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ABSTRACT 

Atomised spray plasma deposition (ASPD) is a technique used to functionalise 

surfaces. The atomisation of precursor into electrical discharges allows the 

deposition of: (i) non-polymerisable precursors, which cannot be deposited 

through conventional surface functionalisation methods; (ii) viscous or low-

vapour-pressure precursors, which cannot be deposited in conventional gas-

phase plasma polymerisation; (iii) precursor–nanoparticle slurry. In this thesis, 

atomised spray plasma deposition was employed to fabricate functional 

polymer coatings for diverse applications such as liquid repellent, wet 

electrical, and antibacterial coatings.  

 Liquid-repellent surfaces were fabricated by the deposition of a mixture 

of nanoparticles and a perfluorinated precursor forming a highly crosslinked 

polymer matrix containing the nanoparticles. The wettability of the ASPD 

nanocomposite coatings resulted in water contact angle values of ~170°; the 

nanoparticles, acting as nanofillers, enhanced the mechanical properties of 

the ASPD polymer coatings. 

 Fluorine-free and low-vapour-pressure precursor was used to fabricate 

hydrophobic ASPD polymer coatings and the effect of the in situ plasma post-

treatment of ASPD poly (isodecyl acrylate) coatings was tested. The effect of 

the plasma post-treatment enhanced the crosslinking degree, mechanical and 

adhesion properties as well as the enhancement of the wet electrical barrier 

of the ASPD poly (isodecyl acrylate) coatings preventing the electrical 

breakdown of microcircuit boards in contact with water for an applied electric 

field of 10 V mm−1. Further enhanced liquid repellency, mechanical properties, 

and wet electrical barrier to at higher applied electric field (75 V mm−1) were 

found for plasma post-treated ASPD 20% w/v (1H,1H,2H,2H-perfluorododecyl 

acrylate–perfluorotributylamine) coatings. 

Finally, bis-dodecylamine copper dichloride (CuDDA) metallosurfactant 

was employed to fabricate antibacterial-agent-release 2% w/v ASPD 

(CuDDA–isodecyl acrylate) coatings. It is likely that the metallosurfactant 

remained trapped within the plasma polymer coating through electrostatic 

interactions because there was a reduction of the antibacterial activity of the 

antibacterial polymer coating as it leached out. These antibacterial polymer 
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coating displayed highly antibacterial activity efficiency against Gram negative 

E. coli and Gram-positive S. aureus bacteria. The maximum antibacterial 

efficiency (>99.999%) was found at 10 min of interaction time tested on both 

bacteria individually on the antibacterial ASPD polymer coating, which is 

attributed to the synergetic effect of the long hydrophobic alkyl chain and the 

complexation of the surfactant with Cu2+ ions. 
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1. Introduction  

 

1.1 Superhydrophobicity  

Superhydrophobicity is the characteristic of some material surfaces to show 

high water repellency, and self-cleaning properties, these properties are 

commonly attributed to the lotus leaf effect. In terms of the lotus leaf effect, 

superhydrophobicity can be achieved through the modification induced 

surface roughness and surface chemistry. The natural surface roughness, 

fabrication of nanostructured surfaces, or the incorporation of nanoparticles 

are the common approaches to modify the surface topography in the 

fabrication of superhydrophobic surfaces. On the other hand, surface 

modification with low-surface-energy precursor creates hydrophobic surfaces 

on natural hydrophilic surfaces; whereas high surface energy precursors, are 

needed if more hydrophilic surfaces are required.1 

The water contact angle measurement is an indirect method used to 

correlate the free surface energy of the material surface with the contact angle 

formed between the liquid droplet and the solid surface. Regarding to the 

water contact angle (θ), a surface can be directly classified into two 

conventional wetting regimes: hydrophilic (10° < θ < 90°) and hydrophobic (90° 

< θ < 150°).1 On the other hand, the modification of the surface morphology in 

conjunction with the surface chemistry allows the obtention of surfaces with 

extreme wetting regimes, such as superhydrophilic (θ < 10°), which is a nearly-

complete wet surface, and superhydrophobic (θ > 150°), which is a highly 

water-repellent surface.2 This section will be limited to the discussion of the 

superhydrophobic properties and the considerations for surface morphology 

and surface chemistry modifications. 

Superhydrophobicity was conceptualised from the natural phenomenon 

of the lotus leaf (Nelumbo nucifera) and its self-cleaning properties described 

by Barthlott & Neinhuis.3 This phenomenon is attributed to (i) the hierarchical 

surface morphology, and (ii) the superhydrophobic wax (surface chemistry) of 

the lotus leaf—the two main criteria to fabricate superhydrophobic surfaces. 

The modification of the surface topography and surface chemistry is 

essential to make superhydrophobic surfaces. The equilibrium water contact 
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angle, formed between a rough surface and a water droplet, is explained by 

the Cassie–Baxter model.4 This model proposes the formation of trapped air 

pockets between the liquid droplet and the rough surface. This leads to the 

reduction of contact lines in the solid–liquid interface where the liquid droplets 

remain suspended on the top of the porous surface, and thus, increase of the 

apparent contact angle. The following section will describe the criteria to 

fabricate superhydrophobic surfaces, the choice of the low surface energy 

materials, and the obtention of surface roughness as detailed from previous 

reports. 

 

 

1.1.1 Superhydrophobic Surfaces 

In the fabrication of superhydrophobic surfaces, two factors must be taken in 

consideration regarding surface wettability: (i) material with low surface energy 

to modify the surface chemistry and (ii) a hierarchical surface topography 

either obtained by the nature of the material surface,5 modified hierarchical 

surface templates,34 or induced by introducing nanoparticle fillers.11,12,13 In 

other words, the material surface must be chemically and physically modified 

to reduce the surface energy, and thus, to have weaker adhesion forces than 

the cohesive forces between the liquid droplet and the superhydrophobic 

material surface. 

The intermolecular forces are composed of two main domains: polar 

forces and London dispersive forces. Polar forces are created by the 

permanent dipole moment of molecules and contribute to cohesion forces; 

London dispersive forces are created by the distortion of electron cloud which 

is sufficient to cause a temporary dipole moment in the surrounding molecules. 

Polar liquids have both polar forces and London dispersive forces because of 

the presence of the polar functional groups (e.g., carboxyl, hydroxyl, water). 

All molecules have London dispersion forces, indistinctly whether they are 

polar liquids, thus, non-polar liquids present only London dispersive forces 

(e.g., perfluorocarbon, hydrocarbon) due to the absent of any polar functional 

groups. Thus, non-polar liquids have low surface tension, and weak cohesive 

forces because of the low polarizability of the chemical bonds, for example, 
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hydrocarbon and perfluorocarbon compounds.6 Fluorinated materials are 

commonly proposed for superhydrophobicity because they possess the lowest 

surface tension due to the saturated perfluoroalkyl chains.7 Fluorine is the 

most electronegative element, and in perfluorocarbons, the difference of 

electronegativity between fluorine and carbon makes the C–F a strong bond 

and, due to the electron-withdrawing effect of fluorine in the C–F in fluorinated 

molecules, it reduces the polarisability of the C–F bond, the van der Waals 

interactions, and the free surface energy.8 The polarisability and the free 

surface energy decrease with the number of fluorine substitution, i.e. CF > CF2 

> CF3, being CF3 the component with the lowest free surface energy. 

Therefore, due to the low polarisability of the fluorinated materials, they 

possess properties such as high chemical, thermal, and weather resistance, 

low flammability, low dielectric constants, low moisture absorption, low 

refractive index, and low surface energy which makes them ideal for high liquid 

repellence.9 

 The wetting behaviour of the superhydrophobic surfaces is described by 

the proposed Cassie–Baxter wetting model.4 The modification of the surface 

topography in superhydrophobic coatings is generally prepared by introducing 

inorganic nanoparticles mixed with the polymer coating deposited by various 

methods; the introduction of nanoparticles are used for: enhanced mechanical 

properties,10,11 enhanced photocatalytic activities,20 corrosion protection,14 

tuning of magnetic and electrical properties.21,14,35,26 Alternatively, surface 

roughness can be prepared through lithography, creating micropatterns or 

microprotrusions.12,13  

 Various deposition methods have been used for the fabrication of 

superhydrophobic surfaces using fluorinated and non-fluorinated polymers in 

conjunction with nanoparticle fillers, Table 1.1. Numerous nanoparticles have 

been employed to induce surface roughness, for instance: AlO particles,17,29 

SiO2 nanoparticles,33,25 carbon nanotubes,21,23 kaolin nanoparticles,28 graphite 

flakes,15 TiO2 nanoparticles,15,20 iron nanoparticles,14,35 CuO nanoparticles,30 

ZnO nanoparticles,22,31,32 silver nanoparticles,32 graphene nanoplatelets.26 For 

example, Ye et al.21 fabricated a superhydrophobic surface with controllable 

electrical conductivity using the electrospinning deposition method using a 

mixture of poly (L-lactide) / polyoxymethylene with carbon nanotubes, and they 
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reported a water contact angle (WCA) value of ~165°. Nine et al.15 reported 

the obtention of superhydrophobic surfaces by combining graphene with 

diatomaceous earth particles in conjunction with polydimethylsiloxane using a 

simple spray coating method obtaining ~165° of WCA. Yang et al.35 prepared 

a smart and magnetically responsive superhydrophobic coating with 

reversible-switching wettability and adhesion which operates under the 

influence of an applied magnetic field.  This smart coating was deposited by a 

combined magnetic-field-directed self-assembly and spray coating method. 

Zhou et al.14 prepared a new class of multi-hybrid superhydrophobic coating 

based on iron nanoparticles and alkyl silanes prepared by a spray coating 

method, in addition to the superhydrophobic applications, these coatings 

showed enhanced mechanical properties and corrosion protection immersed 

in acid or alkaline solutions (0–14 in pH) for ten days. Among the coating 

deposition methods, the spray coating method is a one-step and not lengthy 

process for the fabrication of the superhydrophobic coatings, in which both 

surface chemistry and surface roughness can be modified in one step. A 

combination of the spray coating and plasma polymerisation will be discussed 

in the following experimental chapters in which the chemical, mechanical, 

electrical, and antibacterial properties are enhanced for different applications.  

 

Table 1.1: Summary of superhydrophobic coatings fabricated by various deposition 
methods with their additional functional applications. 

Precursors / Materials 
Deposition 

Technique 

Static 

WCA / ° 
Comments Ref. 

• Fe3O4 

• Ethyl silicate 

• Cetyl trimethyl 

ammonium bromide 

• N-octyl 

triethoxysiloxane 

Spray coating >170° 

• Multiple hybrid 

coatings for 

corrosion 

protection 

14 

• Diatomaceous earth 

• Graphite flakes  

• TiO2 nanoparticles 

• Polydimethylsiloxane 

• Spray coating 

• Brush coating 

• Dip coating  

~170° 
• Multifunctional 

barrier coating 
15 
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Precursors / Materials 
Deposition 

Technique 

Static 

WCA / ° 
Comments Ref. 

• Polybutadiene  

• CF4 plasma fluorination  

• Solvent casting  

• Plasma 

functionalisation 

~170° 
• Honeycomb 

structures 
16 

• Hierarchical boehmite 

film  

• Stearic acid 

• Hydrothermal 

growth in acid 

solution 

• Deep coating 

~169° 

• Mechanically and 

chemically stable 

towards 

ultrasonic 

treatment 

17 

• Perfluorodecyl-

trimethylsiloxane 

• Tetraethylorthosilicate 

• Sol-gel 

• Spin coating 
~167° 

• One-step 

deposition process 

• Antibacterial 

activity 

18 

• Polydimethylsiloxane 

• Multiwalled carbon 

nanotubes 

• Spin coating 

• Thermal treatment 
~167° 

• Stability toward 

harsh 

environments 

19 

• TiO2 nanoparticles 

• Octadecyl phosphonic 

acid 

• CF4 plasma >165° 

• Photocatalytic 

switchable 

wettability  

20 

• Poly (L-lactide) / 

polyoxymethylene 

• Multiwalled carbon 

nanotube 

• Electrospinning ~165° 

• Superhydrophobic 

surface with 

controllable 

electrical 

conductivity 

21 

• ZnO nanoparticles 

• Stearic acid 
• Spray coating >160° 

• Unstable under 

hydrostatic 

pressure 

22 

• High viscosity carbon 

nanotube paste 

• Polydimethylsiloxane 

• Multiwalled carbon 

nanotubes  

• Roll-to-roll process >160° 
• Instabilities for 

drag reduction 
23 

• Polystyrene  

• Polyisoprene 

• Fluorinated polyol resin 

• Spray coating >160° 

• Self-healing 

• Enhanced 

mechanical 

properties 

24 
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Precursors / Materials 
Deposition 

Technique 

Static 

WCA / ° 
Comments Ref. 

• Perfluorodecyl-

trichlorosilane 

• Perfluorodecyl- 

dimethyl chlorosilane 

• SiO2 nanoparticles 

• Spin coating 

• Chemical vapour 

deposition 

>160° 

• Highly transparent 

superhydrophobic 

coating  

25 

• Fluoroacrylic polymer 

Capstone ST-100® 

• Electrically conductive 

carbon black 

(ENSACO®) 

• Carbon nanotubes 

• Graphene 

nanoplatelets  

• Drop casting 

• Thermal treatment 
~160° 

• Electrically 

polymer-based 

superhydrophobic 

coating 

26 

• 3,4-

ethylenedioxythiophene 

• Tetradecane  

• Octane 

• Electrodeposition  ~160° 

• Multifunctional 

coatings 

superhydrophobic 

coatings 

27 

• Kaolin particles 

• Stearic acid 

• Diethoxydimethylsilane 

• Triethoxymethylsilane 

• Perfluorooctanoic acid 

• Perfluorooctyl silane  

• Drop coating  ~160° 
• Superomniphobic 

surface 
28 

• AlO nanoparticles 

• Perfluorotetradecanoic 

acid 

• Perfluorononanoic acid 

• Stearic acid 

• Spray coating ~155° 

• Highly branched 

hydrocarbon 

groups replaced 

perfluorocarbon 

groups 

29 

• CuO 

• Vinyl-terminated 

polydimethylsiloxane 

• Trimethylolpropane 

triacrylate 

• Dip coating 

• Thermal treatment  
~153° 

• Superhydrophobic 

coatings for oil–

water separation 

membranes 

30 

• Perfluorooctyl-

trichlorosilane  

• ZnO nanoparticles 

• Hydrolysation  ~153° • Lengthy process 31 
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Precursors / Materials 
Deposition 

Technique 

Static 

WCA / ° 
Comments Ref. 

• ZnO nanorods 

• Silver nanoparticles 

• Stearic acid 

• Chemical bath 

deposition 
~153° 

• Uniformly 

distributed coating 
32 

• Tetraethyl silicate 

• Perfluorooctyl 

trichlorosilane 

• Trichloromethyl-silane 

• Perfluorodecyl-

trichlorosilane 

• Chemical vapour 

deposition 

• Photolithography 

• Plasma activation 

• Dip coating 

>150° 
• Formation of 

micropillars 
33 

• Polydimethylsiloxane  • Replica moulding ~150° 
• Biomimetic replica 

of the lotus leaf 
34 

• Iron particles 

• Polydimethylsiloxane 

• Spray coating 

• Self-assembly 
~150° 

• Smart surface with 

switchable 

wettability  

35 

 

 

1.2 Plasmas 

 

1.2.1 Plasma Classification 

Plasma is an ionised gas referred as the fourth state of matter following to the 

increase of temperature that transforms the mater from solid, to liquid, to gas, 

and to plasma where at least one electron is stripped out from neutral particles. 

Plasmas are constituted of electrons, ions, excited and neutral particles. 

Particles found in the excited state can return to the ground state by photon 

emission, a process which is responsible for the plasma luminosity. The 

presence of free electrons and the equal density of electrons and ions within 

the plasmas, allows the plasmas to be electrically conductive and neutral.36 

Plasmas can be classified, according to their thermodynamic equilibrium, 

into (i) complete thermodynamic equilibrium, (ii) complete local 

thermodynamic equilibrium, and (iii) non-local thermodynamic equilibrium. 

Plasmas in complete thermodynamic equilibrium exist in the stars, fusion 

plasmas; they are characterised by presenting uniform homogeneous 

plasmas with high temperatures, and ionisation degree near to 100%, i.e. high-
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temperature plasmas may have electron temperatures of ≥ 107 K with electron 

and ion densities ≥ 1026 m−3.36,37 These high-temperature plasmas occur in 

harsh conditions and are unable to be used in a research laboratory for 

materials processing. Plasmas in complete local thermodynamic equilibrium 

are commonly known as thermal plasmas. In plasmas with local equilibrium, 

the plasma chemical properties, plasma species temperatures are 

homogenous locally confined in small dimensions related to the Debye length, 

λD. Generally, in thermal plasmas, the temperature of the electron (Te), and 

ions (Ti), is equal to the plasma temperature (Tp) (Te ≈ Ti ≈ Tp ≤ 104 K) and the 

electron density varies between 1021–1026 m−3.37,38 Finally, non-local 

thermodynamic equilibrium plasmas are also known as cold plasmas where 

there exist a deviation of the particle temperatures and, therefore, the Te >> 

Ti. The electron energy is much higher than the rest of the particles (Te >> Ti, 

Te ≈ 104–105 K; Ti ≈ Tp ≈ 300 K), and due to the small mass of the electrons as 

compared to the other particles, the plasma temperature may remain at room 

temperature; typically, the electron density of cold plasmas under vacuum is 

105–107 m−3.37,38  

Cold plasmas are commonly used in plasma chemistry for materials 

processing or surface functionalisation due to the energetic electrons with high 

activation energies at a relatively low plasma temperature which can be used 

for plasma polymerisation, otherwise, it may result unpractical by other means. 

Therefore, cold plasmas are useful for the synthesis of polymers such as thin 

functional coatings with tuneable chemical, physical, mechanical, and 

electrical properties which is the subject of this work. 

 

 

1.2.2 Plasma Species 

The physical parameters of the cold plasmas such as the electron energy, 

plasma sheath, affect the plasma chemistry in the plasma phase and at the 

plasma–surface interface. These characteristics depend on intrinsic properties 

as mentioned in Section 1.2.2 but also to external parameters such as time, 

flow rate, pressure, power, etc., which affect the synthesis of the final product. 

Within the plasma, species gain energy through the elastic and inelastic 
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collisions. Particles exchange energy through elastic collisions, whereas in 

inelastic collisions there occur some chemical reactions such as dissociation 

and ionisation either in the gas phase or through surface reactions. In the 

following sections, the characteristics and chemical reactions attributed to 

each type of plasma specie are described. 

 

 

1.2.2.1 Electrons 

Electrons are the lightest particle of the plasma species and produced by the 

application of radiofrequency (RF) power to a gas at low pressure. The 

electrons gain energy through the electric fields and directed by the magnetic 

field lines, Section 1.2.3.5. The kinetic energy of the electrons is represented 

as an electron energy distribution function, Section 1.2.3.1. An electron can 

transfer their energy to molecules through inelastic collisions. Electrons with 

energy higher than 3 eV have enough energy to break most of the chemical 

bonds leading to chemical reactions such as dissociation, and ionisation, 

producing radicals, ions, photons, lower-energy electrons.37,39  

 

 

1.2.2.2 Ions  

Collisions between electrons and molecules produce energetic positive ions 

(⁓10 eV) in the plasma, Equation 1.1. Negative ions are present in the plasma, 

but they do not participate at plasma–surface interaction due to the negative 

potential formed on the surface, Section 1.2.3.4. It is considered that ions do 

not respond to the magnetic fields or to the electric fields to gain energy due 

to their mass as compared to the electrons.37,39  

 

                                  𝑒− + 𝑋 →  𝑋+ +  2𝑒−  Equation 1.1 

1.2.2.3 Radicals 

Electrons with the energy of 3–5 eV have enough energy to break bonds of 

most of the organic molecules to form radicals, Equation 1.2:37,39  
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                                  𝑒− + 𝑋2  → 𝑒− +  𝑋•  +  𝑋•   Equation 1.2 

 

 

Radicals can recombine with other radicals through radical propagation 

if the molecule contains a functional vinyl group and thus participate in the 

plasma polymerisation and polymer growth at surfaces. 

 

 

1.2.2.4 Exited State Molecules and Vacuum Ultraviolet Photons 

Energetic electrons (5–10 eV) produce higher energetic collisions with neutral 

molecules to produce excited species molecules. The excess of kinetic energy 

is absorbed by the core level electron of the molecule and then it is excited to 

a higher energy level, Equation 1.3:37,39 

 

                                𝑒− +  𝑋2  →  𝑒− + 𝑋2
∗ Equation 1.3 

 

 

The excited state molecules have a short life and then release a photon 

to return to the ground state, Equation 1.4. The released photons are found in 

the UV–visible electromagnetic range with a variety of energy. The vacuum 

UV photons have enough energy to cause any chemical reaction such as 

dissociation or ionisation. The photons in the visible region give the 

characteristic glow of the plasma.37,39  

 

                                          𝑋2
∗  → ℎ𝜆 +  𝑋2 Equation 1.4 

 

 

1.2.3 Plasma Parameters 

Several parameters affect the plasma density, plasma reactivity, and process 

efficiency, which are dependent on the energy and density of charged 

particles. These parameters are the electron temperature, degree of 
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ionisation, Debye length, plasma frequency, plasma sheath. These 

parameters need to be considered to sustain the plasma and for plasma 

processing, and thus, they are required to find the optimum conditions for 

specific plasma reactor configurations and plasma process. 

 

 

1.2.3.1 Electron Temperature 

The plasma species consist of electrons, ions, radicals, and neutral molecules 

which can be divided into two categories: electrons, and heavy species 

corresponding to ions, radicals, and neutral molecules. For plasmas in non-

local thermodynamic equilibrium, the electron temperature is much higher than 

the temperature of the heavy species which remain near to room 

temperature.37 Therefore, the electron energy can be represented in terms of 

electron energy distribution function, f(E).  

To determine the electron energy distribution function, it is assumed that the 

electron velocity distribution is equal in any part of the plasma and that the 

electric field gradient in the plasma does not affect the electron velocity 

distribution. Therefore, it is assumed that the electron temperature is equal to 

the plasma temperature (Te = Tp). Under this consideration, the electron 

energy distribution is known as Maxwellian energy distribution for the 

electrons, and it is described by Equation 1.5:37 

 

                           𝑓(𝐸) = 2.07𝐸𝑎𝑣
−3 2⁄

 𝐸1 2⁄  𝑒𝑥𝑝 (
−1.5𝐸

𝐸𝑎𝑣
) Equation 1.5 

 

where Eav is the average energy of electrons. 

Therefore, due to the assumption that Te = Tp in the Maxwellian energy 

distribution, the Maxwellian energy distribution function provides an 

approximation of the electron temperature in thermal plasmas or local 

thermodynamic equilibrium.  

In contrast, for low-pressure plasmas calculations, the Druyvesteyn 

energy distribution is employed. Druyvesteyn energy distribution replaces the 

assumption made in the Maxwellian energy distribution. The Druyvesteyn 
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energy distribution is based on: (i) the electric field in the plasma is low enough 

to neglect the inelastic collision, but high enough for the electron to have much 

higher energy than the ions; (ii) the frequency of the electric field is much lower 

than the frequency of the collisions; (iii) the collision frequency is independent 

of the electron energy. Therefore, the Druyvesteyn energy distribution is a 

better approximation of the electron energy distribution than the Maxwellian 

energy distribution for low-pressure plasmas, Equation 1.6:37 

 

           𝑓(𝐸) = 1.04 𝐸𝑎𝑣
−3 2⁄

 𝐸1 2⁄  𝑒𝑥𝑝 (
−0.55𝐸2

𝐸𝑎𝑣
2 ) Equation 1.6 

 

Therefore, the Druyvesteyn distribution gives a better approximation to 

low-pressure steady plasmas than the Maxwellian distribution, Figure 1.1. 

Comparing the two different average electron energies (1 eV and 3 eV), it is 

observed that the Druyvesteyn distribution is characterised by a shift toward 

higher electron energies as compared to the Maxwellian distribution. The high-

energy tail of the electron energy distribution distributes their energy through 

collision with other species in the plasma, which could lead to the ionisation 

process in the plasma.37,39 This is an essential factor to consider in the 

optimisation of the plasma process or plasma polymerisation. 

