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ABSTRACT

Hydrogels, as a class of soft materials, consist of hydrophilic three-dimensional polymer
networks that swell upon immersion in liquid environments while retaining their structural
integrity. Traditionally, these materials have well-established applications in biomedicine,
including wound dressing and contact lenses. Nowadays, hydrogels in the form of thin films
have found applications in advanced fields such as artificial skins, biosensors, and flexible
electronics. As films, their performance and functionality are heavily influenced by the

polymeric network structure and thickness.

In this context, plasma polymerization is a widely used method to deposit thin films due to its
scalability, substrate independence, and being solventless and without the need of chemical
initiator. However, several side reactions can yield the loss of the monomer’s functionalities
and regularity compared to polymers obtained via wet chemistry polymerization. Recent studies
have demonstrated the use of nanosecond-pulsed plasma to minimize fragmentation and
recombination reactions in plasma-state polymerization, promoting a conventional free-radical
polymerization pathway for depositing functional polymer films. In this context, the plasma
polymerization of monomers deposited as liquid layers is a relatively underexplored approach
compared to vapor-phase methods and offers the possibility to use low vapor pressure
monomers, high molecular weight oligomers, or even solid particles dispersed in a liquid

medium to form composite films.

This thesis aims to understand the effect of plasma pulse frequency and liquid parameters on
the chemistry, growth rate, and properties of hydrogel films. The research specifically examines
the use of 2-hydroxyethyl methacrylate (HEMA) as a model hydrophilic monomer. The
findings in this study highlight how adjusting the plasma pulse frequency and spray delivery
rate influences the retention of monomer functionalities, polymeric growth, and growth rate of
the films. Notably, using liquid layers demonstrates a higher chemical structure preservation
and deposition rates when compared to the injection of HEMA in the vapor phase using the

same reactor.

Hydrogel films were further synthesized by copolymerizing methacrylic acid (MAA) and
ethylene glycol dimethacrylate (EGDMA) using the same setup.The research reported for the

first time the influence of plasma pulse frequency to tune the swelling ratios and viscoelastic
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modulus of the resulting hydrogels. Such hydrogel properties were accessed by quartz crystal
microbalance with dissipation monitoring (QCM-D) coupled with spectroscopic ellipsometry

(SE).

Taking advantage of the versatility of the studied apparatus, plasma-induced free-radical
polymerization of a high molecular weight oligomer (polyethylene glycol dimethacrylate
(PEGDMAu400)) was conducted onto several substrates. The resulting hydrogels exhibited
thermo-responsive behavior, as evidenced by QCM-D coupled SE. In-depth characterization of
the hydrogel properties through QCM-D and SE showed their suitability for providing insights
into the hydrated layer, swelling ratio, and viscoelastic modulus of plasma-polymerized

hydrogel films.
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General Introduction

Hydrogels are a class of soft materials consisting of a hydrophilic three-dimensional
polymer network, which swells when immersed in liquid environments while maintaining its
structure. ! These materials have diverse applications in the biomedical field, commonly used
in wound dressing, topical and drug delivery, cosmetics products, and contact lenses.*” As
research and development have advanced, the application of hydrogels has expanded to more

fields. Prominent fields nowadays for its application include tissue engineering,'®'* flexible

18,19 20,21

electronics,'>!7 (bio)sensors,'®!? and photonic devices.

The last 20 years were marked by the increase in research and development of hydrogels,
where these materials were not only synthesized as bulk gels and gel particles but also have
raised attention as hydrogel films.?>">> Hydrogel films are usually made of thin layers (ranging
from nanometers to micrometers) of hydrophilic polymer networks and present the desired
properties as bulk ones.?%*? The polymeric network structure of hydrogels plays a crucial role

in their performance and functionality as thin films.?"-*®

Several approaches have been developed to prepare hydrogel as films or coatings on
substrates. The most common approaches include layer-by-layer assembly and precursor
deposition through spin coating, followed by cross-linking, either physical or chemical.???*-*
Additionally, triggering the polymerization, whether via addition or condensation processes, is

a necessary step in both techniques.?>3°

Atmospheric-pressure plasma technology has gained attention for directly synthesizing
and depositing functional polymeric thin films with controlled thickness.>"*> This deposition
approach is particularly noteworthy due to its substrate-independent nature, scalability, and
avoidance of solvents and chemical initiators.>*> Plasma-induced polymerization methods aim
to achieve polymer structures resembling those obtained through conventional free-radical
polymerization, such as the polymers obtained in wet chemistry.>?> While promising, plasma
polymerization may lead to several side reactions, resulting in the loss of desired chemical
functionalities and alterations in the monomer's original chemistry.>*3¢-3 Research efforts have
been directed toward minimizing these detrimental reactions caused by exposure to plasma
reactive species while enhancing control over the chemical structure of the plasma polymer.*”-

*1' A notable approach is pulsed plasma, which allows for the temporal control of monomer
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exposure to plasma reactive species.’>***! Recent advancements in this field include the
introduction of nanosecond pulsed plasma using ultrashort square pulse generators.*? This
technique combines extremely short plasma discharges (approximately 100 ns per pulse) with
longer off-times (in the range of hundreds of milliseconds), demonstrating excellent retention
of the monomer’s original structure and influencing polymer chain growth by tuning the plasma

pulse frequency. >4

Regarding the physical state of the monomers polymerized by plasma, they can be
injected as vapor, solid, liquid, or aerosol.*>* However, studies focusing on controlling the
chemistry and mechanisms of plasma polymerization from liquid monomers remain scarce
compared to vapor-phase approaches.** Conveniently, liquid or aerosol monomer delivery
offers significant advantages, such as utilizing monomers with low vapor pressure, high

molecular weight, and even solids dispersed in a liquid medium to form composites films.>%

Despite the advancements in plasma technology over the past few years for synthesizing
hydrogels, studies investigating control over the network structure in hydrogel films obtained
via plasma polymerization remain limited. Additionally, understanding the correlation between
the polymeric network structure and the properties of plasma-formed hydrogel thin films poses

characterization challenges due to the inherent cross-linked nature of these soft materials.

Thesis framework: Objectives and structure of the thesis

This thesis aims to deposit hydrogel thin films from liquid layers of monomers through
atmospheric-pressure nanosecond-pulsed plasma-induced free-radical polymerization. The
objective relies on elucidating the influence of plasma pulse frequency on the polymerization
mechanisms governing the formation of the hydrogel film from the liquid layer. By detailed
characterizations of the chemistry and properties (swelling, viscoelastic properties...) of the
hydrogels, this study aims to provide a deeper understanding of their polymeric network

structure.
Considering the stated aim, the Thesis is organized in the following chapters:

Chapter One offers an introduction and literature review for atmospheric-pressure

nanosecond-pulsed plasma-induced free-radical polymerization to obtain hydrogel films.

13



Chapter Two summarizes equipment, techniques and monomers used during the study.
The characterization methodologies described in this chapter are used in the subsequent

chapters.

Chapter Three addressed atmospheric-pressure nanosecond-pulsed plasma-induced
free-radical homopolymerization of 2-hydroxyethyl methacrylate (HEMA), a model
methacrylate monomer for the synthesis of hydrophilic polymers. This chapter aimed to control
the ratio between plasma-formed initiating species and monomer molecules available for
polymerization by tunning the pulse frequency and spray rate of the liquid monomer,
respectively. Growth rate, chemical structure, monomer conversion, and polymeric growth of
the formed products are studied and characterized in depth. Moreover, a comparative study
between HEMA deposited from the monomer in liquid and the vapor phase, using the same
reactor and plasma generator, was carried out to evidence differences in the chemical structure

of the films.

Chapter Four expands the study to the copolymerization of liquid layers of two
methacrylates from the perspective of forming stable hydrogel thin films. The chosen
monomers were methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA). The
pulse frequency and the composition of the mixture of monomer(s) in the liquid layer are
investigated to tune the network structure of the hydrogels. The swelling and the viscoelastic
properties of the swollen hydrogel thin film were determined by coupling quartz crystal
microbalance with dissipation monitoring (QCM-D) and spectroscopic ellipsometry

techniques.

Chapter Five focus on the application of nanosecond-pulsed plasma-induced free-radical
polymerization for the direct synthesis and deposition of polyethylene glycol dimethacrylate
(PEGDMAu400) hydrogels. To showcase the potential applications of these thin film materials,
water-stable hydrogel films were deposited onto several different surfaces (such as fabrics).

The thermo-responsive properties of the thin films were also investigated.

14
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Chapter 1 : State of art



1.1 Hydrogel

1.1.1 Definition

Hydrogels are 3D hydrophilic polymer networks able to absorb and retain large quantities
of liquid in their swollen state (water or biological fluids)."” The stability of the hydrogel
structure in its swollen state is achieved by chemical or physical cross-linking of the polymeric
chains,® see Figure 1.1a. In their swollen state (Figure 1.1b), the polymeric chains in the network
are pulled away from each other, allowing the hydrogel to absorb significant volumes of liquid.'
The network structure of hydrogels is defined by several parameters, including the polymer
volume fraction in the swollen state (¢s), the number of average molecular weight between

cross-links (M,), and the network mesh size (£).2>°
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Figure 1.1: (a) Hydrogel network structure. (b) Schematic representation of hydrogels in a
swollen and dry state by the incorporation of liquid. Adapted with permission from Richbourg.'
Copyright 2020 Elsevier.

1.1.2 Classification

Hydrogels can be classified based on various criteria such as their physical properties,
responsiveness to stimuli, preparation technique, source material, presence of ionic charges,

degradability, and nature of cross-linking. Hydrogels’ classification is based on their distinct
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characteristics, defined by their response to different environments and their suitability to
specific applications.’® For instance, the classification of hydrogels based on their cross-linking
methods can provide insights into their mechanical strength, swelling behavior, and
biodegradability.>” Based on these criteria, a specific hydrogel can often be classified by
multiple parameters. For example, the hydrogel could be derived from a synthetic source,non-
biodegradable, and prepared through copolymerization. Among the various classification
criteria, two stand out for their significant impact on the choice of synthesis route, structure,

and final properties of the hydrogel: cross-linking and source of the polymer.’

1.1.2.1 Cross-linking in hydrogels and its importance

The presence of cross-links provides a stable network structure while in the swollen state.®
In this context, cross-linking density refers to the concentration of cross-links within the
hydrogel network. Additionally, several studies could find a relationship between the cross-
linking density and the several hydrogel properties measured,’® %’ as shown in the schematic in
Figure 1.2. Hence, adjusting cross-linking density in hydrogels is a critical parameter that
significantly influences important hydrogel properties, such as swelling behavior and
mechanical properties. For instance, a higher cross-linking density generally results in an
increase in the stiffness and mechanical strength of hydrogels, as the cross-links act as anchors
holding the polymer chains together.® Therefore, hydrogels exhibiting high cross-linking
density are suitable for applications requiring high strength and durability.®'> However, this

high cross-linking density can often be associated with a decrease in the swelling ratio.>

r== Modulus/ stiffness

Permeability/diffusivity

___ Water content/ gel swelling
L Hydrophilicity

g Hydrolytic degradation ratio

Property

Cross-linking density

Figure 1.2: Important properties of hydrogels as a function of cross-linking density. Adapted
with permission from Lin et al.>® Copyright 2008, Chien-Chi Lin et al, Springer Nature.
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Similar to the cross-linking density, the type of cross-links also plays a crucial role in
determining the overall performance of hydrogels. Hydrogels can be classified based on the
type of cross-linking, which is divided into two main methods: chemical or physical cross-
linking (Figure 1.3a). Physically cross-linked hydrogels rely on reversible interactions to form
the network structure, such as hydrogen bonding, ionic interactions, or hydrophobic interactions
to hold the polymer chains together.®> On the other hand, chemical cross-linking involves the
formation of covalent bonds between polymer chains, leading to the creation of a stable and
irreversible network structure. The mechanism for their formation typically involves free-
radical polymerization induced cross-linking, cross-linked by enzymes, and chemical reactions
between functional groups (such as, click chemistry, Schiff base formation, esterification, and
Michael addition reaction).>®% Current widely used strategies for the formation of hydrogels

are summarized in Figure 1.3b.

(a) Schematic representation of methods (b) Most widely cross-linking strategies

Amidation Enzymatic
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Figure 1.3: (a) Schematic representation of cross-linking methods and examples of the physical
or chemical interactions. Reprinted with permission from Paiva et al.>® ®> Copyright 2023, The
Mayara T. P. Paiva et al , under exclusive licence to Springer Science Business Media, LLC (b)
Most widely used cross-linking strategies to obtain hydrogel network structure. Reprinted with
permission from Hu et al.% Copyright 2019, RSC.

Compared with physically cross-linked hydrogels, chemically ones exhibit enhanced

stability under physiological conditions, more tuneable physicochemical properties, better
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mechanical strength, and tunable degradation behavior.®+® Thanks to the unique properties
conferred by these properties, chemically cross-linked hydrogels find promising applications.
For example, due to their stability and mechanical strength, chemically cross-linked are suitable

for drug delivery systems, where maintaining the integrity of the hydrogel matrix is crucial for

controlled release of bioactive molecules.®”-%8

As previously mentioned (see Figure 1.2), important hydrogel characteristics, such as
swellability, and elasticity, exhibit critical dependence on the cross-linking density. In this
context, chemically cross-linked hydrogels can tailor such properties by varying the
concentration of the cross-linking agent during the synthesis.*’® For example, the work of
Unger et al. discusses the synthesis of hydrogels poly(HEMA) using ethylene glycol
dimethacrylate (EGDMA) as a cross-linking agent through initiated chemical vapor
deposition.”’ As expected, by increasing the EGDMA fraction during polymerization, the

swellability in water decreased (Figure 1.4).

2 40

& B Swelling in humidity
- Swelling in wat
S 30/ + & Sweling in water
<

[}

% 20+ .

[} -

e ™

o

£ 107 L}

S W0 _

2 [ E— VB

x

L

£ 10

0 2.0 40 60 80 100
EGDMA / %
Figure 1.4: Thickness increase of hydrogels in water and in humid environments versus the

EGDMA fraction. Reprinted with permission from Unger et al.”’ Copyright 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

1.1.2.2 Source of the polymeric chains in hydrogels

Hydrogels can be categorized based on the source of their hydrophilic polymers: natural,
synthetic, and hybrid. Natural hydrogels are often derived from biopolymers, such as

polysaccharides, polypeptides, and other biocompatible substances found in nature.”!
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Conversely, synthetic hydrogels are created using organic chemistry principles, enabling
control over their properties and functionalities.®> Hybrid hydrogels, a third category, combine

natural and synthetic precursors, which merge both sources.

Synthetic hydrogels have emerged as a prominent class due to several advantages over
their natural counterparts. These advantages include greater control over impurities, high
absorption capacity, well-defined structure and functionality, and tunable degradation and
stability across various pH, temperature, pressure, and enzyme conditions.”"”> The ability to
precisely engineer synthetic hydrogels makes them valuable in to be used for specific purposes,
such as drug delivery or controlled release systems, and creating advanced materials for various

industries, including pharmaceuticals and regenerative medicine.”>’*

Various types of synthetic monomers have been reported for the synthesis of hydrogels,
such as acrylates, glycols and acrylamides, based on different mechanisms of polymerization

and cross-linking types (Table 1.1).

Table 1.1: Examples of hydrogel synthesis based on different mechanisms for the formation of
the polymeric network, synthetic monomer(s) used, and type of cross-linking promoted.

Mecha- Cross- .
nism Monomer” linking”™ Proposed polymeric network structure Ref.
Te
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~~CHy—CH~CH, CH-CH,—CH-~
OZ(I: (I.":O (I:ZO
NH NH NH
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Chemical: CH;  NH CH, 77
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NH NH
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CH, CH,
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ok e-CL; Physical | " ofciHe ﬁ o t “ Jf o L
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&b PEG PCL

"AAc: Acrylic acid ; BMA: Butyl methacrylate; EMA: Ethyl methacrylate; MAA: Methacrylic
acid; MMA: Methyl methacrylate; NIPAAm: N-Isopropylacrylamide; e-CL: e-caprolactone.

“BMAAB: 4’-bis(methacryloylamino)azobenzene; MBA: N,N'-methylenebisacrylamide.

1.1.3 Free-radical polymerization for synthesizing hydrogels - the strategy

Free-radical polymerization (FRP) is a commonly used mechanism to form hydrogel
polymeric networks (Table 1.1). In FRP, vinyl monomers undergo well-defined reaction
pathways to promote the polymeric chain growth and synthesize the polymer. The reaction

mechanisms of FRP for a homopolymerization consists of the following reactions:

Radical formation:I — 2R e (1.1)
Initiation: Re + M - R—Me (1.2)
Propagation:R—Me + M — P, e (1.3)

P,e +M — Pyyqe (1.4)
Chain transfer:P,e +X—A - Pb—X+ Ae, where XA can be the (1.5)

monomer, initiator, solvent, or other molecule and X is the

atom or species transferred
Termination: P, e + P, e —> P, (recombination) (1.6)

P,e + P ¢— P + P (disproportionation) (1.7)
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Pe+Ae— P—A (1.8)
Ae +Ae> A—A (1.9)

Re — initiation: Ae + M — Mo (1.10)

FRP is initiated by reactive species produced from the initiator (i.e., noted “I”’, Eq 1.1).
Free radicals in Eq 1.1 might be generated from chemical initiators by thermal or UV-light
decomposition or redox process.>’® Initiation of the polymerization will occur through the
reaction between the free radical and monomer molecule by the n-bond to form a new radical
center (Eq 1.2), and the former radical in Eq 1.1 will be the end group of the formed
polymer.””®° The propagation occurs via the gradual addition of the monomers successively to
continuously propagate the reactive center (Eq 1.3 and Eq 1.4). An undesired chain-breaking
reaction during FRP is chain transfer (Eq 1.5), which occurs between the growing macroradical
by the transfer of hydrogen or other atoms or species to it from some molecules present in the
system.” The occurrence of chain transfer results in producing a new radical (Ae) and
termination of the propagating chain (Pi-X) by hydrogen abstraction, for example.”” The new
radical (Ae¢) can terminate the polymerization (Eq 1.8, Eq 1.9) or reinitiate it (Eq 1.10).
Termination of the polymeric growth of FRP might occur through the recombination of two

).7>81" Finally, termination by

radicals (Eq 1.6) or through disproportionation (Eq 1.7
disproportionation gives two terminated chains. In this case, one terminated chain will have an

unsaturated carbon group while the other one is saturated.”*

Initiator concentration is a key parameter in determining the growth of polymeric chains,
impacting molecular weight, polymerization kinetics, and structural properties of formed
polymers. The free radicals from the initiator decomposition participate in two key competing
reactions: propagation and termination. When the initiator concentration is high, a larger
number of free radicals are generated. This can increase the number of reactive center growing
chains, raising the probability of termination events.”” Conversely, using a lower initiator
concentration can yield a higher degree of polymerization, although at the cost of a slower
polymerization rate and potentially incomplete monomer conversion.”” Balancing these
competing reactions is crucial for achieving the desired molecular weight distribution and
reaction kinetics in free-radical polymerization, ultimately enhancing monomer conversion

during the propagation reaction rather than the initiation phase.
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Furthermore, the kinetic chain length (v) in free-radical polymerization is a critical
parameter that determines the average chain length of polymer chains and influences the overall
kinetics of the polymerization process.””*? It reflects the number of monomer units added to a
growing polymer chain before termination or chain transfer reactions occur. This length is
defined as the average number of molecules consumed/polymerized ([M]) per radical

([M*]).””# Eq 1.11 demonstrates the relationship between v and the ratio of monomer

concentration to free radical concentration under steady-state assumptions.”%3
_ kpM] . . .
v =——— , where k; is the constant rate for propagation and k: is the rate
2 ke [Me] (1.11)

constant for termination

1.1.4 Hydrogel films

Hydrogel has been such a constant theme of research, as can be seen in Figure 1.5 (blue
circles), where from 2000 there were about 1000 publications and its almost 11 times higher in
2020. These materials were synthesized as bulk gels and gel particles and have raised attention
as hydrogel films. The field of hydrogel as thin films has growing research interest in the past

15 years (Figure 1.5-green circles).
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Figure 1.5: The number of references published (patents and articles) under the tag of
“hydrogel” or the tag “hydrogel” and “film” as the abstract/keyword in SciFinder. The search
was performed on April 12, 2024.
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Hydrogel films are usually made of thin layers (ranging from few nanometers to few
micrometers) of hydrophilic polymer networks and present the same desired properties as bulk
ones.?®?? Interestingly, hydrogel films can show faster response to stimuli and higher flexibility
compared to the bulk ones.?*** Hydrogel films represent a promising material class due to their
unique ability to combine the advantageous properties of hydrogels with the benefits of films.

These materials are commonly investigated in promising applications, such as tissue

18,19 20,21

engineering,'® ' flexible electronics,'>"!” (bio)sensors,'®!? and in photonic devices.

1.14.1 Characterization of mechanical and swelling properties of hydrogel

films

To measure the properties of hydrogels in film form, various techniques can be employed
based on the specific characteristics of interest. However, to the best of our knowledge, the in
operando measurement of the swelling behavior and mechanical properties of hydrogel films
has not been fully established in the literature. This gap may be attributed to the increasing
development of hydrogels as freestanding films or coatings on substrates has garnered
significant attention in recent years (Figure 1.5). In this sense, Table 1.2 summarizes the main
techniques currently being investigated for the in operando characterization of the swelling

behavior and mechanical properties of hydrogel films.

Table 1.2: Characterization techniques for swelling behavior and mechanical properties of
hydrogel films

. Measurement
Technique conditions Measured property Ref.
Quartz-crystal microbalance
with dissipation monitoring Workin Thickness, viscoelastic
(QCM-D) coupled with <mne properties, cross-link 85.86
. : conditions X
spectroscopic ellipsometry density

(SE)

Swelling (variation in
Wet media thickness before and after
exposure to liquid)

Spectroscopic ellipsometry
SE

87

Swelling (variation in
QCM Dry conditions thickness before and after 86
exposure to liquid)
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Swelling (mass before and 38

Gravimetric analysis Specific conditions ..
v Y p after exposure to liquid)
Swelling (variation in
Dry condition or thickness before and after 89,90

Atomic force microsco . L
py wet media exposure to liquid),

viscoelastic properties

Viscoelastic properties,

Dynamic mechanical . . ) .
Y Specific conditions cross-link density,

91

lysi )
anatysts stress/strain curves
Electron microscopy Under vacuum Thickness 92
Optical microscopy Wet media Thickness 93

Nuclear magnetic resonance
spectroscopy

Specific conditions Cross-link density %

1.14.2 Synthesis and deposition techniques for hydrogel films

Hydrogels as thin films are mainly prepared as freestanding films or coatings deposited
on substrates.”> The most common approaches to obtain hydrogel films are based on the
deposition of the precursor (monomers or polymer solution) either by layer-by-layer method or
by spin coating.?>?*" Regarding the layer-by-layer assembly method, it allows precise control
over thickness, interfacial properties, and functions.!®** Moreover, this method permits the
coating deposition on various substrates, facilitating the creation of freestanding hydrogel thin
films with specific properties.'® However, its main drawback is the time-consuming nature of
the process. The sequential assembly of multiple layers can be labor-intensive and time-
consuming, especially when many layers are required to achieve the desired film thickness and
properties.”>® Alternatively, spin coating is a valuable technique for spreading hydrogel films
on substrates at both laboratory and industrial scales.?®°” It is highly utilized due to its simplicity
and cost-effectiveness in depositing smooth and uniform films, followed by necessary drying
or annealing.”*” However, its main disadvantages rely on the scalability and waste of material
since excess must be applied on the surface beforehand, as well as the reproducibility of this

method.”%°

In addition to the deposition of the precursor, polymerization reactions may be a required
step for hydrogel film synthesis. The main approaches for synthesizing these materials are

shown in Figure 1.6 and categorized by different techniques that can induce polymer network
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formation by free-radical polymerization (FRP). The three methods shown are wet chemistry,

initiated chemical vapor deposition (iICVD), and plasma-initiated FRP.

— Solution polymerization

Suspension polymerization

_- Bu'k p0|ymerization

— Emulsion polymerization

Polymerization techniques

Plasma-initiated free-
radical polymerization

Figure 1.6: Widely used free-radical polymerization techniques for hydrogel film synthesis.

Wet chemistry is a widely and well-established method to obtain hydrogels.?6371:190
Briefly, it encompasses various polymerization mechanisms, including FRP, that utilize liquid-
phase reactions to synthesize polymers. This method can be further divided into bulk, solution,
suspension, and emulsion polymerization, based on the specific chemical substances added to
the liquid mixture, such as solvent or surfactant.>!*!°1:192 However, the main components are

the liquid monomer and the initiator.?

Chemical vapor deposition (CVD) is a highly applied technique to synthesize polymeric
thin films.”®1%-1% Through initiated chemical vapor depositions (iCVD), polymeric chains
grow through FRP via the mass transport of vapor vinylic monomers and initiators.!*® In this
process, reactions are triggered in the gas-phase region, where the formation of the initiating
species and intermediate reactions occur.!%!% These formed species will enable gas-solid
reactions to occur at the substrate surface, leading to thin film growth, while volatile products

and unreacted species then desorb from the surface and are removed.!'%*1%

Finally, there are studies highlighting the potential of plasma-initiated FRP in the
polymerization of the polymeric chains of the hydrogel films or even playing a role in the cross-

linking stage.>!3*197-10% The generation of reactive species due to exposure to plasma, without
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solely relying on chemical substances (such as initiator), has made plasma polymerization an

interesting approach for the elaboration of hydrogels. 4>-%

1.2 Atmospheric-Pressure Plasma Polymerization

1.2.1 Plasma

Plasma, known as the fourth state of matter, is a partially or fully ionized gas containing
a mixture of molecules, ions, electrons, photons, and excited species (Figure 1.7).3%!10111
Ionization of the gas to plasma state can occur when the gas molecules are exposed to high-

energy radiation, electric fields, or high electrical potential and current.'!!:!12
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Figure 1.7: The four states of matter.

1.2.2 Classification of Plasmas

Depending on the temperature of the charged species present, i.e., temperature of the
electrons (Te) and temperature of ions, neutrals, and metastable species (Ti), plasma can be
classified either by thermal or non-thermal plasma.**!'* Different nomenclatures, general

properties, and examples of thermal and non-thermal plasma are summarized in Table 1.3.

Thermal plasma is characterized by the thermal equilibrium between the electrons’
temperatures, Te, and the ion’s temperature, Ti, (ca. 10000 K).!'*!15 While non-thermal plasma
is composed of low temperature T; (ca. 300-1000 K) and relatively high temperature Te (10,000-
100.000 K).110’114’115
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Non-thermal plasmas, such as glow discharges and dielectric barrier discharges, are
widely used in polymer science for both processing and surface modification.!'!:!16:117
Compared to their counterparts, non-thermal plasma has low electron density.'!"!'* This means
that even though the T. is high, the surrounding surfaces remain at relatively low
temperatures.’*** This non-equilibrium feature allows plasma-phase chemistry reactions and

minimizes thermal degradations of the polymer structure.**

Table 1.3: Characteristics of thermal and non-thermal plasmas.'!!-!1#

Thermal plasma Non-thermal plasma
Thermal plasma, hot plasma, near- Non-thermal plasma, cold plasma,
Nomenclatures et low-temperature plasma, non-
equilibrium plasma S
equilibrium plasma
- Te=T1 - Te>>T1
- High electron density -Lower electron density
- Inelastic collisions between - Inelastic collisions between
Properties electrons and heavy particles electrons and heavy particles
create the plasma-reactive species induce plasma chemistry
- Elastic collisions heat the heavy | - Few elastic collisions are slightly
particles, leading to electron heating heavy particles, leading to
energy consumption electron energy remaining high
) Low-pressure direct current and
Electrical arcs, thermonuclear . )
Example . radio frequency discharges, glow
reactions generated by plasma . .
discharges, and corona discharges

1.2.3 Plasma polymerization

Plasma polymerization is a process that utilizes plasma induced chemical reactions to
convert organic-based molecules into plasma polymers or plasma polymer film.**>> These
molecules are often referred as either precursors or monomers (containing polymerizable
group). Plasma polymerization can be carried out using various types of non-thermal plasmas,
such as glow discharges, dielectric barrier discharges, and plasma jets, offering versatility in

tailoring the properties of the deposited films. 3313118119

One of the key advantages of plasma polymerization is its ability to operate as a dry and

solvent free process, resulting in an interesting eco-friendly approach. Furthermore, it can be
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used to uniformly functionalize the surface properties of a wide variety of materials (ceramic,
metals, etc.) as plasma polymer films.*!*> Additionally, plasma polymerization is known for
producing coatings with high and tunable deposition rates, making it cost-efficient for industrial

upscaling.!?!?! These advantages have enabled its application in various applications, such as

122,123 124-126

food packaging, corrosion-resistant coatings, drug release,'”’ antibacterial

coatings'?® and in biochip technologies.'?

