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ABSTRACT 

Modification of solid surfaces provides a cost effective route for producing novel 

properties, such as adhesion, permeability, wettability, etc. The aim of this work 

was to modify polyolefin surfaces with silicon dioxide and ammonium salt 

overlayers. 

Silicon dioxide layers were formed by oxygen plasma treatment of 

polydimethylsi loxane (PDMS) rich polyolefin surfaces. PDMS enrichment at the 

surface was achieved by preparing polymer blends containing PDMS 

homopolymer or copolymer and polyolefin. The surface segregation behaviour 

of these blends was studied using X-ray photoelectron spectroscopy (XPS), 

atomic force microscopy (ARM) and contact angle measurements. 

Next, e-beam treatment of solvent-cast 3-(-2-aminoethylamino) 

propyltr imethoxy-silane (Z-6020 / pentaerythritol tetracrylate (PETA) / itaconic 

acid (ITA) mixtures onto polypropylene films was investigated. An 

enhancement in gas barrier was measured. This was attributed to the formation 

of ammonium salt, cross-linking, and siloxane- networks. The findings of this 

work lead to the development of a novel solventless method for depositing 

ionically-interacting polymeric networks. This new approach comprised plasma 

co-polymerisation/deposit ion of monomers containing carboxylic, amine, and 

anhydride groups. 

The final part of this thesis describes the formation of highly fluorinated 

surfaces using CF4 plasma treatment of the polydimethylsiloxane / polyethylene 

(PDMS/PE), polydimethylsi loxane / polypropylene (PDMS/PP) blends, and pure 

PDMS fi lms. The importance of plasma parameters such as the input power, 

duration, and of pulse duty cycle on the extent of fluorination was investigated. 
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CHAPTER 1 

INTRODUCTION 



1.1 S U R F A C E MODIFICATION OF POLYMERS 

Surface chemistry (and morphology) determines the way in which polymeric 

materials interact with their environment. The modern world is replete with 

examples of materials that rely on tailored surface properties resulting from 

careful control of the chemical functionalities present in their outermost regions. 

Water repellent garments, non-stick surfaces, anti-fog lenses, adhesives and 

many more all rely on surface modification. 

Physical modifications of polymer surfaces include plasma treatment 

(with gases^'^ or vapour of monomer precursors^), electron-beam curing, wet 

chemical treatment, surface grafting, UV irradiation, and flame treatment." 

Another strategy exploits the fact that in some polymer systems mixing in a low 

concentrat ion of a polymer or small molecular additive can enrich the surface 

with a desired functionality (bulk modification). 

1.1.1 Bulk modification 

Four types of two-component polymer mixtures are commonly identified: 

homopolymer-homopolymer blends, copolymers where blocks of different types 

of monomer are linked together by chemical bonds,^ copolymer-homopolymer 

mixtures and homopolymer-addit ive systems. 

1.1.1.1 Homopolymer-homopolymer blends 

Blending two or more polymers has been widely practised as a route to new 

polymeric materials with different bulk and surface properties to the starting 

homopolymers. In some polymer mixtures preferential surface segregation of 

one polymer may occur, resulting in enrichment at the surface of that 

component. This preferential segregation is typically driven by differences in 

surface energy between the respective blend constituents: where the lower 

surface energy component preferentially segregates towards the surface, 

thereby minimising the net free energy at the air-solid interface.® This reduction 

in the interfacial energy should compensate for the entropy decrease and/or in 

the enthalpy increase (in the case of exothermically miscible blends) associated 

with the de-mixing of the components. 

In addition to these thermodynamic considerations, kinetics also play an 

important role to the surface segregation by determining the degree and the 

rate of attainment of equil ibrium. Annealing of polymeric materials above their 



glass transition temperature, Tg, allows equilibrium to be more closely 

approached. At elevated temperatures, polymer chains are able to relax, 

migrate and then reorganise into a more thermodynamically favourable state.'' 

The interplay between thermodynamic and kinetic factors of a polymeric 

mixture will govern the extent of surface enrichment with the low surface energy 

homopolymer. In order to assess the contribution of the above mentioned 

factors to the surface composit ion, the characteristics of the polymeric 

constituents in the mixture such as miscibility, size, degree of branching, and 

crystallinity will have to be considered. 

The degree of bulk mixing affects the degree of surface segregation, the 

lower the former the higher the latter 

The migration at the surface of low molecular weight polymer chains is 

more favourable than for high molecular weight ones. The conformational 

entropy of the polymer chain increases with the molecular weight. As the chain 

moves towards to the surface, it experiences compression along the direction 

perpendicular to the film surface which results in lowering of its conformational 

entropy.® Therefore, the enrichment of the surface with the low molecular 

weight chain is favoured due to the lesser reduction in conformational entropy. 

Furthermore, decrease in the molecular weight of the lower surface energy 

polymer reduces its surface tension even more and that leads to an increase in 

its surface free energy driven segregation.^ Finally, shorter polymer chains can 

diffuse more readily towards the surface than their longer counterparts. 

The effects of the crystallinity on the surface segregation can be 

examined from both thermodynamic and kinetic points of view. If the favourable 

enthalpic interactions between the blend constituents in the melt are strong, the 

low surface energy component might remain within the crystallisable phase of 

the other polymeric component upon cooling and no surface enrichment in this 

case will be obtained. If the favourable enthalpic interactions are very strong, 

surface segregation might not take place even upon annealing. When 

unfavourable enthalpic interactions occur between the components of the blend 

the low surface polymer will be "rejected" from the crystallisable phase, and 

surface enrichment can proceed upon heating.^" In addition, crystallites can act 

as cross-links in the polymer matrix thus reducing diffusional freedom toward 

the surface of the low surface energy polymer. 



Finally the blending procedures, especially when they are performed at 

room temperature (i.e. solvent-cast), can affect the surface composition.^' 

1.1.1.2 Copolymers 

Again the lower surface energy constituent exhibits a preferential affinity for the 

free surface. The bulk composit ion of the copolymer system, the length of the 

individual blocks, the architecture and the processing conditions affect the 

extent of surface segregation. 