 

 

Figure 1.1: Maxwellian (Equation 1.5) and Druyvesteyn (Equation 1.6) electron 
energy distribution functions. The electron energy distribution functions were plotted 
at 1 eV and 3 eV indicating the average electron energy. Adapted from reference 37. 
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1.2.3.2 Ionisation Degree 

Another intrinsic parameter that determines the characteristic of plasmas is 

the ionisation degree. The ionisation degree specifies the density of charged 

particles as a fraction of the total density of the gas, i.e. the fraction of ionised 

particles in the gas bulk. The ionisation degree (α) is defined as Equation 1.7:  

 

                                                   𝛼 =  
𝑛𝑖

𝑛𝑖+𝑛𝑛
 Equation 1.7 

 

where ni, and nn are the densities of ions and neutral particles. Typically, cold 

plasmas are weakly ionised with an ionisation degree of α ≈ 10-4–10-7.37,40 

 

 

1.2.3.3 Debye Length  

In the plasma, the positive and negative particles are attracted each other to 

cancel the charge, which exists under the influence of an electric field. The 

attraction of the charged particles forms a charged cloud, and beyond the 

diameter of the charged cloud, there will be no electric field. The local 

concentration of charged clouds created by the charged particles gives the 

character to the plasma of quasi-neutrality. Therefore, the Debye length (λD), 

is a dimension that characterises the neutrality breakdown in the plasmas, i.e. 

the dimension where local charge densities exits, Equation 1.8: 

 

                               𝜆𝐷 =  (
𝜀𝑜𝑘𝑇𝑒

𝑛𝑒𝑒2
)

1 2⁄

 Equation 1.8 

 

 

where ɛo is the permittivity of the free space, and e is the charge of the electron. 

Typically, the λD is in the order of microns, and a sphere volume with a radius 

equal to the λD contains 104–107 electrons at a Te > 1 eV, and ne < 106 m−3.37,40 
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1.2.3.4 Plasma Sheath 

The plasma sheath is a region where the surface develops a negative potential 

relative to the plasma bulk. The density of ions and electrons are equal in the 

plasma bulk, so quasi-neutrality of the plasma is conserved. The electrons are 

more energetic and lighter, and thus, electrons reach the surface creating a 

negative potential rapidly. This causes that only the most energetic electrons 

reach the surface while the negative potential repels the least energetic 

electrons. On the other hand, ions are accelerated to the surface by the 

negative potential in the plasma sheath, Figure 1.2.39  

 

Figure 1.2: Schematic representation of the electrons repelled by the negative 
potential created in the plasma sheath.  Scheme adapted from reference 39. 

 

 

Therefore, the potential gradient between the plasma bulk (Vf) and the 

surface (Vp) is defined by Equation 1.9, which eventually reach the equilibrium. 

In cold plasmas used for chemical functionalisation, the potential difference is 

in the order of 10–30 V (Vp − Vf).  

 

𝑉𝑝 − 𝑉𝑓 =  
𝑘𝑇𝑒

𝑒
(

1

2
+ ln (

𝑀

2𝜋𝑚𝑒
)) Equation 1.9 
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where k is the Boltzman constant, e is the electron charge, M is the molecule 

mass, me is the electron mass.39  

 

 

1.2.3.5 Charged Particle Motion in Electromagnetic Fields 

The understanding of the charged particle motion in the plasma is essential to 

determine the optimum conditions and reactor configuration to carry out the 

plasma processing. Under the consideration of no collisions, the movement of 

the charged particles of mass m, charge q, and velocity 𝑣⃗, the charged 

particles in an applied magnetic field 𝐵⃗⃗, the particle experience a force 𝐹⃗, 

Equation 1.10:40 

 

                              𝐹⃗ = 𝑚
𝑑𝑣⃗⃗

𝑑𝑡
= 𝑞( 𝑣⃗ 𝑥 𝐵⃗⃗) Equation 1.10 

 

 

 If the derivative of velocity is multiplied by 𝑣⃗, it results in constant kinetic 

energy of the charged particle, and thus, the equation is equal to zero (i.e., a 

derivative of the constant kinetic energy is zero). Therefore, it results that 𝑣⃗ is 

composed of parallel 𝑣⃗‖ , and perpendicular  𝑣⃗⏊ to the magnetic field lines 

which result in two different motions around the magnetic field lines, Equation 

1.11 and Equation 1.12. These two motions represent the circular motion (𝑣⃗⏊) 

of the charged particle (Equation 1.11) around the magnetic guiding centre, 

and the linear motion (𝑣⃗‖) with constant velocity around the magnetic guiding 

centre, resulting in a helical motion, Figure 1.3, with Larmor radius, rL, Equation 

1.13.40 

 

                                 𝑚
𝑑𝑣⃗⃗⏊

𝑑𝑡
= 𝑞( 𝑣⃗⏊𝑥 𝐵⃗⃗) Equation 1.11 

  

                                     𝑚
𝑑𝑣⃗⃗‖

𝑑𝑡
= 𝑞( 𝑣⃗‖ 𝑥 𝐵⃗⃗) Equation 1.12 
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                                         𝑟𝐿 =  
𝑚𝑣𝐿

𝑞𝐵
 Equation 1.13 

 

 

 

Figure 1.3: Schematic representation of the motion of the electrons and positive ions 

parallel to the magnetic fields (𝐵⃗⃗). The electrons and ions gyrate around a magnetic 
field line (dashed line). The direction of the charged particles changes according to 
the charge of the particle. Scheme adapted from reference 40. 

 

Therefore, in the presence of electric field 𝐸⃗⃗, the charged particles are 

exposed to the Lorentz forces, Equation 1.14. The 𝐸⃗⃗ provides kinetic energy 

to the charged particles and induces constant acceleration perpendicular to 

the 𝐸⃗⃗ and 𝐵⃗⃗.40 

 

                              𝑚
𝑑𝑣⃗⃗

𝑑𝑡
= 𝑞( 𝐸⃗⃗ + 𝑣⃗⏊ 𝑥 𝐵⃗⃗) Equation 1.14 

 

 

1.2.4 Types of Plasmas 

Cold plasmas are produced by applying power to a gas, and the applied 

energy creates a breakdown on the gas and the generated electron gain 

energy from the electric field. There are different energy sources to ignite 

plasmas, such as the application of direct current (DC), radiofrequency (RF) 

discharges, or microwave (MW) discharges. The choice of the power supply 

will depend on the specific method, equipment, and external parameters used 
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for plasma processing and is independent of the electron energy and 

temperature. This section will be focused on the description of the plasmas 

generated by RF discharges.37,41 

The plasma reactors used for surface material modification or thin-film 

deposition are commonly driven by three different commercial radiofrequency 

generators, 40 kHz, 13.56 MHz, and 2.45 GHz.40 The application of RF 

discharges between two parallel electrodes or in coils produces the generation 

of an RF electromagnetic field which sustain the plasma. The RF 

electromagnetic field is coupled to the electrons in the plasma, and the 

electrons gain energy from the generated electric field to maintain the plasma, 

Section 1.2.3.5. The RF discharge can be coupled in two different ways to 

produce RF electromagnetic fields and produce plasma: inductively coupled 

plasma (ICP), and capacitively coupled plasma (CCP).  

 

 

1.2.4.1 Inductively Coupled Plasmas 

In inductively coupled plasmas, the RF electric field is coupled to the plasma 

via an electromagnetic field produced by a helical coil which surrounds the 

plasma system. The conductive coil is connected to an RF generator which 

generates an alternating magnetic field, and thus, an electric field within the 

plasma volume that provides energy to the electrons to sustain the plasma. 

The flow of the current in the plasma generates a magnetic flux denoted as 

inductance, Lp, the inductance created by the coil and the matching network 

(a device used to match and maximise the power transfer from the RF 

generator to the coil and plasma volume) are used to optimise the power 

transfer, discharge uniformity, heat dissipation in the coil and plasma—

enhancing the performance of the plasma processing.  The quantification of 

the magnetic flux, Φ, is proportional to the magnetic field, Hz, and the inner 

radius of the conductive coil, r0, Equation 1.15:40 

 

        𝛷 =  𝜇𝑜𝐻𝑧𝜋𝑟0
2 Equation 1.15 
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where μ0 is the vacuum permittivity, the magnetic field (Hz) is proportional to 

the plasma current, Ip, (Ip = NIcoil, N = number the turns of the conductive coil; 

Icoil = current on the coil) and inversely proportional to the coil length, L, 

Equation 1.16. Therefore, by combining  Equation 1.15 and Equation 1.16, the 

plasma inductance (Lp) can be determined by Equation 1.17. The flow of the 

current around the RF conductive coil induces the generation of 

electromagnetic field lines, Figure 1.4; each magnetic guiding centre transport 

the electrons within the plasma while the electrons gain energy from the 

electric field, Section 1.2.3.5.40 

 

                                              𝐿𝑝 =
𝐼𝑝

𝐿
 Equation 1.16 

  

                                        𝐿𝑝 =  
𝜇0𝜋𝑟0

2

𝐿
 Equation 1.17 

 

 

 

Figure 1.4: Schematic representation of the current flow (I) through the RF conductive 
coil and the induction of the RF magnetic field lines. Adapted from reference 38. 

 

 

1.2.4.2 Capacitively Coupled Plasmas 

In capacitively coupled plasmas (CCP), RF voltage is applied between two 

parallel electrodes which generate an oscillating electric field between the 

parallel electrode plates. Usually, one electrode is grounded, and the other is 
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powered by an RF generator, Figure 1.5. The CCP produces more energetic 

ions in direction of the electric field towards the powered electrode as 

compared to the ICP configuration, although ICP configuration produces more 

energetic electrons at low applied power. The surface of the electrode is not 

required to be conductive since the RF voltage discharge can be matched to 

any kind of impedance. Therefore, due to the parallel electrodes in the CCP 

configuration, and uniformity of the electric potential across the electrodes, it 

is possible to obtain consistency in the plasma processing which is determined 

by the electrode size.40,41 

 

 

Figure 1.5: Schematic representation of the inductively coupled plasma configuration. 
Adapted from reference 37. 

 

 

1.2.5 Plasma Polymerisation 

Plasma polymerisation is a type of plasma chemistry where the plasma 

species activate monomer molecules in the gas phase of the plasma and in 

the plasma–surface interface to obtain plasma polymers. Generally, in the gas 

phase of plasma, the monomer molecules are converted into monomer 

radicals which are then recombined with surface radicals for the propagation 

and growth of the plasma polymer.42 The electrons which get energy from the 

electric field, have enough energy (typically 1–10 eV, Section 1.2.3.1) to 

dissociate or break chemical bonds, Table 1.2.43 
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Table 1.2: Typical dissociation bond energies of some chemical bonds in organic 
molecules.43 

Bond 
Dissociation 

Energy / eV 

C–C 3.61 

C=C 
6.35 

(2.74 for π bond) 

C–H 4.30 

C–N 3.17 

C=N 9.26 

C–O 3.74 

C–F 5.35 

O–H 4.83 

 

 

 Plasma polymerisation produces ultrathin polymer coatings which are 

pin-hole free, with regular structure and variable chemical composition, these 

properties also depend on the precursor. Depending on the plasma conditions, 

it is possible to tune the retention of functional groups, enhanced mechanical, 

chemical, and electrical properties. Some of the external parameters that 

affect the plasma polymerisation are the Yasuda parameter, which is used to 

control the energy-per-molecule ratio (W/F) and thus optimising the plasma 

deposition conditions, the flow rate of the precursor (F), working pressure, 

applied power (W), reactor configuration, etc.44 Therefore, these external 

parameters affect the plasma processing, and allow to set the optimum 

parameters for the plasma deposition conditions which are required for the 

synthesis of the plasma polymer. 

 Depending on the chemical structure of the precursors, plasma 

polymerisation is carried out by two main mechanisms: conventional radical 

polymerisation, and ionic deposition.39,43,44,45 For instance, it has been 

confirmed that precursors having a polymerisable group follow the 

conventional radical polymerisation through the unsaturated vinyl group. 46,47,48 

While precursors having a non-polymerisable group may follow an ion–

molecule chain polymerisation which was observed between a positively 
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charged oligomer and a neutral species leading to highly branched 

products.49,50 

Therefore, the control and optimisation of the external parameters during 

the plasma polymerisation, affect the chemical, mechanical, and electrical 

properties of the plasma polymers, thus, the optimum conditions are required 

to obtain the desired plasma polymer coatings and thicknesses for the 

required industrial application based on the plasma polymerisation.  

 

 

1.3 Scope of Thesis 

In this thesis, the atomised spray plasma deposition (ASPD) technique was 

used to fabricate different functional plasma polymer coatings, such as liquid 

repellent, wet electrical barrier, and antibacterial coatings. The atomisation of 

the precursor into the plasma allows to the plasma polymerisation of the 

precursors which are activated by the reactive plasma species and 

subsequently leading to the plasma polymer growth on the substrate surface.  

Chapter 3 reports the fabrication of superhydrophobic and oleophobic plasma 

polymer coatings. The approach to fabricate these liquid repellent coatings 

was to use perfluorocarbon materials to modify the surface chemistry—

because of the —CF2—, and —CF3 bonds which are the functional groups 

with the lowest surface tension—and nanoparticles to induce surface 

roughness and decrease further the wettability. The mixture of perfluorocarbon 

precursors with nanoparticles was plasma polymerised through the atomised 

spray plasma deposition technique yielding high water repellency. The 

incorporation of nanoparticles not only improved the liquid repellency but also 

improved the mechanical properties of the plasma polymer coatings.  

In Chapter 4, wet electrical barrier coatings were fabricated and tested 

on micro-circuit boards with the aim to protect electronic devices from 

electrical failure in contact with moisture or water. Fluorine-free hydrophobic 

precursor was employed to synthesize the plasma polymer coatings. 

Hydrophobic hydrocarbon precursors have low polarizability, and low dielectric 

constant which make them suitable for insulating polymer coatings. The 

improved method of the ASPD with plasma post-treatment applied to the 
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plasma polymer coatings allowed to improve the electrical barrier and 

mechanical properties due to the further increase of the crosslinking degree.  

The fabrication of superhydrophobic wet electrical barrier coatings were 

reported in Chapter 5. The mixture of two perfluorocarbon precursors 

atomised into the plasma to form superhydrophobic polymer coatings. 

Because of the different of the physicochemical properties of the 

perfluorocarbon precursors, the plasma polymer coatings resulted in self-

induced roughness which helped to further increase the liquid repellency and 

enhance the wet electrical barrier coatings.   

Chapter 6 reports the fabrication of highly antibacterial polymer 

coatings. The approach to produce these antibacterial polymer coatings is to 

use the metallosurfactant composed of a hydrophobic double-long-alkyl-chain 

surfactant complexed with copper ions which synergistically interact with the 

bacterial cell wall. The antibacterial metallosurfactant was incorporated into 

the plasma polymer matrix through the atomised spray plasma deposition 

technique resulting in a metallosurfactant–polymer nanocomposite coatings. 
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2. Experimental Techniques 

 

2.1 Experimental Details of Atomised Spray Plasma Deposition 

Precursors loaded into a sealable glass delivery tube were degassed using 5–

6 freeze–pump–thaw cycles. Substrates used for coating were glass 

microscope slides (Academy Science Ltd.), silicon (100) wafers (0.014–0.024 

Ω cm resistivity, Silicon Valley Microelectronics Inc.), microcircuit boards (two 

copper contact pads mounted on an epoxy glass laminate substrate), and 

hierarchical-coarse non-woven polypropylene cloth (0.41 mm thick, 22.7 ± 4.4 

µm fibre diameter, and dimpled structure 0.68 ± 0.16 µm separation, 

Spunbond, 70 g m−2, Avoca Technical Ltd., UK). These were cleaned in three 

steps: ultrasonicated in a 1:1 v/v mixture of propan-2-ol (+99.5 wt %, Fisher 

Scientific Ltd.) / cyclohexane (+99.7%, Sigma-Aldrich Ltd.) for 5 min and air 

dried, followed by UV ozone cleaning (ProCleaner model UV.TC.EU.003, 

BioForce Nanosciences Inc.) for 10 min, and finally ultrasonicated in a 1:1 v/v 

solvent mixture of propan-2-ol / cyclohexane for 5 min followed by air drying. 

The hierarchical-course non-woven polypropylene cloth substrates were 

washed and soaked with ethanol for 20 min, and vacuum dry to remove any 

excess of ethanol (+99.8%, Fisher Scientific Ltd., UK) before placement 

downstream in line-of-sight from the atomiser, Figure 2.1. 

 

 

Figure 2.1: Atomised spray plasma deposition (ASPD) chamber. 1 
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Atomised spray plasma deposition was carried out in an electrodeless, 

cylindrical, T-shape glass reactor (volume 1117 cm3, base pressure of 3 x 10−3 

mbar, and a leak rate better than 2 x 10−9 mol s−1)2 enclosed in a Faraday 

cage. The chamber was pumped by a 30 L min−1 two-stage rotary pump 

(model E2M2, Edwards Vacuum Ltd.) attached to a liquid nitrogen cold trap, 

and the system pressure monitored by a Pirani gauge. An inductor–capacitor 

(L–C) impedance matching network was used to minimise the standing wave 

ratio for power transmitted from a 13.56 MHz radiofrequency (RF) power 

supply to a copper coil (4 mm diameter, 7 turns) located downstream from an 

atomiser (20 µm diameter median droplet size,3,4 model No. 8700-120, Sono-

Tek Corp.), which was driven by a broadband ultrasonic generator (120 kHz, 

model No. 06-05108, Sono-Tek Corp.). Prior to each deposition, the chamber 

was scrubbed with detergent, rinsed with propan-2-ol and acetone (+99%, 

Fisher Scientific Ltd.), and oven dried. Next, a continuous-wave air plasma 

was run at 0.2 mbar pressure and 50 W power for 30 min to remove any 

remaining trace contaminants from the chamber walls. Then, ambient-

temperature atomised spray plasma deposition was carried out using 30–50 

W continuous-wave plasma in conjunction with the atomisation of the 

precursor solution. Upon plasma extinction, the atomiser was switched off, and 

the system was evacuated to base pressure, followed by venting to 

atmosphere. 

 

 

2.2 Experimental Details of X-ray Photoelectron Spectroscopy 

Deposited layers were analysed by X-ray photoelectron spectroscopy (XPS) 

using a VG ESCALAB II electron spectrometer equipped with a non-

monochromatic Mg Kα X-ray source (1253.6 eV) and a concentric 

hemispherical analyser. Photoemitted electrons were collected at a take-off 

angle of 20° from the substrate normal with electron detection in the constant 

analyser energy mode (CAE, pass energy = 20 eV).5 Experimentally 

determined instrument sensitivity (multiplication) factors were C(1s): N(1s): 

F(1s): O(1s): Si(2p): Zn(2p) equals 1.00:0.70:0.25:0.35:0.97:0.056.5 Data 

analysis of the XPS spectra data was carried out in an Excel spreadsheet, 
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where a linear background was subtracted from core level spectra and then 

fitted using Gaussian peak shapes with a constant full-width-half-maximum 

(FWHM).6,7 Each Gaussian peak shapes was fitted to the corresponding 

chemical environment of the elements presented in the plasma polymer 

coating. All binding energies are referenced to the Mg Kα1,2 C(1s) –CF2– peak 

at 291.2 eV binding energy in the case of the ASPD perfluorinated polymer 

coatings,8,9 and to the Mg Kα1,2 C(1s) –CxHy– peak at 285.0 eV binding energy 

for the ASPD hydrocarbon polymer coatings.  

 

 

2.3 Experimental Details for Infrared Spectra Acquisition 

Fourier transform infrared (FTIR) analysis was carried out using a FTIR 

spectrometer (Spectrum One, Perkin Elmer Inc.) equipped with a liquid-

nitrogen-cooled mercury-cadmium-telluride (MCT) detector. The spectra were 

averaged over 285 scans at a resolution of 4 cm−1 across the 450–4000 cm−1 

range. Reflection–absorption infrared spectroscopy (RAIRS) of ASPD 

nanocomposite layer coated silicon wafers was performed using a variable 

angle reflection–absorption accessory (Specac Ltd.) fitted with mirrors aligned 

at an angle of 66° to the substrate normal.  Attenuated–total–reflection (ATR) 

spectra of liquid and powder precursors were obtained using a single reflection 

type II-a diamond brazed into tungsten carbide accessory (Golden Gate, 

Specac Ltd.).  

  

 

2.4 Experimental Details of Scanning Electron Microscopy 

ASPD coated silicon wafers were mounted onto carbon disks supported by 

aluminium stubs, and then covered with a 5–10 nm evaporated gold layer 

(Polaron SEM Coating Unit, Quorum Technologies Ltd.). Surface morphology 

images were acquired from a scanning electron microscope (model Vega 

3LMU, Tescan Orsay Holding, a.s.) operating in secondary electron detection 

mode at an accelerating voltage of 8 kV, and a working distance of 8–10 mm. 

For cross-sectional SEM images, the ASPD coated silicon wafers were 
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fractured by freezing in liquid nitrogen before mounting onto carbon disks 

supported by aluminium stubs.  

 

 

2.5 Experimental Details of Film Thickness Measurements 

Film thickness measurements were carried out only on smooth ASPD 

perfluorotributylamine coatings deposited onto silicon wafer substrates using 

a spectrophotometer (model NKD-6000, Aquila Instruments Ltd.). A 

monochromated UV-visible light (using a parallel (P) polarised light source at 

30° incident angle) source passes through the polymer film of the plasma 

polymer coated sample over a range of wavelengths (350–1000 nm). Then, 

the incident light is reflected from the interface between the polymer film and 

the shiny silicon wafer substrate. The reflectance curve is a function of the 

wavelength which depends on the film thickness and optical properties—

refractive index (n) of the polymer film, and the extinction coefficient (k). The 

obtained raw reflectance data were fitted to a Cauchy model for dielectric 

materials10 using a modified Levenberg–Marquardt algorithm (version 2.2 

software, Pro-Optix, Aquila Instruments Ltd.).11 Given that the transmittance–

reflectance measurements are challenging to analyse in transparent 

substrates due to the optical imperfections (e.g., metallic impurities, 

birefringence, manufacturing stress), silicon wafer substrates were used as an 

opaque substrate to obtain the reflectance curves (no transmittance is 

detected). 

 

 

2.6 Experimental Details of Contact Angle Analysis 

Sessile drop static contact angle measurements were carried out at 20 °C 

using a video capture apparatus in combination with a motorised syringe 

(model VCA 2500XE, A.S.T. Products Inc.). 1 µL droplets of ultrahigh-purity 

water (B.S. 3978 grade 1) and hexadecane (99%, Sigma-Aldrich Ltd.) were 

employed as probe liquids for hydrophobicity and oleophobicity, respectively. 

Advancing and receding contact angle values were determined by respectively 
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increasing the dispensed 1.0 µL liquid drop volume by a further 1.0 µL, and 

then decreasing the liquid drop volume by 1.0 µL.12 Contact angle hysteresis 

was determined by the difference between the advancing and receding 

contact angle values. 

 

 

2.7 Microindentation Hardness Test 

Microindentation hardness is a technique that provides evidence of the 

mechanical properties of materials based on their plastic deformation. The 

plastic deformation is linearly correlated to the material´s tensile strength—

indicating the stress-strain deformation measuring the resistance to plastic 

deformation of materials as a response to an applied force. In other words, 

microindentation hardness indicates the hardness of the material resistance 

to localised plastic deformation, for example, small indents or scratches.13  

The Vickers hardness test is a standard method to measure the hardness 

of materials.14 In the Vickers hardness test, a diamond indenter with a square 

shape is employed to produce a well-defined shape controlled by the applied 

force and load rate. The diagonals (d1 and d2) produced by the 

microindentation are measured by an optical microscope after load removal, 

Figure 2.2. The Vickers hardness number is then obtained by dividing the 

surface area of the Vickers indenter’s shape by the applied force, Equation 

2.1:14 

 

 

Figure 2.2: Schematic representation of the Vickers indenter and the impression of 
the indenter on the sample. 

 

                                   𝐻𝑉 = 0.0018544 𝑥 
𝑃

𝑑𝑚
2  Equation 2.1 
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where HV is given in GPa, force (P) in Newton, and mean diagonal (dm) in mm. 

Therefore, this microindentation technique is useful to measure the hardness 

(scratch resistance) of thin polymer coatings. 

Vickers hardness (HV) values were measured using a micro Vickers 

hardness tester (model MVK-H2, Mitutoyo Inc.) and then converted into GPa. 

