
ABSTRACT 

REZAEI, FARZAD. Polymeric Coatings and Surface Modification via Atmospheric Pressure 

Plasma (Under the direction of Dr. Peter Hauser and Dr. Michael Dickey). 

 

Surface modification is a well-established and important sector of today’s science and 

technology. Tailoring surface properties can be accomplished either by modifying the 

chemistry or morphology of the surface, or by coating the substrate with a layer of a second 

material. The aims of the research presented here are to (1) optimize the functionality and (2) 

enhance the durability of two different substrates by manipulating their surfaces. In the first 

case, we targeted the adhesion of polymeric films onto polyethylene terephthalate (PET) film 

substrates. In the second case, we sought to prevent corrosion of sputtered indium tin oxide 

(ITO) thin films under acidic conditions. Atmospheric pressure plasma (APP) systems were 

used as the main platform for coating and modifying the substrates. Additionally, coating 

resins were formulated to (i) achieve efficient curing mechanisms under exposure to the 

plasma source and (ii) tailor the desired physical and chemical characteristics.  

We first studied the optical emission of the APP sources utilized here to estimate the 

electron temperature and electron density of the plasma (Chapter 2). This plasma source was 

used to carry out surface modification of PET films to increase its interfacial adhesion with 

an acrylate based hard coating (Chapter 3).  Chapter 3 also covers an innovative application 

of APP as a novel encapsulation method based on surface polymerization of polymerizable 

liquid droplets which may be used as reactive adhesives. Chapter 4 presents a 

superhydrophobic and oleophobic coating technique based on spray deposition of thiol-

acrylate-epoxy resins containing a strong base catalyst that spontaneously cures the resin 

once sprayed on the target and therefore does not require APP. Lastly, the aim of both 

Chapters 5 and 6 is to deposit thin (<1 μm) polymeric films on top of low emissivity film 



substrates to passivate their sensitive surfaces against corrosion. These two chapters employ 

different thiol-ene based chemistries to formulate strong coatings that have minimum water 

permittivity to effectively prevent corrosion of the substrate. 
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Chapter 1 Introduction 

 

1.1 Overview 

The ability to alter the way that materials interact with their surroundings while 

maintaining their bulk properties is an attractive topic for both industrial and academic 

research groups alike. The study of coatings and interfaces is of great importance to 

producing tailor-made materials for applications including coated nanoparticles for magnetic 

resonance imaging (MRI), protective coatings for sensitive substrates, tissue engineering 

scaffolds, cell cultivation platforms, electroactive materials and surface modification of 

asphalt, just to name a few.
1–6

 Common topics that surface scientists often deal with include: 

friction, interfacial adhesion, wear, corrosion and biocompatibility.
7–10

 In order to fulfil the 

requirements of these applications, various surface modification techniques and approaches 

have been developed and promoted. These include two generic categories of treatments: (i) 

physical treatments such as corona discharges, glow discharges, flame, irradiation (UV or 

UV/ozone, γ-radiation, electron and ion beam);
11–18

 and (ii) chemical treatments such as 

surface grafting, self-assembled monolayer deposition, and coatings.
19–28

 Although pros and 

cons are associated with each of these techniques, to select an appropriate route several 

parameters have to be taken into consideration. These parameters include size, sensitivity, 

and the nature of the substrate, as well as scale and time limitations of the process.  

The three primary objectives of this dissertation are: (1) improving interfacial adhesion 

between two polymeric materials; (2) making low surface energy coatings; and (3) 

formulating corrosion-resistant coatings. Additionally, all processes are designed to be 

applied on continuous industrial scales. Considering the thermal and chemical sensitivity of 
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the substrates, as well as the short processing time required by industry, among the 

aforementioned methods, this research aims to promote application of large area atmospheric 

pressure plasmas (APPs) as a multifunctional technique to perform both surface modification 

and coating of target substrates. The target substrates of this study include a polyethylene 

terephthalate (PET) film and a so called “logistic film”. The latter is a multi-layered 

composite of sputtered metal oxide thin films on PET platforms that have low emissivity 

properties.  

Objective (1) relates to the surface modification of films of PET to improve its 

interfacial adhesion to an acrylate based hard coating. The surface of most industrial 

polymers, including PET, suffer from lack of polar functional groups (groups that can provide 

interactions with other materials beyond weak van der Waals interactions). Lack of polarity 

(functionality) adversely affect the utilities of the polymer particularly when it is to adhere to 

other substances (such as coatings, adhesives, inks), highlighting the importance of surface 

modification. Using the APP technique we will attempt surface modification of PET film 

substrates to introduce some polar functionalities such as hydroxyl, carboxyl and peroxide 

groups. The resulting surface is expected to have higher wettability thus improved adhesion 

in contact with the acrylated resins.  

Objective (2) is to utilize the same APP used for surface modification of PET to perform 

a polymerization of low surface energy perfluorinated acrylate precursors in the form of a 

thin coating. In this process, the APP is used as a source to generate free radicals in a gaseous 

phase that can interact with polymerizable substrates such as unsaturated C=C based 

monomers in liquid phase. It should be noted that this process differs from the commonly 

known plasma polymerization and deposition techniques in that the technique used here 
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relies on interfacial polymerization of a reactive liquid at its interface with the reactive gas 

from the plasma whereas the latter technique is based on polymerization and deposition of 

polymerizable gases such as acetylene gas. Using the earlier approach, our group has studied 

and applied polymerization of various precursors on different substrates. Examples of this 

work include vapor deposition and polymerization of diallyldimethylammonium chloride 

(DADMAC) onto polypropylene substrates for antimicrobial applications, fluorinated 

acrylates such as tetrahydrofluorodecyl acrylate on cotton as well as cotton/polyester fabrics 

for water and oil repellency, among others.
29–35

 

Objective (3) of this dissertation is to prepare repellent thin films on top of a low 

emissivity film in order to prevent corrosion of the sensitive elements of the substrate. This 

low emissivity film is fabricated by sputter coating PET film platforms with a transparent 

conductive oxide (i.e. ITO), then top-coating this layer with another thin layer of silicon 

oxynitride (SixOyNz) thin film.
36

 The ITO layer is susceptible to corrode in contact with 

reductive surroundings. To passivate this sensitive surface with chemically and mechanically 

robust thin polymeric films, we formulated novel resins based on thiol-ene and thiol-acrylate 

mixtures. To carry out the polymerization of these resins we used the APP as well as a UV 

flood system.  

 

1.2 Stating the problems: target substrates 

1.2.1 PET 

Poly(ethylene terephthalate) (PET) is the product of reaction between ethylene glycol 

(EG) and either terephthalic acid (Figure 1-1,pathway 1) or dimethyl terephthalate (DMT) 

(Figure 1-1, pathway 2). The reaction usually is performed at elevated temperature (240-
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260
o
C for reaction 1 and 140-220

o
C for 2) and pressure (3-5 atm for 1 and 1 atm for 2).

37
  

Although this polymer contains two (biodegradable) ester bonds per each repeating unit, the 

presence of aromatic group makes this polymer non-degradable in normal conditions.
37

 

 
Figure 1-1 Polymerization pathways for PET 

37
  

 

The resulting polymer shows high chemical and thermal stability, as well as low gas 

permeability which makes it suitable for application such as food and beverage packaging.
37

 

PET is mostly used in forms of fiber, sheets and films. General physical and mechanical 

properties of PET are listed in Table 1-1.  

 

Table 1-1 Intrinsic properties of PET polymer [table from 
37

]  

Property Value 

Average molecular weight 30,000-80,000 g mol-1 

Density 1.41 g cm-1 

Melting temperature 255-256 °C 

Glass transition temperature 69-115 °C 

Young’s modulus 1700 MPa 

Water absorption (24h) 0.5% 
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The absence of polar groups (amides, acids, alcohols, aldehydes, etc) along PET 

polymer chains (repeating unit is illustrated in Figure 1-1) adversely affects the adhesion of 

coatings and adhesives onto the surface of this polymer. Various treatments have been 

employed to improve adhesion properties either through surface modification techniques 

(UV, plasma, chemical treatments, and so forth) 
38–41

 or melt modifications.
42–44

 The latter is 

beyond the scope of this study.  

 

1.2.2 Low-e coatings 

The second substrate targeted here is a low infrared emissivity (e) film composite. The 

emissivity (e) of a substrate is defined as the ratio of the radiation emitted by the surface to 

that emitted by a blackbody measured at the same temperature, wavelength, angle of incident 

and plane polarization.
45

 Recent interest in saving energy and reducing carbon dioxide 

emissions in the construction industry has given rise to a set of interesting techniques for 

manufacturing eco-friendly architectural glasses and polymer films. Among these techniques 

is vacuum deposition of optical thin films. The deposition of these films, also known as soft 

coatings, is usually achieved by sputter coating techniques.
46–48

 Various metal oxides having 

different properties and applications have been employed as soft coatings on top of glass 

panes or polymer film substrates. Examples are indium tin oxide (ITO), which is a 

transparent conductive oxide (TCO) that has been used for low-emissivity coating 

applications
47,48

 and silicon oxynitride (SiOxNy), which is well-known for its optical 

properties such as tunable refractive index for anti-reflective coatings.
49

 For example, the 

refractive index (n) of SiOxNy can be manipulated by changing the ratio of x and y from 
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n=1.47 for SiO2 to n=2.3 for Si3N4.
49,50 

The major downside of soft coatings is that their 

weak chemical and mechanical durability necessitates additional protective coating(s).  

 

1.3. Atmospheric Pressure plasma 

1.3.1 Definition 

Plasma, the forth state of matter, is an ionized gas that is composed of a collection of 

free charged particles moving in random directions that is, on the average, neutral.
51

 These 

free charged particles consist of ions (positive or negative) and electrons. Under an external 

electric field, electrons and ions of a gas molecule tend to separate such that the positive pole 

(anode) attracts electrons and the cathode attracts positive ions. Due to the unique behavior 

of a discharging gas, plasma is referred as the “fourth state of matter”. The most distinct 

characteristic of an ionized gas is its collective response toward external stimuli. This 

collective and interactive behavior reminded Irving Langmuir (1928) of biological blood 

plasma such that he chose “plasma” to describe an ionized gas.
52

  

In terms of electron and ion temperatures, there are two general categories of plasmas: 

thermal (for fusion reactors) and non-thermal (cold) plasmas. All the industrial plasmas fall 

within the second category. In terms of working pressure, industrial plasmas are operated 

from a few mTorr up to atmospheric pressure. Each of these systems has its own advantages 

and disadvantageous: vacuum plasmas provide a precise control over surface processing 

although it requires expensive vacuum systems. Atmospheric pressure plasmas (APP) on the 

other hand well suit fast and on-line processing. This quality of APPs has attracted great deal 

of attention for industrial applications.  
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1.3.2 Application for surface modification 

Kanazawa et al (1988), designed one of the earliest glow discharges which could operate 

under atmospheric pressure.
53

 Mentioned in this study are important requirements for 

generating stable glow including using helium as diluent gas, operating above 3 kHz and 

insulating the lower electrode. Use of helium in these system has two main reasons: (1) in 

atmospheric pressure, helium has the lowest breakdown potential compared to argon 

(Figure 1-2) and (2) the two strong metastables (He(2
3
 S) and He(2

1
 S) ) of helium ease the 

ionization process through stepwise ionization. Additionally, since these two metastable 

species have high energies, they can ionize other species such as oxygen molecule through 

penning ionization.  

 
Figure 1-2 Breakdown voltage as a function of gas density times the electrode distance 

54
 

 

Following Kanazawa study, various atmospheric pressure plasma devices have been 

designed. Some of the most famous of them are: A) DC and low frequency modes: plasma 

torches, dielectric barrier discharges (DBD), etc, and B) RF mode: inductively coupled (ICP) 

torches, atmospheric pressure plasma jet (APPJ), hollow cathode systems, capacitively 

coupled microplasma and etc.
55

 Among these different designs, APPJs (Figure 1-3), which is 

also called downstream plasma, has received great deal of attention for surface modification 



 

8 

applications. Having afterglow (plasma jet region in Figure 1-3) indicates the presence of 

high energy electrons in the discharge effluent in these systems. These high energy electrons 

not only guarantee the formation of highly excited reactive species beneath the discharge 

region they can also directly interact with a substrate. Using such systems several groups 

have conducted surface modification of polymeric substrates: Chen et al. used an APPJ with 

argon gas as diluents to treated PET and polypropylene films to impart hydrophilic properties 

onto these polymers.
56

 Functional groups such as COO
-
 , C=O and OH form on the surface, 

as verified using FTIR and XPS analyses of the samples after plasma treatment. Noeske et 

al.
57

 employed APPJ to improve surface adhesion of PET, polyamide 6 (PA6), 

polyvinylidenefluoride (PVDF), high density polyethylene (HD-PE) and polypropylene (PP).  

In contrast to these “clean” surface modification processes, conventional surface treatments 

employ often hazardous reactant or consume significant amount of water and energy. 

Examples include application of oxidizing agents such as cerium (IV) salts,
58–62

 or copper 

(III) catalyzed oxidation,
63,64

 as well as common free radical initiators such as benzoyl 

peroxide 
65

 or azobisizobutyronitrile (AIBN).
66

 

  
 

(a) (b) (c) 
Figure 1-3 Different setups of atmospheric pressure plasma jets: a)schematic representation of a APP 

57
, b) 

photograph of a typical APPJ 
67 c) special configuration of APPJ with the ground electrode beneath the jet 68 
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The most considerable shortcoming of APPJ systems is their limited area of coverage 

which is not suitable for fast curing of wide samples. To solve this problem there are few 

“large area” designs of downstream APPs
69

 which enable surface modification of wide 

substrates such as films and fabrics. However, due to large volume of operation, the 

downstream flux of plasma gas in these systems is very low compared to the common forms 

of APPJs. Figure  1-3 and Figure  1-4 give schematic illustrations of two examples of these 

systems.  

 

 
Figure 1-4 Schematic representation of a large area atmospheric pressure plasma for downstream processing 

34 

 
Figure 1-5 Schematic representation of the atmospheric pressure plasma for downstream processing

70 
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1.3.3 Plasma polymerizations 

Beside surface functionalization, plasma has been used to deposit thin layers of polymers 

in the form of coatings on top of various substrates. Yasuda et al.
71

 was one of the pioneers of 

defining different classes of plasma polymerization as plasma-state-polymerization and 

plasma induced polymerization. The polymerization via the latter mechanism is believed to 

be the same as conventional polymerization (radical or ionic) whereas the former process 

occurs only inside of the plasma.
71

 The plasma induced polymerization occurs as a result of 

interaction between ions or free radicals generated in the plasma with polymerizable 

monomers such as vinyl monomers which are in liquid or solid states (but not plasma). Non-

polymerizable reactive gases such as oxygen (O2) can generate these primary free radicals 

upon electron or ion impact dissociation/excitation inside plasma. On the other hand, 

insertion of polymerizable gases such as acetylene, ethylene, styrene, benzene, and 

tetrafluoroethylene directly into the plasma environment results in formation of significant 

amount of free radicals in the gaseous phase (plasma state) which can react with each another 

to form macromolecules. The high molecular weight macromolecules then separate from the 

gaseous phase and deposits onto a target substrate. Plasma polymerizations can be carried out 

either under low pressure conditions
72–74

 or under atmospheric pressure.
31,75–77

 Plasma 

induced polymerization at atmospheric pressure will be utilized in the following studies 

presented here to carry out the polymerization reactions. These reactions may occur either via 

polymerization of acrylated monomers or thiol-ene based polymerization.  
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1.4. Low surface energy coatings 

Fluorine-containing compounds are well known as materials with low surface energies. 

Polymers having fluorinated moieties either in their main chain, terminals or side chains 

serve as low surface energy materials.
78

 Among these systems, perfluoroakyl acrylates (PFA) 

are popular chemical used in various applications particularly coatings and surface 

modifications. Figure 1-6 shows the chemical structure of these compounds, which have a 

perfluorinated side chain.  

 
Figure 1-6 Molecular structure of poly-perfuoroalkyl (meth) acrylates 

 

In perfluoroalkyl acrylate Y = CH2 and P is usually in the range of 6-12. Compounds 

with longer fluorinated side chain (larger P) exhibit lower surface energies not only due to 

the presence of a larger fraction of fluoro-carbon at the surface, but because long side chains 

(P>8) can align to form crystal structures. However, side chain fluorocarbons of more than 

P=6 are not stable and release bio-accumulative compounds upon decomposition. 

Considering this fact, this study employs perfluorohexyl ethyl acrylate (P=6) to achieve low 

surface energy coatings.  
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1.5. Coating chemistry and technology 

1.5.1 Conventional photopolymerization 

Polymerization via electromagnetic radiation (UV, visible, or infrared lights) 

predominantly is used in coating industries. The technique has been developed since 1950’s 

and offers rapid, energy efficient, and solvent free process
79

 which are industrially and 

environmentally favorable characteristics. Kodak, by synthesizing poly(vinyl cinnamate) 

polymers, was one of the pioneers in applying photopolymerization to the synthesis of 

polymeric materials.
80

 Application of this photopolymerization includes materials used in 

optical fiber coatings, microelectronic, printing, optical and electro-optical, adhesives and 

sealants, coatings and surface modifications.
79–81

 

Photopolymerization is typically comprised of three main components: light source (UV 

light in majority of cases), coating formulation, and a photoinitiator (or photosynthesizer). 

Photopolymerization of acrylate monomers and acrylated resins (such as epoxies, polyesters, 

polyurethanes)
82

 has been employed in the coating industry for years, due to the very fast 

reaction rate and large chemical diversity. Yet recent concerns about the toxicological 

activity of acrylate based chemicals,
79

 as well as processing challenges such as sensitivity of 

the reaction to air (specifically, oxygen), low conversion before gelation, high network 

shrinkage stress and light instability due to presence of photo-active components, have 

discouraged this approach.  Thiol-ene systems, as an alternative, offer a set of unique 

properties not the least of which are  toxicologically safer chemistry, low network shrinkage, 

oxygen insensitivity, and high conversion  before gelation. 
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1.5.2 Thiol-based systems 

Shortcomings of conventional (meth)acrylate free radical photopolymerization such as 

inhibition by oxygen,
83,84

 low conversion before gel points <5-10%
85

 , high shrinkage 

stresses, has led polymer scientists to explore alternative routes for synthesizing 

macromolecules. Recently thiol-based chemistry (also called thiol-X) has captured a 

significant amount of attention in the area of organic chemistry as well as polymer science. 

Figure 1-7 demonstrates an exponential increase in the topic of thiol-X reaction during last 

10 years.  

 
Figure 1-7 Number of publication per year on the topics of thiol-X (X=ene, yne, maleimide, and epoxy) 

obtained from SciFinder   

 

Thiol groups can react with a variety of substrates (via different mechanisms) including 

electron rich enes (radical), alkynes (radical), electron poor enes (Michael addition), 

isocyanates (carbonyl addition), epoxies (SN2 ring opening), and halogens (SN2 nucleophilic 

substitution).
85

 Figure  1-8 shows various reactions that thiol can participate in with different 

substrates.  
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Figure  1-8 Various reactions based on the addition of thiol to different substrates. EWG=electron withdrawing 

group, X= Br, I, and R1=aliaphatic or aromatic organic/bioorganic group. 
85

 

 

The reaction of thiol with alkene groups (Figure 1-8, route 1) was discovered by Posner 

in 1905 and the thiol-ene polymerization was first observed by Braun and Murjahn in 1926.
86

 

This reaction is based on hydrothiolation of a C=C bond which is the addition of a thiol (SH) 

to an alkene (C=C) forming a thioether bond (C-S-C). The reaction is highly modular, 

orthogonal, regioselective, rapid, insensitive to oxygen (air), yields (near) quantitative 

products, can proceed in various solvents (polar/non-polar, protic/aprotic), and includes large 

variety of substrates. 

The reaction of thiol and ene can be mediated by virtue of free radical initiation or via 

base/nucleophile catalysis. The latter is proceed via Michael-type addition of thiol to electron 

deficient C=C (Figure 1-8, route 2). Scheme 1-1 depicts the general thiol-ene reaction 

mechanism: In the first step a free radical is generated via either a photochemical, thermal or 

redox mechanism. The free radical then abstracts a hydrogen, creating a thiyl radical (RS•).  

The thiyl radical then adds into the C=C bond (always) via anti-Markonikov orientation 

forming a carbon-centered radical which subsequently transfer the radical to another thiol by 
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hydrogen abstraction to first yield the thiol-ene product and also keep this cycle alive. 

Termination usually happens via radical recombination. It should be mentioned that this 

reaction also can be initiated without photoinitiator.
87,88

 The benefits of the photoinitiator 

systems include enhanced photo-stability (less prone to photodegradation), and viability of 

production of thicker polymer (since the absence of photoinitiator lowers the extinction 

coefficient). Several ene chemistries that can be joined with thiol are shown in Figure 1-9.  

The order of reactivity of these components toward addition to thiol under free radical 

reaction is as follows: norbornene > vinyl ether > propenyl > alkene ~ vinyl ester > n-vinyl 

amide > allyl ether ~ allyltriazine > n-vinylamides > allylether ~ allyltriazine ~ 

allylisocyanurate> acrylate > unsaturated ester > n-substitued maleimide > acrylonitrile ~ 

methacrylate > styrene > conjugated dienes.
89

 Apart from the last three species and 

norbornene, the reactivity increases with an increase in electron density of the double bond.  

Electron deficient alkenes (such as (meth)acrylates) in presence of a base or nucleophile 

undergo Michael-type addition to thiol group.. There are two types of catalysts for 

conducting the addition of thiol (as Michael donor) to an electron deficient C=C bond: basic 

or nucleophilic catalysts. Scheme  1-2 depicts the reaction schemes for these two systems. 
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Scheme 1-1 Hydrothiolation mechanism including the following steps: a) initiation (most commonly by 

photoinitiation), b,c) propagation and chain transfer, and d,e,f) terminations 
90

 

 
 

 
Figure 1-9 The structure of enes that can undergo addition to thiol functionality

89
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Scheme 1-2 general reaction mechanism for Michael addition of thiol to electron poor alkene groups.
91

 

 
 

Common base catalysts for thiol-Michael addition includes amines such as primary(e.g. 

hexylamine (HexAM), pKa=10.6), secondary (e.g. di-n-propylamine (DnPA), pKa=11) and 

tertiary(e.g.  triethylamine (TEA), pKa=10.75) amines  as well as bicyclic amidines such as 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) pKa= 11.6 and 1,5- diazabicyclo[4.3.0]non-5-ene 

(DBN) ,pKa=13.5.
92

 Nucleophilic catalysts include tertiary phosphines such as Tri-n-

propylphosphine (P(n-Pr)3), pKa=8.64, dimethylphenylphosphine (PMe2Ph), pKa=6.49, 

methyldiphenylphosphine (PMePh2), pKa=4.59, and triphenylphosphine (PPh3), pKa=2.73. 

Figure 1-10 shows structures of these catalysts.  
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a) b)  
Figure  1-10 Chemical structures of a) tertiary phosphines and b) amines. PS is proton sponge, other acronyms 

are given in the text
92

 

 

Figure  1-11 demonstrates the most common vinyl groups that are used in thiol-Michael 

addition: 

 
Figure  1-11 Common alkene compounds used in thiol-Michael addition and their reactivity

91
 

 

Based on this figure, the order of reactivity among alkene groups is as follows: 

maleimide > fumarates > maleates > vinyl sulfones > acrylates/acrylamides > acrylonitrile > 

crotonate > cinnamate > methacrylates/methacrylamides. The reactivity of these compounds 

rises with increase in electron deficiency of their C=C bond. Reason for very high reactivity 

of maleimides is due to the effect bond angle distortion and ring strain, as well as position of 

carbonyl groups in cis-conformation. Thiol-maleimide reaction in highly polar solvents (such 

as dimethylformammide or dimethylsulfoxide) can proceed even in the absence of catalyst.  