In general, high levels of surface enrichment can be obtained by 

increasing the bulk loading and/or molecular weight (length) of the low energy 

segment.'^''^'' ' ' Using diblock and triblock rather than multi/random or 

alternating copolymers favours surface segregation in the following order: 

diblock > triblock > random > alternating.'^''^''^ 

Anneal ing can promote surface segregation by allowing equilibrium to be 

more closely approached. Furthermore, it can minimise the solvent effect'^ 

upon the copolymer's surface composition.'^ 

1.1.1.3 Copolvmer-homopolvmer 

Blending two homopolymers can sometimes lead to only temporary surface 

modifications. This can be more evident in the case of extremely imiscible 

polymers where the low surface energy polymer exhibits a pronounced 

migration towards the surface which can lead to its release from the polymer 

mixture. 

Blending a copolymer with a homopolymer, where the surface active 

block is l inked to a polymeric segment miscible with the host polymer, can 

provide a means for controlling this undesired exudation. Usually, this employs 

the design of a copolymer with the miscible block having the same chemical 

identity as the host homopolymer. It has been shown in the past that addition of 

even small amounts of copolymer into homopolymer can induce surface 

segregation comparable to that observed for the pure copolymer alone.'® In 

general, the surface enrichment is more prevalent when diblock rather than 

tri/multi/star copolymers are used and the molecular weight of the miscible block 

is much lower to that of the homopolymer.'® 

In addit ion, processing conditions of the blends such as solvents used, 

heating, etc. play also an important role in segregation phenomena. 20 



1.1.1.4 Homopolvmer-addit ive 

Low molecular weight additives with low surface energy can also be used for 

modifying polymer surfaces.^^'^^ As for the polymer mixtures, the difference in 

surface energy between the additive and polymer drives surface segregation. 

The chemical and physical structure of the host polymer, the additive's size and 

shape are among the factors affecting surface enrichment.^^ 

1.1.2 Physical modifications 

1.1.2.1 Plasmas 

The use of plasmas for modifying polymer surfaces over recent years has 

become of great scientific and industrial interest because of the technique's 

numerous advantages over more conventional processes in terms of speed, 

cost, minimal environmental impact, etc. 

Plasma is a partially ionised gas that contains charged and neutral 

particles, and the whole of the plasma is neutral. The plasma remains 

electrically neutral when its physical dimensions are significantly greater than 

the Debye length XD, Equat ion i , which defines the distance over which a charge 

imbalance can occur. 

XD=(EokTe/nee'f (1) 

Where £o is the permittivity of free space, k is the Boltzman constant, Te is the 

electron temperature, ng is the electron density and e is the charge on the 

electron. 

There are two main types of plasma: equilibrium (thermal plasmas) and 

non-equil ibrium (cold plasmas). In an equilibrium plasma the electron and gas 

temperatures are approximately equal.^'' Examples of this type are plasma arcs 

and plasma jets. These types of plasma generally require high temperatures to 

produce them (around 30000 K) and as such are impractical for polymer 

modification. In a non-equil ibrium plasma the electron temperature, (-10000 

K), far exceeds that of the gas ( -300 K), and hence this type of plasma is 

preferred for treatment of heat sensitive substrates. 

Cold plasmas can be produced under low (as in the work presented in 

this thesis) or high pressure conditions. Examples of the latter are corona 

discharge,^^ atmospheric pressure glow discharge (APGD),^^ and dielectric 

barrier discharge.^^ Cold plasmas are usually generated from a gas inside an 



electric f ield. A direct current (DC) or alternating current (AC) electrical power 

supply provides the electric field. The applied field causes the acceleration of a 

small amount of naturally occurring free electrons present in the gas. As the 

kinetic energy of the electron increases, elastic and inelastic collisions take 

place with the atoms and molecules of the gas. If the electron has sufficient 

kinetic energy it can cause ionisation of the atoms or molecules through 

inelastic coll isions. The new electrons produced in the ionisation process are in 

turn accelerated by the electric field and produce further ionisation. A cascade 

process thus takes place. 

Plasmas are a reactive media consisting of electrons, radicals, ions, 

metastables, molecules and photons. Reactions initiated by them can be 

classified as homogeneous (occurring within the bulk discharge) or 

heterogeneous (between the plasma and reactor wall/sample)^^ Homogeneous 

reactions can further subdivided into reactions between electrons and heavy 

species and reactions between heavy species. Heterogeneous reactions occur 

between a solid surface and plasma species (atoms, monomer molecules, 

radicals, or a polymer formed in the gas discharge phase). 

1.1.2.2 Plasma modification 

The main effects of monatomic or inorganic gas plasmas on organic polymers 

can be classified into two categories:^® (a) direct reaction of activated gas with 

the polymer surface, (e.g. oxidation^"'^' halogenation, etc), and (b) generation of 

free chemical radicals at the polymer surface and subsequent reaction of these 

radicals with either particles contained in the plasma, or with other media which 

is brought into contact at a later stage (i.e. grafting). 

Plasma treatments can lead to the formation of useful functional groups 

at polymer surfaces. As an example, in the case of polysiloxane films, 

chemically inert gases such as Ar or N2 in microwave generated plasmas 

produce Si-H functionalities,^^ whereas ammonia plasma treatment of 

polydimethylsi loxane (PDMS) yields amide g r o u p s . O x y g e n plasma treatment 

of polysiloxanes can produce silica-like surfaces with increased surface energy 

(i.e. improved hydrophilicity), whereas in contrast fluoro-containing glow 

discharges give rise to formation of fluorinated groups and a more hydrophobic 

surface. 



1.1.2.3 Plasma polymerisation 

The term "plasma polymerisation" refers to the formation of polymeric material 

under the influence of plasma.^" Plasma polymers differ greatly from ordinary 

polymers being highly cross-linked, pinhole free and usually not showing a 

repetition unit. Two possible mechanisms of polymerisation can be considered. 

Plasma induced polymerisation and plasma state polymerisation.^^ The first is 

the conventional free radical polymerisation of molecules containing an active 

bond (e.g. C=C) but because plasma polymerisation occurs at low pressures it 

has been demonstrated it's very unlikely to give a large contribution to the 

process. Plasma state polymerisation instead depends on the presence of 

species energetic enough to break any kind of bond, thus producing free 

radicals, which react to give the products. This mechanism makes it possible to 

obtain polymers from unconventional monomers such as alkanes and benzene. 

The mechanism of plasma polymerisation, rather than a chain growth 

polymerisation (Mn'+M^Mn+i ) is a step-growth reaction. Figure 1. 