A standard Vickers indenter tip was employed with applied loads of 98, 245, 

490, and 980 mN (international standard test ASTM E384-11e1).14 The tip load 

was applied for 10 s, at an indentation speed of 3 µm s−1 and then unloaded 

over a period of 10 s. At least 5 different sampling points across the surface 

were analysed for each applied load value. 

 

 

2.8 Electrical Barrier Coatings 

The dielectric breakdown of an insulating material occurs when the applied 

electric field surpasses the dielectric strength of the insulating material, and 

the electrons flow creates conductive channels across the insulating 

material—resulting in the material failure. The choice of insulating material with 

sufficiently low dielectric constant and large film thickness can act 

synergistically to prevent the dielectric breakdown.15 

During the dielectric breakdown, the electron transport is initiated from 

the cathode (negative potential) creating conductive channels through the 

polymer material. These electrons lose their energy through ionisation impact 

with the polymer molecules and thus damaging the insulating materials. Then, 

the electrons continue to gain kinetic energy from the applied electric field, and 

thus, creating an electron avalanche which results in the material damage.15,16 

On the other hand, the application of the electric field through a polymer 

material induces a permanent change of the dipole moment resulting in the 

polarisation of the molecules. The change of polarisability depends on the 

change of the dipole moment induced by the applied electric field, and it 

depends on the electrical strength of the molecule.17 Higher polarisation is 

found in polar molecules, whereas perfluorocarbon and hydrocarbon display 

low polarisation and thus lower dielectric constant. Furthermore, polarisation 
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is related to the refractive index and molar refraction of organic molecules 

(molar refraction of some chemical bonds,18 [10−6 m3]: 1.296 for C–C; 1.44 for 

C–F; 1.676 for C–H; 3.32 for C=O; 4.17 for C=C), and thus, to the dipole 

moment induced by the applied electric field.18 Therefore, the low molecular 

refraction indicates low dielectric constant and this principle can be used in the 

design of insulating polymer materials (i.e., perfluorinated or alkyl chains 

functionalised coatings) to encapsulate electronic devices. 

 

 

2.8.1 Experimental Details of the Electrical Barrier Test 

The micro-circuit board consists of two copper contact pads connected to a 

copper circuit on top of a small epoxy glass laminate substrate. Prior to ASPD 

deposition, the copper contact pads were covered with a small strip of single-

sided adhesive tape (product code 1443170, Henkel Ltd.) so that the copper 

contact pads are free of plasma polymer coating and cleaned with a cotton 

bud soaked in acetone (+99.8 wt.%, Fisher Scientific Ltd.) for subsequent 

electrical barrier tests. Further details of the micro-circuit board preparation 

have been reported by Fraser et al.19  

The wet electrical breakdown of the ASPD plasma polymer coated micro-

circuit boards was evaluated by immersing the ASPD coated micro-circuit 

boards in tap water (156 µS cm−1 conductivity, Northumbrian Water) and 

measuring the electrical resistance at a fixed voltage. Tap water was used to 

test the wet electrical barrier of the ASPD coated micro-circuit boards as it 

represents the leading cause of electrical failure of the electronic devices, 

causing either a short circuit or localised corrosion. A multimeter (with a lower 

detection limit of 10 nA, Keithley 2000, Tektronix UK Ltd.) was used to 

measure the current flow for each ASPD coated micro-circuit board connected 

to a variable voltage supply (Model PS-6010, Instek Ltd.). The voltage applied 

across the circuit was checked using a hand-held multimeter (model 72-770, 

Tenma Ltd.). Standard wires and connectors were employed (Flexiplast 2 V, 

0.75 mm2 cross-sectional area, 196 strands, 0.07 mm diameter, negligible 

internal resistance, Multicontact UK Ltd.).  
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Two small crocodile clips were carefully cleaned with acetone to remove 

any contaminants and then fed through two holes in a support lid to hold the 

microcircuit board in place, Figure 2.3. This was lowered into a 50 mL glass 

beaker filled with 25 mL of equilibrated tap water (20 °C).  

A fixed voltage was then applied across the 0.8 mm gap between the 

microcircuit board copper tracks while immersed in water (e.g., 8 V 

corresponds to an electric field of 10 V mm−1). Current measurements were 

taken every 30 s over a 13 min period. At this stage, the final electrical 

resistance was calculated using Ohm’s law. 

 

 

 

Figure 2.3: Circuit diagram for wet electrical barrier testing of ASPD micro-circuit 
board. Adapted from reference 19. 

 

 

2.9 Bacteria–Surface Interaction 

Bacteria are found around our environment, within the water, air, food, and 

living beings maintaining the life balance in our ecosystems. Besides, bacteria 

may play an essential role in different sectors, such as medicine, food 

processing, water treatment, bioremediation, insect pest control, and so on.20 

However, there exist a small proportion of pathogenic bacteria that, in a 

considerable bacterial concentration, may cause diseases to humans or 

animals and then easily propagated through the environment of any surface 

exposed to bacteria through ill animals or patients. For instance, in hospitals 

or health care centres, there is a risk of potential of cross-contamination 

through the air, contaminated environmental surfaces etc.21,22 which may be 
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due to poor hygiene control or improper instrument or food handlings leading 

to the bacterial infection to other patients.23 Thus, one proposed approach 

which may reduce the bacteria propagation is the functionalisation of surfaces 

with antibacterial agents. Therefore, in the following section, the physiological 

characteristics of bacteria will be described. 

 

 

2.9.1 Characteristics of the Bacterial Cell Wall 

Bacteria are single-celled microorganisms with different physical appearances 

such as spherical (coccus), rod-shaped (bacillus), and spiral with a size range 

from 0.2–2 µm in diameter and from 2–8 µm in length. Bacterial cell walls are 

mainly composed of a protein complex called peptidoglycan which surrounds 

the cytoplasmatic membrane acting as a physical barrier to protect the interior 

of the bacterial cell.24 A method used to classify bacteria according to their 

structural difference and bacterial cell wall composition is the Gram stain 

method.25  

 

 

2.9.2 Gram-Positive Bacterial Cell Wall 

Gram-positive bacteria cell wall (e.g., Staphylococcus aureus) is composed of 

two layers: the plasma membrane, and the cell wall (the cell wall is composed 

of a peptidoglycan layer of 20–80 nm thick), Figure 2.4. Between the 

peptidoglycan layer and the plasma membrane, there is a cytoplasmic space 

bonded between the peptidoglycan and the plasma membrane. This 

cytoplasmic region contains a high concentration of transport proteins and 

degradative enzymes where important enzymatic reactions occur. The 

function of the plasma membrane (typically contains phospholipids and 

proteins) is to transport the nutrients into the bacterial cell but also to protect 

the cytoplasm. The peptidoglycan is a combination of repeating disaccharide 

units connected by polypeptides which surround and offer protection to the 

bacterial cell.24,25 
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2.9.3 Gram-Negative Bacterial Cell Wall 

The cell wall of the Gram-negative bacteria (e.g., Escherichia coli) consists of 

three layers: the plasma membrane, and the cell wall, which is composed by 

a thin layer of peptidoglycan (1–3 nm in thickness), and an extra layer of outer 

membrane as compared with the Gram-positive bacteria, Figure 2.4. The 

plasma membrane and the peptidoglycan layers have similar compositions as 

the Gram-positive bacterial cell wall, and these layers are bonded together by 

the periplasmic space, i.e. a gel-like liquid found between the plasma 

membrane and outer membrane. One of the characteristics that distinguish 

the Gram-negative bacteria from the Gram-positive bacteria is the thin layer of 

the peptidoglycan located between the plasma membrane and the outer 

membrane. The thin layer of peptidoglycan makes the Gram-negative 

bacterial cell wall more flexible, although it makes it more susceptible to cell 

disruption. On the other hand, the outer membrane, having a strong negative 

charge, is composed of lipopolysaccharides, lipoproteins, and phospholipids. 

This extra outer membrane functions as a physical barrier to some antibiotic 

agents and thus makes the Gram-negative bacteria more antibiotic-resistant 

than the Gram-positive bacteria.24,25 

 

 

Figure 2.4: Bacterial cell wall structures of: (a) Gram-positive bacteria, and (b) Gram-
negative bacteria. Adapted from reference 25. 
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2.9.4 Bacterial Growth  

Bacterial growth is typically carried out in a culture medium, a nutrient material 

used to sustain the growth of bacteria. Bacteria that are cultivated in the 

nutrient material to grow and multiply on the culture medium are known as a 

culture. Typically, the process of bacterial growth implies to prepare the 

bacterial culture by placing a single colony of bacteria into a sterile liquid 

nutrient medium (agar), the bacterial culture is then incubated and grown for 

several hours, following by sampling the broth to inoculate bacteria in a 

separate sterile cuvette, then incubated for a period of time onto each sample 

to finally counting the number of bacteria colonies after the incubation of 

bacteria onto each sample. 24,25 

The bacterial growth comprises 4 phases which describe the kinetics of 

bacterial growth as a function of the time: lag phase, log phase, stationary 

phase, and death phase, Figure 2.5. During the lag phase, the bacterial growth 

has little or no change in the bacterial concentration; instead, they are 

adjusting to their environment and preparing to metabolise different enzymes 

and molecules. In the log phase, bacteria undergo the cell division (binary 

fission), and they are multiplied exponentially. During the log phase, bacteria 

are metabolically active, and thus, in this step is when bacteria are commonly 

used to carry out different bacteria analysis, e.g. antibacterial test. In the 

stationary phase, the bacterial growth rate and the bacterial death rate reach 

an equilibrium and the nutrient concentration is nearly exhausted. When the 

bacteria death rate surpasses the bacteria growth rate, the bacteria population 

decrease and this phase is known as the death phase, Figure 2.5. Therefore, 

during the performance of the antibacterial test, bacteria are taken when their 

bacterial concentration reaches the mid-log phase.24,25 
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Figure 2.5: Bacterial growth curve following sequential bacterial growth phases: lag 
phase, log phase, stationary phase, and death phase. It is adapted from reference 
25. 

 

 

2.9.5 Optical Density of Bacterial Culture  

An indirect method to estimate the bacterial number of a bacterial culture 

contained into a polypropylene cuvette is by measuring the absorbance of the 

bacterial culture through a spectrophotometer. The cuvette containing the 

bacterial culture is placed inside a spectrophotometer where an incident light 

(commonly using a light beam with a wavelength of 600 nm) passes through 

the cuvette and then the absorbance of the transmitted light is registered by 

the spectrophotometer. The transmitted light is a function of the absorbance, 

and thus, is proportional to the concentration of substances as described by 

the Beer-Lambert law stating that the absorbance of a substance is 

proportional to the concentration of solutions. Therefore, the absorbance of 

the bacterial culture is called optical density (OD600 nm) and this OD readout 

can be related to the bacterial plate counts to estimate the number of bacteria 

in the bacterial culture—in practice, a typical OD600 nm is 0.4 which indicates 

the number of bacteria in the bacterial culture in the mid-log of the growth 

phase, the phase at which the bacteria are grown to carry out the antibacterial 

test.24,25,26 

 



39 
 

2.9.6 Antibacterial Test: Dilution Method 

 

2.9.6.1 Materials 

For antibacterial testing, the polypropylene cloth (0.41 mm thick, 22.7 ± 4.4 µm 

fibre diameter, and dimpled structure 0.68 ± 0.16 mm separation, Spunbond, 

70 g m−2, Avoca Technical Ltd., UK27) samples were cut into pieces of 5 mm 

x 5 mm size. Bacteria used were: Gram-positive Staphylococcus aureus 

(FDA209P, an MSSA strain; ATCC 6538P); and Gram-negative wild-type 

Escherichia coli BW25113 (CGSC 7636; rrnB3 ΔlacZ4787 hsdR514 

Δ(araBAD)567 Δ(rhaBAD)568 rph–1). 

 

 

2.9.6.2 Preparation of Bacterial Cultures 

For each bacteria species, bacterial cultures were prepared using 5 mL of 

sterile (121 °C for 15 min in an autoclave (model Vario 1528, Dixons Ltd.)) 

Lysogeny Broth (LB) media (L3022, Sigma-Aldrich, Inc.) at 2% w/v in Milli-Q® 

water, starting with a single bacterial colony, and grown for 16 h at 37 °C in a 

shaking incubator (model Stuart Incubator SI500, Cole-Parmer Instrument 

Company LLC.) set at 120 rpm. Then, 50 µL of the overnight bacterial culture 

was used to separately inoculate bacteria in a sterile polystyrene cuvette (10 

mmm model 67.742, Sarstedt AG) containing 1 mL of 2% w/v LB media. The 

cuvette was covered with plastic film (Parafilm, Cole-Parmer Instrument 

Company LLC.) and bacteria grown as before at 37 °C in a shaking incubator 

set at 120 rpm. Optical densities OD600 nm = 0.400 (0.407 ± 0.006 for S. 

aureus), and 0.404 ± 0.007 for E. coli) were measured using a 

spectrophotometer (model DS-11, DeNovix Inc.) to provide bacterial cultures 

in the mid-log phase of growth.28 

 

 

2.9.6.3 Antibacterial Test 

Antibacterial tests for Gram-positive Staphylococcus aureus and Gram-

negative Escherichia coli were undertaken by loading 96 well plates (Sarstedt 
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AG) with either control or ASPD metallosurfactant-polymer-coated non-woven 

polypropylene cloth (a 5 mm x 5 mm piece loaded to each well plate). Then, 

10 µL of the prepared bacterial culture was dispersed onto each cloth to allow 

the microorganisms to interact with the cloth surface for a fixed period and 

temperature (1 min, 2 min, 5 min, and 10 min at room temperature; 4 h, and 

16 h at 30 °C, model Bacterial incubator 250, LMS Ltd.). Next, after the 

interacting time between the bacteria and treated cloth, 90 µL of sterile 2% w/v 

LB media was pipetted into each well and mixed with the bacteria present, to 

recover a ten-fold dilution (10−1) of bacteria. Further, ten-fold serial dilutions 

were performed to give 10−2, 10−3, 10−4, 10−5, 10−6, diluted bacterial 

concentrations. Colony-forming unit (CFU) plate counting was then carried out 

by pipetting 10 µL diluted bacterial solution from each sample onto sterile 

semi-log LB agar plates (EZMixTM powder, dust free, fast-dissolving 

fermentation medium, Sigma-Aldrich Inc.) followed by incubating for 16 h at 

30 °C to form visible bacterial colonies. Finally, the number of bacterial 

colonies visible at each dilution were counted (if present) to calculate the 

corresponding CFU mL−1. The measurements reported are the mean and 

standard deviation of at least three independent experiments.  

For recycling experiments, 10 µL of the prepared bacterial culture was 

dispersed onto each cloth to allow the microorganisms to interact with the 

surface for 4 h at 30 °C (model Bacterial Incubator 250, LMS Ltd.). The tested 

samples were taken out from the x10−1 solution, rinsed with Milli-Q® water for 

1 min, and thoroughly dried in preparation for the next test cycle. CFU plate 

counting carried out as described previously.  
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3. Atomised Spray Plasma Deposition of Bioinspired 

Hierarchical Superhydrophobic Nanocomposite Surfaces 

 

3.1 Background and Introduction 

Liquid repellent surfaces have attracted significant interest for societal and 

industrial applications, including: self-cleaning,1 anti-icing,2 anti-fogging,3 

building materials,4 electronic devices,5 antifouling,6 anti-corrosion,7 

antibacterial,8 drag reduction,9 oil–water separation,10,11 and anti-thrombotic 

surfaces.12 One approach for attaining hydrophobicity is inspired by the water 

repellency properties of the lotus leaf (Nelumbo nucifera)—which contains 

microscale surface bumps (papillose epidermal cells) covered by nanoscale 

epicuticular waxes.13 This hierarchical roughness reduces the solid–liquid 

contact line by increasing the liquid–air contact line due to entrapped air 

pockets at the composite solid–liquid–air interface, thereby facilitating the 

movement of droplets along the plant leaf surface leading to self-cleaning.14
 

A combination of such hierarchical roughness with low surface energy 

materials for the preparation of superhydrophobic surfaces has been reported 

in the past by fabrication methods such as: photopolymerisation,1 

electrodeposition,15 hydrothermal process,9 chemical vapour deposition,16 

plasma polymerisation,17 sol-gel,18 electrowetting,19 layer-by-layer,20,21 dip 

coating,22 lithography,23 fluorination,24 and etching.25 However, many of these 

techniques suffer from limitations, including: multi-step,16,18,26 lengthy,3 

requiring high vapour pressure precursors,27 post-heat treatments,4 poor 

adhesion,28 etc. Similarly, the superhydrophobic surfaces have been obtained 

by the atomisation of a hydrophobic-precursor–nanoparticle mixture into the 

plasma zone at atmospheric pressure.29,30 However, it requires the use of 

carrier gas (e.g., helium, oxygen) to ignite the plasma and likely contamination 

of the internal electrodes. A summary of the previous superhydrophobic 

surfaces obtained by using the atomised spray plasma deposition technique 

is shown in Table 3.1. 

In this chapter, we describe the single-step low-pressure atomised spray 

plasma deposition (ASPD) of liquid-repellent nanocomposite coatings 

obtained by using a low surface energy precursor–nanoparticle slurry 
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comprising perfluorotributylamine mixed with methacryloyl functionalised 

silica, zinc oxide, or graphene nanoparticles (which impart hierarchical 

roughness and mechanical hardness), Scheme 3.1.  

  

 

Scheme 3.1: Atomised spray plasma deposition (ASPD) of perfluorotributylamine–
nanoparticle nanocomposite layer. 
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Table 3.1: State of the art of plasma polymer deposited by atomised spray plasma 
deposition (ASPD) indicating the water contact angle (WCA). 

Precursors ASPD Conditions Applications Ref. 

Octane, 

octadiene, and  

ZnO nanoparticles 

Atmospheric pressure 
• Superhydrophobicity 

(WCA = 170°) 
30 

Octane and 

ZnO nanoparticles 
Atmospheric pressure 

• Superhydrophobicity 

• (WCA = 170°) 
29 

1H,1H,2H,2H- 

Perfluorooctyl 

acrylate 

Low pressure 

• Hydrophobicity 

(WCA = 128°) 

• Oleophobicity 

31 

Heptadecafluorodecyl 

acrylate 
Atmospheric pressure 

• Hydrophobicity 

• (WCA = 125°) 
32 

Dodecyl acrylate,  
1,6-Hexanediol 
diacrylate, and  
1,6-hexanediol 

Dimethacrylate  

Atmospheric pressure 
• Hydrophobicity 

• (WCA = 110°) 
33 

Perfluoroheptane Atmospheric pressure 
• Hydrophobicity 

• Oleophobicity 
34 

 

 

 

3.2 Results and Discussion 

 

3.2.1 Atomised Spray Plasma Deposition 

The atomised spray plasma deposition technique was used to deposit low-

vapour-pressure precursors or slurries, as an alternative to gas-phase plasma 

polymerisation.35–42 Perfluorotributylamine (+99.9%, Fluorinert FC-43, 3M Inc.) 

was mixed separately with a variety of nanoparticles: methacryloyl 

functionalised silica nanoparticles (12 nm primary particle size and 100–200 

nm average aggregate size, Aerosil R711®, Evonik Industries AG); zinc oxide 

nanoparticles (<100 nm particle size, Sigma-Aldrich Ltd.); and graphene 

nanoplatelets (2–10 nm thickness and <2 µm particle diameter, Strem 

Chemicals UK Ltd.). Unfunctionalised silica nanoparticles display hydrophilic 
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behaviour due to surface hydroxyl groups and were found not to readily 

disperse in low surface tension liquids (e.g., perfluorotributylamine). Instead, 

methacryloyl functionalised SiO2 nanoparticles (methacryloyl-SiO2) were used 

due to their ease of dispersion in non-polar liquids.43 Atomised spray plasma 

deposition was carried out using a 30 W continuous-wave plasma in 

conjunction with the atomisation at an optimum flow rate of 16 ± 4 x 10−4 mL 

s−1 (controlled by the delivery tube using a solid–liquid slurry) and 5.4 ± 0.02 x 

10−4 mL s−1 (controlled by a high precision metering valve (Part No. 1335G2Y, 

Milli-Mite 1300 Series, HOKE Inc.) for perfluorotributylamine liquid precursor 

alone). 

During the atomisation of the monomer precursor into the electrical 

discharge, the reactive species within the plasma (electrons, ions, vacuum UV 

photons) react with precursor molecule. Energetic electrons are responsible 

for the ionisation and fragmentation of the precursor molecule (bond energies: 

3.1 eV for C–N, 3.6 eV for C–C, and 5.5 eV for C–F).44,45,46 They activate the 

precursor–nanoparticle slurry droplets during impact onto the plasma-

activated substrate leading to nanocomposite film growth. The polymer growth 

mechanism can be attributed to the ion bombardment leading to defluorination 

and activation of the perfluorocarbon plasma polymer growth. Therefore, it is 

suggested that the nanoparticles remained embedded within the plasma 

polymer matrix, improving the mechanical properties of the ASPD 

nanocomposite coatings. 

 

 

3.2.2 Deposition Rate 

Atomised spray deposition using perfluorotributylamine in the absence of 

plasma ignition resulted in negligible film growth rate (below 0.1 ± 0.1 nm 

min−1), which means that the liquid precursor is effectively pumped away from 

the system. The optimal atomised spray plasma deposition (ASPD) rate for 

the perfluorotributylamine precursor was measured to be 49 ± 4 nm min−1 at a 

liquid flow rate of 5.4 ± 0.02 x 10−4 mL s−1 (using a high precision metering 

valve), Figure 3.1. This value is an order of magnitude greater than that 

reported for conventional vapour phase perfluorotributylamine plasma 
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deposition (5.9 nm min−1 growth rate47)—which can be attributed to the higher 

precursor flow rate for atomised liquid droplets. The deposition rate of smooth 

ASPD perfluorotributylamine layers was measured by dividing the plasma 

polymer film thickness by the corresponding deposition time. The deposition 

rate varies with the flow rate whilst keeping the applied power constant during 

the atomised spray plasma deposition. At lower flow rates, there is a deficiency 

of monomer leading to significant fragmentation of the precursor molecules 

due to a higher proportion of energy per molecule. In contrast, at higher flow 

rates there is insufficient energy input leading to incomplete polymerisation.48 

This transition from the monomer-deficient regime to the energy-deficient 

regime for the deposition rate corresponds to the most favourable power to 

flow-rate ratio, W/F.49 

 

 

Figure 3.1: Deposition rate as a function of the flow rate of the ASPD of 
perfluorotributylamine layers deposited at a fixed power of 30 W: As-deposited (); 
and rinsed with propan-2-ol/cyclohexane solvent mixture for 1 min (). The dashed 
line indicates the transition from the monomer-deficient regime to the energy-deficient 
regime. 1:1 v/v propan-2-ol/cyclohexane solvent mixtures were used. 

 

 

3.2.3 Contact Angle 

The wettability of the optimal deposition rate of the ASPD 

perfluorotributylamine layer (water contact angle = 114 ± 1°) was found to be 
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comparable to its conventional vapour phase plasma deposited counterpart 

(water contact angle = 111° for coated flat substrate50), Figure 3.2. A level of 

oleophobicity was also measured (hexadecane contact angle = 65 ± 1°) which 

is consistent with the reported hexadecane contact angle value of 68° for C8-

perfluoroalkyl chain (perfluorooctyl-trichlorosilane) self-assembled 

monolayers on flat silicon surfaces.51 The low wettability of the ASPD 

perfluorotributylamine layer is attributed to its low surface energy, and thus, 

low polarisability of the C–F bonds within the perfluorinated polymer surface.52 

This lower wettability of the ASPD perfluorotributylamine layers can be 

achieved by introducing nanoparticles of different sizes and reinforcing the 

mechanical properties of the plasma polymer films.53,54 

 

 

 

Figure 3.2: Water and hexadecane contact angles for ASPD perfluorotributylamine–
methacryloyl-SiO2 nanocomposite coatings: as-deposited (); and following rinsing 
with 1:1 v/v propan-2-ol/cyclohexane solvent mixture for 1 min (). The uncoated 
glass substrate has water and hexadecane contact angles of 21 ± 3° and 8 ± 3° 
respectively. Dashed lines indicate that slurry solution with nanoparticle concentration 
higher than 0.75% w/w become too viscous and make it unable for homogeneous 
atomisation. 