Compared to acrylated systems, thiol-ene polymers show high network uniformity and 

improved mechanical and chemical properties. Furthermore, similar to the acrylated systems, 

one can tailor the properties of thiol-ene polymer by varying the chemical composition of the 

coating formulation.  
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1.6 Dissertation Outline 

A summary of the objectives as well as the proposed methods to achieve each is listed 

below: 

 Objective 1: Surface functionalization/modification of PET films  

o Method: Plasma surface modification (Chapter 2) 

 

 Objective 2: Hydrophobic coating for PET film  

o Method 1: Plasma polymerization of 2-perfluorohexyl ethyl acrylate (Chapter 

3) 

o Method 2: Catalyst driven superhydrophobic/oleophobic coating based on 

thiol-ene chemistry (Chapter 4) 

 

 Objective 3: Protective coating for logistic films 

o Method 1: Plasma induced thiol-ene based polymeric coating (Chapter 5) 

o Method 2: Corrosion and abrasion resistance UV curable coatings based on 

thiol-ene systems (Chapter 6) 

 

It should be noted that Chapter 2 elaborates on one of the main shortcoming of coatings 

cured under the APP used in here that is the limited depth of polymerization. Benefiting from 

this shortcoming however, this chapter also offers a novel encapsulation method by surface 

polymerization of liquid droplets using the APP technique. The shortcoming of the plasma 

cured coatings also established the main motivation of designing catalyst-driven self-curing 

coating precursors presented in Chapter 4.  
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Chapter 2 An optical emission spectroscopy study of an 
atmospheric pressure plasma used for improving a 

polymer/coating adhesion 
 

Abstract 

This study characterizes the surface modification of polyethylene terephthalate (PET) 

films using a large area atmospheric pressure plasma system to improve adhesion of an 

acrylate resin coating onto the substrate.  Coatings can help tailor the surface properties of 

PET, which is a commodity plastic.  PET is chemically inert to most coatings, but 

atmospheric plasmas can modify the surface in a manner that is compatible with high 

throughput manufacturing.  We employ an optical emission spectrometer to analyze the 

chemical composition as well as physical characteristics such as electron temperature and 

density of an atmospheric plasma. Then weemploy this plasma source for conducting a 

surface modification of PET film substrates. Various plasma gas mixtures of helium with 

oxygen and/or nitrogen gases as additives (0.5-1.1 v%) as well as different exposure doses 

(15-75 J cm-2)  were carried out the surface treatment of the substrates. Post-treatment 

characterization by XPS, AFM, and a goniometer show that the surface becomes enriched 

with oxygen, rougher, and more wetting toward water in a way that depends on the power 

and composition of the plasma.. Standard adhesion 180° T-peel tests indicate improved 

adhesion after treatment.  

 

2.1 Introduction 

Commodity polymer films are often designed to be chemically inert.  The inertness 

offers high chemical robustness, suitable for applications ranging from food packaging to 
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tissue engineering,
93,94

 yet this chemical inertness has adverse effect on their surface 

properties, undesirable for coating, laminating, adhesion and biocompatibility.
95,96

 Enabling 

these materials to serve in critical applications such as cell cultivating membranes, water 

treatment membranes, protective coatings and laminates, requires tailoring their surfaces.
97–99

 

Many studies have been devoted to altering the chemical and physical characters of 

polymeric materials using different techniques including plasma surface functionalization, 

plasma deposition, UV ozone treatment, surface grafting, and chemical vapor deposition, 

among others.
100–106

 Plasma based surface treatments, particularly non-equilibrium plasmas 

(cold plasmas) have found many usages for modifying surface of organic substrates such as 

polymers to improve their adhesion, wettability, and biocompatibility.
8,107

 

Despite their differences, all plasma based systems are based on employing an ionized 

gas (or more correctly, a partially ionized gas). Under defined conditions this ionized gas 

(plasma) can enact many physical and chemical processes such as etching, sputtering, 

implantation, polymerization, surface activation and surface functionalization.
108

 This range 

of unique capabilities has led to many industrial applications particularly in the 

microelectronic industry. However, due to the complex requirements of vacuum systems, 

polymer and textile industries have not been very welcoming to low pressure plasmas. 

Emergence of atmospheric pressure plasmas (APPs) has opened a window of opportunity for 

large area/continuous surface treatments that can satisfy processing requirements. Many 

studies have demonstrated the power of APPs for conducting surface modification of 

polymeric and textile substrates.
109

 

Although the low pressure plasmas have been extensively studied and are well 

established on an industrial scale, plasmas operating under atmospheric pressure are hardly 
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available beyond the benchtop scale, with only a handful of industrial designs known. A 

basic analysis of the chemical and physical anatomy of an APP could lead to better 

understanding and help development of this technology as a “green” alternative to many wet 

chemical processing techniques. Various methods have been developed to diagnose a 

discharging gas (plasma) such as Langmuir probes, hairpin resonators, electrical 

characterization, laser induced fluorescence (LIF) spectroscopy, and optical emission 

spectroscopy (OES).
110–113

 Among these methods, the OES offers a simple, non-destructive 

and relatively inexpensive approach for diagnosing a discharge. Analyzing an optical 

emission of a glowing gas can provide detailed information about the chemical composition 

of the gas.  Additionally, OES has been used for determining some physical parameters of 

plasmas such as temperatures (vibrational, rotational, and kinetic), electron density as well as 

ions densities.
114

 Studies that deal with a plasma system usually are either diagnostic-oriented 

or application-oriented. Therefore, a comprehensive study that provides information about 

both the discharge and the corresponding surface treatment can be beneficial for optimization 

of plasma processes. 

In this work, we used a large area atmospheric pressure plasma system (designed by 

APJet Inc.)
70

 to conduct a surface modification of polyethylene terephthalate (PET) film 

substrates. To generate the plasma, helium was used as the main gas (carrier). Additionally, 

small fractions (0.5-1.1 v%) of oxygen (O2) and/or nitrogen (N2) were added to the main gas 

to explore reactivity of plasmas generated from different gas mixtures. Here, we first analyze 

the optical emission of plasmas generated from different gas mixtures to provide information 

about the chemical composition of the media and to estimate their electron temperature and 

density. Using this information we evaluated efficacy of different treatment conditions for a 
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surface modification based on the amount of reactive species that can be generated in each 

media. In the second step, these plasmas performed surface modification of PET film 

substrates to improve the interfacial adhesion between this substrate and a UV curable 

acrylate based coating. We used X-ray photoemission spectroscopy (XPS) to study the effect 

of plasma treatments on the local atomic composition of sample surfaces, an optical 

goniometer to track the alterations of surface wettability upon plasma treatment, and an AFM 

to image the surface morphology changes following the plasma treatments. Lastly, 180° T-

peel tests quantify the improved adhesion of laminates as a result of plasma treatment.  The 

results indicated that the APP system utilized here enhances the wettability of PET film 

substrates and significantly improves the adhesion between the substrates and acrylate based 

coatings.  

2.2. Theoretical backgrounds in optical emission spectroscopy 

2.2.1 Electron temperature 

One of the most elaborate and fascinating features of plasmas is their radiative 

processes. There are several routes that lead to emission of photons from plasma, though 

radiative de-excitation of excited atoms is the most predominant mechanism. The excitation 

of neutral atoms occurs via collision with high energy electrons. Assuming a Maxwell-

Boltzmann distribution of different energy states, the emission intensity (I) of an excited 

atom at wavelength (λ) can be determined from the following relation: 

  
   

 
       

(2-1) 

where K is a constant, g is the statistical weight of the excited state, A is the transition 

probability [s
-1

], E is energy of the excited state [eV], k is the Boltzmann constant and T is 

the absolute temperature [K]. Values of A, g, and E for each electronic transition for different 
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atoms can be found in plasma databases such as National Institution of Standards and 

Technology (NIST). Taking the ratio of two (or more) emission intensities (at different 

wavelengths) in log scale enables calculation of electron temperature (T): 

   
  
  
    

      

      
 

     

  
  

(2-2) 

Therefore, plotting ln(I) versus corresponding energy of excited state (E) for two or 

more emission lines and linear fitting the data produces a line equation with slope (-1/kTe). 

This plot is known as the Boltzmann plot.
115

 

2.2.2 Electron density  

In an ideal case, a single radiative transition is expected to emit a light at a wavelength λ 

and a natural linewidth that can be derived from the Heisenberg uncertainty principle  

(     , where τ is the lifetime of the excited state and c is the speed of light). In actuality, 

interaction of the radiator with its surroundings broadens the emission lineshape. Several 

broadening mechanisms have been recognized and modeled. In high pressure discharges, the 

governing broadening mechanisms are homogeneous pressure broadening (such as Stark, 

Van der Waals, resonance and natural broadening) with a Lorentzian line profile and non-

homogeneous broadening (such as Doppler and instrumental broadening) with a Gaussian 

line profile. Coulombic interaction of ions with the radiator, collision of similar particles into 

each other, collision of the radiator with neutral particles (perturbers), and the relative 

emitter-observer approaching speed, respectively cause the Stark broadening, the resonance 

broadening, the Van der Waals broadening and the Doppler effect.  Table 2-1 lists the 

corresponding equations for calculating the full width at half maximum (FWHM) of the line 

profiles produced via each of these broadenings:  
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Table 2-1 Broadening mechanisms for high pressure discharges and their corresponding FWHMs. (taken from 

Laux et al.
114

 and Ouyang et al. 
115

) 

Broadening 

mechanism 

FWHM 

[nm] 

Parameters Eq.# 

Stark                       
    

α1/2 : reduced wavelength[nm], ne : 

electron density [cm
-3

] 

 

 

(2-3) 

Doppler             
        

     

  : the reference emission 

wavelength of a radiator [nm], Tg: 

the background gas temperature [K], 

m: the mass of radiator, and c is the 

speed of light 

 

 

(2-4) 

Van der 

Waals                 
  

 
 
      

     

    
   

  

   

   
         

   

h: Planck’s constant,   
     : square of 

change in the radius of the radiator 

upon transition from lower to higher 

electronic state, me: electron mass, 

  : the energy of perturber at excited 

state,        : relative velocity, and NP is 

the number density of the perturber 

 

 

(2-5) 

Resonance 

            
   

        
    

         
  

  
  

        
  

  
          

  

  
    

where g,l and u stand for ground 

state, lower level and upper level 

excited states 

  

 (2-6) 

Natural            
  

   
          

    and     represent inverse of 

lifetimes for upper and lower 

transitions, respectively 

(2-7) 

 

As this table shows, the stark broadening directly relates to electron density and it 

commonly used in OES based diagnostics. In addition to these mechanism, passing the light 

through the OES instrument slit also results in instrumental broadening with Gaussian 

profile. Combination of these broadening results in the Voigt lineshape with FWHM 

calculated by the following: 

                                                                                 
   

 
(2-8) 

The Voigt profile also can be achieved by fitting the experimental values with a Voigt 

function. Deconvoluting the Gaussian and Lorentzian FWHMs from this profile and using 

the following empirical equation gives the Voigt FWHM: 
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   (2-9) 

where ∆λL and ∆λG are the Lorentzian and Gaussian FWHMs, respectively.  

 

2.3 Materials and methods 

2.3.1 Materials 

Helium (99.999%) and nitrogen (99.999%) were obtained from Machine and Welding, 

and oxygen (99.994%) was obtained from Air Liquide Corporation. Optical emission 

spectroscopy devices, HR 2000 (vis-IR) and HR 2000+ (UV-vis), both designed by Ocean 

Optics. Isopropyl alcohol (IPA) was from BDH, and n-butyl acetate was from Fisher 

Scientific. Tricyclodecane dimethanol diacrylate (SR833S) and aliphatic urethane acrylate 

(CN9006) were kindly donated by Sartomer. Bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (TMBP) and (1-hydroxycyclohexyl)phenyl methanone (HCPM), 

photoinitiators were both kindly donated by BASF. Wire wound rod #10 (25 μm wet film 

thickness) was purchased from ChemInstrument. A UV flood system as well as a radiometer 

(UVICURE® Plus II), were both made by UVitron. PET film was provided by Eastman 

Chemical Company.  

2.3.2 Plasma setup 

The plasma apparatus used here is designed and fabricated by APJet Inc. Figure 2-1 

illustrates a schematic representation of the APP system used in this study.  
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Figure 2-1 Schematic presentation of the APP used in this study. The inset shows a photography image of the 

plasma burning helium 

 

In this design, a set of gas lines delivers different gases to flow controllers, feeding the 

system with desired amounts of gas flow rates. The gas then passes through distribution 

channels to uniformly fill the area between the aluminum electrodes. Three 2.5 cm height 30 

cm long hollow rectangular aluminum rods, each 0.2 cm apart from another, compose the 

electrodes. A radio-frequency source (13.56 MHz) powers the middle electrode (working 

electrode) and the two outer electrodes are grounded to close the circuit. To maximize the 

transferred power, a matching network tunes the impedance of the load to 50 Ω, the internal 

impedance of the rf source. Cold water pumped by a chiller through the electrodes prevents 

thermal damages. Applying a rf power to the working electrode while helium (or a mixture of 

helium with O2 or N2) is flowing into the system generates two plasma regions between the 

electrodes each with volume of approximately ~15 cm
3
. The inset photographic image in 

Figure 2-1 shows the two plasma regions and their reflection on the stage (underneath). It 
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should be noted that the instrument also has a built-in periscope with an OES port. The 

periscope’s mirrors direct the emitted light from one of the plasma regions to the OES. At a 

distance of 0.2 cm underneath the plasma regions, a motorized stage carries PET samples (20 

μm thick) with speed of 40 cm min-1. The samples may pass under the plasma several times 

(1-5 times) by moving the stage back and forth. To compile these plasma treatment 

conditions, we used the concept of power dose116: 

	 	 	 #	 	  (2-10) 

Samples in this study were treated with 15, 45, and 75 J cm-2 power doses, 

corresponding to 1, 3 and 5 plasma treatment cycles, respectively. For all samples conveyor 

speed was fixed at 15 cm min-1, and plasma power of 300 W was applied across 30 cm long 

electrodes. These samples are designated as D15, D45 and D75 for power doses of 15, 45, 

and 75 J cm-2, respectively. 

 

2.3.3 Plasma treatment 

After rinsing samples of PET film with acetone and hexane, they were mounted on the 

stage of the plasma apparatus (Figure 2-1). Flowing different mixtures of helium with 

nitrogen and/or oxygen gases and applying 300 W rf power to the working electrode 

generated a plasma. In all cases the flow rate of helium was 40 L min-1 and a fraction of 

nitrogen (0.5 v%) and/or different fractions of oxygen (0.6 v%, 0.8 v%, 1.1 v%) might be 

added to the helium. The nomenclature corresponds to the volume fraction of each of these 

treatments. For example, treatments labeled as: “He”, “He/O2
1.1%”, and “He/O2

0.6%/N2
0.5%”, 

respectively, correspond to plasmas generated from flowing 100% helium, 98.9% helium/ 

1.1% oxygen, and 98.9% helium/0.6% oxygen/ 0.5% nitrogen. The plasma system treated 
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samples of PET film using these gas mixtures and different power dosages (15, 45, and 75 J 

cm-2). 

2.3.4 Characterization methods 

A goniometer (OCA-10, Data Physics) measured the static contact angles using 3 µl 

droplets of water as probe liquid. The average of 3-5 measurements is reported.  

SPECS FlexMod performed the X-ray Photoelectron Spectroscopy (XPS). A Mg Kα 

(1253.6 eV) x-ray source irradiated samples at the incident angle of ~30° from the surface 

and ~60° from the source to the analyzer. PHOIBIS 150, a hemispherical analyzer, collected 

the emitted electrons with a takeoff angle normal to the surface. The base pressure in the 

analysis chamber was in the range of 10-10 mbar. The energy steps for collecting the survey 

runs and the high resolution runs were 0.5 and 0.1 eV, respectively. Adventitious Carbon 

(C1’s line at 285.0 eV binding energy) was taken as a reference for energy calibration. XPS 

survey and high resolution analyses, respectively, provided information about local atomic 

composition of different samples and detailed distribution of different chemical bonds for a 

specified element. CasaXPS software produced the atomic percentages from each one of the 

survey spectra by applying the Shirley background, calculating the area under the curve for 

each individual element considering each relative sensitivity factors (R.S.F.), and taking the 

ratio of each integral to the summation of all. In case of high resolution analysis, this 

software deconvoluted each spectra using Gaussian or Lorentzian function to produce the 

best fit to the measured data.  

Quasant (model Q-scope 250) atomic force microscopy (AFM) mapped the surface of 

spin coated samples in broadband tapping mode using a high frequency (300 Hz) silicon 

probe (Q-WM300) having spring constant of k=40 N/m and tip diameter of <10 nm. Prior to 
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mapping, the tip was calibrated on a flat glass slide for broadband scanning. The setting of 

driving amplitude and setback point was such as to produce a 50-55% damping in the 

feedback loop. The tip rastered an area of 5x5 μm on samples with linear speed of 1Hz, 

rastering angle of 0° and a resolution of 500 lines per scanning length (100 lines/μm).  To 

prepare samples for this test, a spin coater (Laurell WS-650 MZ) casted PET from 

trifluoroacetic acid, or TFA, (7 wt% solid) onto glass slides. Then, the PET-coated glass 

slides were treated using different plasma gas mixtures (He/O2
0.8%

 or He/N2
0.5%

).   

A tensile testing machine (designed by TestResources) preformed 180° T-peel test to 

evaluate the adhesion of each sample according to ASTM D1876-08. To prepare specimens 

for this test, PET film with size of 30 cm × 8 cm were cut and rinsed thoroughly with acetone 

and hexane to remove contaminants from the surface. After treating samples with plasma, 

awire wound rod #10 deposited an acrylate based resin onto the samples. The acrylate resin 

was an industrial formulation for scratch resistant coatings consists of 51 wt% SR833S, 17 

wt% CN9006, 15 wt% n-butyl acetate, 14 wt% IPA, 1.7 wt% TMBP, and 1.7wt% HCPM. 

The coated samples then were left in an oven set at 100
o
C for 2 minutes to remove the 

solvent and promote the grafting reaction at the interface of substrate-coating. Subsequently, 

the samples were cut in half and folded such as to sandwich the acrylate resin between the 

two stripes of PET film. Consequently, the UV flood system cured the resin by irradiating the 

sample for 30 seconds with an average delivered energy of 2900 mJ cm
-2

. The cured sample 

was used as the specimen for T-peel test. Figure 2-2 presents a schematic view of the 

specimen for this test.  
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Figure 2-2 A drawing of the specimen prepared for 180° T-peel test according to ASTM D1879-08.  

 

2.4 Results and Discussion 

2.4.1 Operational power window for the plasma system 

Based on the geometry of a plasma system and the electronic behavior of the employed 

gas(es), there is a current density window within which the gas experiences an electrical 

breakdown and transforms to the glow discharge (plasma state). Below the breakdown, the 

gas is in the Townsend regime (dark discharge) and beyond that current density window, 

arcing distinguishes the glow discharge. Figure 2-3 shows the operational power window for 

the plasma systems used in this study. 
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Figure 2-3 Operati1onal power window for the APP system used here. The star symbols represent highest 

applicable power before arcing whereas the solid circles denote the lowest required power for igniting the 

plasma 

 

Helium has been commonly used for atmospheric pressure plasmas. The reason is the 

ability of this noble gas to undergo stepwise ionization, thanks to its strong metastable, He 

(2
3
S1), electronic state.

117,118
 Figure 2-3 shows that, the power window for pure helium 

discharges is independent of the helium flow rate (in a range of 10-40 L min
-1

) between the 

electrodes. An important point in this figure arises when a small fraction of nitrogen or 

oxygen presents in the discharge. The presence of any of these two gasses (although in very 

small amounts) increases the ignition (breakdown) voltage (or power). The mechanism of 

this increase in breakdown voltage is different for these two gases: in case of oxygen, this 

behavior occurs due to electronegativity of oxygen, and in case of nitrogen, this is possibly 

due to quenching metastable helium upon penning ionization which produces positive ions of 

molecular nitrogen (N2
+
 (B-X)).

119,120
 In the case of arcing, Figure 2-3 shows an opposite 

trend compared to ignition (breakdown) behavior. A reason that addition of nitrogen results 

in lower arcing power compared to oxygen might relate to electropositivity of this gas that 
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increases the electron density thus the current density of the discharge at high powers. 

Although addition of these two additives (N2 and O2) expanded the operation power range of 

the system, to prevent thermal damages to the electrodes, we set the power limit to 300 W for 

all the experiments carried out here.  

2.4.2 Chemical composition of the discharge 

Knowledge of the chemistry of plasma is necessary for conducting desired chemical 

modifications on a substrate. Optical emission spectroscopy enables a detailed study of 

chemical composition of a discharge gas. Figure 2-4 shows emission spectra in UV-vis, 250-

700 nm (HR2000+) and vis-IR, 600-1000 (HR 2000) ranges taken from plasmas burning 

pure helium (He, 40 L min
-1

), as well as mixtures of helium with 0.5 v% nitrogen (He/N2
0.5%

) 

and 0.8 v% oxygen (He/O2
0.8%

). The figure also identifies the corresponding chemical specie 

for each of the observed peaks.  Figure A1 in Appendix A provides more comprehensive 

emission spectra of different plasma gas mixtures. 

 

  
Figure 2-4 Optical emission of plasmas from different gas mixtures in UV-vis region (blue spectra) and vis-IR 

region (red spectra) 
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This is important to note strong presence of atomic oxygen (O(
5
P) 777.1 nm and O(

3
P) 

845 nm), positive nitrogen (N2
+ 

391 nm) as well as hydroxyl radical (OH(A-X) 309 nm) in 

the emission spectra of pure helium discharge (Figure 2-4, top spectra). This indicates 

interdiffusion of air into the discharge region. Additionally, these spectra show two important 

peaks for Hα (656.28 nm) and Hβ (486.1 nm), Balmer lines of hydrogen. Particularly, the Hβ 

has been frequently used for electron density measurements. Addition of small fraction of 

oxygen eliminates both hydrogen peaks as well as positive nitrogen peak (Figure 2-4, 

He/O2
0.85%

), respectively due to reaction of free radicals of oxygen with hydrogen, forming 

water and reaction with nitrogen possibly forms nitrous oxide. Addition of nitrogen 

(Figure 2-4, He/N2
0.5%

) to the discharge produces very strong emission lines (known as swan 

bands of nitrogen) that masks all other peaks. Figure 2-4 distinguishes many transformation 

of molecular nitrogen (C-B, B-A, and positive B-X) across the recorded region. These swan 

bands (particularly the second positive system, N2(C-B) 360-385 nm) has been used for 

measuring the rotational temperature of nitrogen which relates to the background gas 

temperature. Despite this possibility, we simply used a Teflon wrapped thermometer to 

measure the plasma temperature. The thermometer measured a temperature of ~350-370
 

Kelvin. 

 

2.4.3 Electron temperature 

Production of reactive species such as excited atomic oxygens (O*) is fundamental to carry 

out a surface modification of polymeric substrates.
121,122

  Two important parameters resulting 

in production of excited species in plasma are the kinetic energy of electrons flowing through 

the gas medium as well as the number density of these electron. Considering the following 
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reactions for electron impact dissociation of molecular oxygen to form excited state atomic 

oxygen (O
3
P) and (O

5
P) highlights the importance of electron density as well as electron 

temperature in producing free radical oxygen: 

    

  
                  

                     
    

  
    (R 1) 

Reference [123] 

    

  
                  

                     
    

  
   

   

(R 2) 
Reference [123] 

    

  
      

         (2-11) 

where k1 and k2 are the dissociation rate constant and Te is in volts.
123

  

To calculate the electron temperature using helium emission lines based on Eq.(2-1), 

Table 2-2 provides information about different emission lines and their corresponding upper 

level energy.  

 

Table 2-2 Spectroscopy data for different emission line of helium (taken from NIST
124

) 

Wavelength 

[nm] 
A [s

-1
] 

(transition probability) 
E [eV] 

(upper state excited energy) 
g 

(degeneracy)  

471.31 5.2894e+06  23.5940 3 

501.57 1.3372e+07  23.0870 3 

587.56 1.7673e+07  23.0736 5 

667.81 6.3705e+07  23.0740 5 

706.52 1.5474e+07  22.7180 3 

 

Plotting the observed emissions intensities in logarithmic scale versus upper state excited 

energy corresponding to each particular transition establishes the Boltzmann plots 

(Figure 2-5). The inverse of the slope of the fitting line resulted the electron temperature [K] 

(also included in Figure 2-5) for different plasmas including pure helium, as well as helium 

with different amount of oxygen (0.6 %, 0.8 % and 1.1%) all generated by applying 300 W rf 

power. This figure shows that by adding small fractions of oxygen the electron temperature 
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increases from 3270 [K] (0.28 [eV]) for only helium to 4610 [K] (0.4 [eV]) for 92% He/0.8% 

O2. Higher concentration of oxygen (i.e. 1.1%) quenches the electron down to ~4440 [K] 

(0.37 [eV]). This shows that the optimum electron temperature is achievable by adding 0.8% 

of oxygen to the system. Compared to the measured temperature of the background gas (350-

370 [K]) the calculated electron temperature (3000-4600 [K]) highlights the non-thermal 

(cold) nature of the plasma used here. It should be noted that, due to predominance of 

nitrogen swan bands, we were not able to measure electron temperature of the plasmas 

containing small fraction of nitrogen. 

 
Figure 2-5 The Boltzmann plot for four different plasmas having different gas mixtures, i.e. He (open cycles), 

He/0.6% oxygen (open squares), He/0.8% oxygen (open triangle) and He/1.1% oxygen (half-filled diamonds). 

The “He” plot also shows the corresponding emission wavelength corresponds to each data point. The red lines 

are the simulated fitting lines on the data points 

 

2.4.4 Electron density 

Analyzing the Hβ lineshape observed in helium-only plasma via broadening principles 

enabled measurement of electron density.  Table 2-3 reduces the broadening FWHM 

equations by plugging the corresponding constants for Hβ into the equations listed in 
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Table 2-2. This table also shows the instrumental broadening of HR 2000+ measured by 

taking FWHM of the spectra of a He/Ne laser light (632.8 nm) shined into the instrument 

through a pinhole as a filter. It should be noted that the interaction of hydrogen atoms with 

other species such as oxygen, nitrogen and hydroxyl radicals are neglected in obtaining the 

Van der Waals broadening equation and only the interaction with helium is considered.
115

 

This was due to small presence of species other than helium in the plasma. Moreover, 

because the concentration of hydrogen in the discharge is very small, the corresponding 

resonance broadening due to collision of hydrogen atoms into each other also was neglected. 