Cycle 

Mi« + M M r M « _ 

Mi* + 'M 

Plasma 
Cross-cycle reaction excitation 

•Mk» m, .Mk« + M 

•Mk* + •Mi' 

Cycle II 

Figure 1: Schematic representation of step-growth mechanism during plasma 

polymerisation.^" 



Even if ionisation is essential in creating and sustaining plasma, it does not play 

a predominant role in initiating plasma polymerisation. The scission of bonds 

(fragmentation) requites less energy and occurs with greater frequency than 

ionisation and the concentration of free radicals is usually five to six orders of 

magnitude higher than ions. 

1.1.2.4 Pulsed plasmas 

As has been mentioned in the previous section, plasma polymers can differ 

significantly from their monomer precursor. Pulsing the RF discharge provides 

a means for depositing plasma polymers with good structural r e t e n t i o n . I n 

pulsing experiments a frequency generator triggers a power supply and an 

oscilloscope monitors the pulse width and amplitude. A fundamental parameter 

of pulsed RF discharges is the duty cycle, which is defined as ton/{ton+toff), and 

correlates with the average power output as shown in Equation 2. 

It is apparent from Equation 2, that by varying the peak power (Ppj, the on-time 

{ton) and the off-time (foff), low average power values can be achieved. Lower 

powers result in less monomer fragmentation, and decreased damage of the 

growing film due to reduced ion bombardment and VUV irradiation. In addition, 

radical-initiated polymerisation reactions may occur during the off-period.^ 

1.2 CHARACTERISATION TECHNIQUES 

1.2.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS uses soft x-rays to photoeject^® core level electrons from atoms in the 

uppermost region of the sample (1-8 nm).^^ These photoelectrons pass through 

an electron analyser prior to detection, resulting in a spectrum of electron 

intensity as a function of kinetic energy (KE). According to energy conservation 

the binding energy (BE) of the electrons is given by Equation 3: 

KE= /7v - BE - 0 (3) 

8 



where hv is the energy of the incident photons and (p is the spectrometer work 

function. 

Ultra-high vacuum is necessary to ensure that the photoelectrons reach 

the electron analyser without colliding with background gas molecules."" 

Suitable x-ray sources must have line widths sufficiently narrow so as not to 

limit energy resolution, and a characteristic energy high enough to eject a wide 

range of core level electrons. Mg Ka {hv= 1253.6 eV; line width = 0.7 eV) and 

Al Ka {hv= 1486.6 eV; line width = 0.85 eV) satisfy these conditions. 

Each elements' core level electrons have a characteristic binding energy 

(although H and He cannot be photoionised by usual X-ray sources), and so 

XPS spectra provide elemental analysis. If suitable reference compounds are 

available, then the intensity of XPS signals can be quantified to give surface 

elemental abundances. Binding energies show small variations according to 

the atoms' chemical environment. For example, the attachment of groups that 

withdraw electron density from the atom (e.g. fluorination), will cause an 

increase in core level electron binding energies as a result of their decreased 

nuclear screening. Greater electron withdrawal results in a greater increase in 

binding energy."^ 

The surface sensitivity of XPS is a result of the inelastic mean free path 

length, X, of the photoelectrons. X is a statistical quantity reflecting the average 

distance an emitted electron can travel within the solid before being involved in 

an inelastic collision. Once such collisions occur, the electron will no longer 

appear in the XPS peak. Inelastic path lengths depend on the energy of the 

electron, and so vary for different elements, Figure 2. However, most elements 

contained in polymers emit photoelectrons with energies in the range of 100 eV 

- 1000 eV. Such electrons can only escape from within a few monolayers of the 

sample surface, Figure 2. 



10 10" 10' 10^ 10^ 

Electron Energy / eV 

10^ 

Figure 2: The dependence of inelastic mean free path length, X on the emitted electron 

energy for elements. 

When electrons are detected normal to the sample surface, 95 % of electrons at 

a given energy emerge from within 3X of the sample surface (the escape 

depth). However by changing the angle at which electrons are detected (the 

angle of emission relative to the normal to surface, d) the escape depth is 

scaled to SXcosO, Figure 3.'̂ ° 

Detector Detector / ^ ^ ^ ^ s e 

3X 

Figure 3: Angle resolved XPS. 
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Figure 4: Depth profile of 20 nm silicon dioxide film onto silicon substrate. 

Deeper sampling depths (>8 nm) can be achieved by ion sputtering the surface, 

and then analysing the bottom of the sputtered crater using XPS. By repeating 

this procedure at regular time intervals, depth compositional profiles deep into 

sample surface can be generated. Figure 4. In order to convert the sputter time 

into a depth a reference sample with known thickness is required. For the 

depth profiles acquired in Chapter 3, a 20 nm thick (determined using 

ellipsometry) silicon dioxide film deposited onto silicon substrate was used as 

depth calibration standard. Figure 4. 

1.2.2 Atomic Force Microscopy 

Atomic force microscope (AFM) is an exciting technique available for a host of 

applications ranging from relatively simple visualisation of morphology to more 

advanced examination of surface structure and properties on the nanometer 

scale. The microscope can be operated in three modes: contact, Tapping 

Mode, and non-contact mode. 

In contact AFM mode, also known as repulsive mode, an AFM tip makes 

soft "physical contact" with the sample. The tip is attached to the end of a 

cantilever with a low spring constant. As the scanner gently traces the tip 

across the sample (or the sample under the tip), the contact force causes the 

11 



cantilever to bend in order to accommodate changes in topography. The 

deflection of the tip is monitored using a laser beam-bounce method. Thus, the 

AFM is able to monitor the atomic force interactions between the tip and the 

surface and the resulting image is a topographical map of the sample. 

Advantages of this mode include fast scanning speeds at very high resolutions 

whereas its main drawbacks are associated with possible damage to both 

sample and tip due to combined lateral and high adhesive forces between the 

probe and the surface which in turn may create artefacts in the image data."^ 

In Tapping Mode AFM a sharp tip is made to oscillate at or near to its 

resonance frequency so that it makes intermittent contact with the sample 

surface."^ This reduces the lateral forces associated with contact mode AFM, 

and so allows the examination of soft samples, such as polymers. Height 

images are recorded by using a feedback circuit to maintain constant oscillation 

amplitude. In addition, phase shift images can be simultaneously recorded to 

allow the mapping of heterogeneous surfaces."" 