However, even when synthesized from the same monomer, the structures of plasma
polymers differ from the structures obtained by conventional polymer chemistry. While
conventional polymers consist of well-defined repeating units, plasma polymers can exhibit a
highly cross-linked and heterogeneous network structure.’>!** Another main difference from
the ones obtained in conventional polymer chemistry is that plasma polymers can be obtained
from precursors that do not undergo polymerization by conventional pathways, such as

methane, 3333130

1.2.3.1 Mechanisms of plasma polymerization

The polymeric growth mechanism in plasma polymerization generally proposes several
reactions, often involving fragmentation and poly-recombination of the exposed molecules, to
form the plasma polymers.3233120:130.131 The fragmentation of organic molecules can occur upon
collisions with plasma reactive species (electrons, photons, ions, etc.), forming free radicals
from the non-specific bond dissociation of the molecules.?>**3%!!! Indeed, considering electron
energy distribution in non-thermal plasmas (the majority are around 2-3 eV), almost all
chemical bonds involved in organic molecules can be dissociated.’>!!12° These highly reactive
free radicals can induce reactions through radical-radical and radical-molecule reactions.!* The
resulting products can undergo random recombination, rearrangement, and further
fragmentation, ultimately leading to the reorganization of initial organic molecules into

macromolecular structures — the plasma polymers.>>!!!

The polymerization pathway, among other parameters, is also strongly dependent on the
nature of the initial molecule. The presence of polymerizable bonds enables the plasma-induced
free-radical chain-growth polymerization pathway, strongly resembling that described for
conventional wet polymer chemistry.!!l120:125:132 Eyrthermore, the plasma polymerization

mechanism of monomers might include fragmentation, poly-recombination, formation of film-
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forming intermediates, and even ion-molecule reactions and ionic chain-growth pathways.
32,33,35,111,120

Possible reaction pathways of the monomer in plasma polymerization were proposed by
Yasuda in 1985 in the rapid step-growth polymerization (RSGP) model and are presented in
Figure 1.8.!337135 Yasuda proposed RSGP to polymerize vapor-phase monomers under low-

pressure and high-power continuous wave (CW) plasma.’>!33

Cycle 1
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Cycle 2

Figure 1.8: Growth mechanism of plasma polymers in rapid step growth polymerization
(RSGP) model. Reprinted with permission from Yasuda.'** Copyright 2003 Elsevier.

This model suggests the dissociation of the monomer as monoradicals (Cycle 1) or
biradicals species (Cycle 2) plasma-formed radical fragments.'*> These fragments then
contribute to the rapid, step-wise growth of the polymer films. The RSGP model considers the
alteration of monomer chemistry by recombination/fragmentation reactions and reinitiation of
the produced stable species.’?3%!3* And, the growth of the plasma polymers exhibiting a highly
cross-linked and heterogeneous network structure. Moreover, the model considers the influence
of the reactivity of biradicals species formed from the fragmentation of unsaturated bonds (e.g.,
C=C, C=0...) upon exposure to plasma (Cycle 2 in Figure 1.8)."** These plasma-formed
reactive radicals depicted as “Mk*” (such as “*O+”) can react with the other molecules and
produce stable products, for example, CO, and CO.*>!3* These stable products might be

desorbed and removed from the plasma polymers afterward.?>!33
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The formation of plasma polymers mainly occurs either on solid surfaces in contact with
the plasma, leading to the growth of polymer films, or within the plasma volume, producing
polymer powders or macroparticles.*® The mechanism of plasma polymerization yielding to the
deposition as solid films for vapor-phase monomers involves complex gas-phase and surface
reactions.’>3 A schematic representation of steps involved in the deposition and plasma
polymerization of vapor-phase monomers are shown in Figure 1.9. The deposition of the film
occurs when the molecule fails to leave the surface of the substrate by loss of kinetic energy or
by the formation of a chemical bond.****> Moreover, it is extremely important to note that plasma
reactive species are able to simultaneously build and destroy (i.e. by etching) the forming

polymeric film.

- Excited species

- lons

- Radicals

- Low molecular reaction products

Activation of the monomer

Volume
process
(plasma)

- Diffusion flow
Transport processes - Discharge current
- Gas flow

- Adsorption/desorption

- Recombination

- Chain branching
Process of - Solution of productsin film
film growth —
(substrate)

Surface Processes |-<

- Cross-linkingin the near-surface
region induced by energy carriers
Mounting of the film |" - Interface layer with embedment of
radicals
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—

Figure 1.9: Schematic representation of plasma polymerization of monomer plasma
polymerization yielding to the deposition as solid films for vapor-phase monomers in low-
pressure. Adapted with permission from Deutsch ez al.'*® Copyright 1981 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

1.2.3.1.1 Yasuda parameter

The Yasuda parameter, popularized by H. Yasuda in the late 1970s, represents the
deposition rate of the plasma polymer film as a function of the apparent energy input, or density,
per unit of monomer molecule.**!3* Fundamentally, the Yasuda parameter divides polymer
deposition into three different regimes: the monomer deficient regime, the competition regime,

and the energy deficient regime. This parameter is interesting since it has been shown that it
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directly influences the properties, deposition rates, and application of the polymer

films 32,133,137,138

The Yasuda parameter is calculated as “Y=W/FM”, where W is the discharge power, F
is the monomer flow rate, and M is the molecular weight of the monomer. Figure 1.10 shows
the influence of the Yasuda parameter on the deposition rate of the plasma polymer film,
depicting the three different regimes. The energy deficient regime (also reported as monomer
sufficient region) exhibits a direct increase in polymer deposition rate with increasing energy
input per molecule (W/FM). Low W/FM values typically lead to the formation of plasma
polymers with a more regular and well-defined structure, resembling conventional
polymers.*%!12133 However, low power input per molecule often results in the incorporation of
monomers and oligomers trapped within the polymeric chains of the deposited films.!!? As the
energy input per molecule increases, thicker coatings are formed. The competition regime is
encountered in a stable deposition rate (a plateau). The monomer deficient regime is
characterized by higher energy/molecule input, where the deposition rate will gradually

decrease. The fragmentation/recombination reactions in this regime are preponderant,

associated with the loss of the monomer’s functional group. 33,112,133
Polymer
deposition
rate Competition
region
Monomer Monomer
sufficient deficient

region region

W/FM parameter

Figure 1.10: Schematic representation of the different regimes of plasma polymerization based
as function of the Yasuda parameter. Reprinted with permission from Bitar e al.''? Copyright
2018 Elsevier.

1.2.3.2 Plasma-induced free radical polymerization of vinyl monomers
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As illustrated in the RSGP model in Figure 1.8, repeating the several reactions will enable
the growth of the polymeric chain in plasma polymerization, and chain-growth is only one of

these steps.

In this context, a promising approach in this field is plasma-induced or plasma-induced
radical chain-growth polymerization (also referred to as plasma-induced free-radical
polymerization). This approach aims to achieve a more regular and well-defined polymer
structure with retained chemical functionalities from the initial monomer, resembling polymers

obtained via conventional free-radical polymerization (FRP).333

The mechanisms governing plasma-induced FRP of monomers bearing vinyl groups
resembles the initiation, propagation, termination, and chain-transfer reactions of FRP in
conventional polymer chemistry.3>** However, in plasma-induced FRP, the initiation is
triggered by the free-radicals formed from the dissociation of monomers upon collision with
the plasma reactive species (see Figure 1.11).'2° Where these plasma-formed radicals can react
in several pathways through radical-radical and radical-molecule interactions.*> Hence, the
plasma-state polymerization pathway occurs concurrently, leading to the formation of

macromolecules through fragmentation and poly-recombination reactions.>*-%!!1

Monomer

Radical fragments

. . v - R1
(i) Radical formation: )\ + Plasma —> Xe + Ye
Ro

Initiating radical R4 R4
(ii) Initiation: Xe & )\ = X *
Rz
Rz
R R4 Ri Ry
(iii) Propagation: X/\Io i )\ = X/\I/\|°
R
Ro R2 R

Figure 1.11: Schematic representation of radical formation, initiation, and propagation
reactions of plasma-induced radical chain-growth polymerization.
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Numerous  studies have focused on  minimizing these  detrimental
recombination/fragmentation reactions while promoting plasma-induced FRP to achieve
greater control over the plasma polymer chemistry. Various approaches can be employed to
reduce the detrimental aspect of the exposure of plasma, such as Yasuda parameter,'® the
reactor design,®® the monomer chemistry,*%!3%140 gyubstrate temperature,'! post-discharge

configuration,®® and using pulsed plasma ignition.

1.2.3.2.1 Influence of plasma ignition in plasma-induced free-radical

polymerization: Continuous wave versus pulsed plasma

Pulsed plasma represents a variation of the conventional continuous wave (CW) plasma
ignition. Unlike CW plasma, which delivers a constant voltage, pulsed plasma interrupts the

discharge ignition with periodic off-times (Figure 1.12).

(a) CW plasma (b) Pulsed plasma
o 1 - 2 ton toff ton
(e0] Qo
S 8
> >
0 0
> 0 »
Time Time

Figure 1.12: Schematic representation of the applied voltage in (a) continuous wave and (b)
pulsed plasma.

The main parameters to characterize the pulsed plasma are plasma pulse frequency (the
rate at which plasma ignition occurs over a time cycle), pulse period (the total time to complete
a cycle), and the duty cycle (the percentage of time the plasma is "on" relative to the entire

cycle).!!! These parameters are calculated as follows:
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Period = tgy, + togr (1.14)

1
Plasma pulse frequency = ——— (1.15)
ton + toff
t
Duty cycle (%) = ———— (1.16)
ton + toff

Numerous studies have investigated to pulsed plasma to promote the plasma-induced FRP
compared to the CW. The use of pulsed plasma aims to minimize the detrimental effect of
plasma reactions and to form plasma polymers with retention of the monomer functionalities
and chemical structures closer to conventional polymers prepared by wet chemistry
methods.**#-142-14 This approach aims to produce plasma polymers with greater control over
chemistry through the temporal limitation of fragmentation/recombination reactions. During
the "on" time (ton) of a pulse cycle, plasma exposure generates free radicals from fragmentation
reactions, which can then initiate FRP. During the subsequent "off" time (torr), the free radicals
can recombine with other species or react with monomer molecules to initiate a FRP process.
The deposition rate during torr results mainly via chain-growth polymerization. By promoting
this FRP pathway during the torr, pulsed plasma can potentially lead to the formation of more
chemically regular plasma polymers when compared to those obtained with CW discharges.
Notably, Klages et al. demonstrated significant differences in the retention of epoxy groups in
glycidyl methacrylate monomer between films obtained from pulsed and CW plasma
ignitions.*® This work showed up to 80% of epoxy groups were retained in pulsed plasma by
varying torr, compared to only around 15% in CW plasma. Furthermore, Tarducci et al.
reported that plasma-polymerized HEMA obtained using pulsed plasma (tox = 20 us, torr = 20
ms) exhibited a structure more closely resembling the commercially acquired poly(HEMA)

than the deposition obtained using CW plasma ignition.*!

1.2.3.2.1.1 Nanosecond pulsed plasma

Reducing the plasma ton and keeping the tofr in the range of milliseconds has been shown
to reduce fragmentation/recombination reactions, while promoting self-sustained polymeric
chain growth by FRP. Studies showed that varying the parameters of atmospheric-pressure
nanosecond-pulsed plasma had a significant impact on the chemistry and polymeric growth of
the films.*>43:143:146 Notably, Boscher et al. used the nanosecond pulsed plasma to polymerize

the vapor-phase of glycidyl methacrylate monomer.*? This work demonstrated that employing
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duty cycles as low as 0.01% showed high retention of the monomer structure and growth of
high molecular weight plasma polymers. Boscher ef al. attributed such results to favoring FRP
pathway during long torr while nanosecond ton limited the fragmentation/recombination
reactions.*? Furthermore, Loyer ef al. obtained an unprecedent weight-average molar mass of
94 000 g.mol ! using nanosecond-pulsed plasma to polymerize the glycidyl methacrylate
monomer.* This exceptional weight-average molar mass was never reported before in literature
for atmospheric-pressure plasma-polymerization. In this context, there have been few studies
on the plasma-induced FRP using atmospheric-pressure nanosecond-pulsed plasma to date,

showcasing such an interesting approach to be further explored.

1.2.4 Atmospheric-pressure plasma polymerization from liquid phase monomers

Several studies have explored the use of pulsed plasma polymerization of monomer
bearing polymerizable bonds at both low and atmospheric pressure.*®#1142-144 The ability to
operate at atmospheric pressure, eliminating the need for vacuum equipment, presents a
significant advantage for industrial upscaling. However, side reactions with the surrounding
open atmosphere (air/moisture) cannot be ignored. Atmospheric-pressure pulsed plasma
configurations have been successfully employed to obtain plasma polymers of monomers in
vapor!471% and liquid phase.****1>0 The latter is very convenient for monomers with low vapor
pressure, high molecular weight oligomers, and even solid phase molecules dissolved or
dispersed in a liquid monomer.**

The interactions between plasma and liquid have become of great interest and importance,
not only for plasma polymerization but also for diverse applications in nanomaterial synthesis
and plasma medicine. Since the knowledge gap in plasma polymerization of liquid layers still
exists, a better comprehension was sought in other plasma-liquid systems. A great number of
studies in plasma-liquid highlight different boundary regions characterized by differences in

mass and energy transport. The interaction can be investigated under these regions: plasma gas

phase, plasma-liquid interface, and bulk liquid (Figure 1.13).
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Figure 1.13: Schematic diagram of the different regions in the interaction in a plasma-liquid
system. Adapted with permission from Mariotti et al.'>' Copyright 2012 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

The plasma gas phase is the boundary region where plasma reactive species are present
and is dominated by plasma gas phase chemistry.!>? Furthermore, the plasma-liquid interface is
the boundary region between the plasma and the liquid phase, where reactions will occur
between plasma reactive species and the liquid.'>!"!3 The reactions and products formed in the
interface can lead to several cascading chemical reactions within the liquid phase.!>!>
Moreover, the bulk liquid refers to the boundary region dominated by liquid-phase chemistry.
The bulk liquid provides a medium for the propagation of chemical reactions initiated at the

plasma-liquid interface. '3!:152

1.3 Hydrogel synthesized by plasma polymerization

Plasma technology offers a unique and promising approach to hydrogel synthesis through
the polymerization of vinyl-bearing monomers. In this sense, Table 1.4 summarizes several
studies on the synthesis of hydrogels by plasma-induced FRP or plasma state polymerization.
This later refers to the formation of the polymeric network structure mainly by fragmentation

and polyrecombination reactions.
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Table 1.4: Main plasma parameters and monomers used for the synthesis of hydrogels by plasma polymerization.

Chemical cross-

Plasma Reactor Monomer Monomer Stated mechanism
. linker Target application Reference
ignition pressure physical state | used . | of polymerization
(concentration)
Pulsed Low-pressure | Vapor DMAEMA | N.A. FRP, plasma state N.A. 155
or HEMA polymerization
HEMA N.A. FRP N.A. 4
Atmospheric | Liquid AAm and MBA (1 mol%) | FRP N.A. 136
AAc
Continuous | Atmospheric | Liquid NIPAAmM N.A. FRP, plasma state Stimuli-responsive 107
polymerization
NIPAAm MBA (0.2-2 FRP, plasma state Stimuli-responsive 31
wt%) polymerization
HEMA and | N.A. FRP Functional and 157
DEAEMA immobilization layers for
biosensors
HEMA and | N.A. FRP N.A. 108
DEAEMA
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Chitosan N.A. Plasma state Biomedicine 158

and acrylic polymerization for

acid chitosan; FRP for
acrylic acid

HEMA and | N.A. FRP Biosensors 159

DEAEMA

PVP MBA (0.1-1.1 FRP Heavy-metal ions 109

mol%) adsorption
Low-pressure | Vapor NIPAAm N.A. Plasma state N.A. 160

polymerization

NIPAAm N.A. Plasma state N.A. 61
polymerization

* DMAEMA: Dimethylaminoethyl methacrylate; HEMA: 2-hydroxymethyl methacrylate; AAm: acrylamide; AAc: acrylic acid: NIPAAm: N-
isopropylacrylamide; DEAEMA: 2-(diethylamino)ethyl methacrylate; MBA: N,N'-Methylenebisacrylamide; PVP: Polyvinylpyrrolidone; N.A.: not applicable
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As expected, the works in Table 1.4 did not rely on the use of a chemical initiator to
trigger the growth of polymeric chains. Instead, the plasma-formed free radicals from water
dissociation (such as OHe and He) or monomer’s bond cleavage were pointed out as species
that initiate the FRP.> 19156 Interestingly, Malik et al. compared in their work polymers formed
by plasma and by conventional wet chemistry using the same apparatus (i.e., in the absence of
plasma discharge).'*® The FTIR spectra in this work showed remarkable similarity between the
samples, highlighting the potential to use plasma technology to induce free-radical

polymerization.

Regarding the operational parameters, only a few studies have employed pulsed plasma
ignition for hydrogel synthesis.*!!>>!5¢ Particularly, Veulleit et al. explored the effect of
variation in the duty cycle (from 2-100%) on the chemical and mechanical properties of
dimethylaminoethyl methacrylate (DMAEMA) or HEMA films.'*> However, this study did not
characterize the swelling ratio or swelling kinetics, which would have been valuable in
confirming the formation of the desired polymeric network structure. Indeed, many studies did
not measure hydrogel’s swelling ratio or stability in liquid media. Instead, the focus is on the
specific application, such as characterizing biosensing,'>® thermoresponsive properties,'®® or
adsorption of heavy metal ions.!” When swelling ratio measurements were conducted, the main

41,161

two methods were quartz crystal microbalance and microbalance (gravimetric

measurement), 56162

In summary, while the plasma’s complete mechanisms and effects on hydrogel formation
remain under active investigation, numerous studies have demonstrated its effectiveness in
generating initiating species or facilitating cross-linking (mainly through fragmentation/
recombination reactions). Furthermore, detailed chemical and structural characterization of the
polymeric network of hydrogels remains a significant challenge due to their intrinsic cross-
linked nature. Consequently, studies inferring the number of cross-links and chemistry of the
network structure of plasma-polymerized hydrogel films through in-depth chemical
characterizations are scarce and remain relatively limited. Additionally, studies correlating the
polymeric network structure with the properties of these plasma-formed hydrogels are scarce.
Finally, most studies focus on biomedical applications, due to the well-stablished use of

hydrogels in this field.
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Chapter 2 : Deposition and characterization
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2.1 AP-DBD set-up, electrodes and generator

All the deposition experiments described in this PhD thesis were performed in an
atmospheric pressure dielectric barrier discharge (AP-DBD) setup (Figure 2.1). The AP-DBD
system was purchased from Fraunhofer IST (Braunschweig, Germany). The AP-DBD setup
was composed of two high-voltage electrodes (each 15 mm width and 300 mm length) covered
with alumina dielectric and a stainless-steel moving table as a ground electrode. The moving

table was set to move back and forth at a speed of 50 mm-s™.

((a) Scheme of AP-DBD f(b) Picture of the reactor )

Liquid
monomer

s

Nebulizer system

J___d

Grounded electrode / Moving table

N

Figure 2.1: (a) Schematic representation and b) picture of the AP-DBD reactor used in this
thesis.

2.2 Generator and nanopulsed-plasma electrical measurements

For every experiment, argon was used as the plasma gas at a flow of 20 slm, while
maintaining a discharge gap of 1 mm. Two generators acquired from Effitech (Gif-sur-Yvette,
France, www.effitech.fr), named AHTPB10F2 or AHTPB10Z were used for every experiment.
Electrical measurements of the voltage pulse traces, and current discharges were investigated
using a Teledyne Lecroy HDO4054A oscilloscope and a Teledyne Lecroy PPE 20 kV high-
voltage probe. The plasma was ignited by 15 ps square pulses of 6.5 kV, generated by an
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EFFITECH generator, resulting in the generation of two distinct discharges lasting several tens
of nanoseconds (ton= 200 ns), as shown in Figure 2.2a. Figure 2.2b illustrates the plasma pulse
frequencies ranging from 30 Hz (tosr= 33.33 ms) up to 3000 Hz (torr= 0.33 ms) used in the

deposition of the polymeric films.
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Figure 2.2: (a) Traces of voltage pulse and current discharges and (b) Voltage traces for the
different plasma pulse frequencies ranging from 30-3000 Hz in this study.

2.3 Monomers

The monomers used in this thesis are summed in Table 2.1. The monomers were used as
supplied for the plasma polymerization. 2-hydroxyethyl methacrylate (HEMA, 99%) was
studied in Chapter 3, methacrylic acid (MAA, 99%) and ethylene glycol dimethacrylate
(EGDMA, 98%) was studied in Chapter 4 and polyethylene glycol dimethacrylate
(PEGDMAu400, My peg = 400 g/mol, 95-100%) was studied in Chapter 5.The conventionally
polymerized reference for poly(2-hydroxyethyl methacrylate) (pPHEMA) was bought from
Sigma Aldrich, and poly(methacrylic acid) (pMAA) was purchased from Polysciences.

Table 2.1: Properties of the monomers used in this thesis, namely: MM is the molar weight,
Psat 1s the saturation vapor pressure, and p is the liquid density.
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MM Psat® p*
Abbreviation Skeletal formula
(g.mol ™) (mmHg) | (g/mL)
0
HEMA HZcYLONOH 130.14 0.1 1.073
CHs
OH
MAA >_< 86.06 1 1.015
O
0
EGDMA )ﬁro\/\olu\f 198.22 <0.1 1.051
o)
PEGDMA400 554.06** | Nodata | 1.117

A

* Values at room temperature. ** Molecular weight of PEG unit is approximately 400 (n=9).

2.4 Liquid layer formation

The monomer was delivered to the surface of the substrate using a nozzle (3-D printed in

our laboratory). The liquid was nebulized onto the substrate surface using a venturi-based

nebulization system with Nitrogen (air liquid, 99.999%) as nebulization and carrier gas (Figure

2.3).

In the Venturi section, the gas that crosses the small orifice in the hole has a higher

velocity associated to it than in the entrance (from Ai to Az). The resulting pressure drop draws

out the liquid from the vessel through a small tube, and the interface liquid-gas in contact with

the gas jet breaks the liquid into droplets. Larger droplets impact the nebulizer wall and return

to the vessel. Droplets that are small enough will be carried away from the nebulizer by the gas

flow and form the liquid layer. Subsequently, the entire substrate, coated with the liquid

precursor layer, was introduced into the plasma discharge zone.
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Figure 2.3: Scheme of the venturi-based atomizer used for the injection of liquid precursors.

2.5 Substrates

One-side polished doped silicon wafers (10-20 Ohm-cm, 6 = 50.8 + 0.3 mm from Siegert
wafer) were used as substrates in Chapter 3, 4 and 5. In chapters 4 and 5, before each
experiment, the substrates were cleaned and activated using an argon:oxygen (95%:5%) plasma

(pulse frequency of 1000 Hz for 50 s).

For the study of swelling behavior and viscoelastic properties in chapters 4 and 5, the
number of runs of the moving table were adjusted to ensure the deposition of a very thin film
(from ~65-200), with the substrate being changed to sensors (QSX-Q-sense). Before each
deposition experiment, the sensors were cleaned and activated using an argon:oxygen

(95%:5%) plasma (pulse frequency of 1000 Hz for 50 s).

In Chapter 5, a wide range of substrate was used to demonstrate the several field of
application for the plasma polymerized hydrogel films. The chosen substrates were:
polypropylene fabric (VWR®), gloves (VWR®), membrane Filter (Acrodisc®, PALL), kraft
paper (260 g), polylactic acid (PLA) 3-D printed support, low density polyethylene
(Goodfellow Cambridge), fabric (laboratory coat CAWE®).
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2.6 Characterization

2.6.1 Profilometry

Growth rate and thickness increment per discharge were calculated by measuring the
thickness of the as-deposited films using a KLA-Tencor P-17 Stylus profiler (Milpitas, CA).
The growth rate in thickness was obtained from the measured thicknesses in profilometry and
the time spent in the plasma zone. The growth rate was determined from the measured
thicknesses of three independently grown films. The growth rate is the product of the high-
voltage electrodes width (30 mm) and the number of passes of the moving table (100) and
divided by the speed of the moving table (50 mm-s™!). The thickness increment is a product of
the growth rate per the period of each pulse.

2.6.2 Microbalance

The mass from three independently grown films were determined by weighing the
substrate before and after exposure to plasma using a Sartorius ME36S scale (Goettingen,
Germany). The mass growth rate is the product of the high-voltage electrodes width (30 mm)
and the number of passes of the moving table (100) and divided by the speed of the moving
table (50 mm-s ).

2.6.2.1 Mass stability (gravimetry)

In Chapter 4, stability in water of the films were indirectly measured by gravimetry. The
detailed steps for this measurement can be seen in Figure 4.12. The mass from three

independently films were determined the weights in each step.

24 hovenat 60 °C 24 hovenat60 °C
As-deposited coating | T &udesiceatar » Step 1l Zehin water' Step 2 % Zindesiceator » Step3
m; mclry Moak Mg

Figure 2.4: Scheme of the steps taken to measure the mass stability of the films in water.
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“Step 17 is referred as a purification step implemented to minimize interference of
unreacted monomers trapped within the films on the quantification of water stability results. In
this step, the as-deposited films (m;) were firstly placed in an oven at 60 °C for 24 hours and
then cooled to room temperature for 2 hours inside a desiccator under vacuum (mary). The mass

loss in Step 1 is determined by Equation 2.1.

m; — Myry
Mass loss step 1 (%) = ———= x 100 (2.1)

1

After the purification step, the “Step 2 was the immersion of the films in water for 24 h
(msoak). “Step 3” referred to the subsequent drying of the films by placing them in an oven at
60 °C for 24 hours and then cooled to room temperature for 2 hours inside a desiccator under
vacuum (my). The total loss of the mass from the as-deposited films (m;) to the final mass (my)

is given by Equation 2.2.

m; — Mg
Mass loss step 3 (%) = — X 100 (2.2)

1

The measured mass loss in water is given by Equation 2.3.

dry

Mgy, — M
Mass loss in water (Step 1 — Step3) (%) = m—f x 100 (2.3)
dry

2.6.3 Fourier-transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) transmission measurements of the depositions on the
silicon wafer were performed on a Bruker Vertex 70 spectrometer (Ettlingen, Germany). All
film and layer depositions in this work were analyzed with a mercury cadmium telluride (MCT)
detector. with an DTGS detector. FTIR data were all normalized according to the C=0
stretching band. In chapter 3, the spectra were acquired between 4000-600 cm™ with an
accumulation of 256 scans and a resolution of 4 cm™'. In chapter 4, the spectra were acquired
between 4000-600 cm™' with an accumulation of 128 scans and a resolution of 4 cm™'. A 4 min
nitrogen purge was performed for each measurement to diminish the contribution of carbon
dioxide and moisture in the sample chamber.

Monomers and mixture of the monomers (all in liquid state) were analysed with the

same FTIR spectrometer using an attenuated total reflectance (ATR) accessory with a diamond
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crystal. The spectra were acquired between 4000-600 cm™ with an accumulation of 50 scans
and a resolution of 4 cm™'.

FTIR analysis of the atmospheric-pressure plasma initiated chemical vapor deposition
(AP-PiCVD) thin films, in Chapter 3, were performed in transmission mode on double polished
silicon wafers. The spectra were obtained over a range of 4000-400 cm™! with a resolution of 4
cm!'. A 10 min nitrogen purge was performed for each measurement to diminish the
contribution of carbon dioxide and moisture in the sample chamber.