The natural broadening also is very small for Hβ=10
-3

 pm and can be neglected.
125

  

 

Table 2-3 Reduced broadening FWHMs for Hβ from the list of FWHMs listed in Table 2-2 
114,115,125

 

Broadening 

mechanism 

FWHM 

[nm] 

Parameters Profile 

Stark                          α1/2 ~ 0.0783 [A] Lorentzian 

Doppler                       
      =486.1 [nm] Gaussian 

Van der Waals                       
       

     ~ 520,    =24.6 [eV]  Lorentzian 

Instrumental                        He/Ne laser 632.8 nm Gaussian 

 

Assuming Tg= 370 [K], measuring all the FWHMs presented in this table as well as the 

experimental Voigt FWHM using Eq.(2-9) and plugging these on Eq.(2-8) gives the Stark 

FWHM (∆λStark), hence the electron densities. Figure 2-6 shows a typical Hβ lineshape 

recorded for helium-only plasma generated by 300 W rf power as well as the simulated 

broadening lineshapes.  
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Figure 2-6 Measuring the Stark’s FWHM from the Hβ lineshape. The solid dots show the experimental data, 

and the red curve corresponds to a Vogit fit of the experimental values. The dashed orange, dashed blue, dotted 

gray and dotted black curves correspond to the instrumental, Stark’s, Van der Waals, and Doppler broadening 

lineshape, respectively. 

 

Figure 2-7 reports the calculated electron density for helium plasmas generated via 

different rf power. Taking the ratio of these number densities over the background gas 

density (ne/ng) gives the fractional density of the free electrons in the system (in parts per 

million [ppm]).  

 
Figure 2-7 Electron density calculated based on line broadening of Hβ line. “ng” shows the atomic number 

density of the background gas in the atmospheric pressure and the fractional density is the ratio of ne/ng 
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This results show that by increasing the input power to the system, the electron density 

increases from ~8E13 cm-3 (50 W) to ~1.1E15 cm-3 (300 W). These densities are typical in 

atmospheric pressure discharges.  

 

2.4.5 Surface modification via plasma 

2.4.5.1 Wettability  

An important route to improve adhesion properties is by increasing wettability of the 

substrate’s surface. The plasma with above characteristics carried out surface modification of 

polyethylene terephthalate films to modify its wettability in contact with a polar liquid 

droplet such as water (γwater=72.1 mN/m,γP
water=50.8 mN/m). To connect with the results 

obtained in previous section, Figure 2-8 shows changes in water contact angle (θwater) of 

samples of PET film treated by 15 J cm-2 dose of plasma having different electron 

temperature and concentration of feed oxygen. This figure also assumes a constant electron 

density of 1.3E15 cm-3 in all these plasmas to calculate the excited atomic oxygen (O*) 

concentration using Eq.(2-11) for different amounts of oxygen gas in the plasma including 

0.6 v% (equivalent to atomic concentration of 1.19 10  cm-3), 0.8 v% (=1.58 10 cm-

3), and 1.1 v% (=2.17 10 cm-3). It should be noted that, simultaneous reaction of these 

highly reactive species with the environmental particles (such as molecular oxygen, nitrogen, 

hydrogen) and their natural decay reduces the net production of the free radicals of oxygen 

significantly. 
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Figure 2-8 Water contact angle on PET film samples treated with plasmas having different electron temperature 
and oxygen concentration. The power dose for treating these samples was 15 J cm-2 

 

To further evaluate the effect of plasma conditions on wetting properties, samples of 

PET film were treated using various applied power dose and gas mixtures. Figure 2-9 

presents the resulting water contact angle on samples in terms of power dose and gas mixture 

including He, He/O2
0.6%, He/O2

0.8% and He/N2
0.5%. Figure A2 in Appendix A reports water 

contact angle on samples treated with more comprehensive combinations of plasma gas 

mixture at different applied dosage. 

 
Figure 2-9 Water contact angle as a function of power dose for different gas mixtures 
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Figure 2-9 demonstrates significant drop of water contact angle from ~95° for an 

untreated samples to values down to 17° after treating samples under He/N2
0.5% plasma with 

75 J cm-2 power doses. Important to note that despite the number of passage of plasma 

treatment, samples treated with 0.8% oxygen always have lower contact angle (33o, 28o, 26o, 

for 1,3, and 5 passes, respectively) compared to 0.6% oxygen (40o, 33o, 30o, for 1, 3, and 5 

passes, respectively) and 1.1% oxygen (39o, 34o, 32o, for 1, 3, and 5 passes, respectively). A 

possible reason might be higher electron temperature of He/O2
0.8% gas mixture which results 

in higher production of free radical oxygens (O3P or O5P) as discussed above. Additionally, 

in all cases, helium/ 0.5 v% nitrogen plasma shows much lower contact angle compared to 

any other combinations. Unfortunately due to predominance of nitrogen emission bands in 

the OES we were not able to characterize the electron temperature or density of the plasma 

using the available experimental setup. 

 

2.4.5.2 Surface compositional changes 

X-ray photoemission spectroscopy revealed the local atomic composition of samples 

treated under different plasmas. Figure 2-10 (a) shows the effect of number of treatment 

passages on the surface composition changes. The leftmost data (at power dose=0) denotes 

the surface composition of an untreated sample. The surface of the untreated sample contains 

an average of 69% carbon and 32% oxygen corresponds to chemical composition of PET 

polymer. The measured O/C ratio of the untreated sample (=0.46) is higher than calculated 

O/C ratio of a theoretical PET polymer (=0.4) based on its repeat unit structure. This is due to 

presence of acidic (-COOH) and alcoholic (-COH) groups at the chain terminals that reduces 

the overall O/C ratio of the polymer. Exposure of samples to a plasma source (here the 
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plasma is He/O2
0.6%) oxidizes the surface resulting in reduction of carbon signal and increase 

of oxygen atoms on the surface. Plasma treatment simultaneously reduces the carbon signal 

from 69% to 63%, 61% and 58% and increases the oxygen content from 32% to 37%, 39% 

and 42% after exposing the untreated sample to 15, 45 and 75 J cm-2 power doses, 

respectively. Figure 2-10 (b) demonstrates the effect of surface treatment using different 

plasma gas compositions including He, He/O2
0.6%, He/N2

0.5%, and He/O2
0.6%/N2

0.5%. Similar to 

the wetting behavior results, Figure 2-10 (b) demonstrates higher ability of He/N2
0.5% plasma 

to oxidize the surface of PET film samples compared to other gas mixtures employed in this 

study. 

Figure 2-10 Local atomic percentages of the surface of samples treated by (a) He/O2
0.6% plasma as a function of 

power dose, and (b) treated by different gas mixture at power dose of 45 J cm-2 
 

The high resolution spectra of carbon and oxygen provided detailed information about 

different carbon and oxygen bonds. Figure 2-11shows the results of high resolution study for 

samples treated with He/O2
0.6% gas mixture and different power doses (15, 45, and 75, 

labeled as D15, D45, and D75 respectively). The spectra show an immediate drop in C-C 

bond from 59% for untreated sample to 51% and rise of oxidized states of carbon (C-O and 

O-C=O) after passing the sample only one time under the plasma. The ratio of C-O/O-C=O 

of different sample increases from 1.28 for untreated sample to 1.33 after exposure to plasma 

for 1 pass. This suggests that the oxidation mostly takes place on the aliphatic (-CH2-CH2-) 
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carbons and form alcoholic type groups (-CH(OH)-CH2-). High resolution oxygen spectra 

confirm this argument; the ratio of O-C/ O=C increases from 1.5 for untreated sample to 1.86 

for plasma treated sample doses with 15 [J cm-2]. In addition to alcoholic moieties, the C-O 

signal could also indicate formation of peroxides. Peroxides (R-OOH) are very important 

specie for graft reactions and can form on the surface of an organic substrate upon exposure 

to oxygen radicals.126,127 The increase in C-O signal might relate to formation of these 

species on the surface, however, XPS cannot provide characteristics signal for this specific 

specie.  

 
Figure 2-11 High resolution XPS spectra of carbon (a) column and oxygen (b) column. The black curve is the 
recorded master spectra by XPS and the colored lines are deconvoluted from the master curve showing C-C 
(red), C-O (green), and O-C=O (blue) bonds of carbon atoms, as well as O-C (orange) and O=C (gray) bonds of 
oxygen atoms. The percentages under each curve shows the fraction of each bond state in the overall atomic 
composition 
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2.4.5.3 Surface topography changes 

In addition to surface chemistry and wetting properties, surface morphology can provide 

additional physical interlocking effect at the interface between the polymer substrate and the 

coating that improves adhesion properties. Surface etching, a feature of plasma, can alter the 

surface topography of a substrate through reaction of excited species (most importantly 

atomic oxygen) with the target surface.128 Topographical mapping a treated surface using 

atomic force microscopy (AFM) revealed the physical changes of the surface of a sample 

upon exposure to He/O2
0.8% (Figure 2-12) as well as He/N2

0.5% (Figure A3) plasmas. 

Material and method section described the sample preparation for this test. Based on these 

surface topography maps, Figure 2-13 reports the changes of surface roughness (root mean 

square of the topographic height variation of samples) as a function of power dose. The 

results show that, helium/oxygen plasma results in higher topographical changes of samples 

compared to helium/nitrogen plasma; a result that contrary the wetting behavior. This 

suggests that, the surface treatment with helium/nitrogen gas mixture in the system used here 

is more effective for surface chemistry changes rather than surface morphology. Worth 

noting that, because the spin coated PET films have different crystallinity compared to the 

industrially produced films, the degree of surface etching might be different on each of these 

surfaces129, however, the trends and contrast between the two employed plasma sources 

should still hold regardless of surface crystallinity. 
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Figure 2-12 Surface topography maps of spin casted PET films from TFA onto glass slides before and after 
exposure to He/O2

0.8% plasma with different dosages (15, 45 and 75 [J cm-2], labeled as D15, D45 and D75, 
respectively)  

 

 
Figure 2-13 Root mean square (RMS) of surface topographic height changes of samples before (at 0 power 
doses) and after exposure to He/O2

0.8% (red open circles) and He/N2
0.5% (black open squares) plasmas with 

different doses 
 

2.4.5.4 180° T-peel test 

Lastly, 180° T-peel test examined the adhesion properties of samples before and after 

exposure to different plasma gas mixtures. Characterization method section described the 

sample preparation for 180o T-peel test according to ASTM D1879-08. Figure 2-14 plots the 

specific load (load/width of the tested specimen, [N cm-1]) that the cross head experienced 

during peeling the laminated samples. Samples shown in this figure are control, He/N2
0.5% 

3P, He/O2
0.8% 3P, and He/N2

0.5% 3P RT). The last sample (He/N2
0.5% 3P RT) is similar to 

He/N2
0.5% 3P sample, however, instead of curing in the oven (100oC) for drying/activation 

step, this sample was left in room temperature (RT) for 20 minutes allowing solvent 

evaporation. Figure A4 in Appendix A provides more comprehensive results of the T-peel 

test. 
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Figure 2-14 The resistance force against delamination measured by 180° T-peel test for samples treated by 
exposure to 45 J cm-2 plasma of He/N2

0.5% (red line), and He/O2
0.8% (pink line) both dried in an oven at 100°C 

for 2 minutes after coating with the resin and treated with He/N2
0.5% plasma and dried at room temperature for 

20 minutes (green line) 
 

The T-peel test results show that the cross head of the tensile testing machine encounters 

almost no resistance against delamination across the entire laminated length (23 cm) from the 

control sample (poor adhesion). On the other hand, all the plasma treated samples resisted the 

move of the cross head from the very first point of the laminated region. This results in an 

increase of the specific load at the very beginning of the curves of the plasma treated samples 

(green, red, and pink). After a few centimeter of delamination the specific load shows a sharp 

increase and abrupt fall to zero. The reason for this sharp drop in resistance against 

delamination is rupture of the PET film. Figure 2-14 also shows a camera photography 

image of a ruptured film (black and white) as well as microscopy image of the rupture edge 

(Nikon Eclipse 50i Pol). The microscopy image illustrates a serrated rupture edge which 

eases the rupture of the PET film despite the strong mechanical properties of the film. In the 

case of the sample cured at room temperature, the figure shows that the length of 

delamination is slightly larger compared to the heat treated samples (~ 20 mm compared to 5 
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delamination is slightly larger compared to the heat treated samples (~ 20 mm compared to 5 

mm). This possibly could be due to effect of pre heating on dissociating peroxides on the 

surface resulting in larger surface graft density at the coating/substrate interface of heat 

treated samples compared to room temperature dried sample. Appendix A, section A1 and 

A2 briefly investigates capability of plasma treated samples for graft polymerizations. 

Despite the difference in the pre-heat treatment, the heat that is generated under UV light also 

could break the peroxide bonds and form surface free radicals. Although the rupture of PET 

film suggests a strong adhesion between the film and the coating, it undesirably hampers 

making clear conclusion about the adhesion strength of the treated samples. 

 

2.5 Conclusion 

This study characterizes a large area atmospheric pressure plasma system to improve 

adhesion of polyethylene terephthalate films to an acrylate based coating. The plasma had 

electron temperatures in the range of 0.28-0.4 eV (3300-4600 K) and electron densities up to 

1.3×10
15

cm
-3

. Plasma treated samples showed significant increase in surface wettability from 

water contact angle of ~95° for untreated sample to ~17° for the plasma treated sample with 

He/N2
0.5%

 gas mixture and a 200 J m
-2

 power dosage. The atomic force microscopy 

demonstrated the effect of plasma treatment on the surface roughness of spin casted PET 

films. The RMS surface roughness increased from ~0.25 nm for untreated sample to ~0.8 nm 

for plasma treated sample with gas mixture of helium/ 0.8 v% oxygen and a power dosage of 

200 J m
-2

. The T-peel tests showed significant improvement in the adhesion properties of the 

plasma treated samples compared to untreated sample, however, due to rupture of the testing 

laminates during the test a quantitative analysis of the adhesion force was not possible. 
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However, based on the surface wetting properties, and elemental analyses using XPS we can 

conclude that treatment using 120 J m
-2 

for the plasma dose and He/N2 (with volume ratio of 

99.5v% He and 0.5v% N2) as the gas mixture most efficiently carries out the surface 

modification of PET films. 
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Chapter 3 Plasma polymerization for coating and 

encapsulation applications 

 

Abstract 

This study utilizes atmospheric pressure plasma (APP) system to conduct surface 

polymerization of two different systems: one for coating and the other for encapsulation 

applications. The main difference between these two systems is the thickness of the deposited 

liquid precursor. In the case of coating, here we employ a perfluorinated acrylate monomer to 

produce low surface energy coatings. The main shortcoming of coating using APP is that the 

surface initiated polymers have very small depth of propagation that makes the APP disable 

to produce thick coatings. We took advantage of this limited depth of propagation to 

introduce a facile encapsulation method by polymerizing the top layer of acrylate containing 

resins. The surface polymerization occurs by exposing liquid resin to a plasma source 

forming a polymeric skin on top of the liquid substrate. An atomic force microscope and a 

spectroscopic ellipsometer estimated the thickness of the skin formed on top of di(ethylene 

glycol) diacrylate to be 40-50 nm. To show the application of this encapsulation method, we 

formulated reactive adhesives for glass substrates based on thiol-acrylate and thiol-acrylate-

epoxy systems that react in presence of a strong base catalyst. Encapsulation of droplets of 

resins and the catalyst via an atmospheric pressure plasma immobilized the liquids on the 

glass slide. Confocal laser microscope showed the morphology of the capsules. Lastly, 

physical contact of the resin capsules with the catalyst capsules on glass slides released the 

liquid forming an adhesive between the two slides. A tensile testing machine showed the 
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adhesive strength of ~ 1.5MPa for the formulated (non-optimized) resins based on thiol-

(meth)acrylate-epoxy system cured at 80°C for 2 hours.  

 

1. Introduction 

Plasma gases produce reactive chemicals such as free radicals.
130

 Because these reactive 

species are in a gaseous phase, they only interact with the very top atomic layer of a 

condensed phase (liquid or solid) as a target substrate. This localized reaction are particularly 

useful for surface modification.
131

 Additionally, plasmas can carry out polymerization of 

compounds containing unsaturated C=C such as acrylates.
132

 Once such acrylated 

compounds in the liquid state come into contact with a plasma gas, polymerization initiates at 

the surface of the liquid.
133–136

 The propagation length of the polymeric chains towards the 

bulk liquid monomer determines the thickness of the resulting polymer. Under ambient 

conditions the length of polymeric chains might not exceed a few (hundreds of) nanometer. If 

utilizing plasma for coating applications, the narrow depth of propagation limits the 

maximum achievable coating thickness. Although this narrow polymerization depth might be 

considered as a limitation for coating application, it might lead to other usages.   

Here we utilize an atmospheric pressure plasma (APP) system to carry out plasma 

polymerizations of different precursors for two different applications. In one application, 

APP induced polymerization of a low surface energy material on polyethylene terephthalate 

(PET) films. We utilized a perfluorinated acrylate (i.e. 2-perfluorohexyl ethyl acrylate) as the 

reactive monomer to produce the low surface energy coating. A spraying technique deposited 

diluted solutions of the precursor onto samples of PET film substrates. Varying the 

concentration and spraying conditions controlled the thickness of the liquid film deposited on 
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the substrate. Subsequent exposure to the APP system cured the precursors to form solid 

coatings. Measurement of the contact angle of droplets of water on the coating verified the 

hydrophobic nature of the coating. 

In a second application, this study offers a facile encapsulation method via plasma 

surface polymerization (PSP) using the APP system. In this design the APP polymerizes the 

outermost layer of a polymerizable liquid (such as multifunctional acrylate) forming a thin 

polymeric shell on the surface of the liquid. The formation of the shell prevents reaction of 

the underlying reactive liquid with plasma free radicals. As an important feature, this 

technique does not consume water or organic solvents that is in a sharp contrast with most 

conventional encapsulation methods such as coacervation, spray drying, spinning disk and 

solvent extraction.
137–142

  

The shell is approximately 50 nm thick for a di-acrylate based resin. We used this 

technique to encapsulate droplets of different reactive adhesive resins on glass slides.  The 

slides serve as carriers for transportable adhesive-boarded glass substrates. The reactive 

adhesive formulated here has two main components: a reactive resin and a catalyst. Two 

different resins are formulated here and are based on either thiol-(meth)acrylate or thiol-

(meth)acrylate-epoxy mixtures. The reaction between a thiol and acrylate can occur under 

either free radical condition or base catalyst condition (Micheal addition).
143,144

 The free 

radical route enables a PSP reaction of such resins upon exposure to a free radical source 

such as plasmas whereas the Michael addition can carry out the bulk reaction of the adhesive 

once the resin and the catalyst come in contact. Additionally, in presence of a strong base, 

thiols can also react with epoxies.
145,146

 Thiol-epoxy adducts contain β-hydroxyl thioether 

groups that offer strong adhesion to metallic and glass substrates. The two components (resin 
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and catalyst) were separated by incorporating them into two sets of encapsulated droplets. 

Physical contact of two carriers having each of the main components on board - or contact 

between one carrier that has both components with an arbitrary substrate - breaks the 

capsules. Subsequently, the liquid resin and the catalyst only come in touch with each other 

while performing the curing reaction between the two substrates. The liquid resin cures 

within minutes to form of an adhesive polymer between the two contacted substrates. A 

confocal laser microscope revealed the morphology of the capsules and a tensile testing 

apparatus measured the adhesion strength via lap shear test. 

2. Experimental  

2.1 Materials 

2-(perfluorohexyl) ethyl acrylate (PFHEA) was purchased from Fluoryx Incorporation. 

Di (ethyleneglycol) diacrylate 75% (DEGDA), pentaerythrtol tetrakis (3-mercapto 

propionate) (PETMP), bisphenol-A diglycidil ether (BPADGE), trimethoxysilyl propyl 

methacrylate (TMSPMA),  1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were all purchased 

from Aldrich. Glass slides (EISCO
TM

) were obtained from Fisher. The atmospheric pressure 

plasma apparatus was designed by ApJet Inc.
147

  

2.2 Characterization 

A goniometer (OCA-10, Data Physics) measured the static contact angles using 3 µl 

droplets of a variety of fluids. The average of 3-5 measurements is reported. J.A. Woollam 

aplph-SE, a spectroscopic ellipsometer, measured the thickness of polymeric skin. The 

incident angle was 70
o
 and Cauchy fitting of the obtained spectra provided the film thickness. 

Quasant (model Q-scope 250) atomic force microscopy (AFM) also measured the thickness 

of the polymer skin at its edge using a silicone probe (300 Hz, 40 N/m) in tapping mode. 
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OLS-4000 Olympus confocal laser microscope (CLM) imaged the morphology of the 

encapsulated droplets. An Instron (Series 5900) evaluated the lap-shear strength of the 

formulated adhesives to glass slides following a similar method to ASTM D 1002.  

 

2.3 Coating  

Samples of PET were cut and washed with acetone and hexane and placed on a variable 

speed conveyor stage. At a distance of 10 cm from the stage, a sprayer fed with pressurized 

nitrogen loaded with dilute solutions of PFHEA in acetone as coating precursors deposited 

coatings onto the PET samples moving with speed of 400 cm/min under the nozzle. 

Figure 3-1 schematically illustrates the spraying process. After depositing the precursors 

onto the substrates, passing the samples under the APP cured the precursors in a form of 

solid coating. The plasma treatment conditions are: 40 L min
-1

 helium carrying 0.5 v% 

nitrogen flowed to the system and a plasma generated between aluminum electrodes by 

applying 300 W rf (13.56 MHz) electric power to the working electrode. Table 3-1 

summarizes the spraying conditions used to deposit the precursors on top of PET substrate. 

 
Figure 3-1 Schematic representation of the spray coating the samples with PFHEA as coating precursor 
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Table 3-1 Spraying conditions for depositing dilute solution of PFHEA in acetone as coating precursor onto 

PET substrate 

Sample ID 
Concentration 

(v%) 

Spraying 

pressure 

Spraying 

height 

(cm) 

F25-P1 25 1 10 

F25-P2 25 2 10 

F25-P3 25 3 10 

F25-P4 25 4 10 

F50-P1 50 1 10 

F50-P2 50 2 10 

F50-P3 50 3 10 

F50-P4 50 4 10 

F75-P4 75 4 10 

F100-P4 100 4 10 

 

2.4 Encapsulation 

APP offers a novel approach for encapsulating liquid droplets. The droplets must contain 

species that can undergo free radical type polymerization once exposed to the plasma free 

radicals. To provide an example of the application of plasma encapsulated droplets, this 

chapter formulates two component reactive adhesives for glass substrates and encapsulates 

them via APP. The two main components of the reactive adhesives formulated here are: (1) a 

reactive resin and (2) a base catalyst. The reactive resin itself was formulated either from 

thiol-(meth)acrylate or thiol-(meth)acrylate-epoxy mixtures. And the catalyst is diluted in an 

acrylated crosslinker (i.e. DEGDA). Both the thiol-(meth)acrylate mixture found in both 

resins and the acrylate monomers having the base catalyst can undergo free radical 

polymerization under exposure to the plasma. Table 3-2 lists the chemical constituents of 

each couple (resin and catalyst) that were mixed in four different vials (labeled A through D). 

Vials “A” and “C” contain the thiol-(meth)acrylate and thiol-(meth)acrylate-epoxy based 

resins, respectively, and vials “B” and “D” contain identical mixture of DEGDA and the 

catalyst. After preparing the resins, a micropipette distributed 3 μL/cm
2
 droplets of 

precursors on one edge of glass slides within an area of 2.0×2.5 cm
2
 for samples A and B and 
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1.0 × 2.5 cm
2
 for sample B and C. Because the adhesive strength of the C-D couple applied 

on 2.0×2.5 cm
2 

was more than the mechanical strength of the glass slides, we used half of 

this area to evaluate these adhesives. The last row in Table 3-2 schematically shows 

distribution of five 3 μL droplets of precursor on one glass slide within an area of 2.0 × 2.5 

cm
2
 from one edge of the slide (for A and B sample). Note that, in the case of C and D 

samples this area is 1 × 2.5 cm
2
.  

 

Table 3-2 Chemical composition of each component of the adhesive. The last row schematically shows 

distribution of resin in five droplets on a glass slide 

 

Sample ID 
Chemical constituents 

DEGDA TMSPMA BPADGE PETMP DBU 

mmols μL 

Couple I A (resin) 1 0.2 0 1 0 

B (cat.) 1 0 0 0 10 

Couple II C (resin) 0.6 0.4 0.2 1 0 

D (cat.) 1 0 0 0 10 

Schematic drawing of 

droplets on glass 

slides 

 

 

After depositing droplets of each component of the adhesives onto individual glass 

slides, the APP performed a surface polymerization of the droplets forming a solid shell on 

the surface of the droplets. The distance between the plasma jet and the glass substrates was 

kept constant at 2 mm throughout the experiments and the exposure time was 30-60 seconds. 