In the non-contact mode the probe is oscillating in a small distance 

above the sample. Attractive van der Waals' forces acting between the tip and 

the sample are detected by measuring the changes in the oscillation amplitude, 

and topographic images are constructed by scanning the tip above the surface. 

This mode provides substantially lower resolution than either contact or Tapping 

Mode due to weaker strength of the attractive van der Waals' forces compared 

to contact ones. 

1.2.3 Infrared Spectroscopy 

The basis of infrared spectroscopy is the vibrational excitation of molecules by 

the absorption of infrared radiation (wavelength 1-100 i^m). This occurs at 

characteristic photon energies, enabling structural analysis. For a vibrational 

transition to be infrared active there must be a change in the dipole moment."^ 

IR spectroscopy is normally performed in transmission mode, i.e. 

radiation is passed through the sample. This is bulk technique, inappropriate 

for detecting surface change. A more surface sensitive method is attenuated 

total reflectance fourier transform infra-red spectroscopy (ATR-FTIR). Here the 

sample is held in intimate contact with an IR transparent crystal (e.g. KRS-5 or 

diamond) into which infrared radiation is directed. The difference in refractive 

indices between the optically dense crystal and the sample result in internal 

12 



reflection at their interface. However, the beam is not completely reflected at 

this junction: some propagates a short way into the sample, where it can excite 

vibrations and be absorbed."® The penetration of these phenomena is 

dependent upon the incident wavelength but is typically about 0.1 - 10 \xm, 

providing information complementary to that of XPS. 

1.2.4 Video Contact Angle (VCA) Measurements 

Contact angle analysis is an extremely surface sensitive technique (top 5-10 

A)."^ The VCA apparatus employs the sessile drop technique, where a droplet 

of known volume of purified liquid is dispensed on the solid surface by means of 

a motorised syringe. A CCD camera focused on the droplet resting on the 

substrate allows the capture of a static image. The operator places markers 

around the droplet image and the computer software is then used to calculate 

the contact angle. Figure 5. This type of measurement is called static and was 

used in the work presented in the following chapters as a simple and fast way 

for estimating the degree of hydrophobicity/hydrophilicity of the studied surfaces 

(higher angles indicating greater hydrophobicity). 

gVCA foi Windows 95 - Fiozen Video - (dc-pel .vca) 

t-Trioow i rOiopId 

D d * . 1.0 Sec r Cflrtruouj 

Speed iHigh : i J ! 

Swnooiao 

fiinaflB: 640)(A80 x 256, Anfllos: (136',1361 W: 1.620 mm, H:1.3« mm, V: Z033 li [cî "640 . 4B0 [11014,226) F 

Figure 5: Snapshot of the VCA software interface. 
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2.1 INTRODUCTION 

The physicochemical nature of polymer surfaces is important for many everyday 

applications,^ for example adhesion, wettability, friction, dye uptake, gloss, 

biocompatibility, permeability, etc. One way of devising desirable surface and 

bulk properties is to mix two or more polymers in order to make a blended 

material which displays very different surface properties compared to the bulk. 

The overall driving force for such behaviour often stems from a difference in 

surface energy between the respective blend constituents: where the lower 

surface energy component preferentially segregates towards the surface, 

thereby minimising the net free energy at the air-solid interface.^ 

Polysiloxane / polyolefin blends are a case in point, where the 

polysiloxane component can migrate towards the surface as consequence of its 

lower surface energy.^ Such polysiloxane enrichment can be beneficial for 

lowering friction, acting as an anti-blocking agent,"'^ fire proofing,^ and improving 

release behaviour.^ In this article, the surface segregation behaviour of 

polydimethylsiloxane / polyethylene and polydimethylsiloxane / polypropylene 

melt blown films is compared in order to determine how the nature of the 

polyolefin host influences surface composition. Plasma oxidation of these 

blends has also been explored with the aim of generating a well-adhered SiOx 

surface layer, thereby providing an alternative and more direct route for making 

SiOx coated substrates compared to conventional approaches (e.g. PECVD,^ 

electron beam evaporation,^ etc.). 

2.2 EXPERIMENTAL 

Linear polydimethylsiloxane (PDMS) containing a -SiMe2CH=CH2 endblock 

(Dow Corning, Mw = 500,000 and Tg = 146 K) was mixed with linear low density 

polyethylene / low density polyethylene (LLDPE / LDPE) or polypropylene (PP) 

during film extrusion via the bubble-film process, Table 1. 

Solvent washing studies were carried out using mixtures of cyclohexane 

(BDH, 99.5 % purity) / propan-2-ol (BDH, 99.7 % purity) for 30 s. In the case of 

annealing experiments, a vacuum oven (LTE, Qualivac) was employed. 

Oxygen plasma treatment of the polymer blend surfaces comprised 60 s 

exposures at powers ranging from 2-20 W in a cylindrical glass reactor (4.5 cm 

diameter, 505 cm^ volume) enclosed in a Faraday cage. This was fitted with a 

gas inlet, a thermocouple pressure gauge, and a two-stage rriechanical rotary 
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pump attached to a liquid air cold trap, (base pressure of 2 x 10"^ mbar and a 

leak rate better than 1.2 x 10"^ cm^ min"^). A copper coil (5 mm diameter, 10 

turns, spanning 8-16 cm from the gas inlet) wound externally around the reactor 

walls was coupled to a 13.56 MHz RF power supply via an LC matching circuit. 

Prior to each experiment, the chamber was cleaned with a 40 W air plasma at 

0.2 mbar pressure for 10 min. Next, a piece of the polymer substrate was 

placed into the centre of the reactor and purged with oxygen (BOC, 99.6 % 

purity) at 0.8 mbar pressure for 10 min, followed by plasma ignition at 0.2 mbar 

pressure and 1 cm^ min'^ flow rate. Upon termination of plasma treatment, 

oxygen gas was allowed to continue to flow over the substrate for a further 5 

min prior to bringing the reactor up to atmosphere. 

Table 1: Physical properties of polymer constituents. 