 



48 
 

Incorporation of methacryloyl-SiO2 nanoparticles into the ASPD 

perfluorotributylamine layer led to a significant enhancement in liquid 

repellency yielding water and hexadecane contact angles as high as 168 ± 5° 

and 90 ± 10° respectively for an optimal precursor slurry loading of 0.75% w/w 

silica nanoparticles, Figure 3.2. This enhanced liquid repellency, of both water 

and hexadecane, may be attributed to the formation of air pockets trapped 

within the cavities of the polymer surface roughness increasing the air–solid 

interface—thus, reducing the liquid–solid interface—as described by the 

Cassie–Baxter Model.14 On the other hand, nanoparticle concentrations 

exceeding 0.75% w/w, form a viscous nanoparticle slurry mixture, and thus it 

is unable to sustain homogeneous atomisation. By utilising reactive 

(methacryloyl) functionalised silica nanoparticles, greater bonding is promoted 

within the growing fluorocarbon polymer host matrix via plasma excitation. 

These liquid-repellent nanocoatings were stable towards washing with a 1:1 

v/v propan-2-ol/cyclohexane polar/non-polar solvent mixture. 

A variety of other nanoparticles was evaluated using this optimum 

nanoparticle concentration (0.75% w/w total). ASPD of perfluorotributylamine–

(methacryloyl-SiO2 + ZnO nanoparticles) significantly enhanced oil repellency 

further, achieving water and hexadecane contact angle values of 168 ± 1° and 

110 ± 4°, respectively, Figure 3.3. These ASPD nanocomposite layers were 

stable towards polar/non-polar solvent rinsing. ASPD perfluorotributylamine–

graphene layers displayed water contact angle values of 170 ± 1°, and 165 ± 

13° for as-deposited and solvent-rinsed layers respectively. In the case of 

ASPD perfluorotributylamine–(methacryloyl-SiO2
 + graphene) nanocomposite 

layers, the water contact angle dropped from 170° to ~130° following solvent 

rinsing, Figure 3.3. The hexadecane contact angle values reported in this work 

are low in comparison with other works reporting superoleophobic surfaces.55 

This is because the ASPD depositions using the solution in question are 

limited to precursor slurry loadings up to 0.75% w/w, and thus, limiting the 

roughness degree induced on the surface. Overall, the ASPD 

perfluorotributylamine–(methacryloyl-SiO2 + ZnO) nanocomposite layers 

displayed the highest liquid repellency towards water and oil (hexadecane). 

This may be attributed to a better dispersion of perfluotributylamine with the 
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(methacryloyl-SiO2 + ZnO) nanoparticle slurry mixture using the trifluoracetic 

acid fluorosurfactant yielding a more homogeneous hierarchical roughness. 

 

Figure 3.3: Water (W) and hexadecane (O) contact angle values for ASPD 
perfluorotributylamine–nanoparticle composite layers: as-deposited, and rinsed for 1 
min with 1:1 v/v propan-2-ol/cyclohexane solvent mixture. Using 0.75% w/w total 
nanoparticle slurry loading: methacryloyl-SiO2 nanoparticles; methacryloyl-SiO2 + 
ZnO nanoparticles (1:1 w/w); graphene; and methacryloyl-SiO2 + graphene 
nanoparticles (1:1 w/w). 

 

 

3.2.4  X-ray Photoelectron Spectroscopy 

XPS analysis of the ASPD perfluorotributylamine layer detected the presence 

of only carbon, fluorine, and nitrogen, Table 3.2. The absence of any Si(2p) 

and O(1s) XPS signals confirmed pin-hole free coverage of the deposited layer 

over the underlying silicon substrate. For the case of ASPD 

perfluorotributylamine–methacryloyl-SiO2 nanocomposite and 

perfluorotributylamine–(methacryloyl-SiO2 + ZnO) nanocomposite layers, less 

than 0.2 at.% of nanoparticles (silicon or zinc XPS signal) and a small amount 

of oxygen were detected, which confirms that the nanoparticles remain 

encapsulated within perfluorotributylamine–nanoparticle slurry droplets during 

atomised spray plasma deposition (0.2–5 nm XPS sampling depth56).   
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Table 3.2: XPS compositions for precursor (theoretical) and ASPD 
perfluorotributylamine–nanoparticle layers. 

ASPD 

Perfluoro 

tributyl 

amine Layer 

System 

Atomic Composition / % 

F:C 

Rati

o 

C(1s) Component / % 

C F N O Si Zn 
–C–

CFn 

–

CF– 

–

CF–

CFn 

–

CF2

– 

–

CF3 

Theoretical 30 67.5 2.5 NA NA NA 2.25 NA NA NA 75 25 

No 

Nanoparticle 

34.9 

± 

0.2 

58.2 

± 

0.0 

6.9 

± 

0.2 

0.0 

± 

0.0 

NA NA 

1.7 

± 

0.0 

7.3 

± 

1.8 

11.0 

± 

0.0 

16.7 

± 

0.2 

36.9 

± 

1.1 

28.1 

± 

0.9 

SiO2 

33.8 

± 

0.1 

58.5 

± 

0.3 

6.9 

± 

0.1 

0.6 

± 

0.1 

0.1 

± 

0.2 

NA 

1.7 

± 

0.1 

7.6 

± 

0.4 

13.4 

± 

0.1 

14.9 

± 

0.5 

35.9 

± 

1.6 

28.2 

± 

1.4 

SiO2 + ZnO 

34.4 

± 

0.2 

57.1 

± 

0.3 

7.1 

± 

0.1 

1.2 

± 

0.4 

0.0 

± 

0.0 

0.2 

± 

0.0 

1.7 

± 

0.0 

8.4 

± 

1.0 

11.1 

± 

1.1 

15.0 

± 

0.8 

37.1 

± 

2.7 

28.3 

± 

1.5 

 

 

The C(1s) XPS spectra of ASPD perfluorotributylamine (and 

nanocomposite) layers were fitted to five Gaussian Mg Kα1,2 components in 

conjunction with their corresponding Mg Kα3, and Mg Kα4 satellite peaks 

shifted towards lower binding energies by ~8.4 and ~10.2 eV respectively, 

Figure 3.4.57 The C(1s) Mg Kα1,2 components being: –C–CFn at 286.1 eV, –

CF– at 287.5 eV, –CF–CFn at 289.2 eV, –CF2– at 291.2 eV, and –CF3 at 293.1 

eV.8,9,58 Unsaturated and crosslinked carbon centres (defined as %[–CF–CFn] 

+ %[–CF–] + %[–C–CFn]) account for ~35% of the total atomic carbon 

composition in all of the ASPD perfluorotributylamine–nanocomposite layers 

(which is consistent with the measured decrease in F:C ratio compared to the 

precursor theoretical value), Table 3.2. Therefore, there was no significant 

variability in the chemical composition or F:C ratio between the various ASPD 

perfluorotributylamine–nanocomposite layers. 
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Figure 3.4: C(1s) XPS spectrum of ASPD perfluorotributylamine layer. Mg Kα3 and 
Mg Kα4 satellite components are also shown.59  

 

 

The single N(1s) and F(1s) Mg Kα1,2 peaks measured at 400.8 eV and 687.9 

eV correspond to covalently bonded nitrogen and fluorine atoms 

respectively,58,60 Figure 3.5. 
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Figure 3.5: Top: F(1s); and bottom: N(1s) XPS spectra of ASPD 
perfluorotributylamine layer. No significant variability of XPS spectra for the ASPD 
perfluorotributylamine–nanocomposite layers were found. 

 

The XPS elemental composition N:C:F ratio of 1.0:5.1:8.4 for the ASPD 

perfluorotributylamine layer can be correlated to the characteristic low energy 

electron-impact fragmentation molecular ion formed from 

perfluorotributylamine in the gas phase: C5F10N+ (m/z of 264) with a molecular 

structure of CF3CF2CF2CF=N+=CF2 (N:C:F ratio of 1:5:10), Table 3.2.61,62 This 

is consistent with the high level of nitrogen atom incorporation measured by 

XPS (6.9 at.% compared to the precursor theoretical value of 2.5 at.%, Table 

3.2).  

 

 



53 
 

3.2.5 Infrared Spectroscopy 

The infrared spectrum obtained for the ASPD perfluorotributylamine layer 

displayed a broad band comprising perfluorinated chain –CF2–CF3 (1365–

1325 cm−1), –CF3 (1350–1120 cm−1), and –CF2– (1280–1120 cm−1) 

absorbances, as well as –C–N (1250–1020 cm−1), Figure 3.6 and Table 

3.3.50,68  The observed shift of this broad peak (1365–1120 cm−1) towards 

higher wavenumber with respect to the perfluorotributylamine precursor can 

be attributed to defluorination and crosslinking of the perfluoroalkyl chains 

during plasma-assisted deposition63—which is consistent with the decrease of 

F:C XPS ratio measured for the ASPD perfluorotributylamine layer, Table 3.2. 

The band at 1731 cm−1 can be attributed to –CF=CF– stretching (not carbonyl 

stretching given the absence of any oxygen detected by XPS, Table 3.264).65,66 

The characteristic perfluoroalkyl chain and the –CF=CF– infrared bands are 

also evident in the infrared spectra of the ASPD perfluorotributylamine–

methacryloyl-SiO2 nanocomposite and perfluorotributylamine–(methacryloyl-

SiO2 + ZnO) nanocomposite layers, Figure 3.6. 
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Figure 3.6: Infrared spectra: (a) ATR perfluorotributylamine precursor; (b) RAIRS 
ASPD perfluorotributylamine layer; (c) ATR methacryloyl-SiO2 nanoparticles; (d) 
RAIRS ASPD perfluorotributylamine–methacryloyl-SiO2 nanocomposite layer (0.75% 
w/w nanoparticle concentration); (e) ATR ZnO nanoparticles; (f) RAIRS ASPD 
perfluorotributylamine–(methacryloyl-SiO2 + ZnO) nanocomposite layer (0.75% w/w 
total nanoparticle concentration); (g) ATR graphene nanoplatelets; and (h) RAIRS 
ASPD perfluorotributylamine–graphene nanocomposite layer (0.75% w/w graphene 

concentration). ⏺ indicates perfluorinated chain (1365–1120 cm−1), and 🞴 indicates 

Si–O–Si (1049 cm−1) absorbances. ⏹ indicates weak features in the 2160–2030 cm−1 

range originated from the diamond substrate in the ATR cell.67 
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Table 3.3: Infrared assignments for perfluorotributylamine precursor and ASPD 
nanocomposite layers.68,69,70,71 

Absorption Frequency / 

cm−1 
Assignment 

1731 –CF=CF– stretching 

1365–1325 –CF2–CF3 stretching 

1350–1120 
–CF3 antisymmetric 

stretching 

1280–1120 –CF2– stretching 

1250–1020  
C–N antisymmetric 

stretching 

1100–1000 Si–O–Si stretching 

1100–900 C–F stretching 

980 –CF3 symmetric stretching 

815 Si–O–Si bending 

605–505 Zn–O stretching 

 

 

Overall, it is evident that there is nanoparticle incorporation within the 

bulk of all the ASPD perfluorotributylamine–nanocomposite layers (sampling 

depth of 0.5–20 µm for RAIRS72). Infrared spectra of methacryloyl-SiO2 

nanoparticles display a band shoulder in the 1100–1000 cm−1 region 

associated with Si–O–Si stretching.73,74 The presence of this feature confirmed 

the incorporation of methacryloyl-SiO2 nanoparticles into the ASPD 

perfluorotributylamine nanocomposite layers.75,76 

ZnO nanoparticles exhibit a strong infrared band at 605–505 cm−1 

assigned to the stretching mode of Zn–O.71 This was also observed for the 

ASPD perfluorotributylamine–(methacryloyl-SiO2 + ZnO) nanocomposite layer 

in combination with the aforementioned methacryloyl-SiO2 nanoparticle band 

shoulder feature at 1100–1000 cm−1. 

The ASPD perfluorotributylamine–graphene nanocomposite layer 

displayed a strong characteristic graphene infrared absorbance feature in the 

600–450 cm−1 region.  
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3.2.6 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) images of ASPD perfluorotributylamine 

layers showed a flat surface morphology indicating the deposition of a smooth 

nanocoating, Figure 3.7.     

Incorporation of the various types of nanoparticles gave rise to 

hierarchical topographical structures. ASPD perfluorotributylamine–

methacryloyl-SiO2 nanocomposite layers present dispersed 3-level 

hierarchical roughness islands comprising a background nanoscale 

roughness superimposed onto microscale, spherical asperities and larger 

cavities (ca. 12 µm diameter)—which correlate to the enhancement in water 

and hexadecane contact angle values, Figure 3.2. A mixture of methacryloyl-

SiO2 and ZnO nanoparticles in the ASPD nanocomposite layers also resulted 

in hierarchical roughness but yielded a more evenly distributed hierarchical 

surface structure (no large-scale cavities which manifest in higher hexadecane 

contact angle values)—this may arise due to a better-dispersed 

perfluorotributylamine / (methacryloyl-SiO2 + ZnO) nanoparticle slurry mixture 

through the use of trifluoroacetic acid fluorosurfactant, Figure 3.3. Such 

hierarchical roughness lowers liquid–solid interaction due to air pockets in 

accordance with the Cassie–Baxter model for surface wetting.14 

ASPD nanocomposite layers containing graphene lacked significant 

nanoscale structure. They presented a more globular microscale roughness 

(presumably due to the larger platelet size of graphene), and consequently 

displays the lowest hexadecane contact angle values among the range of 

ASPD nanocomposite layers, Figure 3.3. 
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Figure 3.7: SEM images of ASPD perfluorotributylamine nanocomposite layers 
containing different types of nanoparticles. 
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3.2.7 Microindentation 

Microindentation measurements showed that nanoparticle incorporation 

significantly improves the hardness of ASPD nanocomposite layers. Also, they 

displayed scratch-resistance (no microindentation) at applied loads below 245 

mN, Figure 3.8. In all cases, the hardness improved by at least two-fold. 

Microindentation Vickers hardness of the ASPD perfluorotributylamine–

(methacryloyl-SiO2 + ZnO) nanocomposite layers was found to be as hard as 

the layers containing just methacryloyl-SiO2 nanoparticles. ASPD 

perfluorotributylamine–graphene nanocomposite layers further enhanced the 

hardness value (10.7 ± 0.8 GPa at an applied force of 980 mN). ASPD 

perfluorotributylamine–(methacryloyl-SiO2 + graphene) nanocomposite layers 

presented the highest hardness values that may be attributed to the 

mechanical properties of graphene (elastic module of ~1 TPa),77 which are 

reported to reinforce the mechanical properties of polymer nanocomposites.78 

For comparable applied loads (980 mN), the ASPD 

perfluorotributylamine–graphene nanocomposite layer displays hardness 

values exceeding stainless steel (10.7 GPa versus 1–2 GPa, respectively).79  
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Figure 3.8: Microindentation Vickers hardness as a function of applied loads for ASPD 
nanocomposite layers (0.75% w/w total nanoparticle concentration) for: 
(methacryloyl-SiO2 + graphene), graphene, (methacryloyl-SiO2 + ZnO), and 
methacryloyl-SiO2 nanoparticle slurry mixtures. Microindentation below 245 mN load 
for the nanocomposite coatings resulted in no visible indentation (scratch-resistance).  
The Vickers hardness of reference 316 stainless steel was measured to be 1.9 ± 0.3 
GPa. 

 

 

3.3 Conclusions 

Atomisation of fluorocarbon precursor-nanoparticle slurries into a low 

temperature non-equilbrium electric discharge leads to the deposition to liquid 

repellent nanocomposite coatings. All nanocomposite coatings displayed high 

water repellency of ~168°, whereas the ASPD perfluorotributylamine–

(methacryloyl-SiO2 + ZnO) nanocomposite layers displayed the highest oil 

repellency of ~110°, However, in this work, the oil repellency of the ASPD 

nanocomposite coatings is limited by their roughness degree, and 

consequently, to the maximum precursor slurry concentration which is a key 

parameter to increase surface roughness and oil repellency, as compared to 

other works reporting oil contact angle values greater than 150°. SEM images 

showed that the ASPD perfluorotributylamine–(methacryloyl-SiO2 + ZnO) 

nanocomposite layers are more homogeneous due to the effect of the 

perfluorosurfactant which enhances the dispersion of the 
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perfluorotributylamine–nanoparticle slurry mixture during the atomisation. 

Additionally, the incorporation of nanoparticles for the ASPD nanocomposite 

coatings enhanced their mechanical properties, Figure 3.8. The ASPD 

nanocomposite coatings, reinforced with graphene, displayed the highest 

Vickers hardness values or plastic deformation resistance which is attributed 

to the excellent mechanical properties of graphene. 

Overall, ASPD perfluorotributylamine–(methacryloyl-SiO2 + ZnO) 

nanocomposite layers displayed the highest contact angle values against 

water and oil. Therefore, these substrate-independent ASPD nanocomposite 

coatings may find use in water-repellent and self-cleaning applications on 

different material surfaces.  
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4. Atomised Spray Plasma Deposition of Poly (Alkyl Acrylate) 

Coatings for Wet Electrical Protection Barrier 

 

4.1 Background and Introduction 

Surface modification with functional polymer coatings offers the possibility to 

improve specific physicochemical properties of material surfaces such as 

mechanical and electrical properties,1  biocompatibility,2 and wettability without 

the modification of their bulk properties. Specific applications of functionalised 

thin coatings are, for example, anti-fouling surfaces,3 antibacterial,4 oil–water 

separation,5 adhesion properties,6 membranes for fuel cells,7 drug delivery,8 

tissue engineering,9 biosensors,10 organic electronic devices,11 conducting 

thin films,12 and so forth. Particularly, the surface modification with low-

dielectric polymer thin films can be used as a wet electrical barrier to prevent 

short circuit of electronic devices which may occur when they are in contact 

with water.  

Insulating materials are characterised for presenting low dielectric 

constant and low polarisation. These characteristics make the insulating 

materials to show no response in their polarisation and dipole moment under 

the influence of an applied electric field due to the absence of positive electron 

transport affinity by the molecules of the insulating materials.13 The 

polarisation of the organic molecules is related to the refractive index and 

molar refraction. The lower the refractive index, the lower the polarisation and 

the greater the electron affinity, and thus, the higher the dielectric strength 

(molar refractions expressed in 10−6 m3: 1.296 for C–C; 1.44 for C–F; 1.676 

for C–H).14 Therefore, insulating materials with sufficiently large film thickness 

can prevent the electron transport, water diffusion, corrosion, and dielectric 

breakdown at the polymer–electrode interface under an applied electric field; 

otherwise, the electron transport could cause polymer degradation and 

electrode corrosion, leading to the failure of electronic devices from any water 

spillage or moisture (e.g., smartphones, hearing aids, tablets, etc.). 

Electrical barrier polymer coatings exposed to a high applied electric field 

have been prepared by using different insulating materials with high dielectric 

strength, low permeability to moisture which consequently prevents the 
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corrosion of the metal surface, for example: parylene,15 polysilazane,16 

perfluoroalkyl acrylates,17 alkyl acrylates,17 alkanes,18 tetraethylorthosilicate,19 

and a polyisoprene/allyl mercaptan multilayer coating.20 Various surface 

functionalisation techniques have been used for deposition of these electrical 

barriers or anticorrosive coatings: chemical vapour jet deposition,15 UV 

polymerisation,16 nanocasting,21 pulsed plasma polymerisation,17,18 spin 

coating, 22 chemical vapor deposition,19 and plasma polymerisation.20  

Plasma polymerisation technique has been used for the deposition of 

functional thin polymer films with a regular structure where the precursor is 

activated by the reactive species created in the plasma (electrons, ions, 

radicals, vacuum UV photons).23 In precursors containing the reactive acrylate 

group, the reactive plasma species activate the carbon–carbon double bond 

to follow the conventional radical polymerisation and polymer growth on the 

substrate surface. Therefore, in this work, plasma polymerisation was coupled 

with a spray coating method to increase the deposition rate and able to deposit 

precursors with low vapour pressure, which is a limitation in the vapour-phase 

plasma polymerisation.  

Recently, there is a higher interest in using hydrocarbon polymers as 

environmentally friendly alternatives to fluorocarbon polymers; several groups 

have reported the plasma polymerisation of hydrocarbon polymers for different 

applications, for instance: Wood & Badyal24 reported the atomised spray 

plasma deposition of isodecyl acrylate to manufacture functional thin films 

(3300 ± 500 nm min−1 of deposition rate) with a water contact angle value 

(WCA) of ~80°, which is similar to the WCA values for the thin oily functional 

coatings (tacky to the touch) reported in this work which were prepared 

following the same methodology and further compared with the non-oily solid 

functional coatings with WCA values of  ~110° reported in this work employing 

a proposed methodology of plasma post-treatment–atomised spray plasma 

deposition. Furthermore, Mertz et al.25 carried out the atmospheric plasma 

copolymerisation of perfluorododecyl acrylate and dodecyl acrylate at different 

concentration ratio to obtain superhydrophobic coatings. The plasma 

polymerisation of dodecyl acrylate resulted in coatings with WCA of ~80°. 

Legein et al.26 reported the use of plasma pre-treatment step before carrying 

out the plasma polymerisation of perfluoroalkyl acrylates and alkyl acrylates at 
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moderate applied power as a strategy to improve crosslinking degree and the 

wet electrical barrier performance. Coulson et al.18 reported the plasma 

polymerisation of alkanes of different chain lengths (e.g., tetradecane) to 

fabricate wet electrical barrier coatings to protect electronic devices. They 

heated both the delivering monomer and the plasma chamber and ignited the 

plasma at 30 W for 45 min to obtain a protective coating of ~1.1 µm with an 

electrical barrier performance of ~4.7 x 107 Ω at 8 V. Moreover, Coulson et 

al.27,28 found that the plasma polymerisation of perfluorooctyl acrylate carried 

out at low power (continuous wave plasma at 50 W) resulted in oily/sticky 

coatings. Thus, they overcame this problem by (i) increasing the applied power 

up to 200 W in continuous wave plasma or (ii) mixing the precursor with a 

crosslinking agent (pulsed plasma polymerisation was carried out at 50 W); 

the electrical barrier coatings of ~1.5 µm showed an electrical barrier 

performance of ~9.2 x 109 Ω at 8 V. Therefore, some of these investigations 

used different approaches in conjunction with the plasma polymerisation to 

overcome the oiliness of the plasma polymer coatings such as: the 

employment of the two-step process,18 high temperature,15 or the use of 

crosslinking agents.28 However, these experimental procedures may lead to 

lengthy processes.18,26,27,28 

In this work, the atomised spray plasma deposition technique was used 

to prepare hydrophobic electrical barrier coated microcircuit boards in 

conjunction with a plasma post-treatment step as a strategy to overcome the 

oiliness of the plasma polymer—polymer oiliness is caused by the low-energy 

excited plasma species (e.g., radicals) leading to the oligomer formation and 

low polymerization degree47—and to control the crosslinking degree, electrical 

and mechanical properties and thus reducing the lengthy process as 

compared to previous reports.18,20,26,27 Isodecyl acrylate was chosen due to 

the long hydrophobic alkyl chain which possesses high dielectric resistance 

due to the low polarisation and migration of electrical charges within the alkyl 

chains, and the acrylate functional group suitable to initiate a radical 

polymerization mechanism as compared to other hydrophobic alkyl chain 

precursors without any polymerizable functional group.18 Surface modification 

was carried out by injecting the monomer precursor in the form of droplets into 

a low-pressure electrical discharge, where the reactive plasma species 
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activate the droplet surface forming oligomeric species, so they get deposited 

onto the reactive surface.29 Furthermore, plasma post-treatment was 

proposed to provide more energy and promote more radicals onto the oligomer 

surface—oily coating—leading to a complete polymerization and higher 

crosslinking degrees due to the continual reactive plasma species exposure 

during the post-atomisation step, Scheme 4.1. To this date, there are not 

reports about using plasma post-treatment during a low-pressure plasma 

polymerization process to improve the polymerization or crosslinking degrees 

or to overcome the coating oiliness as mentioned above. Therefore, the 

electrical barrier coatings deposited by the APSD technique in conjunction with 

the plasma post-treatment step displayed high wet electrical barrier 

performance which are comparable to electrical barrier coatings with the same 

film thickness already reported.18,27,28 
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Scheme 4.1: Schematic illustration and characteristics of the ASPD poly (isodecyl 
acrylate) coatings at different plasma post-treatment times. 