Passing the precursor-loaded glass slides under the atmospheric pressure plasma 

encapsulated the droplets on the substrates via a PSP reaction. The encapsulation 

immobilized the liquid droplets on the substrate which is suitable for transportation. 

Figure 3-2 schematically presents the fabrication procedure. The image at the center of this 

figure shows a rupture droplet, from which the liquid inside flows out.  
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Figure 3-2 Schematic presentation of encapsulating reactive adhesives on glass substrate 

 

3. Results and discussion 

3.1 Coating via APP 

3.1.1 Wetting properties and coating stability 

Table 3-3 summarizes experimental conditions as well as the resulting water and oil (n-

dodecane) contact angles on the cured samples. Figure 3-3 plots the resulting water contact 

angles on coatings formed from different concentrations of PFHEA deposited at different 

applied pressures. The samples deposited with higher pressure and higher concentration were 

thicker than the ones deposited with low pressure and concentrations. At high concentration 

and pressure, the coatings were high viscosity liquids rather than solid polymer. Due to 

limited depth of penetration, the plasma was unable to thoroughly polymerize the thick 

coatings all the way down to the substrate. This adversely affects the mechanical stability of 

the coatings such that they can be easily removed by rinsing with acetone. Figure 3-3 also 

shows the water contact angles on these samples after rinsing them with acetone. The 



 

57 

significant drop in the contact angles shows poor mechanical and chemical stability of the 

coatings on the substrates.  

Table 3-3 Resulting water and oil contact angles measured on coatings deposited in different conditions and 

cured with the APP (See Table 3-1 for definitions of sample nomenclature) 

Sample ID 
Concentration 

(v%) 

Spraying 

pressure 

Spraying 

height 

(cm) 

θ(water) 

θ(oil) As-

cured 

Rinsed 

with 

acetone 

F25-P1 25 1 10 111 ± 7 104 ± 3 80 ± 2 

F25-P2 25 2 10 118 ± 2 116 ± 3 80 ± 1 

F25-P3 25 3 10 130 ± 7 117 ± 3 75 ± 1 

F25-P4 25 4 10 132 ± 5 115 ± 5 75 ± 1 

F50-P1 50 1 10 126 ± 2 117 ± 7 80 ± 1 

F50-P2 50 2 10 134 ± 6 118  74 ± 1 

F50-P3 50 3 10 136 ± 4 117  75 ± 3 

F50-P4 50 4 10 133 ± 6 115 ± 4 77 ± 2 

F75-P4 75 4 10 139 ± 3 122 ± 6 77 ± 1 

F100-P4 100 4 10 128 ± 3 115 ± 3  

 

 
Figure 3-3 Resulting water contact angles on coatings deposited under different conditions before (a) and after 

(b) being rinsed with acetone. The solid circles, open triangles, gray diamonds and black/gray diamonds 

represent, respectively, 25 v%, 50 v%, 75 v%, and 100 v%, concentrations of PFHEA in acetone.  

 

In addition to hydrophobicity, fluorinated polymers can provide some degree of oil 

repellency. Figure 3-4 plots the results of oil (n-dodecane) contact angle on the coatings 

deposited and cured from different concentration of PFHEA and applied spraying pressures. 
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Considering their lower surface tension, the contact angle of oil droplets is more sensitive to 

the surface imperfections or flaws than the contact angle of water. As this figure shows, 

coating deposited using higher pressure (thicker) have lower contact angles compared to the 

ones deposited using low pressure (thinner). 

 
Figure 3-4 Resulting oil contact angles on coatings deposited under different conditions. The probing liquid 

here is n-dodecane. The solid circles, open triangles, and the gray diamond represent, respectively, 25 v%, 50 

v%, and 75 v%, concentrations of PFHEA in acetone. 

 

The results presented here show that although the APP used here can cure thin coatings 

(order of few tens of nm), in the case of thicker coatings it cannot not provide reliable 

coatings. Although this is a shortcoming for coating applications, the application described in 

the next section benefits from this limitation to demonstrate a novel encapsulation technique 

based on APP surface polymerization.   

 

3.2 Encapsulation via APP 

3.1 Skin thickness 

Surface polymerization of DEGDA was used as a model monomer to estimate the 

thickness of the skin forms by PSP under the APP used in this study. The procedure to create 
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the skin is as follows: a conveyor stage passed a shallow glass beaker full of DEGDA under 

the plasma several times to fulfill a PSP reaction. The PSP reaction forms a thin skin on top 

of the liquid monomer. To collect a specimen of this skin for thickness measurement the 

following steps were pursued: (1) Inserting a piece of silicon wafer through the skin tears the 

polymer and a sample of the broken skin collects on the surface of the wafer; (2) Considering 

that the density of the poly-DEGDA skin is lower than water and that of the monomer 

DEGDA is higher than water, immersing the wafer into a beaker full of water suspended the 

film on water and separated it from unreacted monomer; (3) eventually a clean piece of 

silicon wafer collected the isolated poly-DEGDA film from the surface of water. 

Figure 3-5(a) illustrates the sampling procedure. To dry the specimen, the wafer was left in a 

desiccator under vacuum at room temperature for a week. Lastly, an AFM and ellipsometer 

measured the thickness of the film, respectively, at the edge and a few points on the film. 

Figure 3-3(b) shows an atomic force micrograph taken from an edge of the polymeric skin.  

Table 3-4 reports the film thickness measured via these two techniques. This table reveals 

that the skin is about 40-50 nm thick.  
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Figure 3-5 (a) Sampling procedure for measuring the thickness of the PSP skin on DEGDA solution and (b) 

atomic force micrograph taken from an edge of a dried sample. The inset of this micrograph shows a height 

profile of the sample 

 

 
Table 3-4 Measured polymeric skin thickness formed on top of DEGDA solution 

Method Thickness 

[nm] 

AFM 42.2 ± 4.3 

Ellipsometer 51.1 ± 2.8 

 

3.2.2 Capsule morphology 

Figure 3-6 presents confocal laser micrographs taken from a 3μL droplet of resin “C” 

after PSP via the plasma. Shrinkage of the skin due to polymerization texturizes the surface 

of the droplets. Due to this shrinkage and contraction of the skin often a narrow recession 

band appears around the capsules (Figure 3-6 (b)). Despite the hemispherical shape shown in 

Figure 3-6(c), most capsules cannot hold such shapes and they collapses into a depressed 

form (Figure 3-7). The collapse of the droplets could be due to dynamic pressure from the 

flowing helium gas downwards.  

 
(a) 

 
(b) 

 
(c) 

Figure 3-6 Confocal laser micrograph of an encapsulated droplet: (a) shows the whole droplet; (b) presents a 

close up view of the droplet. The ring around the droplet is presumably due to shrinkage of the skin; and (c) 

presents a three dimensional view of the capsule 
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(a) 

 

(b) 

Figure 3-7 Confocal laser micrograph of two inflated encapsulated droplets. The capsules still contain liquid 

resin though the skin has collapsed and the droplet has spread on the surface 

 

3.2.3 Adhesion test 

In the last step, overlapping two glass slides containing encapsulated resin droplets 

breaks the capsules and releases the liquids between the two glass substrates. This results in 

~6 μL/cm
2
 of resin between the overlapping regions of the two slides. The overlapping length 

for AB pair was 2 cm whereas that for CD pair was 1 cm. Clothes pins held the two slides 

tightly at the overlapping region to ensure complete spread of the resin and maintain a full 

contact between the components. The polymerization reaction begins as soon as the resin and 

the catalyst come in contact with each another and (depending on temperature) it takes a few 

hours to accomplish. Subsequent to the curing step, the adhesion strength was tested by 

pulling the two adhered slides apart and measuring the maximum force required for 

separating the two substrate from the adhered area. Table 3-5 reports the curing conditions as 

well as the resulting adhesion strength from the lap-shear test. Figure 3-8 shows the resulting 

stress-strain curve for the glass slides adhered together using CD resin-catalyst pair. The 

sample IDs indicate the resin-catalyst pair used as the adhesive as well as curing temperature 

and time, respectively by the first two digits and the last digit in parentheses. 
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Table 3-5 Curing condition and adhesion strength of adhesive systems used here 

Sample 

ID* 

Overlapped 

length [cm] 

Curing 

temperature 

[°C] 

Curing 

time 

[hrs] 

Adhesive 

strength 

[MPa] 

Adhesive 

used per unit 

area [mL m
-2

] 

Lap-shear test 

AB(802) 2 80 2 0.06 60 

 

CD(802) 1 80 2 1.46 60 

CD(801
0.5

) 1.5 80 2 2.14** 60 

CD(801) 1 80 1 0.63 60 

CD(202) 1 20 2 0.212 60 

CD(201) 1 20 1 0.15 60 

* The first two letters in sample IDs describe the resin-catalyst pair used for joining two slides together and the 

numbers in parentheses show the curing temperature (the first two digits) and time (the last two digit) 

** At this load the glass slide fractured before the adhesive releases the two substrate 

 

 
Figure 3-8 Stress-strain curve of pairs of glass slides adhered together using the CD formulation and cured at 

different temperature and for different duration 

 

The results show that adhesion of thiol-(meth)acrylate-epoxy containing resins is much 

better than that of thiol-(meth)acrylate based resin. Formation of β-hydroxyl thioether 

through ring opening and addition of epoxies to thiols is responsible for this higher adhesion 

to the glass substrate. Because the reaction of thiol and epoxy is relatively slow at this 

concentration of catalyst, the reaction at room temperature takes a few hours to one whole 

day. However, at elevated temperature (80°C), this reaction can occur in about 1-2 hours. 
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Conclusion 

This study offers a facile approach of surface polymerizing acrylate containing resins via 

a plasma polymerization (PSP) technique. The PSP reaction occurs under atmospheric 

pressure and ambient conditions via an atmospheric pressure plasma system. The polymeric 

skin formed on top of DEGDA as an acrylate based model compound was 40-50 nm thick. 

To provide an example of application of such processes we formulated and encapsulated 

some reactive resins for glass substrates. The capsules could hold the liquids and prevent 

flow of its content on the glass slide. Lastly, overlapping glass slides containing encapsulated 

resin droplets and encapsulated catalyst droplets produced adhesives with a maximum of 

about 1 MPa strength holding the two glass slides. The encapsulation technique offered here 

can also produce spherical droplets by dropping droplets of acrylated resin through a plasma 

gas. This might form self-standing capsules with many potential applications. Although the 

work here is a proof of principle, it should be possible to make smaller encapsulated droplets 

and utilize other chemistries that might cure faster while still providing adhesive properties.  
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Chapter 4 Superhydrophobic/oleophobic coatings based 

on catalyst driven thiol-epoxy-acrylate ternary system 

 

Abstract 

Superhydrophobic surfaces have attracted much attention for their exceptional properties 

such as self-cleaning, anti-fouling, and anti-fogging. This study presents a facile approach for 

creating superhydrophobic coatings that are also oleophobic by utilizing spray deposition of 

polymers mixed with silica particles as an easy and effective route to control the surface 

roughness of coatings. The polymer precursors formulated using a ternary thiol-epoxy-

acrylate mixture that reacts in the presence of a strong base without a need for external 

initiation (such as light). This system employs tetrafunctional thiol monomers as hubs where 

both the acrylate and the epoxy components can covalently bond. The acrylate component 

contains a perfluorinated side chain offering low surface energy properties and the 

difunctional epoxy monomers crosslink the thiol hubs to provide strength. As a new 

approach, addition of a strong base catalyst (1,8-Diazabicycloundec-7-ene, or DBU) to the 

coating precursors carries out the polymerization reaction which considerably simplifies the 

implementation step. To identify the optimal formulation, Fourier transformed infrared 

spectroscopy (FTIR) measurements quantified the kinetics of the polymerization, X-ray 

photoemission spectroscopu (XPS) analysis revealed surface composition, an optical 

goniometer evaluated the wetting behavior, and scanning electron microscopy (SEM) and 

confocal laser microscopy provided information about the surface topography of the 

coatings. Based on the results from FTIR, addition of 0.08mol% of DBU effectively carries 

out the reaction within 10 minutes on the substrate while provides long solution shelf life for 
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spray coating process. The goniometer results showed that, water contact angle of > 150
o
, n-

dodecane contact angle of >110
o
 and diiodomethane contact angle of >130

o
 is achievable 

upon optimization of the coating precursors.  

Keywords: Superhydrophobic, oleophobic, surface roughness, thiol-ene, thiol-epoxy 

 

4.1 Introduction 

Surfaces and interfaces play a critical role in establishing how materials interact with 

their surroundings. Many natural surfaces, such as that which occurs on the lotus leaf, have 

with exceptional interfacial properties can be endowed to everyday objects.
148

 

Superhydrophobic surfaces (water contact angle >150°)
149,150

 are an important example with 

a range of practical applications such as self-cleaning, antifogging and antifouling 

surfaces.
151

 Superhydrophobicity is achievable by a combination of carefully tuned physical 

(surface roughness) and chemical (surface energy) properties.
152,153

 Introducing surface 

roughness might result in development of homogeneous liquid/solid (Wenzel) or 

heterogeneous liquid/air/solid (Cassie-Baxter, or CB) interfaces between the substrate and a 

liquid droplet. Surfaces having hierarchical nano/micrometer roughness can produce 

heterogeneous (CB) types of interfaces exhibiting superhydrophobic behavior.
154

 The key 

point in such surfaces is entrapment of air in the surface corrugation that results in 

minimization of contact area between the solid and liquid phases. A similar principle also 

holds for superoleophobic surfaces though due to lower surface tension of organic liquids 

(for example γn-dodecane= 25.3 mN/m compared to γwater=72.1 mN/m) the chemical and 

morphological requirements for establishing a heterogeneous interface are more extreme and 

less defined. Parameters such as surface overhangs, reentrant geometries, and convex 
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curvature have been defined as important parameters in designing superoleophobic 

surfaces.
155

 

Control over surface morphology, particularly surface roughness, is critical for 

fabricating superhydrophobic (also superoleophobic) surfaces. Many techniques can produce 

rough surfaces that show anti-wetting properties, such as texturizing a surface by spin coating 

or electrospinning fibers, surface patterning via lithography, electrodeposition of 

microarrays, and spray coating of hybrid polymer/nanoparticle mixtures.
156–161 

Among these 

techniques, spray coating of hybrid systems offers a facile and scalable method to deposit 

films with low energies on a variety of substrates.
162

 In such systems, random aggregation of 

the sprayed hybrid composite (polymer network + nanoparticle) creates features having 

hierarchical nano-micrometer size scales on the surface. This method has been used to 

deposit UV curable coatings based on a mixture of thiol-ene monomer as a polymeric 

network and modified silica nanoparticles (MSiNP) as filler.
159

 To attain anti-wetting 

behavior (super-hydrophobic/superoleophobic) they pre-reacted some of the thiol monomers 

with fluorinated acrylates and incorporated them into the polymer network. Although they 

offered an effective approach of making anti-wetting coatings, the process still required pre-

synthesis of fluorinated thiols and also a UV light source for conducting the polymerization. 

The present work seeks to provide a single step coating process that uses a catalyst to 

initiate the polymerization rather than light. The hybrid system formulated here is based on a 

thiol-epoxy-acrylate ternary resin and MSiNP. This ternary system benefits from the 

exceptional ability of thiol group to react with various functional groups including epoxy 

groups and acrylates. 
143,163–168

 In presence of a strong base, a thiol can simultaneously react 

with both epoxy and acrylate components; the latter reaction occurring via a Michael 
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addition mechanism.
169–171

 Because both thiol-epoxy and thiol-Michael addition reactions 

occur through functional groups (similar to step growth polymerization), at least one of the 

epoxy or acrylate components must be a multifunctional monomer to form a continuous 

network upon bridging with the multifunctional thiol hubs. Here, a difunctional epoxy bears 

the bridging responsibility. Indeed, networks formed through the thiol-epoxy reaction are 

mechanically strong, with low shrinkage and offer strong adhesion to most surfaces.
 172

 The 

acrylate component of this ternary system is mono-functional and contains fluorinated side 

chain to confer the low surface energy characteristics.
173,174

 Since there has been concern 

about using fluorinated chemicals having long perfluorinated side chains (> 6 carbon atom), 

this study has limited the application of these types of chemicals to solely perfluorohexyl 

ethyl acrylate (PFHEA), which has a six-carbon perfluorinated side chain.
32

 The combination 

of this low surface energy network-forming component with MSiNP in an organic solvent 

(THF) leads to the preparation of precursors used for spray coating. Incorporation of MSiNP 

provides surface roughness in the final coating.
175–177

 Lastly, the addition of a base catalyst 

(1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), pKa=11.6) before spray coating initiates the 

polymerization of a thiol-epoxy-acrylate throughout the coating process. To optimize the 

reaction rate as well as precursor composition, we varied several parameters in formulating 

the coatings including: concentrations of the base catalyst, the fluorinated acrylate, and 

MSiNP.  

Several characterization methods were employed to analyze the physical, chemical, 

mechanical, and wetting properties of the coatings as well as the polymerization process. 

Fourier transformed infrared (FTIR) spectroscopy measurements quantified the kinetics of 

thiol-epoxy polymerization. The base catalyst (DBU) was added in three levels of 0.04 
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mol%, 0.08 mol% and 1.1 mol%. The FTIR measurements showed that addition of 

0.08mol% DBU can effectively carry out the reaction within 10 min on the substrate while 

maintain the low viscosity of the dilute solution for a few hours which is necessary for spray 

coating. X-ray photoemission spectroscopy revealed the chemical composition of the surface 

of the coatings. An optical goniometer demonstrated the wetting behavior of water, n-

dodecane and diiodomethane as probe liquids. The results from goniometer demonstrated 

that, increase in concentration of fluorinated acrylate as well as nanoparticles result in an 

increase in contact angle of all the probe liquids. At very high concentration of nanoparticle 

(i.e. 20 wt%), the wetting behavior of samples having high and low fluorinated compound (2 

and 1 equivalent (eqv.) mole of PFHEA to the thiol monomer, respectively) converge. This is 

due to minimization of contact area between the solid and the non-wetting liquid droplet that 

reduces the effect of surface energy. Upon optimization, water contact angle of > 150
o
, n-

dodecane contact angle of >110
o
 and diiodomethane contact angle of >130

o
 was achievable. 

Confocal laser microscopy (CLM) provided information about the surface roughness of 

samples. Moreover, theoretical calculations based on experimental results provided 

additional information about the surfaces. These include calculation of polar and dispersive 

surface energies using the liquid contact angles and Owens, Wendt equation
178

 as well as 

evaluation of wetting regimes using Wenzel and Cassie-Baxter models and combination of 

CLM analysis and contact angle results. Both calculated surface energies and modeled 

wetting behavior showed that the coating system presented here reaches heterogeneous 

interface having extremely minimized liquid-solid contact area (<15%) at MSiNP 

concentration of 20 wt% and PFHEA concentration of 1 or 2 eqv.mol with respect to the 

thiol monomer.  
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4.2 Materials and Methods 

4.2.1 Materials 

2-(perfluorohexyl)ethyl acrylate (PFHEA) was purchased from Fluoryx Incorporation. 

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), 1,4-cyclohexanedimethanol 

diglycidyl ether (CDMGE), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were all 

purchased from Sigma Aldrich. Modified silica nanoparticles (MSiNP) were kindly donated 

by Evonik Industries as Aerosil R972, a fumed silica nanoparticle (average diameter ~16nm) 

treated with dimethyldichlorosilane. The sprayer was purchased from Master Airbrush as part 

of the Model G222-SET. A nozzle with a diameter of 0.3mm was used during spray 

deposition. The polyethylene terephthalate (PET) film substrate was provided by the Eastman 

Chemical Company.  

Scheme 4-1 Chemical structures of the coating constituents 

 
PFHEA 

 

 
CDMGE 

 
DBU 

 

 
MSiNP 

 
PETMP 

 

4.2.2 Film Preparation 

A solution of silica and tetrahydrofuran (THF) were placed in a Branson 2800 

Ultrasonicator for ten minutes to promote the break up and dispersion of nanoparticles, 

leading to more uniform solutions. Weighed amounts of PFHEA, PETMP, and CDMGE 

were then added to the sonicated solutions. These amounts satisfied the molar stoichiometry 

of 1:1 thiol:reactant (here, ‘reactants’ are the sum of epoxy and acrylate groups). 
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Immediately before the spray deposition of each solution, 0.08 mol% of base catalyst was 

added and mixed well by shaking the vial of solution. A sprayer deposited the solution from 

a height of 15 cm and a pressure of 4 bar (400 kPa nitrogen).  The PET film was located 

underneath the sprayer on a smooth conveyor belt, which would move at a rate of 4 m/min on 

one coordinate axis underneath the sprayed solution. The film would pass under the spray 

only one time. Figure 4-1 schematically shows the spraying process.  

 

Figure 4-1 Spray coating a substrate 

 

4.2.3 Characterization 

A goniometer (OCA-10, Data Physics) measured the static contact angles using 3 µl 

droplets of a variety of fluids. The average of 3-5 measurements is reported. A Phenom-

World desktop Scanning Electron Microscope (SEM) and an OLS-4000 Olympus confocal 

laser microscope (CLM) imaged the surfaces. Thermo Nicolet spectrometer equipped with 

a Nexus 470 bench with KBr beam splitter recorded the Fourier transform infrared (FTIR) 

spectra. An OMNI Sampler with a germanium crystal collected the spectra from samples in 
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liquid or solid states. Fast scans were performed for liquid samples with 8 scans per sample 

and a resolution of 4 cm
-1

.  

A GARDCO HA-3363 Pencil Scratch Hardness Tester performed the hardness tests 

following the standard test method for film hardness set by ASTM International Designation 

3363. The basis of this method is to scratch a surface with various types of lead, ranging in 

hardness from soft to hard. The hardness at which the lead goes from not scratching the 

surface to scratching the surface is the hardness classification for that surface.  

SPECS FlexMod performed the X-ray Photoelectron Spectroscopy (XPS). A Mg Kα 

(1253.6 eV) x-ray source irradiated samples at the incident angle of ~30° from the surface 

and ~60° from the x-ray source to the analyzer. PHOIBIS 150, a hemispherical analyzer, 

collected the emitted electrons with a takeoff angle normal to the surface. The base pressure 

in the analysis chamber was in the range of 10
-10

 mbar. The energy steps for collecting the 

survey runs and the high resolution runs were 0.5 and 0.1 eV, respectively. Adventitious 

carbon (C1’s line at 285.0 eV binding energy) was taken as a reference for energy 

calibration. 

 

4.3 Results and Discussion 

4.3.1 Reaction kinetics 

To design a catalyst driven system, cares should be taken in applying a suitable catalyst 

with an appropriate concentration to achieve desirable reaction rate and yield. Chan et al.
169

 

showed that strong bases such as DBU can carry out Michael addition of a typical acrylate 

onto a thiol functional groups with relatively high rates (5.24 mole L
-1

 s
-1

) yet at a very low 

concertation of catalyst (0.0005 mol%). In case of the thiol-epoxy reaction, Selmar et al.
179
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showed that DBU can also carry out this reaction resulting in high reaction yields. Although 

the kinetic of thiol-ene Michael additions have been quantified, there are not many kinetic 

studies on the thiol-epoxy reaction in the literature. To find an optimum catalyst 

concentration for this work, we quantified the kinetic of thiol-epoxy reaction in presence of 

different concentration of DBU.  

In thiol-epoxy reaction, first a base catalyst separates the hydrogen from a thiol group 

leaving a thiolate anion (strong nucleophile) and a conjugate acid. The thiolate anion attacks 

the least hindered carbon atom of the epoxy ring. This opens the ring of the oxirane and 

consequently promotes a rapid hydrogen transfer to the resulting alkoxide, terminating the 

reaction. The final product, a ß-hydroxy thioether, offers strong adhesion
179

 and gives the 

opportunity for additional surface modification.
180,181

 Further functionalization can be 

achieved, for example, through esterification of the ß-hydroxyl groups.
181 

Scheme  4-2 shows 

simplified mechanisms of the thiol-ene and thiol-epoxy reactions. 

 

Scheme 4-2 Shortened mechanism of the reaction between thiol and epoxy  

 

(4-1) 

FTIR spectroscopy quantified the kinetics of the thiol-epoxy polymerization in the 

presence of DBU, the base catalyst. Different amount of DBU was added to diluted mixtures 

of CDMGE:PETMP with molar ratio of 2:1 in THF (30 wt% solute : 70 wt% solvent). An 

aliquot of each solution was placed onto the germanium crystal of the FTIR instrument to 

carry out real time measurements. After data acquisition, the data were normalized to the 

carbonyl stretching mode at 1720 cm
-1

, and a baseline correction was applied for both the 

thiol peak (S‒H stretching: 2520-2600 cm
-1

) and the epoxy peak (oxirane C−H stretching: 
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3030-3080 cm
-1

). The following equation calculated the reaction conversions from the 

resulting FTIR spectra: 

     
    

  
     

(4-2) 

 

A0 is the absorbance at the beginning and A is the absorbance at each instant of the reaction. 

