) trimethoxysilane in
anhydrous toluene is transferred into the reactor (using a cannula) and left for 3 hours. The
silicon wafer is then rinsed by toluene and ultra-sonicated. The thickness of the silane self-

assembled monolayer on the silicon substrate is measured using ellipsometry.

In order to tune the interface strength of the substrate, we varied the grafting density of the
hydrogel film on the silicon wafer by varying the surface density of the active thiol-silane. This
was achieved wusing a reactive mixture of #n-propyltrimethoxylsilane and (3-
mercaptopropyl)trimethoxysilane in 3% v/v in anhydrous toluene. A range of 10 to 100%
mercaptosilane is used in the silane mixture to get different grafting densities of the reactive

thiol group on the surface.

The quartz masks are coated with around 90 nm thick chromium layer and 360 nm photoresist
above the chromium layer. The pattern for the defects was then drawn using Clewin software.
Then the laser is exposing only to the patterned area. After the patterning, the mask is washed
using an AZ 351 B developer. During the bath in the developer, only the exposed resist is
removed, which reveals the bare chromium layer underneath the photoresist. Then the exposed
chromium layer is etched in an acid bath. The remaining photoresist from the rest of the area is

removed by using acetone, as shown in the Supporting Information (Figure S4).
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For the local passivation of the active thiol groups, five different chemicals with allyl end-group
exhibiting different vapor pressure, surface tension, and molecular weight were tested: allyl
butyl ether, N, N-dimethylallylamine, allyl acetate, allyl acetoacetate, and allyl-terminated
PEG. Passivation was achieved by chemical bonding of the allyl passivator with the
mercaptosilane using the thiol-ene click reaction. This thiol-ene reaction is activated by deep
UV exposure (at 254 nm) combined with photolithography techniques. We found that allyl
butyl ether was the best candidate to passivate the thiol groups under UV radiation while being
non-reactive with the PDMA hydrogel. Using this technique, we made patterns on silicon
substrates with passivated areas in the form of lines for the investigation of swelling induced
delamination. Using chromium-coated quartz lithography masks, we designed line patterns

with different widths ranging between 2 and 100 pum.

The surface-attached PDMA hydrogels are obtained by using simultaneous cross-linking and
grafting of the ene-functionalized polymers through a thiol-ene click reaction.”>**2627 The ene-
functionalized PDMA is dissolved in dimethylformamide (DMF) overnight. 1,4-
dithioerythritol as a cross-linker is added to the polymer solution just before the spin-coating.
The ratio of dithiol to the ene-functionalized polymer is 15 times to have flexible length to form
disulfide groups®*. This solution is spin-coated on the modified silicon wafer with an angular
velocity of 3000 rpm for 30 seconds to achieve a thin and homogenous film. The thickness of
the film is controlled by the concentration of the polymer in the solution. After spin-coating,
the film is kept at 150°C under a vacuum for 24 hours. The films are then rinsed and sonicated
in DMF and then in water to eliminate the excess of 1,4-dithioerythritol and free unreacted

polymers.

2.2. Characterization techniques

The results of contact angle experiments are provided in the Supporting Information. Water
droplets onto both cleaned and silanized wafers were deposited, and their contact angle was
measured. These experiments qualitatively show the change of contact angle with various
silanization on the substrate. The contact angle observed is the lowest (about 20°) for freshly

cleaned silicon wafers by UV-ozone. As expected, the silanized silicon wafers show higher

49



Chapter 2: Surface-attached hydrogel films with controlled interfacial strength and defects

contact angles, depending on the hydrophobic properties of grafted silane species (propylsilane,

mercaptosilane without and with added allyl butyl ether).

The thickness of the oxide layer and the thickness of dry and swollen hydrogels are measured
using a spectroscopic ellipsometer (UVISEL, Horiba). All the measurements are done with a
fixed angle of 60° and by varying the wavelength from 400 nm to 800 nm. The underwater
experiments were made using a liquid cell whose windows are perpendicular to the laser beam,
the silicon wafers being stably kept at the bottom of the liquid cell. The complex refractive
index (n) of the silicon substrate is 3.87, with an imaginary part equal to 0.02i. A model with
two layers was used for oxide and silane layers on the silicon wafer. A three-layered model was
utilized to determine the thickness of the surface-attached hydrogel layer. The first and second
layers correspond to silica and SiO2 (n = 1.46), the thickness of which was determined before
spin-coating the polymer film. The third layer to be determined corresponds to the hydrogel
layer. The swollen thickness is determined from the best fit of the experimental data (IS and IC
ellipsometric intensities) using a three-layers model with water as the ambient atmosphere. The
polymer and water refractive index are calculated using a Cauchy transparent model as in

equation 1 and 2.

B,.10* N C,-10°

P 7 Eq. 1

n,(1) = A, +

B,.10* L G 10°

P T Eq.2

le(ﬂ) =Ay, +

where n(4) is the refractive index of the material and A is the wavelength 4p, By, Cp, and Ay,
Bw, Cware Cauchy’s coefficients for polymer and water, respectively. Typically at A = 600 nm,
n, =1.42 and n,, = 1.33.

The swollen hydrogel refractive index n(4, ¢,,) is calculated assuming linear mixing law:
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7’1(/1, ¢p) = ( 1- ¢p) le(/l) + ¢pnp(/1) Eq.3

Where ¢,, the volume fraction of polymer in the hydrogel layer. As the attachment of the
polymer network is a covalent bond, the amount of polymer in air and water has to be the same.
It results that, the volume fraction of polymer in the hydrogel layer has to be equal to the ratio
of the dry thickness to the swollen thickness. Full details about ellipsometry are given in

appendix A.

The patterns corresponding to the passivation of thiol were characterized with a microscopic
ellipsometer (Nanofilm EP3, Accurion). This ellipsometry has a Xenon lamp as a light source
with a filter at a wavelength of 590.8 nm. The angle of incidence is fixed to 65° while measuring
the samples. This ellipsometry consists of a camera and 5x objective, which can take millimeter-
size images. The lateral resolution of this microscopic ellipsometry is 2 micrometers. Nulling
ellipsometry is done for each pixel in the image, and A map is obtained from which the width

of the passivated line will be measured.

Silane monolayers were characterized with XPS using a PHI 5000 Versa Probe II photoelectron
spectrometer at the Nano Characterization Platform (PFNC). A 200 pum diameter
monochromatic Al-Ka (hv = 1486.6 eV) X-ray light source was used for analyses. The source
analyzer angle is 45° and remains unchanged during the AR-XPS data acquisition, where the
photoelectron take-off angle (sample-analyzer angle) varies. The overall energy resolution
(taking into account both the spectrometer and X-ray bandwidths) is 0.6 eV for core level (CL)
spectra, and we set the C 1s peak from the adventitious carbon to 284.8 eV for calibration of
the binding energy scale. Data treatment and peak deconvolution were performed with the
CasaXPS software. The sensitivity factors provided by the instrument were used to perform the

relative quantification of the elements.

ToF-SIMS measurements were performed using a ToF SIMS 5 Instrument from ION TOF
GmBH equipped with a 30 kV Bismuth-LMIG. For secondary ions analysis, the LMIG gun

was tuned to deliver primary analysis ions Biz" energized at 15 kV with a current of 0.51 pA.
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The analysis area of 100x100 um? is described in 128x128 pixels for negative polarity
secondary ions. The final mass spectra are given by the accumulation of counts for a total

primary ion dose which is equal tole'?ions/cm?.

For image acquisitions, we analyzed an area of 400x400 pm? described in 256x256 pixels.

A steady-state swelling of the film was achieved under a constant vapor flow, ensuring the
saturation of the hydrogel layer by using a homemade setup.?* The vapor is advected above the
sample in a laminar flow, and the vapor flow toward the film is set by the temperature difference
between the film and the vapor flow. The substrate temperature is controlled by a Peltier module
and set at 10°C below the temperature of the incoming water vapor. The relative humidity in
the chamber is always kept constant at around 60%. The upper wall of the chamber is a glass
window allowing observation of the film by means of a zoom lens (Apo Z16, Leica) and a CCD

camera (1600 x 1200, 8 bits). Full details regarding the setup are provided in the reference.??
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3. Results and Discussion

3.1. Preparation of surface-attached hydrogel films using CLAG strategy

Hydrogel thin films were prepared following the CLAG strategy, which consists of
simultaneous Cross-Linking And Grafting of ene-functionalized polymer chains on thiol-
modified substrates by thiol-ene click chemistry, as shown in Figure 1.2>?” This CLAG strategy
allows very fine control of the physico-chemical properties of the hydrogel films such as the
crosslinks density of the polymer networks, the grafting density onto the substrate, and the
thickness of the film. This strategy requires a pre-formed ene-functionalized polymer which is
synthesized by a two-step process. The copolymer containing dimethylacrylamide and acrylic
acid was first synthesized by free radical polymerization in water, followed by the ene-
functionalization using allylamine. The pre-synthesized ene-functionalized PDMA was then
characterized by SEC chromatography and 'H NMR spectroscopy. The polymer has a
molecular weight of 231 kg/mol with a polydispersity index of 1.93. The molar ratio of ene-
groups is 0.7%. The NMR spectrum of the ene-functionalized PDMA is given in the Supporting

Information.

SH

/Q H——0CH SH SH SH SH SH SH

+ H—To A ————————
SH

Ene-functionalized Polymer Dithiol cross-finker Thiol-modified substrate
Coating Cross-Linking

I 7

Grafting

[m
Gel film attoched to the surfoce (dry stote)

Figure 1: Schematics of the synthesis of hydrogel thin film on glass or silicon substrates using CLAG
approach by Cross-Linking And Grafting of ene-functionalized polymer chains onto thiol-modified

substrates through thiol-ene click chemistry.
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Figure 2. Dry thickness of PDMA hydrogel films as a function of polymer concentration (wt%) with M,,
3/2

= 231 kg/mol, IP = 1.92. The data are fitted using the hydrodynamic equation™ with h oc o™ "?M*’C,
where @ = 300 rpm, M = 232 kg/mol, and o. = 0.8.

The thickness of the film can be adjusted by varying the concentration of the polymer, the
molecular weight of the polymer, or by changing the angular speed*”. In our studies, we control
the film thickness by varying the concentration of the polymer concentration in the solution for
spin-coating. Figure 2 shows that the thickness of the film increases with the concentration of
the polymer in the solution. In the spin-coating process, the film thinning can be modeled by
hydrodynamic equations describing radial out-flow and solvent evaporation.** The thickness of
the polymer layer film can be expressed by the scaling: & o« o '’n'2Cp, where £ is the final
thickness of the polymer layer, o is the angular velocity of the spin-coating, Cp is the
concentration of the polymer, and n the initial solution viscosity. As the viscosity of polymer
solution can be expressed as a function of the concentration and the molecular weight, the
thickness is given by the expression 263637: h « @ "?M%2Cy*? where a is the Mark—Houwink
parameter which is between 0.5 and 0.8 (0.5 is for theta solvents and around 0.8 for good
solvents).’® " Here the angular velocity and the molecular weight of the polymer are kept
constant (3000 rpm and 232 kg/mol). It is shown that experimental data are satisfactorily fitted
on a large range of concentrations (from 1 to 20 wt%) and a large range of thicknesses from

nanometer to micrometers using o = 0.8.
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3.2. Control of the interfacial strength by varying the grafting density
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Figure 3. Si 2p XPS spectra of silanized silicon wafers were obtained using 10% of mercaptosilane (4)
and 100% of mercapto silane in the mixed silane solutions (B). Dotted lines show fits corresponding to

the Si(-0)4 component from the silica substrate and the Si(-O), from the mercaptosilane.

The interfacial strength of surface-attached hydrogel films was controlled by varying the
grafting density of thiol groups on silicon substrates. This goal was achieved by varying the
ratio of mercaptosilane and propylsilane in the silanization mixtures while keeping the whole
concentration of silane (3%) in the toluene solution. The grafting of hydrogel films will be
promoted by the thiol groups (from mercaptosilane) through thiol-ene reaction and not by the
passive methyl groups (from propylsilane). The ratio of mercaptosilane in the silanization
mixture was varied from 10% to 100%. The grafting density of thiol groups was quantified by
combining XPS and ToF-SIMS experiments.

Figure 3 displays Si2p XPS spectra of silanized silicon wafers obtained with various ratios of
mercaptosilane. This can be used to quantify the thiol monolayer on silicon substrates. The

quantity of thiol group on the surface can be expressed by *1*?

tpaNyy
Fmonolayer = W

where 7 is the thickness of the thiol monolayer measured by ellipsometry (¢ = 0.7 0.2 nm)., p
is the density of mercaptosilane ( 1.057 g/mL), a is the conversion factor (102'cm?/nm?), N,
is the Avogadro’s number and MW is the molecular weight of the mercaptosilane (196.34

g/mol). The surface density of the thiol group calculated here is about 2 nm™.
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From XPS experiments, the density of mercaptosilane on the silicon substrate can be deduced

using equation 5.

Nsio,Z Eq.5

I‘monolayer

z is the measured depth using ARXPS with three different angles, 15°,45°, and 90°, and
averaged to 1 nm. n is the molecular concentration of silica estimated to be 22 molecules/nm?.