In chapter 5, the spectra were acquired between 3500-600 cm™ and a resolution of 4 cm
!, A heated controlled stage (PMA ECO24) was used. The temperature at the surface of the
stage was further calibrated using an IR thermometer (Fluke 62 Max). To do so, the coatings
were prepared using 100 runs and were acquired using as a background the spectrum of the
non-coated original substrate. Different mappings of up to 20 points were considered to ensure
the homogeneity of the deposition.

Spectra acquisitions were processed using OPUS 7.5 software package (Bruker

Corporation, Billerica, MA, USA).

2.6.4 X-ray photoelectron spectroscopy (XPS)

In chapter 3, XPS analyses (700 um x 300 wum) were carried out with a Kratos Axis Ultra
DLD with Al K, source (1486.6 eV). Photoelectron emission was collected at 0° with respect
to the normal surface with a survey scan pass energy of 160 eV and energy resolution of 1 eV.
For the narrow scan pass energy was 20 eV and an energy resolution of 0.1 eV. In chapter 4,
XPS analyses (800 pm x 400 um) were carried out with a Thermofisher Nexsa G2 operanting
with Al K, source (1486.6 V). Photoelectron emission was collected at 0° with respect to the
normal surface with a survey scan pass energy of 1.9 eV and energy resolution of 1 eV. For the
narrow scan pass energy was 0.9 eV and an energy resolution of 0.1 eV. Both the survey spectra
and high-resolution core-level spectra were recorded for carbon, nitrogen, and oxygen in three
analysis points per sample. For peak analysis and bonds quantification, the Casa XPS software

was used.

Chapter 4 showed a quantitative analysis of the copolymer films. To determine the MAA
and EGDMA fractions in the copolymer, the C Is core level spectra of the individual
homopolymers (prepared at the same pulse frequency) were independently fitted. The resulting
fitting parameters (full width at half maximum, peak position, and relative peak ratios) were
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then fixed for the corresponding homopolymer in the copolymer spectra. The copolymer spectra
were subsequently fitted, allowing only the C-CH peak area for each homopolymer to vary,

thus quantifying its composition.

2.6.5 Gel permeation chromatography coupled with high-resolution mass spectrometry

(GPC-MS)

Gel permeation chromatography coupled with high-resolution mass spectrometry
(GPC-HRMYS) analysis was performed using Thermo Scientific (Sunnyvale, CA, USA) Dionex
UltiMate 3000 LC system coupled online to an LTQ/Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) with an Ion Max source, equipped with a heated
electrospray probe (Thermo Scientific). The column (Mesopore and Oligopore column) had the
exclusion limit of 25 kg-mol™!. Calibration curves were obtained with polystyrene narrow
molecular weights standards. Analysis was hold in the soluble part of the samples in THF and
the elution time. Electro-Spray Ionization (ESI) is aided by post-column addition of

cationization agents (Ammonium acetate).

2.6.6 Matrix-assisted laser desorption/ionization high-resolution mass spectrometry

(MALDI-HRMS)

MALDI-HRMS measurements were performed on an AP MALDI PDF+ ion source from
MassTech Inc. coupled to an LTQ/Orbitrap Elite from Thermo Scientific. Atmospheric
Pressure Laser Desorption/lonization is based on a Nd:YAG laser (I = 355nm) operated at 5
kHz, Laser Attenuator setting = 2.0%. Orbitrap Exploris was tuned at 240k mass resolution at
m/z 200 for positive ions, target HV was 3 kV, IT 350 ms. A matrix solution of DHB 10 mg-mL"
!in H,O/ACN was prepared. A 1 uL of this solution was spotted directly on the silicon wafer

then irradiated. Mass assignations were carried out using PolyCalc web-based assignment tool.

2.6.7 Water contact angle (WCA)

WCA measurements were performed using a DSA100 Drop Shape Analyzer (Kriiss,
Hamburg, Germany). Each measurement is the average of five independent water droplets (2

uL) throughout the surface area of three different samples. The angle between the surface and
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the droplet was quickly calculated just after droplet deposition based on the contour and

baseline determined automatically by the software.

2.6.8 Coupled quartz crystal micro balance with dissipation (QCM-D) and

spectroscopic ellipsometry (SE) measurements

Determination of the mass of the hydrogel ultra-thin films was determined comparing
the frequencies of the naked and coated sensors (in the dry state) using the Sauerbrey as shown
in Equation 2.4.

Af = —Z—ngm = 8§Am (2.4)
A\fPqkq

where Af is the normalized frequency (depending on the harmonic), Am is the mass
variation and § is an experimental parameter obtained from the manufacturer specifications. A
frequency-dependent Voigt model was assumed for the sample during wet and dynamic
experiments. Thus, water viscosity and density were fixed at 102 Pas and 1 g-cm>,
respectively. The corresponding film thickness (d) and the shear modulus p were directly
obtained from the model used.

While conventional SE measurements were collected at three different angles (65°, 70°
and 75°), the QCM-D/SE cell only allows measurements at 65°. Before collecting data, naked
sensors were analyzed and fitted using the specifications provided by the manufacturer. The
naked sensor consists in a three-layered system corresponding to: 1) Quartz Substrate, 2) Ti
sublayer (KK B-Spline model) and 3) SiO> coating (Cauchy model). In order to achieve more
accurate results, small range fittings of the thickness of each layer were initially considered.
Moreover, analyses in the wet state were also tested for naked sensors to study the proper
mathematical modeling (including water instead of air as the analysis media). Finally, the
parameters of the 1°-3" layers were fixed and the 4" layer was included in the mathematical
fitting (Cauchy model), corresponding to the deposited ultra-thin film hydrogel.

Taking advantage of the data collected by both QCM-D and SE measurements, the

swelling ratio was determined using the Equation 2.5.

W — W
S (%) = %‘m 100 25
dry

where wg,,, and w,,; accounts for the weight of the hydrogels at the dry and wet states,
correspondingly.
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2.6.9 Confocal Microscopy

Images were carried by Confocal laser microscope (3D Laser Scanning Confocal
Microscope Keyence VK-X Series). Each image was collected with a magnification of 50X

that covered an area of 212.5 x 283.427 pum.

2.6.10 Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) was used to capture topography images in air using
AC mode at 2 Hz scan rates and a resolution of 512x512 pixels>. MFP3D INFINITY
microscope (Oxford Instrument, UK) was the utilized equipment. The AFM tips employed were
semi-contact silicon AC160TS from Olympus, Japan, with a cantilever spring constant of 26
N-m™!. The surface topography of the deposit was observed while maintaining a constant
cantilever first resonance amplitude through the feedback loop of the AFM controlling the piezo
Z direction. The root mean square roughness (Sq) was determined using the statistical

application of the software provided by the manufacturer.

2.6.11 Nano-pulsed plasma characterization

Electrical measurements for the traces of the voltage pulse and current discharges from
Effitech's generator were investigated using a Teledyne Lecroy HDO4054A oscilloscope,
Teledyne Lecroy PPE 20 kV high voltage probe and Teledyne Lecroy CP030 current probe.
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Chapter 3 : Free-radical polymerization of
2-(hydroxyethyl) methacrylate from liquid
assisted thin film deposition using
nanosecond pulsed atmospheric plasma
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3.1 Introduction

) 163-165
b

Liquid-assisted plasma enhanced chemical vapor deposition (LA-PECVD also

called rapid spray plasma processing (RSPP),'%"168 i5 a convenient method for the fast open-
air deposition of functional thin films. LA-PECVD and RSPP have notably been applied for the

preparation of photoactive metal halide perovskite thin films for solar cell applications!¢-168

165,169,170 or

and organosilicon-based coatings embedding molecules with sensing properties
fillers with optical'’"!"? or electrical properties.'”> In LA-PECVD and RSPP, a liquid layer is

first deposited onto a substrate, mainly by spray deposition,'**'® followed by atmospheric

166-168,174,175 163,173,176 of

plasma treatment that readily enable the conversion or polymerization

precursors without the need of additional annealing or curing processing. Both direct (e.g.

)163,173,174,176 )166—168,175

dielectric barrier discharge and remote (e.g. blown arc discharge plasma
configurations have been successfully used for the LA-PECVD or RSPP of functional thin
films, making the approach suitable for up-scaling and in-line processing.'”’

Taking advantage of the capability of atmospheric plasmas to cure or polymerize low-
vapor pressure monomers, several works have also investigated the LA-PECVD approach for
the polymerization of non-volatile vinylic compounds, i.e. allyl ether-substituted six-membered

178 and dopamine acrylamide!®*!7%. In this context, the quantity of liquid

cyclic carbonate
monomer deposited at the surface (in relation to the delivery rate) and the plasma exposure or
curing time were highlighted as key parameters for the conversion of the liquid monomers into
thin solid films.'®>»'”® However, in contrast to the PECVD of monomers delivered from the

33,36,139,179-181

vapor phase, only a scarce number of studies have focused on controlling the

chemistry of organic thin films prepared from the plasma curing of liquid layers.!8>"!% In
plasma polymerization from the vapor phase, the Yasuda parameter (W/FM), where W is the
power of the discharge, and F and M are the flow rate and the molecular weight of the precursor,
respectively, is often used to explain the properties of the resulting thin films and classify the
process conditions into distinct deposition regimes, i.e. monomer-deficient, competition, and
energy-deficient regimes.!!>!3%135 Yet, the applicability of such a classification to plasma-
induced polymerization of liquid monomer layers requires further investigation.

LA-PECVD involves mechanisms occurring both in the gas phase, particularly for highly
volatile precursors, at the liquid-plasma interface and in the bulk of the liquid layer.'®* In the

polymerization of vinylic monomers, plasma-generated energetic species are the responsible of

forming radical species at the liquid-plasma interface, mainly through monomer fragmentation
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reactions. !”® These radicals diffuse into the liquid phase where they initiate the free-radical
polymerization of the vinylic monomer. Therefore, to promote polymerization while preserving
the chemical structure of most of the monomer units contained in the liquid layer, it is crucial
to optimize the plasma energy inputs. A well-known and common strategy to initiate and sustain
the free-radical polymerization reaction when operating from the vapor phase in PECVD is the
use of pulsed plasmas. Several works have recently investigated the impact of pulse frequency
on the free-radical polymerization of alkyl acrylates and the resulting chemical properties of
the polymeric thin films.*>»!7617:185 By precisely controlling the time between pulses (tofr),
selected in accordance to the lifetime of free-radical propagation under these conditions
(milliseconds) and employing extremely short pulse durations (ton) of 100 ns, high molecular
weight polymers (94,000 g-mol™") were achieved.*’ The preservation of the monomer chemical
properties is attributed to the ultrashort square pulse plasma, which allows to minimize plasma-
state polymerization (involving fragmentation and recombination of monomer fragments) and
promote a conventional free-radical polymerization pathway.

In this chapter, nanosecond plasma pulses in a dielectric barrier discharge (DBD)
configuration are studied to ensure the plasma-induced polymerization of 2-hydroxyethyl
methacrylate (HEMA), chosen as a model vinylic monomer. Different quantity of liquid HEMA
monomer (controlled from the spray rates) and different nanosecond plasma pulses frequencies
are investigated and their influence on deposition rates as well as on the chemical and polymeric
structure (growth mechanisms, molecular weights) of the resulting thin films are elucidated
using Fourier transform infrared spectroscopy, gel permeation chromatography and matrix-
assisted laser desorption/ionization high resolution mass spectrometry. Comparative
atmospheric-pressure plasma-enhanced chemical vapor deposition (AP-PECVD) experiments
from the vapor phase emphasized the advantages of the plasma-induced polymerization of
liquid monomer layers in terms of faster deposition rates and enhanced preservation of HEMA

chemistry.

3.2 Results and discussion

3.2.1 Nanosecond pulsed plasma curing of liquid HEMA layers

As shown in Figure 2.1a, the atmospheric-pressure plasma-induced free-radical

polymerization of 2-hydroxyethyl methacrylate (HEMA) was carried out by repeating several
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times the steps of spraying the monomer over the silicon substrate surface followed by the
exposition of the formed liquid layer to the nanosecond pulsed plasma discharge. Table 3.1
summarizes the 3 samples series studied in this chapter, characterized by the spray rate used:
low (series A), medium (series B) or high (series C), and prepared with plasma pulses
frequencies ranging from 30 to 3000 Hz. The different monomer spray rates were produced by
varying the nebulizer inlet gas flow rate (see further details in the Annex A, Table Al).
Increasing the spray rate led to both a thicker liquid layer and a larger sprayed surface (Figure
A 1). Therefore, a proportional correlation between the spray rate and the thickness of the liquid
layer formed over the substrate surface could not be accurately quantified. Otherwise, despite
the moderate low vapor pressure of HEMA (0.08 mbar at 25 °C), the open configuration of the
reactor will not prevent some monomer loss through evaporation during the deposition process.
Upon exposure to the nanosecond pulsed plasma discharge, the liquid HEMA layers convert
into solid thin films, except in two cases corresponding to the series C (high monomer spray
rate). Within this series, the two lowest plasma pulses frequencies (30 to 100 Hz) yield liquid
layers of viscous appearance. In comparison to these partially liquid samples, the formation of
thin solid films could be attributed to a higher degree of polymerization of the monomer, and/or
higher monomer conversion, and/or the occurrence of cross-link reactions (plasma-state
polymerization) induced by the plasma exposure. All these factors will be further discussed on
the following sections. The thin solid films exhibited a characteristic surface pattern ascribed
to the droplets from the spray. As shown in Figure 3.1 the lobular shape of the pattern features,
their sizes and surface clustering are affected both by the monomer spray rate and the plasma
pulses frequency. No discontinuities or pinholes were observed on the thin films that cover the

surface of the substrates.

Increasing spray rate, same frequency

Same spray rate, increasing the frequency

0.9 um [2 o
|
—
b.
0 um
18 mg-min 18 mg-:mint 34 mg'min‘t
1000 Hz 3000 Hz 3000 Hz

Figure 3.1: Confocal microscopy images of the thin films showing the effect on the surface
topography of variations of spray rate and plasma pulses frequency.
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Table 3.1: Summary table of the sample series deposited by LA-PECVD, their deposition conditions, thin film thickness, and polymer molecular
weight.

Plasma pulses Frequency [torr]?

30 Hz (33.3 ms) 100 Hz (10 ms) 300 Hz (3.3 ms) 1000 Hz (1 ms) 3000 Hz (0.3 ms)
Flow rate® Thickness® Mp! Thickness Mp Thickness Mp Thickness Mp Thickness Mp
Series (mg-min!) (nm) (g/mol) (nm) (g/mol) (nm) (g/mol) (nm) (g/mol) (nm) (g/mol)
A 18 100 + 27 7100 241 £ 85 6400 214 +£45 5300 450 + 148 4200 346 + 52 3800
B 34 179 £51 6100 379 £ 102 4800 578 £ 131 6200 570 + 46 5300 656 £ 146 4000
C 71 = NA - 6400 667 + 131 5300 754+ 76 5000 1003 + 88 5500

2 Plasma pulses frequency and torbetween two current discharges of approx. 200 ns.

"HEMA flow rare at nebulizer outlet.

¢ Thin film thickness determined by profilometry.

4Peak molecular weight determined from GPC curves using polystyrene as calibration standard.

¢Liquid layer.
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Thin films with thicknesses ranging from approximately 100 to 1000 nm (Table 3.1) were
deposited by varying spray rate and plasma pulses frequency, while maintaining a constant
deposition time. The dependence of the thin film growth rate on the plasma pulses frequency is
depicted in Figure 3.2a. For each spray rate, a logarithmic increase of the growth rate is
observed with increasing plasma pulses frequency, indicating a self-limiting growth process.*’
Notably, increasing the plasma pulses frequency by two orders of magnitude (for the lowest

spray rates) led to a ca. 3 to 4 increase of the thin film growth rate.
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Figure 3.2: Thin film growth properties: (a) Growth rate vs. plasma pulses frequency, (b)
thickness increment per cycle vs cycle time (ton+torr) for the different HEMA spray rates.

The correlation between increasing thin film growth rate and the number of plasma pulses
suggests a faster polymerization rate upon increase of the plasma pulses frequency, which is
consistent with the well-known effect of increasing initiator concentration in bulk free-radical
polymerizations (FRP). In the studied system, the radical initiator species are generated by the
nanosecond pulsed plasma discharges through fragmentation of the molecules of the reaction
media (liquid layer). Figure 3.2b shows the apparent thickness increment per discharge cycle
with the nanosecond pulse plasma frequency, expressed as cycle time (ton + torr). As the
duration of the discharge (ton) was kept constant, an increase on the pulse frequency reduces
the torr. For each spray rate, increasing the duration between two nanosecond pulsed plasma
discharges (torr) led to an increase on thickness increment per cycle. This indicates the
occurrence of reactions contributing to the thin film growth during torr. Yet, from a process
point of view, it is interesting to note that while increasing torr appears more efficient as more

monomer is converted into thin film, increasing the plasma pulses frequency is more desirable
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for thickness build up. Otherwise, while increasing spray rate led to higher thickness increment,
the system reaches a limit where the formation of the solid film could not be obtained (series

Q).

3.2.2 Plasma-induced free-radical polymerization of liquid HEMA layers

FTIR analyses were carried out to assess the effect of plasma pulses frequency on the
monomer structure. Figure 3.3a notably presents the FTIR spectra of samples prepared from
the highest spray rate (series C), including spectra from samples from the conditions that failed
to form thin solid films. In comparison with the HEMA monomer spectrum, it is possible to
notice that the bands associated with the vinyl group (817, 1324, 1637, and 3107 cm ')!8¢
exhibited remarkably lower intensity as the plasma pulses frequency is increased. On the other
hand, the FTIR spectra of the samples deposited at 30 and 100 Hz pulse frequencies have more
prominent peaks at 1637 cm™! indicating the presence of vinyl groups attributed to unreacted
monomer. Such observation is consistent with viscous liquid appearance of these samples and
confirms the imcomplete conversion of HEMA monomer under these conditions. Additionally,
the conversion of HEMA monomer into polymer can be assessed by the shift toward higher
wavenumbers of the C=0 peak (from 1718 cm ™! to 1729 cm™!). The shift can be associated to
the loss of conjugation of the carbonyl group in the methacrylate group already observed for
the plasma polymerization of HEMA.#"!87-189 Moreover, it can be perceived a rise in the band
related to -CH»- vibration at 1485 cm™ becomes even more prominent at higher frequencies,
coupled with a decrease of the CH, vibration band at 2931 cm!. **!86 Notably, these changes
in the FTIR spectra are consistent with the free-radical polymerization of HEMA as supported
by the strong resemblance to the spectrum acquired from a commercial poly(HEMA) produced
by conventional wet chemistry (Sigma—Aldrich, My 20,000). This indicates a high degree of
preservation of the characteristic HEMA functional groups, carbonyl and hydroxyl, in all the
samples under the investigated conditions. This finding was supported by XPS analyses carried
out on the thin film samples as well as on the commercial poly(HEMA). Both the atomic
composition (Table A2) and the high-resolution C 1s spectra (Figure A3) revealed no

significant differences compared to the commercial product.

From the FTIR spectra, the effect of plasma pulses frequency on the apparent monomer
conversion for each spray rate was determined as the peak intensity ratio of the vinyl (1637

cm ') band in the sample relative to the initial monomer, normalized to the carbonyl band. As
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shown in Figure 3.3b, conversions over 90% were obtained for all the samples except for the
two samples prepared from the highest spray rate and the lowest nanosecond pulsed plasma
frequencies. In particular, the monomer conversion for the highest spray rate shows an evident
logarithmic-like increase with increasing the plasma pulses frequency. On the other hand, a
similar trend of the monomer conversion rate is observed for the samples prepared from the
lowest spray rates, although the difference in conversion rate between plasma pulses

frequencies is significantly smaller.
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Figure 3.3: (a) FTIR spectra of the series C samples (highest spray rate) and a commercial
poly(HEMA) produced by conventional wet chemistry and (b) apparent monomer conversion
vs. plasma pulses frequency for all samples reported in this chapter (A, B, and C).

This behavior can be discussed based on the assumption that radical species formation
due to plasma exposure occurs at the plasma-liquid interface and only extends up to a few
nanometres of liquid phase.*>!>1:183:1% This implies for thicker liquid layers, a greater number
of monomer molecules are not exposed to the plasma.!®!83 From another perspective, the
concentration of the formed initiator species decreases when the monomer spray rate increases.
Hence, the presence of higher number of unreacted monomers in the samples prepared from the
highest spray rate can be correlated with the conditions where the lowest initiator concentrations
are expected from all the series, i.e., higher monomer flow rate and low pulse frequencies. These
unfavourable conditions for converting monomer into polymer appear to be overcome by
increasing the plasma pulses frequency at 1000 Hz (Figure 3.3b), obtaining apparent monomer

conversions similar to the ones calculated in the two other series.
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To correlate monomer conversion with polymer chain growth, GPC analyses were carried
out for all the sample series (Figure 3.4). The presence of small insoluble fractions was observed
in all thin films, which was attributed at the generation of cross-linked polymers. In Table 1.1
are summarized the peak molecular weight (M;). The shape of the molecular weight distribution
curves, asymmetrical with a large tail towards low molecular weights, is characteristic plasma-
induced polymerized thin films,* indicating a large polydispersity. Therefore, M, values are
considered more appropriate for the discussion as they are independent of the molecular weight

distribution.
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Figure 3.4: GPC chromatograms for the poly(HEMA) films at delivery rate of (a) 18 mg-min
!, (b) 34 mg-min' and (c) 71 mg-min! for plasma pulses frequencies ranging from 30-3000 Hz.

For each series, the highest value was achieved for the lowest plasma pulses frequency
(series B value was very close to the series maximum). Interestingly, the overall highest M,
(7100 g-mol™') was obtained using the lowest monomer spray rate combined to the lowest
plasma pulses frequency. The effect of increasing the plasma pulses frequency on the molecular
weight is different for each series. For the samples prepared from the lowest spray rate, the M,

shows a decreasing trend resulting in a molecular weight that was roughly halved. For the
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samples prepared from the highest spray rates, while not clear trends are evident, the difference
between the maximum and minimum M, values is less significant with ratios of 1.6 and 1.3 for
series B and C, respectively. Considering the chromatograms, the curves of series C clearly
show an increase in the concentration of polymeric chains with increasing plasma pulses
frequency, in accordance with the findings from the FTIR analysis. In each series is observed
the presence of an additional peak at My= 660 (polystyrene standard), corresponding to
oligomers up to 4 units.

From the results described above, it is still unclear if one should combine low spray rates
with low pulse frequencies or high spray rates with high pulse frequencies to promote plasma-
induced free-radical polymerization over plasma-state polymerization, responsible for the
formation of highly branched and randomly terminated polymer chains with a high degree of
cross-linking. Therefore, to gain further insight into the polymerization of liquid vinylic
monomer layers using atmospheric plasma, matrix assisted laser desorption/ionization high
resolution mass spectrometry (MALDI-HRMS) was performed directly on the as-deposited thin
films (Figure 3.5). Indeed, GPC-MS, which was also carried out in this work (Figure A 4 and
Figure AS), only provides information about the soluble part of the thin films. On the other
hand, MALDI-HRMS uses a laser energy absorbing matrix (2,5-dihydroxybenzoic acid in the
present work) to desorb and ionize large molecules with minimal fragmentation.!*! Although
the technique does not provide an exhaustive view into the mass distribution of polymers, it
enables an accurate structural identification of the chain end-groups, providing essential
information about the polymerization mechanism of polymers synthesised from conventional
solution-based approaches'®! and plasma-based processes.!” Importantly, MALDI-HRMS can
be used to elucidate the structure of non-soluble or partly soluble polymers.'*?

The MALDI-HRMS spectra (m/z = 300—2000) of the solid thin films obtained from the
highest spray rates (series B and C) are dominated by peaks related to sodium adducts of
formula [C3Hs-(HEMA ),-CsHoO3 + Na]" with n up to 13 (Figure 3.5). The proposed end groups
(CsHs and CsH9O3) are both radicals that can originate from the plasma-induced breakdown of
a single o-bond in HEMA (Table A3). Irrespective of the selected spray rate and plasma pulses
frequency, a non-negligible number of side-species is observed between two successive [C3Hs-
(HEMA)n-CsH9O3 + Na]" peaks (Figure 3.5b). Such mass distributions were previously shown
not related to the polymer fragmentation during the ionization of the molecules under the laser
radiation, but to the end-groups originating from the initiator.!” Noteworthy, the peaks are

arranged in 9 distinct sets of distributions from [C3Hs-(HEMA)n,-C¢HoO3 + Na]™ to their
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successive [C3Hs-(HEMA )n+1-CsHoO3 + Na]" oligomer units (Figure 3.5b). These different sets
of distributions are shifted by roughly 14 m/z, which was previously ascribed to the single
plasma-induced fragmentation of monomers composed of carbon and oxygen atoms, which
possess close atomic masses (low atomic weight hydrogen atoms being excluded).!”
Particularly, the number of sets of distributions observed between two successive oligomer
units was shown directly related to the summed number of carbon and oxygen atoms composing
these monomers (7 for MMA (CsHsO:) and 10 for GMA (C7H1003)).'” Accordingly, in the

case of HEMA (CeH1003), 9 sets of distributions are observed (Figure 3.5b).
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Figure 3.5: MALDI-HRMS spectra in the mass ranges (a) m/z = 300-2000 and (b) m/z = 960-
1120 of the HEMA-based thin films prepared from various delivery rates and plasma pulses
frequencies. The HRMS peaks related to ionized adducts of [C3Hs-(HEMA)n,-CsHoO3 + Na]*
are indicated by grey dashed lines on (a). The HRMS peaks related to ionized adducts of [Rj-
(HEMA ),-R; + Na]" are indicated by orange dashed lines on (b). The potential R; and R; end-
groups are listed in Table A3 and the exact m/z values of the resulting of [Ri-(HEMA),-R¢ +
Na]* combinations are provided in Table A4.

Interestingly, for the thin film prepared from the highest spray rate (series C) and at 3000

Hz (Figure 3.5b), assigning as R; and R end-groups the fragments originating from a single c-
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bond breakdown of the HEMA molecule (Table A3) allows to match all the main HRMS peaks
with the formula [Ri-(HEMA),-R; + Na]'. Under these conditions, exposure of the liquid
HEMA layer to ultra-short plasma pulses produces a defined number of radical fragments,
which play both the roles of polymerization initiation and termination groups. Therefore,
plasma-induced free-radical polymerization is preponderant under these conditions and it can
be assumed that the chemical structure of the poly(HEMA) thin film synthesized using the
highest spray rate and at 3000 Hz mainly differ from its counterparts synthesized via
conventional methods by the variety of its end-groups. The decrease of the spray rate (series
B), coupled to a decrease of the plasma pulses frequency (100 Hz) is yielding a similar
chemistry (Figure 3.5), although at a significantly lower growth rates, i.e. 6 nm-s™ vs. 17 nm-s"
! for the highest spray rate and at 3000 Hz (Figure 3.2). Further decrease of the spray rate (series
A) even coupled to plasma pulses frequencies as low as 100 Hz or 30 Hz, is responsible for a
non-negligible range dissociation and recombination reactions that yield to additional peaks
that cannot be addressed by the formula [Ri-(HEMA)n-R: + Na]" using the fragments originating
from a single 6-bond breakdown of the HEMA molecule as end-groups (Table A3). According
to the thickness increment per discharge cycle curves (Figure 3.2), the growth of the thin films
elaborated from the lowest spray rate is already significantly slowed down 1 ms after the
ultrashort plasma pulse by comparison to the one of the thin films prepared from higher spray
rates. Under these conditions (series A), the early termination of the free-radical polymerization
is not related to a lack of initiation (change of thickness increment slope at 1000 Hz) but to
termination reactions due to high concentration of growing radical species in comparison with
unreacted monomer. As such, the monomer-deficient regime is observed for spray rates below
18 mg-min"! where the high probability of interaction between the monomer and the reactive
plasma species is responsible of a significant monomer dissociation that even a decrease of the
plasma pulses frequency cannot attenuate.