Figure  4-2 reports the conversion of the functional groups over time for different amounts of 

catalyst (0.04 mol%, 0.08 mol% and 0.12 mol% with respect to overall mole number of the 

epoxy and thiol monomer). 

 
Figure 4-2 Fractional conversion of functional groups versus time for different amounts of catalysts: 0.04 mol% 

(circles), 0.08mol% (squares), and 0.12 mol% (triangles) and their corresponding model simulations (red lines).  

The reactions kinetics were calculated by fitting the data via an exponential function (red 

lines in Figure  4-2) and using eq.(4-3). 
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                 (4-3) 

where [SH] and [COC], respectively, are the initial concentrations of the thiol and epoxy 

functional groups ([SH]=[epoxy]=1.5 M) and kapp is the apparent rate constant of the reaction 

at time t=0. Table 4-1 summarizes the calculated reaction rate and rate constant for the thiol-

epoxy reaction at different concentrations of the catalyst. These reactions were studied in 

open air, allowing vaporization of the volatile solvent (THF) to mimic what happens during 

spraying. Although the reactions proceeded to completion within a few minutes in open air 

(2-8 min), the dilute solutions in vials were stable for several hours before solidifying 

(forming gels) within the vials, inherently preventing any usable solution for spray casting.  

Table 4-1 Kinetic information about thiol-epoxy reaction at different concentrations of the catalyst. 

DBU Concentration 

(mol%) 

d[SH]/dt  

(mol L-1 s-1) 

Kapp (at t=0) 

(L mol-1 s-1) 

0.04                      0.112 

0.08                      0.72 

0.12                    1.67 

 

As expected, an increase in the concentration of the catalyst increases the reaction rate 

constant (from 0.112 for 0.04 mol% to 1.67 L mol
-1

s
-1 

for 0.12 mol% DBU). While the 

reaction proceeded too slowly at 0.04mol%, solutions catalyzed with 0.08 mol% DBU 

showed sufficient reaction rate while longer shelf life (gelation time) in the vial compared to 

0.12mol% DBU. At 0.08mol% catalyst, the reaction in open air approaches high conversions 

in 5-8 minutes yet the dilute solution in the vial maintains its low viscosity that is required 

for spray coating within a few hours. It should be noted that, at these concentrations of DBU 

catalyst, the thiol Michael addition was too fast for kinetic studies, although these reactions 

do not cause crosslinkings and thus do not induce gelation. 
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4.3.2 Resin formulation 

We varied two parameters, the molar ratio of PFHEA:CDMGE:PETMP and the 

concentration of silica nanoparticles to empirically identify the most effective composition to 

maximize liquid contact angles. Table 4-2 lists the chemical constituents of the coating 

precursors. Sample IDs indicate the equivalent (eqv.) mole of PFHEA in the precursors and 

concentration of MSiNP in each precursor, respectively, by Fn and Sin. For example, F1Si10 

represents a mole ratio of 1:1.5:1 PFHEA:CDMGE:PETMP in the coating precursor 

containing  10 wt% MSiNP.  

 

Table 4-2 Coating formulations.  

Sample ID
a 

Molar ratio of constituents 

(PFHEA:CMGE:PETMP) 

DBU 

[mol %] 

Silica 

[wt%] 

THF 

[wt%] 

F0Si0 0:2:1 0.08 0 70 

F0Si5 0:2:1 0.08 5 70 

F0Si10 0:2:1 0.08 10 70 

F0Si15 0:2:1 0.08 15 70 

F0Si20 0:2:1 0.08 20 70 

F1Si0 1:1.5:1 0.08 0 70 

F1Si5 1:1.5:1 0.08 5 70 

F1Si10 1:1.5:1 0.08 10 70 

F1Si15 1:1.5:1 0.08 15 70 

F1Si20 1:1.5:1 0.08 20 70 

F2Si0 2:1:1 0.08 0 70 

F2Si5 2:1:1 0.08 5 70 

F2Si10 2:1:1 0.08 10 70 

F2Si15 2:1:1 0.08 15 70 

F2Si20 2:1:1 0.08 20 70 
a
 Fn and Sin, respectively, indicate the mole eqv. of PFHEA to PETMP and weight percent of MSiNP in the 

precursors. 

 

An airbrush equipped with 0.3 mm nozzle fed with 400 kPa of compressed nitrogen gas 

sprayed the precursors from a height of 15 cm onto PET film samples moving with a speed 

of 4 m/min. The spraying process broke the liquid precursors into small droplets having 

random size distribution. Formation of these small droplets increases the contact area of 
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liquid to the air, which results in rapid separation of the volatile solvent from the resin. After 

traversing the 15 cm gap, the atomized droplets of random size landed onto the PET film and 

formed rough coatings on the substrate. Throughout the process, the base catalyst drives the 

Michael addition of perfluorinated acrylate to the thiol groups and with a much slower rate, 

the thiol-epoxy polymerization. Assuming the Flory-Stockmayer theory, the networks are 

expected to reach their gel points at 58% (~ 2min), 70% (~3-4 min) and 100% (10 min) 

conversion of thiol groups when the mole ratio of PFHEA:CMGE:PETMP is 0:2:1, 1:1.5:1 

and 2:1:1, respectively. After gelation, the reactions slowly advance to completion within a 

few minutes (about 1-8 minutes) forming solid films on top of the substrate. It is worth 

noting that, due to its low vapor pressure, DBU might reside on the surface after coating as a 

contaminant. A simple washing step with warm water can remove the catalyst from the 

surface.  

4.3.3 Surface composition 

Before the network gels, the chemical compounds in the coating have enough mobility to 

migrate to the surface of the polymer to minimize the free energy. XPS survey analysis provided 

information about the local atomic composition of different samples (Figure 4-3). CasaXPS 

software produced the atomic percentages from each one of the survey spectra by applying the 

Shirley background, calculating the area under the curve for each individual element considering 

each relative sensitivity factors (R.S.F.), and taking the ratio of each integral to the summation of 

all.  
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(a) 

 
(b) 

Figure 4-3 XPS survey spectra for samples containing 1 and 2 eqv. mole of PFHEA and 0, 10 and 20 wt% 

MSiNP. The insets show a zoomed region of each spectrum from 100-320 [eV].  

 

Table 4-3 tabulates the local atomic concentration of the surfaces. Despite the fact that 

samples contained up to 20 wt% MSiNP, none of the spectra showed the signal for silicon 

(Si2p ~ 100 eV). This indicates that the polymer networks have completely covered the 

particles. 

 

Table 4-3 Atomic composition of the surface of samples measured by XPS analysis. 

Sample ID C F O S 

 [atom%] 

F1Si0 40 45 12 3 

F1Si10 43 42 12 3 

F1Si20 41 43 13 3 

F2Si0 40 45 12 3 

F2Si10 40 45 12 3 

F2Si20 38 47 12 3 

 

The fluorine-ended species are expected to segregate to the interface with air resulting in 

formation of fluorine rich surfaces.
173,174

 To evaluate this surface segregation in our system, 

Table 4-4 provides the calculated and measured values of the atomic ratio of F/C for samples 

containing different mole ratios of PFHEA. Compared to the predicted bulk F/C ratios (0.26 
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and 0.5 for 1 and 2 eqv. of PFHEA, respectively), the measured F/C ratios at the surface 

show much higher values (~1). This observation confirms the formation of fluorine rich 

surfaces caused by segregation of PFHEA to the interface with air. A similar argument helps 

explain why there is only a small difference between the F/C ratios for samples with either 1 

or 2 equivalence of PFHEA, data that contradicts the theoretical calculation that they must be 

different by a factor of 2. Additionally, the closeness of the obtained F/C values suggests that 

the fluorinated species in all the samples had sufficient time to segregate to the surface before 

the network gelation traps them in the bulk.  

 

 

Table 4-4 Calculated and measured atomic ratio of fluorine and carbon in the coatings. 

Sample ID 
Predicted bulk 

F/C ratio 

Surface F/C ratio 

(XPS survey) 

CF2/CF3 

(High res. XPS) 

F1Si0 0.26 1.12 4.8 

F1Si10 - 0.98 5.8 

F1Si20 - 1.05 5.2 

F2Si0 0.5 1.12 5 

F2Si10 - 1.12 5.2 

F2Si20 - 1.24 5.8 

 

A closer look into the C1s spectra shows the multiplicity of spectral peaks that relate to 

different carbon bonds. Deconvolution of these spectra using Gaussian or Lorentzian 

functions individualizes each of these different bonds. Based on these deconvolutions, 

Figure 4-4 provides detailed distributions of different carbon bonds. It is worth noting that 

the peaks for C-C and C-S in this figure coincide with C-H and C-O peaks, respectively, thus 

the overall peak is the combination of the shared peaks. Although there was no observable 

peak for silicon in the survey analysis, the high resolution spectra in Figure 4-4 shows very 

small fractions of carbon-silicon bonding in samples with high concentrations of MSiNP and 
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low contents of PFHEA (~ 1% in F1Si10 and 2% in F1Si20). These peaks almost fade away in 

the spectra of samples with a high content of PFHEA (F2Sin) possibly due to higher surface 

coverage of fluorinated side chains. The ratios of F2/F3 (listed in Table 4-4) can give some 

information about the orientation of fluorinated chains on the surface. The length of 

fluorinated end chain in PFHEA is 6 carbons (-(CF2)5-CF3), which corresponds to CF2/CF3 

ratio of 5. As Table 4-4 shows, the ratio of CF2/CF3 increases (from 5 to 5.8) by increasing 

the concentration of nanoparticles (from 0 to 20 wt%) in the precursor. This suggests that at 

high concentration of MSiNP the CF3 terminal of the fluorinated chains tend to reside inside 

the bulk polymer that is out of the effective range of X-ray to induce photoemission from the 

corresponding carbon.  

 
Figure 4-4 High resolution XPS analysis of carbon C1s. 

 

290 285 290 285

CF
2

O-C=O

C-S
C-C

O-C=O

CF
2

 

 

CF
3

3
2
%

3
0
%

3
3
%

1
5
%

CF
3

 

6
%

1
3
%

1
8
%

3
2
%

1
9
%

1
2
%

3
1
%

6
%

5
%

2
9
%

1
3
%

1
8
%

3
5
%

F
2
Si

20
F

1
Si

20

F
1
Si

10

F
1
Si

0

6
%

2
1
%

C
P

S
 [

a
rb

.u
n

it
]

1
2
%  

 

F
2
Si

0

F
2
Si

10

5
%

1
3
% 2

%

2
6
%

3
3
%

C-Si

C-C
C-S

 

1
%

1
3
%

2
9
%

5
%

2
0
%

Binding Energy [eV]

2
9
%

3
8
%

  

 



 

80 

4.3.4 Effect of fluorocarbon and nanoparticle on wetting behavior 

This section quantifies the effects of changing the amount of PFHEA and silica 

nanoparticle in the coating precursors through contact angles of water (   =72.1,   
 
=52.2, 

  
 =19.9 mN/m), n-dodecane (   =25.35,   

 
=0,   

 =25.35 mN/m), and diiodomethane 

(  =50.8,   
 
=1.3,   

 =49.5 mN/m) (Table 4-5 and Figure 4-5). Although the surfaces of all 

samples appear almost identical by XPS analysis due to the small depth for sampling (few 

nanometers, particularly for fluorine), the contact angle measurement provides macroscopic 

information about the samples.   

 

 

Table 4-5 Resulting contact angle measurements for various liquids and calculated polar and dispersive 

components of the surface energy. 

Sample ID 
θWater

 
θn-dodecane θDiiodomethane  

 
  

[mN/m] 

 
 
  

[mN/m] 
F0Si0 73 ± 3.0 31 ± 2 - 12.81 21.93 

F0Si5 70 ± 2.0 9 ± 2 -   

F0Si10 73 ± 2.4 0 -   

F0Si15 75 ± 0.4 0 -   

F0Si20 87 ± 1.8 0 -   

F1Si0 99.0 ± 0.5 72 ± 2.1 79 ± 1.0 4.68 10.97 

F1Si5 102 ± 1.2 76 ± 1.6 70 ± 0.1 4.15 9.87 

F1Si10 119 ± 3.5 82 ± 3.9 77 ± 11.0 0.57 8.28 

F1Si15 115 ± 4.0 88 ± 3.0 104 ± 3.4 1.62 6.79 

F1Si20 154 ± 2.6 113 ± 3.4 136 ± 2.0 0.20 2.34 

F2Si0 117 ± 3.0 84 ± 6.1 103  ± 4.4 1.06 7.66 

F2Si5 114 ± 3.7 76 ± 0.4 97 ± 5.9 0.99 9.80 

F2Si10 120 ± 4.2 86 ± 0.8 100 ± 2.3 0.63 7.31 

F2Si15 140 ± 3.7 107 ± 0.2 110 ± 3.0 0.01 3.12 

F2Si20 153 ± 2.1 124 ± 6.2 123 ± 2.0 0.02 1.25 
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Figure 4-5 Liquid contact angle for coatings containing 0, 1, and 2 equivalent mole ratios of PFHEA:PETMP 

versus concentration of silica nanoparticle in the precursors. Fn indicates mole eqv. of PFHEA to PETMP in the 

precursors. 

 

The values of contact angles (Table 4-5 and Figure 4-5) for samples with no 

nanoparticles (FnSi0) show the significance of adding the fluorinated compound into the 

coatings: The contact angles increased from θwater=73° and θn-dodecane=31° for F0Si0 (the 

sample with no PFHEA) to θwater=99° and θn-dodecane=72° for F1Si0 and θwater=117°, θn-
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dodecane=84° for F2Si0. Table 4-5 and Figure 4-5 also display the effect of the addition of 

MSiNP into the coatings. The water contact angles for all three classes of samples (F0, F1 and 

F2) increase simultaneously with nanoparticle concentration, though this increase is much 

more discernible in the fluorinated samples. These measurements demonstrates the effect of 

appropriately combining surface roughness and surface energy. In case of the oil contact 

angle (n-dodecane), by increasing the MSiNP concentration from 0 to 20 wt%, the contact 

angle of fluorinated samples increased from 72° to 113° for F1Sin samples and from 84° to 

124° for F2Sin. On the other hand, samples without PFHEA (F0Sin) show complete wetting 

(θn-dodecane=0°) by incorporating nanoparticle concentrations more than 10 wt%. This behavior 

shows that on surfaces characterized with high surface energies, the addition of surface 

roughness will increase the contact area between the solid and the wetting liquid. This results 

in a decrease in advancing contact angle (in the case of F0Sin sample, the contact angle 

decreased from 31° to 0°). Diiodomethane contact angles also showed similar trend as n-

dodecane for fluorinated samples.  

The surface energy of a material provides a universal measure for describing wetting 

properties of a surface regardless of probing liquids. Using the values of the contact angles of 

the three droplets, Table 4-5 also presents the calculated polar (   
 

) and dispersive 

components (  
 ) of the surface free energy using Owens, Wendt equation: 

               
   

  
 
      

 
  
 
 
 
  (4-4) 

where   
  and   

 
 represent the dispersive and polar components of surface tension of a liquid 

(  ), while   
  and   

 
 describe those components of the solid surface energy (  ). Although 

this equation can be solved given contact angle of two liquids, we used three liquids to 

increase the accuracy of the calculation. It is important to note that in addition to polar and 
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dispersive components, the overall surface energy of a solid      contains other parameters 

such as acid and base components. Because we did not measure acid and base contact angles, 

the overall surface energy of coatings are not reported here. Moreover, the Owens, Wendt 

equation is not accurate for complete wetting surfaces; therefore the polar and dispersive 

values of samples F0Si5-F0Si20 were not calculated.  

The calculated surface energies reveal two important points: (1) the surface energy 

values of coatings that contain PFHEA without nanoparticles (particularly F2Si0) are very 

similar to the values reported previously for pure PFHEA polymer,
182,183

 further confirming 

the segregation of fluorinated chains to the surface, and (2) considering that the lowest 

surface energy reported for close hexagonal packing of a CF3 surface is   
 

=1.2 mN/m, 

  
 =5.5 mN/m

184
, the extremely low values of surface energies at high nanoparticle 

concentrations (i.e.   
 
=0.02 for F2Si20) indicate a heterogeneous interface where the water 

droplet is indeed levitating on air cushions formed by the surface. 

 

4.3.5 Coating morphology 

To further investigate effects of the addition of MSiNP on surface roughness, this 

section studies the surfaces of samples using CLM and SEM techniques. Figure 4-6 and 7, 

respectively, presents CLM and SEM images of the samples containing different amounts of 

MSiNP. Both figures exemplify the effect of increasing nanoparticle concentrations towards 

the intensity of surface roughness. Figure 4-8 shows top-down view of the sample F1S20 

obtained using CLM.  
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Figure 4-6 SEM images of the samples containing different amounts of MSiNP. The white and yellow scale 

bars represent 50m and 100 m, respectively. 
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Figure 4-7 Surface topography of samples containing different concentrations of MSiNP, mapped using CLM. 

 

 

Figure 4-8 Top-down view of the sample F1S20 acquired by confocal laser microscopy. The insert shows a 

water droplet forming a high contact angle on this surface.  

 

As the previous section suggested, formation of air pockets between the liquid and solid 

phases might be a reason for achieving extremely low surface energy for the samples with 

high concentration of nanoparticle. The Wenzel (homogeneous) and CB (heterogeneous) 
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models
154,185

 (eq.(4-5) and (4-6), respectively) offer theoretical representations to explain the 

wetting behavior of liquids on rough surfaces with an apparent contact angle of rough. 

                       
(4-5) 

                           
(4-6) 

In these equations, smooth is the water contact angle on a smooth film, r is the surface 

roughness factors (r = surface area/ projected area), and f relates to the volume of solid that is 

in contact with the liquid droplet.  Solvent casting of F1Si0 and F2Si0 precursors onto glass 

slides prepared smooth surfaces for measuring smooth. In this case, smooth(F1Si0) was 95
o
 and 

smooth(F2Si0) was 110
o
. 

 

Figure 4-9 Evaluation of the wetting behavior of samples using Wenzel and CB models. Circles and triangles 

correspond to F1 and F2 type of samples, respectively. The color of symbols represent concentration of 

nanoparticle in the coating including black (0 wt%), red (15 wt%) and blue (20 wt%). 

 

Based on these two models, Figure 4-9 evaluates the wetting behavior of samples in 

contact with water. Assuming similar surface roughness (r1=r2) for samples containing the 

same amount of nanoparticles (symbols with same color in Figure 4-9) but having different 

equilibrium contact angles (smooth) the apparent contact angles should fall into the iso-
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roughness lines simulated by the Wenzel model. Otherwise, a heterogeneous interface can be 

expected. The simulated curves (Figure 4-9) show that, at low concentrations of 

nanoparticles (0 wt%), the Wenzel model can predict the wetting behavior of samples having 

1 and 2 eqv. mole of PFHEA. The Wenzel model also gave fair predictions for the wetting 

behavior of samples having 5 wt% MSiNP; however, for visual clarity, the data is not 

included in Figure 4-9. At nanoparticle concentrations of >10 wt%, particularly 15wt%, the 

measured values tend to deviate from the Wenzel model. Nanoparticle concentration of 20 

wt% (blue symbols, Figure 4-9) shows extreme deviation from the Wenzel model. On the 

other hand, the measured data closely approaches the simulated curve based on the CB model 

for solid-liquid interfacial contact volume fraction of 0.13 (13%). At this level, 87% of the 

interface is expected to be air, representing a heterogeneous interface. 

 
Figure 4-10 Measured water contact angles (water)(solid black symbols), calculated water  using Wenzel model 

(hollow blue symbols), and predicted values of the volume fraction of the surface in contact with the liquid 

droplet (f) (hollow green symbols) for samples containing different amounts of nanoparticles (MSiNP).  

 

Similarly, Figure 4-10 evaluates individual contact angles using the CB and the Wenzel 

models and the surface roughness data obtained from CLM maps. The CLM maps enabled 

calculation of Wenzel’s “r” factors for samples. The obtained values for scanning an area of 
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2560x2560 m
2 

are: 1.08, 1.07, 1.86, 3.8 and 6.7 for samples containing 0, 5, 10, 15 and 20 

wt% nanoparticles, respectively. Using this data, Figure 4-10 plots the predicted (blue line-

symbols) and the measured (black line-symbols) water contact angles (water). The data 

demonstrates that the Wenzel model can give a close prediction, up to 15 wt% nanoparticle 

for samples having 1 eqv. mole of PFHEA (F1) and up to 10 wt% for samples having 2 eqv. 

mole of PFHEA (F2), on water contact angles. This suggests that the transition to a 

heterogeneous wetting occurs at nanoparticle concentration of >10wt% for F2 samples and 

>15 wt% for F1 samples. These results are in agreement with the measured values of water 

contact angles of the corresponding samples (water =154
o
, 153

o
 and 140

o
 on samples F1Si20, 

F2Si20 and F2Si15, respectively). Figure 4-10 also reports the predicted solid-liquid contact 

area using CB model. The graphs for both the F1 and F2 sets of samples show that an increase 

in the concentration of MSiNP within the coatings will decrease the fraction of solid in 

contact with water. As Figure 4-9 pointed out, at very high concentrations of nanoparticles, 

the fractional volume of solid in contact with water reaches extremely low values (<0.15) 

which indicates that more than 85% of the interface is air, results that explain the extremely 

low surface energies for corresponding samples.  

 

4.3.6 Coatings hardness 

A big downside of surfaces with nano/micrometer roughness is the fragility of these 

features. Addition of roughness to a surface increases the coefficient of friction, making the 

resulting surface highly sensitive to mechanical contacts. Unfortunately, the coatings 

provided here cannot address this common issue of such rough surfaces. Table 4-6 presents 

the results of the hardness test performed on the samples containing 1 and 2 eqv. mole of 
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PFHEA in their precursors. The hardness scale is as follows, from hardest to softest: 9H-

H,F,HB,B-9B.  Due to increase in surface roughness, as samples increase in silica 

concentration, the hardness of the coating decreases (from 2B to 0). Moreover, samples 

containing a higher equivalence of PFHEA are softer due to higher repulsive force of the 

fluorinated chains that reduces the cohesive energy of the network. 

 

Table 4-6 Pencil hardness test on the coatings having different amounts of PFHEA and MSiNP. 

 MSiNP Concentration 

 0% 5% 10% 15% 20% 

PFHEA eqv. 

mole ratio 

1 2B B 0 0 0 

2 2B 0 0 0 0 

 

4.4 Conclusion 

 This paper presents a facile approach for making superhydrophobic/oleophobic 

coatings. The coatings consist of a ternary thiol-epoxy-acrylate network and modified silica 

nanoparticle (MSiNP) to roughen the surface. A base catalyst (DBU) controls the rate of 

reaction. The resulting networks cure within a few minutes at room temperature without the 

need for light. The presence of the fluorinated compound results in a significant drop of 

surface energy compared to the coatings without PFHEA, although superhydrophobic and 

oleophobic properties were only achievable by adding MSiNP to the coating. With 

optimization, water contact angles of > 150
o
, n-dodecane contact angles of >110

o
 and 

diiodomethane contact angles of >130
o
 were achievable. Transition to a heterogeneous 

interface was observed in coatings containing nanoparticles more than 15wt% for both 

coatings having 1 and 2 equivalent mole of PFHEA with respect to PETMP. Although 

roughening the surface was favorable for reducing the surface energy, it had a negative effect 

on the mechanical properties of the coatings.  
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Preface to Chapter 5 and 6 

The following two chapters deal with formulating protective coatings for low-e film 

substrates. The coatings are based on thiol-ene chemistry where the ene species consist of 

one or a combination of a fluorinated acrylate, a methoxysilane methacrylate (trimethoxysilyl 

propyl methacrylate, or TMSPMA), and a multifunctional crosslinker. The crosslinkers that 

are employed in these studies includes di(ethyleneglycol) diacrylate (DEGDA), triallyl 

triazine trione (TAT), and pentaerythritol tetra(norborn-5-ene-2-carboxylate) (PTN4). As 

Chapter 1.5 described, the reaction rate of a C=C with thiol groups depends on the electron 

density of the unsaturated double bond. The following figure illustrates the electron density 

of these three crosslinkers as well as the silane methacrylate monomer calculated using 

Gaussian 09 via Henry 2, a NCSU high performance computing (HPC) server. The structures 

were processed using single point energy (SPE) calculation via MP2 theory and 6-31G(d,p) 

theory.  