Agi(—0), Which is the % Si for the Si(—0),( the area under the curve) corresponds to the Si of
mercaptosilane. Asiy, is the area of percentage of (Si(—0); + Si(—0),), which gives the value

of 0.6 molecule/nm?. The surface density calculated from Equation 4 is lower than what was
calculated using Equation 3.4'*> The value deduced from Equation 3 corresponds actually to a
saturated surface density, whereas the value deduced from Equation 4 corresponds to a 3%

volume of mercaptosilane grafted on 4 to 5 SiOH groups per nm? on the silicon wafer.*

The mass spectra of bare and thiol-modified silicon wafers using ToF-SIMS are shown in
Figure 4. They correspond to the negative secondary ion mass spectra (m/z) from 0-120 for an
ozone-treated silicon wafer, and thiol-modified silicon wafers using 10% and 100%
mercaptosilane in the silane mixtures. The peak associated with OH" is identified at 17 u. Figure
S7 shows a stronger signal for the ozone-treated silicon wafer than for the bare silicon wafer.
The ozone treatment allows the formation of hydroxyl group on the surface. The intensity of
OH peak is unsurprisingly weaker for thiol-modified silicon wafers compared to the clean
silicon wafer as the silanol group has reacted with the silane group. In Figure 4, the peaks
associated with the S” and SH™ groups are shown for all the samples. As expected, the peaks
corresponding to S” and SH™ are very weak on ozone-treated silicon wafers. The intensity of S
and SH peaks are quite high for the thiol-modified silicon wafers to be analyzed and quantified.
As expected, the intensity of the peaks is lower for the thiol-modified substrates obtained with
10% mercaptosilane than that obtained with 100% mercaptosilane. The comparison of the
intensities of S~ and SH peaks of both samples allows quantifying the (relative) ratio of thiol

groups grafted on the substrates.
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Figure 4. Negative secondary ion mass spectra for m/z from 0 to 120 for silicon wafer with (A) 0%, (B)
10%, and (C) 100% mercapto silane-modified. (*) represents the peak of S and (*) represents the peak

of SH™ on the mass spectra.

Figure 5 gives the grafting density of thiol groups in the mixed self-assembled monolayer
(containing thiol and methyl groups) as a function of the ratio of mercaptosilane in the silane
mixture (containing both mercaptosilane and propylsilane) used for silanization. The grafting
density of thiol-modified silicon wafers with 100% of mercaptosilane was determined using
XPS. However, it cannot be determined for silanized substrates with silane mixtures due to the
limit of detection of XPS. Nevertheless, a combination of XPS and ToF-SIMS experiments
allowed us to quantify the grafting density of thiol groups in the mixed self-assembled
monolayers. Using a reference density of thiol measured by XPS with the substrate grafted with
100% mercaptosilane, we were able to perform quantitative ToF-SIMS measurements of the
amount thiol groups on substrates grafted with less than 100% mercaptosilane. As shown in

Figure 5, the grafting density of thiol increases with the ratio of mercaptosilane in the silane
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mixtures for silanization. The increase is not linear even if the whole concentration of the silanes
in the solution is kept constant (3% in toluene). This is probably due to the difference in
reactivity of mercaptosilane and propylsilane regarding silica surface, as mercaptosilane is more

polar than propylsilane.
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Figure 5. Grafting density of thiol groups in the mixed self-assembled monolayer as a function of the
ratio of mercaptosilane in the silane mixtures. The amount of thiol (SH/nm?) grafied on the silicon wafer

is calculated by combining XPS and ToF-SIMS measurements.

3.3. Control of local defects by passivation of thiol
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Figure 6. Schematic of the chemical passivation of selected regions of thiol-modified silicon wafer using

microlithography and allyl butyl ether as a passivator.

As it will be detailed in the next chapter, debonding mechanisms can be promoted from well-
controlled line defects on the substrate where the strength of the interface is reduced. This can

be achieved by locally passivating the reactive thiol groups grafted on the silicon substrate. In
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order to create such defects, we first needed to identify which chemical can be used to
selectively passivate the thiol at the silanized surface. Such a molecule should react with the
thiol groups but not with the PDMA hydrogel. The molecule needs to be small so that a thin
layer of it should not change the homogeneity of the film and preparation of the film. Five
different chemicals with allyl end-group were tested. Among allyl butyl ether, N, N-
dimethylallylamine, allyl acetate, allyl acetoacetate, and allyl-terminated PEG, we found that
allyl butyl ether was the best option. Actually, allyl butyl ether can react well with grafted thiol
groups while keeping a good spreading of the PDMA polymer layer during spin-coating to form
the grafted hydrogel film.

As depicted in Figure 6, passivated patterns in the form of lines were created on the silicon
wafers by passivating the reactive thiol groups with allyl butyl ether. Using chromium-coated
quartz lithography masks, we designed line patterns with different widths ranging between 2
and 100 um. Ellipsometric microscopy enabled us to confirm the chemical bonding of allyl
butyl ether on the thiol monolayer over well-defined strips on the silicon wafer. The width and
thickness of the passivated lines can be deduced from ellipsometric angle mapping (Figure 7).
From the measure of A angle, the thickness mapping can be deduced. The thickness profile is
shown in Figure 7(C). The average width of the line of added allyl butyl ether to the thiol
monolayer can be determined. Figure 7(D) shows the comparison of the values of the pattern
width determined from ellipsometry measurements with the width of the mask used. For 100
um-width, the size of the passivated thiol monolayer found is the same as the size of the mask
used. For narrow lines (lower than 75 pm), the width of passivated thiol is larger than the width

of the mask due to the light diffraction.

The average thickness of the allyl butyl ether added to the thiol monolayer ranges from 0.1 nm
to 0.35 nm, which is consistent with the order of magnitude of the molecule size. This average
thickness depends on the grafting density of thiol groups, i.e., the ratio of mercaptosilane to
propylsilane grafted on the substrate. The effective thickness of allyl butyl ether is expected to
be the highest when reacted on the densest thiol monolayer (obtained with 100%
mercaptosilane). It is also expected to decrease with the grafting density of thiol groups.
Actually, we found that the effective thickness of reacted allyl butyl ether is 0.23 nm for
silanized substrates with 10% mercaptosilane and 0.35 nm for 100% mercaptosilane silanized
substrates. This also qualitatively confirms that the grafting density of thiol groups increases

with the ratio of mercaptosilane for silanization.
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Figure 7. Mapping of A ellipsometric angle evidencing the selective passivation of thiol monolayer by
allyl butyl ether using a line patterned mask of width (A) 5 um and (B) 50 um. (C) Thickness profile
deduced from A ellipsometric angle mapping along a line perpendicular to the defect line from image
(B). (D) Mask width and passivated line width as measured by ellipsometry. All the measurements are

done on 100% mercapto silanized samples.

The distribution of passivated thiol by allyl butyl ether was also investigated by ToF-SIMS
imaging. ToF-SIMS negative ion spectra are shown in Figure 8 for a patterned line width of
100 um. The m/z of S~ and SH" is used to check whether the distribution is uniform on the

surface. The images clearly show a dark line of 100 pum-width. As darker zones correspond to
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lesser intensity of S” and SH™ the mapping allows to confirm that the grafted thiol group is
passivated by allyl butyl ether in the area exposed to UV irradiation.
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Figure 8. Representative negative ion TOF-SIMS mapping showing the distribution of SH (A, B) and
S (C, D). The color bars correspond to the density of the atoms/molecules. Silicon wafers silanized with
mercaptosilane 100% (A, C) and 50 % (B, D). The darker zones correspond to a lower density of SH
And S ions, which is consistent with the lines for which thiol is passivated by allyl butyl ether. The

pattern is obtained using a 100 um-wide mask.

3.4. Swelling-induced wrinkles and delamination of surface-attached hydrogel films

The swollen thickness of hydrogel films underwater was measured using ellipsometry. In the
Supporting Information S6, an example of IS and IC ellipsometric intensity spectra obtained

with surface-attached PDMA hydrogel films in a dry state and swollen underwater is given.
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The thickness is deduced from the three-layers model to fit experimental data. From the swollen
and dry thickness, the volume fraction of polymer in the hydrogel layer can be deduced. It is

equal to the ratio of the dry thickness to the swollen thickness.

Figure 9. AFM images of the surface of substrate-attached PDMA hydrogel films in air and water. (Top)
Hydrogel film in the air with a dry thickness of 1.2 um (left image) and swollen thickness of 4.8 um
(right image). (Bottom) Hydrogel film in the air with a dry thickness of 2.6 um (left image) and swollen
thickness of 10.4 um (right image).

All the investigated hydrogel films have dry thicknesses above 200 nm. The swelling ratio is
always 2.7 £ 0.3, whatever the dry thickness of the film. This is consistent with former results
obtained with PNIPAM surface-attached hydrogel layers.?” We found that the volume fraction
of polymer or the swelling ratio is constant for hydrogel layers with dry thickness above around
100 nm. This can be explained by the gap between the grafting density and the cross-linking
ratio. As the grafting on the surface is much denser than the cross-linking between chains, the
effect of the surface grafting is more important for thin layers (below 100 nm) and is

insignificant for thick layers (above 100 nm). The swelling of surface-attached hydrogel films
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with various grafting densities was also investigated (Appendix A). We found that the swelling
is similar for hydrogel films independently of the interface strength. As the hydrogel films are
made by cross-linking and grafting ene-functionalized preformed chains with the same ratio of

active alkene groups, they evidently have the same cross-linking density and swell the same.

Hydrogel films can exhibit instabilities or wrinkles on the surface, also called sulci, due to
swelling. Indeed, being grafted on the surface of the substrate and having a very small thickness
in front of the lateral dimension, the hydrogel films can only swell in the direction perpendicular
to the substrate. However, the hydrogel film synthesis, which consists in cross-linking and
grafting onto the surface, was performed in the dry state, so the swollen film is subject to
compressive stresses in the direction parallel to the substrate. When these compressive stresses
become greater than the buckling threshold of the elastic layer, they give rise to buckling
instabilities that relax these stresses. First observed on gels by Tanaka et al.,'® the formation of
these instabilities has since been described exhaustively in the literature. However, there is no
unanimous opinion on the critical swelling at which these instabilities appear. It has indeed
been noticed that highly cross-linked gel films may not wrinkle: the surface tension then focuses

on the low compressive stresses obtained when the swelling is low.

The instabilities were characterized by AFM measurements in air and water. Hydrogel films
with swelling less than or equal to two, did not exhibit instabilities. For films with swelling
greater than 2, the wavelength of the instabilities present on their surface is proportional to the
film thickness, which is also expected and has been observed in the literature. Figure 9 shows
an example of instabilities observed by AFM on the surface of two PDMA films in air and
water. At the same swelling ratio, a swollen hydrogel film with twice the dry thickness shows

instabilities of the same morphology but of twice the wavelength.

In situations where the film is not strongly bound to the substrate, swelling stresses can
alternately result in interface delamination followed by large-scale folding and blistering of the
hydrogel films. Here, debonding mechanisms are promoted from the well-controlled line
defects on the silicon substrate where the interface strength is reduced by the localized

passivation of the reactive thiol groups grafted on the silicon substrate.
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]
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Figure 10: Magnified observation of the interface cracks at various stages shape of the debonding
process of hydrogel film. The PDMA hydrogel film has the following characteristics: the dry thickness
is 700 nm, and the width of the line defect is 9 um. The images were taken at different times after
exposure to humid air: 360 seconds (i), 420 seconds (ii), and 620 seconds (iii). The blue dotted lines

indicate the orientation of the line defect, and the blue area on the left indicates the line defect width L.

Figure 10 shows microscope observation of the interface cracks at various stages of the
debonding process. The so-called “telephone-cord” debonding process is illustrated here for a
hydrogel film of thickness # 700 nm and a line defect width of 9 pm, the images being taken at
different times after exposure to humid air. Swelling-induced delamination propagates both
along the passivated line defect and perpendicular to it, i.e. on areas where the hydrogel film is
grafted on the substrate. The debonding and buckling mechanisms over the controlled line
defects on the grafted hydrogel/substrate interface will be the subject of next chapter where the
rate and the extent of debonding will be quantified as a function of film thickness, grafting

density, and size of the defects.

4. Conclusion

We developed a platform of hydrogel coatings attached to the substrates with controlled
thickness, swelling, and interface strength using a facile and versatile approach. Surface-
attached poly(®, N-dimethylacrylamide) hydrogel films on silicon substrates were prepared
using the CLAG approach. It consisted of simultaneous Cross-Linking And Grafting preformed
and functionalized PDMA chains onto modified substrates by using thiol-ene click chemistry.
Ene-functionalized PDMA linear chains were first synthesized with good control of the ene-
functionalization ratio to rule the cross-linking density or the swelling of hydrogel in water.