 

4.2 Results and Discussion  

4.2.1 Atomised Spray Plasma Deposition 

Plasma polymerisation of isodecyl acrylate (+99.9% Sigma-Aldrich Ltd.) was 

carried out by using the atomised spray plasma deposition technique in 

conjunction with a plasma post-treatment in a single step to control the 

mechanical properties and wet electrical-barrier performance of the plasma 

polymer coated micro-circuit boards (power: 50 W; flow rate: 8 ± 3 x 10−4 mL 

s−1; plasma post-treatment: 0–12 min). In contrast, the absence of the plasma 
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post-treatment step led to poor polymerisation of the ASPD poly (isodecyl 

acrylate) coatings resulting in oily surfaces and electrical breakdown of the 

plasma polymer coated micro-circuit boards. 

During the atomisation of the monomer precursor into the electrical 

discharge, the reactive species within the plasma (electrons, ions, vacuum UV 

photons, and radicals) activate the droplet surface forming oligomers within 

the plasma phase, subsequently, the polymer propagation continues upon 

striking onto the activated surface,30,31 then during the plasma post-treatment, 

the reactive plasma species further transfer energy to the surface molecules, 

and then, promote the polymerisation of the unreacted molecules trapped 

within the plasma polymer coating and enhancing the crosslinking density and 

mechanical properties as confirmed by XPS and infrared analysis, and 

electrical and microindentation measurements.  

 

 

4.2.2 X-ray Photoelectron Spectroscopy 

XPS analysis of the plasma post-treated ASPD poly (isodecyl acrylate) 

coatings showed evidence of carbon and oxygen as the elemental composition 

of the precursor monomer. The absence of any Si(2p) XPS signal confirmed 

that the ASPD poly (isodecyl acrylate) coated silicon substrate is conformal 

and pin-hole free, Table 4.1 and Figure 4.1. In contrast, in the absence of the 

plasma post-treatment, the ASPD poly (isodecyl acrylate) coatings resulted in 

oily coatings due to the deficiency of energy provided by the reactive plasma 

species leading to incomplete polymerisation. Therefore, XPS analysis was 

not carried out as the entrapped volatile monomer, contained into the ASPD 

poly (isodecyl acrylate) coatings, could contaminate the vacuum chamber of 

the XPS instrument.   
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Figure 4.1: Wide scan XPS spectra of ASPD poly (isodecyl acrylate) coatings at 
different plasma post-treatment times: (a) 6 min, and (b) 12 min. 

 

Table 4.1: XPS compositions for theoretical isodecyl acrylate monomer and ASPD 
poly (isodecyl acrylate) coatings at different plasma post-treatment times. There is no 
XPS spectrum for ASPD poly (isodecyl acrylate) coating without plasma post-
treatment because of the entrapment of volatile monomer within the coatings. 

System / 

Plasma 

Post-

treatment 

Time 

Atomic 

Composition / 

% 
C:O 

Ratio 

C(1s) Component / % 
O(1s) 

Component / % 

C O CxHy C–O O–C=O C=O C–O 

Theoretical 86.7 13.3 6.5 84.6 7.7 7.7 50 50 

ASPD poly 

(isodecyl 

acrylate) 

coating, 6 

min  

88.4 ± 

0.8 

11.6 ± 

0.8 

7.7 ± 

0.6 

83.8 ± 

0.5 

11.8 ± 

1.3 

4.3 ± 

1.0 

56.7 ± 

3.3 

43.3 ± 

3.3 

ASPD poly 

(isodecyl 

acrylate) 

coating, 12 

min 

86.7 ± 

1.3 

13.3 ± 

1.3 

6.6 ± 

0 

79.5 ± 

5.3 

15.5 ± 

4.3 

5.0 ± 

1.4 

79.7 ± 

4.6 

20.3 ± 

4.6 
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The C(1s) XPS spectrum of each ASPD poly (isodecyl acrylate) coating 

was fitted to three Gaussian Mg Kα1,2 components in conjunction with their 

corresponding Mg Kα3, and Mg Kα4 satellite peaks shifted towards lower 

binding energies by ~8.4 and ~10.2 eV respectively, Figure 4.2.32 The C(1s) 

Mg Kα1,2 components being: hydrocarbon carbon CxHy at 285.0 eV, alkoxy C–

O at 286.7 eV, and ester O–C=O at 289.0 eV.33 The carbon component 

compositions changed as a function of the plasma post-treatment time: the 

alkoxy, C–O, increased from 7.7% (theoretical) to ~15.5% at 12 min of plasma 

post-treatment while the carbonyl, C=O, decreased slightly from 7.7% to 

~5.5%, Table 4.1. which is likely attributed to the molecular fragmentation and 

rearrangement / polymerisation on the polymer surface and deposition of low-

weight molecular fragments during the plasma post-treatment of the ASPD 

poly (isodecyl acrylate) coatings. This change of the carbon component 

composition may be attributed to the molecular fragmentation and 

rearrangement/polymerisation on the polymer surface during the plasma post-

treatment of the ASPD poly (isodecyl acrylate) coatings—the incidence of 

vacuum UV photons on the plasma polymer causes further polymerisation and 

photochemical reactions through the oxygen-containing functionalities as 

denoted by the Norrish Mechanisms. 23,34,35 
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Figure 4.2: C(1s) XPS spectra of (a) theoretical isodecyl acrylate monomer, and 
ASPD poly (isodecyl acrylate) coatings at different plasma post-treatment times: (b) 
6 min; and (c) 12 min. XPS analysis of ASPD poly (isodecyl acrylate) coating without 
plasma post-treatment was not carried out due to its oily/sticky characteristics and the 
entrapment of volatile monomer within the coatings. 

 

 

The O(1s) XPS spectrum of the ASPD poly (isodecyl acrylate) coating 

was fitted to two main Mg Kα1,2 components: C=O at 532.5 eV, and C–O at 

533.9 eV.33 At 12 min of plasma post-treatment, the composition of the 

carbonyl, C=O, increased up to ~80% at the expense of the alkoxy component, 

C–O. The overall atomic concentration indicated that the oxygen concentration 

did not change significantly. Thus, the increase of oxygen concentration in the 

carbonyl group may be attributed to further fragmentation rather than the 

reaction of trapped radicals within the polymer coatings with oxygen-

containing functionalities after exposing the coatings to the environment, Table 

4.1, Figure 4.3. Moreover, the XPS carbon and oxygen elemental composition 

obtained from the ASPD poly (isodecyl acrylate) coatings are comparable to 
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those already reported in the literature by Wood et al.24 and Loyer et al.36 using 

a similar plasma deposition system. 

 

 

Figure 4.3: O (1s) XPS spectrum of (a) theoretical isodecyl acrylate monomer, and  
ASPD poly (isodecyl acrylate) coating at different plasma post-treatment times: (b) 6 
min; and (c) 12 min. XPS analysis of ASPD poly (isodecyl acrylate) coating without 
plasma post-treatment was not carried out due to its oily/sticky characteristics 
because of the entrapment of volatile monomer within the coatings.   

 

 

4.2.3 Infrared Spectroscopy 

The infrared spectra of ASPD poly (isodecyl acrylate) coatings at different 

plasma post-treatment times indicate the disappearance of the vinyl group of 

the acrylate suggesting that the polymerisation was carried out mainly by the 

conventional free radical polymerisation through the vinyl group; there is not 

significant difference among the infrared spectra of the plasma post-treated 

ASPD poly (isodecyl acrylate) coatings, except for the observed carbonyl 

group distortion at 12 min of plasma post-treatment time, Figure 4.4 and Figure 

4.5. The ASPD poly (isodecyl acrylate) coating, after different plasma post-

treatment times, showed the retention of functional groups associated with the 

monomer precursor with characteristic infrared bands comprising the alkyl 

chain (2963–2868 cm−1), carbonyl ester C=O (1731 cm−1) and alkoxy C–O 

(1269 cm−1 and 1176 cm−1) absorbances. 24,37 The disappearance of the vinyl 
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group C=C (1636 cm−1),24 and =CH2 (981 cm−1, and 808 cm−1) absorbances 

indicates that conventional polymerisation was carried out during the plasma 

deposition process—The retention of the carbonyl ester C=O, and alkoxy C–

O absorbances, and the disappearance of the vinyl group are in accordance 

with previously reported plasma deposition of alkyl acrylates.17,24 After plasma 

post-treatment of the plasma polymer coatings,  the carbonyl C=O functional 

group presented a shift toward higher wavenumber from 1726 ± 0.2 cm−1 to 

1738 ± 1.6 cm−1 and a reduction of intensity and slight distortion of the infrared 

peak, which may indicate the formation of an amorphous phase38 or an 

electronic change in the carbonyl group,42 Figure 4.5 and Table 4.2. Overall, 

the relative disappearance of the vinyl group started at 0 min of plasma post-

treatment, however, this led to low polymerization degree of the ASPD poly 

(isodecyl acrylate) coatings due to the low energy-per-molecule ratio. Further 

improvement of the polymerization degree was achieved at >6 min of plasma 

post-treatment which related to the carbonyl group modification but also to a 

higher polymerization degree leading to the improvement of the mechanical 

properties of the ASPD poly (isodecyl acrylate) coatings. 

Alternatively, argon plasma ignited at 50 W for 12 min was used in the 

post-treatment step of the ASPD poly(isodecyl acrylate) coatings, Figure 4.4 

and Figure 4.5. In the corresponding infrared spectrum of the argon plasma 

post-treated ASPD poly(isodecyl acrylate) coatings, the carbonyl C=O 

absorbance presented the similar peak distortion as described before for the 

12 min plasma post-treatment of the APSD poly(isodecyl acrylate) coatings—

no argon plasma post-treatment. This is because argon plasma produces 

mainly ions (Ar+) and energetic UV photons which have enough energy to 

activate the vinyl group of the precursor to initiate the radical 

polymerisation,1,23,39 but also UV photons (λ > 200 nm),23 which can penetrate 

up to  few microns into the polymer bulk, can produce radicals in the oxygen-

containing functionalities of the acrylate group and then participate in the 

photochemical reactions described by the Norrish Mechanism for oxygen-

containing functional groups,23,35,40,41contributing to further polymerisation and 

increasing the crosslinking of the plasma polymer coatings as observed by the 

XPS analysis, and mechanical measurements.  
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Figure 4.4: Infrared spectra of (a) ATR isodecyl acrylate precursor. RAIRS of ASPD 
poly (isodecyl acrylate) coating at different plasma post-treatment times: (b) 0 min; 
(c) 2 min; (d) 3 min; (e) 6 min; (f) 12 min; and (g) 12 min of argon plasma post-

treatment of ASPD poly (isodecyl acrylate) coating. 🞳 indicates C=CH2 absorbance 

at 1634 cm−1, 981 cm−1, and 808 cm−1.24,37 
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Figure 4.5: Infrared spectra of the carbonyl functional group region: (a) ATR isodecyl 
acrylate precursor. RAIRS of ASPD poly (isodecyl acrylate) coatings at different 
plasma post-treatment times: (b) 0 min; (c) 2 min; (d) 3 min; (e) 6 min; (f) 12 min; and 
(g) 12 min of argon plasma post-treatment of ASPD poly (isodecyl acrylate) coating. 
Dashed line indicates C=O stretch (1726 cm−1), and C=C stretch (1636 cm−1).37  
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Table 4.2: Infrared assignments for isodecyl acrylate and ASPD poly (isodecyl 
acrylate) coatings.42,43 

Absorption Frequency / 

cm−1 
Assignment 

2963 CH3 antisymmetric stretching  

2927 CH2 antisymmetric stretching  

2868 CH3 symmetric stretching 

1731 C=O stretching 

1634 C=C stretching 

1462 –CH2– stretching 

1402 =CH2 bending 

1373 –CH(CH3)2 symmetric bending 

1305–1295 –CH2– bending 

1300–1000 

(1269, 1179) 
C–O stretching 

1175–1140, 

1060–1040 
–CH(CH3)2 stretching 

981, 808 =CH2 bending 

 

 

4.2.4 Scanning Electron Microscopy 

Plasma post-treatment time affects the surface topography of the ASPD poly 

(isodecyl acrylate) coatings as observed in SEM images, Figure 4.6. The 

absence of the plasma post-treatment on the ASPD poly (isodecyl acrylate) 

coatings resulted in oily/sticky coatings, and thus, they were unsuitable for 

SEM analysis. The effect of the plasma post-treatment on the ASPD poly 

(isodecyl acrylate) coating led to the formation of wrinkling pattern, and it is 

clear that the higher the plasma post-treatment time, the denser the  wrinkling 

pattern. It is suggested that this wrinkling formation is due to the compressive 

stress generated by the polymerization rate gradient between top and bulk 

layers under the incident of UV photons generated during the plasma post-

treatment to the ASPD poly (isodecyl acrylate) coatings. The plasma polymer 

coatings absorbed more energy supplied by the plasma in the post-treatment 

step causing further polymerisation through photochemical reactions, 
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enhancing the mechanical properties in accordance with the XPS, infrared, 

and microindentation analyses. 

Other authors have reported the formation of the wrinkling pattern of 

acrylate-based polymer coatings fabricated by using UV photo-

polymerisation44 or plasma polymerisation,45,46 and found correlation between 

the wrinkling formation and crosslinking densities. Comparative to the plasma 

post-treatment process reported in this work, previous works18,24,25,28 have 

reported several strategies with the aim to increase the crosslinking density 

and to overcome the oiliness of the alkyl-acrylate-based plasma polymer 

coatings, such as crosslinking agents,28 heating of the monomer 

precursor,17,19 plasma co-polymerisation of alkyl and perfluoroalkyl acylates,25 

and higher applied power.27 

 

  

  



   

83 
 

  

Figure 4.6: SEM images of ASPD poly(isodecyl acrylate) coatings treated at different 
plasma post-treatment times: (left column) 6 min (thickness: 6.9 ± 0.9 µm); and (right 
column) 12 min (thickness: 3.5 ± 2.4 µm). 

 

4.2.5 Contact Angle  

The water contact angle (WCA) values of the ASPD poly (isodecyl acrylate) 

coatings employing 6 and 12 min of plasma post-treatment were 89 ± 5° and 

110 ± 5°, respectively. These results suggest that the denser wrinkling pattern 

is associated with higher WCA values, which strongly depends on the plasma 

post-treatment time. Similarly, Wood et al.24 fabricated poly(isodecyl acrylate) 

coatings employing both ASPD and its counterpart gas-phase plasma 

deposition methods—with no plasma post-treatment—and they produced 

coatings with WCA values of ~80° and ~66°, respectively, which were lower 

than those reported in this work. On the other hand, Bardon et al.47 deposited 

dodecyl acrylate with a diacrylate (crosslinking agent) by atmospheric 

atomised spray plasma deposition to enhance the polymerisation of the alkyl 

acrylate, and thus, to improve the mechanical properties and wettability. They 

obtained wrinkling-patterned plasma polymer coatings with WCA of ~110°—

similar WCA values as reported in this work using plasma post-treatment, 

which provide enough energy to enhance the polymerisation of the alkyl 

acrylate.  

 

 

4.2.6 Electrical Barrier 

The wet electrical barrier performance of the ASPD poly (isodecyl acrylate) 

coated micro-circuit boards were evaluated as a function of the plasma post-
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treatment time for an applied electric field of 10 V mm−1 when the samples 

were immersed in water for 13 min, Figure 4.7. The wet electrical barrier 

performance of the ASPD polymer coated micro-circuit boards increased ~6 

orders of magnitude when the plasma post-treatment time increased from 0 to 

6 min, and thus, protecting the ASPD polymer coated micro-circuit boards from 

electrical failure by dielectric breakdown. At plasma post-treatment time higher 

than 6 min, these ASPD coated micro-circuit boards reached a plateau on the 

wet electrical barrier performance. Therefore, plasma post-treatment is able to 

tune the crosslinking density of the plasma polymer coatings and prevent the 

electrical breakdown of the ASPD coated micro-circuit boards tested under the 

applied electric field in water. Otherwise, the formation of conductive channels 

could lead to polymer degradation, water diffusion, corrosion, and thus, failure 

of the micro-circuit boards.  

 

 

Figure 4.7: Wet electrical barrier after immersion in water for 13 min under an applied 
electric field of 10 V mm−1 (8 V), for ASPD poly (isodecyl acrylate) coatings exposed 
to different plasma post-treatment times. The samples above the dashed line reached 
the instrument detection limit of 8 x 108 Ω, and their standard deviation is Log10 < 0.04 
Ω. 
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The electrical barrier performance of the optimum 12 min plasma post-

treatment was evaluated as a function of the film thickness under the applied 

electric field of 10 V mm−1 to determine the effective minimum film thickness, 

Figure 4.8. The electric current transport on the 12 min plasma post-treated 

ASPD poly (isodecyl acrylate) coatings was absence at a plasma polymer film 

thicker than 1.2 ± 0.3 µm. Overall, this result confirms that not only the plasma 

post-treatment plays a role in the prevention of the electrical breakdown but 

also the film thickness of the plasma polymer. Similarly, Coulson et al27,28 and 

Fraser et al.20 reported an effective electrical barrier coatings of 1.1–1.5 µm 

under the same applied electric field of 10 V mm−1. They used different 

approaches such as a multilayer plasma polymer,20 or longer plasma 

deposition times.18  

 

 

Figure 4.8: Wet electrical barrier as a function of the film thickness of the optimum 12 
min plasma post-treatment of ASPD poly (isodecyl acrylate) coatings. Samples were 
immersed in water under an applied electric field of 10 V mm−1 (8 V). Samples above 
the dashed line reached the instrument detection limit of 8 x 108 Ω. 

 

 

4.2.7 Microindentation 

Microindentation Vickers hardness was carried out on the plasma post-treated 

ASPD poly (isodecyl acrylate) coatings as a function of the applied load, Figure 
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4.9. The mechanical properties were enhanced upon longer plasma post-

treatment time, showing an increase of > 4 GPa when increasing the plasma 

post-treatment time from 6 to 12 min. On the contrary, ASPD poly (isodecyl 

acrylate) coatings with plasma post-treatment time lower than 6 min resulted 

in sticky surfaces which also presented poor electrical barrier values, Figure 

4.7. Therefore, the plasma post-treatment allows to tune the crosslinking 

density which in turn enhances mechanical resistance to plastic deformation 

and electrical barrier performance of the ASPD poly (isodecyl acrylate) 

coatings. 

 

 

 

Figure 4.9: Microindentation Vickers hardness of ASPD poly (isodecyl acrylate) 
coatings as a function of the plasma post-treatment time: (◼) 6 min (thickness: 6.5 ± 
0.6 µm) and () 12 min (thickness: 3.3 ± 2.5 µm). 

 

 

4.3 Conclusions 

Wet electrical barrier coatings were prepared through the single-step ASPD 

technique. The resulting plasma polymer coatings were further cured by 

employing a modified ASPD process—plasma post-treatment was used to 

reduce the oiliness of the plasma polymers due to the trapped liquid monomer 

precursor into the plasma polymer coating, and to increase the crosslinking 

density of the plasma polymer coatings. Moreover, the hydrophobicity, wet 
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electrical barrier performance, and mechanical properties increased as a 

function of the plasma post-treatment time. The increment of the crosslinking 

density in the plasma post-treatment step is mainly attributed to the vacuum 

UV radiation and ion bombardment through the C=C double bond of the 

acrylate group as confirmed by infrared analysis obtained from the argon 

plasma post-treatment—argon plasma only produces Ar+ and UV photons—

which may follow the same photochemical reaction pathways. The chemical 

reaction pathway is mainly attributed to the opening of the π-bond of the 

reactive acrylate group leading to a conventional radical polymerisation. 

However, the crosslinking through the carbon–oxygen bond may play a minor 

role during the plasma post-treatment step. Therefore, these hydrophobic 

insulating plasma polymer coatings exceed the electrical barrier performance 

of an applied electric field of 10 V mm–1, which make it suitable for a range of 

electronic devices operating up to 8 V, to prevent the electrical breakdown 

when in contact with moisture or water.  
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5.  Atomised Spray Plasma Deposition of Superhydrophobic 

and Wet Electrical Barrier Coatings 

 

5.1 Background and Introduction 

The synergetic effect of superhydrophobic and insulating thin films can extend 

the life of electronic devices (e.g., smartphones, hearing aids, tablets, and so 

forth) from any damage caused by any contact with moisture or water that can 

lead to short circuit or corrosion within the circuit boards of electronic 

devices.1–5 

Superhydrophobicity was discussed in Chapter 3. There are two 

mathematical models used to describe the wettability of superhydrophobic 

surfaces which depend on different criteria: The Cassie–Baxter and the 

Wenzel models.6,7,8 The Cassie–Baxter model suggests the reduction of the 

surface contact area within the liquid–solid interface due to the air pockets 

trapped into the cavities of the rough surface and the probe liquid and 

therefore, resulting in lower adhesion and contact angle hysteresis of <10°.6 

On the contrary, the Wenzel model proposes an increase of the surface 

contact area in the liquid–solid interface and thus resulting in higher adhesion 

to water.8 One approach to reduce the surface energy is to employ fluorinated 

polymeric materials, the low surface energy of fluoro-polymers is ascribed to 

the closed packed terminal groups –CF3 (6 mN m−1), and –CF2– (18 mN m−1). 

Flat surfaces modified with fluorinated materials possess water contact angle 

values of ~120°.9 The second approach is by inducing roughness through 

plasma etching,10 chemical etching,11 lithography,12 surface patterning,13 or 

inorganic nanoparticles.14 

Superhydrophobic coatings can repel water from the surface, and thus 

preventing the water or oxygen diffusion through the polymeric coatings which 

may prevent the electrical breakdown of the protective polymer coating or the 

corrosion of the underlying metal electrode.15 Additionally, due to the high 

dielectric strength of the fluoropolymers, 16 they also prevent the electron 

transport, and thus polymer damage, as discussed in chapter 4.  

Different methods have been reported for the deposition of long-chain 

perfluoroalkyl acrylates (e.g., C6–C8 perfluoroalkyl chain length), such as 
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initiated chemical vapour deposition (iCVD),17  plasma-enhanced chemical 

vapour deposition,18 and pulsed plasma deposition.19 For instance: Gleason 

et al.17 fabricated the preparation of hydrophobic surfaces by depositing 

perfluorodecyl acrylate using initiated chemical vapour deposition where the 

filament and the substrate have to be heated to initiate the free radical 

polymerisation. 

Kumar et al.18,20 prepared liquid-repellent coatings through plasma 

polymerisation of perfluorodecyl acrylate at low pressure using argon as a 

carrier gas which also participated in the generation of excited plasma species. 

In contrast, Mertz et al.21 introduced the same precursor in the form of droplets 

into an atmospheric-pressure plasma reactor to fabricate superhydrophobic 

coatings. Ollgaard et al.22 deposited perfluorodecyl acrylate using plasma 

polymerisation at low pressure and variable applied power (i.e., from 1 W/L to 

0.1 W/L of applied power) to fabricate hydrophobic surfaces on textiles and 

electronic devices. 

Coulson et al. deposited perfluorodecyl acrylate by gas-phase plasma 

polymerisation to obtain hydrophobic surfaces in cotton fabrics,19 footwear,23 

and microfluidic devices,24 or to obtain wet electrical barrier coatings for 

electronic devices.1 Alternatively, Coulson et al.5,25 deposited shorter 

perfluoroalkyl chain precursor (perfluorooctyl acrylate) using gas-phase 

plasma polymerisation to protect electronic devices from the dielectric 

breakdown in contact with water. Although they observed some drawbacks 

when obtaining the plasma polymer coatings due to their oiliness, hence, they 

reported different strategies to overcome this problem, such as using high 

power and a crosslinking agent—similarly, Legein et al.26 deposited 

perfluorooctyl acrylate using gas-phase plasma polymerisation at low pressure 

to fabricate hydrophobic surfaces on textile materials.  

Therefore, in this work, a 20% w/w 1H,1H,2H,2H-perfluorododecyl 

acrylate–perfluorotributylamine precursor mixture was atomised into an 

electricla discharge in combination with a subsequent plasma post-treatment 

time to yield plasma polymers with high crosslinking degree, and enhanced 

mechanical and electrical barrier properties, Scheme 5.1. 
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Scheme 5.1: Schematic representation of ASPD 20% w/v 1H,1H,2H,2H-
perfluorododecyl acrylate–perfluorotributylamine coatings. 