 

 

 
DEGDA  

 

  
TAT 
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PTN4 

 
TMSPMA 

 

As this figure shows, the electron density of the C=C bond in the three crosslinkers are 

as follows: DEGDA<PTN4<TAT. Indeed, the partial charges corresponding to the alpha 

(C and betta (C) carbons of the C=C in each molecule respectively are -0.092 and 0.015 

for DEGDA,  -0.101 and -0.071 for TAT, -0.084 and -0.085 for PTN4. Although the C=C 

bond in PTN4 has lower electron density compared to that of TAT, due to lower bonding 

angle of the double bond in norbornene (108°) compared to allyls (120°) the reactivity of 

PTN4 with thiols is much higher than that of TAT. In case of TMSPMA, the C=C has higher 

electron density compared to the acrylate C=C bond found in DEGDA however due to steric 

hindrance of the methane group in the methacrylate, TMSPMA has lower affinity to react 

with thiol groups. Indeed, this low reaction rate caused many difficulties in polymerization of 

TMSPMA under fast curing conditions. However, these two electron poor C=C bond 

(acrylate and methacrylate) can react with thiol groups through the Michael addition 

mechanism. Therefore, the addition of a small amount of base catalyst should increase the 

reaction yield. Chapter 5 benefits from this capability of electron-poor “ene”s to assist the 

polymerization reaction of the coatings exposed to a plasma source. Chapter 6 tries to 

improve the rate of the reaction by replacing the electron poor multifunctional acrylate 
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monomer with two different crosslinkers containing electron-reach C=C. Chapter 6 also 

employs a UV light source to cure the coatings instead of the plasma.  
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Chapter 5 Plasma induced thiol-(meth)acrylate 

polymerization of a protective coating for a low-e 

substrate 

 

Abstract 

This paper presents a polymerization technique based on atmospheric pressure plasma 

(APP) initiation of thiol-(meth)acrylate based precursors in form of coatings on a low 

emissivity substrate. The substrate has a thin layer of silicon oxynitride (SixOyNz) at the 

surface followed by a thin layer of indium tin oxide (ITO). The combination of these two 

gives the substrate low-emissivity, transparency and anti-reflective properties. These thin 

metal oxide/nitride layers, though, are chemically and mechanically sensitive; thus, need a 

protective coating on top. This study sought to fabricate a thin and hydrophobic coating that 

has some degree of abrasion resistance. We kept the coatings thicknesses in a range that has 

the lowest interference with the optical properties of the substrate and simultaneously thick 

enough to endure abrasion test (100-200 nm). Coatings are based on different combinations 

of (meth)acrylate monomers mixed with a tetrafunctional thiol based compound. A “large” 

area atmospheric pressure plasma carried out the polymerization of the liquid precursor to 

form a solid coating. Experiments showed that the plasma cannot carry out a polymerization 

of the methacrylate monomer used here unless the thiol compound presents in the coating. 

The tested performances on the resulting coatings include coating thickness, emissivity, 

water contact angle (WCA), and abrasion resistance. 

KEY WORDS: Plasma induced thiol-ene polymerization, plasma polymerization, 

atmospheric pressure plasma, thiol-acrylate, low-e coating 
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5.1 Introduction 

Magnetron sputtering of thin layers of metal oxide/nitrides on glass panes or polymer 

films has attracted much attention from industries. Unique optical and electrical properties
47–

50
 of these thin coatings, also known as soft coatings, have led to various applications on 

substrates such as architectural glasse.
46 

Despite their valuable properties, soft coatings suffer 

weak chemical and mechanical robustness which limits their long-term stability. Moreover, 

these coatings usually have high surface energies which makes them easy to smudge (or 

difficult to clean) for interior or exterior building applications. Therefore, there is a need for a 

stable and low surface energy top-coating to improve robustness of these materials. In this 

regards, polymer coatings, because of their high chemical resistances as well as tunable 

mechanical and chemical properties, are suitable for achieving multifunctional protective 

top-coatings.  

Various techniques for depositing thin organic or inorganic layers have been studied and 

applied, among which are sol-gel deposition, plasma deposition, chemical vapor deposition, 

and more. Most of these approaches, however, are often slow and/or require special 

experimental setup that restricts their industrial applicability. Our group has been 

endeavoring to demonstrate the potential of atmospheric pressure plasma as a fast, 

multifunctional and affordable alternative to these surface coating and modification 

techniques.  

The focus of this study is a multilayered composite film consisting of several metal 

oxide/nitride thin layers which are deposited on top of a platform consisting of polyethylene 

terephthalate (PET) film. The outermost layer of this composite is a thin (~10nm) layer of 
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silicon-oxy-nitride (SixOyNz), followed by a thin layer of indium tin oxide (ITO) which gives 

the composite film its low emissivity property. This study sought to fabricate a low surface 

energy polymeric coating that is mechanically stable. In order to preserve the optical 

properties of the substrate film (particularly the low emittance property), the polymeric 

coating must be very thin (~ 100nm). To achieve this, we used plasma induced 

polymerization to cure a thiol-ene based precursor as the protective coating.  

Usually “plasma induced polymerization” is known as a form of chemical vapor 

deposition (CVD) process
186

 in which polymerizable gas(es) solely, or in a mixture with non-

polymerizable gas(es), are introduced in a discharge chamber. However, limitations such as 

vacuum requirements and off-line processing in these systems limit their use on an industrial 

scale. Alternatively, as our group has shown, a simple capacitively coupled discharge (CCD), 

known as atmospheric pressure glow discharge (APGD), in downstream mode (Figure 5-1) 

can provide enough reactive species at the liquid-gas interface within a few millimeters 

below the discharge (<5 mm) to initiate a polymerization reaction from the surface of various 

vinyl based monomers.
31,32,34,35
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Figure 5-1 Schematic representation of the APGD apparatus. The inset shows the glowing gas under 650 W rf 

power with 13.56 MHz frequency and helium flow rate of 50 SLPM 

 

This study uses the same plasma setup as a curing source for the coating precursor. 

However, the coating formulation is a thiol-ene based system to achieve the desired coating 

properties. Thiol-ene reactions
85,89,187–189

 have attracted a great deal of attention over the last 

century. The reaction offers a quantitative, rapid, modular, and orthogonal addition of thiol 

(mercaptan) groups to alkene terminals which is followed by chain transfer and propagation 

through an anti-Markonikov orientation
92

. Numerous applications and benefits of this type of 

reaction in comparison with vinyl type free radical polymerizations have been 

documented
190–194

, including low network shrinkage stress, higher crosslink density, and 

insensitivity to presence of oxygen. Addition of thiol to electron deficient C=C also can 

occur using basic or nucleophilic catalysts via the Michael addition mechanism. Figure 5-2 

shows the selected thiol and enes for this study.  

 
Figure 5-2 Structure of employed chemicals in the coating precursors: a. pentaerythritol tetrakis(3-

mercaptopropionate) (PETMP), b. 3-(trimethoxysilyl)propyl methacrylate (TMSPMA), c. 2-(perfluorohexyl 

ethyl) acrylate (PFHEA), d. di(ethyleneglycol) diacrylate (DEGDA) 
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In this model, 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) serves to enhance 

adhesion to the SixOyNz substrate, 2-(perfluorohexyl ethyl) acrylate (PFHEA) lends 

hydrophobic properties to the coating, and di(ethyleneglycol) diacrylate (DEGDA) and 

pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) function to form crosslinked 

networks. In addition to plasma polymerization, this study also employed 

photopolymerization of the precursors using ultra violet light to compare the results.  

 

5.2 Experimental 

5.2.1 Materials and method 

Trimethoxysilyl propyl methacrylate 98% (TMSPMA), di(ethyleneglycol) diacrylate 

75% (DEGDA),pentaerythrtol tetrakis (3-mercapto propionate) (PETMP) 95%, triethylamine 

(TEA) were all purchased from Aldrich, acetone from the British Drug Houses (BDH®), 2-

perfluorohexylethyl acrylate >99% (PFHEA) from fluoryx inc. Bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (TMBP), a photoinitiator, was generously donated by Ciba®. 

IntelliRay 600, a UV flood curing system, was obtained from UviTron. The system is 

equipped with a 600W, 365nm peak metal halide lamp. The substrate is provided by the 

Eastman Chemical Company. Wire-wound rod #3 (3 mils wire) was purchased from BYK 

and used to draw a thin (5 micron) liquid film on substrates. The atmospheric pressure glow 

discharge (APGD) unit was designed by APJeT.69 

Appropriate amounts of TMSPMA, PFHEA, DEGDA and PETMP (Table 5-1) were 

mixed in vials and diluted in acetone to 15wt%. For precursors to be cured under UV light, 

TMBP was added to the mixture. In order to pre-activate the mixtures before the curing step, 

TEA was added to the precursors. Particularly, for plasma polymerized coatings the presence 
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of TEA was necessary to achieve solid coatings. Figure 5-3 illustrates the experimental 

procedure followed to coat sample films.  The precursor mixtures were poured on film 

samples and drawn down using the wire-wound rod to spread a wet film on top of samples. 

Samples then were left in the oven at 80
o
C for 35 seconds. Subsequently, plasma 

polymerization was performed using the following parameters: applied power (P) =650 W, 

RF source frequency = 13.56 MHz, helium flow rate = 45 standard liters per minute (SLPM), 

electrode gap = 2 mm, stage-chamber gap = 3mm. The samples were treated under the 

plasma for 60 seconds. The UV curing parameters are: 600 W alkyl halide 252 nm peak 

lamp, exposure time = 20 seconds, average transferred energy per square centimeter 

(measured by an International Light Model IL1400-A photometer with a XRL340 silicon 

photodiode detector) = ~ 1125 mJ/cm
2
.  

 

 
Figure 5-3 Schematic diagram of the coating process used to deposit a protective layer on the target substrate 

 

5.2.2 Characterization 

Optical emission spectroscopy (OES) of the glowing gas was obtained by a high 

resolution (HR2000+, λ: 243-700 nm) and a low resolution (HR2000, λ: 543-1094) 

spectrometer, both products of Ocean Optics. SpectraSuite software was used to record the 

spectra. The integration time for obtaining each spectrum was 300 microseconds. A digital 
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goniometer was used for measuring water contact angles (WCA) on samples. The instrument 

is equipped with a charged-coupled device (CCD) camera to obtain digital images of droplets 

and software to calculate the contact angle of the droplets. The ASTM C1371-04a (Standard 

Test Method for Determination of Emittance of Materials Near Room Temperature Using 

Portable Emissometers) was followed for measuring the emissivities. Fourier transform 

infrared (FTIR) spectra were obtained using Thermo Nicolet spectrometer equipped with a 

Nexus 470 bench with KBr beam splitter. An OMNI Sampler with a germanium crystal was 

used to collect the spectra from samples in liquid or solid states. Fast scans were performed 

for liquid samples with 8 scans per sample and a resolution of 4 cm-1 , while for solid 

samples 32 scans per sample were applied with the same resolution. Filmetric 20 HC, a 

spectrometer, was used to estimate the thickness of coatings using optical properties 

(refractive index n, extinction coefficient k, and thickness d) of the sample. The refractive 

indices of all coatings were estimated to be in the range of 1.3-1.4. Table 1 also lists the 

estimated coating thicknesses for each sample. And abrasion resistance of coatings was 

tested using a crockmeter. The test is similar to the standard AATCC 165 method 

(Crockmeter Method). Samples were rubbed with isopropanol-wet standard cotton squares. 

After 150 strokes samples were rinsed with water and wiped with tissue paper. Evaluation of 

the results was based on the severity of coating removal and the values given to each sample 

is a self-assigned number from 1 to 5 representing, respectively, complete removal of the 

coating to minimum change in the coatings. 
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Table 5-1 The coating conditions, monomer combinations in precursors and the results of various tests 

performed on the cured coatings 

Run 

# 

Method TMSPMA PFHEA DEGDA PETMP Additives Thickness WCA Emissivity Abrasion 

resistance 

decimoles  [nm] degrees  a.u. 
19 Plasma 0 0 1 

0
.2

5
 

T
E

A
 5

 m
o
l%

 

122.6 64 0.081 1 

6 Plasma 0 0 1  61.3 0.072  

24 Plasma 0.17 0.17 0.67 100.3 104.3 0.079 2 

13 Plasma 0.17 0.17 0.67 144 104.3 0.1  

15 Plasma 0.33 0.33 0.33 92.2 104.5 0.068 1 

2 Plasma 0.33 0.33 0.33  105.4 0.077  

21 Plasma 0.33 0 0.67 149.8 64.5 0.073 3.5 

8 Plasma 0.33 0 0.67  70.3 0.074  

11 Plasma 0.33 0.33 0.33 74.6 108.5 0.069 2.5 

14 Plasma 0.5 0 0.5 119.2 72.3 0.069 4 

26 Plasma 0.5 0 0.5 248 66 0.078 5 

1 Plasma 0.5 0 0.5  73.8 0.074  

16 Plasma 0.5 0 0.5 112 70.8 0.071 5 

3 Plasma 0.5 0 0.5  61.8 0.074  

28 Plasma 0.5 0.5 0 79.4 97 0.067 1 

22 Plasma 0.5 0.5 0 67.3 108.2 0.074 1 

9 Plasma 0.5 0.5 0  104.8 0.073  

12 Plasma 0.5 0.5 0 100.3 102.5 0.072 2.5 
Exclud

ed/4 
Plasma 0.66 0.33 0 32.8 103.2 0.068  

Exclud

ed/17 
Plasma 0.66 0.33 0  99 0.068  

27 Plasma 0.67 0 0.33 110 76.4 0.074 3 

18 Plasma 0.67 0 0.33 131.3 65.8 0.07 3.5 

5 Plasma 0.67 0 0.33  77.5 0.071  

10 Plasma 0.67 0.17 0.17 93.8 91 0.074 3 

29 Plasma 0.67 0.17 0.17 103.8 103.5 0.069 2.5 

20 Plasma 1 0 0 93.7 64.5 0.068 4.5 

7 Plasma 1 0 0 116.6 55.5 0.073  

33 UV 0 0 1 

T
E

A
 5

 m
o
l%

 

+
 5

w
t 

%
 T

M
B

P
 

218.8 86.6 0.084 1 

43 UV 0.17 0.17 0.67 103.3 99.2 0.078 3 

45 UV 0.17 0.17 0.67  104.3 0.073  

30 UV 0.33 0.33 0.33 76  0.077 4.5 

35 UV 0.33 0 0.67 173 60 0.078 2.5 

40 UV 0.33 0 0.67  71 0.077  

41 UV 0.33 0.33 0.33 83.8 107 0.071 5 

31 UV 0.5 0 0.5 156.5 73.2 0.078 3.5 

38 UV 0.5 0.5 0 68.3 107 0.072 2 

42 UV 0.5 0.5 0 83.3 109 0.076 1.5 

39 UV 0.66 0.17 0.17 98.5 86 0.071 2.5 

32 UV 0.67 0.33 0 86.6 108.5 0.07 3 

36 UV 0.67 0 0.33 113.3 64 0.075  

44 UV 0.67 0 0.33 138.5 74.5 0.073  

34 UV 1 0 0 91.2 72.5 0.069 3 

37 UV 1 0 0  59 0.074  
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5.3 Results and Discussions 

5.3.1 Plasma and polymerization 

Figure 5-4 shows the optical emission of the helium gas in atmospheric condition 

discharged with 650 W input radio frequency power. This figure shows several strong peaks 

from molecular nitrogen, atomic oxygen and molecular oxygen in the emission spectrum of 

the discharge.  It is worth mentioning that, although the input gas was absolute helium, 

because the discharge is in atmospheric pressure and ambient conditions, air can diffuse into 

the chamber. Peaks at 777.3 nm and 845.2 nm represent the presence of atomic oxygen. The 

first belongs to the optical transition between 2s
2
2p

3
(
4
S

o
)3p, [

5
P] and 2s

2
2p

3
(
4
S

o
)3s, [

5
S

o
] and 

the second belongs to the optical transition between 2s
2
2p

3
(4S°)3p, [

3
P] and 2s

2
2p

3
(4S°)3s  

[
3
S°]. Both O (

3
P) and O (

5
P) are reactive fragments which are produced through electron 

impact dissociation of oxygen molecules. Golub et al.
195–197

 and other groups
198,199

 have 

studied the reaction of O (
3
P) with vinyl groups in polybutadienes, and Mori et al.

200
 studied 

the formation of O (
5
P) as a highly reactive fragment. Scheme 3 shows the reaction between 

atomic oxygen and vinyl groups in the monomer. 
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Figure 5-4 Relative emission spectrum of the helium APGD at P = 650 W, helium flow rate = 45 SLPM 

 

 

 

Scheme 5-1 Radical polymerization via atomic oxygen 

 
 

Figure 5-5-a shows FTIR spectra of the mixture of TMSPMA-PETMP (run # 20 and 7 in 

Table 5-1) and Figure 5-5-b belongs to a solution of TMSPMA (absence of thiol component) 

as coating on the substrate film before and after plasma treatment. The two insets in 
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Figure 5-5-a depict that after the polymerization of the thiol-ene based precursor almost no 

methacrylate groups remain, however there are still some thiol groups in the coating. This 

residual thiol can be attributed to the higher possibility of chain propagation through either 

vinyl radical or thiyl radicals as opposed to chain transfer to thiol groups. As a result, a 

significant portion of thiol functions will remain at the end of a reaction. Figure 5-5-b on the 

other hand shows that without the use of a thiol compound, plasma alone is unable to 

polymerize TMSPMA.  

 
Figure 5-5 FTIR spectra of a) a mixture of trimethoxysilyl propyl methacrylate (TMSPMA) and pentaerythritol 

tetrakis(3-mercaptopropionate) before and after plasma treatment and b) a coating of only TMSPMA after and 

before plasma treatment 
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The peak at 1751 cm
-1

 (carbonyl group-stretching mode) in Figure 5-5-a of the precursor 

increases after polymerization. This can evidence for the contribution of atomic oxygen to 

the polymerization initiation step (Scheme 5-1) or it can be due to the reaction of molecular 

oxygen in the air with the propagating radicals on the coating. Worth noting is that the side-

reaction of propagating chains with molecular oxygen in thiol-ene type reaction does not 

inhibit the polymerization. 

 

5.3.2 Coating performance 

1. Coating Thickness: Based on the results shown in Table 5-1 , PFHA and DEGDA are 

the most influential factors in coating thicknesses. Figure 5-6-a and b plot, respectively, the 

changes in coating thickness as a function of mole fraction of PFHEA and DEGDA in the 

precursors. Interestingly, this figure demonstrates that an increase in the mole fraction of 

PFHEA decreases the coating thickness (Figure 5-6-a). The reason is that, among all the 

components employed in the coatings, PFHEA has the lowest surface tension (γLV~ 19.2 

dyne/cm – measured via Wilhelmy plate method) thus the higher the mole fraction of 

PFHEA in the precursor the lower the surface tension (cohesive force) of the liquid. This 

decrease in the surface tension of the precursors decreases the equilibrium wet film thickness 

(he). The following relationships
201

 can explain this behavior: 

     
  

   
  

where AH is the Hamaker constant and S is the spreading coefficient defined as follows: 
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where γSV , γLV and γSL are the solid-vapor, liquid-vapor and the solid-liquid surface 

energies. Because the samples substrates are identical,γSV is the same for all the samples. 

Therefore, what governs the spreading coefficient is the liquid surface tension. By decreasing 

the liquid surface tension the spreading coefficient increases. Assuming minimum change in 

the Hamaker constant due to changes in the density of wetting film on top of the solid 

substrate, this increase in S decreases the equilibrium wet film thickness. A similar argument 

can explain the effect of addition of DEGDA (Figure 5-6-b) on thickening the coating since it 

has the highest surface energy among the three components.  

 

 
Figure 5-6 Coating thickness as a function of PFHEA (top) and DEGDA (bottom) mole fractions for plasma 

(black) and UV (red) cured coatings 
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initiation of polymerization in the plasma induced polymerization is from the very top layers 

of liquid precursor at the liquid-gas interface. This produces a polymerization front that under 

the experimental conditions of this study (presence of oxygen and the speed of the process) 

has a very limited propagation depth. The UV cured samples, on the other hand, do not have 

this limitation thus the coatings can achieve higher thicknesses.   

2 WCA: Figure 5-7 shows the effect of addition of PFHEA on WCA results. The 

samples that are cured with plasma are slightly less hydrophobic than those that are cured 

with UV. Partial surface oxidation due to exposure to plasma might be a reason for lower 

WCA of plasma cured coatings compared to UV cured samples. Figure 5-5 showed the 

influence of oxygen in increasing the carbonyl peak in the IR absorption of the coatings after 

polymerization.  

 
Figure 5-7 Response WCA of coatings versus mole fractions of PFHEA for the plasma (black) and UV (red) 

cured samples 
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3. Emissivity: Although the emissivities of samples are very close to each another, a 

screening of data showed that there is a relationship between the mole fraction of DEGDA 

used in the precursors with the emissivity of samples. Figure 5-8 shows that by increasing the 

mole fraction of DEGDA, emissivity increases. This could either be due to the thickening 

effect of DEGDA or increasing refractive index of the coating that affects the optical 

properties of the substrate. 

 
Figure 5-8 Emissivity vs mole fraction of DEGDA in the coating precursors 
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the precursors. The best results for both of these coating methods occur around a DEGDA 

mole fraction between 0.4-0.5. This is because of the improved cohesion of coatings through 

addition of DEGDA. However, the price of higher mole fractions of DEGDA is a decrease in 

adhesion to the substrate due to lower concentration of TMSPMA in the coating.  

 
Figure 5-9 Abrasion resistance of plasma cured coatings as a function of mole fraction of the three main 

components of the coatings 

 

Figure 5-10 Abrasion resistance of plasma cured coatings as a function of mole fraction of the three main 

components of the coatings 
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5.4 Conclusion 

This study employed an atmospheric pressure plasma source to polymerize a set of 

coating formulations based on thiol-ene chemistry to achieve thin, strong and hydrophobic 

coatings. In most cases UV-cured coatings outperformed those cured with plasma, however, 

by selecting optimal combinations of monomers in the precursor, one can achieve reliable 

coatings using the plasma curing method. The results showed that hydrophobic coatings 

(θwater>90
o
) are achievable by addition of small amounts of a perflourinated (meth)acrylate 

(>0.17 mole fraction PFHEA in case of this work) into the coating precursors. Higher 

concentrations of PFHEA might increase the hydrophobicity, however, this risks losing 

mechanical robustness of the coatings. DEGDA and TMSPMA, respectively, are necessary 

for improving cohesion of the coating and its adhesion to the metal oxide/nitride substrate.  
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Chapter 6 Corrosion resistant coating based on thiol-

ene polymeric system 

 

Abstract 

This study seeks to fabricate an abrasion and corrosion resistant thin (< 1 μm) polymeric 

film for a low-emissivity film substrate. The polymer coatings are based on stoichiometric 

thiol-ene chemistry where the “ene” part consists of different combinations of a silane 

adhesion promoter, a fluorinated acrylate and a multifunctional crosslinker. Here, two 

different “ene” crosslinkers, namely pentaerythritol tetra-(norborn-2-ene-5-carboxylate) 

(PTN4) and triallyl triazine trione (TAT) are utilized and compared. Varying the mole 

fraction of the three “ene” components in the resins provided experimental data points for 

optimizing the coatings in terms of their abrasion (crockmeter rubbing fastness) and 

corrosion (in acidic bath) resistance. The results showed that, coatings containing the silane 

monomer and a crosslinker as well as small amount of fluorinated component (< 33%) have 

better abrasion resistance compared to the ones that consist of only one or two of these “ene” 

components. The abrasion performance of coatings containing high concentration of 

crosslinker was much better for PTN4 than TAT. The superior adhesion of PTN4 improved 

significantly the corrosion resistance of the films. Tracking the emissivity of samples as well 

as their X-ray diffraction patterns before and after corrosion revealed the effectiveness of 

PTN4 based coatings to suppress the corrosion of the substrate and maintain its low-

emissivity characteristics.  
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6.1 Introduction 

The use of architectural glasses in buildings has entailed many creative materials and 

engineering designs for energy saving windows. Materials having high infrared reflection 

(low infrared emissivity, or low-e) such as transparent conductive oxides—particularly  

indium tin oxide (ITO)—deposited  on glasses or polymers serve as such windows.
202,203

 Due 

to its plasma resonance frequency (ωp), ITO reflects long wavelength electromagnetic 

radiations in the IR region of the electromagnetic spectrum while it is transparent for visible 

light with wavelengths below the plasma wavelength.
204

 Despite these unique optical 

characteristics, ITO is prone to corrode in contact with reducing environments.
205–208

 Upon 

its reduction, the electrical resistivity of ITO increases and thus its infrared emissivity 

increases (ε =4(πε0c0ρ/λ)
1/2

, where ε is emissivity, ε0 is the vacuum permittivity, c0 is the 

velocity of light in vacuum, ρ is the electrical resistivity, and λ is the wavelength of infrared 

radiation.
209

 Therefore, passivating the surface of this oxide against corrosive surroundings is 

a priority to improve their lifetime as low-e materials.  