They were then coated onto thiol-modified substrates (with dithiol cross-linker) by a spin-

64



Chapter 2: Surface-attached hydrogel films with controlled interfacial strength and defects

coating technique which allows the formation of hydrogel layers over a wide range of thickness
from a few nanometers to several micrometers. The amount of thiol-monolayer grafted on the
substrate could be finely adjusted to vary the interface strength between the substrate and the
hydrogel film. This was achieved by mixing reactive mercaptosilane with passive propylsilane
in the liquid phase silanization. Combining XPS and ToF-SIMS techniques, we were able to
determine the grafting density of thiol varying from 0.1 to 0.6 nm™. The substrate/hydrogel
interface strength was also tuned locally by patterning local defects. This was achieved by
locally passivated thiol with ene-molecule (before the polymer coating) by activating thiol-ene
reaction with UV-irradiation on selected places through micrometric resolution masks. The
efficiency of the formation of line defects was evidenced by ellipsometry and ToF-SIMS
images, their width ranging from 9 to 100 micrometers. When swelling in water, the surface of
the adhering hydrogel film could exhibit instabilities or wrinkles due to compressive stresses in
the lateral plane, which wavelength increases with the thickness and the swelling ratio of the
hydrogel. We also showed that the patterned line defects with low adhesion were efficient in
promoting film delamination from the substrate under the action of swelling stresses with large-
scale folding and blistering of the hydrogel. The associated debonding mechanisms will be

studied in detail in the next chapter in relation to the interface physical chemistry.
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Figure S1: Synthesis of ene-functionalized PDMA polymers using two-step free radical
polymerization. First, poly(DMA-co-AA) copolymer is synthesized by free radical
polymerization in water using ammonium persulfate/sodium metabisulfite redox couple as
initiator. Then poly(DMA-co-AA) is functionalized using allylamine with EDC/NHS coupling

at room temperature for 16 h.
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Figure S2. 'H NMR spectrum of ene-functionalized poly(DMA-co-AA) polymer in D20.

The 1.0-1.8 ppm peak is the CHz group in the copolymer, which is mentioned as b in the figure
S2. And the peak of 2.2 to 3.2 ppm corresponds to the methyl group, which is mentioned as a,
and the CH group, which is represented as c. The peaks at 5.0 and 5.8 correspond to the ene-
groups in the polymer, which are represented as e and f. The percentage of the ene group in the
polymer can be calculated by comparing the integral of the peaks. For ene-functionalized
poly(DMA-co-AA), the ratio of ene-reactive groups is deduced from the ratio between the
average the integral of one proton (e) or two protons (f) group of allylamine and the integral of
two proton (b) or seven protons (a and c) of poly(dimethylacrylamide). The percentage of the
ene-group present in the ene-functionalized poly(DMA-co-AA) is 0.6 = 1%.
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Figure S3. Thermal gravimetric analysis (TGA) curve for PDMA

Figure S3 shows the Thermal gravimetric analysis (TGA) of the PDMA. This gives the
temperature at which the degradation of the polymer starts. There is 12.4% of water present in
the polymer, which is the first decrease in the weight. It can be seen from figure S3 that the
polymer starts degradation after 250 °C. This means that the polymer is stable below 250 °C.
In our experiments, we heat at 150 °C to activate the thiol-ene reaction in order to crosslink and
graft hydrogel to the substrate. The activation of the thiol-ene reaction is performed at a

temperature well below the temperature of polymer degradation.
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Figure S4. Preparation of the mask for the photolithography. A quartz mask with a 90 nm layer
of chromium is coated with a photoresist. The pattern for the defects was then drawn using
Clewin Software. Then the laser is exposing only to the patterned area. After the patterning, the
mask is washed using an AZ 351 B developer. During the bath in the developer, only the
exposed resin is removed, which reveals the bare chromium layer underneath the photoresist.
Then the exposed chromium layer is etched in an acid bath. The remaining photoresist from the

rest of the area is removed by using acetone.
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Figure S5. Contact angle measured for ozone-treated silicon wafer and silanized substrates

using 100 % mercapto silane, 100 % propyl silane, and reacted allyl butyl ether.
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Figure S6. Spectra IS, and IC are the functions of ellipsometric angles delta (A) and psi (y),

where

IS = sin(2y)* sin(A) Eq. S1

IC = sin(2y)* cos(A) Eq. S2

IS and IC of surface-attached PDMA hydrogel films as a function of wavelength for the dry
state (A) and swollen underwater (B). Data are fitted to a one-layer model (dry), and a two-
layer model (details in appendix) for swollen hydrogel as shown with the best fit (solid line) of
the experimental data is shown for IS (in blue) and IC (in red). The dry thickness of the hydrogel
film is 1100 nm from (A). The swollen thickness of the hydrogel layer is 3450 nm from (B).
The swelling ratio is 3.13. The upper layer thickness is 160 nm, and the upper layer swelling
ratio is 6.66.
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bare (A), 0% (B), 10% (C), and 100% mercapto silane-modified (D). The intensity of O", OH",
and SiO;" are depicted in (A), (B), (C), and (D).
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3. Swelling-induced delamination of

hydrogel/substrate interfaces

RESUME

Le décollement du film induit par le gonflement est réalisé sous un flux de vapeur constant
assurant la saturation du film en eau. En observant le décollement progressif du film a partir
des défauts linéaires préexistants, nous retrouvons un motif d’instabilité classique dit de fil de
téléphone et nous montrons que le décollement résulte de contraintes de gonflement localisées
proche de la ligne de décollement. Nous mesurons la vitesse de propagation du décollement
dans la zone ou le film est greffé sur le substrat et nous observons qu’elle augmente de deux
ordres de grandeur lorsque la quantité de propylsilane dans le mélange de silanes réactifs passe
de 25 a 100 %, c’est-a-dire lorsque le taux de greffage du film décroit. Un seuil d'épaisseur pour
le décollement est également observé, les films pouvant se décoller étant d’autant plus minces
que le taux de greffage du film est faible. Les mesures de ce seuil sont discutées a partir d'un
modele non linéaire de mécanique de la rupture qui décrit le systéme a I’équilibre de
gonflement. En I’absence de phénomenes de transport d’eau en front de fissure, les valeurs
seuils d’énergie a rupture déduites de ce modele sont compatibles avec une estimation de

I’énergie requise pour rompre les liaisons covalentes a 1’interface film/substrat.

79



Chapter 3: Swelling-induced debonding of hydrogel / substrate interface

Table of contents

Lo INEEOAUCTION ...ttt sttt et sttt st e a e st e e enne e 81
2. Swelling equilibrium of hydrogel networks ...........cccoovvevviiiiiiniiiiiceece e, 81
2.1, Deformation fre€ ENEIEY ......cceeviuiieriiieeiiieeiie et et et e e eiee e saee e saeeesnbeeennaee e 82
2.2, Swelling eqUIlIDITUM .....ccveiiiiiiiiiieeiieie ettt beereessneeneeas 84
2.2.1. TSOtrOPIC SWEIIING ...eeeiiiieiiie ettt e e 84
2.2.2.  Swelling of hydrogel film attached to a rigid substrate ............c.ccceeeverrrreeenneen. 85
2.2.3.  Plane strain swelling of a thin film.............ccccceeeiiiiiiiiin e, 85

2.3, SWEIIING SEIESSES ..ureeurireiiiieeiieeeiieesiteesteeestteeesteeesaeeesseesseeesseeesseeessseeessseesnsseesnnns 86
2.4, DISCUSSION....utiieiiiie ettt eeieeeeite et e e eteeeetteeeetaeeetbeesaseeesseeessaeessseeessseeessseeessseeensseeennns 87
3. EXPerimental SEIUP. ......cceeriiiiiiiie ettt ettt et eaee 88
4.  Overview of debonding MEChanISMS........cc.eeiiriiiiiiriiniiiiie e 90
4.1.  Phone cord debonding meChaniSmS ............cccceeeeuieriieiiienieeieeie e 90
4.2.  Dendritic delamination PatteINS. .........cccueeriierieeiiienieetienieeieesieeereesieeeeeesaeesnaeenseens 94
4.3. Phase diagram for debonding mechanisms ...........ccccoecvierieeiiienieniienie e 95
5. Debonding in the phone cord regiMe..........cceeeiieriieriieriienieeieeeieertee et ereereesaeeaeens 96
5.1.  Measurement of the debonding VelOCItY ..........cccueeviiiriiiiiiiiiieiecieeeeee e 96
5.2.  Relevance of buckling stresses to delamination mechanisms ..............ccccoeeveerveennens 97
5.3.  Dependence of transverse VEloCIity ON tIME........c.cecveervieiiieriieriienieeieeeeeereesveeeens 99
5.4. Threshold thickness for the occurrence of debonding............cccceeevvvevciiiencierennennnee. 104
6. Theoretical crack MOdel...........cooouiiiiiiiiii e 106
7. DISCUSSION ...ttt ettt ettt et ettt e b e et e bt e et e e sbeeeabeesbeeeabeesabeenbeesabeenbeesaeeenne 108
T 010} 4 T¢] LTS3 [ ) s USRI 110
L A (o) (1 61 USSR PRRUPPRPRR 110

80



Chapter 3: Swelling-induced debonding of hydrogel / substrate interface

1. Introduction

In this chapter, we investigate the interface debonding mechanisms of the grafted PDMA
hydrogel films under investigation when they are fully swollen with water. Using the
methodology developed in the previous chapter, delamination is induced from well-controlled
interface defects with low adhesion. We will show that debonding results from localized
differential stresses which arise from the release of some of the geometrical constraints applied
to the film when it moves from a bounded to an unbounded state. The role of the grafting density
on the initiation and growth of interface cracks is especially addressed in the light of a fracture

mechanics description of swelling-induced delamination of the hydrogel films.

In the first section, we will briefly recall the main theoretical approaches to the swelling
equilibrium of hydrogel networks with an emphasis on the role of geometrical constraints and
on the swelling stresses which are induced within the films. Then, we will describe debonding
mechanisms as a function of film thickness, swelling ratio, and grafting density. From
systematic measurements of the debonding velocity, the existence of a thickness threshold for
the occurrence of debonding is especially evidenced. Thanks to a theoretical fracture mechanics
description of the interface cracks, this threshold provides an estimate of the fracture energy of

the interface, which will be discussed as a function of the grafting density.

2. Swelling equilibrium of hydrogel networks

In what follows, we briefly recall the thermodynamics approach to the swelling equilibrium of
hydrogel networks. This topic has a long history starting from the seminal work of Flory and
Rehner in the 40°s'®, The starting point is the Flory-Huggins theory of polymer solutions’
which applies only when the polymer is not crosslinked. In a crosslinked polymer, the presence
of an interconnected network precludes the possibility of complete dissolution. For such a
material, the Flory-Huggins equation is therefore not in itself sufficient to give the free energy
of dilution; it is necessary to take into account also the configurational entropy of the network.
Accordingly, the swelling equilibrium is then expressed from a balance between the free energy
of dilution for the polymer in the state prior to crosslinking and the change of free energy due
to the associated elastic expansion of the network. This forms the basis of the Flory-Rehner

model'=, which is outlined below.
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2.1. Deformation free energy

From a thermodynamics point of view, the free energy of a polymer network swollen by a
solvent can be expressed as the sum of two contributions: one is the free energy of mixing, fumix,
and the second one is the free energy feis associated with the stretching of the polymer chains
of the polymer network.* Accordingly, the free energy density (the free energy per unit volume)
of a swollen polymer network, i.e., the energy needed to mix the polymer and the solvent, is

expressed as

f) = fera(Ai) + finix (A0 Eq. 1

Where A; are the stretch ratios in the principal directions.

The elastic energy term fe. has the same origin as that of a stretched rubber, where this

contribution is of an essentially entropic nature. Here, we take for the free elastic energy

fora(A) = % (A% + 22° + 23%-3-2In A, 4, 43) Eq. 2

Where Gy is the shear modulus of the gel in the reference (drained) state. In the above
expression, the logarithm term accounts for swelling.®” For an incompressible rubber, this term

will be vanishingas 4, = 1, = 1; = 1.

The free energy of mixing fmix can be derived from the thermodynamics of polymer solutions.
When a dry gel network with a volume V) is immersed in a solvent (as shown in Figure 1), its
polymer volume fraction changes from 1 in the reference state (taken here as the dry state) to

its equilibrium value ¢, in the current, swollen, state with

1
 Aidads

bp Eq. 3

The volume of solvent absorbed by the polymer network is (1; 4,45 — 1) Vo, and the volume of
the swollen polymer is (4;4,43) Vo. The change in the free energy density during this operation
is thus given by
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Vofmix(Ai) = 414,43 fsol(¢p) — (412225 — DV f501(0) Eq. 4
- «— M—>
<1
Vo+ Vsor
]
0

Figure 1:Definition of the deformation free energy density for a gel. (a) The state before
deformation i.e., the reference state where 1 is the polymer volume fraction of gel with volume

Vo. (b) The state after the deformation. Here ¢,, is the polymer volume fraction in the gel.

Where f,, is the free energy density of the polymer solution of concentration ¢,.Taking into

account Eq. 3, Eq. 4 can be rewritten as

fsol(qbp)

fmix(Ai) = ¢p

Eq.5

The expression of f;,; is provided by the Flory-Huggins thermodynamic theory of polymer

solutions* as

kT
fsol(d)p) = ? [(1 - ¢p) ln(l - ¢p) + X(l - d)p)] Eq. 6

where £ is Boltzmann's constant, 7 is the temperature, v is the volume of a solvent molecule,
and y is a dimensionless measure of the enthalpy of mixing known as the Flory parameter. The
first term on the right-hand side corresponds to the configurational entropy of the swollen

polymer and the second term corresponds to the mixing enthalpy.