Polymer MnXlO^ MwXlO^ Mw/ Mn T g / K Tn,/K 

LDPE/LLDPE 29 104 3.6 148 390.5 

PP 49 204 4.2 265 437.5 

Mn = Number average molar mass 

Mw = Weight average molar mass 

M„ / Mn = Heterogeneity index 

Tg = Glass transition temperature 

Tm= Melting point 

A Kratos ES300 electron spectrometer equipped with a Mg Ka X-ray 

source (1253.6 eV), and a concentric hemispherical analyser (CHA) was used 

for XPS analysis. Photo-emitted electrons were collected at a take-off angle of 

30° from the substrate normal, with electron detection in the fixed retarding ratio 

(FRR, 22:1) mode. XPS spectra were accumulated on an interfaced PC 

computer and fitted using a Marquardt minimisation algorithm assuming that all 

the peaks are Gaussian with equal full-width-at-half-maximum (FWHM).^° 

Instrument sensitivity factors using reference chemical standards were taken as 

C(1s): 0(1 s ) : Si (2p) equals 1.00 : 0.57 : 0.72. 

AFM micrographs were acquired with a Digital Instruments Nanoscope 

III. Damage to the tip or sample was minimised by using Tapping Mode AFM." 

These studies used a stiff silicon cantilever oscillating at close to its resonance 

frequency. In addition to height images, phase images reflecting the mechanical 
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properties of the surface were obtained by choosing a setpoint: free amplitude 

ratio of 0.5 (setpoint = 50 nm ; free amplitude = 100 nm).^^ All images were 

acquired in air at room temperature and are presented as unfiltered data. Large 

area scans were taken on the 100 jim scale in order to check that the reported 

images were representative of the whole surface. Cross-sectional microtoming 

of the polymer blend films prior to AFM analysis was carried out at 243 K using 

a cryogenic microtoming apparatus (Leica RM 2165). 

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

using a video capture apparatus (A.S.T. Products VCA2500XE). The chosen 

probe liquid was high purity water (B.S. 3978 Grade 1). 

2.3 RESULTS 

The amount of polysiloxane removal from the polymer blend surfaces achieved 

by washing was found to be dependent upon solvent composition, Figure 1. 

More silicon-containing material was lost from the surface with increasing non-

polar (cyclohexane) content. This trend provided a means for controlling the 

composition of the surface region for both the polyethylene and polypropylene 

doped substrates. Washing in a 50 / 50 cyclohexane / propan-2-ol solvent 

mixture for 30 s resulted in virtually all the polysiloxane species being lost from 

the top 3-5 nm of the substrate (i.e. the Si(2p) XPS sampling depth)." These 

conditions were taken as being optimum. Subsequent annealing in a vacuum 

oven for 30 min gave rise to some polysiloxane material diffusing from the bulk 

into the near-surface region. Figure 2. This behaviour was temperature 

dependent, and found to reach a maximum at around 100 °C for polyethylene, 

and 80 °C for polypropylene. In the latter case, the amount of PDMS detected 

by XPS dropped off at higher annealing temperatures. Greater surface 

segregation was observed for the polyethylene host matrix, and this was found 

to correlate to the overall bulk loading of PDMS in the blend. Figure 3. The 

absence of any binding energy shift in the Si(2p) spectra confirmed that PDMS 

species were not undergoing oxidation during annealing. Figure 4. 
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Figure 4: Si(2p) XPS spectra of 2.5% PDMS doped polyethylene film: (a) before washing; 

(b) washed in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; and (c) washed 

in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 

30 min. 
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Consecutive solvent washing followed by annealing cycles eventually led to 

almost total exhaustion of silicon-containing species from the near surface 

region (i.e. heating could no longer replenish the surface with polysiloxane 

moieties after solvent washing), Figure 5. 

Oxygen plasma treatment of PDMS doped polyolefin films which had 

previously undergone one solvent washing / annealing cycle (i.e. contained a 

well-defined quantity of PDMS at the surface) resulted in surface oxidation, 

Figure 6. As expected, the relative amount of silicon present at the surface 

depended upon oxygen incorporation and carbon loss. Interestingly, the 

surface composition following oxygen plasma treatment was found to be very 

similar for both the polyethylene and polypropylene hosts, despite the former 

containing a much larger concentration of polysiloxane at the surface prior to 

plasma exposure. Plasma oxidation caused a shift in the Si(2p) peak from 

102.0 eV (polysiloxane) to 103.4 ± 0 . 1 eV (SiOx);''''' this was accompanied by 

the appearance of oxidised C(1s) moieties:^" C-CO2 at 285.7 eV, C - 0 - at 

286.6 eV, C=0, 0 - C - O at 287.8 eV, - 0 - C = 0 at 289.0 eV, and - 0 - C O - O - at 

290.0 eV, Figures 7 and 8. Broadening of the 0(1 s) envelope towards higher 

binding energies was noted, however accurate deconvolution of 0(1 s) spectra 

was impossible due to the close overlap of various different oxygen 

environments:'"'' ' ' '^" e.g. polysiloxane at 532.6 eV, SiOa at 532.5 - 533.2 eV, 

C - 0 - at -532.6 eV, C=0_at -532.3 eV, - 0 - C = 0 at -533.6 eV, - 0 - C O - O - at 

-533.9 eV, etc. Control plasma oxidation experiments using undoped polyolefin 

films did not yield any silicon at the surface, thereby ruled out the possibility of 

sputtering off the reactor walls. 

Washing low power plasma oxidised 2.5% PDMS doped polyolefin 

surfaces in a 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s gave 

rise to an overall increase in the proportion of silicon-containing species at the 

surface, Figure 9; this is most likely to be due to the removal of low molecular 

weight oxidised polyolefin material, as confirmed by the attenuation of the high 

binding energy shoulder in the C(1s) envelope.'® Annealing these plasma 

treated surfaces at 80 °C produced a substantial build-up of PDMS at the 

surface; some of this polysiloxane material could subsequently be removed by 

washing in the solvent mixture (this being more prevalent for the polypropylene 
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Figure 6: Change in elemental composition at the surface of 2.5% PDMS doped 

polyethylene (shaded symbols) and polypropylene (unshaded symbols) films as a 

function of oxygen glow discharge power level. 
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Figure 7a: Si(2p) XPS spectra of PDIVIS doped polyethylene film: (i) washed in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 30 min; 

(ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma treatment for 60 s followed by 

washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; (iv) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min; and (v) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min and then washing in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s . (All spectra have been normalised). 
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Figure 7b: C(1s) XPS spectra of PDMS doped polyethylene film: (i) washed in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 30 min; 

(ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma treatment for 60 s followed by 

washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; (iv) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min; and (v) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min and then washing in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s . (All spectra have been normalised). 
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Figure 7c: 0(1 s) XPS spectra of PDMS doped polyethylene film: (i) washed in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 30 min; 

(ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma treatment for 60 s followed by 

washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; (iv) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min; and (v) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min and then washing in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s . (All spectra have been normalised). 
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Figure 8a: Si(2p) XPS spectra of PDMS doped polypropylene film: (i) washed in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 30 min; 

(ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma treatment for 60 s followed by 

washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; (iv) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min; and (v) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min and then washing in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s . (All spectra have been normalised). 
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Figure 8b: C(1s) XPS spectra of PDIVIS doped polypropylene film: (i) washed in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 30 min; 

(ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma treatment for 60 s followed by 

washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; (iv) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min; and (v) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min and then washing in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s . (All spectra have been normalised). 
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Figure 8c: 0(1 s) XPS spectra of PDMS doped polypropylene film: (i) washed in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s and then heated at 80 °C for 30 min; 

(ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma treatment for 60 s followed by 

washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s ; (iv) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min; and (v) 2 W O2 plasma 

treatment for 60 s followed by annealing at 80 °C for 30 min and then washing in 50 / 50 

cyclohexane / propan-2-ol solvent mixture for 30 s . (All spectra have been normalised). 
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Figure 9: Relative amount of silicon associated with P D M S versus SiOx at the surface of 

2.5% P D M S doped (a) polyethylene; and (b) polypropylene: (i) solvent washed and then 

heated at 80 °C for 30 min; (ii) 2 W O2 plasma treatment for 60 s ; (iii) 2 W O2 plasma 

treatment for 60 s followed by washing in 50 / 50 cyclohexane / propan-2-ol solvent 

mixture for 30 s ; (iv) 2 W O2 plasma treatment for 60 s followed by annealing at 80 °C for 

30 min; and (v) 2 W O2 plasma treatment for 60 s followed by annealing at 80 °C for 30 

min and then washing in 50 / 50 cyclohexane / propan-2-ol solvent mixture for 30 s . 
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substrate). However, the amount of oxidised silicon species (SiOx) appeared to 

be resilient towards solvent washing and annealing, rather it was the mobile 

polysiloxane constituent which altered the overall elemental silicon 

concentration detected by XPS at the surface. 

Consecutive plasma oxidation followed by annealing cycles were 

undertaken in order to maximise SiOx formation at the polymer blend surfaces. 

Figure 10. This reached limiting values after 4 cycles, with PDMS doped 

polyethylene yielding approximately twice as much SiOx compared to its 

polypropylene counterpart. 

Phase imaging atomic force microscopy clearly showed the presence of 

polysiloxane regions on the surface of the as-prepared films. Figure 11. Solvent 

washing caused these patches to disappear. Whilst subsequent annealing 

gave rise to the re-emergence of PDMS at the surface. Plasma oxidation 

produced silicon oxide domains which were found to be stable towards solvent 

washing. Repetitive annealing followed by oxygen plasma treatment cycles 

resulted in the build-up of silicon oxide moieties across the surface of the 

polysiloxane/polyethylene and polysiloxane/polypropylene blend films. Cross-

sectional analysis of the PDMS/polyolefin blend films indicated that phase 

separation of PDMS domains had occurred within the bulk of the substrate. 

Figure 12. 

Water contact angle measurements showed that the PDMS/polyolefin 

films which had undergone repetitive annealing / plasma oxidation cycling were 

more wettable and stable compared to the respective PDMS and polyolefin 

substrates, Figure 13. 

2.4 DISCUSSION 

There is a large difference in surface energy between polydimethylsiloxane and 

polyethylene / polypropylene '{YPDMS = 24.0 mJ m" ,̂ YPE = 31.0 mJ m" ,̂ ypp = 34.0 

mJ m'^).'^ Therefore, one would expect the lower surface energy constituent, 

polysiloxane to segregate towards the surface of the PDMS / polyolefin blends 

under investigation. Indeed PDMS enrichment at the polymer blend surfaces 

does occur, with it being more prevalent in the case of polysiloxane / 

polyethylene compared to polysiloxane / polypropylene. However, the extent of 

surface segregation need not necessarily be proportional to the difference 
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Figure 12: Cross-section AFM image of microtomed 2.5% PDMS doped polyethylene film. 
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Figure 13: Water contact angle measurements as a function of ageing time: (i) 2W O2 

plasma treatment for 60 s of polyethylene; (ii) 2W O2 plasma treatment for 60 s of PDMS; 

(iii) washed and annealed 2.5% PDMS doped polyethylene followed by 2W O2 plasma 

treatment for 60 s ; and (iv) 2W O2 plasma treatment for 4 cycles of 2.5% PDMS doped 

polyethylene. 
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Figure 11: Atomic force phase images of 2.5% PDMS doped polyethylene: (a) before 

washing; (b) after solvent washing; (c) solvent washing followed by annealing at 80 °C 

for 30 min; and (d) 2W O2 plasma treatment for 4 cycles (scan size = 20 ^m). 
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Figure 12: Cross-section AFM image of microtomed 2.5% PDMS doped polyethylene film. 
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Figure 13: Water contact angle measurements as a function of ageing time: (i) 2W O2 

plasma treatment for 60 s of polyethylene; (ii) 2W O2 plasma treatment for 60 s of PDMS; 

(iii) washed and annealed 2.5% PDMS doped polyethylene followed by 2W O2 plasma 

treatment for 60 s ; and (iv) 2W O2 plasma treatment for 4 cycles of 2.5% PDMS doped 

polyethylene. 
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in surface energy.^" In order to explain this difference, the bulk thermodynamics 

must be taken into consideration. 