Several techniques have been used to deposit corrosion resistant coatings on a sensitive 

substrate. Examples include plasma deposition of a SiO2-like polymer,
210

 dip coating and 

heat curing of silane-functionalized benzoxazine,
211

 coating with TiSi2-filled SiOC ceramic 

composite formed by dip coating and heat curing of a siloxane polymer precursor,
212

 

electrodeposition of  poly(aniline-co-o-phenylenediamine),
213

 electrodeposition of poly(o-

anisidine),
214

 self-healing coatings based on epoxy resin matrix and silane microcapsules,
215

 

and UV-curing of phthalazinone based oligomers,
216

 among others.
217–220

 Despite their 

effectiveness, the tolerability of a target substrate—particularly in terms temperature of the 
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treatment---as well as preference for a high throughput coating process limits the number of 

suitable techniques. Among the mentioned approaches, UV curing provides mild 

experimental conditions (i.e. low temperature curing) and a scalable coating process in terms 

of the substrate size and the processing speed.  

In terms of chemical and physical characteristics, an effective corrosion resistant coating 

must be free of pinholes, cohesive (mechanically strong), adhesive to the substrate and 

possess minimal permeability to water. To ensure a sufficient mechanical robustness, UV 

curable resins based on multifunctional monomers that form crosslinked networks can serve 

as the coating platform. Addition of silane based compounds (such as alkoxysilanes) can 

enhance adhesion of the platform to the substrate.
221,222

 And lastly, inclusion of low surface 

energy species such as fluorinated compounds can minimize the water permeability of the 

coating. It should be mentioned that, addition of fillers such as zinc based surface 

passivators, and overbased calcium sulfonates to the resin can also improve the corrosion 

resistant properties.
223

 In case of coating low-e substrates, the coatings having the 

aforementioned qualities must be also very thin to minimize their adverse effect - due to 

scattering and absorption of infrared light - on the optical properties, particularly the low 

emissivity of the substrate.  

In this study, we sought to fabricate thin corrosion and abrasion resistant UV-curable 

polymeric coatings on top of a low-e film substrate. The substrate comprises a polyethylene 

terephthalate film sputter-coated with a thin layer of ITO as the low-e component and then 

with a thin layer of silicon oxynitride (SixOyNz) on the surface to tune the refractive index of 

the film (to obtain anti-reflection properties). The protective coatings are based on a thiol-ene 
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resin. Recently, thiol-ene systems have attracted much attention in the field of polymer 

synthesis due to their outstanding properties.
85,89,187–189

 In particular, low network shrinkage 

stress and delayed gellation enhances the adhesion and mechanical stability of these systems. 

Various “ene”s that can react with a thiol group in an increasing order of their reactivity 

under free radical condition include (meth)acrylate, acrylonitrile, allyltriazine, allylether, 

vinyl ester, alkene, vinyl ether, norbornene. The electron poor “ene”s such as (meth)acrylates 

can also react with thiols in presence of a base or nucleophile catalyst via a Michael addition 

mechanism. 

General composition of resins formulated here comprises a multifunctional “thiol” 

monomer and three “ene” compounds: a multifunctional crosslinker, a fluorinated acrylate, 

and a methacrylated alkylsilane. Two different crosslinkers are employed and compared 

including triallyltriazine trione, or TAT, and pentaerythritol tetra-(norborn-2-ene-5-

carboxylate), or PTN4. The fluorinated acrylate is perfluorohexyl ethyl acrylate (PFHEA) 

and the methacrylated alkoxysilane is trimethoxysilyl propyl methacrylate (TMSPMA). The 

thiol monomer is pentaerythritol tetrakis 3-mercaptopropionate (PETMP). In addition to 

these main constituents, a photoinitiator generates free radicals upon UV irradiation and a 

volatile solvent (acetone) provides dilute solutions for depositing thin films of the resin via a 

draw-down rod onto the low-e substrate. Lastly, after removing the volatile solvent in an 

oven, a UV flood system cures the resin forming a solid coating on top of the substrate. The 

maximum tolerable thickness is such that the emissivity of the coated substrate stays below 

0.1.   
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Because PTN4, the norbornene crosslinker, was not commercially available, we 

synthesized this compound and characterized the product via a Fourier transform infrared 

spectroscopy (FTIR, KBr) and a nuclear magnetic resonance (H-NMR, 500 MHz) analysis. 

Varying the molar combination of the constituents established experimental space for 

optimization of the resin formulations in terms of abrasion and corrosion resistance of the 

resulting coatings. Several different characterization methods investigated the performance of 

the coatings. A portable emissometer tracked the IR emissivity of the samples according to 

ASTM C1371-04a. A crockmeter evaluated the abrasion resistant of the coatings similar to 

AATCC 165 standard test method. An optical goniometer determined the contact angle of 

water droplets on the coating surface. An acidic solution (details in the “Corrosion test” 

section)  provided the corrosion bath. Analysis of the emissivity of samples as well as their 

X-ray diffraction patterns before and after immersion to the corrosion bath qualified the 

extent of the corrosions. In case of the emissivity after coating, solution of 30 wt% resin in 

solvent deposited using a 2.5 mil drawdown rod (6 micrometer wet thickness) gives 

approximately about 1 micrometer coating which elevates the emissivity of the substrate 

from ~0.065 for uncoated sample to 0.08-0.1 after coating. The results of crockmeter tests 

showed that in both crosslinking systems (PTN4 and TAT), the optimum composition 

consists of about 20-60 mol% of crosslinker, 20-60 mol% of silane adhesion promoter and 

less than 30mol% of fluorinated acrylate. In case of corrosion resistance, PTN4 based 

coatings showed superior performance compared to TAT based systems. Most of the 

coatings containing PTN4 could prevent corrosion of the substrate (only 20-40% increase in 

emissivity after corrosion test) whereas the optimum formulation for TAT occurred around a 
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narrow window of 70-100 mol% of the crosslinker and 0-30mol% of TMSPMA (showing a 

minimum of 60% increase in emissivity after the test). 

 

6.2 Experimental 

6.2.1Materials 

Trimethoxysilyl propyl methacrylate (TMSPMA), pentaerythrtol tetrakis (3-mercapto 

propionate) (PETMP) , pentaerythritol tetrakis tetraacrylate (PETA), xylenes, hydrogen 

peroxide 3wt% in water, sodium chloride, and ammonium sulfate were all purchased from 

Aldrich. Dicyclopentadiene, 4-methoxyphenol and triallyl triazine trione (TAT) were 

purchased from Fisher Scientific. Acetone was from the British Drug Houses (BDH®), and 

2-perfluorohexylethyl acrylate (PFHEA) from Fluoryx incorporation. Bis(2,4,6-

trimethylbenzoyl)-phenylphosphineoxide (TMBP), a photoinitiator, was generously donated 

by Ciba®. Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (TMBP), a photoinitiator, was 

generously donated by Ciba®. Wire-wound rod #2.5 (2.5 mils wire) and an automatic 

drawdown coated (EZ Coater model 200 EC) were purchased from the ChemInstruments 

Incorporation. IntelliRay 600, a UV flood system as well as a radiometer (UVICURE® Plus 

II), were both made by UVitron. The flood system was equipped with a 600W, 365nm peak 

metal halide lamp. The low-e film substrate was provided by the Eastman Chemical 

Company. 
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6.2.2 Characterization 

Thermo Nicolet spectrometer equipped with a Nexus 470 bench with KBr beam splitter 

recorded the FTIR spectra. SPECS performed the X-ray photoemission spectroscopy (XPS) 

using a Mg Kα (1253.6 eV) source and collected data with a hemispherical analyzer PHOBIS 

150. Taking C1s (285.0 eV) as reference calibrated the spectra. A crockmeter (AATCC 165, 

or ASTM F1319 – 94, Appendix B, Figure B1) performed the abrasion test by rubbing a 

finger with attached cotton cloths (4 pieces) that were saturated with isopropyl alcohol on 

samples for 100 cycles. The vertical force on the finger with diameter of 1.5 cm was 9N 

which is equivalent to 51 kPa pressure. An emissometer (Devices and Services, Appendix B, 

Figure B2) measured the infrared emissivity of samples according to standard test ASTM 

C1371-04a. Bruker Avance DRX Spectrometer (500 MHz) recorded nuclear magnetic 

resonance (NMR) data. Rigaku SmartLab X-ray diffractometer (Cu- Kα, λ=1.5418  Å, BB 

mode) revealed the diffraction patterns of the samples before and after corrosion.  

 

6.2.3 Synthesis of PTN4 

A 500 ml three neck round bottom flask equipped with a magnetic stir bar hosted 100 ml 

solution of 1 (mol/L) PETA -containing 0.3 wt% methoxyphenol- in xylenes. While stirring 

the solution under nitrogen, the flask was lowered into a hot mineral oil to raise the 

temperature to 80°C. Subsequently, an additional funnel slowly added 40 ml freshly cracked 

cyclopentadiene to the solution. The reaction proceeded until disappearance of the acrylate 

C=C bond of PETA (1635 cm
-1

) in FTIR spectra of aliquots taken from the reacting solution 

at different times (Appendix B, Figure B3). The final product was a clear and highly viscous 
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resin. Figure B4 in Appendix B shows the H-NMR (500 MHz) spectra of the product 

(PTN4) and estimates a 64% structural purity based on matching the data to the calculated 

spectrum.  

 

Scheme 6-1 Chemical structure of the thiol and “ene” molecules used in formulating coating precursors 

 
TMSPMA 
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6.2.4 Resin formulation and coating procedureScheme 6-1 illustrates the chemical 

structure of the employed monomers here. Two different sets of resin systems were prepared 

from the two multifunctional “ene” monomers (PTN4 and TAT). Appropriate amounts of 

PFHEA, TMSPMA, and TAT (or PTN4) were mixed in a vial (Table 6-1 or Table 6-2). The 

resin IDs in Table 6-1 and 2 show the composition and the amount of each compound used 

for the “ene” mixtures: Si, F, T and N denote, respectively, TMSPMA, PFHEA, TAT and 

PTN4 and the subscript of each label shows the molar percentage of the corresponding 

compound in the overall “ene” mixture. For example Si17F17N67 represents an “ene” 

combination of 17 mol% TMSPMA, 17 mol% PFHEA and 66 mol% PTN4. After preparing 
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the “ene” mixtures, appropriate amounts of PETMP were added to each resin to provide 

stoichiometric equivalents between C=C bonds and the thiol functional groups. 

Subsequently, addition of acetone to the resins (for the purpose of casting films) prepared 30 

wt% dilute solutions. Before applying the precursors, TMBP (0.7 wt% to the total weight of 

active species) was added. The automatic drawdown machine then deposited the resins onto 

samples of the low-e film substrates using a 2.5 mil drawdown rod. The vertical force that the 

instrument applies onto the drawdown rod for depositing the resins was 9N and is provided 

by a 900g weight that is attached to arms of the instrument. An oven set at 80°C removed the 

volatile solvent from the resins and the UV flood system irradiated the samples for 30 

seconds (2900 mJ/cm
2
) to cure the coating precursors.  

Table 6-1 Coating formulations for TAT crosslink system: Si, F, and T represent TMSPMA, PFHEA, and TAT, 

respectively. The subscript to each label shows the molar percentage of that compound in the “ene” mixture 

ID TMSPMA PFHEA TAT PETMP 

 [Decimoles] 

Si0F0T100 0 0 1 0.75 

Si17F17T67 0.17 0.17 0.66 0.59 

Si33F33T33 0.33 0.33 0.33 0.41 

Si33F0T67 0.33 0 0.67 0.58 

Si33F33T33 0.33 0.33 0.33 0.41 

Si50F0T50 0.5 0 0.5 0.50 

Si50F50T0 0.5 0.5 0 0.25 

Si67F33T0 0.67 0.33 0 0.25 

Si67F0T33 0.67 0 0.33 0.41 

Si66F17T17 0.66 0.17 0.17 0.34 

Si100F0T0 1 0 0 0.25 
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Table 6-2 Coating formulations for PTN4 crosslink system: Si, F, and N represent TMSPMA, PFHEA, and 

PTN4, respectively. The subscript to each label shows the molar percentage of that compound in the “ene” 

mixture 

ID TMSPMA PFHEA TAT PETMP 

 [Decimoles] 

Si0F0N100 0 0 1 1 

Si17F17N67 0.17 0.17 0.67 0.755 

Si33F33N33 0.33 0.33 0.33 0.495 

Si33F0N67 0.33 0 0.67 0.7525 

Si33F33N33 0.33 0.33 0.33 0.495 

Si50F0N50 0.5 0 0.5 0.625 

Si50F50N0 0.5 0.5 0 0.25 

Si67F33N0 0.66 0.33 0 0.2475 

Si67F0N33 0.67 0 0.33 0.4975 

Si66F17N17 0.67 0.17 0.17 0.38 

Si100F0N0 1 0 0 0.25 

 

6.3. Results and discussion 

Figure B5 in Appendix B shows the experimental space for formulating different 

coating resins used here. Because the main variable in the coating formulations are the molar 

combination of the three “ene” compounds in the resins, the data and results are presented in 

ternary figures. It should be mentioned that, PFHEA has a high tendency to dewet the 

substrate. The maximum concentration of PFHEA beyond which macroscopic dewetting 

would always occur was 50 mol% (with respect to total “ene” monomer) in the coating resins 

thus the experimental data within the upper one-third of the ternary plots are absence. 

Additionally, to limit the number of experiments within the available experimental region, 

we focused on the region below the triangle altitude normal to the PFHEA side (Appendix B, 

Figure B5). To facilitate the visual observation, these ternary figures color labeled the results 

within the experimental space. All the results presented in this section are from coatings 

deposited via the automatic coater that applies 9N vertical force on the drawdown rod. 
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Additionally, section B6 (Appendix B) presents results of performance of coatings without 

an additional force onto the drawdown rod for depositing the resins. Due to this additional 

force, the automatic coater deposits thinner coatings compared to free drawing of the 

drawdown rod. The higher emissivities of the samples (ei) deposited with no additional force 

compared to the ones deposited with the automatic coater indicates the higher thickness of 

coatings of these samples.  

 

6.3.1 Surface wettability 

Segregation of fluorinated moieties to the surface can reduce the surface energy of 

coatings. This might result in reduction of friction between the substrate and an abrader 

offering better abrasion performances and also it can prevent water from diffusing and 

transporting corrosive solution onto the sensitive ITO sublayer which might results in better 

corrosion performance. Table 6-3 lists and Figure 6-1 demonstrates the water contact angles 

on coatings prepared from different resin formulations. Figure 6-1 shows that, an increase in 

concentration of PFHEA increases the water contact angle whereas addition of TAT has an 

inverse effect. The water contact angle increased from 37° for coatings containing 100 mol% 

TAT as the “ene” component to 106° for sample containing 67 mol% TMSPMA and 33 

mol% PFHEA. The results also show that adding more than 33 mol% PFHEA does not result 

in higher water contact angles; thus, there is no benefit of PFHEA concentrations above 33 

mol%.  
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Table 6-3 Water contact angle on coatings containing TAT as the “ene” crosslinker 

ID θWater 

[degrees] 

Si0F0T100 58 ± 3 

Si17F17T67 74 ± 3 

Si33F33T33 94 ± 4 

Si33F0T67 63 ± 1 

Si33F33T33 90 ± 2 

Si50F0T50 63 ± 2 

Si50F50T0 104 ± 3 

Si67F33T0 106 ± 1 

Si67F0T33 79 ± 2 

Si66F17T17 94 ± 2 

Si100F0T0 72 ± 5 

 

 
Figure 6-1 Water contact angle on samples having different coating formulations 

 

6.3.2 Abrasion resistance 

Mechanical stability of protective coatings is essential for securing their long term 

functionality. Cohesion of the polymer and its adhesion onto the substrate determine the 

mechanical stability of coatings against abrasive actions. The crockmeter tested different 
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coatings with formulations found in Table 6-1 and 6-2 in terms of their abrasion resistance 

(AR). After performing the tests, samples were evaluated for the severity of their coating 

removal and they were given a self-assigned value from 0 to 10 (with 0 meaning complete 

removal of coating and 10 indicating no observable damage to the coating) as their abrasion 

resistance grade. Figure 6-2 shows photographic images of some of the samples taken after 

the crockmeter in color mode (left) and for visual clarity of degree of coating removal in 

black and white mode (right). This figure also reports the corresponding self-assigned 

abrasion resistant values to each degree of coating removal. Figure B6 presents more 

comprehensive images of the samples after abrasion testing. Based on these values, 

Figure 6-3 plots the abrasion resistance of samples having (a) TAT and (b) PTN4 as their 

“ene” crosslinker.  

 

     
Figure 6-2 Color and black-and-white photographs of samples after abrasion test (crockmeter). Si,F and T 

denote TMSPMA, PFHEA and TAT, respectively. The abrasion rates are self-assigned values in a scale of 0-10 

and relates to severity of coating removal from a sample. The colors of samples are due to light interference. 

The coatings are applied with 9N additional vertical force on the drawdown rod 
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Table 6-4 The self-assigned abrasion resistance values for coatings having different chemical composition. The 

values are in a scale of 0-10 with 0 relates to complete removal of coating and 10 indicates no visible change in 

the coating after crockmeter test 

ID Abrasion 

resistance 

ID Abrasion 

resistance 

Si0F0T100 1 Si0F0N100 6 

Si17F17T67 8 Si17F17N67 7 

Si33F33T33 6 Si33F33N33 9 

Si33F0T67 9 Si33F0N67 4 

Si33F33T33 7 Si33F33N33 8 

Si50F0T50 3 Si50F0N50 8 

Si50F50T0 1 Si50F50N0 0 

Si67F33T0 0 Si67F33N0 0 

Si67F0T33 5 Si67F0N33 6 

Si66F17T17 9 Si66F17N17 5 

Si100F0T0 1 Si100F0N0 2 

 

 
(a) 

 
(b) 

Figure 6-3 Abrasion resistance of samples containing (a) TAT and (b) PTN4 as their “ene” crosslinker. The 

self-assigned values show the robustness of coatings against adhesion with 10 representing no obvious removal 

and 0 relats to complete coating removal 

These images and plots contain two important points: (1) Due to its chemical similarity 

to the surface of the substrate, TMSPMA demonstrates supreme affinity to wet (spread on) 

the surface forming smooth and uniform coatings (see Si100F0T0 for example). On the other 
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hand, due to its surface tension, PFHEA imparts a positive Hamaker constant which induces 

a strong instability in the liquid film resulting in sever dewetting of the resin. Thus, 

increasing the concentration of TMSPMA improves the stability of thin liquid films (see for 

example Si50F50T0 compared to Si67F33T0 in Figure B6). Although TAT showed much better 

wetting behavior compared to PFHEA, at high concentrations, dewetting can also occur 

(Figure 6-2, Si0F0T100). In contrast, PTN4 showed good wetting behavior (images are not 

shown). It should be noted that, high wettability is important for obtaining pin-hole free 

coatings. (2) As discussed earlier, TMSPMA enhances adhesion of the coating to the 

substrate and a multifunctional “ene” crosslinker improves the cohesion of the film. These 

images and results demonstrate that, achieving coatings with desirable abrasion resistance 

(>8) requires presence of both TMSPMA (adhesion) as well as the crosslinker (cohesion). 

For example, the abrasion resistance of Si100F0T0 (AR=0) and Si0F0T100 (AR=1) considerably 

increased when the coating precursors contained both TMSPMA and TAT (in case of 

Si67F0T33 mixture AR=9). Similar results were observed for PTN4 based coatings:because 

the crosslinker itself had better adhesion to the substrate, the abrasion resistance of coating 

containing only PTN4 (i.e. Si0F0N100, AR=6) was much better than the one contained only 

TAT (i.e. Si0F0T100, AR=1). Moreover, both systems showed that, addition of small amounts 

of PFHEA (~33 mol%) can improve the abrasion behavior. This result is attributed to the 

reduction of surface friction as a result of presence of low surface energy fluorinated chains 

on the surface.  
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6.3.3 Corrosion resistance 

In  contact with acidic environment, a series of chemical reaction occurs on the surface  

of ITO leading to cathodic corrosion of ITO. Under this conditions, it is suggested that the 

corrosion of ITO occurs by reduction of tin (Sn4+), or indium (In3+) in the film.
224

 The 

chemical composition of the corrosion bath was as follows: water (93.1 wt%), 3wt% 

hydrogen peroxide (6.4 wt%), sodium chloride (0.4 wt%) and ammonium solfate (0.1 wt%). 

The pH and conductance of the bath were 4.3±0.3 and 4.3±0.3 mS, respectively. To conduct 

the corrosion experiments, samples were laminated on borosilica glass plates and left in the 

corrosion bath for 3 days (72 hrs). Figure 6-4 shows the XPS spectra of an uncoated film 

before (a) and after (b) corrosion. Figure 6-4(a) recognises several chemical compounds 

including oxygen, tin, indium, carbon, silicon, and aluminum on the surface of as-received 

film sample. Considering the effective sampling depth of XPS (a few monolayer) and the 

thickness of silicon oxynitride (SixOyNz) layer deposited on top of the film (~10 nm), the 

presence of indium, tin and aluminum peaks in Figure 6-4(a) indicates a granular/porous 

structure of the SixOyNz layer where the grains are separated by voided boundries. Figure B7 

in Appendix B shows atomic force micrographs of an as-received low-e film sample. This 

type of rough and porous structure is a characteristics of thin films deposited by low 

temperature sputtering. Although SixOyNz is chemically robust against corrosion, due to this 

high porousity, the corrosive solution can penetrate through this film and react with 

underlying layers including ITO.  
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Figure 6-4 XPS survey spectra of uncoated film (a) before and (b) after the corrosion test 

 

Table 6-5 reports the atomic percentages of the surface constituents before and after 

corrosion. This table and Figure 6-4(b) demonstrate that the targets of corrosion reaction are 

tin oxide and alluminum oxide. Reduction of tin oxide in particular causes substantial 

structural changes in the ITO film. Figure B8 in Appendix B presents a confocal laser 

micrographs taken from a corroded sample showing the demolishing effect of the corrosion 

on the film substrate. Upon this destructive chemcial and structural alteration, the substrate 

looses its low-emissivity characteristics. The emissivity of as-received substrate increased 

from 0.06 to 0.4±0.13 after corrosion reaction. Therefore, measuring the emissivty of coated 

samples before and after corrosion provided an evaluation method for examining the 

performance of each coating to passivate the substrate.  
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Table 6-5 Surface local atomic composition of uncoated film before corrosion (BC) and after corrosion (AC) 

Atom 
BC AC 

at% 

O 38 40.5 

Si 30.1 33.2 

N 18.4 17.5 

C 10.3 8.4 

Al 2.4 0 

In 0.6 0.5 

Sn 0.2 0 

BC: before corrosion and AC: after corrosion 

 

Table 6-6 lists the emissivity of coated samples before (ei) and after (ef) corrosion as 

well as percentages of increase in emissivity (Δe/ei) due to corrosion. Figure 6-5 and 6 plot 

these data for coatings containing TAT and PTN4 as their “ene” crosslinker, respectively. 

These figures demonstrate that the emissivity of coated samples after corrosion is lower than 

the uncoated sample for both crosslink systems. However, PTN4 exhibits much better 

performance compared to TAT. The minimum increase in emissivity achieved by TAT 

crosslinker was about 60% for Si0F0T100 whereas this value for PTN4 based system could 

reach a minimum of 20-40% increase in e for most of the coatings. Despite this 20-40% 

increase in e, the final emissivity of coating after corrosion is still below 0.1 in most coatings 

based on PTN4 crosslinker. Figure B9 in Appendix B provides photographic images of the 

PTN4 samples after corrosion test.  
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Table 6-6 Infrared emissivity of samples before (ei) and after (ef) as well as the increase in emissivity (Δe/ei) of 

films after the corrosion test 

ID ei ef Δe/ei ID ei ef Δe/ei 

Uncoated 
0.061 

±.0028 

0.40 

±0.13 

559% 

±190% 
    

Si0F0T100 0.089 0.177 99% Si0F0N100 0.109 0.145 33% 

Si17F17T67 0.082 0.179 118% Si17F17N67 0.076 0.1 32% 

Si33F33T33 0.076 0.147 93% Si33F33N33 0.081 0.1 23% 

Si33F0T67 0.074 0.145 96% Si33F0N67 0.078 0.096 23% 

Si33F33T33 0.078 0.242 210% Si33F33N33 0.076 0.105 38% 

Si50F0T50 0.065 0.188 189% Si50F0N50 0.078 0.095 22% 

Si50F50T0 0.064 0.102 59% Si50F50N0 0.071 0.232 147% 

Si67F33T0 0.063 0.231 267% Si67F33N0 0.07 0.133 173% 

Si67F0T33 0.07 0.674 185% Si67F0N33 0.074 0.094 27% 

Si66F17T17 0.07 0.154 120% Si66F17N17 0.07 0.101 44% 

Si100F0T0 0.066 0.356 439% Si100F0N0 0.068 0.23 238% 

ei is the IR emissivity of sample before corrosion test and ef  is that of sample after the test 

 

    
Figure 6-5 Infrared emissivity of film substrates before and after corrosion (left) and the percentage of increase 

in the emissivity after corrosion for samples coated with different resin formulation and TAT as the crosslinker 

(right). Si,F and T denote TMSPMA, PFHEA and TAT, respectively. The “x”s in the ternary plot means 100%. 