 

5.2 Results and Discussion 

5.2.1 Atomised Spray Plasma Deposition 

Plasma copolymerisation of a mixture of perfluorotributylamine (+99.9%, 

Fluorinert FC-43, 3M Inc.) and 1H,1H,2H,2H-perfluorododecyl acrylate (solid 

at ambient temperature, +98%, Fluorochem Ltd.) was carried out by using the 

ASPD. These two perfluorinated precursors were chosen because 

perfluorinated precursors have the lowest surface tension, and the number of 

—CF3 present in the perfluorotributylamine precursor. Additionally, 

1H,1H,2H,2H-perfluorododecyl acrylate has a polymerizable functional group 

which is expected to give rise to the deposition rate. The ASPD was carried 

out at the optimum condition of 20% w/v 1H,1H,2H,2H-perfluorododecyl 

acrylate–perfluorotributylamine slurry solution27  (30 W, flow rate of 14 ± 2 x 

10−4 mL s−1). The resulting plasma polymer coatings showed 

superhydrophobic and oleophobic behaviour with enhanced mechanical and 

wet electrical barrier properties for the plasma post-treated polymer coatings.  

It is likely that the plasma polymerization mechanism depends on the 

radical and ion formation from both precursors. It is suggested that during the 

ASPD, the radical polymerization starts with the 1H,1H,2H,2H-
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perfluorododecyl acrylate monomer due to the unsaturated vinyl group. There 

are also electron impacts within the plasma resulting in the fragmentation and 

radical formation of the perfluorotributylamine. These radicals can then initiate 

polymerisation of the 1H,1H,2H,2H-perfluorododecyl acrylate monomer 

leading to the conventional free radical polymerisation through the vinyl group. 

As the reactive plasma species, mainly vacuum UV photons, promote the 

radical formation, fragmentation, and crosslinking of the plasma polymers,28 

plasma post-treatment was proposed to carry out on the ASPD 20% w/v 

1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings due 

to the continuous plasma polymerisation and crosslinking of the polymer and 

the monomer molecule reduction in the gas phase. Therefore, this increases 

the applied energy (W) per molecule as described by the Yasuda parameter 

(W/FM: where F is the flow rate, and M the molecular weight of the precursor)29 

in both, the plasma phase and the polymer surface. Alternatively, it has been 

reported that to achieve a higher crosslinking degree of plasma polymers or to 

avoid the oiliness of the plasma polymer coatings, high applied power either 

in continuous or pulsed mode plasmas,1,5 or crosslinking agents30 are 

required.  

 

 

5.2.2 Deposition rate 

The deposition rate of ASPD perfluorotributylamine layer was 49 ± 4 nm min−1 

as reported in Chapter 3.  

Dissolving solid 1H,1H,2H,2H-perfluorododecyl acrylate into 

perfluorotributylamine to form a 20% w/v solution mixture enhanced the ASPD 

deposition rate by a factor of 13, up to 640 ± 315 nm min−1 (precursor flow rate 

= 14 ± 2 x 10−4 mL s−1) which can be attributed to the reactivity of the acrylate 

functional group. Therefore, the deposition rate and deposition time can be 

adjusted to obtain the optimum ASPD coating thickness. Similarly, other 

studies deposited shorter perfluoroalkyl chain poly(1H,1H,2H,2H-

perfluorodecyl acrylate, PFAC-8) films, where they reported deposition rate 

values of: 275 nm min−1 by initiated chemical vapour deposition (iCVD),17 ~15 
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nm min−1 by plasma-enhanced chemical vapour deposition,18 and ~10 nm 

min−1 by pulsed plasma polymerisation.19 

 

 

5.2.3 X-ray Photoelectron Spectroscopy 

XPS analysis of the ASPD perfluorotributylamine coating showed evidence of 

only carbon, fluorine, and nitrogen as reported in Chapter 3. On the other 

hand, carbon, fluorine, nitrogen, and oxygen were detected for the ASPD 20% 

w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings, 

Figure 5.1, and Table 5.1. In this case, the elemental atomic composition of 

the ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coatings did not change at any condition of plasma 

post-treatment which suggests that no defluorination/material removal via 

etching/ablation process occurs by exposing the ASPD plasma polymer 

directly to the reactive plasma species during plasma post-treatment, Table 

5.1.  

The C(1s) XPS spectra of ASPD perfluorotributylamine coating were 

fitted to five Gaussian Mg Kα1,2 components in conjunction with their 

corresponding Mg Kα3 and Mg Kα4 satellite peaks towards lower binding 

energy by ~8.4 and ~10.2 eV respectively, Figure 5.2.31 The C(1s) Mg Kα1,2 

components being: –C–CFn at 286.1 eV, –CF– at 287.5 eV, –CF–CFn at 289.2 

eV, –CF2– at 291.2 eV, and –CF3 at 293.1 eV.32 At 12 min of plasma post-

treatment of the ASPD perfluorotributylamine coating, the unsaturated and 

crosslinked carbon centre (%[–C–CFn] + %[–CF–] + %[–CF–CFn]) increased 

from ~35% to ~55% of the total atomic carbon composition indicating a higher 

crosslinking degree of the ASPD perfluorotributylamine coating. 

The C(1s) XPS spectra of ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coating were fitted to six 

Gaussian Mg Kα1,2 components in conjunction with their corresponding Mg 

Kα3 and Mg Kα4 satellite peaks towards lower binding energies by ~8.4 and 

~10.2 eV respectively, Figure 5.2.31 The C(1s) Mg Kα1,2 components being: –

C–C– / CxHy at 285.0 eV, –C–CFn / –C–O at 286.3 eV, –CF– at 287.8 eV, –

CF–CFn / O–C=O at 289.5 eV, –CF2– at 291.2 eV, and –CF3 at 293.2 eV.32 
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The oxygenated or hydrogenated carbon functionalities are originated from 

the acrylate group within the 1H,1H,2H,2H-perfluorododecyl acrylate. Upon 

optimum 12 min of plasma post-treatment of the ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coatings, the retention of the 

[–CF2–] component is reduced by ~10 at.%. Consequently, the unsaturated 

and crosslinked carbon centres ([–C–CFn / –C–O] + [–CF–] + [–CF–CFn / O–

C=O]) increased from ~25% to ~39% of the total atomic carbon composition 

attributed to a higher crosslinking of the ASPD plasma polymers which were 

longer exposed to the excited species after ceasing the atomised spray 

plasma deposition. This higher crosslinked degree confirmed the effect of the 

interaction among the reactive plasma species during the plasma post-

treatment of the plasma polymer coatings. 

The single F(1s) XPS Mg Kα1,2 peak at 687.9 eV corresponds to a 

covalently bonded fluorine atoms, Figure 5.3. The fluorine elemental atom 

composition and the F:C ratio remained stable upon plasma post-treatment, 

which means that defluorination via etching process did not take place, Table 

5.1. 

The O(1s) Mg Kα1,2 components being: C=O at 531.3 eV, and C–O–C at 

533.0 eV were shifted to 532.4 eV and 533.8 eV upon 12 min of plasma post-

treatment, respectively and represent ca. 3 at.% of the total atomic 

composition, Table 5.1 and Figure 5.3. This shift of the O(1s) levels towards 

higher binding energies indicates a change in the chemical and electronic 

bonding environment.33 

Therefore, the plasma post-treatment did not affect the elemental 

composition of the ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coatings. Instead, an increase of the unsaturated and 

crosslinked carbon centre was observed as a function of the plasma post-

treatment time. 
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Figure 5.1: Wide scan XPS spectra of: (a) ASPD perfluorotributylamine coating, and 
ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine 
coatings at (b) 0 min and (c) 12 min plasma post-treatment times. 

 

Figure 5.2: C(1s) XPS spectra of: ASPD perfluorotributylamine coating at different 
plasma post-treatment times: (a) 0 min and (b) 12  min;  and ASPD 20% w/v 
1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings at different 
plasma post-treatment times: (c) 0 min and (d) 12 min. 
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Figure 5.3: (a) F(1s) and (b) O(1s) XPS spectra of ASPD 20% w/v 1H,1H,2H,2H-
perfluorododecyl acrylate–perfluorotributylamine coatings at different plasma post-
treatment times. Oxygen component is absent in the ASPD perflurotributylamine 
coatings, Table 5.1.  
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Table 5.1: XPS compositions for precursors (theoretical) and ASPD 20% w/v 
1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings treated at 
different plasma post-treatment times. 

System / Plasma 

Post-treatment Time 

Atomic Composition 

/ % 

F:C 

Rati

o 

C(1s) Component / % 

C F N O 

C–C 

/ 

CxHy 

–C–

CFn 

/ C–

O 

–

CF– 

–

CF–

CFn 

–O–

C=O 

–

CF2– 

–

CF3 

Perfluorotributylamine 

precursor 
30 67.5 2.5 NA 2.25 NA NA NA NA 75 25 

1H,1H,2H,2H-

perfluorododecyl 

acrylate precursor 

39.5 55.3 NA 5.3 1.4 33.3 NA NA NA 60 6.7 

ASPD 

perfluorotributylamine 

/ 0 min 

34.9 

± 

0.2 

58.2 

± 

0.0 

6.9 

± 

0.2 

0.0 

± 

0.0 

1.7 

± 

0.0 

NA 

7.3 

± 

1.8 

11.0 

± 

0.0 

16.7 

± 

0.2 

36.9 

±  

1.1 

28.1 

± 

0.9 

ASPD 

perfluorotributylamine 

/ 12 min 

36.2 

± 

0.7 

58.4 

± 

0.6 

5.4 

± 

0.3 

0.0 

± 

0.0 

1.6 

± 

0.0 

NA 

10.3 

± 

1.5 

18.8 

± 

1.6 

26.1 

± 

3.4 

25.2 

±  

4.4 

19.6 

± 

2.8 

ASPD 20% w/v 

1H,1H,2H,2H-

perfluorododecyl 

acrylate–

perfluorotributylamine 

coating 

/ 0 min 

39.0 

± 

0.6 

56.4 

± 

0.5 

1.3 

± 

0.5 

3.3 

± 

0.1 

1.4 

± 

0.1 

11.6 

± 

1.5 

9.8 

± 

0.4 

6.9 

± 

0.5 

8.5 

± 

2.0 

51.7 

± 

 0.9 

11.6 

± 

1.0 

ASPD 20% w/v 

1H,1H,2H,2H-

perfluorododecyl 

acrylate–

perfluorotributylamine 

coating 

/ 12 min 

40.1 

± 

1.8 

56.0 

± 

2.3 

0.9 

± 

0.6 

3.0 

± 

0.5 

1.4 

± 

0.1  

8.8 

± 

2.4 

8.5 

± 

2.1 

8.9 

± 

1.7 

22.0 

± 

3.6 

39.0 

±  

4.7 

12.8 

± 

2.9 

 

 

5.2.4 Infrared Spectroscopy 

The infrared spectrum obtained for the ASPD perfluorotributylamine coating 

showed characteristic absorbances of perfluorinated chain groups –CF2–CF3 

(1365–1325 cm−1), –CF3 (1350–1120 cm−1) and –CF2– (1280–1120 cm−1) as 

indicated in Chapter 3, Figure 5.4 and Table 5.2.34  
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The infrared spectrum for the ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coating exhibits a weak 

absorbance peak at 2965–2895 cm−1 associated CH2 stretching found in 

polymer backbones35 (this is absent in the infrared spectrum of 1H,1H,2H,2H-

perfluorododecyl acrylate monomer and can be attributed to the 

polymerisation of acrylate carbon–carbon double bonds to form saturated 

carbons), Figure 5.4 and Table 5.2, which is in accordance with the 

appearance or increase of infrared peak intensity of this saturated carbon after 

plasma polymerisation reported for other acrylate precursors.36,37 

Characteristic broad bands corresponding to perfluorinated chain groups 

include –CF2–CF3 (1365–1325 cm−1), –CF3 (1350–1120 cm−1), and –CF2– 

(1280–1020 cm−1) indicating the retention of the perfluorocarbon chains. The 

infrared band associated with the C–O stretching (1300–1000 cm−1) overlaps 

with the C–F stretching (1000–900 cm−1) band which limits the interpretation 

of the infrared spectra. The characteristic acrylate carbonyl C=O absorption at 

1731 cm−1 is still visible after atomised spray plasma deposition.  

The characteristic acrylate C=C double bond absorbance at 1640 cm−1 

following ASPD, is indistinguishable due to the broadening of acrylate carbonyl 

group C=O band as well as overlap with the –CF=CF– stretching from the 

ASPD perfluorotributylamine, Figure 5.5. However, it may be that some non-

polymerised 1H,1H,2H,2H-perfluorododecyl acrylate C=C double bonds are 

retained in the ASPD of 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coating. 

Upon plasma post-treatment, the characteristic acrylate carbonyl C=O 

absorption was slightly shifted from 1731 cm−1 to 1736 cm−1, Figure 5.5, which 

may be due to the changes in the neighbouring carbon.39 This infrared band 

also reduces in intensity and broadens as a consequence of plasma excited 

species creating crosslinking and plasma polymer structural rearrangement 

due to ion bombardment and vacuum–UV irradiation38 which is also consistent 

with the higher unsaturated and crosslinked carbon centres and the shift to 

higher binding energies of the O(1s) XPS components due to a change of the 

electronic bonding environment, (Chapter 4: Figure 4.3; XPS O(1s) of ASPD 

IDA), and the infrared absorption shift of the C=O group of the plasma post-
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treatment of ASPD poly (isodecyl acrylate) coatings, (Chapter 4: Figure 4.5: 

IR spectra of C=O). 

  

 

Figure 5.4: Infrared spectra: (a) ATR perfluorotributylamine; (b) ATR 1H,1H,2H,2H-
perfluorododecyl acrylate; (c) RAIRS ASPD perfluorotributylamine coating; (d) RAIRS 
ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine 
coating (no plasma post-treatment); (e) RAIRS ASPD 20% w/v 1H,1H,2H,2H-
perfluorododecyl acrylate–perfluorotributylamine coating (2 min plasma post-
treatment); and (f) RAIRS ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coating (12 min plasma post-treatment). ◆ C=O stretch (1731 

cm−1), ▲ C=C stretch (1640 cm−1), dashed line indicates perfluorinated chain region 

(1365–1120 cm−1), ■ CF3 stretch (980 cm−1), ⬤ C–F stretch (720 cm−1).  
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Figure 5.5: Infrared spectra of the carbonyl functional group region: (a) ATR 
perfluorotributylamine; (b) ATR 1H,1H,2H,2H-perfluorododecyl acrylate; (c) RAIRS 
ASPD perfluorotributylamine coating; (d) RAIRS ASPD 20% w/v 1H,1H,2H,2H-
perfluorododecyl acrylate–perfluorotributylamine coating (no plasma post-treatment); 
(e) RAIRS ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–
perfluorotributylamine coating (2 min plasma post-treatment); and (f) RAIRS ASPD 
20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coating (12 
min plasma post-treatment). Dashed lines indicate C=O stretch (1731 cm−1), and C=C 
stretch (1640 cm−1). 
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Table 5.2: Infrared assignments for perfluorotributylamine precursor and ASPD 
polymer coatings.39–41 

Absorption frequency 

/ cm−1 
Assignment 

2965–2895 CH2 stretching 

1731 C=O stretching 

1730 –CF=CF– stretching 

1640 C=C stretching 

1470–1340 CH2 bending 

1420–1410 =CH2 stretching 

1365–1325 CF2–CF3 stretching 

1350–1120 
–CF3 antisymmetric 

stretching 

1280–1120 –CF2– stretching 

1250–1020 
C–N antisymmetric 

stretching 

1100–900 C–F stretching 

1300–1000 C–O acrylate stretching 

995–985 =CH2 bending 

980 –CF3 symmetric stretching 

915–590 =CH2 bending 

720 C–F stretching 

 

 

5.2.5 Scanning Electron Microscopy 

SEM images of the surface topography of the ASPD perfluorotributylamine 

coatings showed a smooth nanocoating, Figure 5.6. The mixing of 20% w/v 

1H,1H,2H,2H-perfluorododecyl acrylate into the ASPD perfluorotributylamine 

coatings resulted in a roughened surface containing microsphere-like features 

which can be attributed to: (i) either phase separation of the liquid droplets 

during the polymerisation or enhanced viscosity (change of the 

physicochemical properties) due to the optimum 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate component during atomisation into the plasma, and 

(ii) formation of oligomers on the droplet surface during the atomisation before 

striking the sample surface. For comparison, Mertz et al.21 used plasma 
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copolymerisation to fabricate superhydrophobic polymer coatings using two 

different acrylate precursors which resulted in in similar roughness—particle-

like polymer coatings. In contrast, the ASPD poly (isodecyl acrylate) coatings 

reported in Section 4.2.4 formed a smooth polymer surface prior to the plasma 

post-treatment, and showed denser wrinkling formation as a function of the 

plasma post-treatment time—a single precursor—instead of microsphere-like 

features reported in this Section—two perfluorinated precursors were used 

with different relative polymerization rate. 

The plasma post-treatment of the ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coatings led to the shrinkage 

of the microsphere-like plasma polymer which can be associated to a further 

plasma exposition (mainly, vacuum UV, radicals, and ion bombardment) 

generating plasma polymer coatings with a higher crosslinking degree, Figure 

5.6. Consequently, after plasma post-treatment, the ASPD plasma polymer 

shows a change of surface morphology which can be correlated to the 

increase of crosslinked carbon centre detected by XPS and the broadening of 

the acrylate carbonyl group showed by IR analysis, Table 5.1, Figure 5.2, and 

Figure 5.4. 
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Figure 5.6: SEM images of: ASPD perfluorotributylamine coatings (left column); 0 min 
plasma post-treated ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–
perfluorotributylamine coatings (middle column); 12 min plasma post-treated ASPD 
20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings 
(right column). 

 

5.2.6 Contact Angle 

The water contact angle of ASPD perfluorotributylamine coatings is 112 ± 1° 

as reported in Chapter 3. The wettability of the ASPD perfluorotributylamine 

coatings did not change either with the effect of the plasma post-treatment 

time or with the concentration of the –CF2– and –CF3 functionalities, as 

indicated by the XPS analysis, Table 5.1, even though the contact angle 

technique is very susceptible to changes of chemical composition and 

morphology at the monolayer order.42 

Incorporation of optimum 20% w/v 1H,1H,2H,2H-perfluorododecyl 

acrylate into the ASPD perfluorotributylamine coatings resulted in a roughened 

surface which can be attributed to the phase separation during the 

atomisation, Figure 5.6. Consequently, this leads to an increment in liquid 

repellency with water and hexadecane contact angle values (169° ± 3° and 

104° ± 5° for as-deposited, respectively). Similarly, 12 min plasma post-
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treatment time of the ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coatings did not show any significant change in the 

water and hexadecane contact angle values and were stable towards polar / 

non-polar solvent rising, Figure 5.7. Comparatively, other studies19,20,21 also 

showed water contact angle values between 120°–160° unlike the ~170° 

reported in this work, Figure 5.7. 

The combination of the micro-scale roughness and the chemical 

composition led to reduction of surface free energy giving a rise of water and 

oil contact angle values which can be attributed to the entrapped air pockets 

reducing the interaction of contact lines between the liquid droplet and the 

solid surface which is in accordance with the Cassie–Baxter model.6 Typically, 

in this model, it is considered a water contact angle hysteresis of <10°. 

However, for higher contact angle hysteresis values, a transition to the Wenzel 

model is suggested. Then, in this work, the water contact angle hysteresis for 

the optimum plasma post-treated ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coatings is 11° ± 5° after 

rinsing with polar / non-polar solvents; thus, it may be possible that this 

transition to the Wenzel model is potentially present on the surface of the 

optimised ASPD polymer coatings.  
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Figure 5.7: Static (open) and hysteresis (shaded) contact angle values using water 
(W) and hexadecane (O): (i) ASPD perfluorotributylamine coatings; (ii) ASPD 20% 
w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings (0 min 
plasma post-treatment); (iii) ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–
perfluorotributylamine coatings (12 min plasma post-treatment): as-deposited (D); 
and rinsed (R) with propan-2-ol / cyclohexane 1/1 %v/v solution for 1 min. Contact 
angles using perfluorotributylamine as a probe liquid gave values of < 5° for any 
plasma polymer coating. 12 min plasma post-treatment of ASPD 
perfluorotributylamine coatings displayed no changes in the liquid contact angle 
values. 

 

 

5.2.7 Microindentation 

Microindentation Vickers hardness of ASPD coatings was investigated as a 

function of the applied load, Figure 5.8(a). ASPD perfluorotributylamine 

coatings showed ~6-fold harder coatings compared to the ASPD 20% w/v 

1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings 

(without plasma post-treatment) at an applied force of 0.49 N.  

The mechanical properties of the ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coatings were controlled and 

enhanced by exposing ASPD plasma polymer coatings to plasma after 

ceasing the atomisation. For the optimum 12 min of plasma post-treatment of 

the ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coatings, the Vickers hardness increased ~10-fold as 
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compared with those without plasma post-treatment, Figure 5.8(b). Therefore, 

although the effect of plasma post-treatment did not show any significant 

change of the liquid repellency, this effect showed enhanced mechanical 

properties which can be indirectly related to a higher crosslinking density of 

the plasma polymer upon plasma post-treatment which is also in agreement 

with the XPS results, Figure 5.2 and Table 5.1.  
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Figure 5.8: (a) Microindentation Vickers hardness as a function of the applied loads 
for () ASPD perfluorotributylamine coating, and ASPD 20% w/v 1H,1H,2H,2H-
perfluorododecyl acrylate–perfluorotributylamine coatings as a function of plasma 
post-treatment time: () 0 min; (▲) 2 min; () 4 min; () 6 min, and () 12 min. (b) 
Microindentation Vickers hardness as a function of plasma post-treatment time of 
ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine 
coatings at an applied force of 1.96 N. 
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Table 5.3: Microindentation Vickers hardness of ASPD 20% w/v 1H,1H,2H,2H-
perfluorododecyl acrylate–perfluorotributylamine coatings at different plasma post-
treatment times. 

Coating / Plasma 

Post-treatment Time 

Vickers Hardness / GPa 

0.10 N 0.25 N 0.49 N 0.98 N 1.96 N 

Perfluorotributylamine 
3.9 ± 

0.4 

4.6 ± 

0.6 

3.9 ± 

0.1 
NA NA 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate / 

Perfluorotributylamine, 

(0 min) 

NA NA 
0.7 ± 

0.1 

0.7 ± 

0.2  

1.0 ± 

0.2 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate / 

Perfluorotributylamine, 

(2 min) 

NA NA 
1.3 ± 

0.2 

1.8 ± 

0.2 

1.8 ± 

0.2 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate / 

Perfluorotributylamine, 

(4 min) 

NA NA 
2.9 ± 

0.3 

3.4 ± 

0.2 

4.5 ± 

0.5 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate / 

Perfluorotributylamine, 

(6 min) 

NA NA 
9.1 ± 

1.4 

7.2 ± 

0.5 

8.2 ± 

0.6 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate / 

Perfluorotributylamine, 

(12 min) 

NA NA 
10.0 ± 

1.4 

8.7 ± 

1.4 

10.9 ± 

2.0 
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5.2.8 Electrical Barrier 

Atomised spray plasma deposited perfluorotributylamine coatings showed 

poor electrical barrier performance of log10 (electrical barrier) 3.7 ± 0.03 Ω at 

an applied electric field of 10 V mm−1 (8 V), Table 5.4. In contrast, the 

incorporation of 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate into the 

ASPD perfluorotributylamine coatings without plasma post-treatment showed 

an increase of the wet electrical barrier performance up to log10 (electrical 

barrier) = 8.9 ± 0.02 Ω at the same applied electric field. 

At the higher applied electric field of 75 V mm−1 (60 V), the highest 

electrical barrier (log10 (electrical barrier) = 9.8 ± 0.04 Ω) was found for those 

ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coatings with more than 2 min of plasma post-treatment 

with a sufficient plasma polymer coating thickness of 3.8 ± 1.9 µm, Figure 5.9. 

In contrast, the electrical barrier performance decayed ~4 orders of magnitude 

in the absence of the plasma post-treatment of the ASPD 20% w/v 

1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings. 