Among the monomer alterations, the integration and some subtraction of oxygen, yielding
structures with formula [Ri-(HEMA ),-(HEMA ), “%*“H4-R; + Na]* evidenced by green dashed
lines on Figure 3.6a, were detected by MALDI-HRMS. Integration and subtraction of oxygen
was previously observed from the plasma-enhanced chemical vapor deposition of methacrylate
monomers and ascribed to the oxygen radicals created from the ionization of the O; and H2O
from the surrounding atmosphere.!” These radicals may react and integrate in the polymer
chains, as well as terminate the free-radical polymerization reaction. Oxygen integration and

subtraction are more prominent for the thin films synthesized from low spray rates and low
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plasma pulses frequencies (e.g. series A, 100 Hz on Figure 3.6b) compared to the ones
synthesised at high spray rates and high plasma pulse frequencies (e.g. series C, 3000 Hz on
Figure 3.6b). Considering that the free-radical polymerization reaction is mainly initiated at the
plasma-liquid interface, only monomer molecules in the vicinity of the surface of the liquid
layer are exposed to the plasma reactive species and the monomer molecules located in the bulk
of the liquid layer solely meet well defined radicals to undergo a conventional free-radical
propagation reaction. Therefore, higher spray rates (series B and C) form thicker liquid layers
that have a shielding effect on the monomer molecules located in the bulk of the liquid layer,

even when using high pulse frequency (3000 Hz for series C).
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Figure 3.6: (a) MALDI-HRMS spectra in the mass ranges m/z = 960-1120 of the HEMA-based
thin films prepared from various spray rates and plasma pulses frequencies. The HRMS peaks
related to ionized adducts of [Ri-(HEMA ),-R; + Na]" involving a single o-bond plasma-induced
fragmentation are indicated by orange dashed lines. The HRMS peaks related to ionized adducts
of [Ri-(HEMA),-(HEMA)**H,.R, + Na]" involving a single o-bond plasma-induced
fragmentation and the integration or subtraction of oxygenated and/or alkyl groups are indicated
by green dashed lines. (b) MALDI-HRMS spectra of HEMA-based thin films zoomed around
the HEMA heptamer adduct with formula [C3Hs-(HEMA);-CeHoO3 + Na]® (m/z =
1103.526714). The HRMS peaks related to HEMA heptamers adducts comprising the
integration or subtraction of oxygenated and/or alkyl groups are indicated by grey dashed lines.
The exact m/z values are listed in Table A4 and Table AS.
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The combination of high spray rates and high plasma pulses frequencies enables the
plasma-induced free-radical polymerization of liquid layers of vinylic compounds to form
polymer-like thin films. Such an approach is particularly suitable for the plasma-induced free-
radical polymerization of vinylic compounds possessing low saturation vapor pressure (Psa). In
the present case, HEMA possesses a Py, (0.08 mbar at 25°C) that makes it also suitable for the
plasma-enhanced chemical vapor deposition of HEMA-based thin films.!”> With the aim to
evidence any differences between the thin films prepared from the liquid assisted approach
described in this work and more traditional PECVD methods, we undertook the AP-PECVD of
HEMA using the same atmospheric-pressure dielectric barrier discharge reactor and
nanosecond plasma pulses generator (experimental conditions on Table A 6). In accordance
with reports,*!8 the plasma pulses frequency was fixed to 100 Hz (i.e. tog= 10 ms). A plasma
off-time in the range of tens of millisecond, in accordance with the lifetime of the formed radical
species, promotes plasma-induced polymerization over plasma-state polymerization in AP-
PECVD.**!85 With the same objective, a high monomer saturation ratio (Pm/Psat = 80 %, with
Pwm being the partial pressure of the monomer) was selected. In the case of HEMA, the use of
lower Pwm/Psat ratios engenders the system to operate in the monomer-deficient regime, yielding
alteration of the monomer structure. A Pm/Pg, ratio of 80 % also promote higher growth rate by
comparison to the ones achieved for Pm/Psa ratio of 35% and 50% (Figure A6), confirming that
the system operates in the monomer-deficient regime under low Pm/Psa. Interestingly, one
should point out that the growth rate achieved for a Pm/Psat of 80% in AP-PECVD, i.e. 1 nm-s”
!, is more than one order of magnitude lower than the one achieved from the plasma-induced
polymerization of HEMA liquid layers at high delivery rate (series C) and high frequency (3000
Hz), i.e. 17 nm-s™. In contrast to what observed for the thin films prepared from the highest
spray rate (series B and C), dominated by peaks related to sodium adducts of formula [C3Hs-
(HEMA),-C6HoO3 + Na]" (Figure 3.5 and Figure 3.6), the MALDI-HRMS spectra of the AP-
PECVD HEMA-based thin film is dominated by sodium adducts of formula [C2Hs0»-
(HEMA)n-CsHoO3 + Na]" (Figure 3.7b). Both C2HsO:2 and CsHoO3 end-groups can originate
from the plasma-induced breakdown of a single o-bond in HEMA (Table A3). Similarly to the
thin films prepared from the liquid-assisted plasma-induced polymerization, a large number of
peaks can be addressed by the formula [Ri-(HEMA)n-R¢ + Na]" using the fragments originating
from a single o-bond breakdown of the HEMA molecule as end-groups (Figure 3.7d). Besides,
peaks related to HEMA oligomers involving the integration or subtraction of oxygenated and/or

alkyl groups, structure [Ri-(HEMA )s-(HEMA),*%*“H4-R; + Na]", are observed (Figure 3.7d).
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Quite visually from the MALDI-HRMS spectra (Figure 3.7), the occurrence of the integration
or subtraction of oxygenated and/or alkyl groups is more pronounced for the AP-PECVD thin
film elaborated from the vapor phase at 100 Hz than for the plasma-induced polymerized thin
film prepared from the highest spray rate in the liquid-assisted approach (series C) at 3000 Hz.
The supply of the HEMA molecules from the vapor phase in AP-PECVD (virtually allowing
interaction of all molecules with plasma reactive species)!” is likely responsible for the greater
alteration of the monomer structure compared to what observed when starting from liquid layers

(granting a shielding effect).!®3
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Figure 3.7: MALDI-HRMS spectra of the thin films prepared from (a & c¢) the plasma-induced
polymerization of a liquid HEMA layer (71 mg-min') at 3000 Hz and (b & d) the AP-PECVD
of HEMA at 100 Hz. (a-b) mass range m/z = 300-2000 and (c-d) mass range m/z = 900-1200.
The HRMS peaks assigned to ionized adducts of [C3Hs-(HEMA )s-CsHoO3 + Na] " and [C,Hs503-
(HEMA ),-C¢HoO3 + Na]" are identified by blue dashed lines and pink dashed lines on (a) and
(b), respectively. The HRMS peaks related to ionized adducts of [Ri-(HEMA),-R¢ + Na]*
involving a single o-bond plasma-induced fragmentation are indicated by orange dashed lines
on (¢ & d). The HRMS peaks related to ionized adducts of [Ri-(HEMA),-(HEMA )***CH,_ R, +
Na]" involving a single o-bond plasma-induced fragmentation and the integration or subtraction
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of oxygenated and/or alkyl groups are indicated by green dashed lines on (¢ & d). The exact
m/z values are listed in Table A4, Table A5, Table A7 and Table AS.

3.2.3 Guidelines for thin film deposition by LA-PECVD

The most desirable conditions for the LA-PECVD of functional polymer thin films are
those enabling the full conversion of the monomer liquid layer, translated in thickness built up,
while preserving the chemical structure and functional groups of the monomer (reducing side-
reactions occurrences). GPC and FTIR investigations highlighted that high delivery rates (series
C) combined with too low plasma pulse frequencies (30 Hz and 100 Hz) do not allow the
creation of a sufficient number of radical species (free-radical initiators) to ensure the full
monomer conversion into a solid polymer thin film. Under these conditions, i.e. high monomer
to initiator ratio, the system operates in the so-called energy-deficient regime. On the other
hand, low spray rates (series A) and high pulse frequencies imply a high probability of
interaction between the monomer and the plasma reactive species, which is responsible for a
significant alteration of the monomer. Under these conditions, plasma-state polymerization
appears predominant in comparison with the free-radical polymerization pathway, i.e.
recombination vs. initiation, and the system operates in the so-called monomer-deficient
regime. In accordance with previous AP-PECVD studies'®!, a rather large operating window
(competition regime) for the plasma-induced free-radical polymerization of liquid HEMA
layers into solid polymer-like thin films is identified. Particularly, the combination of
intermediate spray rate (series B) with intermediate plasma pulses frequency (100 Hz), or high
spray rate (series C) with high plasma pulse frequency (3000 Hz) enables the formation
poly(HEMA) thin film with a low amount of side reactions. These poly(HEMA) thin films
mainly differ from their counterparts synthesised by conventional solution-based approaches
by their wider variety of end-groups that originate from the single o-bond breakdown of some
of HEMA molecules upon exposure to plasma (Figure A9). Gratifyingly, the thin film prepared
from the highest plasma pulses frequency (3000 Hz) and highest spray rate studied is displaying
both the highest growth rate and the most regular polymer structure among the thin films
prepared from both the AP-PECVD at 100 Hz and the plasma-induced free-radical
polymerization of liquid layers. Particularly, the growth rate achieved from 3000 Hz and at the
highest spray rate (17 nm-s™!) is more than one order of magnitude higher than the one achieved
from the AP-PECVD of HEMA in the same AP-DBD reactor (1 nm-s™"). Therefore, the plasma-
induced free-radical polymerization of liquid layers provides an attractive strategy for the

preparation of functional polymer thin films not only from low P, vinylic compounds, but also
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from vinylic compounds possessing intermediate Pgy and enabling the copolymerization of

vinylic compounds with highly different Ps, to form stable hydrogel thin films.

3.3 Conclusion

While plasma deposition processes are often limited by the vapor pressure of the thin
film precursors, this study demonstrates the potential of the LA-PECVD approach for the fast
deposition of functional polymer thin films. The significance of the operating parameters, such
as monomer spray rate and the plasma pulse frequency on the plasma-induced free-radical
polymerization of HEMA are elucidated. Specifically, GPC analysis revealed My~ distribution
up to ca. 8 kg-mol™! for the thin film prepared from the lowest spray rate and lowest plasma
pulses frequency. Yet, MALDI-HRMS and FTIR indicated a superior retention of the monomer
structure and lower amount of side reactions by combining intermediate spray rate with
intermediate plasma pulses frequency (300 Hz), or high spray rate with high plasma pulses
frequency (3000 Hz). Particularly, the combination of the highest plasma pulses frequency
(3000 Hz) and high spray rate resulted in the highest growth rate and the most regular polymer
structure among the thin films prepared from LA-PECVD. Interestingly, alongside a superior
retention of the monomer chemical structure, the LA-PECVD approach enable more than one
order of magnitude higher growth rates compared to the traditional vapor phase AP-PECVD
approach.

Plasma-induced free-radical polymerization of liquid layers provides an attractive
method for preparing functional polymer thin films, not only from low Pss vinylic compounds
but also from vinylic compounds possessing intermediate Psi, paving the way to the fast

deposition of functional polymer thin solid films with a controlled degree of cross-linking.
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Chapter 4 : Hydrogel synthesis via
nanosecond pulsed plasma induced
copolymerization of MAA and
EGDMA from liquid layers
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4.1 Introduction

In the previous chapter, it was demonstrated and characterized the plasma-induced free-
radical polymerization (FRP) of a model functional monomer for the direct synthesis and
deposition of a hydrophilic polymer thin films from liquid layers. Building on these findings,
this chapter aims to investigate the plasma-induced FRP of liquid layers in the perspective to

form hydrogel films.

Free-radical copolymerization of vinyl monomers in the presence of a cross-linking agent
bearing two vinyl groups is a widely employed method for synthesizing hydrogels (Figure
4.1)2728190 In this approach both polymer chain growth and cross-linking occur
simultaneously, leading to the formation of the desired network structure.?’-?® Nonetheless,
heterogeneity is expected in this approach due to the concurrent and random propagation and
cross-linking reactions.?® Furthermore, the termination mechanism, whether combination or
disproportionation, can influence the network structure during the copolymerization. Both
termination modes lead to different end-groups on the polymeric chains, which can
subsequently affect cross-linking efficiency and network homogeneity. 2*3! The final network
structure often contains unreacted vinyl groups derived from the cross-linker and the presence

of dangling chains (Figure 4.1).

Component of Hydrogels Uncontrollable Feature

i Polymer Chain w:‘ Q Crosslinking Density
. Crosslinking Q@ Dangling Chains
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Figure 4.1: Structure and uncontrollable features in the copolymerization between a vinyl and
divinyl hydrogel. Reprinted with permission from Ida.?® Copyright 2019, The Society of
Polymer Science, Japan.
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On the other hand, few studies have investigated plasma polymerizations of a monomer
and a cross-linker to form (bulk and thin film) hydrogels.*>>"1%!5 Those studies usually
synthesized them by exposing aqueous solutions of the monomers to the plasma reactive
species. Such approach aims to create free radicals from water dissociation (such as, OHe and

Ho) to initiate FRP.51’109’156

Malik et al. reported the synthesis of bulk hydrogels using atmospheric-pressure corona
pulsed plasma with three monomers: acrylamide (AAm), acrylic acid (AAc) and N,N-
methylene-bis-acrylamide (MBA).!3® The MBA was fixed at the concentration of 1 mol% of
the monomers, as cross-linking agent, and AAc was varied between 0-50 mol%. Interestingly,
the authors observed a swelling 14 times bigger for the sample produced without AAc compared
to the samples with 50 mol% AAc in its composition (Figure 4.2a). Likewise, Lu et al. utilized
glow discharge to synthesize hydrogel from AAc, polyvinylpyrrolidone (PVP), and MBA
(cross-linker agent) in aqueous solutions.!”” Such synthesized hydrogels were investigated as
absorbents for the removal of heavy-metal ions from wastewater. Lu et al. studied the variation
of the cross-linker concentration (MBA) between 0.1 and 1.1 mol% in the properties of the
plasma polymers. Although the swelling of the plasma polymerized was not determined for the
hydrogel, the authors determined an optimum content of MBA as 0.7% for the studied
adsorption of Pb (II) (Figure 4.2b). Knowing the influence of the cross-linker concentration,
Molina et al. investigate the impact of chemical cross-linker concentration on physico-chemical
properties of the poly(N-isopropylacrylamide-co-N,N-methylene-bis-acrylamide) (NIPAAm-
co-MBA) bulk hydrogel (Figure 4.2 ¢ and d).>! The authors observed that the swelling capacity
of the p(NIPAAm-co-MBA) declines significantly when the MBA concentration increased
(Figure 4.2¢).

Due to the intrinsic cross-linked nature, the chemical and structural characterization of
the plasma polymerized hydrogels in the studies were limited to the soluble fraction for some
characterization techniques, such as nuclear magnetic resonance spectroscopy (NMR) and
GPC. Consequently, these reports were mainly focused on the resulting hydrogel properties
(such as swelling and mechanical properties) to infer the structure-property relationship. From
the literature survey, it became evident that the chosen kind of monomers and their
concentrations will play an important role in the properties of the plasma polymerized

hydrogels, as have been largely reported on the wet chemistry synthesis of these materials.
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Figure 4.2: (a) Effect of AAc concentration in poly(AAm-co-AAc-co-MBA) in the swelling
behavior of the plasma polymerized bulk hydrogels. MBA (cross-linker agent) was kept at 1
mol%. Adapted with permission from Malik et al.'*® Copyright 2003, Springer Nature, Plenum
Publishing Corporation (b) Effect of MBA concentration on Pb(II) adsorption of plasma
polymerized p(PVP-co-AAc-co-MBA) hydrogel. Reprinted with permission from Lu et al.!%”
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (c) Effect of MBA
concentration on the (c) swelling ratio and (d) porous structure of the swollen hydrogels
characterized by scanning electron microscopy of the plasma polymerized p(NIPAAm-co-
MBA). Reprinted with permission from Jovan¢i¢ et al.>! Copyright 2015 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

In this context, this chapter aims to study the deposition of hydrogel coatings from liquid
mixtures of methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA). MAA has
been extensively employed for hydrogel applications due to its high hydrophilicity and pH-
responsiveness characteristics, thanks to the carboxyl group.!**'¢ While EGDMA was selected
for its vast use as a cross-linker in FRP and as a chemical cross-linker in hydrogel
applications.!®!°7 Figure 4.3 shows a representation of the chemical structure of EGDMA
acting as a chemical cross-linking point and MAA as the polymeric backbone for the formation
of'a 3D network structure. From a process point of view, these selected methacrylates have low

vapor pressure at room temperature (0.1 mmHg and 1 mmHg for EGDMA and MAA,
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respectively), which will limit monomer losses by evaporation in the open configuration of the

plasma reaction set-up.

Figure 4.3: Representation of the expected chemical structure from the copolymerization
between MAA and EGDMA.

The synthesis of p(MAA-co-EGDMA) hydrogel films via atmospheric-pressure
(nanosecond) pulsed plasma polymerization of liquid layers has not yet been reported.
Following the approach of the previous chapter, the first section of this chapter was focused on
the plasma-induced FRP of MAA. Then, the copolymerization of MAA and EGDMA is studied
by varying the plasma pulse frequency and the EGDMA concentration (chemical cross-linker)
to analyze the impact on the properties of the network structure of the coatings. In particular,
the chemical structure and hydrogel properties (swelling behavior and viscoelastic properties)
of the coatings are characterized by spectroscopic methods and QCM-D measurements,

respectively.

4.2 Results and discussion

4.2.1 Samples nomenclature
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In Table 4.1 are summarized the seven series of samples studied in this chapter and its
corresponding nomenclature. Each series was characterized by the EGDMA concentration used
in the liquid mixture, spanning from 0 to 100 mol%, and within the series, three different fp.
were studied ca. 100, 1000 and 3000 Hz. Other deposition parameters such as spray rate (1.8
slm and 0.5 slm for nebulizer gas and carrier gas, respectively) and sample displacement speed
through the plasma zone (50 mm-s™') were kept unchanged through the series. The number of

deposition runs were 100, except for the samples dedicated for QCM-D studies.

A corresponding nomenclature for the samples is also provided. For ease of reference,
these samples are hereafter referred to by the designations outlined. The specific parameters for
each sample, including monomer composition in the liquid mixture and pulse frequency (fpe),

are outlined in Table 4.1.

Table 4.1: Nomenclature of the samples studied in this chapter.

EGDMA Plasma pulse frequency (Hz)
Mass
concentration
delivery
in the liquid
rate 100 1000 3000
mixture (mol
(mg-min™)
%)
0 82+6 pPpMAA 100 pPpMAA 1000 pPpMAA 3000
1 83+9 1EGDMA 100 1EGDMA_1000 1EGDMA 3000
2.5 87+1 2.5EGDMA_100 2.5EGDMA 1000 2.5EGDMA 3000
5 79+ 10 SEGDMA 100 SEGDMA_1000 SEGDMA_3000
10 86+ 6 10EGDMA 100 10EGDMA_1000 10EGDMA_3000
20 52+6 20EGDMA_100 20EGDMA_1000 20EGDMA_3000
100 517 ppEGDMA 100 ppEGDMA 1000 ppEGDMA 3000

4.2.2 Deposition of water-soluble ppMAA films

Certainly, to develop a robust method to tune the polymeric network structure of
hydrogels it would be extremely interesting to distinguish the effect of the cross-linker (i.e.,
EGDMA concentration) from the effect of the f,c in the growth of the polymeric network
structure. Due to the foreseen highly cross-linked structure obtained at higher EGDMA
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concentration in the films, chemical analysis techniques (such as mass spectrometry and GPC)
are more complicated and perhaps not representative of the sample’s chemistry. Therefore, this
section aims at investigating the influence of the f,. on the homopolymerization of the plasma
polymerized MAA (ppMAA) films. As shown in the previous chapter on plasma-induced
polymerization using nanosecond pulse discharge, the fpe can influence the chemistry and
molecular weight of the deposited thin films. For this purpose, fpe ranging from 100 Hz to 3000
Hz was investigated for the growth of pp(MAA).

4.2.3.1 Study of the chemistry and polymeric growth of the films of the ppMAA

After deposition, naked eye observations readily revealed a change in physical state of
the liquid MA A monomer into solid thin films for all studied fpe, suggesting polymeric growth.
To characterize the effects of plasma exposure on the monomer structure, FTIR analysis was
performed (Figure 4.4). For the sake of comparison, a commercial poly(MAA) produced by
conventional polymerization (p)MAA_REF, Polysciences My 100 kg-mol™") was also analyzed

as a reference.
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Figure 4.4: FTIR spectra of as-deposited ppMAA films obtained at different plasma pulse
frequency (100-3000 Hz) (a) in the wavenumbers range of 4000-600cm™ and (b) overlay on
the carbonyl and vinyl band region around 1700 and 1635 cm’!, respectively. The monomer
(MAA) and commercial poly(MAA) produced by conventional polymerization (pMAA REF,
Polysciences My 100 kg-mol™) are shown as references.
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FTIR spectra showed that the vinyl group bands at 1006 cm™ and 1635 cm™ exhibited
significantly lower intensity in the plasma polymerized samples compared to the MAA
monomer (Figure 4.4b).!86:198-200 Additionally, a shift in the carbonyl group peak from 1697
cm' (MAA monomer) to 1700 cm™ (ppMAA) and 1708 cm™ (pMAA_ REF) was observed.
The disappearance of the C=C and the shift of the C=O indicated the growth of polymeric
chains via a FRP pathway.!”2%! A distinct difference between the monomer and polymerized
samples (ppMAA and pMAA_ REF) was observed in the hydroxyl group region (3200 - 2900
cm™). The broader OH band in the polymerized samples is attributed to intermolecular
hydrogen bonding involving the carboxylic acid groups, which is consistent with previous
studies on MAA polymerization in wet chemistry.!36201-203 Qverall, FTIR analysis indicated
structural similarities between pMAA and ppMAA, suggesting the preservation of functional
groups on the plasma polymerized thin films. Likewise, XPS spectra of the thin films obtained
at different f,. showed no difference from the conventionally polymerized pMAA_REF sample.
The XPS elemental analysis also showed similar values between the thin films, pMAA REF
and the theoretical values (Figure B2).

To gain insights into the polymeric chain growth, MALDI-HRMS analysis was
performed for the ppMAA obtained at 100 and 3000 Hz (Figure 4.5). The MALDI-HRMS
spectra (m/z= 100-1000) were dominated by ppMAA proton adduct of formula [(MAA),+H]*
with n up to 6 and 7 repetition units for ppMAA 100 and ppMAA_ 3000, respectively (Figure
4.5 a&b). Such oligomer was attributed to the formation of an unsaturation through hydrogen
transfer as termination mechanism. The spectra was also dominated by peaks related to the
proton adducts of formula [C3Hs-(MAA),-C4HsO2 + H]" up to n= 7 repetition units. These
proposed end groups (CsHs and C4HsO3) are initiating/terminating groups originated from the
plasma-induced breakdown of a single 6-bond in MAA (Figure B3). Additionally, irrespective
of the f,e, a non-negligible number of side-species is observed between the trimer and tetramer
[(MAA), + H]" peaks (Figure 4.5 b&d). In a similar manner as for the HEMA in the previous
chapter, the sets of distribution were directly related to the summed number of C and O atoms
composing the monomers (9 for HEMA (C¢H1003) and 6 for MAA (C4HeO»)). Likewise, some
peaks could be addressed by the formula [Ri-(MAA)s-R¢ + H]" using the fragments originating
from a single 6-bond breakdown of the MA A molecule as end-groups (Figure 4.5 b&d, dashed
orange lines), and the main modifications of the monomer structure could be assigned as

integration or subtraction of O unit with a CH4 unit. This side-mechanism and mass peaks that
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could not be addressed (likely originate from fragmentation and polyrecombination reactions)

likely from the plasma-state polymerization pathway.
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Figure 4.5: MALDI-HRMS spectra in the mass range m/z = 100-1000 of a thin film elaborated
from MAA at (a) 100 Hz and (c) 3000 Hz. MALDI-HRMS spectra in the mass ranges m/z=
250-350 of ppMAA from MAA at (b) 100 Hz and (d) 3000 Hz. Peaks related to ionized adducts
of oligomers [Ri-(MAA),-R¢+ H]" indicated as dashed orange lines and oxygen side reactions
are indicated as green lines.

To demonstrate the growth of the polymeric chains and gain insights of the molar mass
distribution of the ppMAA, GPC analyses was performed for the soluble parts of these films
(Figure B4). The molecular weight distribution and polydispersity index of the ppMAA films
deposited at 1000 and 3000 Hz are shown in Table B 1. Both ppMAA 1000 and ppMAA 3000
exhibited an apparent weight average molar mass (My) around 2300 g.mol"! with a relatively
high polydispersity index around 1.7, indicating no significant influence of f,c on the molar
mass distribution within this range. Unfortunately, ppMAA 100 chromatogram exhibited
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extremely low detectable peaks (sample to blank ratio), likely due to insufficient soluble
polymer for analysis. Consequently, reliable molecular weight data could not be extracted for

ppPMAA_100.

4.2.3.2 Study of the solubility in water of the ppMAA

Poly(MAA) synthesized by conventional wet chemistry is readily soluble in water.?**2%

To investigate whether the thin films deposited by plasma show this property, immersion tests
in distilled water were conducted. Special attention was paid to the presence of any supernatant
or insoluble material in the water where the samples were immersed. FTIR spectra of the
samples after immersion in water showed only the OH vibration from moisture and Si-O
vibration of the silicon substrate for all investigated f,. (Figure 4.6a). Quantitatively,
gravimetric analysis confirmed the dissolution of all ppMAA films, with mass losses ranging

from 94% to 100% for ppMAA 100 and ppMAA 3000, respectively (Figure 4.6b).

----- As deposited films
(a) —— After immersion in water C=0 Si-O (b)

2 S y Sample | M, (%)
el e PpMAA 100 | 93.9+3.7
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Figure 4.6: (a) FTIR spectra of ppMAA film at different pulse frequencies measured after
immersion in water (continuous line). The as-deposited films grown at the same pulse
frequencies (dashed lines) and commercial conventionally polymerized (pMAA_REF) are
shown as references. For the plasma polymerized films after immersion in water (green
continuous lines), the spectra were normalized from 0 - 1 to be able to adjust the values to a
common scale. (b) Mass losses of thin film (Miss) were calculated after 24 h immersion in
water and subsequent drying in an oven at 60 °C.

82



The absence of bands associated with polymeric chains in the FTIR spectra, along with
the mass loss, indicates near-complete dissolution of the ppMAA. The complete dissolution
indicates the absence of sufficient cross-linking within the plasma polymerized films. Indeed,
several studies have showed that fragmentation and polyrecombination reactions during
plasma-based processes can form highly cross-linked and insoluble networks.?°62% The
solubility in water and analyzed chemical structure suggests a predominantly linear polymer
chain structure for the ppMAA films, formed primarily through plasma-initiated FRP.
Interestingly, these results indicate that the f,e used in the deposition does not seem to have any
significant effect on the solubility of the ppMAA thin film. This is of significance for studying
the copolymerization of MAA with EGDMA as the role of EGDMA as cross-linking agent

would not be significantly influenced by plasma-induced cross-linking reactions.

4.2.3 Nanosecond-pulsed plasma copolymerization of MAA and EGDMA

4.2.3.1  Effect on the chemistry

After deposition, naked-eye observation readily enables evidence of physical state
differences for some samples. In particular, liquid thin layers were obtained when combining
the highest EGDMA concentration (> 5 mol%) to the lowest plasma pulse frequencies (100
Hz). Decrease of EGDMA concentration or use of higher pulse frequencies (1000 or 3000 Hz)
yield the formation of solid thin films. The difference in the physical state of the samples,
appearing as a liquid thin layer, suggests the presence of non-polymerized monomers or short

oligomers, as concluded in the previous chapter.