The overall behaviour of polymer blend surfaces is governed by entropic 

and enthalpic factors. Entropic contributions are dependent upon the molecular 

weight of the respective homopolymers contained in the blend. Whilst the 

enthalpic component is influenced by differences in surface energy as well as 

favourable versus unfavourable interactions between the blend constituents 

(which can be quantif ied by the Flory-Huggins interaction parameter - ;^).^' The 

X^2 interaction parameter is a measure of the difference in energy (enthalpy of 

mixing) between a chain of homopolymer 7 immersed in pure homopolymer 7 

compared to when it is present in pure homopolymer 2. This provides an 

indication of the likelihood for 7-7 and 2-2 interactions to be replaced by 7-2 

interactions during mixing of the two homopolymers.^^ Negative values of j j 2 

predict miscibility, whereas positive values indicate immiscibility; with the 

magnitude corresponding to the strength of enthalpic interactions between the 

two homopolymers.^^ For incompatible polymers blends {X'i2 is positive), and as 

explained above, the lower surface energy polymeric component migrates to 

the surface.^" Silicone polymers are barely miscible in polyolefins and therefore 

the heat of mixing tends to be endothermic.^ In this case, the interaction 

parameter can be approximated by reference to solubility parameters'^ using 

Equation 1: 

Where x^2 is the interaction parameter per segment of polymer, is the 

reference segment volume that can be approximated by the smallest polymer 

repeat unit (for practical purposes it is often taken to be 100 cm^ mol'^), and 5, is 

the solubility parameter of polymer /. Substituting the values^^ ^PDUS = 7.3 - 7.6 

(cal cm-y^, dpE = 7.7 - 8.8 (cal cm"^)^'^ and SPP = 9.2 - 9.4 (cal cm-^)^^^ into 

Equation 1, it is found that ;i:,2 = 4 x 10"^ - 9 x 10"^ for the PDMS / PE blend and 

;i:72 = 11 - 18 X 10"^ for the PDMS / PP blend, and therefore one would expect 

PDMS to be more incompatible with polypropylene compared to polyethylene, 

hence causing greater surface enrichment for the PDMS / polypropylene blend. 
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In fact, the opposite is found in practice, and therefore other factors must be 

influencing PDMS surface segregation, such as the polymer molecular 

weight,^^'^^'^^'^^ crystallinity^^ of the films, and the kinetics of polymer chain 

diffusion towards the surface.^' 

For instance, polyethylene has a lower average molecular weight, glass 

transition temperature {Tg) and melting point {Tm) compared to polypropylene. 

Table 1. Anneal ing at 80 °C will produce greater segmental motion of the 

polyethylene polymeric chains compared to their polypropylene counterparts. 

Thus one would anticipate higher diffusion rates of PDMS towards the surface 

in the polyethylene matrix compared to its polypropylene counterpart at a given 

temperature. The experimental data appear to be consistent with this 

explanation up to near the melting point of polyethylene. Figure 2. At higher 

temperatures, the PDMS / PP system exhibits a drop in surface segregation, 

which is probably due to thermal desorption of low molecular volatile 

polysiloxane moieties from the polypropylene surface,^" or alternatively, 

competit ive migration of low molecular weight polypropylene chains towards the 

surface as a consequence of favourable kinetic, entropic, and surface energy 

factors. ' ' '^ ' ' ' ' ' ' ' ' ' 

Non-isothermal plasma modification of such polymer blends is appealing 

from a technological perspective in terms of speed, cost, and minimal 

environmental impact. Plasma treatment of bulk polydimethylsiloxane has been 

widely explored in the past for improving its wettability^^'^^ and adhesion.^ '^ 

However, there are associated drawbacks which include hydrophobic recovery 

and the formation of microcracks at the s u r f a c e . T h e current approach 

comprising heating-plasma treatment cycles produces comparable wetting 

behaviour to that observed for oxygen plasma treated bulk PDMS, however 

hydrophobic recovery is much slower (water contact angle of untreated PDMS = 

116° ± 2 ) , Figure 13. 

2.5 C O N C L U S I O N S 

Control led surface segregation of PDMS from PDMS/polyolefin blend films can 

be achieved by solvent washing followed by annealing. Plasma oxidation of 

these surfaces gives rise to the formation of ultra thin layers of SiOx. 
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CHAPTER 3 

SURFACE SEGREGATION AND PLASMA 

OXIDATION OF POLYETHYLENE-

POLYDIMETHYLSILOXANE COPOLYMER DOPED 

POLYETHYLENE FILMS 
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3.1 INTRODUCTION 

There are two generic ways for modifying the surface properties of polymeric 

materials. Firstly, there are external methods, such as gas plasma treatment,' 

p lasma coating deposition,^ surface grafting,^ and photochemistry." 

Alternatively, surface segregation from within the material bulk can be utilized, 

e.g. polymer blend systems.^ The latter typically entails blending two 

homopolymers (A) and (B), or mixing a block copolymer (AB) with a 

homopolymer (A). A strong perturbation of the surface versus bulk composition 

occurs if the polymer / polymer segment (B) has a lower surface energy 

compared to the host homopolymer / block (A). The overall driving force in this 

case is a net lowering of the surface tension for the polymer blend system 

leading to the surface enrichment of B relative to its bulk concentration. The 

degree and spatial distribution of polymer segregation at the air-solid interface 

is governed by a number of factors. These include bulk composit ion, molecular 

weight of the constituents (block length and architecture in the case of 

copolymers), and processing conditions.® A major advantage of using 

copolymers instead of homopolymers is considered to be the fact that 

potentially better anchoring of the surface segregant (adhesion) to the host bulk 

polymer can be achieved via the copolymer segment (A).^'^ Otherwise there 

exists the danger of the active polymeric constituent undergoing complete 

phase separation or leaching out from the host homopolymer. 

Polydimethylsi loxane (PDMS) is considered to have a low surface 

tension (YPDMS = 24.0 mJ m"̂ ).® Therefore PDMS is often chosen as a 

homopolymer or included as a segment in block copolymers for mixing into 

polymer blend systems. '" Typically this leads to surface enrichment of the 

PDMS component. For instance, numerous polydimethylsiloxane copolymer / 

homopolymer blend mixtures have been studied in the past, examples include 

PDMS-co-poly(methyl methacrylate) / poly(methyl methacrylate)," PDMS-co-

polyurethane / phenoxy,'^ PDMS-co-Bisphenol A Polycarbonate / Bisphenol A 

Polycarbonate,'^ and PDMS-co-polystyrene / polystyrene.'" 

Subsequent oxygen plasma treatment of siloxane-rich polymer surfaces 

is a potentially attractive route for making ultrathin inorganic silica-like layers. In 

the case of PDMA-containing polymer blend systems, the primary advantage is 

that the precursor material is already available at the polymer surface (rather 
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than having to resort to external line-of-sight deposition techniques). Potential 

applications of such thin oxide layers include hydrophilicity and adhesion. 