Therefore, plasma post-treatment of ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coated microcircuit boards 

provide with excellent wet electrical barrier for up to applied electric fields of 

75 V mm−1 (60 V) that can be used as a protective barrier coating for a range 

of electronic devices using DC battery voltage up to 24 V.43 

Therefore, the improved wet electrical barrier performance can be 

attributed to (i) the effective plasma polymer coating thickness, (ii) the low 

polarizability of the perfluorinated plasma polymer coatings, (iii) the 

superhydrophobic properties, Figure 5.7, and (iv) a higher crosslinking degree 

of the plasma post-treated ASPD polymer coatings as it is shown by the XPS 

results (i.e., at optimum 12 min of plasma post-treatment), Figure 5.2 and 

Table 5.1. Particularly, the higher crosslinking degree of the ASPD 20% w/v 

1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine coatings 

resulted in enhanced electrical barrier coatings resisting applied electric fields 

up to 75 V mm−1, acting as a physical barrier to the electron transport from the 
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anode to the cathode, and thus preventing the electrical breakdown, polymer 

degradation, corrosion formation, and water diffusion. 

  

Figure 5.9: Wet electrical barrier as a function of the plasma post-treatment time of 
ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–perfluorotributylamine 
coatings (thickness: 3.8 ± 1.9 µm). Plasma polymer-coated samples were immersed 
in water for 13 min under an applied electric field of 75 V mm−1 (60 V). Samples above 
the dashed line reached the instrument detection limit of 8 x 108 Ω. For all plasma 
post-treated ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–
perfluorotributylamine coatings the standard deviation is Log10 < 0.04 Ω. 
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Table 5.4: Wet electrical barrier performance after 13 min immersion in water under 
different applied electric fields, for ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl 
acrylate–perfluorotributylamine coatings (thickness: 3.8 ± 1.9 µm) as a function of 
plasma post-treatment time, Figure 5.9. † Instrument detection limit of 8 x 108 Ω. 

ASPD Coating / 

Plasma Post-

treatment Time 

Applied 

Voltage / V 

Electric 

Field / V 

mm−1 

Log10 (Electrical 

Barrier) / Ω  

Perfluorotributylamine 8 10 3.7 ± 0.03 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate–

perfluorotributylamine 

(0 min) 

8 10 8.9 ± 0.02† 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate–

perfluorotributylamine 

(0 min) 

60 75 5.1 ± 0.7 

20% w/v 1H,1H,2H,2H-

perfluorododecyl 

acrylate– 

perfluorotributylamine 

(2–12 min) 

60 75 9.8 ± 0.04† 

 

 

Alternatively, different types of wet electrical barrier coatings that have 

been deposited via chemical vapour deposition, UV polymerisation, 

nanocasting, pulsed plasma polymerisation and the wet electrical barrier 

coatings were tested using different electrochemical techniques. It has been 

reported a variety of film thicknesses which were analysed by using different 

electrochemical methods, for instance, by carrying out electrical barrier 

measurements at an applied voltage of  8 V for wet electrical barrier coating 

thicknesses: 1.5–2.5 µm;1,2 by electrochemical measurements for corrosion 

inhibition: 2–15 µm film thick, Table 5.5.44,45,46  
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However, to date, no previous works have been reported the present 

measurements of electrical barrier coatings under an applied electric field of 

75 V mm−1 (60 V). In this work, the wet electrical barrier performance of the 12 

min plasma post-treated ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl 

acrylate–perfluorotributylamine coated microcircuit boards was of 9.8 x 108 Ω 

at an applied electric field of 75 V mm–1 (60 V) as compared to previous 

electrical barrier polymer coatings which have reported >3 µm of film thickness 

and an applied electric field of 10 V mm–1, Table 5.5—a sufficiently high 

electrical resistance to neglect the electron transport between the electrodes, 

polymer degradation and corrosion. 

 

 

Table 5.5: Comparison to the prior art of the wet electrical barrier coatings tested at 
a fixed applied voltage (8 V) and immersed in water for 13 min. † Samples reached 

the instrument detection limit of 8 x 108 Ω. 🞴 Coatings tested at an applied voltage 

(60 V). 

Precursor 
Deposition 

Method 

Resistance 

at 8 V for 13 

min 

Film 

Thickness 
Ref. 

Parylene CVD > 2 x 107 > 2.8 µm 

1 

PFAC-8 
Plasma 

polymerisation 

1) ~8.0 x 105 

2)  1.5 x 107 

3) > 6 x 108 

1) ~1.2 µm 

2) ~3.7 µm 

3) > 2 µm 

Isodecyl acrylate 
Plasma 

polymerisation 

1) ~5 x 104 

2) 1.8 x 107 

3) 1.4 x 1010 

1) ~0.4 µm 

2) ~1.1 µm 

3) ~1.9 µm 

Vinyl decanoate 
Plasma 

polymerisation 
2.3 x 108 ~2.2 µm 

Tetradecane 
Plasma 

polymerisation 
4.7 x 107 ~1.1 µm 3 

• Polyisoprene 

(base layer) 

• Allyl 

mercaptan  

Spin coating / 

Plasma 

deposition 

> 8 x 108 ~1.5 µm 2 

• PFAC-6  
Plasma 

polymerisation 
> 9.2 x 109 1.45 µm 5 
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Precursor 
Deposition 

Method 

Resistance 

at 8 V for 13 

min 

Film 

Thickness 
Ref. 

• Divinyl adipate 

(Crosslinking 

agent) 

• Helium 

Isodecyl acrylate  

 

ASPD 

(12 min plasma 

post-treatment) 

1) > 2.2 x 

104 

2) 1 x 108 

3) > 6.5 x 

108 

4) > 8.9 x 

108  † 

1) ~0.26 µm 

2) ~1.07 µm 

3) ~1.2 µm 

4) ~1.9 µm † 

(Chapter 

4: 

Figure 

4.8) 

20% w/v 

(1H,1H,2H,2H-

perfluorododecyl 

acrylate–

Perfluorotri 

butylamine)  

ASPD 

(No plasma post-

treatment) 

1) > 8.9 x 

108  † 

at 8 V 

2) 3.8 x 105  

at 60 V 🞴 

3.8 ± 1.9 µm   

Figure 

5.9 

ASPD 

(12 min plasma 

post-treatment) 

> 9.8 x 108  

at 60 V  † 

3.8 ± 1.9 µm 

† 🞴 

 

 

5.3 Conclusions 

Superhydrophobic ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine coatings were prepared to protect micro-circuit boards 

from the electrical breakdown produced when micro-circuit boards are in 

contact with water and under an electric field of 75 V mm–1, surpassing the wet 

electrical barrier performance of previously reported polymer coatings tested 

up to 10 V mm–1. The wet electrical barrier performance was enhanced by 

supplying more energy to the ASPD 20% w/v 1H,1H,2H,2H-perfluorododecyl 

acrylate–perfluorotributylamine coatings during the plasma post-treatment 

step increasing the crosslinking density. 
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On the other hand, XPS analysis confirmed the elemental composition 

consistency of plasma polymer coatings after plasma post-treatment but 

higher crosslinking degree was confirmed by infrared, and microindentation 

analyses. Therefore, the tune of the functional groups could be possible at an 

optimum plasma post-treatment time. It is then evident that during the plasma 

post-treatment, the energy of the reactive species is dissipated or transferred 

to the polymer surface promoting further crosslinking. The best result was for 

the optimum 12 min plasma post-treated ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coatings which increased up 

to log10 (electrical barrier) = 9.8 ± 0.04 Ω, and ~11 GPa for the wet electical 

barrier performance under an applied electric field of 75 V mm−1, and Vickers 

hardness, respectively, as compared to the samples with no plasma post-

treatment. 

Therefore, the synergetic effect of superhydrophobicity and insulating 

properties of the 12 min plasma post-treated ASPD 20% w/v 1H,1H,2H,2H-

perfluorododecyl acrylate–perfluorotributylamine coatings significantly 

improved the wet electrical barrier performance and mechanical properties, 

without significant variation of the chemical composition of the plasma polymer 

coatings. 
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6. Atomised Spray Plasma Deposition of Antibacterial 

Coatings 

 

6.1 Background and Introduction 

Bacterial biofilm adhesion to surfaces is considered a common problem in the 

healthcare sector since bacteria are becoming more resistant to antibiotics; 

bacteria may proliferate in biofilms due to their effective physical protection 

from antibiotics.1 Bacterial biofilms can be a source of potential bacterial 

infections for biomedical devices, material surfaces, food packaging, or water 

pipes.2 Therefore, it is important to reduce the bacteria growth and adhesion 

at initial stages to prevent the bacterial biofilm formation. 

Several strategies have been reported to prevent the bacterial biofilm 

formation on biomaterial surfaces without changing their bulk properties. For 

instance, antibacterial surfaces can be prepared by surface functionalisation 

which inhibits the bacteria growth (e.g., surface functionalisation with: poly L-

lysine,3 antibiotic-ampicillin,4 amine functional groups,5,6 quaternary 

ammonium functional groups,7,8 phthalocyanine–boronic acid functional 

groups,9 poly-oxazoline functional groups10,11) or by deposition of functional 

coatings with antibacterial properties (e.g., matrix polymer coatings hosting: 

quaternary ammonium salts and releasable silver ions,12 silver ions,13 copper 

ions,14 polycation-bearing catechol,15 antibacterial peptides;16,17 or hybrid 

polymers such as: polydextran aldehyde–polyethyleneimine,18 polydopamine–

silica polymer,19 chitosan–copper ions,20 nanoparticles,12,21 silver binding 

peptides,22 peptides,23 antibiotics,29 β-carotene/limonene/eugenol,24 

surfactants.25,48). 

The fabrication of antibacterial coatings is one of the critical strategies 

for the prevention of bacteria propagation, bacterial biofilm formation, and 

bacterial infections associated with the attachment of bacteria onto surfaces. 

Antibacterial coatings have been classified according to the interaction 

between the antibacterial agent and the bacteria biofilm: (i) antibacterial agent 

release coatings, and (ii) antibacterial non-release coatings (contact killing 

coatings, or bacteria repellent coatings).26 
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In the antibacterial agent release approach, the bacteria growth is 

neutralised or inhibited as a function of the antibacterial leaching agent 

released over time from the hosting polymer coating. The antibacterial agent 

can be either bonded electrostatically or covalently. The electrostatically 

bonded antibacterial agent leaches out reducing their period of antibacterial 

activity action, while the covalently bonded antibacterial agent displays a 

prolonged and limited antibacterial activity.12,27–29  For instance, Druvari et al.28  

prepared an antibacterial copolymer coating to control the release of 

quaternary ammonium functional groups biocides bonded either covalently or 

electrostatically and tested against S. aureus and P. aeruginosa. Yu et al.30 

deposited mineralised collagen loaded with metal-organic frameworks on 

titanium surfaces to control the release of naringin as an antibacterial agent, 

to enhance biocompatibility and osseointegration of orthopaedic implants. 

Montero et al.31 prepared copper particles embedded in a methyl methacrylate 

resin for the controlled release of nanoparticles. The antibacterial activity is 

attributed to the released copper particles which interacted with the bacteria 

cell walls resulting in the death of the microorganisms such as S. aureus, E. 

coli, P. aeruginosa, and L. monocytogenes.  

In the antibacterial agent non-release coating approach, there is not a 

reservoir nor a release of antibacterial agents from the antibacterial coatings. 

Instead, the antibacterial activity of the antibacterial agent non-release 

coatings is attributed to: the disruption of the bacterial cell membrane when 

bacteria interact the antibacterial agent which is covalently bonded to the 

surface (contact killing surfaces), or the prevention of bacteria adhesion and 

this bacterial biofilm formation on hydrophobic/hydrophilic surfaces (bacteria 

repellent surfaces).1 For Instance, Humblot et al.32 immobilised antibacterial 

peptide onto gold surfaces by self-assembled monolayer technique and tested 

against E. faecalis, and S. aureus. They found that the immobilised peptide 

modified and disrupted the bacterial cell wall causing the prevention of the 

biofilm formation. Mei et al.33 reported the incorporation of quaternary 

ammonium groups into acrylic resins for their potential antibacterial contact 

killing surfaces. Positively charged coatings interact with the anionic lipids from 

the bacterial cell membranes yielding the bacterial cell membrane disruption. 

It is likely that the positive charge of the surfactant strongly interacts with the 
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negatively charged bacterial cell membrane and then disrupts the cell 

membrane leading to the cell death.2 

Alternatively to conventional organic antibacterial agents (e.g., 

antibiotics,4,30 peptides,16,23 surfactants6,8,46),  there have been reported 

studies about the coordination of antibiotics, and surfactants with metal 

ions.34,35 Particularly, the coordination of surfactants with metal ions, to form 

metal–surfactant complexes, generally enhances the biological and 

antibacterial activities.58 Metallosurfactants form micelles, inverse micelles, 

and vesicles at a critical micelle concentration, like surfactants with enhanced 

characteristics, due to their complexation with the metal ion.41,60 

The metallosurfactants are composed of a hydrophobic tail (i.e., the alkyl 

chain), a polar head group which is bonded to the metal ion through a 

coordinate bond, where the metal ion acts as a counter ion.35,45,48 Kabara et 

al.36 evaluated the alkyl chain lengths of alkyl amines and they found that the 

alkyl chain length of C11–C13, were the most effective alkyl chain length against 

a range of Gram-positive and Gram-negative bacteria. Therefore, the 

presence of the metal ion in the metallosurfactant and the alkyl chain length 

enhance the efficiency of the antibacterial activity, and the mode of interaction 

between the hydrophobic chain tail and the bacterial membrane wall: the long 

hydrophobic alkyl chain disrupts the bacterial cell through hydrophobic 

interactions causing bacteria lysis, and the metal ions cause damage to the 

bacterial cell due to the oxygen reactive species generation.37,38 Recently, the 

synthesis of different cationic and non-ionic metallosurfactants coordinated 

with different transition metal ions (e.g., Cu2+,45,48,49 Cr2+,39,51 Co2+,40,42 

Ni2+,41,58 Ag1+,43 Fe2+,46,50 Pd2+,47,57 Mn2+,52,53 Pt2+,54,55) has been reported for 

different applications, Table 6.1. For instance, Kumaraguru et al.39 synthesised 

double-chain metallosurfactants of chromium complexes with different alkyl 

amine ligands. They evaluated the antibacterial activity of single- and double-

chain metallosurfactants against Gram-positive, and Gram-negative bacteria 

and found that the double-chain metallosurfactant showed greater 

antibacterial activity than the single chain metallosurfactant. Dogra et al. 

fabricated metallosurfactants of cobalt,40 and nickel41 complexes. The 

antibacterial activity by the inhibition zone method of the metallosurfactants in 

the form of microemulsions was carried out against S. aureus and E. coli; the 
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metallosurfactant microemulsion influenced in the bacteria colony forming 

growth, and confirmed the interaction of the microemulsion components with 

the bacterial DNA, indicating the mechanism of bacteria death through 

bacterial DNA damage. Garg et al.50,51,52 found that the metallosurfactants 

coordinated with metal ions (e.g., Fe2+, Co2+, Ni2+, Cu2+, Cr2+, Mn2+) enhanced 

the fluorescence quantum yield of dyes attributed to the metal–surfactant 

complex. The metallosurfactants showed enhancement of the self-assembled 

molecular structures to form liposomes (metallosomes), and thus, evaluated 

the ability of metallosomes as drug carriers to encapsulate dyes. Kaur et al.43,48 

synthesised double-chained metallosurfactants (Ag1+, Co2+, Ni2+, Cu2+) and 

tested the antibacterial activity against Gram-positive and Gram-negative 

bacteria. The metallosurfactants inhibited the bacteria growth at a minimum 

inhibition concentration, and TEM images showed that bacteria cell absorbed 

the metallosurfactant gradually, which led to bacteria cell perturbation and thus 

to bacteria death. Additionally, Kaur et al.57 also reported that the palladium 

based metallosurfactant displayed similar average zone of inhibition at 

concentration 100 times lower than the surfactant precursor. These 

metallosurfactants enhanced the efficiency of the antibacterial activity at even 

lower inhibition concentration. However, most of these reported 

metallosurfactants were antibacterial tested in the form of microdilution or 

microemulsion, and thus limiting the viability of the metallosurfactants to other 

applications.  

To date, no previous works are available for the deposition of 

metallosurfactant–hosting polymer coatings. Therefore, in this work, we 

describe an approach to deposit antibacterial plasma polymer coatings hosting 

bisdodecylamine copper dichloride (CuDDA) as an antibacterial agent48 and 

isodecyl acrylate to act as a polymer host matrix using the atomised spray 

plasma deposition technique, Structure 6.1. The antibacterial activity of the 

ASPD poly (CuDDA–isodecyl acrylate) coatings was evaluated against E. coli 

and S. aureus, and the results showed that the antibacterial activity efficiency 

was >99.997% upon bacteria contact with the antibacterial coating (film 

thickness of ~10 µm) for an interacting time of 5 min for E. coli, and >99.999% 

after 10 min of interacting time for both bacteria, respectively.  

 



   

126 
 

 

 

Structure 6.1: Chemical structure of bisdodecylamine copper dichloride 
metallosurfactant and isodecyl acrylate precursors. 

 

 

Table 6.1: State of the art of metallosurfactants and applications.  

Surfactant / 

Chelating Ligands 

Metal 

Ion 
Antibacterial Activity Applications Ref. 

• Ethylenediamine 

• Triethylenetetra

mine 

• 2,2-bipyridine  

• 1,10-

phenanthroline 

Axial amine ligands:  

• Dodecylamine 

• Cetylamine 

• Cr 

ions 

 Double-chain 

metallosurfactants 

showed excellent 

antibacterial and 

antifungal activities 

against E. coli, S. 

aureus, P. vulgaris 

and B. subtilis  

• Antibacterial 39 

• Hexadecyltrimet

hylammonium  

• Dodecylamine 

• Hexadecylamine 

• Co 

ions 

Excellent antibacterial 

activity tested by 

inhibition zone against 

S. aureus. 

• Antibacterial  40 

• Hexadecyltrimet

hylammonium 

• Dodecylamine 

• Hexadecylamine 

• Ni 

ions 

Excellent antibacterial 

activity tested by 

inhibition zone against 

E. coli. 

• Antibacterial 41 

• 2,2’-bipyridine / 

1,10-

phenanthroline 

ligands 

• Co 

ions 
NA 

• Protein 

transport 
42 
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Surfactant / 

Chelating Ligands 

Metal 

Ion 
Antibacterial Activity Applications Ref. 

• Cetyltrimethylam

monium bromide 

ligand 

• Ag 

ions 

Antibacterial activity 

against E. coli and S. 

aureus. The 

mechanism is through 

flagella damage. 

• Antimicrobial 

• Anticancer 
43 

• Peptide  
• Cu 

ions 

Antibacterial activity 

against E. coli, E. 

faecalis, and S. 

aureus.  

• Antibacterial  

• Antifungal 
44 

• Hexadecyl amine  

• Dodecyl amine 

(CuDDA) 

• Cu 

ions 
NA 

• DNA 

Interaction 
45 

• Lauric acid 

• Palmitic acid 

• Myristic acid 

• Steric acid 

• Morpholine 

• Fe 

ions 

The antibacterial 

activity of cationic 

surfactants is based 

on the disruption of 

the bacterial 

membrane wall due to 

the synergetic effect of 

the hydrophobic 

interaction and 

electrostatic 

absorption. Excellent 

inhibition zone for A. 

nigar, C. albicans, E. 

coli, B. sutilus 

• Antibacterial 

activity 
46 

• Dodecyl amine 
• Pd 

ions  

Antibacterial activity 

against B. cereus, K. 

pneumoniae, and C. 

lunata.  

• Catalytic 

agents 

• Molecular 

photo-

switches 

• Antibacterial 

activity 

47 

• Dodecyl amine 
• Co 

ions 

High antimicrobial 

activity (inhibition 

zone) against B. 

• Protein 

interaction 

48 
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Surfactant / 

Chelating Ligands 

Metal 

Ion 
Antibacterial Activity Applications Ref. 

• Ni 

ions 

• Cu 

ions 

cereus, K. 

pneumoniae, C. 

lunata. The disruption 

of the bacterial 

membrane cell can be 

attributed to the 

hydrophobic 

interaction with the 

metallosurfactant. 

• Antimicrobial 

activity 

• Cationic 

hexadecyl 

pyridinium 

• Bis-hexadecyl 

pyridinium  

• Cu 

ions 

Antimicrobial activity 

against bacteria (B. 

cereus, K. 

pneumoniae) and 

fungus (C. lunata, H. 

oryzae, A. fumigates, 

A. niger, C. 

herbarum). Disruption 

of the bacterial 

membrane wall 

through the interaction 

of the hydrophobic tail. 

Excellent antibacterial 

activity tested by 

inhibition zone. 

• Antibacterial 

activity 
49 

• Hexadecyl 

trimethyl 

ammonium 

chloride 

• Fe 

ions 

• Co 

ions 

• Ni 

ions 

• Cu 

ions 

NA 

• Dye-

separation 

process 

50 

• Hexadecyl 

trimethyl 

ammonium  

• Cr 

ions 
NA 

• Fluorescent 

label for 

proteins 

51 
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Surfactant / 

Chelating Ligands 

Metal 

Ion 
Antibacterial Activity Applications Ref. 

• Cetyltrimethylam

monium chloride 

• Mn 

ions 
NA 

• Gene 

delivery 

• Nanoreactor

s 

• Drug 

encapsulatio

n 

• Controlled 

release of 

drugs 

52 

• Hexadecyltrimet

hylammonium 

chloride 

• Mn 

ions 
NA 

• Photosensiti

zers 
53 

• Supramolecular 

ionic surfactant 

• N, N, N-

trimethyl-1-

ammonium 

bromide 

• Pt 

ions 

Synergetic effect of 

hydrophobic and 

metallic ion 

interactions. Good 

inhibition zone for: P. 

aeruginosa, E. coli, C. 

albicans, A. niger 

• Antibacterial 

• Antifungal 

• Anticancer 

54, 

55 

• Cetylpyridinium 

chloride 

• Pt 

ions 

Antimicrobial activities 

against bacteria (E. 

coli, P. aeruginosa, S. 

aureus, B. subtilis) 

and fungus (C. 

albicans, A. niger). 

Results showed high 

inhibition zone for 

metalllosurfactants. 

• Biological 

applications  
56 

• Bis-hexadecyl 

trimethyl 

ammonium 

chloride 

• Hexadecyl 

trimethyl 

• Pd 

ions 

Results showed high 

inhibition zone for 

metalllosurfactants 

against bacteria (E. 

coli and S. aureus) 

and fungus (A. niger, 

• Antibacterial 

• Antimicrobial 
57 
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Surfactant / 

Chelating Ligands 

Metal 

Ion 
Antibacterial Activity Applications Ref. 

ammonium 

chloride 

A. fumigatus, C. 

lunata, and H. oryzae) 

• Dodecyl alcohol 

• Tetradecyl 

alcohol 

• Hexadecyl 

alcohol 

• Bromoacetic acid 

• Diphenyl amine 

• Ni 

ions 

Antimicrobial activity 

against bacteria (B. 

pumilus, M. luteus, P. 

aeruginosa, S. lutea) 

yeast (C. albicans), 

and fungi (P. 

chrysogenum). The 

alkyl chain length 

affected the 

antibacterial activity. 

Therefore, 

electrostatic 

interaction and 

physical disruption 

due to the 

hydrophobic 

interaction may 

damage the cellular 

membrane of bacteria 

• Biological 

applications 
58 

• Dodecyl 

salicylaldimine 

• Co 

ions 

Antibacterial activity 

against bacteria (S. 

aureus, B. cereus, M. 

luteus, E. coli, K. 

pneumoniae, P. 

aeruginosa) and fungi 

(A. niger, penicillium). 

• Antibacterial  

• Antifungal 
59 

• Bis-hexadecyl 

pyridium chloride 

• Fe 

ions 

• Co 

ions 

• Ni 

ions  

Antibacterial activity 

against B. cereus, B. 

polymyxa, K. 

pneumoniae, and P. 

aeruginosa.  

• Antibacterial 60 
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6.2 Results and Discussion 

 

6.2.1 Atomised Spray Plasma Deposition 

Isodecyl acrylate (+99.9% Sigma-Aldrich Ltd.) and bisdodecylamine copper 

dichloride (CuDDa) (provided by Dr. Gurpreet Kaur, and Dr. Preeti Garg from 

the Department of Chemistry, Centre of Advanced Studies in Chemistry, 

Panjab University, India, who synthesised the metallosurfactant precursors. 