Hence, FTIR analysis was performed to investigate the chemistry of the films and liquid
layers (Figure 4.7 and Figure BS). As expected, compared to the liquid mixture, a decrease in
the band associated with the vinyl group (1637 cm’!) is noticeable for all the samples.
Additionally, the thin liquid layers, obtained when combining higher EGDMA concentration
with the lower fpe, exhibited a higher intensity of the C=C, corroborating the assumption of a
higher concentration of unreacted monomers. These findings align with the reported results in
the literature for the free-radical copolymerization of similar methacrylate (i.e., methyl
methacrylate, MMA) and EGDMA in wet chemistry.??*210 For instance, Carswell et al.

reported the monomer conversion close to 40% and 85% for homopolymerization of EGDMA
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and MMA, respectively.?”” Furthermore, they also showed that for comonomer mixtures
containing up to 6 mol% of EGDMA, the conversion was close to 80% and decreased at higher
EGDMA concentrations. Similarly, Czuba et al. work on atmospheric-pressure plasma
polymerization of methyl methacrylate and EGDMA mixtures demonstrated comparable
behavior.?!! Czuba et al. showed that higher EGDMA concentrations (2 mol%) exhibited
thinner films, when compared to lower concentration of the cross-linker (0.05 - 0.4 mol%).
Such behavior was attributed to the evaporation of the unreacted volatile MMA monomer and,
consequently, originating thinner thickness of the films. In both studies, the lower monomer
conversion at the higher cross-linker content was attributed to the Trommsdorff—Norrish effect,
also called gel effect.?!%2!2 Furthermore, our results showed that combining of high EGDMA
concentration (= 5 mol%) and higher pulse frequency (1000 - 3000 Hz) formed solid films.
Although an explanation for the observed trend cannot be proposed, such differences already
highlight an effect between the EGDMA fraction in liquid mixture and the pulse frequency used

in the deposition.

(a) 1EGDMA:99MAA (b)  2.5EGDMA:97.5MAA (c) 10EGDMA:90MAA

1EGDMA_3000 2. SEGDMA_3000 10EGDMA_3000

1EGDMA_1000 2 5EGDMA_1000 10EGDMA_1000
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Figure 4.7: FTIR spectra of the 1900-1550 cm-1 region, corresponding to the carbonyl
stretching of EGDMA and MAA monomer and the pp(EGDMA:MAA) copolymer films for
different EGDMA:MAA molar ratios grown from 100 to 3000 Hz. MAA and EGDMA
monomers, and the liquid mixture solution prepared with its corresponding concentration of
each monomer are shown as references.

Regarding the effect of the EGDMA concentration in the liquid mixture on composition
of the films, the spectra of pp(EGDMA:MAA) copolymer films show the distinctive vibrations
at 1697 and 1725 cm™ attributed to the ester moiety (C=O stretching) contained in the MAA
and EGDMA monomers, respectively.!3 As expected, by comparing the same fi, the intensity

of the peak at 1752 cm™' become more pronounced with increasing the EGDMA content in the
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liquid mixture. In addition to the noticeable decrease of the OH stretching vibrations at the
3600-3100 cm™! attributed to the COOH group of MAA, for higher EGDMA contents in the
copolymers (Figure BS).

Furthermore, the effect of fpe on the resulting structure of the copolymers is evident in all
the spectra of the samples across the studied range of cross-linker concentrations (1 - 20 mol%).
Where the C=0 band observed on the samples obtained with lower fpe (100 Hz) has shifted
towards the characteristic absorbance peak of the carboxylic groups of EGDMA rather than
MAA. While at very low concentration of EGDMA in the liquid mixture (1 - 2.5 mol%) the
carbonyl peaks from EGDMA located at 1752 cm™' are barely noticeable, while it is more

pronounced in the copolymer film’s spectra.

To further analyze the bond arrangements, XPS studies of pp(EGDMA:MAA) films were
carried out (Figure 4.8 and Table B 2). The C1s high resolution core level spectra from the films
exhibited four distinct peaks, corresponding to C*-(C,H) (B.E.= 285.0 eV), C*-COO (B.E.=
285.8eV), C-O (B.E.=286.7 eV), and O=C*-O (B.E.=289.33 eV).2!3 The presence of EGDMA
in the copolymers was clearly indicated by an increase in the C—O peak associated with the
EGDMA backbone (Figure 4.8b). Notably, the C-O components were more pronounced in
copolymer films synthesized at 100 Hz (Figure 4.8a), suggesting a higher concentration of
EGDMA in the polymeric backbone at low fpe. Similar behavior was observed in FTIR, where
IEGDMA 100 and 2.5EGDMA 100 exhibited more pronounced peaks in the C=0 related to
the ester of EGDMA compared to their counterparts obtained at higher pulse frequencies (1000
and 3000 Hz).
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Figure 4.8: XPS spectra of the O 1s and C 1s core levels of as-deposited pp(EGDMA:MAA)
copolymer layers grown for different EGDMA concentration at (a) 100 Hz and (b) 3000 Hz.
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4.2.3.2 Insights into molecular composition of pp(MAA-co-EGDMA)

Figure 4.9 shows the high-resolution XPS C 1s spectra used to attempt the quantification
of the MAA molar fraction in the thin films. A comparison between the MAA molar fraction
in the liquid monomer mixture used in the deposition and the fraction determined by XPS in
the thin film is plotted in Figure 4.9b & c. While higher molar fractions of MAA (in the range
0f 95 - 100%) in the monomer mixture led to values similar to those obtained in the copolymer

films, a significant deviation was observed upon increasing EGDMA fraction in the liquid

mixture.
o I =1.0
3 =4 -
(a) o 8 g b o = Experimental (1000 Hz) -
o 09 F = ! p
X 60 9 9 is # Experimental (3000 Hz) -
M £ 71 - - Ideal behavior .
~ | pREGDMA_3000 P E
= _/T\/'\_/L — 0.6
& [10EGDMA 3000 e o
2 1 i E o4
2 ; N 5 041
& | i | e o &
2 L2 - o -
= - i et 2
-_ L ! £ 0.2 P -
! ’ -] .7
! N =00 . . : .
202 200 288 286 284 282 0.0 02 0-4 0.6 08 1.0
Binding energy (eV) MAA in monomer mixture (mol fraction)
(C) Experimental ——Experimental 2.5EGDMA_3000| —— Experimental ppEGDMA_3000
[T c4CH) A [ C-(C.H) A M c4C.H)
—~ |[ Jc-coo i — |[__]c-coo f ~ | [ o=c0
2 [[[Jo=c0 it 2 | Jo=c-0 i 3 |Ejco
< [Jco I < | Jjco I < | Ejccoo
2 | Fit HIlE 2 |[c-cH) HIM > |—Fit
@ fne o |Li]o=c-0 IS i
8 i § [=co Al =
£ A i £ |EEjc-coo A i c
/ \ / \ Fit \ W \ =
M- ’ / Der &\._,, N —L;s“l i A i
295 290 285

290
Binding energy (eV)

285 295
Binding energy (eV)

295
Binding energy (eV)

Figure 4.9: (a) XPS spectrum of the C 1s core levels of the pp(EGDMA:MAA) copolymer
films for different EGDMA:MAA molar ratios grown at 3000 Hz. (b) A plot of the MAA molar
fraction in the copolymer film (obtained by XPS) versus MAA molar fraction in the liquid
mixture before exposure to plasma zone. Error bars: means + SD (n=3). The dotted grey line
indicates the ideal case where molar fraction in the feed is fully conserved within the thin film.

The deconvolution of the XPS spectra might be affected by the new groups originating
from the plasma-induced fragmentation and recombination reactions, affecting the estimation
of EGDMA concentration in the copolymer. Nevertheless, the clear trend observed in Figure

4.9c is likely related to the reactivity ratio between this comonomer pair. For comparison,
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reactivity ratio values reported in the literature between methacrylate monomer pairs with
similar chemistry from this work were shown in Table B3. The trend thus suggests a higher
tendency of EGDMA to self-polymerize than to add MAA units. Indeed, this nonlinear
behaviour between the monomer fraction obtained in the copolymers compared to the initial
monomer mixture has been reported previously between a (meth)acrylate and divinyl
monomers, bearing similar moieties.’>*'* Under these circumstances, the formation of a
polymer network rich in poly(EGDMA) could be expected, increasing the possibility of
unreacted MAA monomer loss through evaporation. This is accentuated by the higher vapor

pressure of MAA (1 mmHg) compared to EGDMA (0.1 mmHg) at room temperature.

While XPS results provided useful information of the monomer fractions in the film, the
results do not provide information to reveal the mechanism responsible for the growth of
polymeric chains, whether by separate homopolymerization of MAA or EGDMA,
copolymerization, oxygen side-reactions, etc. In this context, chemical structural analysis were
carried out by MALDI-HRMS. In Figure 4.10 and Figure B6 (in black lines) are shown the
MALDI-HRMS spectra of a representative sample (I0EGDMA 3000). This sample was
chosen for illustrative purposes as it corresponds to the midpoint of the EGDMA fractions in
the copolymer film, as determined by XPS. Also, these figures also show the filtered peaks
(colored spectra) from the full spectra that could be assigned to different mechanisms of
polymeric growth. One should note that MALDI-HRMS is not the ideal characterization for
oligomers with high cross-linker concentration such as expected for ppEGDMA, implying the
results might not fully describe the film’s chemistry. For the filtering of the peaks, the
investigated mechanisms were the homopolymerization (orange and green lines),
copolymerization (blue lines) and the structure of oligomers with modified repeat units (pink
lines, corresponding to the integration or subtraction of an oxygen unit with an alkyl unit).
Polymeric’s distributions considering either proton, hydroxyl, C4HsO, and C4HsO as end
groups were investigated. In addition, the formation of an unsaturation through hydrogen
transfer or disproportionation was also considered as a terminating process, yielding the
oligomer form [(MAA), + H]', [[EGDMA), + H]", [MAA)s-(EGDMA)m + H]" or [(MAA).-
(MAA)*O=H4  + H]". As evidenced by the higher number of filtered peaks in Figure 4.10 and
Figure B6, the matching peaks were more pronounced for the structure [Ri-(MAA).
(EGDMA)m-R¢ + H]". The predominance of matches for the copolymer-related peaks (blue
lines) suggests that copolymerization is the primary growth mechanism rather than
homopolymerization of ppMAA or ppEGDMA. This indicates that despite the higher

87



concentration of EGDMA in the films, as concluded from the XPS analysis, the

copolymerization is still the primary growth mechanism.

[Ri-(MAA), (MAA) - CHu-Re+H]'
[R-(MAA), (MAA)C*CHu-Re+H]*

: | | , | I
[R-(MAA) (EGDMA), -R+H]*

[R-(EGDMA),-R+H]"

Full spectra

Intensity (a.u.)
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Figure 4.10: MALDI-HRMS spectra of the pp(10EGDMA:90MAA) copolymer films grown
at a discharge frequency of 3000 Hz in the mass range m/z =420 — 620. The full spectra of the
sample are indicated in black line. Filtration of the full spectra from the sample to the matching
mass are indicated in coloured lines.

4.2.3.3  Effect on the hydrophilicity of the surface of the films

Water contact angle (WCA) measurements were used to characterize the hydrophilicity
of the surface of pp(EGDMA:MAA) films (Figure 4.11). For the following analysis, only the
as-deposited solid films are considered, therefore excluding samples with 5 - 100 mol%
EGDMA at 100 Hz. As expected, ppEGDMA exhibited higher WCA values than ppMAA films
for all the fpe. The WCA values for the homopolymers of ppMAA and ppEGDMA were
approximately 15° and 70°, respectively, which align well with values reported in the literature
for these homopolymers in conventional free-radical polymerization. The suggested influence
of fye on the network structure of pp(EGDMA:MAA) likely accounts for the observed

differences in WCA between the copolymers. The most notable difference was observed
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between 100 Hz and 3000 Hz, with the WCA being approximately three times higher for 1
mol% EGDMA and twice as high for 2.5 mol% EGDMA.

Given our assumption that polymerizing films at 100 Hz resulted in a higher concentration
of EGDMA in the polymer backbone, the observed increase in WCA values is consistent. To
properly evaluate this assumption, it is expected that a higher concentration of EGDMA in these
copolymers would lead to a greater degree of cross-linking within the polymeric network. This
increased cross-linking would enhance the water stability of the thin film and demonstrate the
formation of hydrogel materials. Consequently, the next section will focus on the differences

in water stability among these films.
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Figure 4.11: Water contact angle measurements of copolymer pp(EGDMA:MAA) films
polymerized with different EGDMA:MAA molar ratios and pulse frequencies (100 - 3000 Hz).
Error bars: means = SD (n=3).

4.2.3.4  Effect on the stability in water

In order to have a better understanding of any influence of f,. and the ratio between
comonomers in the liquid mixture on the stability in water of the plasma-polymerized films, the
stability study was conducted in multiple steps. The detailed quantification of mass loss and the
steps performed are described in Chapter 2. Hence, the mass loss in Step 1 is expected to be
correlated with unreacted monomers trapped within the films and the mass loss in Step 3 is

expected to be from the ppMAA homopolymers and oligomers (Figure 4.12). As previously
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mentioned, the hydrophilic nature of ppMAA (across all f,e) led to significant mass loss upon
immersion in water, indicating a predominantly linear polymer structure with limited cross-
linking. Conversely, ppEGDMA exhibited exceptional water stability, with negligible mass
loss, suggesting the formation of a highly cross-linked network. The addition of EGDMA to
the comonomer mixture resulted in a proportional decrease in mass loss, with the values in
between the ones obtained for ppMAA and ppEGDMA. The effect of f,. on water stability was
pronounced at lower EGDMA concentrations (1 and 2.5 mol%). Notably, the addition of 1
mol% EGDMA resulted in a dramatic difference in mass loss, from 9.7% to 91.1% when
obtained at 100 Hz and 3000 Hz, respectively. This low solubility in water can be attributed to
a higher content of EGDMA in the polymeric network, as suggested by the previous results.
Furthermore, from 5 mol% EGDMA, no significant differences in the mass loss were detected

when varying the fpe from 1000 to 3000 Hz.
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Figure 4.12: (a) Mass loss after step 1 and (b) mass loss between step 2 and step 3 of the
pp(EGDMA:MAA) copolymer films for different EGDMA:MAA molar ratios grown from
100-3000 Hz. In “Step 17, the as-deposited films were firstly placed in an oven at 60 °C for 24
hours and then cooled to room temperature for 2 hours inside a vacuum desiccator. After the
purification process, the considered “Mass loss in water (Step 1-Step3)” was obtained. The
mass loss in water is considered as the dried films (dried 24 h at 60 °C in drying oven and cooled
at room temperature for 2 h in vacuum desiccator) of the films previously immersed in water
for 24h. Error bars: means = SD (n=3).

Overall, the plasma-polymerized films at 1000-3000 Hz led to the formation of solid

films, apparent lower cross-linking of the polymeric networks and higher thickness and mass
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growth rate (Figure B1) when compared to 100 Hz. Hence, further investigation for the samples

prepared at 1000 and 3000 Hz with varying EGDMA concentrations (1-100%) were conducted.

4.2.3.5  Hydrogel films: swelling and viscoelastic properties

Certainly, to determine whether the poly(MAA-co-EGDMA) thin films produced in this
chapter form hydrogel network structures, they should absorb and retain water while
maintaining their structural integrity.!* Hence, the following section presents an analysis of the
film’s behavior in aqueous medium, focusing on determining swelling ratio and viscoelastic

modulus.

4.2.3.5.1 QCM-D coupled with SE

A common method for determining hydrogel swelling ratio involves measuring the mass
difference between the dry and swollen states. However, applying this approach to thin films
deposited on a substrate can introduce significant inaccuracies due to the negligible mass of the
thin film compared to the supporting substrate. Otherwise, the determination of the mechanical
properties is typically assessed through surface analysis techniques such as AFM or
nanoindentation since thin films are often not self-standing. Nevertheless, reporting data
acquisition from such techniques is challenging due to the soft nature of hydrogels and the
presence of water, making these time-consuming measurements and complex, especially when

quantitative precision is required.?!>2!6

In this context, QCM-D coupled with SE offers a promising approach for characterizing
the mechanical properties and swelling behavior of plasma-polymerized hydrogel films from
dry to swollen states. For QCM-D measurements of hydrogels, it is often recommended to work
with layers that have a thickness below 500 nm in their swollen state.?!”*!8 To this end, the
deposition process to coat QCM-D sensors was carried out using a reduced number of
deposition passes. All plasma-polymerized films in their dry state were prepared with thickness
ranging from ~ 65 to 145 nm (Table B4). Importantly, these films were designed not to follow
a trend based on thickness for either the f,e or EGDMA concentration. This ensures that the
discussion of results focuses on effect of the variable parameters in the hydrogel properties

(swelling and mechanical properties), rather than variations in these properties due to thickness.
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Figure 4.13 presents QCM-D data, the vibrational dissipation (Figure 4.13) and resonant
frequencies (Figure 4.13b) were recorded for approximately 60 minutes under wet dynamical
measurements. The pp(EGDMA-co-MAA) copolymer films samples were produced at f,. 3000
Hz from EGDMA:MAA mixtures with different molar ratios. Since QCM-D measures
frequency changes of a quartz crystal caused by mass changes on its surface, the data can show
qualitative information associated with mass uptake or loss in the medium.?!”??° The slight
drifting of the frequency signal towards higher values (inset in Figure 4.13b) observed on
1EGDMA 3000 and 2.5EGDMA_3000 likely suggests mass loss from the films in water. This
mass loss could be attributed to unreacted monomers or water-soluble linear polymer chains.
Figure 4.13b also indicates that IEGDMA 3000 and 2.5EGDMA 3000 did not show a stable
baseline within the measurement timeframe. In contrast, the SEGDMA 3000 exhibited a

potential initial mass loss followed by a stable baseline after a few minutes of water exposure.
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Figure 4.13: Representative QCM-D data obtained for the pp(EGDMA-co-MAA) copolymer
films deposited at 3000 Hz from EGDMA:MAA mixtures with different molar ratios. Measured
(a) vibrant dissipation (related to the viscoelastic behaviour) and (b) resonant frequencies

(related with difference in mass) according to time passed during experiment.
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Qualitative information can also be obtained by analyzing the behavior of the thin film
when the water flow is stopped, the water is pump out from the chamber and replaced by air
(time higher than 75 min in Figure 4.13). The difference between the thin film response under
wet and air environments is evident and interesting. The IOEGDMA 3000 series demonstrates
characteristic hydrogel film properties, as it absorbed water and exhibits a viscoelastic response
with values different from the initial values (0 for t = 0 min) for resonant frequencies and

vibrational dissipation, respectively.

Ultimately, a stable baseline signal is crucial for applying mathematical models to
calculate swelling and viscoelastic modulus using QCM-D data. Therefore, further evaluation
and discussion of these properties will focus on samples prepared with EGDMA concentrations
ranging from 5 to 100 mol% and deposited at plasma frequencies of 1000 Hz and 3000 Hz, as

these samples exhibited stable baselines during the measurement time.

4.2.3.5.2 Swelling ratio and viscoelastic properties

Figure 4.14 presents the swelling ratios obtained for the pp(EGDMA-co-MAA) hydrogels
using both QCM-D and SE techniques. A clear difference is observed between the values
obtained between the two methods. The consistently higher swelling ratios obtained by QCM-
D (Figure 4.14a) measurements compared to SE (Figure 4.14b) likely originate from inherent
differences in their sensitivities. SE relies on the change of the polarization state of the light as
it is reflected from the film, providing information on the thickness and optical properties of
the hydrogel film.?*!*?2 On the other hand, QCM-D is sensible not only to the film mass itself
but also to the mass of the water that is hydrodynamically bounded to the hydrogel surface.3>23
225 This explains the higher swelling ratios observed using QCM-D compared to SE, which

aligns with previous findings for hydrogel films in aqueous environments.*

To confirm that the significant difference in swelling ratios obtained by QCM-D and SE
is attributed to the presence of a hydrated layer, further studies on these samples were conducted
using a 3-step protocol. This protocol involved measurements in both heavy water (deuterium
oxide, D>O) and deionized water. While the experimental synthesis was performed by the
author, the analysis and discussion of the results were carried out collaboratively by other

researchers from the laboratory and published elsewhere.??® These findings are presented in
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Annex C. In summary, the results corroborated with the presence of a hydrated layer at the
hydrogel surface. Furthermore, the data suggested the possibility of a less-bounded water layer
superstructure with a specific order that also vibrates with the sensor in response to the QCM-

D measurement.
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Figure 4.14: Swelling ratio in distilled water medium determined by (a) QCM-D and (b) SE of
the pp(EGDMA-co-MAA) copolymer films grown at 1000 and 3000 Hz for different EGDMA:
MAA molar ratios. Error bars: means + SD (n=2).

As expected, higher EGDMA concentrations in the liquid monomer mixture (i.e., 20 and
100 mol%) resulted in lower swelling ratios for both studied fye. The 20 mol% EGDMA
concentration was chosen to induce a cross-linked network structure similar to ppEGDMA. The
idea relied on increasing the probability for 1 mol of EGDMA to react 4 molecules of MAA
and produce a structure such as shown in Figure 4.3. However, XPS analysis (Figure 4.9)
indicated higher EGDMA reactivity. This resulted in an unforeseen cross-linker concentration
reaching values of 68% and 80% for 1000 Hz and 3000 Hz, respectively, suggesting that a
polymeric network structure would be closer to the ones formed in ppEGDMA. Notably, water
stability measurements (Figure 4.12b) anticipated a highly cross-linked structure for these two
concentrations, exhibiting neglectable mass loss, and the independence of the f,e. Similarly, the
swelling behavior of these samples also exhibited similar values and independence from fpe.
The very low swelling behavior observed for high chemical cross-linker concentrations during

polymerization aligns with reports in the literature for hydrogel films, not only for plasma-
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polymerized films.3!5%7%195 Higher chemical cross-linker concentration during polymerization

decreases the swelling most likely by yielding smaller mesh size.%%-?*7-228

While it remains inconclusive if increasing the cross-linker concentration from 5 to 10%
for the films grown at 1000 Hz will lead to higher swelling ratios, a clear trend is observed for
films grown at 3000 Hz. For these films, increasing the concentration from 5 to 10% EGDMA
leads to an increase in swelling ratios, while a further increase in EGDMA in the mixture leads

to a decrease in the values measured by both techniques.

The most common tendency reported in the hydrogel literature is that increasing the cross-
linking agent concentration decreases hydrogel swelling ratios.*”*>**® However, the influence
of f,c in this work cannot be disregarded. An increase in the plasma pulse frequency is expected
to increase the fragmentation of molecules in the medium, consequently, increasing the plasma-
formed free radicals.*>!3??° The free radicals can increase the termination by reaction with a
growing chain, with mid-chain radicals or pendant vinyl groups of EGDMA already
incorporated into a polymer backbone.?!2*%23! The combined effects of f,e and the presence of
EGDMA molecules in all possible scenarios become evident. Ultimately, the formation of
dangling chains (unattached polymer chains within the hydrogel network that are not fully
cross-linked to the rest of the structure) can affect the properties of the formed structure. The
result can be a network structure with increased branching and higher average molecular weight
of the polymer chains between cross-links. Such network structure could explain the

unexpectedly high swelling ratio measured.

Interestingly, Lee et al. also reported an unusual behavior in the swelling ratio of the
hydrogel synthesized with a methacrylate and a cross-linking agent bearing vinyl groups using
UV-initiated FRP.?*? In their study, increasing the concentration of chemical initiator or UV
intensity also led to an increase in swelling ratios. A parallelism can be made to this work in
the sense that increasing fpe can indirectly lead to an increase in the concentration of initiating
species by fragmentation. Furthermore, Lee et al. also considered chain scissions and an
increase in dangling chains occurring at higher UV intensity, similar to the potential effects of

increasing fpe in this study.

In addition to the swelling ratio, the viscoelastic modulus of the swollen hydrogel films
was also determined by QCM-D (Table 4.2). As expected from the swelling results, the

10EGDMA_3000 series exhibited the lowest viscoelastic modulus among the samples series

95



analyzed. Since the higher swelling ratios indicate a higher presence of absorbed water, a lower

viscoelastic modulus of the entire system (film and water mass) is expected.

Table 4.2: Viscoelastic modulus determined in distilled water medium of the pp(EGDMA-co-
MAA) copolymer films deposited at 1000 and 3000 Hz for EGDMA:MAA mixture of different
molar ratios. Error bars: means + SD (n=2).

Pulse frequency (Hz) EGDMA:MAA (mol:mol) Viscoelastic Modulus (MPa)

5:95 6.25+0.25
1000 10:90 0.11 £0.02
20:80 5.1+3.0
5:95 32+0.6
3000 10:90 0.02 +0.001
20:80 11.5+0.7

4.2.3.5.3 Thickness and topography of the thin films

Motivated by the ability to control swelling ratio and viscoelastic modulus for the
10EGDMA:90MAA copolymer with varying fpe of the nanosecond-pulsed plasma frequency,
further characterizations were performed in these experimental conditions. Therefore, the
following discussion will explore the effects of f,. (1000 Hz and 3000 Hz) on the films with 10
mol% EGDMA.

The ability to tune film thickness from a few nanometers to micrometers by adjusting the
number of runs of deposition runs can be interesting for the application of hydrogel (thin)
films.3>233234 For this reason, the film thickness evolution curves based on the f,. and number
of runs of the moving table are shown in Figure 4.15. Step-height procedure (scratching the
coating with a sharp needle tip) by AFM and SE were used to determine the thickness of the
studied hydrogel films.

Interestingly, for a low number of runs (up to 15), f,c does not considerably affect the
thickness of the hydrogel films ( Figure 4.15b). Furthermore, the thickness seems to exhibit a
linear relationship (R?>=0.9) with the number of runs in this range. In contrast, a higher number
of runs (55 - 100) leads to a divergence in thickness between the two f,. values. It is worth
remarking that from profilometry measurements (Figure B1), I0EGDMA:90MAA copolymer
thin films did not reveal a discrepancy between the thickness obtained at 1000 and 3000 Hz.
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This apparent difference in trend likely arises from the resolution between these surface contact

instruments. AFM measurements were the average of 20x20 um? different regions, while

profilometry relied on the measurement of approximately 300 um profiles.
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Figure 4.15: (a) Thickness values for different number of runs (0 - 100 runs) and f,e determined
by AFM and SE techniques. (b) Thickness values for different number of runs (0 - 15 runs) and
fpe determined by means of AFM and SE techniques.

Agreement between film thickness obtained by AFM and SE is noteworthy, particularly
for samples with thicknesses ranging from 40 - 160 nm (used for dry hydrogel films in QCM-
D/SE measurements). This consistency supports the proper fitting of the Cauchy layer
considered within the physical model for thickness determination using SE data. Ultimately,
thickness obtained by SE was not only used for swelling ratio calculations but also to determine
the density for hydrogels in dry state in QCM-D measurements. Consequently, influencing the
swelling ratios obtained by QCM-D.

Regarding topography of the plasma-polymerized hydrogels, AFM topography pictures
are shown in Figure 4.16 and Figure B7, and roughness parameters summarized in Table BS.
AFM analysis reveals apparently smooth surfaces at the nanoscale (Sq = 0.8 + 0.4 nm, in
average) regardless of fye or the number of runs of the moving table. The most interesting result
comes from the phase images depicted in Figure 4.16c. A closer examination of these images
reveals a consistent, small phase shift between samples obtained at 1000 Hz and 3000 Hz. This

finding aligned with the mechanical differences observed in the viscoelastic modulus (Table
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4.2).216235 Samples showed in Figure B7 also showed the same trend. Furthermore, the phase
images show homogenous cross-link distributions across the analyzed areas (evident from the

well-defined Gaussian distributions), regardless of fpe or the number of runs of the moving table.

3 kHz 15 runs 3 kHz 100 runs

Figure 4.16: AFM pictures of the pp(10EGDMA:90MAA) films obtained at 1000 and 3000
Hz with the number of runs of the moving table of 15 and 100. (a) 3D height topographic
images, (b) 2D height image; and (c) Phase images.

4.3 Conclusion

This chapter investigated the influence of pulse frequency and EGDMA as cross-linker
agent in the synthesis of hydrogel films via nanosecond pulsed plasma polymerization of
methacrylate monomers from liquid layers. Water-soluble ppMAA films were obtained for the
investigated range of plasma pulse frequency. A comprehensive analysis of the film’s

chemistry, supported by FTIR, XPS, and MALDI-HRMS, revealed that growth of the
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polymeric chains was most likely promoted by a FRP pathway. Furthermore, XPS and FTIR
present functional group retention by comparing to the spectra of the commercially acquired

PMAA.