The free energy density of the gel is thus given by

f) = faa(A) + % Eq. 7
Y
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2.2. Swelling equilibrium
The equilibrium state of the polymer is obtained by minimizing Eq. 7 with respect to ¢,,. The

.. 9f )
condition — = 0 gives :
¢y g

’ — ]ﬁ . fsol
f ela q-')p ¢p2

Eq. 8

Where the symbol ‘stands for the derivative with respect to ¢p. In what follows, we derive the

swelling equilibrium under various geometrical constraints relevant to the present study.

When a sample is free-standing, it is in a stress-free state and swells isotropically,
Ay = A; = A3 = A. The polymer volume fraction is thus ¢, = /1—13 and the swelling ratio is S =

A3. According to equation 7:
2

_Golo (1Y _ g (L) fet#)
f(qbp)—z 3<¢p> 3 21n<¢>p) + Y Eq. 9

The swelling equilibrium given by Eq.8 thus writes:

Go [¢P1/3 - ¢P] = ¢pflsol — fsot Eq. 10

Where the right hand side term corresponds the osmotic pressure I1(¢p) of the polymer solution

of concentration ¢p. Then, Eq. 6 yields:

kT
H=—T[ln(1—¢p)+ by +x Py | Eq. 11

According to Egs (10) and (11), the swelling equilibrium can be expressed as a function of the

stretch ratio A as

1
)+A—3+ﬁ Eq.12
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2.2.2. Swelling of hydrogel film attached to a rigid substrate
When a film is attached to a rigid substrate, it is restricted to swell only in the normal direction
to the substrate (Figure 2 (a)), i.e. 4; = A3 = 1 and A, = A. The swelling ratio is S = A and the

polymer volume fraction is ¢, = /11 From Eq. 2, we obtain:

fela GO(__d)p ) Eq. 13

While the osmotic pressure term is still given by Eq. (11). Accordingly, the swelling
equilibrium A obeys Eq.14, which differs from Eq. 12:

1
Go(A— =) = ——[ln(l— —)+

pe Eq. 14

A

2.2.3. Plane strain swelling of a thin film

As it will be detailed below, we make the assumption that, close to the debonding line (Figure
2), the film is free to expand in a plane perpendicular to the delamination front but not in a
direction parallel to this front, as a result of geometrical constraints. In other words, the

hypothesis is that the film is in a plane strain state.

|2

1

(a) (b)

Figure 2:(a) The surface attached hydrogel swells only in one direction (direction 2), due to
the geometrical constraints in directions 1 and 3. (b) A partially delaminated hydrogel film.
Close to the debonded line, the delaminated film is assumed to be allowed to swell in directions

1 and 2 while it is restricted to swell in direction 3, A3 = 1 and 1 = A, = A
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Under such conditions A; = A, = A and A; = 1. The swelling ratio is S = A2 and the polymer

) 1 ) .. . )
volume fraction = —. Accordingly, the derivative of the free elastic energy term is
14 22 gly gy

fleta = Go(1— ¢p) Eq. 15

The swelling equilibrium thus reads:
G (1 ! > _ M 1 (1 ) + =+ ] Eq. 16
AT AT E A G 4

2.3. Swelling stresses

By definition, the swelling stresses are given by the derivative of the elastic free energy of

swelling with respect to the stretch ratio, i.e.

_ 0 fela
%o
l

Eq. 17

Where g;; denotes the true stress, i.e., the stress corresponding to a force applied to the current

(swollen) material configuration. For one-dimensional swelling, g,, = 0 and

1
011 = 033 = _GO (A - I) Eq 18

The nominal stress, i.e., when the applied forces are expressed with respect to the reference

(unswollen) configuration, is
P11=P33= _Go(lz_l) Eq.19

Similarly, for plain strain (2D), the compressive stresses write

011 = 0 = 0 Eq 20

Pyy =Py =0 Eq. 21
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1

033 = —Go(1 — 12

P33 = —G (Az -1)

2.4. Discussion

Eq. 22

Eq. 23

In Figure 3, the theoretical stretch ratio of the swollen network at equilibrium is plotted as a

function of the shear modulus Go of the drained network. According to the above calculations,

the stretch ratio and the corresponding water volume fraction ¢,, = (1 - ¢p) (inset in Figure

3) have been calculated for isotropic swelling, one-dimensional swelling, and plane strain

swelling. For these calculations, we take for the Flory Huggins parameter x = 0.57, a value

which was previously measured from water sorption isotherms using the same PDMA

network. %!
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Figure 3 Theoretical stretch ratio A at swelling equilibrium as a function of the shear modulus

Go of the drained network. (blue) isotropic swelling, eq. (12); (green) plane strain swelling,
Egn. (16) and (red) one dimensional swelling ,eq (14) (y = 0.57, v = 2.99 x 107%° m’). Inset:

water swelling ratio as a function of Go. The horizontal dotted line corresponds to the measured

average swelling ratio of the PDMA films used in the debonding experiments.
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Unless otherwise stated, the equilibrium swelling ratio of all the hydrogel films to be used in

the debonding experiments detailed below isS =A=271 + 0.27, as measured by

ellipsometry. The corresponding water volume fraction is ¢ = 1 — % = 0.63. From Figure 3,

this value of the equilibrium swelling ratio provides an estimate of the shear modulus, Go= 800
kPa. Accordingly, the compressive stresses within the bonded films can be estimated from

Eq.18tobe 0,4 = 033 ® —1.9 MPa = —2.4 G, , i.e. larger than the shear modulus.

Taking into account the same values of Go and 7, the equilibrium stretch ratio in plane strain
conditions is found from Eq. 16 to be A = 1.87 along the / and 2 directions. In other words, the
debonded film close to the tip of the interface crack is expanding by a factor of 1.87 along the
one direction (see Figure 2) while it is shrinking by a factor of 2.71/1.87 = 1.45 in the two
directions. As a result of the release of the geometrical constraints of the bonded film, there is
thus a decrease in the delaminated film thickness and an in-plane expansion of the film along a
direction perpendicular to the debonding line. The resulting water volume fraction is calculated
to be ¢, = 0.71, which is slightly lower that the equilibrium water volume fraction obtained

for isotropic swelling (¢, =0.74 with A = 1.58).

3. Experimental setup

A specific setup was developed in order to control the swelling state of the films, with the
requirements that: (i) the delamination pattern should be easily imaged, (i7) the initial time for
delamination be clearly defined, and (iif) hydrogel swelling is homogeneous and constant over
the whole sample during the delamination process. To do so, we choose to use humid air as a
source of water, which allows easy imaging and initial time control, and the vapor is brought to
the film by a gently flowing vapor flux over the film surface while decreasing the sample
temperature. This allows to condensate water in the hydrogel film and ensures full saturation

of the hydrogel film, as previously described.*

The steady-state swelling of hydrogel is well-controlled by the homemade set-up'®, which is
schematically described in Figure 4.a. Humid nitrogen is blown through a Plexiglas chamber
equipped with a diverging inlet and a converging outlet on opposite sides to obtain a laminar
flow of humid gas with controlled rate and prescribed humidity. Both L and W are larger than
H so that the vapor velocity is homogeneous across the sample width at the center of the
chamber where the sample is set (see Figure 4 b). We choose: L =28 cm, W=4cmand H=1

cm.
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Figure 4 (a) Schematic side view of the experimental setup for delamination. The sample is
placed in the Plexiglas chamber, which is designed to have laminar flow with controlled
humidity. The temperature of the sample is controlled by the Peltier module below the sample,
and the delamination is monitored by using a camera located above the chamber (b) Schematic
top view of the Plexiglas chamber where the light blue square represents a W x W sized Peltier

module, and the blue area the specimen. H is the height of the chamber.

Temperature and humidity are measured in real-time within the chamber using a humidity
sensor (Rotronic HC2). The prescribed humidity level (65% in all the experiments to be
reported) is achieved by bubbling nitrogen in deionized water and mixing it with dry nitrogen.

The flow rate is set at 0.6 L min™' and controlled by a flowmeter.

Water vapor flux at the film surface is controlled by the temperature difference between the
substrate and vapor, as described in a previous work.* In order to control the temperature of the
sample, a Peltier module is placed at the bottom of the chamber. This Peltier module helps to
achieve homogenous temperature throughout the sample surface and also to regulate the

temperature below the ambient temperature. In all the experiments to be reported, the
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temperature difference AT is kept constant at 10°C. All the samples are smaller than the size of

the Peltier with 2*2 cm. The samples are placed on the Peltier module as depicted in Figure 4b.

Upon decrease of the sample temperature with respect to the flowing vapor temperature at the
beginning of an experiment, the sample is fed with water molecules until a fully saturated,
steady-state, swelling equilibrium is achieved. This occurs typically within less than 100 s, as
indicated by the formation of condensation droplets at the film surface.!” The upper wall of the
chamber is a glass window allowing observation of the film by means of a zoom lens (APO

716, Leica) and a CCD camera (Sony XCD U100, 1600 x 1200, 8 bits).

4. Overview of debonding mechanisms

We report below typical observations when our samples, as prepared in Chapter 2, are set into
the experimental chamber. Once equilibrium swelling is achieved, the hydrogel films start to
debond from the substrate along the line defects at randomly distributed nucleation sites. Such
a selective debonding of the gel film from the line defects validates our physico-chemical
strategy of passivating the interface by using allyl butyl ether as a passivator of the grafting
reaction of the polymer with the substrate. Depending on film thickness and swelling ratio,

different debonding mechanisms are observed, which will be detailed below.

4.1. Phone cord debonding mechanisms

Figure 5 shows successive images taken during the initial stages of debonding of a film ~ 700
nm in thickness from a line defect (the swelling ratio is S = 2.9, and the amount of
mercaptosilane is 100%M). The actual width of the line defect (9 um) and its orientation are
indicated in the figure by a blue box and dotted line, respectively. From Figure 5a, it turns out
that delamination propagates both along the line defect and perpendicular to it, i.e., on the
grafted part of the film/substrate interface. As detailed below, the debonding rate along the line
defect is typically of the order of 1 pm s while in the transverse direction, it is only in the 10°
3 um s range or less for the considered grafting density (100%AM). Indeed, such a difference is
consistent with the expectation of a reduced interface strength along the passivated line defect.

The pictures also show extensive buckling and folding of the delaminated part of the films.
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Figure 5: Phone cord debonding mechanism of a PDMA hydrogel film with thickness h = 700 nm (100
%M) and S = 2.9. The debonding starts from a line defect of width Ly = 9 um. (a) Images of the top view
of the swollen hydrogel film were taken (i) 360, (ii) 420, and (iii) 620 s after the exposure to the humid
air. The blue dotted lines indicate the orientation of the line defect, and the blue area on the left indicates
the line defect width Loy (b) microscopic image of the dried debonded hydrogel with the tip of the

debonded area.

These instabilities are better imaged in Figure 5b, where post-mortem observations of the
delaminated film are shown: by drying the film, the debonding of the film is frozen, which
allows to image the debonded area with a microscope with enhanced resolution. The images
show that the debonded part of the film exhibits a regular folding pattern which looks similar
to the so-called telephone-cord architectures reported by Takahashi et al.'> and Xu et al.'® for
various kinds of thin, water-swollen hydrogel films, as briefly detailed in Chapter 1. These
authors ascribed the phone-cord features to buckling instabilities resulting from the swelling-
induced compressive stresses acting over the low adhesion areas. Here, the difference is that
debonding and buckling over the passivated line defects are followed by the slow extension of

the delaminated area outside the defect, that is, over the grafted film/substrate interface. In
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addition to the action of compressive stresses, the buckling of the film is also promoted by the
in-plane expansion of the film, which results from the release of the lateral constraints when
the film debonds from the substrate. Accordingly, calculations detailed below show that the
stretch ratio in a direction perpendicular to the debonding line and parallel to the film is

increasing from 1 to 1.9 when it delaminates.
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Figure 6: Debonding of a PDMA film grafted with 20% of mercaptosilane (h = 0.6 um, S = 3.4, Ly=9
um). Four defect lines are imaged. Time increases from top to bottom. In addition to delamination from

the lines, spontaneous nucleation of delamination is observed outside the passivated defect lines.

When the amount of mercaptosilane used to graft the interface was considerably lowered, the

phone cord delamination pattern was observed to co-exist with spontaneous nucleation of
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circular debonding areas outside the passivated defect lines (Figure 6), which reflects the

decreased interfacial strength.