Dr. Preeti Garg additionally worked on antibacterial tests)45,48 were used for 

the fabrication of 2% w/v ASPD (CuDDA–isodecyl acrylate) coatings using the 

atomised spray plasma deposition, a single-step and substrate-independent 

method for functional polymer coating deposition. Ambient temperature 

deposition was carried out using a 50 W continuous wave plasma in 

conjunction with the atomisation of the liquid–slurry solution into the reaction 

chamber employing an optimised flow rate of 11 ± 1 x 10−4 mL s−1 and plasma 

post-treatment. 

The metallosurfactant, bisdodecylamine–copper dichloride, acted as an 

antibacterial agent that, upon their incorporation into the plasma polymer 

coating, displayed high antibacterial activity efficiency. The CuDDA–isodecyl 

acrylate suspension was introduced in the form of droplets into the electrical 

discharges where the reactive plasma species activated the carbon–carbon 

double bond of the acrylate group in the plasma phase followed the free radical 

polymerisation leading to the deposition of the plasma polymer coating and 

this polymeric matrix hosted the metallosurfactants through electrostatic 

interactions.  

  

 

6.2.2 X-ray Photoelectron Spectroscopy 

The ASPD poly (isodecyl acrylate) layer was analysed by XPS, and it just 

detected carbon and oxygen corresponding to the elemental composition of 

the precursor monomer, Figure 6.1 and Table 6.2. In contrast, with the 

incorporation of the metallosurfactant, bisdodecylamine copper dichloride 

(CuDDA), to yield the 2% w/v ASPD (CuDDA–isodecyl acrylate) layers, 
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additional XPS elemental signals were detected (0.2–5 nm XPS sampling 

depth61) such as nitrogen, chloride, and copper corresponding to the elemental 

composition of the metallosurfactant. Additionally, a small amount of palladium 

contaminant was detected which may have been incorporated during the 

preparation of metallosurfactants using different metallic ions (others metal 

ions used for the preparation of metallosurfactants, not included in this work: 

Pd2+, and Fe2+), Figure 6.1. 

The C(1s) XPS spectra of the ASPD poly (isodecyl acrylate) coatings 

were fitted to three Gaussian Mg Kα1,2 components in conjunction with their 

corresponding Mg Kα3, and Mg Kα4 satellite peaks shifted towards lower 

binding energies by ~8.4 and ~10.2 eV respectively, Figure 6.2. The C(1s) Mg 

Kα1,2 components being: hydrocarbon carbon CxHy at 285.0 eV, alkoxy C–O, 

at 286.7 eV, and ester O–C=O, at 289.0 eV showed good retention of the 

functional groups which agrees with the composition of the precursor 

monomer. On the other hand, upon the incorporation of the metallosurfactant, 

the alkoxy, C–O, group decreased slightly; an additional peak at 282.1 eV 

corresponding to a metal carbide was detected which may be due to the 

decomposition of the metallosurfactant; then the metal ion (copper or 

palladium) covalently bonded to carbon during the atomised spray plasma 

deposition process.62,63 
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Figure 6.1: Wide scan spectra of: (a) ASPD poly (isodecyl acrylate) coating, and (b) 
2% w/v ASPD (CuDDA–isodecyl acrylate) coating. 

 

 

 

Figure 6.2: C(1s) XPS spectra of: (a) ASPD poly (isodecyl acrylate) coatings, and (b) 
2% w/v ASPD (CuDDA–isodecyl acrylate) coating.  
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Table 6.2: XPS elemental composition for precursors (theoretical) and the 
corresponding ASPD polymer coating. 

System / 

Plasma 

Post-

treatment 

Time 

Atomic Composition / % 
C:O 

Ratio 

C(1s) Component / 

% 

O(1s) 

Component 

/ % 

C O N 
(Cu 
+ 

Pd) 
Cl CxHy C–O 

O–

C=O 
C=O C–O 

Theoretical 

isodecyl 

acrylate 

86.7 13.3 NA NA NA 6.5 84.6 7.7 7.7 50 50 

Theoretical 

CuDDA 
82.8 NA 6.9 3.4 6.9 NA NA NA NA NA NA 

ASPD poly 

(isodecyl 

acrylate) 

layer, 1 

min 

88.9 

± 

1.3 

11.1 

± 

1.3 

NA NA NA 
8.1 ± 

1.0 

86.3 

± 0.9 

8.5 

± 

0.6 

5.2 ± 

0.4 

50.3 

± 4.3 

49.7 

± 4.3 

ASPD poly 

(CuDDA-

isodecyl 

acrylate) 

layer, 1 

min 

82.1 9.1 3.3 1.5 3.9 9.0 82.7 11.6 5.7 51.3 48.7 

 

 

6.2.3 Infrared Spectroscopy 

The infrared spectroscopy of the ASPD poly (isodecyl acrylate) coated 

polypropylene cloth showed the disappearance of the vinyl functional group of 

the acrylate which suggest that conventional radical polymerisation occurred 

through the vinyl group during the atomisation of isodecyl acrylate within the 

plasma, Figure 6.3. The infrared spectrum of the ASPD poly (isodecyl acrylate) 

coated polypropylene cloth indicates the functional groups´ retention 

associated with the isodecyl acrylate precursor with the following characteristic 

infrared bands: alkyl chains (2957–2830 cm−1); carbonyl ester, C=O (1731 

cm−1); and the –CH2– stretching (1459 cm−1) and –C(CH3) symmetric bending 

(1382 cm−1) corresponding to the polypropylene cloth substrate.  
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On the other hand, there is no visible change in the functional groups or 

fingerprint of the spectrum related to the absorption bands of the 

metallosurfactant in the 2% w/v ASPD (CuDDA–isodecyl acrylate) coating, 

although incorporation of the metallosurfactant into the plasma polymer 

coating was confirmed by the XPS results. The absence of any characteristic 

infrared band from the metallosurfactant may be due to the small 

concentration of the bisdodecylamine copper dichloride metallosurfactant, and 

that the infrared analysis is not a sensitive surface analysis (depth penetration 

of 0.5–6 µm in ATR64). 

 

 

Figure 6.3: Infrared spectra of: (a) polypropylene cloth; (b) isodecyl acrylate 
precursor; (c) bisdodecylamine copper dichloride (CuDDA); (d) ASPD poly (isodecyl 
acrylate) coating; (e) 2% w/v ASPD (CuDDA–isodecyl acrylate) coating. Plasma 
polymer coatings were deposited on polypropylene cloth. 
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Table 6.3: Infrared assignments for precursors and the corresponding ASPD polymer 
coatings.65,66 

Assignment 

Absorption Frequency / cm−1 

Substrate Precursors ASPD Coatings 

Polypropylene 

Cloth 

Isodecyl 

Acrylate 
CuDDA 

ASPD poly 

(isodecyl 

acrylate) 

2% w/v ASPD 

poly (CuDDA–

isodecyl 

acrylate) 

R–NH2 

symmetric 

stretching 

- - 3240 - - 

CH3 

antisymmetric 

stretching 

2953 2960 2960 2953 2953 

CH2 

antisymmetric 

stretching 

2917 2924 2914 2921 2917 

CH3 

antisymmetric 

stretching 

2867 2870 2848 2864 2867 

CH2 

symmetric 

stretching 

2831 
2860–

2830  

2860–

2830  
2838 2838 

C=O 

stretching 
- 1727 - 1731 1731 

C=C 

stretching 
- 1632 - - - 

R–NH2 

bending 
- - 1595 - 1595 

–CH2– 

stretching 
1459 1463 1463 1456 1456 

=CH2 bending - 1402 - - - 

–CH(CH3) 

symmetric 

bending 

1382 1377 1380 1377 1377 

C–O 

stretching 
- 

1260, 

1181 
- 

1260, 

1181 

1260,  

1181 

C–N 

stretching 
- - 1174 - - 
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Assignment 

Absorption Frequency / cm−1 

Substrate Precursors ASPD Coatings 

Polypropylene 

Cloth 

Isodecyl 

Acrylate 
CuDDA 

ASPD poly 

(isodecyl 

acrylate) 

2% w/v ASPD 

poly (CuDDA–

isodecyl 

acrylate) 

–CH(CH3)2 

stretching 

1175–1140 

1060–1040 

1175–

1140 

 

1175–

1140 
1175–1140 1175–1140 

=CH2 bending - 983 - 983 983 

 

 

6.2.4 Scanning Electron Spectroscopy 

Surface topography of the polypropylene cloth with different ASPD plasma 

polymer coatings was analysed by SEM, Figure 6.4. The cloth threads of the 

untreated PP cloth exhibited clean and smooth surfaces. Similarly, the ASPD 

poly (isodecyl acrylate) coated PP cloth showed a smooth and uniform coating 

over the thread surface. On the contrary, in the 2% w/v ASPD (CuDDA–

isodecyl acrylate) coated PP cloth showed the randomly dispersed particles 

encapsulated by the plasma polymer which is attributed to the incorporation of 

the metallosurfactant and it is even observed deeper into the PP cloth 

substrate. This may suggest that due to the hydrophobic nature of the isodecyl 

acrylate precursor monomer and the hydrophobic interactions between the 

hydrophobic parts of both precursors, the metallosurfactant formed reverse 

vesicles prior to the ASPD as observed in the aggregation of 

metallosurfactants in non-polar solvents,52 and remained trapped within the 

ASPD poly (isodecyl acrylate) coating acting as a host matrix containing the 

inverse vesicles. 
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Figure 6.4: SEM images of polypropylene cloth coated with: (top row) untreated; 
(middle row) ASPD poly (isodecyl acrylate) coating; and (bottom row) 2% w/v ASPD 
(CuDDA–isodecyl acrylate) coating.  
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6.2.5 Deposition Rate 

The ASPD poly (isodecyl acrylate) coating was carried out at an optimum flow 

rate of 11 ± 1 x 10−4 mL s−1 resulting in an optimum deposition rate of 1.0 ± 

0.3 µm min−1 and film thickness of 8.4 ± 2.9 µm. The incorporation of the 

metallosurfactant led to an increase of the deposition rate and film thickness 

of the 2% w/v ASPD (CuDDA–isodecyl acrylate) layer by ~50% and ~18% 

respectively, Table 6.4.  

 

Table 6.4: Characteristics of the optimum 2% w/v ASPD (CuDDA–isodecyl acrylate) 
coatings. 

Coating 
Deposition Rate / 

µm min−1 

Film Thickness / 

µm 

Water Contact 

Angle / ° 

Untreated 

polypropylene 

cloth 

- - 94° 

ASPD poly 

(isodecyl 

acrylate) coating 

1.0 ± 0.3 8.4 ± 2.9 98 ± 4 

2% w/v ASPD 

(CuDDA–

isodecyl 

acrylate) coating 

1.5 ± 0.8 9.9 ± 4.7 105 ± 4 

 

 

6.2.6 Static Contact Angle 

ASPD poly (isodecyl acrylate) layers showed a hydrophobic behaviour 

measured by the water contact angle technique. Similarly, the 2% w/v ASPD 

(CuDDA–isodecyl acrylate) layers displayed a slight rise in the hydrophobicity, 

Table 6.4.  
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6.2.7 Antibacterial Activity Test 

Antibacterial activity test was performed against Gram-negative E. coli wild-

type (CGSC 7636; rrnB3 𝛥bcZ4787 hsdR514 𝛥(araBAD)567 𝛥(rhaBAD)568 

rph-1) and Gram-positive S. aureus (FDA209P, an MSSA strain; ATCC 

6538P) bacteria species at an interacting time of 16 h for different samples, 

Figure 6.5. Both control samples, untreated polypropylene cloth and ASPD 

poly (isodecyl acrylate) coated cloth, displayed no antibacterial activity against 

both bacteria species. The incorporation of 1% w/v of metallosurfactant, i.e. 

1% w/v ASPD (CuDDA–isodecyl acrylate) coated cloth, displayed a bacterial 

log reduction of ~1 against E. coli. In contrast, the optimum 2% w/v ASPD 

(CuDDA–isodecyl acrylate) coated cloth showed higher antibacterial activity 

(log reduction > 9) against both E. coli and S. aureus displaying 100% 

elimination of bacteria, Figure 6.5.  

 

 

Figure 6.5: Antibacterial activity against E. coli and S. aureus at an interacting time of 
16 h for: (a) untreated polypropylene cloth; (b) ASPD poly (isodecyl acrylate) coated 
polypropylene cloth; and (c) optimum 2% w/v  ASPD (CuDDA–isodecyl acrylate) 

coated polypropylene cloth. 🞳 indicates no bacterial growth on the sample surface. 

 

 



   

141 
 

The antibacterial activity performance of the optimum 2% w/v ASPD 

(CuDDA–isodecyl acrylate) coated cloth was analysed as a function of the 

interacting time when tested against E. coli and S. aureus, Figure 6.6. The 

antibacterial activity of the 2% w/v ASPD (CuDDA–isodecyl acrylate) coated 

cloth against E. coli was observed after 5 min displaying a log reduction of 

~4.5 (bacterial reduction of 99.997%), and higher than 99.999% of bacterial 

reduction after 10 min of interacting time for both bacteria species, E. coli (log 

reduction = 4.9), and S. aureus (log reduction = 8.0)—a coating is considered 

antibacterial if the log reduction is higher than 3.67 These results indicate 

higher antibacterial efficiency of the optimum 2% w/v ASPD (CuDDA–isodecyl 

acrylate) coated cloth towards E. coli, probably due to its cell wall susceptibility 

to physical damage in the presence of the metallosurfactant due to the thin 

peptidoglycan layer and the focused attack of copper ions to the periplasmic 

space, and hydrophobic interaction between the hydrophobic part of the 

metallosurfactant and the hydrophobic character of the cell membrane.2,41,45 
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Figure 6.6: Antibacterial activity of the optimum 2% w/v ASPD (CuDDA–isodecyl 
acrylate) coated cloth against (a) E. coli and (b) S. aureus as a function of the 

interacting time. 🞳 indicates no bacterial growth on the sample surface. 
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The antibacterial performance of the optimum 2% w/v ASPD (CuDDA–

isodecyl acrylate) coated cloth against E. coli and S. aureus was evaluated as 

a function of the recycling cycles, Figure 6.7. The antibacterial activity against 

E. coli of the optimum 2% w/v ASPD (CuDDA–isodecyl acrylate) coated cloth 

was higher than 99.991% up to the 3rd recycling cycle, and sharply decreased 

for the 4th recycling cycle displaying a bacteriostatic reduction of ~42%. This 

indicates the rapid depletion and leaching of the metallosurfactant from the 

optimum 2% w/v ASPD (CuDDA–isodecyl acrylate) coated cloth. On the other 

hand, the antibacterial performance of the optimum 2% w/v ASPD (CuDDA–

isodecyl acrylate) coated cloth against S. aureus showed a bacteriostatic 

reduction remaining over ~95% up to the 4th recycling cycle.  

For the recycling process, the 2% w/v ASPD (CuDDA–isodecyl acrylate) 

coated cloth samples were taken from the x10–1 bacterial solution and rinsed 

with Milli-Q® water for 1 min and dried for the next recycling cycle.  The 

decrease of the antibacterial activity efficiency after consecutive recycling 

cycles, may be attributed to the depletion and leaching of the metallosurfactant 

incorporated within the hydrophobic plasma–polymer matrix host when the 

liquid bacterial solution interacts with the 2% w/v ASPD (CuDDA–isodecyl 

acrylate) coated cloth. Additionally, the rapid leaching of the metallosurfactant 

may suggest that the metallosurfactant contained within the 2% w/v ASPD 

(CuDDA–isodecyl acrylate) coated cloth is incorporated through hydrophobic, 

and electrostatic interactions within the hydrophobic alkyl chain of both the 

metallosurfactant and ASPD poly (isodecyl acrylate) coating.  
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Figure 6.7: Antibacterial performance at different recycling cycle steps against (a) E. 
coli and (b) S. aureus at interacting time of 4 h for the optimum 2% w/v ASPD 
(CuDDA–isodecyl acrylate) coated cloth, compared to untreated controls. 

 

 

Overall, due to the antibacterial agent release characteristics of the 2% 

w/v ASPD (CuDDA–isodecyl acrylate) coatings, it is suggested that the 
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released metallosurfactants interact with bacteria in the testing bacterial 

aqueous solution, and thus, causing bacterial cell wall disruption and bacterial 

cell death. It has been reported that metallosurfactants in microemulsion are 

absorbed by the bacteria cells causing membrane disruption, DNA damage, 

and bacteria cell lysis as a synergetic effect of metal–surfactant complex 

enhancing the cell damage, and thus, the antibacterial activity efficiency.40,43 

Furthermore, copper ions generate reactive oxygen species which damage 

the outer membrane, periplasm, cytoplasm, and DNA, and inhibit essential 

enzymes in the periplasm through the absorption of the metallosurfactants 

causing membrane disruption and bacteria cell death.2,40,68 However, E. coli 

bacteria are reported to be more susceptible to membrane disruption because 

copper ions interact mostly with the periplasmic space found only in Gram-

negative bacteria causing oxidative stress, faster membrane disruption and 

bacteria death,69,70,71 which is in accordance with the faster bacteria-reduction 

response for E. coli in this work, Figure 6.6. On the other hand, considering 

that the hydrophobic alkyl chain length has a notable effect in the antibacterial 

activity of alkyl amines,36 and the cell membrane is composed of lipids and 

proteins, which make the cell membrane to have hydrophobic behaviour.2 The 

hydrophobic alkyl chain may interact with the bacterial cell membrane through 

hydrophobic interactions, causing mechanical disruption, additional bacterial 

cell membrane damage, and faster bacteria death.36 Therefore, The 

experimental results showed that the optimum 2% ASPD poly (CuDDA–

isodecyl acrylate) coated cloth displayed excellent antibacterial activity 

efficiency (>99.999%) after 10 min of interacting time between the bacteria 

and the antibacterial plasma polymer coating surface with a film thickness of 

~10 µm.  

 

 

6.3 Conclusions  

Atomised spray plasma deposition technique was used to fabricate 

antibacterial polymer coatings using a double-alkyl chain copper 

metallosurfactant as an antibacterial agent, resulting in the optimum 2% w/v 

ASPD poly (CuDDA–isodecyl acrylate) coatings. The optimum 2% w/v ASPD 
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poly (CuDDA–isodecyl acrylate) coatings displayed excellent antibacterial 

activity against both Gram-negative and Gram-positive bacteria at 10 min of 

interacting time.  

The incorporation of the double-alkyl-chained copper metallosurfactant 

was confirmed with the XPS, and infrared analyses. After ASPD treatment, the 

morphology of the substrate surface did not change significantly, although 

random trapped metallomicelles were found within the plasma polymer coating 

as observed in SEM images. The hydrophobic behaviour of the optimum 2% 

w/v ASPD poly (CuDDA–isodecyl acrylate) coatings did not represent any 

disadvantage for the antibacterial activity since the results indicated that the 

plasma polymer coatings were effective against both Gram-positive and 

Gram-negative bacteria—commonly, hydrophobic coatings repel the bacteria 

from the surface rather than acting as a contact killing surface. However, due 

to the composition and structure of the cell membrane, E. coli bacteria were 

more susceptible to cell membrane disruption than S. aureus. 
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7. Conclusions and Further Work 

In this thesis, the atomised- spray plasma deposition technique was used to fabricate 

functional polymer coatings for different applications, such as: liquid repellent coatings, 

wet electrical barrier coatings at two level of wettability, and antibacterial agent release 

coatings.  

Atomised spray plasma deposition technique is used for surface 

functionalisation. This solventless and substrate-independent technique overcomes 

the limitation of several surface functionalisation methods, and thus, allowing the 

deposition of nanoparticles, viscous and low-vapour-pressure precursors, and due to 

the reactive plasma species, it is also possible to deposit precursors with non-

polymerisable functional groups.  However, the ASPD technique is limited to a certain 

nanoparticle concentration in the slurry mixture, which enable it to use higher 

nanoparticle concentrations to increase roughness in the fabrication of 

superhydrophobic surfaces. During the fabrication of functional polymer coatings, the 

precursor is atomised within electrical discharges, where electrons gain sufficient 

energy from the electrical discharges and thus sustain the plasma. The reactive 

plasma species activate the precursor molecules within the liquid/slurry droplets 

leading to the polymer film growth onto the plasma-activated surface. 

In Chapter 3, a fluorocarbon–nanoparticle mixture was atomised into the plasma 

discharges to fabricate ASPD nanocomposite coatings. During the atomisation of the 

precursor, the liquid droplets interacted with the reactive plasma species causing the 

fragmentation or ionisation of the precursor molecules, and thus, impacting on the 

substrate surface for the subsequent plasma polymer deposition where it is suggested 

that the nanoparticles remained embedded within the plasma polymer matrix. The 

incorporation of nanoparticles to the ASPD of perfluorotributylamine layers induced 

surface roughness with low-surface-energy coatings yielding liquid repellent surfaces 

with enhanced mechanical properties. Further work on the increase of roughness can 

be achieved by increasing the nanoparticle concentration along with using a different 

spray nozzle which allows higher ultrasonic atomisation of nanoparticle–liquid slurry 

mixture. Even when the water contact angle value is very high, the oil contact angle 

value is below to those reported in the literature, thus the approach of increasing the 

surface roughness will consequently increase the oil contact angle value.   
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The plasma deposition of low-vapour-pressure precursors have been achieved 

by using high applied power or the use of crosslinking agents to overcome the oiliness 

of the plasma polymer coatings as described by other methods. In chapter 4, plasma 

post-treatment of the ASPD poly (isodecyl acrylate) coatings was performed to 

overcome the oiliness which is characteristic of previously reported approaches using 

the same deposition technique. This approach allows to deliver more energy per 

surface molecule, and thus, increasing the crosslinking degree, mechanical properties, 

and wet electrical barrier performance attributed to the incidence of energetic reactive 

plasma species (mainly vacuum UV photons). Plasma post-treatment of the ASPD 

poly (isodecyl acrylate) coatings remarkably enhanced the wet electrical barrier 

performance of the coated micro-circuit boards at an applied electrical field of 10 V 

mm−1. Further work on this area could involve to introducing Alkyl acrylates of different 

alkyl chain lengths which may be possible to observe their impact on the wet electrical 

barrier performance. Furthermore, further chemical analysis may be carried out to 

study the changes of the surface chemistry of the plasma post-treated polymer 

coatings under the influence of the plasma post-treatment time.  

In chapter 5, the incorporation of 1H,1H,2H,2H-perfluorododecyl acrylate to 

fabricate the optimum ASPD  2% w/v (1H,1H,2H,2H-perfluorododecyl acrylate–

perfluorotributylamine) coatings resulting in liquid repellent surfaces and plasma 

polymer coatings with high electrical strength for an applied electrical field up to 75 V 

mm−1. The surface roughness was produced by the formation of micro-sphere-like 

features attributed to phase separation of the precursor mixture. The applied plasma 

post-treatment enhanced the mechanical and electrical barrier performance of the 

optimum plasma polymer coating, and no elemental composition change was 

observed by the XPS analysis. Further work could involve the optimization of the 

plasma polymer coating thickness at an applied electric field of 75 V mm−1. Similarly, 

it is proposed to carry out further chemical analysis of the plasma post-treated plasma 

polymer coatings to observe the impact of the plasma post-treatment time on the 

surface chemistry of the samples. 

In chapter 6, an antibacterial metallosurfactant, bisdodecylamine copper 

dichloride, was used to fabricate antibacterial ASPD poly (CuDDA–isodecyl acrylate) 

coatings. These antibacterial polymer coatings displayed high antibacterial activity 

towards both Gram-negative E. coli, and Gram-positive S. aureus bacteria, which is 

attributed to the synergetic effect of the antibacterial surfactant, with long alkyl 
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hydrophobic tail, and amine head group, and the copper ions causing faster bacteria 

cell death. Additionally, on this area, it may be possible to further explore other natural 

antibacterial compounds to be plasma polymerized and covalently bonded to the 

substrate surface, this may result in obtaining antibacterial polymer coatings which 

would be environmentally friendly with longer antibacterial activity action overcoming 

the limitation of the antibacterial agent release approach.  

Overall, atomised spray plasma deposition has been used for the deposition of 

different functional coatings taking advantage of the physicochemical properties of the 

precursor molecules. Optimisation of the atomised spray plasma deposition 

experimental settings is required to prevent excessive molecular fragmentation and 

maintain the integrity of the precursor molecules.  