Conversely, water-stable pp(MAA-co-EGDMA) copolymer films were successfully
achieved by controlling pulse frequency and EGDMA concentrations. An important finding
was that the fraction of EGDMA in the polymeric film was higher compared to its fraction in
the liquid mixture, suggesting differing comonomer reactivity ratios. MALDI-HRMS
complemented the results obtained by XPS, suggesting that the copolymerization is the primary
growth mechanism rather than homopolymerization of ppMAA or ppEGDMA. Notably,
hydrogels prepared at 3000 Hz with 10 mol% EGDMA exhibited significantly higher swelling
ratios compared to those prepared at other combinations of pulse frequency and EGDMA
concentration. Hence, this thesis reported for the first time the synthesis of MAA:EGDMA
hydrogels with different swelling ratios and viscoelastic modulus by tuning the plasma pulse

frequency.

These findings underscore the potential of nanosecond-pulsed plasma polymerization
from methacrylate in liquid layers as a versatile technique for producing hydrogel films. Further
exploration for the application of such engineered soft materials can be accessed in future
works, focusing on the potential to be used as pH-responsive thanks to the retention of the

carboxylic acid group in MAA.
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Chapter 5: Synthesis of thermoresponsive
pp(PEGDMA4p) hydrogel films via liquid-
assisted plasma-induced free-radical
polymerization from liquid layers

Silicon wafer Kraft paper

Latex PP fabric

S:;E_Eed surfa:e Lﬁi

Nanosecond pulsed
plasma deposition
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5.1 Introduction

The previous chapter demonstrated the formation of hydrogels through the
copolymerization of mono and bifunctional monomers to create a cross-linked network
structure. An alternative strategy to synthesize hydrogel films is using a hydrophilic,
bifunctional oligomer to induce chemical cross-linking via plasma-induced free-radical
polymerization (FRP). In this approach, films containing polyethylene glycol (PEG) in their
backbone are particularly attractive due to their well-established hydrophilicity,

biocompatibility, and anti-biofouling properties.>3¢-2*8

The use of PEG in various biomedical and industrial applications is supported by
extensive research.**2*! PEG-based polymers can be obtained by grafting PEG into polymer

)242

brushes (demonstrating superior antifouling characteristics)~** or incorporating it into different

systems, such as interpenetrating networks (leading to selective membranes with improved

#4324 or hydrogels (resulting in multi-platform systems with enhanced

mechanical properties
biocompatibility).?*>*" In this sense, the development of PEG-based film hydrogels has
generated lots of interest.2**** However, the synthesis of controlled responsive PEG-hydrogels
often involves complex and multi-step processes.” The use of poly(ethylene glycol)
dimethacrylate (PEGDMA) has been widely investigated due to the presence of the carboxylic
groups and polymerizable bonds to grow polymeric chains.?**?! Hydrogels from PEGDMA
can be easily initiated by introducing redox initiators like ammonium persulfate mixed with
tetramethylethylenediamine, among others.>*>?>* Nonetheless, the incorporation of chemical
cross-linkers and other additives might be detrimental for desired properties, such as

biocompatibility and anti-biofouling.?342%3

In this chapter, the atmospheric-pressure nanosecond pulsed plasma polymerization from
liquid layer of poly(ethylene glycol) dimethacrylate (PEGDMAu400, Mw,pec = 400 g/mol) was
demonstrated without the presence of chemical initiator and solvent. The chemistry and
swelling of this one-step obtained hydrogel films were investigated. This chapter highlighted
the potential for scalability and applicability to various substrates, including those with complex
surface geometries and textiles. Furthermore, recent studies have demonstrated that textiles
coated with plasma polymers exhibit tailored surface modifications without compromising the

bulk properties and flexibility of the fabric.2°¢2° Motivated by this potential application,
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hydrophilic properties before and after laundering test (washing machine) of the plasma

polymerized PEGDMA 400 were also analyzed in this chapter.

5.2 Results and discussion

5.2.1 Coating deposition of PEGDMAu400 hydrogel films onto different substrates

Plasma polymerization is a well-established technique for depositing thin films on various
material substrates, including ceramics and metals.>'*> To demonstrate the versatility of the
approach used in this thesis for synthesizing hydrogels in a diverse range of interesting
substrates (Table 5.1), plasma-polymerized PEGDMA4oo films were obtained at 3000 Hz.
These substrates were selected to represent not only a wide spectrum of materials with different
chemical nature, but also for their relevance to the clothing, food packaging and biomedical
industries. It is important to note that while this approach offers versatility in substrate selection,
one limitation exists. The discharge gap between the high-voltage electrodes and the bottom
electrode (where the substrates are placed) was 1 mm for the DBD reactor used in this study.
Larger gap distances are detrimental to achieve a stable laminar discharge in the plasma

ZOHC.261_263

Table 5.1: List of the substrates investigated.

# Substrate Extracted from Potential application

Sportswear, food

1 Polypropylfrne (P P) Laboratory coat (VWR®) pa cka ging, ropes, tapes, tote
fabric
bags
2 Latex Gloves (VWR®) Medical supplies, tire

industry, clothing

Filtration system, respirator
nebulizers, electrical
insulator

Membrane Filter

3 Polyethersulfone (PES) (Acrodisc”™, PALL)

4 Kraft paper Paper foil (260 gr) Food packaging
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Deposition on 3D materials
Polylactic acid (PLA) 3D with complex surface
> Stepped surface printed support geometries. The support has
a gap of 0.2 mm.
6 Low density Roll (Goodfellow Enla;l;lzr;[g1;?§;Vtzclzlra;£1ty
polyethylene (LDPE) Cambridge) surface (22 cm x 8 cm)
) Laboratory coat Clothing, shoes, bags,
7 Fabric (CAWE®) homewares

Compared to conventional methods to synthesize hydrogel films like combining UV
curing with spin coating, this approach can offer some advantages. First, it enables scalable
deposition on non-rigid and non-symmetrical materials (such as fabrics, paper and latex in
Table 5.1), which can be challenging for spin coating technique. Second, it eliminates the need
for solvents used in conventional methods, avoiding the additional steps of solvent dissolution
and removal. Finally, plasma polymerization provides more homogeneous coatings on rough

surfaces and those with complex geometries (such as 3D printed support in Table 5.1).

Naked-eye observations readily showed that the liquid and viscous monomer was
converted into solid thin films after the plasma deposition process. This observation, consistent
with findings from previous chapters, strongly suggest occurrence of a polymerization process.
The films exhibited a change in physical state (indicative of polymer chain growth) and strong
adhesion of the films to all the studied substrates as evidenced by finger-rubbing tests. The
presence of the PEGDM A4 films onto the substrates was further confirmed by FTIR analysis
(Figure 5.1). To ensure coating homogeneity, several mappings were performed on the samples

(circular marks in Figure 5.1).

Due to the inherent challenges in carrying out FTIR measurements on ultra-thin films
(less than 200 nm) deposited on substrates of different nature, films prepared with a higher
number of runs i.e. 100 were analyzed to improve the detection of the hydrogel coating. To
identify the presence of PEGDMA4qo thin film hydrogels, uncoated substrates were measured
beforehand and used as background references. Therefore, negative vibration bands, such as
the characteristic vibrations appearing at 1350 — 1500 cm™' for latex substrate (indicated as
purple line in Figure 5.1) attributed to the CH3 asymmetric deformation of the polyisoprene

d,264

compoun are expected.
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Figure 5.1: FTIR spectra of the films grown from PEGDMA4¢o obtained at 3000 Hz coatings
different substrates from manufactured materials. Above is shown the monomer PEGDMA 400
chemical structure. Circular marks inside the pictures indicate the positions of the
measurements performed in each sample.

Figure 5.1 evidenced the deposition of PEGDMAu400 onto different substrates based on
the characteristic vibrations bands observed at 1050 — 1300 and 1722 cm! attributed to the C—
O—C and C=0, respectively.'® Interestingly, the sample deposited in PES substrate is the only
one that does not show the distinctive C=0O vibration. However, the presence of other
identifiable band vibrations in this sample suggested a potential reaction between PEGDM A0
and PES through C=0 activation. Additionally, a comparison between the PEGDMAu40o

monomer and the plasma polymer film deposited on a silicon wafer (Figure D1 in Annex D)

105



showed a great reduction of the bands at 1652 and 655 cm™!, attributed to the vinyl groups, and
shift of the C=0 group to higher wavenumbers. These observations suggest the plasma-induced
FRP polymerization of PEGDM A0, triggering the cleavage of the C=C bond for the growth
of the polymeric chains. The deposition on various substrates using nanosecond pulsed plasma
polymerization, granting the deposition on delicate substrates (kraft paper or fabrics), large

surfaces (LDPE) and stepped and rough surfaces.

5.2.2 Stability of the PEGDMAu400 hydrogel films deposited on textile substrate

Due to the high relevance of fabrics, further wettability studies on the PEGDMAu4o thin
film hydrogels were performed by WCA measurements (Figure 5.2). As it is seen in Figure
5.2a, the laboratory fabric coat (without coating) shows a clear and stable hydrophobic behavior
(WCA = 124.8°). On the contrary, the hydrophilic nature of the thin films appears for the coated
fabric in Figure 2b, where the water droplets are clearly absorbed in < 60 s demonstrating the

effect of the deposited PEGDM Aao.

Soap (45 mL) :
Softener (25mL) =

Figure 5.2: Wettability tests by means of WCA measurements conducted on (a) non coated
laboratory coat fabric and (b) fabric coated with PEGDMAu400 thin film hydrogel. (c) Stability
tests carried out on commercial laundry machines. Blue circles highlight the absorption of the
water droplets.
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Additionally, stability tests were carried out by washing the coated fabric in a commercial
laundry machine considering two independent washing cycles (40 °C, 800 rpm and 1 hour)
separated by 7 days. Gratifyingly, the wettability tests conducted after drying the samples at
room temperature for 24 h confirmed the presence of the PEGDMAu400 hydrogel coatings even
after using commercial soap and detergent (Figure 5.2¢). Besides, WCA measurements were
also performed to a non-coated laboratory fabric coat (Figure D2) after the washing tests to
discard any effects arising from residual softener and/or soap on the fabric’s wettability. Thus,
the excellent stability and adhesion of the film was demonstrated by WCA and supported by
FTIR analyses (Figure D3).

5.2.3 Swelling ratio and topology of the PEGDMAu400 hydrogel films

In order to study the swelling ratio and stability of the films under in operando conditions,
samples were prepared with 5 runs and analyzed by QCM-D/SE technique. Results presented
in Figure 5.3 show the mass change of hydrogel directly attributed to water absorption (increase
and decrease of Af and AD, respectively). Additionally, when the samples were exposed to air
again (indicated as “wet” in Figure 5.3a) the hydrogels kept retaining some swollen water as
indicated by Af < 0. For all the conditions, the samples reached a plateau, confirming the
stability of the coatings and allowing the quantification of the thickness of the swollen
hydrogels, and thus, swelling ratio and extended viscoelastic model.?!”2%® Similar to the last
chapter, the as-deposited thickness (dry film) showed similar values when analyzed by SE and
by AFM (scratched film for step-height measurement in Figure 5.3b). Therefore, the swelling
ratio could be obtained for the swollen samples in aqueous and air media in Figure 5.3b.
Furthermore, from fitting the experimental data to the extended viscoelastic model of the

immersed films, the viscoelastic modulus of the coatings of 4.97 kPa were obtained.

However, swelling ratios from the immersed samples showed higher values for QCM-
D when compared to SE. Similar behavior for the values between techniques was observed in
Chapter 4 for pp(MAA-co-EGDMA) films. Accordingly, the expected contribution of the mass
of the hydrated layer can contribute to such divergence in values. Interestingly, similar values
obtained by QCM-D and SE from the wet samples (swollen samples exposed to air) were
measured. In air medium, the water trapped in the interface, and vibrating together with the

sample during immersed condition, may be removed. Such behavior further corroborated with
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the assumption that the hydrated layer and branched structure formed by plasma polymerized
hydrogels can lead to these higher values measured by QCM-D technique, mentioned in the
previous chapter. Finally, the topological characterization by AFM revealed smooth surfaces
(Sq =3 nm, Figure 5.3¢c) and homogenous coatings as indicated by the small variations observed

in the AFM phase image (Figure 5.3d).
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Figure 5.3: (a) QCM-D data obtained for PEGDMAu40. (b) Total thickness of the as-deposited
films obtained by AFM and SE (left graph). Swelling ratio obtained from QCM-D and SE (right
graph). (c) 3D height topographic images and (d) phase maps obtained by AFM analysis.

5.2.4 Thermoresponsive properties of the PEGDMAu400 hydrogel films

The thermoresponsive properties of the plasma polymerized PEDMA4oo were assessed
from the QCM-D measurement carried out from room temperature to 44 °C in de-ionized water
(Figure 5.4). Interestingly, a linear relationship between swelling ratio and temperature was
observed (Figure 5.4b). Continuous changes in the swelling ratio with temperature might be

related to hydrogen bonding exerting a force that constrains the polymer network. To confirm
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this hypothesis, the same experiments were performed using D0, as it results in stronger
hydrogen bonding.2% Accordingly, a higher decrease in the swelling ratio was observed for this
condition (3.38 %-=°C!) as compared to H.O (1.43 %=°C!). The observed temperature

responsiveness demonstrates potential for further studies for its application as stimulus
26,51,93
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responsive hydrogels.
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Figure 5.4: QCM-D measurements at different temperatures obtained for both de-ionized water
(H20) and deuterium oxide (D,0) media. (a) Raw data obtained and (b) dependence between
swelling ratio and temperature.

5.3 Conclusion

This chapter demonstrated the use of nanosecond pulsed plasma for the polymerization

and deposition of a PEG oligomer bearing dimethacrylate as polymerizable bond
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(PEGDMAu400). The synthesis of the hydrogel films onto various substrates, such as paper,
plastic, and textile, was confirmed by FTIR analysis. Further investigation into the application
of this coating on textile substrates revealed a significant change in WCA, from 124.4° to a
superhydrophilic character (less than 10° in a rapid water droplet spreading under a minute),
observed before and after deposition, respectively. The coating even showed stability after the
laundering test (two independent cycles in a washing machine), demonstrated by FTIR and
WCA. Additionally, the swelling ratio of the films, analyzed by QCM-D in two different media
(deionized water and D>0O), showed a linear relationship between the temperature and the

swelling ratio, hinting at a potential thermo-responsive property.

This approach overcomes the limitations associated with conventional hydrogel thin film
fabrication methods based only on high vapor pressure monomers, offering a scalable and
environmentally friendly process. Furthermore, the deposited PEGDM A400 hydrogels exhibited
exceptional stability by laundering tests in fabrics, in water and thermoresponsive behavior.
The swelling ratio obtained by in operando conditions through QCM-D coupled SE showed the
retention of the swollen water in air media. Such properties highlight the potential biomedical
application and further research of the plasma polymerized films as sensors or even as smart

drug delivery hydrogels.
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Chapter 6 : Conclusion and outlooks

This PhD dissertation provides an in-depth investigation of hydrogel films synthesized
through plasma-induced free-radical polymerization (FRP). The deposition was carried out
using nanosecond pulsed plasma discharges to induce the polymerization of hydrophilic
methacrylate monomers as liquid layers. While previous studies have explored hydrogel
synthesis via plasma polymerization, the correlation between the polymeric network structure
and the properties of plasma-formed hydrogel films is still limited. Furthermore, this thesis
aimed to gain further insight into the polymerization mechanism of liquid vinylic monomer
layers using atmospheric-pressure plasma. Hence, this research aimed to bridge that gap by
examining how various synthesis parameters in both the plasma and liquid phases influence the

properties of the resulting films.

Firstly, the experimental work focused on studying the plasma-induced FRP of a model
functional monomer for the deposition of hydrophilic polymer thin film (Chapter three). By
varying important operational parameters, monomer spray rate and plasma pulse frequency
were found to affect the resulting film characteristics of plasma-polymerized 2-hydroxyethyl

methacrylate (HEMA).

Monomer conversion increased when combining high spray rates with frequencies above
100 Hz. Indeed, conversions over 90% were achieved under these conditions, and a logarithmic
trend in monomer conversion from 30 to 3000 Hz was observed. Decreasing the spray rate
enabled the achievement of a higher degree of conversion for all other conditions. It is worth
noting that the lower monomer conversion was corroborated by GPC studies, which confirmed
the formation of lower molecular weight oligomers compared to other conditions. These results
were attributed to the concentration of free radicals in the liquid phase due to the fragmentation
occurring during on-times of the plasma discharges. Particularly, the plasma-formed radicals
can affect the molecular weight of the oligomers by affecting initiation and termination

reactions in the FRP pathway.

Interestingly, MALDI-HRMS analysis provided essential information about the
polymerization mechanism. HRMS enabled the identification of the end groups of the polymers

grown in the FRP pathway as originating from the plasma-induced breakdown of a single o-
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bond in the monomer. Finally, in order to optimize the FRP pathway and minimize
fragmentation and recombination reactions, guidelines were established based on the properties
of the films. In particular, the combination of the highest plasma pulse frequency and high spray
rate yielded the highest growth rate and the most regular polymer structure among the films

studied.

The fourth chapter employed the same apparatus to synthesize hydrogel films via the
copolymerization of methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA)
used as the cross-linking agent. The deposition of water-soluble ppMAA homopolymers and
pp(MAA-co-EGDMA) copolymers was obtained by varying the plasma pulse frequency and
EGDMA concentration in the liquid mixture.

While the plasma pulse frequency had a negligible effect on the chemistry and water
solubility of ppMAA homopolymer films, its influence on the chemistry and hydrogel
properties was noticeable for pp(MAA-co-EGDMA) copolymer films. An important finding
was that the fraction of EGDMA in the polymeric film was higher than in the liquid mixture,
suggesting differing comonomer reactivity ratios. Additionally, samples with higher EGDMA
fractions in the feed liquid mixture resulted in highly cross-linked structure, characterized by
water stability and low water uptake, as evidenced by gravimetric measurements and QCM-D
coupled SE, respectively. Notably, this study also revealed distinctive swelling ratios and
viscoelastic properties by tuning the plasma pulse frequency (from 1000 to 3000 Hz). Finally,
QCM-D and SE were shown to be powerful tools for characterizing hydrogel properties such
as swelling ratios and viscoelastic modulus in ultrathin films synthesized by plasma, with film

thicknesses on the order of 100 nm.

To further demonstrate the versatility of nanosecond-pulsed plasma in synthesizing
hydrogels, plasma-induced FRP of polyethylene glycol dimethacrylate (PEGDMA400, Mw,pEG
= 400 g-mol™), a high molecular weight oligomer, was conducted in the fifth chapter. The
plasma technology utilized in this thesis enabled the application of such films onto various
substrates, including paper, plastic, and textiles. Additionally, the water-stable hydrogels
exhibited thermo-responsive behaviour, as evidenced by QCM-D coupled SE. The QCM-D
coupled SE technique proved to be a crucial tool for characterizing PEGDMA400 and (MAA-
co-EGDMA) hydrogels, providing insights into the hydrated layer, swelling ratio, and

viscoelastic modulus.
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Overall, this research provides a comprehensive understanding of the chemical structure
and properties of hydrogels synthesized using atmospheric pressure nanosecond pulsed plasma
from liquid layers. The findings lay the groundwork for future studies focused on understanding
the influence of plasma pulse frequency and liquid parameters on hydrogel film network

structures and properties.

Further studies on plasma-liquid interactions would significantly enhance the approach
of forming hydrogels through plasma-induced FRP from liquid layers. In particular,
investigating the penetration of the plasma species into the liquid phase by combining
experimental data and simulations would offer valuable insights. Determining the kinetic
parameters of polymerization would also be a notable advancement in the field of plasma-liquid
interactions and plasma polymerization. Additionally, in situ chemical characterizations, such
as FTIR, could provide valuable data to infer the lifetime and concentration of plasma-formed

free radicals in the liquid phase.

Regarding the copolymerization to form hydrogels, future works could investigate other
comonomer pairs with differing reactivity ratio and similar vapor pressures to enable a more
comprehensive understanding of the copolymerization process. Also studying monomers with
different functionalities (such as amines and methacrylates) would facilitate better
quantification of the monomers in chemical analysis due to the presence of heteroatoms in one

of them.

By combining experimental studies with simulations, future research could explore
further the underlying polymerization mechanism and hydrogel formation. This would enable
a macromolecular level of understanding of the polymer topology (such as long or short
branches) and molecular arrangement in the copolymer (i.e., random or blocky). Additionally,
applicative studies of these materials in various fields, such as biomedical devices, drug
delivery, and tissue engineering, as well as their potential smart/stimuli responsiveness

properties represent promising fields for further investigation.

Lastly, understanding other polymerization mechanisms, such as ring-opening
polymerization induced by plasma, and combining this knowledge with plasma-induced FRP
could represent a potential pathway to form interpenetrated polymer networks hydrogels solely

through plasma technology.
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ANNEX A

Table Al: Nebulizer parameters to obtain the mass delivery rates applied in the study. The
delivery rates were obtained based on the gravimetric measurements of three independent
measurements.

Low delivery rate
Nebulizing gas inlet 1.2 L-min’!
Carrier gas inlet for the nebulizer 0.5 L-min’!
Pressure drop 1 bar
Mass delivery rate 18.5+ 7.6 mg-min’!
Medium delivery rate
Nebulizing gas inlet 1.8 L-min’!
Carrier gas inlet for the nebulizer 0.5 L-min!
Pressure drop 1.9 bar
Mass delivery rate 33.8 + 1.1 mg-min’!
High delivery rate
Nebulizing gas inlet 4 L-min’!
Carrier gas inlet for the nebulizer 0.5 L-min™!
Pressure drop 5 bar
Mass delivery rate 71.3 + 5.0 mg-min’!

(b)

Figure A1: Picture of the coatings obtained at (a) 18 mg-min™' and 3000 Hz, (b) 34 mg-min’!
and 3000 Hz and (c) 71 mg-min"! and 3000 Hz.
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151



Table A2: Atomic ratios and functional group distribution determined from XPS high-
resolution C 1s spectra of the obtained plasma polymerized thin films and commercial
poly(HEMA) (pHEMA REF) prepared by wet chemistry.

Atomic ratios Binding in C 1s (%)

C (%) O (%) C*-(C,H) C*-0O C*-COO | 0O-C*=0O

pHEMA REF 65.0 35.0 439+1.2 | 300+1.6 | 146+0.2 | 14.6+0.2

30 Hz 67.0 33.0 40.6+0.5 | 282+0.1 | 15.6+0.2 | 15.6+0.2

100 Hz 67.5 32.5 39.8+0.1 | 27.0+03 | 16.6+0.2 | 16.7+0.2

E; 300 Hz 69.9 30.1 33.7+£0.6 [ 32.0+03 | 17.1+0.1 | 17.2+0.1
=

Z 1000 Hz 71.7 28.3 387+£0.6 | 283+0.5 | 16.5+0.1 | 16.5+0.1

3000 Hz 72.1 27.9 40.7+£04 | 253+02 | 17.0+0.1 | 17.0£0.1

30 Hz 67.4 32.6 38.0£0.3 [ 30.0+0.2 | 16.0£0.1 | 16.0+0.1

100 Hz 66.2 33.8 418+09 | 27.1+£0.5 | 155+03 | 15.6+0.2

E 300 Hz 70.2 29.8 346+13 | 31.1+0.8 | 17.1+£0.2 | 17.2£0.2

Z 1000 Hz 70.4 29.6 346+03 | 31.4+03 | 17.0£0.0 | 17.0+£0.0

3000 Hz 71.6 28.4 39.0+0.3 | 27.3+0.5 | 16.8+0.1 | 16.8+0.1

300 Hz 70.4 29.6 346+0.1 [ 303+0.2 | 17.5+0.1 | 17.5+0.1

E 1000 Hz 70.2 29.8 349+04 | 29.6+0.6 | 17.7+0.1 | 17.8+0.1

Z 3000 Hz 70.7 29.3 354+£0.8 [298+03 | 174+02 | 174+0.2
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Figure A3: XPS spectrum of the and C s core levels for obtained plasma polymerized thin
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is shown as reference.
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Figure AS: GPC-MS spectra in the mass range m/z= 1400-1800 of (a) 18 mg-min’!, (b) 34
mg-min"! and (c) 71 mg-min’!. The data plotted are the average spectra for the elution time
between 11.5 and 17.7 min.
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Table A3: Proposed list of radical fragments originating from a single -bond breakdown of
the HEMA molecule.