Some additional observations regarding water transport close to a debonding line in the phone
cord regime also deserve further comments. Figure 7 shows a network of condensation droplets
close to a propagating phone cord debonding line. From Fig.7(i) to Fig.7(iv), as time goes by,
the tip of the debonded line is propagating, and simultaneously, some of the neighboring water
droplets ‘disappear’ thus indicating some water transport induced by delamination. A first
hypothesis would be that the corresponding amount of water is absorbed within the delaminated
part of the film. Indeed, we reported in paragraph 2.2 that the water volume fraction of the film
is increasing from about 0.63 to 0.74 when the film debonds. Making the assumption that the
contact angle of a water droplet on the swollen PDMA film is about 20°, a typical droplet
diameter of 100 um yields a water volume of about 2.6 10'* m®. Taking into account the
differential swelling ratio between the bounded and unbounded parts of the film, a delaminated
strip of width 100 pm would require a length of about 1 mm to absorb the volume of a single
droplet. This estimate is inconsistent with our observations. Instead, we make the assumption
that the water of the droplets is trapped beneath the delaminated film. Indeed, an estimate of
the volume of a blister 100 um in width (taking into account that the in-plane extension of the
debonded film occurs by a factor of about 1.9) indicates that the volume of a water droplet
would be trapped in a blister channel of about 400 um in length which seems consistent with
the observations reported in Figure 7. It should also be mentioned that, for the considered
thickness and swelling ratio, the film exhibits wrinkles (chapter 2, 3.3). Some channeling flow

of water through the network of creases formed at the free surface of the gel could thus promote

water transport from the droplets to the blister.

Figure 7:Water transport close to the tip of a debonding line in the phone cord regime (h = 1.5 um, S
= 2.5, and Lo = 20 um). Images taken (ii) 17 s, (iii) 71 s and (iv) 210 s after (i). Water condensation

droplets are observed to disappear close to the debonded area.
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4.2. Dendritic delamination patterns

The above reported phone-cord debonding mechanisms are observed to evolve with film

thickness and swelling ratio.

Figure 8: Dendpritic delamination pattern achieved for a swollen PDMA film with h = 3.2 um, S = 3.4
at (a) 300 s (b) 380 s (c) 510 s after exposure to humid airflow (100%M, Lo = 9 um). Dendrites are
formed from a set of 4 parallel passivated lines (water condensation droplets are also seen in the

images).

Figure 8 shows the delamination images for a PDMA hydrogel film with a larger thickness (%
= 3.2 um) and swelling ratio (S = 3.4) than in Figure 5, and the same grafting conditions
(100%M) as before. The film starts to delaminate according to a phone cord mechanism which
rapidly evolves toward a dendritic pattern. The enhanced delamination of the film at higher

thicknesses can be qualitatively explained by the increased strain energy available in the

94



Chapter 3: Swelling-induced debonding of hydrogel / substrate interface

swollen film to debond the interface (the strain energy is proportional to the volume of the

swollen gel, i.e., to its thickness).

4.3. Phase diagram for debonding mechanisms

A phase diagram showing the domains for the existence of the phone cord and dendritic patterns
is shown in Figure 9 as a function of dry film thickness /# and swelling ratio S for interfaces
grafted with 100% mercaptosilane. It turns out that the phone cord debonding mechanism is
only promoted for low film thicknesses, typically less than 1.2 um, except for the lowest
swelling ratio (S ~ 2), where the boundary between the phone cord and dendritic regimes is
shifted at higher film thicknesses. When the percentage of mercaptosilane used to graft the film
is lowered down to 20%, the phone cord mechanism observed for 2 < 1.2 pm remained
unchanged, except that spontaneous nucleation was also observed outside the passivated line
defects (see above). Nevertheless, we will see below that the debonding rate is drastically

enhanced when the grafting density is reduced.
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Figure 9: Phase diagram delimiting the regimes where phone cord and dendritic delamination are

observed as a function of the dry thickness h of the film and of its equilibrium swelling ratio S (100%M).

At high film thicknesses and swelling ratios, the development of dendritic patterns can be
attributed to the enhanced energy available for debonding as a result of the increase in the

swelling stress (for increased S) and in the volume of the stressed network (with #).
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Within the framework of this study, the objective is to evaluate quantitatively the interfacial
strength of the film/substrate as a function of the grafting density. For that purpose, we focus
in what follows on debonding mechanisms in the phone cord regime where a comprehensive
fracture mechanics analysis of interface properties remains tractable (see below). So, all the

experiments to be reported below are carried out for thickness 4 below 1.2 pm.

5. Debonding in the phone cord regime

In this section, we provide a refined description and interpretation of the debonding mechanisms
in the phone cord regime. For the purpose of quantitative measurements, the debonding velocity
along the lines defects and perpendicular to it are carried out using the methodology described

below.

5.1. Measurement of the debonding velocity

Time (s)

Distance (um) Distance (um)

(b) ()

Figure 10: Measurement of the longitudinal (V) and transverse (V) debonding velocities in the phone
cord regime. (a) images of the debonding line at increasing times, (b) space-time plot of profiles taken
perpendicularly to the defect line at the position indicated by the green line; (c) space-time plot of
profiles taken along the defect line at the position indicated by the blue line. In (b) and (c), the time
derivative of the position of the crack (green and blue lines) provides Vi(t) and Vi(t).

In order to measure the debonding rate both along and perpendicular to the passivated defect
line, we extract space-time plots along specified line profiles from sequences of gray level

images, as shown in Figure 10. From an image processing of these time-space plots, we detect
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the coordinates of the boundary between the bounded and delaminated areas (the red and blue
lines in Figure 10(b) and (c)). A time derivative of these boundaries then yields the longitudinal,
Vi(t), and transverse, Vi(t), velocities as a function of time. In what follows, the time origin will
be taken as the time at which debonding is first detected along the profile which used to plot

the time-space representation.

When the debonding line presents some waviness (see below), we increase the width of the line
profile used to extract the space-time image in order to get an average position of the crack

front (the width of the line profile is then taken larger than the wavelength of the crack front).

We first compared the transverse to the longitudinal velocities for a set of hydrogel films with
different thicknesses, swelling ratios, and grafting densities. It turns out that the ratio of the
longitudinal to transverse velocity Vi/V; is always of order 10% to 103. This observation can be
rationalized by noticing that in the longitudinal direction, there is no grafting between hydrogel
and substrate, and once the debonding nucleates, it propagates without breaking covalent bonds.
Conversely, breaking covalent bonds is involved in the case of transverse debonding. This

observation is the first indication of the sensitivity of the debonding velocity on grafting density.

In what follows, we focus on the transverse velocity V: which is carrying the relevant
information regarding the dependence of the gel/film interface on the surface density of thiol

groups available for grafting at the surface of the silicon wafer.

5.2.Relevance of buckling stresses to delamination mechanisms

Phone-cord mechanisms were extensively reported for rigid film/substrate systems where the
film is in a state of biaxial compression as a result, for example, of thermal expansion
mismatches'*!. Interface failure in these systems often results in the formation of regions, such
as the phone cord blisters, where the film has been buckled away from the substrate. Buckling
of the film then loads the edges of the interface cracks, thus promoting further interfacial crack
propagation. This is schematically depicted in Figure 12a). In order to assess the relevance of
such a driving force for crack propagation in our gel system, we measured the initial debonding
rate Vini in the transverse direction as a function of the width Lo of the line defect. Viu is
measured for a width of the debonding area, which does not exceed 5% of Lo. The results are
plotted in Figure 11 as a function of Lo and show that Vi, is not significantly affected by the

initial defect width Lo. i.e., by the size of the delaminated blister. This observation indicates that
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delamination of the film is not driven by buckling-induced stress, which is expected to depend

on the width of the blister.
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Figure 11: Initial transverse debonding rate Vi, as a function of the width Ly of the line defect ( h = 680
nm, 100% M, swelling ratio S = 3.4)

Instead, we should rather consider that debonding results from localized stresses close to the
crack. As depicted in Figure 12b), we offer to take into account the difference in swelling state
between the grafted and delaminated parts of the film, which leads to differential swelling
stresses close to the crack tip. This conclusion is further supported by the observation that the
debonding rate is not significantly affected when delamination is induced from an edge defect

with a free film extremity, i.e., when Lo — oo (results not shown).
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Figure 12: Schematic of potential delamination mechanisms from a defect line of width Ly. (a)
debonding induced by flexural momentum M resulting from the buckling of the film, (b) debonding
induced by localized differential stress Aoy, between the bounded and delaminated parts of the film

close to the crack tip. For the considered hydrogel film systems, (b) is the relevant mechanism.
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5.3. Dependence of transverse velocity on time
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Figure 13: Width L of the debonded area as a function of time (Lo = 9 um). (a) schematic of delamination
width L(t) along y direction from an interface defect Lo with L(t = 0) ~ Lo (b) Films grafted with 100%
mercaptosilane; (0) h =770 nm (®) h = 1130 nm, (c) hydrogel films grafted with 50% mercaptosilane;
(@) h =480, m) h =700 and (0) h = 1060 nm.

We now focus on the time-dependence of the lateral extension of line defects for a silicon

substrate grafted with various amounts of mercaptosilane and for gel films with thicknesses /
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in the range 700-1130 nm. All the results presented here are obtained with a line defect of width
Lo=9 pm. In Figure 13, the width L(7) of the measured delaminated part is measured over time,
as depicted in Figure 13a). The results are plotted in Figure 13b), c). It turns out that
delamination progressively stops at some width which increases with film thickness (Figure
13b), except for the thickest film with the lower grafting density (4 = 1060 nm, 50%M), where

no delamination arrest is evidenced (Figure 13.c).

In Figurel4, the saturated debonding width L is plotted as a function of dry thickness for
different grafting densities of the silicon substrate. L increases with the thickness of the film
or when the grafting density is lowered. For thicker films and lower grafting density, no
saturation is observed, and debonded areas generated from neighboring defect lines eventually

merge, thus resulting in a complete delamination of the hydrogel coating.
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Figurel4.: Saturated debonded width L. as a function of the dry film thickness h for film grafted with (+)
25%,(+) 50%,(*) 75%, and (*) 100% mercarptosliane. Dotted line and open symbols denotes situations
where no saturation is observed and debonded areas coming from neighboring line defects eventually

merge to induce a complete debonding of the film.

In order to investigate the mechanisms behind the slowing down of the debonding process, we

dried the samples at different debonding times in order to freeze the debonded morphology, and
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we imaged them with enhanced resolution using a microscope in a low humidity atmosphere.
A typical example is shown in Figure 15 for a film 1.2 pm in thickness grafted with 100%

mercaptosilane, together with the corresponding L(#) relationship.

Figure 15: Microscope images of a dried debonded hydrogel film at different stages of the delamination.
(h=1.2um, 100 % M). (a) width L of the debonded line as a function of time. (b) Images of the debonded
line taken at different times denoted 1 to 5 in (a). Only half of the debonded line is shown in images (4)
and (5). All the microscopic images are taken after drying the film. Adhering film digits with a width of

about ten times the film thickness is shown by arrows.

101



Chapter 3: Swelling-induced debonding of hydrogel / substrate interface

It turns out that the gradual decrease in transverse velocity is correlated to the development of
a wavy crack line with an approximately constant wavelength of around 40 um, i.e., about ten
times the thickness of the swollen film. We found that this ratio is preserved when the film
thickness which is varied from 470 to 1100 nm and the amount of mercaptosilane from 50 to
100%. As the delamination front moves forward, digits of adhering film with increased lengths
are formed (shown by red arrows in Figure 15). Noticeably, the width of these digits is close to
the thickness of the swollen films. For such a situation, the compressive swelling stress within
the digits is likely to be relaxed along the longitudinal x-axis, thereby taking the driving

mechanism for crack propagation along the y-axis below the threshold stress.

The development of such a waviness in the delamination front could tentatively be accounted
for by fluctuations in the swelling stresses of the film along the crack front, which arises when
the latter becomes curved as a result, for example, of non-homogeneities in the interface
strength. Figure 16 presents a schematic representation of a wavy crack front viewed from the
top in the (x,y) plane. When the crack is a line, swelling stresses only relax in the x direction.
When the crack is wavy, swelling stress relaxation also occurs along the y-axis, and is likely to
be favored when the crack front is convex with respect to the bonded part of the film as a result
of the release of lateral constraints along this direction. Accordingly, the available strain energy
for crack propagation and thus the debonding rate (denoted V2 in Figure 16) will decrease.
Conversely, swelling stress relaxation should be less efficient when the crack front is concave;
thus, V1 > V2. Such differences in the debonding rate along the crack line will eventually result

in enhancement of the amplitude of its waviness, as it is experimentally observed.

We can rationalize in a more quantitative way these assumptions by considering that the
material close to a concave crack tip (region [1] in Figure 16) is approximately under a plane
strain state, whereas close to a convex crack tip (region [2]) it is rather under a plane stress state.
This hypothesis is justified by the fact that in [1], the length along the y direction is much higher
than the length scales in the other two directions; conversely, after the finger-like instability is
fully developed, the width in the y direction is comparable to the characteristic lengths in the
two other directions. Using these assumptions, we can tentatively attribute the development of
the finger-like instabilities by the fact that the free energy density of the bounded film in-plane

strain is lower than that under plane strain.

For plane strain swelling, we get from equation Eq.7 the following expression for the free

energy density fpstrain

102



Chapter 3: Swelling-induced debonding of hydrogel / substrate interface

fpstrain = Go [/12 -1- ln/lz]

(e Ml

Plane stress swelling is the same as the free swelling state described by Eq. 9. Accordingly, the

corresponding free energy density fpstress Writes

G
fpstress = 70 [34% — 3 — 2InA%]

+]1—T[<A3—1>ln(1—%)+x(1‘%>]

Eq. 25

Taking Go= 800 kPa and y = 0.57, the change of the free energy density Af'= fpstrain-fPstress 1S
found from Eq. 24 and 25 to be Af= 944 10° J/m* = 944 kPa~Go, which means that under plane
stress (i.e., in the finger-like regions) the free energy density is lower and of the same order of

magnitude as the shear modulus.