The coatings are applied with 9N additional vertical force on the drawdown rod. 
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Figure 6-6 Infrared emissivity of film substrates before and after corrosion (left) and the percentage of increase 

in the emissivity after corrosion for samples coated with different resin formulation and PTN4 as the crosslinker 

(right). Si,F and N denote TMSPMA, PFHEA and PTN4, respectively. The “x”s in the ternary plot means 

100%. The coatings are applied with 9N additional vertical force on the drawdown rod. 

 

Figure 6-7 presents X-ray diffraction spectra of samples before (black lines) and after 

(blue lines) corrosion test. There are two main peaks in the diffraction spectra of as-received 

sample: one belongs to the PET substrate (orientation plane: 100) and the other is from In2O3 

(orientation plane: 222) of ITO layer. After corrosion, two distinct peaks at 2θ=31.5° and 32° 

appear in the diffraction spectra. Diffraction spectra of sulfides of tin (SnS, SnS2 and Sn2S3) 

gave the closest match to these two peaks. These spectra show that, samples coated with 

PTN4 based resins particularly Si50F0N50 and Si33F0N67 maintain the original structure of the 

substrate after corrosion test. These results confirm the effectiveness of coatings in 

preventing a corrosion reaction on the substrate.  
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Figure 6-7 XRD spectra of coated/uncoated film substrates before and after corrosion. Si,F and N denote 

TMSPMA, PFHEA and PTN4, respectively.The black lines relate to diffraction spectra of samples before 

corrosion test and the blue lines represent the structure of samples after corrosion. The coatings are applied with 

9N additional vertical force on the drawdown rod. 

 

In addition to these results, Appendix B, section B6 presents results of abrasion and 

corrosion tests on coatings based on PTN4 systems that were deposited on the film samples 

without applying vertical force onto the drawdown rod (Table B1). This method produces 

thicker coatings that are noted for their higher emissivity compared to the coatings presented 

in the above sections. These coatings showed supreme abrasion resistance (AR = 10 for most 

of the coatings). In case of sample Si2F40N40, the image presented in Figure B10 is after 250 

abrasion cycles that shows some damage to the coating though the coating was completely 

intact after 100 cycles. In case of corrosion resistance, sample containing 33 mol% 

TMSPMA and 67 mol% PTN4 showed the best performance with only 1% increase in 
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emissivity after the test (Figure B11) that could be due to the standard error of the 

emissometer.  

 

6.4 Conclusion 

This study formulated and optimized polymeric thin coatings for protecting a low-

emissivity film substrate against abrasion and corrosion. The polymeric coatings were based 

on thiol-ene systems where the “ene” part consisted of different combinations of a silane 

adhesion promoter, a fluorinated acrylate and a multifunctional crosslinker (TAT or PTN4). 

The results of abrasion resistance highlighted the combinatory effect of adhesion (via silane 

monomer) and cohesion (multifunctional monomers) on the mechanical stability of coatings 

against an abrader. Both of the studied systems based on different multifunctional “ene” 

crosslinker could achieve desirable abrasion resistance (AR>8, scale of 0-10) particularly 

when a small amount of fluorinated acrylate (PFHEA, <33 mol%) was added to their resin. 

Tracking the emissivity as well as the X-ray diffraction of samples before and after corrosion 

showed that the coatings based on PTN4 crosslinker could successfully maintain the 

substrate. This is because PTN4 forms highly crosslinked network upon reaction with the 

tetrafunctional thiol monomer, and also it has a good adhesion to the substrate. Overlapping 

the abrasion and corrosion resistance results suggests that the coating consists of 33 mol% 

TMSPMA, 33 mol% PTN4 and 33 mol% PFHEA show the best performance among the 

experimented formulations.  
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Chapter 7 Conclusions and Recommendations 

 

 

8.1 General Conclusions 

The aim of this dissertation was to improve the performance or durability of different 

substrates by either modifying the chemistry of their surfaces or depositing new materials as 

coatings on top of the substrates. To achieve these goals, we tried to promote applications of 

atmospheric pressure plasma as a multifunctional technique to conduct surface modification 

as well as polymerization of thin coatings on a target substrate. Given the desired set of 

surface properties we took different approaches of conducting the surface 

modification/coatings: we (i) improved wettability and thus adhesion between PET film and 

acrylated hard coatings using plasma treatment of the PET substrates, (ii) altered the surface 

of PET film by spray depositing a thin layer of fluorinated acrylate monomer and 

polymerizing that using the plasma system, (iii) created a facile encapsulation technique via 

plasma surface modification of multifunctional acrylate resin droplets, and (iv) introduced 

and formulated protective coatings for a low emissivity substrate based on novel thiol-

(meth)acrylate systems cured under exposure to a plasma source generated in atmospheric 

pressure. Furthermore, we explored the effectiveness of UV curable thiol based resins to 

produce corrosion resistant coatings. Below summarizes some of the main achievements and 

findings in this dissertation: 
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8.1.1 Plasma surface modification (Chapter 2) 

a) Optical analysis of the glow discharge (plasma) used here estimated the electron 

temperature (Te) and density (ne) of sources generated from gas mixtures of He and 

nitrogen. The results showed that the discharge has typical values of electron density 

(ne~ 1015 cm-3). However, the estimated electron temperatures (Te~ 0.2-0.4 eV) is lower 

than what typically is observed for plasma systems (>1 eV). This might be due to the 

geometry of the plasma system utilized here.  

b) Using the estimated values of electron temperature and density, this study revealed a 

correlation between the production rate of the excited atomic oxygen generated in 

the discharge and the surface wettability (water contact angle) of the samples treated 

under the corresponding condition. This was such that the higher production rate of 

the reactive oxygen the lower the contact angle of water (higher wettability) on the 

treated sample.  

c) Lastly, T-peel adhesion tests were performed on laminated samples. The laminates 

were made by sandwiching and curing an acrylate based resin between two layers of 

PET film samples. The results showed significant adhesion improvement of 

laminates made from plasma treated PET samples. 

8.1.2 Plasma polymerization (Chapter 3) 

a) Interaction of free radicals from plasma with a acrylated precursor resulted in 

polymerization of the coating. Here we used perfluorohexyl ethyl acrylate as a 

precursor to form low surface energy coatings upon plasma polymerization on top of 

PET films. It was found that thicker coatings (higher pressure and concentrations) 



 

134 

have lower surface energy (higher water and n-dodecane contact angle) though their 

chemical and mechanical properties was not desirable compared to thinner coatings. 

This might be due to (i) limited depth of plasma polymerization and/or (ii) structural 

defects (such as very low molecular weight or branched structures) of the plasma 

cured coatings. 

b) Measuring the thickness of thin films formed on di(ethyleneglycol) diacrylate 

monomer after plasma treatment showed that the polymerization depth is about 40-

50 nm. Formation of such thin film on top of polymerizable liquid substrate 

encouraged us to explore the ability of the plasma to encapsulate liquid droplets 

inside their own polymeric shells. Using this technique, thiol-epoxy-acrylate based 

resins were encapsulated and used as glass adhesives.  

8.1.3 Catalyst driven polymerization of low surface energy coatings (Chapter 4) 

a) Limitations in the plasma and photoinduced polymerization led us to design coatings 

based on thiol-epoxy-acrylate mixtures that can form low surface energy polymeric 

networks when a strong base catalyst is added to the precursors. Incorporation of 

appropriate amounts of hydrophobized silica nanoparticles to the precursors led to 

formation of coatings with water contact angle exceeding 170° as well as high oil 

contact angles. 

8.1.4 Protective coatings for low-emissivity substrates (Chapter 5 and 6) 

a) Inclusion of thiol monomer to conventional acrylate systems enabled polymerization 

of variety of acrylate based monomers under exposure to the plasma source. 

Particularly, addition of a multifunctional thiol enabled thiol-ene polymerization of a 
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methacrylated monomer under plasma. The plasma polymerized thiol-ene resins 

showed significant improvement in their mechanical and chemical stability 

compared to the conventional plasma polymerized acrylate based coatings. 

Additionally, these systems showed higher depth of polymerization (up to 160 nm) 

compared to the acrylated resins (40-50 nm), and enabled tailoring the surface 

energy by changing the composition of the resin.  

b) To optimize the coating performance in terms of permeability thus improved 

protection against corrosion, Chapter 6 employed alkene based crosslinkers (i.e. 

norbornene and allylic triazine based monomers) instead of multifunctional 

acrylates. The main benefit of alkene crosslinkers was that they only react with thiol 

groups via free radical mechanism. Thus, addition of a base catalyst does not affect 

their resin viscosity or shelf life. In addition, compared to acrylates, alkene 

monomers have higher reaction rate with thiol functional groups under free radical 

polymerization conditions that is highly desirable for fast curing processes via for 

example photopolymerization. 

c) Optimization of the resins having alkene crosslinkers enabled deposition of 

chemically and mechanically strong yet thin coatings on top of the sensitive 

substrates. In particular, the tetra functional norbornene monomer (PTN4) offered 

high adhesion to the substrate and network cohesion that resulted in desirable 

corrosion protection under acidic environments and mechanical strength against 

rubbing abrasion.  
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8.2 Recommendations for future work 

The work presented here contains several shortcomings/limitations and also has revealed 

some opportunities for further investigations. The following text lists some of the main 

shortcomings and new opportunities that was observed in this dissertation: 

8.2.1 Plasma surface modification (Chapter 2) 

a) Although Chapter 2 presented spectroscopic analysis of the discharge, the 

spectrometer used was a low resolution portable device. It is recommended to invest 

in purchasing a higher resolution spectrometer device to reduce the instrumental 

error of the measurements. This investment can also include purchasing appropriate 

software to analyze nitrogen containing plasmas (for example SPECAIR).  

b) Chapter 2 and Appendix A tried to provide evidence of formation of peroxides on 

the plasma treated samples via surface graft polymerization of some acrylate 

monomers onto the substrates. However, a more comprehensive study is needed to 

investigate and optimize a plasma induced graft polymerization on the substrates. 

The formation of free radicals on the surface might be studied using electron 

paramagnetic resonance (EPR). Additionally, an indirect technique such as 

exposing radical scavengers (i.e. ascorbic acid) to plasma and subsequent titration 

can prove formation of free radicals on a surface and provide an estimation of the 

surface density of the graft sites. These are particularly important for high density 

graft polymerization of functional polymer brushes (such as ion exchange brushes) 

onto a polymeric substrate such as PET. 
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c) In the case of adhesion strength between the hard coat and treated PET substrate, due 

to failure of the PET during the T-peel tests unfortunately the experiments conducted 

in Chapter 2 failed to provide a reasonable comparison between samples treated 

under different conditions. To solve this problem, PET film with higher strength 

(possibly thicker films) should be used to obtain the bonding strengths.  

8.2.2 Plasma polymerization (Chapter 3) 

a) Considering the lack of fundamental knowledge regarding the microstructure and 

physical properties of plasma-cured polymers, it is of great importance to perform 

some basic analyses on the resulting polymers. It is highly recommended to attempt 

measurement of molecular weight (average and distribution) of the plasma polymers 

using GPC and analysis of their structures using NMR. The results might be 

compared against polymers made via conventional methods to give a better 

understanding of the mechanical and chemical behavior of the plasma-cured 

polymers. 

b) In the case of surface polymerization for encapsulation, Chapter 3 opened an 

opportunity to explore this novel aspect of plasmas. Although the geometry of our 

encapsulated droplets on glass carriers were semi-spherical, it would be interesting 

to attempt forming self-standing spherical capsules by immersing a polymerizable 

droplet into a plasma gas such that the plasma can react with the droplet in all 

directions . In addition, plasma can be bubbled through a polymerizable solution to 

form foams or hollow capsules. 
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8.2.3 Catalyst driven polymerization of low surface energy coatings (Chapter 4) 

a) A shortcoming of the low surface energy surfaces prepared in Chapter 4 is their low 

transparency. Further work can be done to design facile method of producing rough 

surfaces that also have low energies. This can be done for example by employing 

immiscible monomer systems that spontaneously phase separate and texturize the 

surface, while balancing the extent of phase separation by controlling the reactivity 

of the resin to obtain the desired surface texture.  

8.2.4 Protective coatings for low-emissivity substrates (Chapter 5 and 6) 

a) During this research, a considerable amount of time was devoted to finding 

appropriate formulations that not only satisfy the mechanical and chemical 

requirements of a protective coating but can be adapted to industrial settings. 

Although the final resins showed significant improvement compared to the original 

ones, the formulations still need to be tuned so that they can be prepared on an 

industrial production scale.  
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Appendix A  

Additional information for Chapter 2 

  
Figure A1 Optical emission spectra of various plasma gas mixtures  
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Figure A2 Water contact angle versus power dose for samples of PET film treated with different plasma gas 

mixture 

   

   
Figure A3 Atomic force microscopy maps of the surface topography of samples treated with helium/nitrogen 

plasma and different power dosages 
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Figure A4 The resistance force against delamination measured by 180° T-peel test for samples treated under 

different conditions 

 

 

A1 Graft polymerization of glycidyl methacrylate onto PET film substrates 

The experiments presented in this section aimed to carry out a graft polymerization of 

glycidyl methacrylate (GMA) onto PET film substrates. To do this, three different grafting 

approaches were followed including (1) plasma graft polymerization and (2) ceric 

ammonium nitrate (CAN) graft polymerization and (3) a combination of both. Application of 

both techniques for a surface grafting onto PET substrates has been cited in the literature (see 

for example references 
58,225

). Figure A5 schematically illustrates the three (simplified) 

reaction routs used in the following experiments towards grafting GMA onto the backbone of 

PET.  
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Figure A5 Schematic illustration of graft-from polymerization of GMA onto a treated PET substrate 

 

 

Samples of PET film were treated under four different experimental combinations. After 

washing four samples of PET film with acetone and hexane, two of the samples were treated 

with helium/oxygen (0.5v%) plasma and conveyor speed of 15 cm/min. Subsequently, these 

two samples as well as the two remaining samples were transferred into the grafting reactor 

(Figure A6). The reactors were equipped with nitrogen purging lines and a channel for 

inserting the grafting monomer. The grafting medium of these reactors was either water or 

ceric ammonium nitrile (CAN) solution. The CAN grafting medium consisted of 100 ml 

solution of 5.5 M HNO3 (25 ml) and 3 mmol CAN in 75 ml deionized water and the water 
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reaction baths reached the equilibrium temperature, while unltrasonicating under nitrogen 

purge, 4 grams GMA in a syringe was rapidly added to the reactors and the reaction was 

allowed to advance for 5 minutes. It should be mentioned that the GMA was passed through 

inhibitor removal column prior to the reactions. 

 
Figure A6 Schematic illustration of the grafting bath 

 

Table A1 summarizes these four experimental combinations and labels each 

experimental combinations by a unique pattern. For example the pattern “+++” means a 

sample that was first cured with a helium/oxygen (0.5v%) plasma, then was immersed in the 

CAN solution and after temperature equilibration GMA was added to the bath and left for 

reaction under sonication for 5 minutes.  

 
Table A1 Experimental condition of grafting GMA onto samples of PET film 

Pattern Plasma* CAN solution** GMA***

  

+++       

-++ ×     

+-+   ×   

--+ × ×   

* He/O2 plasma, 1 pass, 2mm gap, 14 cm/min ** 5.5 M HNO3 , 3 mmol CAN ***GMA concentration 

(aqueous): 3 wt%, Reaction time: 5 min, under N2. Samples were Soxhelet extracted for 48 hours with IPA 

 

After the 5 minutes reaction, samples were thoroughly washed with IPA for 48 hours in 

Soxhelet extraction setups. Consequently, the weight change of samples was recorded and 
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the graft density and percent grafting was calculated. Figure A7 shows the result of the 

percent weigth change and the graft density of the treated samples.  

 
Figure A7 Graft density as well as percent weight change in the samples after the grafting reaction 

 

Very surprisingly, the sample with no plasma pre-treatment or CAN treatment showed 

higher graft density compared to the other samples. This might be due to reaction of epoxy 

group of the GMA with the carboxylic terminals of the PET substrate (Figure A8).  

 
Figure A8 Reaction of  an epoxy group of GMA with a carboxylic chain terminal found in PET substrate 
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+
 ion gun) analyzed 

the surface of a treated sample and compared that with an untreated PET sample. Figure A9 

(a) and (b) show the zoomed in spectra of sample first plasma treated in one side (face) and 
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the fragment that corresponds to the observed mass fraction signal. The red lines represent 

the spectra of the sample taken from the side that was plasma treated before grafting (face), 

the blue lines corresponds to the signals taken from the back of this sample and the black 

lines relates to the spectra of an untreated sample.  

 

 
(a) 

 
(b) 

Figure A9 TOFSIMS mass/charge signals for different positive ionic fragments. The slight shift in the spectral 

peaks is due to errors in mass calibration for each of the reading 

 

Figure A9(a) demonstrate appearance of a peak having mass/charge ratio of that 

corresponds to C4H5O, a fragment of GMA molecule on the grafted sample. On the other 

hand, Figure A9(b) shows decrease of the peak corresponding to a fragment of the backbone 

of PET from untreated sample to grafted sample which means the surface is covered by 

GMA molecules. Additionally, these plots show that, both plasma pre-treated side of the 

sample and the untreated side of the sample have strong signals of GMA and low signal for 

PET fragments. It should be noted that, these samples were Soxhlet extracted with IPA for 48 

hours and considering the base pressure of the SIMS analysis (1.5E-9 mbar) the presence of 
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GMA in the spectra cannot be due to its physisorption onto the PET substrate. This further 

demonstrates reaction of GMA with the carboxylic terminals of PET that occurs 

spontaneously. (a) shows that the back of sample has stronger peak and compared to the face 

of the sample. This might be due to hydrophobic nature of GMA that prefers the more non-

polar side of the sample (back) to react with.  Figure A10 shows the SIMS mapping of 

sample for C4H5O
+
 (corresponding to GMA) and C7H4O

+
 (corresponding to PET) positive 

ions on an untreated and a grafted sample. These maps also demonstrates chemical alteration 

of the surface of untreated sample from a PET reach surface to GMA reach surface after 

grafting reaction.  

 

 
Figure A10 TOFSIMS maps taken from a control sample and a GMA grafted sample from the side that had 

plasma pre-treatment (face) and the side that did not have any pre-treatment (back) 
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Additionally, an atomic force microscope showed the changes in the surface topography 

of samples after each the treatment steps. Figure A11 shows the obtained atomic force 

micrographs of an untreated sample, a sample after plasma treatment and a sample after graft 

polymerization. The (a), (b) and (c) columns respectively present topographic image, phase 

mode imaging and three dimensional projection of (a). Based on these maps, Figure A12 

reports the root mean square of the surface roughness of each of these samples. Important 

point in these images is significant alteration of the surface topography after the grafting 

treatment. The fact that the appeared features on the sample after graft reaction are out of 

phase with respect to the substrate (Figure A11, last row, column (b)) indicates that these 

features most possibly belong to GMA polymer.  

 
 (a) (b) (c) 

Control 

sample 

   

After 

plasma 

treatment 

   

After 

grating 

with GMA 

   
Figure A11 AFM micrographs of untreated sample, sample after plasma treatment and sample after grafting 

GMA. The coloumn (a), (b) and (c) show topographic images, phase mode and 3dimensional projection of the 

topogarphic images, respectively.  
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Figure A12 Root mean square surface roughness of samples after each treatment step. 

 

 

A2 Graft polymerization of acrylic acid onto PET film substrates 

As mentioned in the previous section, GMA can react with the carboxylic terminal of 

PET which makes it difficult to draw a clear conclusion about the ability of plasma treated 

samples for graft polymerization reaction. In this section, we used acrylic acid instead of 

GMA to confine the chemical reactions to surface graft polymerization. Similar to the 

previous sections, samples were prepared and treated under four experimental conditions 

(Table A2). It should be noted that acrylic acid was used as received (without removing 

inhibitor). The subtitle of Table A2 shows the treatment condition for each step.  

Table A2 Experimental condition of  grafting acrylic acid onto samples of PET film 

Pattern Plasma* CAN solution** AA***  

+++       

-++ ×     

+-+   ×   

--+ × ×   

* He/O2 plasma, 3 passes, 3mm gap, 15 cm/min ** 5.5 M HNO3 , 3 mmol CAN ***AA concentration 

(aqueous): 3 wt%, Reaction time: 10 min, under N2. Samples were washed with water.  

 

After the grafting process, the samples were washed and dried. Figure A13 reports the 

graft density of samples measured by weighing samples before and after the grafting 

reaction.  
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Figure A13 Graft density of acrylic acid onto PET film samples after the grafting treatment. 

 

As this figure indicates, the highest graft density was observed for plasma treated sample 

compared to the other experimented combination. This is most possibly due to formation of 

peroxides on the surface of PET film due to exposure to the plasma radicals. Under the 

grafting reaction (elevated temperature) the surface peroxides breaks into surface radicals 

that initiate a graft from reaction of acrylated monomers on the substrate’s polymeric chains.  
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Appendix B  

Additional information for Chapter 6 

B1 Crockmeter and emissivity test instrumentations 

 

 
(a) 

 
(b) 

Figure B1 Crockmeter test apparatus. (a) Taken/adjusted from ASTM F1319-94 and (b) a side view of the 

finger 

 

 

Figure B2 Emissometer testing apparatus. Td and Ts are the detector temperature and the sample temperature 

respectively 
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B2 Characterization of PTN4 

 
Figure B3 FTIR peaks showing disappearance of acrylate C=C (1635 cm-1) peak in PETA and emergence of 

norbornene C=C at 1569 cm-1 in PTN4 

 

 
Figure B4 H-NMR (500 MHz) analysis of the synthesized PTN4. This spectrum shows some residue of 

acrylate C=C (labeled as i), methoxyphenol (j) as well as some aliphatic carbon (-CH2-) impurities (k) 
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B3 Experimental space for resin formulation 

 

Figure B5 Experimental space for formulating coating resins in this study. Si, and F denote TMSPMA and 

PFHEA, respectively and X denotes the crosslinker that can be TAT of PTN4 
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B4 Abrasion performance of coatings containing TAT and applied by the automatic coater 

 
Figure B6 Photographic image of the samples containing TAT as the “ene” crosslinker after abrasion test 

(crockmeter). Si,F and T denote TMSPMA, PFHEA and TAT, respectively. The abrasion rates are self-assigned 

values in a scale of 0-10 and relates to severity of coating removal from a sample. The colors of samples are due 

to light interference. The coatings are applied with 9N additional vertical force on the drawdown rod. 

 

 

B5 Surface morphology and corrosion behavior of the low-e film substrate 

 

  
Figure B7 Atomic force micrograph of the as-received low-e coating films. The scanning area are 5x5 μm

2
 

(left) and 1x1 μm
2 
(right).  
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Figure B8 Confocal laser micrograph of a corroded low-e film used in this study 

 

 
Figure B9 Photographic images of samples coated with PTN4 crosslinking system as well as an uncoated 

sample (control) after corrosion. Si,F and N denote TMSPMA, PFHEA and PTN4, respectively.The color on 

samples is due to light interference and the appereance of parralel lines is due to mechanical vibration of the 

automatic coating device. The coatings are applied with 9N additional vertical force on the drawdown rod 
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B6 Coatings performances applied without additional vertical force on the drawdown rod 

(the rod was controlled by hand) 

 

Table B1 Coating formulations as well as their corresponding abrasion resistant via crockmeter test and their 

corrosion resistant via measuring the emissivity before and after corrosion test. The samples were coated 

without an additional force on the drawdown rod (4 N due to its weight).   

     Crockemter ei ef e/ei 
ID TMSPMA PFHEA PE4N2E5C PETMP Onset Rate 

Si17F17N67 0.17 0.17 0.67 0.755 90 9.5 0.105 0.109 3.48 

Si20F40N40 0.2 0.4 0.4 0.55 >150 10 0.102 0.158 54.52 

Si33F33N33 0.33 0.33 0.33 0.495 100 10 0.115 0.194 68.21 

Si33F0N67 0.33 0 0.67 0.7525 90 8.5 0.095 0.096 1.05 

Si50F0N50 0.5 0 0.5 0.625 100 10 0.109 0.129 18.89 

Si67F0N33 0.67 0 0.33 0.4975 100 10 0.088 0.105 19.32 

Si66F17N17 0.66 0.17 0.17 0.38 40 7.5 0.072 0.092 28.67 

ei is the emissivity before corrosion and ef is the emissivity after corrosion  

 

 

 
Figure B10 Photographic images of samples containing PTN4 as the “ene” crosslinker after abrasion test. The 

coatings were deposited without applying additional vertical force than the weight of the rod (4N). Si,F and N 

denote TMSPMA, PFHEA and PTN4, respectively.The color on samples is due to light interference and the 

appereance of parralel lines is due to mechanical vibration of the automatic coating device. 
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Figure B11 Photographic images of samples containing PTN4 as the “ene” crosslinker after corrosion. The 

coatings were deposited without applying an additional vertical force than the weight of the rod (4N). Si,F and 

N denote TMSPMA, PFHEA and PTN4, respectively.The color on samples is due to light interference and the 

appereance of parralel lines is due to mechanical vibration of the automatic coating device. 
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