CsH1003 (HEMA)
CHse CsH703¢
CH,* CsHgOse & .
CH;,
Oe CsH1004° HaC, Lo/\/OH HZC\/U\O/\/OH O/\‘/OH
CHs iy CHy
C3H5’ C4H503'
N 9 ; HaC i OH
C4H5O. C2H502' (0] HaC o/\/o % O/ o
CHy e
C4Hs50, C,H;50e o
) o P
CsH70,¢ CH30- HaC, HzCY\o/\/OH Mo N OH
CHs; B CHs
CesHoO»e OH- -
CsHoO3e He
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Table A4: List of relevant species monitored by MALDI-HRMS in LA-PECVD (Na® as
reagent ions) with their corresponding m/z values. Only the HRMS peaks related to ionized
adducts of [Ri-(HEMA),-Rs + Na]" are indicated. Mass assignations were carried out using
PolyCalc web-based assignment tool (error mass tolerance below 3 ppm and height threshold
of 5%).

m/z = 300-2000
Sample: 71 mg-min’!, 3000 Hz Sample: 34 mg'min’', 300 Hz
Assignment (M/Z)exp Assignment (M/Z)exp

C3Hs-(HEMA )5-CsHy05 583.27294 C3Hs-(HEMA )1-CsHyO5 713.33649
Cs;Hs-(HEMA )4-CsHoO3 713.33709 CsHs-(HEMA)s-C¢HoO3 843.39989
Cs;Hs-(HEMA)s-CsHoO3 843.40061 CsHs-(HEMA)s-CsHoO3 973.46305
C3Hs-(HEMA )s-CsHyO5 973.46374 C3Hs-(HEMA )7-CsHyOs 1103.52603
C3Hs-(HEMA )7-CsHyO5 1103.52671 C3Hs-(HEMA )s-CsHyOs 1233.58923
Cs;Hs-(HEMA )s-CsHoO3 1233.58993 CsHs-(HEMA)o-C¢HoO3 1363.65253
C3Hs-(HEMA )o-CsHoO3 1363.65341 C3Hs-(HEMA)0-CsHoOs3 1493.71561
C3Hs-(HEMA)10-CsHyO5 1493.71641 C3Hs-(HEMA),1-CsHsO5 1623.77901
CsHs-(HEMA)1-CsHoO3 1623.77979 CsHs-(HEMA)12-CsHoO3 1753.84182
CsHs-(HEMA)1,-CsHoO3 1753.84269 CsHs-(HEMA)13-CsHoO3 1883.90486
C3Hs-(HEMA);3-CsHyO5 1883.90577

Sample: 34 mg'min’', 100 Hz

Sample: 18 mg'min’!, 100 Hz

Assignment (M/Z)exp Assignment (M/Z)exp
C3Hs-(HEMA );-CsHy05 713.33634 C3Hs-(HEMA );-CsHyO5 713.33634
C3Hs-(HEMA )5-CsHyO5 843.39989 C3Hs-(HEMA )5-CsHyOs 843.39987
Cs;Hs-(HEMA )6-CsHoO3 973.46306 CsHs-(HEMA)-CsHoO3 973.46297
Cs;Hs-(HEMA)7-CsHoO3 1103.52601 CsHs-(HEMA)7-C¢HoO3 1103.52585
C3Hs-(HEMA )s-CsHyO5 1233.58927 C3Hs-(HEMA )s-CsHyOs 1233.58936
Cs;Hs-(HEMA )y-CsHoO3 1363.65258 CsHs-(HEMA)o-C¢HoO3 1363.65279
CsHs-(HEMA)10-CsHoO3 1493.71568 CsHs-(HEMA)10-CsHoO3 1493.71605
C3Hs-(HEMA);1-CsHyO5 1623.77882 C3Hs-(HEMA),1-CHsO5 1623.77946
C3Hs-(HEMA);5-CsHyO5 1753.84167 C3Hs-(HEMA),,-CsHsO5 1753.84222
CsHs-(HEMA)13-CsHoO3 1883.90486 CsHs-(HEMA)13-CsHoO3 1883.90471

m/z =960-1120
Sample: 71 mg-min’!, 3000 Hz Sample: 34 mg-min!, 300 Hz

Assignment (M/Z)exp Assignment (M/Z)exp
C,HsO(HEMA)sCcHoO3 977.45912 CsHzO3(HEMA)sC3Hs 960.45101
C4HsO(HEMA)sCcHyO2 985.46426 C3Hs03(HEMA )sC4HsO 961.42682
C4HsO2(HEMA )sCsH;0; 987.44307 C3Hs(HEMA )sCsHsOs 973.46305

CH3;(HEMA);CsHs 989.49529 CesH1003(HEMA)sC3Hs 974.46641
OH(HEMA),C;Hs 991.47443 H(HEMA)-C3H; 975.47932
C4HsO(HEMA)6CcHoO5 1001.45893 C3H503(HEMA )¢CsHs0; 977.42158
CsH;05(HEMA )¢C4Hs0> 1003.43799 C,HsO(HEMA)sCsHoO3 977.45835
H(HEMA);C4Hs0 1003.47488 C4Hs50,(HEMA)sCsH70, 987.44245
C3Hs03(HEMA )CsH90, 1005.45367 CH3(HEMA),;C3Hs 989.49451
CsH,02(HEMA )sCsHoO; 1015.47438 C3HsO3(HEMA )sCsH;0; 991.43721
CsHs(HEMA);CsHs 1015.51131 OH(HEMA);CsHs 991.47363
CH;(HEMA);C;H:O 1017.49045 CH,(HEMA);C;H;O 992.47708
H(HEMA);C4H50; 1019.46925 C,H50,(HEMA )¢CsHoO3 993.45299
CsH1002(HEMA)sCsH10O2 1031.50559 CsHsO(HEMA)sCsHoO3 1001.45816
C4sHs0(HEMA);CH;0 1033.48492 CsH703(HEMA)sC4Hs0> 1003.43722
C3Hs(HEMA);C4HsO 1043.5061 H(HEMA)-C4H50 1003.47396
CsHoO2(HEMA )¢CsHoO3 1045.48508 CsHs503(HEMA)sCsHoO2 1005.45293
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CsH;03(HEMA )sCeHoO3 1047.46407 CsH70,(HEMA)sCsHoO> 1015.47366
HHEMA);CsHs0: 1047.50093 C3;Hs(HEMA);C3Hs 1015.51021
C4Hs50,(HEMA),CH30 1049.47993 C4H50.(HEMA )¢CsHoO3 1017.45287
C;Hs(HEMA);C4Hs0; 1059.50033 CH3(HEMA);C4HsO 1017.48982
CH>(HEMA);CsH90> 1060.50385 H(HEMA);C4H;0, 1019.46852
CH3(HEMA),CsHs0; 1061.51661 C3H503(HEMA )¢CsHoO3 1021.44777
H(HEMA);CsHyO3 1063.49542 CeH1002(HEMA )CsH 002 1031.50485
C;Hs(HEMA),CsH;0; 1073.5164 CsHsO(HEMA);CH;0 1033.48416
C3Hs(HEMA );CsHy0, 1087.53233 OH(HEMA);C4H;50, 1035.46347
CsH;05;(HEMA);C;Hs 1089.51125 C;Hs(HEMA),CsHsO 1043.50511
CsHs(HEMA );CsHyO3 1103.52671 CsHoO2(HEMA )sCsHoO3 1045.48422
HEMA(HEMA),CsHs 1104.53008 CsH;,03(HEMA )¢CsHoO3 1047.4633
H(HEMA )3CsHs 1105.54292 H(HEMA);CsHsO» 1047.4999
Cs+Hs0,(HEMA),CsH;0, 1117.50613 Cs+Hs0,(HEMA),CH30 1049.479
H(HEMA);CsHsOs 1050.48249
C3;Hs(HEMA);C4H;50; 1059.49967
CH>(HEMA);,CsH90> 1060.50304
CsHoO3(HEMA )sCsHoO3 1061.47896
CH3(HEMA);,CsHoO> 1061.51604
H(HEMA);CsHsO3 1063.49476
CsHsO3(HEMA),0 1065.47382
H(HEMA )sH 1065.51088
C3;Hs(HEMA);CsH,0, 1073.51554
CH3(HEMA);,CsH9O3 1077.51053
OH(HEMA);CsH9O3 1079.48969
C3;Hs(HEMA);CsHy0: 1087.53179
CsH;03;(HEMA),C5Hs 1089.51062
CsHzO3(HEMA),C5Hs 1090.51401
C3Hs03(HEMA);,C4Hs0 1091.48983
C3;Hs(HEMA);CcHyO5 1103.52603
CesH1003(HEMA)7C3Hs 1104.52947
H(HEMA )sC3Hs 1105.54223
C,HsO(HEMA )7CsHy05 1107.52143
C4H50,(HEMA),;CsH-0, 1117.50541
Sample: 34 mg-min’!, 100 Hz Sample: 18 mg-min!, 100 Hz
Assignment (M/2)exp Assignment (M/2)exp
CsHsO3(HEMA )6CsHs 960.45078 CsHsO3(HEMA )sCsHs 960.45085
C;Hs03(HEMA)sCsHsO 961.42673 C;Hs03;(HEMA)sCsHsO 961.42657
CH3;O(HEMA )sCsH9O3 963.44256 CH3;0O(HEMA)sCsHyO3 963.44287
O(HEMA);O 965.42156 C4Hs0,(HEMA )sC4Hs0, 973.42663
C;Hs(HEMA)sCsHoO3 973.46306 C;Hs(HEMA )6CsHoO3 973.46297
HEMA(HEMA )+C;Hs 974.46644 H(HEMA);C3Hs 975.47922
H(HEMA),CsHs 975.47903 C3H503(HEMA )¢CsHs0; 977.42146
C;Hs03(HEMA)sCsHs0» 977.42162 C>HsO(HEMA)6CsHoO5 977.45838
C>HsO(HEMA)sCsH9O3 977.45832 CsHs0,(HEMA)sCsH;0, 987.44221
CH3(HEMA);C3Hs 989.49429 CH3(HEMA),C;sHs 989.49443
OH(HEMA),C3Hs 991.47352 C3H503(HEMA )¢CsH;0, 991.43718
CH,(HEMA),C,HsO 992.47695 OH(HEMA)-CsHs 991.4735
C,Hs0,(HEMA )¢CsHsO3 993.45287 CH,(HEMA),C,H;s0 992.47695
C4HsO(HEMA)6CcHoO5 1001.45815 C,H50,(HEMA )¢CsHoO3 993.45278
H(HEMA);C4Hs0 1003.47367 CsHsO(HEMA)CsHoO5 1001.45794
C3;Hs03(HEMA)sCsHoO2 1005.45274 CsH;03(HEMA)sC4Hs0; 1003.43711
CsHs(HEMA),CH;0 1005.48988 H(HEMA),C4H50 1003.4738
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CsHi0O02(HEMA )6C3HsOs5 1006.45621 C3;Hs503(HEMA)sCsHoO; 1005.45276
CsH70,(HEMA)¢CsHoO, 1015.47356 CsH702(HEMA)sCsHyO: 1015.47357
C3Hs(HEMA),CsHs 1015.51013 C4H50.(HEMA )¢CsHoO3 1017.45268
CsHs50,(HEMA)sCsHoO3 1017.45282 CH3(HEMA);C4HsO 1017.48967
CH3(HEMA);C4HsO 1017.48966 H(HEMA);C4H;0, 1019.46832
H(HEMA);C4H50; 1019.46853 C3H503(HEMA )¢CsHoO3 1021.44752
C;Hs03(HEMA)sCsHoO3 1021.44775 CsHi0O2(HEMA )¢CsH 1002 1031.50468
CsH1002(HEMA)sCsH 1002 1031.50482 CsHsO(HEMA);CH;0 1033.48395
C4sHsO(HEMA);CH;0 1033.48407 OH(HEMA);C4H50, 1035.46327
OH(HEMA),C4Hs0; 1035.46345 C;Hs(HEMA),CsHsO 1043.50499
CsHs(HEMA),C4HsO 1043.50496 CsHoO2(HEMA )6CsHoO3 1045.48419
CeHyO2(HEMA )¢CsHoO3 1045.48412 H(HEMA );CsH9O2 1047.49987
H(HEMA);CsHyO> 1047.49974 C4Hs0,(HEMA),CH30 1049.47883
H(HEMA);CsH100: 1048.50326 H(HEMA);CsHgO3 1050.48225
C4H50,(HEMA),CH30 1049.47895 C3;Hs(HEMA);C4H50; 1059.49946
H(HEMA);CsHsO3 1050.48239 CH>(HEMA);,CsHoO» 1060.50298
C;Hs(HEMA);C4Hs0; 1059.49964 CsHoO3(HEMA )6CsHoO3 1061.47889
CH>(HEMA);CsH90> 1060.50298 CH3(HEMA),CsHoO> 1061.51602
CH3(HEMA);CsH9O> 1061.51585 H(HEMA);CsHsO3 1063.49472
H(HEMA);CsHoO3 1063.49457 OH(HEMA),CsH100: 1064.49799
OH(HEMA);CsH100: 1064.49797 CsHsO3(HEMA),0 1065.47383
CsHsO3(HEMA),O 1065.47385 C3;Hs(HEMA);CsH,0; 1073.51537
H(HEMA)sH 1065.51069 CH3(HEMA),CsHoO3 1077.51044
OH(HEMA),CsHs0; 1066.47739 Cs¢Hi00.(HEMA);CH;0 1078.51391
C;Hs(HEMA),CsH;0; 1073.51557 OH(HEMA);CsH9O3 1079.48958
CH3(HEMA);CsHoO3 1077.51038 C3;Hs(HEMA);CsHy0: 1087.53155
CsHi100.(HEMA );CH;0 1078.5139 CsH;03;(HEMA),C5Hs 1089.51033
OH(HEMA),CsHyO3 1079.48968 CsHzO3(HEMA),C5Hs 1090.51377
CsHzO3(HEMA);CH30 1080.49305 C;HsO3;(HEMA),C4HsO 1091.48973
H(HEMA)sOH 1081.50563 CsHs(HEMA),CsHoO3 1103.52585
C;Hs(HEMA);CsHy0O; 1087.53122 CsH1003(HEMA);C3Hs 1104.52926
CsH,03(HEMA );CsHs 1089.51038 H(HEMA )3CsHs 1105.54245
CsHsO3(HEMA );CsHs 1090.51383 C3H503(HEMA );CsHs0; 1107.48446
C;Hs03(HEMA),CsHsO 1091.48976 C>HsO(HEMA);C¢HoO5 1107.52134
CH3;0(HEMA );CsHy0Os 1093.50561 CH>(HEMA)sCsHs 1118.54515
O(HEMA )0 1095.48447
C;Hs(HEMA),CsHyO3 1103.52601
HEMA(HEMA),CsHs 1104.52938
H(HEMA )3CsHs 1105.54206
C,HsO(HEMA);CcHyO5 1107.52137
m/z = 900-1200
Sample: 71 mg-min’!, 3000 Hz
Assignment (M/2)exp
CsH;0,(HEMA)sCsHoO3 901.40631
CsH1002(HEMA)sCsH1002 901.4425
CsHsO(HEMA)sCH;0 903.42196
CsHoO2(HEMA)sCsHoO3 915.42186
CsH;05;(HEMA)sCsHoO3 917.40107
C4Hs0,(HEMA)sCH30 919.41673
C3;Hs(HEMA)sC4Hs0; 929.43747
CsHoO3(HEMA)sCsHoO3 931.41669
H(HEMA )sCsH9Os3 933.43236
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CsHsO(HEMA )¢C4HsO 941.43795
C3;Hs(HEMA)sCsH;0, 943.45339
CsHsO(HEMA)sC4Hs0> 957.43264
CsH;03;(HEMA)sC5Hs 959.44834
C4Hs0,(HEMA )sC4Hs0; 973.42764
C3Hs(HEMA)sCcHyO5 973.46374
HEMA(HEMA)sC;3Hs 974.46719
H(HEMA );CsHs 975.47998
C,HsO(HEMA )sCsH905 977.45912
C4Hs0(HEMA )¢CsHyO2 985.46426
CsHs0,(HEMA)sCsH70, 987.44307
CH3(HEMA),CsHs 989.49529
OH(HEMA),CsHs 991.47443
C4sHsO(HEMA )¢CsHoO3 1001.45893
CsH703;(HEMA )sC4Hs0; 1003.43799
H(HEMA),C4H50 1003.47488
C;3Hs03(HEMA)sCsHoO, 1005.45367
CsH;0,(HEMA )sCsHo0, 1015.47438
C3;Hs(HEMA);C3Hs 1015.51131
CH3(HEMA);C4HsO 1017.49045
H(HEMA);C4H;50> 1019.46925
CsHi0O2(HEMA )6CsH 1002 1031.50559
C;HsO(HEMA);CH;0 1033.48492
C;Hs(HEMA),CsHsO 1043.5061
CsHoO2(HEMA )sCsHoO3 1045.48508
CsH703;(HEMA )sCsHoO3 1047.46407
H(HEMA);CsH90> 1047.50093
Cs+Hs0,(HEMA),CH30 1049.47993
C3;Hs(HEMA);C4H;50; 1059.50033
CH>(HEMA),CsH9O> 1060.50385
CH3(HEMA);,CsH90> 1061.51661
H(HEMA);CsHyOs3 1063.49542
C3;Hs(HEMA);CsH,0, 1073.5164
CsHs(HEMA),CsHoO, 1087.53233
CsH;03;(HEMA),C5Hs 1089.51125
C3;Hs(HEMA);CcHyO5 1103.52671
CsH1003(HEMA);C3Hs 1104.53008
H(HEMA )sC;Hs 1105.54292
CH3(HEMA )sCsHs 1119.55833
OH(HEMA )sCsHs 1121.53734
C;Hs(HEMA)sCsHs 1145.57397
CsHi0O02(HEMA )7CsH 1002 1161.56869
CsH703;(HEMA);CsHoO3 1177.52694
Cs+Hs0,(HEMA)sCH30 1179.54292
C;Hs(HEMA )sC4HsO, 1189.56339
CH>(HEMA )sCsHoO» 1190.5667
H(HEMA )sCsHs03 1193.5584
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Table A5: List of relevant species monitored by MALDI-HRMS in LA-PECVD (Na® as
reagent ions) with their corresponding m/z values. Only the HRMS peaks related to ionized
adducts of [Ri-(HEMA),-(HEMA)*0*“H,_R; + Na]* are indicated. Mass assignations were
carried out using PolyCalc web-based assignment tool (error mass tolerance below 3 ppm and
height threshold of 5%).

m/z = 960-1120

Sample: 71 mg-min’!, 3000 Hz Sample: 34 mg'min’', 300 Hz
Assignment (M/Z)exp Assignment (M/Z)exp
C,HsO(HEMA )s(CsHsO4)CsHgO2 961.42657 C,HsO(HEMA )s(CsHeO4)CsH9O2 961.42682
CH3(HEMA)s(CsHeO4)CHs 963.44287 C4Hs0(HEMA)s(CsHeO4)CsH702 97141116
C4HsO(HEMA)s(CsHO4)CsH70, 971.41101 C4Hs0,(HEMA)s(C7H140,)C4Hs0; 973.46305
C4HsO(HEMA)s(C7H,402)CsH70O; 971.48462 H(HEMA )s(CsHsO4)C3Hs 975.44235
C3Hs(HEMA)s(CsHsO4)CsHoO3 973.42663 C,HsO(HEMA)s(CsHgO4)CsHoO3 977.42158
C4Hs0,(HEMA )s(C7H40,)C4H50> 973.46297 C3Hs03(HEMA)s(C7H140,)C4Hs0> 977.45835
H(HEMA)s(CsHeO4)C3Hs 975.44222 C:HsO(HEMA )s(C7H40,)C6HoO, 985.49941
C,HsO(HEMA)s(CsHeO4)CsHoO3 977.42146 C4Hs0,(HEMA)s(C7H140,)CsH70, 987.47868
C3HsO3(HEMA)s(C7H140,)C4Hs0- 977.45838 CH;3(HEMA)s(CsHsO4)C3Hs 989.45806
C4HsO(HEMA )s(C7H140,)C¢HyO> 985.49949 OH(HEMA )¢(CsHeO4)C3Hs 991.43721
C4HsO2(HEMA)s(C7H140,)CsH70, 987.47867 C3Hs03(HEMA)s(C7H140,)CsH70, 991.47363
CH3(HEMA)s(CsHsO4)C3Hs 989.45784 CH3(HEMA)s(CsHsO4)C2Hs50 993.45299
OH(HEMA )s(CsHsO4)C3Hs 991.43718 H(HEMA )s(CsHsO4)C4H50 1003.43722
C;Hs03(HEMA )s(C7H40,)CsH70> 991.4735 CsH703;(HEMA)s(C7H140,)C4Hs0> 1003.47396
CH3(HEMA )s(CsHsO4)C2H50O 993.45278 CsHs(HEMA )¢(CsHsO4)CH30 1005.45293
H(HEMA )s(CsHsO4)C4H50 1003.43711 CsHs(HEMA)6(CsHeO4)CsHs 1015.47366
CsH;03(HEMA )s(C7H40,)C4H50> 1003.4738 CsH70,(HEMA)s(C7H140,)CsHoO> 1015.51021
CsHs(HEMA)6(CsHsO4)CH30 1005.45276 CH3(HEMA )s(CsHsO4)C4H50 1017.45287
C3Hs(HEMA)s(CsHsO4)C3Hs 1015.47357 C4Hs0,(HEMA)s(C7H40,)CsHoO3 1017.48982
CH3(HEMA)s(CsHeO4)CsHs0 1017.45268 C;Hs(HEMA )¢(CsHgO4)C2HsO 1019.46852
C4HsO2(HEMA)s(C7H140,)CsHoO3 1017.48967 C3Hs03(HEMA)s(C7H1402)CsHgO3 1021.48513
C3Hs(HEMA)(CsHsO4)CoHsO 1019.46832 CeHoO2(HEMA)s(C7H140,)CeHgO2 1029.52553
CsHyoO2(HEMA)s(C7H140,2)CsH9O2 1029.5254 CsH702(HEMA)s(C7H1402)CsHgO3 1031.50485
CeH1002(HEMA)s(C7H1402)C¢HoO,  1030.52895 CsHsO3(HEMA)s(C7H140,)CeHgO2 1032.50818
CsH702(HEMA)s(C7H1402)CsHgO3 1031.50468 CsH;03(HEMA)s(C7H140,2)CsH703 1033.48416
CsHzO3(HEMA )s(C7H 40,)CsH9O2 1032.50825 O(HEMA )6(C7H1402)C4Hs0, 1034.48755
CsH;03(HEMA )s(C7H40,)CsH70s3 1033.48395 C3Hs(HEMA )4(CsHsO4)C2H50: 1035.46347
O(HEMA)s(C7H1402)C4H50: 1034.48749 C3;Hs(HEMA )6(CsHsO4)C4HsO 1043.46853
C3Hs(HEMA)6(CsHsO4)CHs0> 1035.46327 H(HEMA )s(CsHsO4)CsHoO2 1047.4633
CsH;03(HEMA )s(C7H40,)CsHoO3 1047.49987 CsH703;(HEMA)s(C7H140,)CsHoO3 1047.4999
CH3(HEMA )s(CsHsO4)CcHoO2 1061.47889 CH3(HEMA )s(CsHsO4)CsHoO2 1061.47896
CcHoO3(HEMA)s(C7H1402)CsHoO3 1061.51602 CeHoO3(HEMA)s(C7H1402)CsHgO3 1061.51604
CsH703;(HEMA)s(C7H1402)0 1064.49799 H(HEMA)+(CsHsO4)H 1065.47382
H(HEMA)7(CsHsO4)H 1065.47383 CsHsO3(HEMA )s(C7H402)O0 1065.51088
C4HsO(HEMA )6(C7H140,)CsHsO 1071.53642 CH3(HEMA)4(CsHeO4)CHoO3 1077.47404
O(HEMA )s(C7H1402)CHoO3 1078.51391 H(HEMA)+(CsHsO4)CH3 1079.48969
H(HEMA)7(CsHsO4)CHj3 1079.48958 C4sHsO(HEMA )¢(C7H1402)C4H50, 1087.53179
C4HsO(HEMA)s(C7H402)C4H50; 1087.53155 C,HsO(HEMA )6(CsHeO4)CsHsO5 1091.48983
CsH703(HEMA )s(CsHsO4)C3Hs 1089.47388 C:HsO(HEMA )6(C7H40,)CsH70, 1101.54758
C,HsO(HEMA )s(CsHO4)CsHoO, 1091.48973 C4Hs0,(HEMA )s(C7H140,)C4Hs0, 1103.52603
C4sHsO(HEMA )6(C7H1402)CsH70, 1101.54754 H(HEMA)7(CsHsO4)C3Hs 1105.50531
C4Hs0,(HEMA )s(C7H40,)C4H50> 1103.52585 C3Hs03(HEMA)s(C7H140,)C4Hs0, 1107.52143
H(HEMA)7(CsHeO4)C3Hs 1105.50521 C4HsO0(HEMA )s(C7H1402)CsHyO: 1115.56239
C,HsO(HEMA )4(CsHeO4)CsHgO3 1107.48446 CeH1002(HEMA )6(C7H140,)C4HsO 1116.56607
C3Hs503(HEMA)s(C7H1402)C4Hs05 1107.52134 C4Hs50,(HEMA )6(C7H1402)CsH70, 1117.54155
C4HsO(HEMA )4(C7H140,)CHoO2 1115.56237
CeH1002(HEMA )6(C7H1402)CsHsO 1116.566
C4H50,(HEMA)(C7H1402)CsH70, 1117.5416
CsHzO3(HEMA )s(C7H40,)C4Hs0O 1118.54515
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Sample: 34 mg'min’', 100 Hz

Sample: 18 mg'min”', 100 Hz

Assignment (M/Z)exp Assignment (M/Z)exp
C4HsO(HEMA )s(C7H140,)C¢HoO2 961.42673 C,HsO(HEMA )s5(CsHeO4)CsH9O2 961.42657
C4HsO2(HEMA)s(C7H140,)CsH70, 963.44256 CH;3(HEMA )¢(CsHe¢O4)CHj3 963.44287

CH;3(HEMA )4(CsH¢O4)C3Hs 965.42156 C4HsO(HEMA )s(CsHeO4)CsH70- 971.41101
O(HEMA )6(C7H140,)C3Hs 971.4845 C4HsO(HEMA )5(C7H,40,)CsH70, 971.48462
C3Hs03(HEMA)s(C7H140,2)CsH70, 973.46306 C3Hs(HEMA )s(CsHgO4)CsHoO3 973.42663
CH;3(HEMA )(CsHsO4)CoHsO 975.44234 C4Hs502(HEMA)s(C7H1402)C4Hs02 973.46297
CsH7,03(HEMA)s(C7H1402)C4H50, 977.42162 H(HEMA )6(CsHsO4)C3Hs 975.44222
CsHs(HEMA)6(CsHsO4)CH30 977.45832 C,HsO(HEMA)s(CsHgO4)CsHoO3 977.42146
C3HsO3(HEMA)s(C7H140,2)CsH9O2 985.49936 C3Hs03(HEMA)s(C7H140,)C4HsO2 977.45838
CsH7,03(HEMA)s(C7H140,)C3Hs03 987.4787 C4HsO(HEMA )s(C7H1402)CsHoO> 985.49949
C,HsO(HEMA )4(CsHO4)CH;30 989.45799 C4Hs02(HEMA)s(C7H140,)CsH70, 987.47867
CsHs(HEMA)s(CsHsO4)C3Hs 990.49774 CH;3(HEMA)s(CsHsO4)C3Hs 989.45784
CsH702(HEMA)s(C7H140,)CsH9O2 991.47352 OH(HEMA )¢(CsHeO4)C3Hs 991.43718
CeH1002(HEMA)s(C7H1402)CsH70, 993.45287 C3Hs03(HEMA)s(C7H140,)CsH70, 991.4735
CH3(HEMA )s(CsHsO4)C4sHsO 1003.47367 CH3(HEMA )s(CsHsO4)C,H50 993.45278
C4Hs502(HEMA)s(C7H1402)CsHoO5 1005.45274 H(HEMA )e(CsHsO4)C4H50 1003.43711
C3Hs(HEMA)6(CsHgO4)C2H50 1005.48988 CsH703(HEMA)s(C7H1402)C4Hs02 1003.4738
C3HsO3(HEMA)s(C7H1402)CeHoO5 1007.46884 C3Hs(HEMA)6(CsHsO4)CH30 1005.45276
CcHoO2(HEMA)s(C7H1402)CsHgO2 1009.44776 C3Hs(HEMA)6(CsHgO4)CsHs 1015.47357
CeH1002(HEMA)s5(C7H1402)CsHoO2 1015.47356 CH3(HEMA )¢(C5HeO4)C4HsO 1017.45268
CsH702(HEMA)s(C7H140,)CsHoO3 1015.51013 C4HsO2(HEMA)s(C7H1402)CsHgO3 1017.48967
CsHsO3(HEMA)s(C7H140,2)CsH9O2 1016.51339 C3Hs(HEMA)6(CsHsO4)CoHsO 1019.46832
CsH;,03(HEMA)s(C7H140,)CsH703 1017.45282 CeHoO2(HEMA)s(C7H140,)CeHoO2 1029.5254
O(HEMA )6(C7H140,)C4Hs50, 1017.48966 | CsHigO2(HEMA)s(C7H1402)CsH9O2 1030.52895
C3Hs(HEMA)(CsHsO4)C2Hs0, 1019.46853 CsH702(HEMA)s(C7H1402)CsHgO3 1031.50468
CsH7,03(HEMA)s(C7H140,2)CsHoO3 1021.48489 CsHsO3(HEMA)s(C7H140,)CeHgO2 1032.50825
CsHsO3(HEMA)s(C7H1402)CeHoO5 1029.52553 CsH,03(HEMA)s(C7H1402)CsH703 1033.48395
CeHoO3(HEMA )s(C7H1402)CsHoO5 1030.52883 O(HEMA )6(C7H140,)C4H;50> 1034.4875
CsH,03(HEMA)(C7H140,)O 1031.50482 C3Hs(HEMA )6(CsHsO4)CoH50, 1035.46327
H(HEMA)+(CsHsO4)H 1032.50818 CsH703(HEMA)s(C7H1402)CsHoO3 1047.49987
CsHsO3(HEMA )s(C7H1402)O 1033.48407 CH3(HEMA )s(CsHsO4)CsHoO2 1061.47889
C4HsO(HEMA )6(C7H140,)CsHsO 1034.48754 CeHoO3(HEMA)s(C7H1402)CsHgO3 1061.51602
O(HEMA )6(C7H1402)CeHoO3 1035.46345 CsH7,03(HEMA)(C7H140,)O 1064.49799
H(HEMA)7(CsHO4)CH3 1047.49974 H(HEMA)7(CsHsO4)H 1065.47383
C4HsO(HEMA )6(C7H140,)C4Hs0> 1048.50326 C4HsO(HEMA )4(C7H1402)C4HsO 1071.53642
C,HsO(HEMA )4(CsHsO4)CsHgO5 1061.51585 O(HEMA )6(C7H140,)C¢HoO3 1078.51391
CH3(HEMA)7(CsHsO4)CH3 1064.49797 H(HEMA)7(CsH¢O4)CHj3 1079.48958
H(HEMA)7(CsHsO4)CH30 1065.47385 C4sHsO(HEMA )¢(C7H1402)C4H50, 1087.53155
C4HsO(HEMA )¢(C7H140,)CsH70> 1065.51069 CsH703(HEMA )6(CsHsO4)C3Hs 1089.47388
C4HsO2(HEMA)6(C7H1402)C4H504 1071.53654 C,HsO(HEMA )¢(CsHeO4)CsHgO2 1091.48973
H(HEMA)7(CsHsO4)C3Hs 1078.5139 C4HsO(HEMA )¢(C7H,40,)CsH70, 1101.54754
C3Hs03(HEMA)6(C7H1402)C4H504 1079.48968 C4Hs502(HEMA)6(C7H1402)C4H502 1103.52585
C4sHsO(HEMA )6(C7H1402)CsHoO2 1087.53122 H(HEMA)7(CsHsO4)C3Hs 1105.50521
CeH1002(HEMA )6(C7H1402)CsHsO 1091.48976 C,HsO(HEMA )4(CsHeO4)CsHoO3 1107.48446
C4HsO2(HEMA)6(C7H140,)CsH70, 1093.50561 C3Hs03(HEMA)6(C7H140,)C4HsO2 1107.52134
C4HsO(HEMA )s(C7H140,)C¢HoO2 1095.48447 C4HsO(HEMA )4(C7H1402)CsHoO> 1115.56237
C4HsO2(HEMA)s(C7H140,)CsH70, 1101.54714 CeH1002(HEMA )6(C7H140,)C4HsO 1116.566
CH;3(HEMA )4(CsHsO4)C3Hs 1103.52601 C4Hs02(HEMA)6(C7H140,)CsH70, 1117.5416
O(HEMA )6(C7H140,)C3Hs 1105.50534 CsHsO3(HEMA)6(C7H1402)C4HsO 1118.54515
C3Hs03(HEMA)s(C7H140,2)CsH70, 1107.52137
CH3(HEMA )s(CsHsO4)C2H50O 1115.56228
CsH703(HEMA)s(C7H1402)C4H50, 1116.56564
CsHs(HEMA)6(CsHsO4)CH30 1117.54152
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m/z = 900-1200