V1>V2 \/2 delaminated

X
L.y * « Osw bounded

Figure 16: Debonding along a wavy crack front. Blue and yellow areas correspond to the delaminated
and bounded part of the film, respectively. The crack line is moving from top to bottom when the crack
front as a downward culture, and the relaxation of the compressive stresses oy, and y-axis is_favored as
compared to a crack front with an upward curvature. As a result, V; > V> which will enhance the

amplitude of the crack front.

A prediction of the wavelength of the instability would require a more quantitative analysis
which is beyond the scope of this paper. However, one could anticipate that this wavelength

should be proportional to the film thickness, which is the only available length scale in the

16,17 18
1 1

problem. Interestingly, in the literature, experimenta and theoretical ° investigations of the

peeling of thin films in confined geometries reveal the occurrence of similar crack front
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instabilities with a characteristic wavelength of the order of 3-4 times the film thickness, a value

close to that measured in the present study.
5.4. Threshold thickness for the occurrence of debonding

In what follows, we investigate the dependence of the initial debonding velocity as a function
of film thickness. Figure 17 shows the relationship between debonding velocity and film
thickness for different grafting densities (25, 50, 75, and 100% mercaptosilane). Here, the
velocity Vo is measured at the beginning of the debonding for a debonding width L of 20 um
(for a defect width Lo = 9 pm), i.e., in a regime where the debonding line is predominantly
linear as in image (1) and (2) in Figure 15. The measured velocities are plotted as a function of
film thickness 4 in Figure 17. Our results clearly show that there is a threshold thickness above
which the hydrogel coating delaminates. This threshold thickness 4" clearly increases with the
amount of mercaptosilane used to graft the substrate (Figure 18). Above this threshold, orders
of magnitude changes in the initial debonding velocity are measured when the film thickness is

increased up to the um range (Figure 17).
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Figure 17:Initial debonding rate V) as a function of the dry film thickness h for films grafted with )

25%, (*) 50%, (*) 75%, and (*) 100% mercaptosilane (S = 2.9).
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Figure 18: Threshold thickness h* for delamination as a function of mercaptosilane content (h* is

determined from Figure 17 as the median thickness between two successive data points i, j with V¢ =

0 and I/[)j > ().

The existence of a threshold thickness for debonding can be qualitatively accounted for by a
simple scaling argument where the elastic energy U. per unit length released in the delamination
of the constrained film is equated to the fracture energy of the interface /7. Taking U. = c°h/E,

with £ the Young's modulus, the threshold swelling stress for the occurrence of debonding
scales as g, = ’F 0 % , i.e., it is decreasing as 1/+/h for a given swelling ratio.

The measured transverse debonding velocities ¥y above the threshold are plotted in Figure 19
for hydrogel films with a thickness of 734 + 31 nm, a swelling ratio of S = 2.9, and silicon

substrates functionalized with 20 % to 100 % mercaptosilane. Order of magnitudes changes in

Vo is evidenced.
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Figure 19: Initial debonding velocity as a function of mercaptosilane ratio at the substrate/gel interface

for hydrogel films with thickness h = 734 £ 31 nm (Lyp = 9 um).

In the next section, we develop a more refined fracture mechanics analysis of delamination,
which takes into account the nonlinearities of the swollen polymer network. From this analysis,
we will especially derive quantitative values of the interface fracture energy /o from the

measured thickness threshold A*.

6. Theoretical crack model

In collaboration with Chung Yuen Hui and Bangguo Zhu at Cornell University, a fracture
mechanics analysis of delamination was developed, which takes into account the nonlinear

swelling of the polymer network.

Briefly, a nonlinear fracture mechanics approach to the debonding threshold is developed based
on a calculation of the amount of energy that is released when the bonded, constrained layer,
separates from the substrate and further swells. Here, this analysis is developed in the limit of
a straight crack line propagating along the direction denoted as 1 in Figure 20, i.e., for the initial

stages of delamination. The main assumption of the model is that debonding arises from
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localized stresses induced by the differential swelling of the film in the grafted and delaminated
states. Specifically, we make the assumption that close to the crack tip, the delaminated film is
allowed to swell only in directions 1 and 2, i.e., the film is in a plane strain deformation state,
while in the bonded part, the film is only allowed to swell in direction 2 by virtue of lateral
constraints. In addition, we make the hypothesis that the only relevant stress in the bonded part
of the hydrogel is the compressive swelling stress o7 and that the debonded part is traction free.
This latter hypothesis is justified by the extensive folding of the debonded film, which is

observed experimentally.

0t¢
"<« h 3

Figure 20: Reference configuration of the delaminated gel film of thickness h on a rigid substrate (before
swelling). At point A, the material undergoes free swelling in-plane strain, whereas, at B, the material
is constrained to swell only in direction 2. The out-of-plane direction is 3. Due to plane strain, the gel

film at B is under a state of in-plane biaxial stress.

In the calculations, we also consider that the hydrogel is in a state of equilibrium with the
solvent, i.e., the chemical potential of the solvent molecules inside the hydrogel is homogenous
and equal to that of the solvent outside the network. This assumption is justified by the fact that
we intend to determine the equilibrium conditions corresponding to the debonding threshold.

After some calculations detailed in appendix B, the strain energy release rate 7/ is expressed as

I _[(B-1-2mdy o, 11
Goh 2 AT 2T,

Eq. 24
kT 1 1 X X
+—= |1y 55—+ —=
sl (%) 5
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Where Aa (respectively Ag) is the swelling ratio in the debonded state A (resp. bonded state B).

Figure 21 shows the calculated normalized strain energy release rate //Gyh as a function of the

shear modulus G, of the hydrogel for a value of the Flory interaction parameter y = 0.57.
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Figure 21:Non dimensional strain energy release rate I/Goh (Eq (24)) for the delamination of a film
with dry thickness h as a function of the shear modulus Gy of the drained hydrogel network (y = 0.57).

7. Discussion

Under the action of swelling-induced stresses, well-controlled delamination of PDMA film
from pre-existing defects with low adhesion was evidenced. The rate and extent of the
debonding depend on the thickness of the film and on the grafting density of the substrate with
thiol groups prior to the film deposition. The existence of a threshold thickness 4" below which
the hydrogel does not debond is also evidenced. This threshold thickness corresponds to the
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situation where the strain energy release rate / reaches the fracture energy of the interface [,

i.e., h* = Fo/Go.

Taking into account the value of the shear modulus deduced from swelling equilibrium in
Section 2.4 Figure 3, i.e., G, = 800 kPa, Figure 21 provides ['y/Goh" = 6.7. When the amount of
mercaptosilane is increased from 25% to 100 %, 4" is varying from 320 + 70 nm to 650 + 130
nm, and the associated threshold energy for delamination I'y= 6.7 Goh"is thus in the range of

1.7t0 3.5 m>.

These values can be discussed in the light of simple molecular arguments taking into
consideration the energy required to break stretched network chains that are grafted to the
substrate. Such an approach was initially proposed by Lake and Thomas'® for rubber fracture
and recently revisited by Akagi et al. in the context of the fracture of water-swollen polymer
gels.?’ This theory states that when each bond breaks, the bond energy of each bond is
irreversibly and fully lost. In our system, assuming that only the chains grafted to the silicon

wafer do break and release energy, the threshold energy for crack initiation writes

T =nU,Z Eq. 25

Where 7 is the average number of bonds of the chains, X' is the surface density of chains grafted
on the silicon wafer and. U,is the dissociation energy of the C-C bond, which is typically U, =
350 kJ.mol™'. From the value of the shear modulus, G, = 800 kPa, we can estimate the average
molecular mass between crosslinks as M, = pRT/Go = 4.6 kg mol! and thus # = M./m,, = 30
with m,, = 99 g mol™' where with m,, the molar mass of the monomer. Finally, the surface
density X is taken to be that of the thiol groups that are active for grafting, which was estimated
from the XPS and ToF SIMS experiments reported in chapter 2, 3. The thiol surface density X
was found to vary between 0.1 and 0.6 nm 2 when the amount of mercaptosilane in the reactive
silane mixture is varied from 20% to 100%. According to equation 40, the corresponding
threshold fracture energy [ is found to be of the order of a few J m™ from Eq.40, which is

consistent with the values derived from equation 24.

Here, we have derived values of the threshold fracture energy corresponding to the onset of
delamination when the gel film is in a state of swelling equilibrium. A theoretical analysis of
the debonding rate Vo would require much more involved calculations taking into account the
dissipative processes at skate when the crack front is moving. As detailed by Bouklas et al.?!,

the determination of the transient energy release rate needs to take into account the effect of

109



Chapter 3: Swelling-induced debonding of hydrogel / substrate interface

solvent diffusion, i.e., to separate the energy lost in diffusion from the energy available to drive
crack growth.?! Such an approach requires extensive numerical simulations, which are beyond

the scope of this study.

8. Conclusion

Under a humid airflow ensuring full saturation of the gel network, swelling-induced stresses
within the investigated PDMA hydrogel films were observed to induce delamination from pre-
existing patterned line defects with low adhesion. We were able to show that the driving force
for debonding is localized differential stresses close to the crack tip, which results from the
difference in the swelling state of the film in the bounded and delaminated state, respectively.
These mechanisms differ from blistering delamination in rigid coatings where bending stresses

in the buckled film are the driving force for interface crack propagation

Our analysis of interface strength in relation to the grafting density was focused on a regime
where the so-called telephone cord instability was the dominant instability. The debonding rate
is found to decrease over two orders of magnitude when the amount of mercaptosilane in the
reactive silane mixture is increased from 20% to 100%, i.e., when the surface density of thiol
groups available for grafting is increased from 0.1 to 0.6 nm 2. A threshold thickness for the
occurrence of debonding is also observed, which increases with the amount of mercaptosilane

used to graft the substrate.

We derived quantitative values of the interface fracture energy from the measured thickness
threshold using the fracture mechanics model, taking into account the non linearities of the
highly swollen network. The values of the threshold fracture energy release rate obtained with
this model are consistent with an independent approach based on an estimate of the energy

required to break the covalent bonds between the hydrogel and the substrate at the interface.
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General conclusion
and

perspectives

In this study, we have investigated the link between the grafting density at the interface between
hydrogel thin films and silicon substrates and the resistance to debonding of these films under
the action of swelling stresses.

For that purpose, a new strategy has been developed to vary the grafting density at the
gel/substrate interface by varying the amount of reactive thiol groups on the substrate. This goal
was achieved by mixing reactive mercaptosilane and unreactive propylsilane at different ratios,
thiol being the functional group that anchors the hydrogel to the substrate. Using a combination
of XPS and ToF-SIMS, we were able to quantitatively measure the density of the thiol groups
at the surface of the silicon substrate. We observed that the amount of thiol groups grafted on
the substrate depends non linearly on the amount of mercaptosilane added in the reactive silane

mixture, the efficiency of the grafting being drastically increased at high mercaptosilane ratios.

In order to induce debonding from well-controlled surface defects with low adhesion, we
developed a new strategy that can passivate the substrate locally over well-controlled areas. We
found that allyl butyl ether is a good candidate to passivate the thiol groups grafted on the silicon
surface. In combination with photolithography techniques, this molecule allowed to pattern the
silicon substrate with controlled line defects. Both ellipsometry microscopy and ToF-SIMS
imaging confirmed the efficiency of the deposition of allyl butyl ether along the patterned

defects.

Hydrogel thin films were successfully synthesized on the grafted and patterned surfaces by
using Cross-Linking And Grafting (CLAG) strategy by thiol-ene click chemistry. Using this
approach, we synthesized homogenous films with controlled thickness (0.1-2 pum) and swelling

ratio (2-3.8) in order to vary the elastic energy available for debonding and the swelling stresses.
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A homemade setup was developed, which allows to monitor the debonding mechanisms under
a humid airflow ensuring steady-state swelling of the hydrogel films. We observed that
hydrogel films debond according to a telephone cord mechanism for low thicknesses (h < 1.2
pum) and swelling ratios (in the range of 2.0 to 3.8). When the thickness and/or swelling ratios
are larger, dendrites are formed as a consequence of increased swelling stresses inside the
hydrogel (when the swelling ratio is increased), or increased elastic energy stored in the film
(when thickness is increased).

We evidenced that the driving force for debonding results from localized differential swelling
stresses close to the crack tip. Indeed, the hydrogel bonded to the substrate can swell only in
one direction, while the delaminated hydrogel film can swell freely in all directions, making it
possible to absorb more water. The delamination mechanism we evidenced for swollen
hydrogel films is thus completely different from the widely acknowledged buckling instabilities

involved in the debonding of rigid coatings.

The debonding velocity was systematically measured when hydrogel debonds over the grafted
substrate. We evidenced that it progressively vanishes with time except for thicker samples and
lower grafting density samples. This decrease in the debonding velocity was related to the
appearance of a wavy debonding line with finger-like instabilities. From an estimate of the free
energy density stored in the swollen film in plane strain or plane stress conditions, we proposed
that the development of the finger-like instabilities could be attributed to differences in the
release of the lateral constraints close to the crack tip depending on the curvature of the
debonding line.

A better understanding of these mechanisms would require a more refined study debonding as
a function of the curvature of the crack front. for that purpose, we could benefit from the
versatility of the patterning techniques we have developed to realize silicon substrates patterned

with disk defects with different radius.

In order to account progressive development of wavelength of the finger-like instabilities, it
would also be interesting to have a more detailed analysis of the deformation state of the film
close to the crack tip. For the analysis of our experiments, we assumed that a uniform plain
strain state along the debonding line. However, we observed that the debonded film folded
extensively at some distance from the delamination front. It would therefore be interesting to

know how such a folding could affect the homogeneity of the deformation of the delaminated

114



General conclusion and perspectives

part of the film very close to the crack tip. For that purpose, we could develop interferometric

measurements of the gap between the film and the substrate close to the crack front.

The debonding rate is found to decrease over nearly two orders of magnitude when the amount
of mercaptosilane in the reactive silane mixture is increased from 20% to 100%, i.e., when the
surface density of thiol groups available for grafting is increased from 0.1 to 0.6 nm™2. A
threshold thickness for the occurrence of debonding is also observed, which increases with the

amount of mercaptosilane used to graft the substrate.

In order to discuss the experimental observations, we developed a fracture mechanics model
taking into account the non linearities of the swollen film. From this model, we derivated an
expression of the threshold interface fracture energy corresponding to the onset of debonding
at the thickness threshold. The values of this threshold fracture energy obtained from the model
are consistent with independent estimates based on the determination of the energy required to
break the covalent bonds between the hydrogel and the substrate. This agreement is justified by
the fact that the threshold fracture energy determined from the model using the experimental
threshold thickness corresponds to an equilibrium state, where no significant viscous
dissipation at the crack front due to water transport is involved. A better understanding of the
changes in the debonding velocity when the grafting density is varied would require much more
involved numerical calculations of the energy release rate in the presence of poroelastic water

flow within the hydrogel network close to the crack tip.

Our studies revealed that the durability of the film under the action of swelling stresses could
be improved by increasing the grafting density or decreasing thickness. At the same time, for
anti-mist coatings, a higher delay in mist formation requires higher thicknesses and swelling
ratios. This contradictory requirement may be conciliated by the development of multi-layered
films. As an example, it could be advantageous to make a multi-layered film in which a first
layer of hydrogel with high crosslink and grafting density to the substrate would promote a
good interface strength, while a second layer on top of the first layer with a higher swelling

ratio would form a good reservoir to delay mist formation.
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APPENDIX A

Spectroscopic ellipsometry

The thickness of hydrogel films deposited on an oxidized silicon substrate was measured using
a spectroscopic ellipsometer UNISEL (Horriba Jobin Yvon) with wavelength (A) ranging from
400 to 800 nm in air and water. The angle of incidence is always kept constant at 60°. In situ
swelling thickness was measured by sealing the sample in a cell filled with water with two thin

glass walls perpendicular to the incident and reflected light.

Air (nair)

Upper layer ¢ hu

Polymer (n,) dw Polymer (n;) ¢w Ih

Polymer (np) ¢w=0 ih

w

SiO2 (nsio2)

Si (ns,-)

(4) (B) ©

Figure 1: Schematic of a polymer film deposited on an oxidized silicon wafer in the presence of (4) air,
and (B) water. In (B): swollen polymer/water interface is sharp. In (C): swollen hydrogel with an upper
layer of thickness h,,.

The IS and IC are ellipsometric intensities which vary with wavelength (1) and are measured
and compared to simulated variations with A using a model with several layers separated by
sharp interfaces as depicted in Figure 1 (A, B). We will discuss the hypothesis of a sharp
interface with water at the end of this Appendix (figure 1.C). IS and IC are the functions of

ellipsometric angles A and y, where

IS = sin(2y) * sin(A) Eq.1

IC = sin(2y) * cos(A) Eq. 2

The complex refractive index (ns:) used for silicon wafer is 3.93 + 0.0021 at 600 nm wavelength.
The second layer contains SiO2 (n = 1.46 at A is 600 nm) which is measured by ellipsometry

prior to the film deposition.
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Here we use a Cauchy transparent model to describe the variation of the refractive indices of
both the dry polymer n,, and water n,, with the wavelength A which is given by the Eq 3. These
A, B, and C values are different for each material and also with different water volume fraction

¢w in the hydrogel.

B.10* (C.10°

P + T Eq.3

nd) =A+

As A, B, C values for dry PDMA film is unknown, we use the A, B and C values of PMMA
from the literature'. The values of A, B and C of water is also taken from literature®. These

values are given in table 1.

A B C
Polymer 1.479 0.548 -0.172
water 1.32 0.519 -0.256

Table 1: A, B and C values for Cauchy transparent model for dry polymer and water refractive indices

(see eq.3).

The refractive index of swollen gel (n) layer depends on the volume fraction (¢w) of water in
the gel. A simple mixing rule can be assumed to describe the variations of n with ¢. as in

equation 4.

n4, ¢y) = pyn, (1) + (1 — ¢y,) n, (1) Eq.4

Where ¢ is calculated by eq. 5 with swelling thickness /w. The swelling thickness 4w of a
hydrogel can be measured by keeping swollen thickness as a fitting parameter while
ellipsometric intensities IS and IC were adjusted using a three-layered model as in Figure 1(B)

with sharp interfaces between layers.

bw = Eq. 5

Where 4 is the dry thickness of the film.
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Measurement of dry film thickness

The dry thickness 4 of hydrogel film is measured first. All the measurements were done at 5
nm increment steps for the wavelength A from 400-800 nm. Figure 2 shows the variations of
the IS and IC as a function of the wavelength A measured in air for two samples from same
mother batch where the concentration of the polymer is varied. Ellipsometric intensities IS and
IC are adjusted using a three-layered model as shown in Figure 1(A) with dry thickness 4 as a
fitting parameter. It is observed from figure 2 that for both samples, the fit is very well
superimposed, and their thickness was noted. This confirms that there is a sharp layer between
each interface and Cauchy model with parameters from Table 1 for n, is valid. As expected, the
increase in thickness is consistent with the concentration of the polymer solution used to make

the films (chapter 2: Figure 2).
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Figure 2 variations of the ellipsometric intensities 1S and IC as a function of the wavelength for two
samples from the same mother batch. The best fit to the model was obtained for thickness h:(A) h = 193
nm, and (B) h = 1100 nm.

Measurement of swollen film thickness

The swelling thickness /4w of the same hydrogel samples immersed in water was measured by
the ellipsometer. Here all the measurements are done at 1 nm increment steps for the wavelength
A. Figure 3 shows the variations of the IS and IC as a function of the wavelength A measured in

water.
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Ellipsometric intensities IS and IC were first adjusted using a three-layered model as in Figure
1(B) with sharp interfaces between layers with swollen thickness 4w as a fitting parameter. With

Egs. 3, 4, and 5, the ellipsometric intensities only depend on 4. consistently.

It is observed from figure 3(A) where the dry thickness % is 193 nm, the fit is very well-
superimposed with the data. The swollen thickness /4w obtained is noted and the water volume

fraction ¢w of the film is calculated by eq. 5 and shown in table 2.

In figure 3 (B) the dry thickness / of the sample is 1100 nm. It can be seen in Figure 3 (B) that
the fit is not superimposing in amplitude even though the periods of oscillation are the same as
the data. This may be due to the hypothesis of a sharp interface between hydrogel and water
layer during swelling. We nevertheless report the swollen thickness /4w and volume fraction ¢w

in Table 2.
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Figure 3: variations of the ellipsometric intensities 1S and IC as a function of the wavelength for two
samples whose dry thickness h are (4) 193 nm, and (B) 1100 nm. The best fit to the model (figure 1.B)
is obtained for swollen thickness hy:(A) 452 nm, and (B) 3450 nm.

Dry thickness / (nm) Swelling thickness /,, (nm) b
193 452 0.57
1100 3450 0.66

Table 2:Water volume fraction ¢., is measured using eq 5 with dry thickness from figure 2 and swelling

thickness from figure 3
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Now, in order to improve the fit for the thicker samples, we are considering the swollen
hydrogel not as a single layer, but as two layers (Figure 1.C) with a top layer which can swell
more than the rest of the hydrogel. In this model, we keep the bottom (bulk) layer thickness /.
and volume fraction ¢. as measured with model 1(B) and we adjust the thickness /. of the upper
layer. In Figure 4, we can see a better fit and we measured the upper layer thickness /4. and
calculated the upper water volume fraction ¢. of the swollen film. Here ¢. is 0.84 while ¢ is

only 0.66. This means that the upper layer swells more than the bulk layer.
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Figure 4. variations of the ellipsometric intensities IS and IC as a function of the wavelength for the
sample with a dry thickness h of 1100 nm. The best fit to the model is obtained from a four-layer model
(Figure 1.C). The swollen thickness of the bulk layer of the hydrogel is kept as in the model figure 1(B)
is hy = 3450 nm. ¢,,= 0.66. The upper layer thickness measured from the four-layer model where h, =

160 nm and water volume fraction ¢, is 0.84.

The swelling thickness of samples with different grafting densities.

We systematically measured the ellipsometric intensities on samples with different grafting
densities (25-100%) of thiol and different thicknesses /4 (50-1200 nm) made from same polymer
batch synthesized. The results were analyzed with model 1B first to get 4w and ¢, then model
1C is used to measure /. and ¢ Figure 5 shows the water volume content ¢wand ¢. and swollen

film thicknesses 4w and /. as a function of dry thickness /4 for different grafting densities.
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Figure 5. The study of swelling of PDMA as a function of the dry thickness h of hydrogel film for grafting
density of 25%, 50%, 75%, and 100% mercaptosilane. (A) The swelling thicknesses of the bulk layer
and upper layer, (B) The water fraction ¢, in the bulk layer, (C) Difference between water fraction A¢
in the upper layer ¢, and bulk layer ¢., as a function of the dry thickness h of PDMA film.
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In figure 5(A), the swelling thickness of the bulk layer is plotted as a function of the dry
thickness /4 of the film in a log-lin plot. The swelling thickness /4. of the bulk layer increases
with the dry thickness / as expected.

Figure 5 (B) depicts the water volume fraction ¢ as a function of dry thickness /4. Below dry
thickness # = 100 nm, it is observed from figure 5 (B) that ¢ is only 0.52 for 100%
mercaptosilane sample which is lower compared to samples above 100 nm. And it can be seen
from figure 5 (B) that below 100 nm, the ¢w is sensitive to grafting density while above it
doesn’t. These observations are in line with previous results when ¢ was measured by neutron
reflectivity to understand the decrease in thicknesses below 100 nm due to substrate effect.® So,

the larger the grafting density, the larger the effect of the substrate on the hydrogel swelling.

Above 100 nm, the ¢w increases with dry thickness 4. The reason for this is unknown for now
and would need further studies. Currently, in our studies, we have taken ¢w as an average which

is 0.62 + 0.04.

From the model (Figurel.C), we have seen that there is an upper layer on the surface of the
hydrogel. In Figure 5 (C) the difference between the water volume fraction (A¢) of bulk layer
¢w and upper layer ¢ is plotted as a function of dry thickness 4. In figure 5 (C), A¢ is almost
zero below 470 nm. Above 470 nm, there is a sharp increment of A¢ of 0.16. That means the

upper layer exists only for thicknesses greater than 470 nm.

In figure 5 (A), the swelling thickness of the upper layer 4. is plotted as a function of the dry
thickness /4 of the film on a log-lin plot. It can be observed in figure 5 (A) that the upper layer
thickness is around 100 nm irrespective of the thickness of the film and grafting density. So,
the samples where thickness is above 470 nm have an upper layer with higher water content,

and its thickness is always around 100 nm.

From our studies, we saw that there is an upper layer in swollen hydrogel film, which comes to
valid only after a certain threshold thickness where ¢. sharply increases. This may be connected
to the wrinkles (chapter 2:3.4) on the surface of the hydrogel. We observed that the wrinkles
exist only above a threshold thickness where buckling of the free surface occurs and the
wavelength of these wrinkles increases with thickness. This may lead to the accumulation of

more water content on the upper layer.

A different batch of polymers where the water volume content ¢ was supposed to be higher

was used to do similar studies and compared the main results with the first series. Figure 6
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shows the water volume content ¢ and ¢, and swollen film thicknesses 4w and 4. as a function

of dry thickness 4.
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Figure 6. The study of swelling of PDMA as a function of the dry thickness of hydrogel film for grafting
density of 100% mercaptosilane. (A) The swelling thicknesses of the bulk layer and upper layer, (B) The
water fraction ¢, in the bulk layer, (C) Difference between water fraction A¢ in the upper layer ¢, and
bulk layer ¢, as a function of the dry thickness of PDMA film.
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In figure 6 (A), the swelling thickness of the bulk layer 4w and the swelling thickness of the
upper layer /4. is plotted as a function of the dry thickness % of the film on a log-lin plot. It can
be observed that there is an upper layer and the thickness of the upper layer is 100 nm

irrespective of the dry thickness of the film, similar to the results we observed from first series.