Sample: 71 mg-min’!, 3000 Hz

Assignment

(M/Z)exp

CéH 1 oOz(HEMA)4(C 5H604) CéH 1 oOz
CsH70.(HEMA )4(C7H1402)CeHs0s
CsH705(HEMA )4(C7H140,)CsH705
C;Hs(HEMA )4(CsH¢O4),C4HsO
C3Hs(HEMA )s(CsHeO4)CsHsO
CHyO2(HEMA )4(CsHs04)CsHoOs
H(HEMA )s(CsHeO4)CsHoO,
C3Hs(HEMA )s(CsHeO4)CsHs0;
CH;(HEMA )s(CsHe04)CeHs0>
C4HsO(HEMA)s(CsHeO4)C4HsO
C;Hs(HEMA )s(CsHgO4)CsH-0,
C3Hs(HEMA )5(CsHeO4)CeHoO5
CsH;05(HEMA )s(CsHgO4)C3Hs
C;Hs(HEMA)s(CsHeO4)CsHoOs
C4H50.(HEMA)s(C7H140,)C4HsO»
H(HEMA )(CsHeO4)C3Hs
C3Hs03(HEMA )s(C7H140,)C4HsO,
C4HsO(HEMA )s(C7H1402)CeHy05
C4H50.(HEMA)5(C7H140,)CsH-0,
CH;(HEMA )¢(CsHeO4)C3Hs
C3Hs05(HEMA )s(C7H140,)CsHo0,
H(HEMA )(CsHeO4)CsHsO
CsH,05(HEMA )s(C7H140,)C4H;sO»
C;Hs(HEMA )(CsHgO4)CH;0
C3Hs(HEMA )¢(CsHgO4)C3Hs
CsH;0,(HEMA)s(C7H1402)CeHs0»
C4H5s0,(HEMA )5(C7H140,)CeHoOs
C;Hs(HEMA )(CsHgO4)CoHsO
CsHyO2(HEMA)s(C7H1402)CeHs0»
CéH1oOz(HEMA)s(C7H1402)C6H902
CsH70,(HEMA )5(C7H140,)CeHoOs
CsH;05(HEMA)s(C7H140,)CsH-05
H(HEMA )s(CsHe04)CeHs0>
CsH705(HEMA )s(C7H140,)CeHoOs
CsHoO3(HEMA )s(C7H140,)CeHoOs
C4HsO(HEMA )(C-H140,)C4Hs0,
C4H5s0,(HEMA )¢(C7H140,)C4Hs0,
H(HEMA )7(CsHe04)C:Hs
CsHsO(HEMA )(C-H1402)CsHo O,
C3H505(HEMA )g(C7H140,)CsH-0,
CsH70,(HEMA )¢(C7H140,)CsHoO,
CeH1002(HEMA )6(C7H140,)CsH70,
CsHyO2(HEMA )6(C7H1402)CeHs0»
C6H1002(HEMA)6(C7H1402)C6H902
CsH70,(HEMA )¢(C7H140,)CeHoOs
CsHsO3(HEMA )g(C7H1402)CeHs 0>
H(HEMA )7(CsHe04)CHoO,

901.40631
901.4425
903.42196
913.36974
913.4063
915.38542
917.40107
929.40108
931.41669
941.40134
943.417
957.43264
959.41183
973.42764
973.46374
975.44306
977.45912
985.50022
987.47946
989.45875
991.47443
1003.43799
1003.47488
1005.45367
1015.47438
1015.51131
1017.49045
1019.46925
1029.52619
1030.52976
1031.50559
1033.48492
1047.46407
1047.50093
1061.51661
1087.53233
1103.52671
1105.50611
1115.56314
1121.53734
1145.57397
1146.57773
1159.58915
1160.59266
1161.56869
1162.57196
1177.52694
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Table A 6: Experimental condition in AP-PECVD of the deposition performed to determine
the influence of the monomer saturation ratio Pm/Psat on the resulting thin films properties. The
deposition rates (DR) are provided. The process is well described in previous study.!!!

Pwm/Psat FAr, carrier FAr, total Pressure ton DR ’Ii‘lI:lcCrk.
(%) (SLM) (SLM) (bar) (ns) (nm-s™1) :
(pm)
35 7 20 1 15 0.21 2.1
50 10 20 1 15 0.66 6.6
80 16 20 1 15 1.12 11.2

In contrast with LA-PECVD, all samples obtained were solid and acroscopically smooth
thin, irrespective of the saturation ratio. However, by naked eye observation, the saturation ratio
readily suggested the difference in growth rates related to the different were readily noticeable
from naked eyes observation.
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Figure A6: Growth rate of the as-deposited thin films plotted according to the monomer
saturation ratio, Pm/Psat, at which they were elaborated.
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Figure A7: Fourier-transform infrared spectra (FTIR) of the 3700 - 2700 cm ™! and the 2000 —
1500 cm™! regions, corresponding respectively to the OH and CH region as well as the C=0
stretching and the C=C stretching region of HEMA monomer and AP-PECVD as-deposited
thin films elaborated using various Pwm/Psat.
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Figure A8: MALDI-HRMS spectra of AP-PECVD film at discharge frequency of 100 Hz and
35, 50 and 80% saturation ratio in the mass range m/z = 300 - 2000.
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Table A7: List of relevant species monitored by MALDI-HRMS in AP-PECVD at discharge
frequency of 100 Hz and 80% saturation ratio (Na" as reagent ions) with their corresponding
m/z values. Only the HRMS peaks related to ionized adducts of [Ri-(HEMA),-R; + Na]" are
indicated. Mass assignations were carried out using PolyCalc web-based assignment tool (error
mass tolerance below 3 ppm and height threshold of 5%).

m/z = 300-2000
Assignment (M/Z)exp
C,H50,(HEMA)CsHoO3 343.13635
C2H;50,(HEMA ),CsHO3 473.19961
C,H50,(HEMA )4CsH9O3 733.3274
C,H50,(HEMA )sCsHoO3 863.39037
C2H;50,(HEMA )sCsHoO3 993.45377
C,H50,(HEMA)7;CsH9O3 1123.51665
C,H50,(HEMA )3CsHoO3 1253.58013
C2H;50,(HEMA )9CsHoO3 1383.64373
C2Hs02(HEMA)0CsHoO3 1513.70703
C2Hs02,(HEMA)11CsHoO3 1643.77009
C2Hs502(HEMA)2CsHoO3 1773.83247
C2Hs02(HEMA)13CsHoOs 1903.89492
m/z = 900-1200
Assignment (M/Z)exp
CsH70,(HEMA)sCsHoO3 901.40659
CsH;0;(HEMA)sCsH703 903.38522
C4HsO(HEMA)sCH30 903.42214
OH(HEMA)sCsH50, 905.40093
CsH70:(HEMA)sCsHoO3 917.40143
C4Hs50,(HEMA)sCH30 919.4167
CsHoO3(HEMA )sCsHoO3 931.41675
CsHsO3(HEMA)sO 935.41203
OH(HEMA)sCcHoO3 949.42749
C3H503(HEMA )sC4HsO 961.42792
O(HEMA);,O 965.42241
C4H;50,(HEMA )sC4Hs0; 973.4278
C3H503(HEMA )C4Hs0, 977.42224
CsH70:(HEMA )sC,Hs0; 979.43857
C4H;50,(HEMA )sCsH70; 987.44327
C3H503(HEMA )6CsH70, 991.43786
OH(HEMA),;C;Hs 991.47471
C2H;50,(HEMA )sCsHoO3 993.45377
CsH703(HEMA )C4Hs0, 1003.43808
C3H503(HEMA )sCsHoO, 1005.45378
H(HEMA);C4H;50> 1019.46934
C;Hs03:(HEMA )sCsHoO3 1021.44839
H(HEMA);C3;Hs0; 1023.46474
C4HsO(HEMA),CH;0 1033.48495
OH(HEMA),C4H50, 1035.46416
OH(HEMA);C3H;503 1039.45878
CsHoO2(HEMA )sCsHoO3 1045.48567
H(HEMA);,CsHyO> 1047.50129
C4Hs0,(HEMA);CH30 1049.47978
H(HEMA);CsHzO; 1050.48339
CsHoO3(HEMA )sCsHoO3 1061.47975
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H(HEMA);CsHsO3 1063.49584
CsHsO3(HEMA),0 1065.47492
H(HEMA )sH 1065.51192
CH3(HEMA);,CsH9O3 1077.51154
OH(HEMA);CsH9O3 1079.49043
H(HEMA )sOH 1081.50655
CsH;03;(HEMA),C5Hs 1089.51206
C;Hs05(HEMA),CsHsO 1091.49073
CH3;0(HEMA),CsHyO3 1093.50671
C;Hs03;(HEMA);C4Hs0, 1107.48513
C>HsO(HEMA);C¢HoO5 1107.52257
CsH;03(HEMA),C>Hs0, 1109.50156
OH(HEMA )sCsHs 1121.53749
C,Hs0,(HEMA);CsHo03 1123.51665
O(HEMA );C,Hs0 1124.52036
C3;Hs03(HEMA),CsHyO, 1135.51672
CsH1002(HEMA );C3H;05 1136.52053
H(HEMA )3C4Hs0: 1149.53235
C3Hs03(HEMA),CsHoO3 1151.51143
H(HEMA )3C3Hs03 1153.52775
CsHsO(HEMA )sCH;0 1163.54774
OH(HEMA )sC3sHsO; 1165.52714
CH>(HEMA )sC3Hs03 1166.53056
CH3(HEMA)sCsHsOs 1167.54363
OH(HEMA )sC3Hs0s3 1169.5219
C4Hs0-(HEMA )3CH30 1179.54271
H(HEMA )sCsHgO3 1180.54652
CeHy03(HEMA ),CsHoOs 1191.54268
H(HEMA )3CsHs03 1193.55907
CsHsO3(HEMA)O 1195.53814
H(HEMA)oH 1195.57514
C3H5s03(HEMA )sC,HsO 1197.5543
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Table A8: List of relevant species monitored by MALDI-HRMS in AP-PECVD at discharge
frequency of 100 Hz and 80% saturation ratio (Na" as reagent ions) with their corresponding
m/z values. Only the HRMS peaks related to ionized adducts of [Ri-(HEMA),-(HEMA y*0*CH,
R¢ + Na]" are indicated. Mass assignations were carried out using PolyCalc web-based
assignment tool (error mass tolerance below 3 ppm and height threshold of 5%).

m/z = 900-1200
Assignment (M/Z)exp
CsH70,(HEMA)4(CsHsO4)CsHoOs3 901.37015
CsHi0O2(HEMA )4(CsHsO4)CsH 1002 901.40659
CsHs0(HEMA)s(CsHsO4)CH3O0 903.38522
CsH;05(HEMA )4(C7H1402)CsHo0s 903.42214
C3Hs(HEMA)s(CsHsO4)C2Hs0» 905.40093
CH3(HEMA)s(CsHgO4)C3Hs05 907.38014
C3Hs(HEMA )4(CsHe04),CsHsO 913.3702
CsHoO2(HEMA )3(CsHsO4)>CsHoO3 915.34914
CsHoO2(HEMA )4(CsHsO4)CsHoOs3 915.38589
H(HEMA);s(CsHsO4)CsHoO2 917.40143
C4Hs502,(HEMA );5(CsHsO4)CH30 919.38028
C3Hs(HEMA )4(CsHsO4)>C4Hs0- 929.36507
CsHs(HEMA)s(CsHeO4)CsHsOx 929.40157
CsHoO3(HEMA )4(CsHsO4)CsHoOs3 931.38027
CH3(HEMA)s(CsHsO4)CsHoO: 931.41675
H(HEMA);s(CsHsO4)CsHoO3 933.39595
H(HEMA)¢(CsHsO4)H 935.41203
C4sHsO(HEMA )4(CsHg04),C4HsO 941.36468
C3Hs(HEMA )4(CsHsO4)>CsH70- 943.38068
CH3(HEMA)s(CsHsO4)CsHoO3 947.41167
H(HEMA )¢(CsHsO4)CH3 949.42749
CsH703(HEMA)s(CsHsO4)C3Hs 959.41197
CoHsO(HEMA )4(CsHe04)2CsHoO2 961.39106
C,Hs0(HEMA )s(CsHgO4)CsHoO2 961.42792
CH30(HEMA )s(CsHsO4)CsH9O3 963.40659
H(HEMA )¢(CsHsO4)CH30 965.42241
C4sHsO(HEMA )4(CsHe04)>CsH70, 971.37565
C4sHsO(HEMA )s(CsHeO4)CsH70; 971.41232
C3Hs(HEMA)4(CsHsO4)>CsHoO3 973.39118
C3Hs(HEMA )5(CsHyO4)CeHyO:3 973.4278
H(HEMA)s(CsHgO4)>C3Hs 975.40689
HHEMA )6(CsHsO4)C3Hs 975.44343
C,Hs0(HEMA )s(CsHgO4)CsHoO3 977.42224
CH;(HEMA)¢(CsHsO4)CH50 979.43857
CH3(HEMA)s(CsHeO4),C3Hs 989.4225
CH3(HEMA)6(CsHsO4)CsHs 989.45913
OH(HEMA )6(CsHO4)C3Hs 991.43786
C;3HsO3(HEMA)s(C7H140,)CsH70, 991.47471
CH:;(HEMA)s(CsHsO4)C2HsO 993.45377
C4sHsO(HEMA )4(CsHe04)2CsHoOs3 1001.38546
H(HEMA)((CsHsO4)CsHsO 1003.43808
C;Hs(HEMA )s(CsHsO4)CH50 1005.45378
CoHsO0(HEMA )6(CsHsO4)CH30 1009.44834
CsHs(HEMA)s(CsHsO4)C2HsO 1019.46934
C>HsO(HEMA )6(CsHsO4)C2HsO 1023.46474
CsH703;(HEMA)s(C7H140,)CsH703 1033.48495
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C3Hs(HEMA )o(CsHs0:)C:Hs0,
C>H50,(HEMA)6(CsHsO4)C2HsO
CsH;03(HEMA)s(C7H140,)CsHoO3
CsHs0,(HEMA )(CsHsO4)CH30
CH3(HEMA)e(CsHs04)CsHoO2
H(HEMA )6(CsHsO4)CcHoO3
H(HEMA)+(CsHOxH
CsHsO3(HEMA )¢(C;H 1402)0
CH3(HEMA)6(CsHs04)CsHoOs3
O(HEMA )s(C7H1401)2CeHy0;3
H(HEMA)7(CsH¢O4)CHj3
CsH703(HEMA)e(CsHsO4)C3Hs
CoHsO(HEMA )6(CsHeO4)CsHoO:
CH3(HEMA );(CsHeO4)CH
H(HEMA)7(CsHsO4)C3Hs
C>HsO(HEMA )¢(CsHsO4)CsHoOs3
C3Hs03(HEMA )6(C7H140,)C4Hs0:
CH3(HEMA)7(CsH¢O4)CH30
C3;Hs03(HEMA)6(C7H140,)CsH70,
CH3(HEMA)+(CsHsO04)C,HsO
C3Hs(HEMA )(CsHs04)CH;0
CsH;03(HEMA )o(C7H140,)C3HsO3
C>HsO(HEMA)7(CsHsO4)CH30
C;Hs(HEMA)+(CsHsO4)C,HsO
C3Hs03(HEMA )s(C7H140,)CsHoO3
HEMA(HEMA )o(C7H140,)C3Hs03
CHsO(HEMA )+(CsHgO4)C2HsO
CsH;05;(HEMA )s(C7H140,)CsH-03
O(HEMA)7(C7H40,)C4Hs0,
C;Hs(HEMA)7(CsHgO4)C2Hs0,
C:H;05(HEMA );(CsHeO4)C2HsO
CH3(HEMA)7(CsHs04)CsHoO2
H(HEMA)s(CsHsO4)H
CsHsO3(HEMA)y(C7H 1402)0
OH(HEMA);(C;H,402)CsHsO;
C;Hs03(HEMA)7(CsHsO4)CoHsO

1035.46415
1039.45878
1047.50129
1049.44333
1061.47975
1063.45885
1065.47492
1065.51193
1077.47465
1078.55312
1079.49043
1089.47493
1091.49073
1093.50671
1105.50618
1107.48513
1107.52257
1109.50156
1121.53749
1123.51664
1135.51672
1137.53305
1139.51132
1149.53235
1151.54905
1152.5523
1153.52775
1163.54774
1164.55193
1165.52714
1169.5219
1191.54268
1195.53814
1195.57514
1196.5786
1197.51701
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Figure A9: MALDI-HRMS spectra of the pellets of commercial poly
(HEMA) reference from Sigma Aldrich average Mv 20,000 in the mass range (a) m/z = 100 —
1000 and (b) m/z = 1000 — 4000. The molecular weight was measured by GPC as Mp of 8
kg-mol™.
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ANNEX B
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Figure B1: (a) Weight and (b) thickness growth rate for the films obtained at different plasma

pulse frequencies.
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(a)

Normalized intensity (a.u.)

Figure B2: (a) XPS spectrum of the O 1s and C 1s core levels for the ppMAA for pulse
frequencies ranging from 100-3000Hz. Commercial poly(MAA) produced by conventional
polymerization (P]MAA_REF, Polysciences Mw 100 kg-mol™) is also shown for comparison.
The XPS for the reference polymer powder (pMAA REF) had the peaks assigned as follows:
three peaks in Cls core level assigned as C*-(C,H) (B.E. = 285.0 eV), C*-COO (B.E. = 285.8
eV), and O=C*-O (B.E. =289.33 eV), and two peaks in Ols core level assigned as O*=C (B.E.
=532.39 ¢V) and O*-C (B.E. = 533.78 eV).! (b) Atomic ratios of ppMAA obtained at different
discharge frequencies, pMAA REF and theoretical values. Note: In O 1 s spectra of

Binding energy (eV)

Samples C (%) | O (%)
Theoretical value | 66.7 | 33.3
pMAA REF 70.7 | 293
ppMAA 100 69.4 | 30.6
ppMAA 1000 | 69.5 | 30.5
ppMAA 3000 | 69.8 | 30.2

PPMAA_100, the peak observed at 533 eV can be associated with the substrate (SiO2).%*
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Figure B3: Proposed radical fragments originating from a single o-bond breakdown of the

MAA molecule.
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Figure B4: Representative GPC chromatogram for the ppMAA films obtained at 1000 and
3000 Hz.

Table B 1: Apparent weight average molar mass (Mw™*) and apparent number average molar
mass (Mn*) and polydispersity index (PDI) for the films studied. Mw* and Mn* values are
extracted from the respective gaussian distribution obtained in SEC measurements in the elution
time between 12 - 20 min and a polystyrene calibration. Two independent GPC measurements
were performed using at least 2 different samples in each measurement.

Sample Mn* (g-mol™) Mw* (g-mol™) PDI
ppMAA 1000 1200 +200 2150 + 150 1.8
ppMAA 3000 15000 2450 + 50 1.6
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Figure BS: FTIR spectra the pp(EGDMA:MAA) copolymer films for different
EGDMA:MAA molar ratios grown from 100 - 3000 Hz.
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Table B2: XPS elemental composition for coatings deposited. Theoretical values are

presented in brackets.

fre (Hz) | EGDMA:MAA (mol:mol) C (1s) at% O (1s) at%
0:1 69.4 (66.7) 30.6 (33.3)

100 1:99 74.0 (66.7) 26.0 (33.3)
2.5:97.5 73.0 (66.8) 27.0 (33.2)

0:1 69.5 (66.7) 30.5 (33.3)

1:99 72.3 (66.7) 27.7 (33.3)

2.5:97.5 71.8 (66.8) 28.2(33.2)

1000 5:95 71.1 (67.0) 28.9 (33.0)
10:90 70.8 (67.2) 29.1 (32.8)

20:80 71.3 (67.6) 28.7 (32.4)

1:0 71.0 (71.4) 29.0 (28.6)

0:1 69.8 (66.7) 30.2 (33.3)

1:99 72.1 (66.7) 27.9 (33.3)

2.5:97.5 71.4 (66.8) 28.6 (33.2)

3000 5:95 72.5 (67.0) 27.5 (33.0)
10:90 69.7 (67.2) 30.3 (32.8)

20:80 70.4 (67.6) 29.6 (32.4)

1:0 69.8 (71.4) 30.2 (28.6)
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Figure B6: MALDI-HRMS spectra in the mass range m/z = 100 — 1000 of the
pp(10EGDMA:90MAA) copolymer films for grown at 3000 Hz. The full spectra of the sample
are indicated in black line. Filtration of the full spectra to the matching mass are indicated in
coloured lines.
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Table B3: Reactivity ratios of several (meth)acrylate monomer.

Monomer 1 Monomer 2 12 1 Reference
Methyl methacrylate EGDMA 1.0 1.0 4
Methyl methacrylate EGDMA 1.864 0.700 >

HEMA EGDMA 0.811 6.548 6
2.12 0.42
2.2 0.45
MAA Acrylic acid 7
2.64 0.2
2.77 0.29
Butyl
MAA Y 0.75 1.2 8
methacrylate
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Table B4: Thickness obtained for as deposited films (thickness dry state SE) and during
immersion in di-ionised (DI) water (thickness swollen state) for SE and QCM-D.

Pulse EGDMA-MAA Thickness Tshvlvcokllll:rfs Thickness
frequency (mol:mol) dry state SE state SE swollen state
(Hz) (nm) (nm) QCM-D (nm)

5:95 78 £25 105 +28 392 + 60

1000 10:90 141 +6 235+ 12 400 + 17

20:80 107 +12 118 £18 292 + 79

1:0 118 +10 124 + 21 325+ 105

5:95 87+ 11 100 + 36 360 + 83

3000 10:90 67+6 156+ 6 425+ 30

20:80 138 £41 155+ 50 397 + 81

1:0 111+5 123 +£22 358 + 65
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3 kHz 5 runs 1 kHz 100 runs

(b)

Figure B7: AFM images from: (a) 3D topographic images, (b) 2D height image; and (c) Phase
images.
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Table BS: Roughness parameters obtained from AFM 3D profile measurements.

Sample Sq (nm) Sz (nm) Sa (nm)
1 kHz 100 runs 1.0 8.7 0.8
1 kHz 15 runs 0.3 2.7 0.3
3 kHz 100 runs 0.4 3.1 0.3
3 kHz 15 runs 0.7 59 0.5
3 kHz 10 runs 1.3 4.3 0.8
3 kHz 5 runs 0.9 9.3 0.6
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ANNEX C

2-STEP PROTOCOL FOR INSIGHTS FOR HYDRATED LAYER:
TRANSCRIBED REFERENCE

Reference

Sans, J., Azevedo Gongalves, 1., & Quintana, R. (2023). Ultrathin film hydrogels with
controlled swelling and viscoelastic properties deposited by nanosecond pulsed plasma
induced-polymerization. Advanced Materials Interfaces, 11(2).

https://doi.org/10.1002/admi.202300644

C. 1. Methodology

Quartz crystal microbalance with dissipation (QCM-D) measurements were conducted using a
Q-Sense Explorer QCM-D from Biolin Scientific with a quartz sensor reaching up to 7 odd
harmonics. Before each measurement, sensors (QSX 304, Q-Sense) were placed as a substrate
in the AP-DBD set up for its subsequent coating under the same identical conditions reported
for silicon wafer. Static measurements in air were performed to obtain the dry thickness of the
hydrogels. To do so, the fundamental and overtones resonant frequencies were collected from
the sensors before and after plasma deposition and compared by means of the Sauerbrey

equation.

The Q-Sense Explorer was equipped with an ellipsometer flow module (coupled QCM-D/SE
cell, QELM 401, Q-Sense) with temperature control allowing static and dynamic measurements

on the samples submerged in liquid media.

C. 2. Results and discussion

Hence, the hydration layers derived from measurements can be attributed to real physical

phenomena. To obtain more insights on the hydrated layer, a new 2-step protocol was designed
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consisting in the measurement under heavy water (deuterium oxide, D20) and de-ionized water.
To avoid concentration gradients, samples were exposed to air between each step. Figure 7c
shows schematically the protocol followed and the QCM-D results obtained for ut-
MAA:EGDMA-3 sample.

Despite of that, the most interesting result arise when analyzing the behavior of the samples
when the chamber was exposed in air. As it can be observed in Figure 7c, the hydrogel maintains
the water absorbed and the viscoelastic response (i.e. Af and AD are not zero). Moreover, the
resultant thickness analyses presented in Figure 7d show a slightly decrease of the thickness
determined by SE (as expected) but a significant reduction of the hydrated layer. Indeed, under
this specific case both SE and QCM-D results are in complete agreement with the literature
showing much smaller differences, which results in a hydrated layer of ~7 nm.[6][30] The fact
that the measured hydration layer is much higher for immersed samples could be attributed to
the existence of a water layer superstructure that it is not completely bounded to the surface
(i.e. hydrated layer found in proteins or polymer brushes)[30] but shows some specific order

and structure (less bounded water) which also vibrates according to the QCM-D sensor.

186



H
[=
o

=) Pi [o] [Dry Thickness
E |y & oees  Diwer | .
,E E 8 (Rinsing) c IllHydrated Layer
g 350 . 2 Y
o ut-MAA:EGDMA-3 & §
(8] 4
= 300 =
L
: =
c 8
R o
L 250 =
'-E ut-MAA:EGDMA-1
100 200 300 400 1 kHz 3 kHz
Time (minutes) (d)
(c) _
N o o
T - 300 250 [ory Thickness
: 400 - e =Wet Thickness SE
n= [Wet Thick CM-D
IR P RV P | el
s . 100 § @
8‘ 0 D,0 . H,0 —_ 1 -“.—a 8 150
i —1 | L
:‘200' -100 '2 5100
® 400 e 5
= — -200 s
£ -600 g
€ n=3 -300
(] - + 0
Z 50 100 150 200 1 kHz 3 kHz
Time (minutes)
700 — L T
600 1 [acm-p 597 + 46 ~ I3 kHz 150 £ 15
;\? ~ 150
~— ] 7] n
5 500 @ E 110 £ 20
- N -
gaof B, g
=1 - = 100
2300{ o + =
- <
—] -+ ™ -
(] 4 -
‘% 200 > % 50
100 8
(8]
2 0
>
1 kHz 3 kHz Immersed Air

Figure C1. Quantitative results obtained for ut-MAA:EGDMA-1 and ut-MAA:EGDMA-3 by
means of coupled QCM-D/SE techniques. (a) Dynamic thickness increment obtained under
different media, (b) Total thickness analyses obtained for de-ionised (DI) water. The hydrated
layer has been also included, (c) Raw data obtained for ut-MAA:EGDMA-3 sample following
the D>O-H>O-Air protocol, (d) Total thickness analyses obtained for wet samples exposed to

air atmosphere. Similarly, the hydrated layer has been also included, (¢) Swelling ratio (in DI
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water medium) determined by SE and QCM-D; and (f) Viscoelastic modulus. for the first case,

the viscoelastic is maintained for both DI water and DPBS.

188



ANNEX D
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Figure D1: FTIR spectra of the plasma polymerized film grown from PEGDMAu4o0 deposited

at 3000 Hz and monomer PEGDM A4 .
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Figure D2: WCA measurements conducted to a non-coated laboratory coat after the washing
tests. Note: WCA = 140° + 3°

——As prepared C-0-C
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Figure D3: FTIR spectra measured before and after the stability tests.
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