Figure 6 (B) depicts the water volume fraction ¢w as a function of dry thickness 4. From figure
6 (B) the average water volume fraction ¢w is 0.7 + 0.04 which is higher than the water volume

fraction ¢w of the first series.

In Figure 6 (C) the difference between the water volume fraction (A¢) of bulk layer ¢w and
upper layer ¢ 1s plotted as a function of dry thickness. It can be observed from figure 6 (C) that
the threshold thickness to have an upper layer is 332 nm. The threshold thickness is lower
compared to Figure 5(C). The threshold thickness to have an upper layer decreases with
increase in water volume fraction ¢w, which is consistent with the fact that the threshold

thickness for buckling on the surface decreases with higher @w.

For samples around 332 nm, the wrinkles are so small that it is impossible to identify in a
microscope. However, wrinkles were observed on samples of dry thickness # = 332 nm and 4w
996 nm for ¢ = 0.7 = 0.04 with AFM (shown in Figure 7). The amplitude of the wrinkles is
around 70 nm and the wavelength of the wrinkles is around 780 nm. We observe that the
amplitude of the wrinkles is consistent with the upper layer thickness /.: they both range in 100

nm.

288.0 nm

-1.0 um

5.0 pm

Figure 7. AFM image of the surface of substrate-attached PDMA hydrogel films swollen with water
where dry thickness h = 332 nm and h,,= 996 nm. The black part of the image at the bottom right corner
is the silicon wafer due to the scratch made during measurement. Next to it the hydrogel is swollen and
its surface wrinkles. The amplitude of the wrinkles is around 70 nm and the wavelength is around 780

nm.
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APPENDIX B

Theoretical interface crack model

We have shown experimentally that swelling induced delamination only occurs above a thick-
ness threshold. In what follows we derive a theoretical fracture mechanics model to describe the
equilibrium interface crack corresponding to this threshold. More specifically, we are addressing
a situation where the gel layer close to the crack is assumed to be at swelling equilibrium, i.e.
the chemical potential of the solvent molecules is constant throughout the gel network. Such an
assumption would no longer be valid in the case of a propagating interface crack where energy
dissipation due to solvent flow at the crack tip should be accounted for, which would require a
much more involved analysis.

A classical linear elastic fracture mechanics (LEFM) approach to the debonding threshold
would rely on the determination of the amount of energy which is released when the bonded,
constrained layer, separates from the substrate and then swells further. However, upon swelling,
the volume of the hydrogels films under consideration is increasing by a factor of two or three.
Under such conditions a linear analysis using an infinitesimal strain assumption is no longer
valid. Instead, a finite strain approach should be considered where a difference is made between
the reference configuration (the unswollen gel film) and the current configuration (here, the gel
at swelling equilibrium) and where the non linearities of the material response are accounted for.

Here, such an analysis is developed in the limit of a straight crack line propagating along
the direction denoted as 1 in Fig. 1, i.e. during the initial stages of delamination. The main
assumption of the model is that debonding arises from the localized stresses which results from
the differential swelling of the film in the bounded and delaminated states. Specifically, we
make the assumption that close to the crack tip, the delaminated film is allowed to swell only
in directions 1 and 2, i.e. the film is a plane strain deformation state, while in the bonded part
the film is only allowed to swell in direction 2 by virtue of lateral constraints.

A

- i
<

A
A

S11$ ¢
- h > 3

+

Figure 1: Reference configuration of the delaminated gel film of thickness h on a rigid substrate
(before swelling). At point A, the material undergoes free swelling in plane strain, whereas at
B material is constrained to swell only in direction 2. The out of plane direction is 3. Due to
plane strain, the gel film at B is under in-plane bi-axial stress. C is the contour (red line) over
which the J-integral in Eq. (1) is evaluated.

Following the theoretical work by Bouklas et al. [1] for fracture in hydrogel systems, we use
to determine the threshold energy release rate I' = I'g a modified form of the path-independent
J-integral approach initially developed by Rice [2]. Accordingly, I'y is evaluated using the
following contour integral 7, where the usual elastic strain energy density is replaced by the
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Grand potential W

0X1

where X and x denote the coordinates in the reference and deformed configuration, respectively.
F is the deformation gradient tensor which is introduced to map the material coordinates in
the reference and current configurations. Nj is the outward unit normal on the boundary of
the reference configuration and s;; is the nominal (Piola-Kirchoff) stress.

I'=7= / (WB(FB,/L)NQ — SZ'JNJaxi> ds (1)
C

W=Ww- pC' is the Grand free energy density in which the independent variables are
the deformation gradient tensor F and the chemical potential p of the solvent molecules [3]
(W = W, + W, where W,,, and W, are the mixing and elastic free energy, respectively; C is
the concentration of solvent molecules). An evaluation of the [J-integral along the contour C
(Fig. 1) yields

T=h [(WB(FB,M) - 311(3)) - (WA(FA,M))] 2)

where the subscripts A and B denote that the quantity W is evaluated at A and B (see Fig. 1).

Here we have considered that the gel is in a state of equilibrium and that the chemical
potential p of the solvent molecules within the gel is homogeneous and equal to that of the
solvent outside the network. In the above expression, we also made the assumption that the
only relevant stress in the bonded part of the gel is the true compression swelling stress sii
and that the delaminated part of the gel film is traction free which is justified by the extensive
folding of the debonded film which is observed experimentally.

According to Hong et al. [4], the Grand free energy can be written as

—~ Gy kT J X 0
W(E,p) = 2> (I=3=2InJ) = — |(J =)=+ S| = = (] - 1) (3)

where J = detF, I = Tr(FTF), Gy is the shear modulus of the drained network and v is the
volume of a solvent molecule. In the above expression, the first term is the right hand side

corresponds to elastic freen energy W,, the second one to the mixing free energy W, and the
last term to —uC.

In plane strain (A), Ay = A2 = A4, A3 = 1. The above expression of the Grand free potential
thus reads

- kT by
Wa(Fa,p) =Gy (M4 —1-1In)}) — — {(Aﬁ— 1) 1nA2fl+;§] - % (M-1 @
A A

For the bonded film (B), A\ = A3 =1, Aoy = Ap. WB(FB, u) thus writes

— kT
Wg(Fp,p) =Go (A5 —1—2In)\3) — — [()\B —1)In

AB X M
AT R —1
)\B—l + /\B] 14 ()\B ) (5)

According to the description of swelling equilibrium detailed in the main text (chapter 3), the
relationships between the equilibrium swelling ratio A4,Ap and the chemical potential y is given

by
J 1 kT N4 1 X
Fogo(1-—) - N o x 6
v 0( Ag) u[n)\i—l SUREBYA (6)
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“ 1\ kT A5 1y
—=Go|Ap—— ) —— |1 -— -4 7
v 0<B )\B> v [HAB—l g A2 @
The free energy at A can be expressed in term of A4 only by substituting (6) into (4) to eliminate
the chemical potential,i.e.

—~ A2 —1 ET 2y —1  x
Wa(F = A —InX% ) - = |1 .
A( A,,u) Gy < )\ZA n)\A> > |: + )\124 )\?4:| (8)

In the same way, substituting (7) into (5) and taking o11(B) = —Go (A — 1/AB), we get after
some algebra

= Go /.9 Ap—1 kT 2y — 1 X
Wa(Fa, ) —s11(B) = =% (A% — 1 —2In A M X
B(Fp, 1) — s11(B) 5 (A% n B)+Go< y ) ” [ + py v (9)

According to eqn. (4), (5) and (2), the threshold energy release rate for debonding is then
given by

Ty  [Ap—1-2kn)g
Gh 2

11
+In )+ o — ]
ATN, 0 Xp
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RESUME

Les revétements d'hydrogel sont des réseaux de polyméres transparents et hydrophiles capables d’abosrber
plusieurs fois leur épaisseur en eau. Cependant, les contraintes induites par le gonflement du film peuvent
entrainer un décollement préjudiciable de I'hydrogel ce qui peut limiter 'utilisation pratique des ces revétements.
Dans cette étude, nous proposons de décrire les mécanismes de décollement de films minces d’hydrogel en
fonction de leur densité de greffage a l'interface film/substrat. Le but est de pouvoir contrdler et prédire la
dégradation des revétements hydrogel pendant le gonflement ou sous des contraintes de contact. Dans ce but,
nous avons développé une méthodologie permettant de mesurer l'initiation et la propagation de la délamination
induite par le gonflement de films minces d’hydrogel a partir de défauts d'interface préexistants bien contrélés.

Des films minces d'hydrogel de poly(diméthylacrylamide) (PDMA) attachés a la surface sont préparés sur des
plaquettes de silicium a partir de la réticulation et du greffage simultanés (CLAG) de chaines polymeres
fonctionnalisées par la chimie click thiol-ene. Cette stratégie permet de faire varier I'épaisseur du film (0.1 - 2 pm)
et de contr6ler le taux de gonflement du réseau, ici fixé a 2, tout en assurant une densité de réticulation homogéene.
Afin de faire varier la résistance de l'interface film/substrat, le substrat en silicium est greffé avec des mélanges de
mercaptosilane (réactif) et de propylsilane (inerte) dans différentes proportions avant le dépdt du film mince. Alors
gue le mercaptosilane est capable de former des liaisons covalentes avec le réseau PDMA, le propylsilane ne
réagit pas, ce qui permet de contrbler le taux de greffage du film mince d’hydrogel sur le substrat. Nous
caractérisons la fraction de surface de mercaptosilane ainsi obtenue par des analyses XPS et TOF-SIMS. Par
ailleurs, toujours a l'interface subtrat/film, des défauts linéaires bien contrélés ayant une faible adhérence (largeur
entre 10 et 100 um) sont créés sur le substrat en passivant de fagon localisée les groupes thiol réactifs par
microlithographie. Ces défauts nucléent le décollement des films de fagon bien localisée, ce qui permet ensuite de
suivre la propagation de la décohésion a partir de ces défauts.

Le décollement du film induit par le gonflement est réalisé sous un flux de vapeur constant assurant la saturation
du film en eau. En observant le décollement progressif du film a partir des défauts linéaires préexistants, nous
retrouvons un motif d’instabilité classique dit de fil de téléphone et nous montrons que le décollement résulte de
contraintes de gonflement localisées proche de la ligne de décollement. Nous mesurons la vitesse de propagation
du décollement dans la zone ou le film est greffé sur le substrat et nous observons qu’elle augmente de deux
ordres de grandeur lorsque la quantité de propylsilane dans le mélange de silanes réactifs passe de 0 a 90 %,
c’est-a-dire lorsque le taux de greffage du film décroit. Un seuil d'épaisseur pour le décollement est également
observé, les films pouvant se décoller étant d’autant plus minces que le taux de greffage du film ets faible. Les
mesures de ce seuil sont discutées a partir d'un argument simple de mécanique de la rupture qui permet de rendre
compte semi quantitativement de nos mesures.

MOTS CLES

Films minces d'hydrogel, Interface hydrogel/substrat, Greffage, Défaut interfacial, Résistance interfaciale,
Décollement, Contraintes de gonflement.

ABSTRACT

Hydrogel coatings are transparent and hydrophilic polymer networks that absorb a lot of water and can be suitable
candidates for anti-mist coatings. However, swelling-induced stresses within the film can result in detrimental
debonding of hydrogel and may fail. In this study, these debonding processes are investigated in the relation to the
grafting density at the film/substrate interface, so as to control and predict the failure of the coatings during swelling
or under contact stresses. For that purpose, we have developed a methodology consisting in monitoring the initiation
and the propagation of swelling-induced delamination from well-controlled preexisting interface defects.

Surface-attached poly(dimethylacrylamide) (PDMA) hydrogel thin films are prepared on silicon wafers from the
simultaneous Cross-Linking And Grafting (CLAG) of functionalized polymer chains by thiol-ene click chemistry. This
strategy allows to tune the film thickness (0.1-2 um) while ensuring a homogeneous crosslinking density. In order
to vary the strength of the film/substrate interface, the silicon wafer is grafted by mixing reactive mercaptosilane
and unreactive propylsilane in various proportions prior to the formation of the hydrogel film. We characterize the
mercaptosilane surface fraction thus obtained by XPS and TOF-SIMS analyses. Well-controlled line defects (width
between 2 and 100 um) are also created to nucleate delamination of the hydrogel from the substrate.
Swelling-induced debonding of the film is achieved under a constant vapor flow ensuring water saturation. Optical
observations show the progressive debonding of the film from the pre-existing line defects under the action of
localized swelling stresses. We obtain delamination pattern of typical so-called telephone cord instability. We
measure the propagation velocity where the hydrogel is grafted to the substrate. The debonding rate is found to
decrease over two orders of magnitude when the amount of mercaptosilane in the reactive silane mixture is
increased from 10% to 100% while increasing the covalent bonds between hydrogel and substrate. A threshold
thickness for debonding is also observed. This threshold thickness increases with the amount of mercaptosilane
used to graft the substrate. We derived quantitative values of the interface fracture energy from the measured
thickness threshold with a simple fracture mechanics model.

KEYWORDS

Hydrogel thin films, Hydrogel/substrate interface, Grafting, Interfacial defect, Interfacial strength, Delamination,
Telephone cord instability, Swelling stresses.
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