In this chapter, the surface segregation behaviour of a polyethylene-co-

polydimethylsi loxane-co-polyethylene ABA copolymer blended with 

polyethylene homopolymer is described. Plasma oxidation of these siloxane 

enriched surfaces to form silica-like material has also been investigated. 

3.2 E X P E R I M E N T A L 

A30B30A30 triblock polyethylene-copolydimethylsi loxane-co-polyethylene 

copolymer (Dow Corning, Mn = 420 for the PE blocks, and Mn = 2200 for the 

PDMS block) was mixed with linear low density polyethylene / low density 

polyethylene (Dow Corning, LLDPE / LDPE, Mn = 29000) during film extrusion 

via the bubble-fi lm process to give 2.5% wt% PDMS in the bulk. Solvent 

washing studies of these polymer blend films were carried out using a 50/50 

mixture of cyclohexane (BDH, 99.5 % purity) / propan-2-ol (BDH, 99.7 % purity) 

for 30 s. Subsequent annealing experiments entailed placing the washed films 

in a vacuum oven (LTE, Qualivac). 

Plasma treatment of the polymer blend surfaces was performed using an 

inductively coupled cylindrical glass reactor (5 cm diameter, 650 cm^ volume) 

enclosed in a Faraday cage, Figure 1. This was fitted with a gas inlet, a 

thermocouple pressure gauge, a heated substrate stage controlled by a 

thermostatic circulation bath, and a two-stage mechanical rotary pump attached 

to a liquid air cold trap, (base pressure of 2 x 10"^ mbar and a leak rate better 

than 1.2 x 10"^ cm^ min'^). The temperature of the substrate was monitored with 

a thermocouple probe. A 13.56 MHz RF power supply was coupled to a copper 

coil (5 m m diameter, 10 turns, spanning 8-16 cm from the gas inlet) wound 

externally around the reactor via an LC matching circuit. Prior to each 

experiment, the chamber was cleaned with a 40 W air plasma at 0.2 mbar 

pressure for 10 min. Next, a piece of polymer substrate was placed into the 

centre of the reactor, and oxygen (BOC, 99.6 % purity) introduced at a pressure 

of 0.2 mbar and 1 cm^ min'^ flow rate for 10 min, fol lowed by plasma ignition. 

Continuous wave oxygen plasma treatment was carried out for 60 s at 0.2 mbar 

pressure for powers ranging from 2 - 20 W. In the case of the pulsed plasma 

exposure, the condit ions comprised, ton varying between 50 - 2000 ^s , W 

varying between 100 - 50000 ^is, and peak power set at 20 W (the oxygen gas 
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pressure and treatment t ime were kept the same as for continuous wave 

experiments). 

A Kratos ES300 electron spectrometer equipped with a Mg Ka X-ray 

source (1253.6 eV), and a concentric hemispherical analyser (CHA) was used 

for XPS analysis of the polymer blend surfaces. Photo-emitted electrons were 

collected at a take-off angle of 30° from the substrate normal, with electron 

detection in the fixed retarding ratio (FRR, 22:1) mode. XPS spectra were 

accumulated on an interfaced PC computer and fitted using a Marquardt 

minimisation algorithm assuming Gaussian peak-shapes with equal full-width-

at-hal f -maximum (FWHM). '^ Instrument sensitivity factors were calculated 

using reference chemical standards to be C(1s) : 0 ( 1 s) : Si (2p) equals 1.00 : 

0.57 : 0.72. An argon ion gun source was used for ion sputter depth profiling 

studies (operating at 3 keV ion energy, 1.5 [lA beam current, and 2 x 1 0 " ^ mbar 

pressure). The etch rate was calibrated to be 0.5 nm min by using a known 

thickness of SiOa (as measured by ellipsometry) grown onto a silicon wafer. 

AFM micrographs were acquired with a Digital Instruments Nanoscope 

III. Damage to the tip or sample was minimised by using Tapping Mode AFM.'® 

As well as topographical height images, phase images reflecting the mechanical 

properties of the surface were obtained by choosing a setpoint: free amplitude 

ratio of 0.5 (setpoint = 50 nm; free amplitude = 100 nm)." ' All images were 

acquired in air at room temperature and are presented as unfiltered data. Large 

area scans were taken on the 100 ^ m scale in order to check that the images 

presented are representative of the whole surface. 

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

using a video capture apparatus (A.S.T. Products VCA2500XE). High purity 

water (B.S. 3978 Grade 1) was employed as the probe liquid to test 

hydrophil icity/hydrophobicity of the polymer blend surfaces. 

3.3 R E S U L T S 

Washing of the polymer blend surface with a 50 / 50 cyclohexane / propan-2-ol 

solvent mixture for 30 s was sufficient to remove most of the polysiloxane 

species from the top 3-5 nm of the substrate (i.e. the Si(2p) XPS sampling 

depth),'® Table 1. Subsequent annealing at 80 °C for 30 min led to polysiloxane 
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material diffusing from the bulk into the near-surface region. The absence of 

any binding energy shift in the XPS Si(2p) spectra confirmed that the PDMS 

component was not undergoing oxidation during annealing, Figure 2. By using 

this washing/anneal ing procedure, a reproducible polymer blend surface 

composit ion could be produced. 

Oxygen plasma treatment of the washed and annealed copolymer doped 

polyethylene fi lm gave rise to oxygen incorporation at the expense of carbon 

loss (although not much change in the concentration of silicon at the surface 

was observed). Table 1. The relative amounts of oxygenated silicon 

environments were estimated by fitting the Si(2p) envelope:'^ S I O P D M S at 102.0 

eV, Si03/2 at 103.0 eV, and Si02 at 104.0 eV, Figure 2 and Table 1. The 

greatest amount of S iOx formation corresponded to oxygen plasma treatment at 

80 °C using pulsed conditions, Table 1. The opt imum duty cycle ton and W 

settings for the pulsed discharge were obtained using computer aided simplex 

optimisation (Multisimplex™). It was found that W has a greater influence on 

SiOx formation at the polymer blend surface compared to ton, Figure 3. 

Ar"^ ion depth profiling of the pulsed plasma treated ABA copolymer 

doped polyethylene samples confirmed the existence of a thin, highly oxidised 

layer at the surface (1.3 nm) fol lowed by a drop in oxidation below the surface. 

Figure 4. This was consistent with there being surface enrichment of PDMS 

segments during annealing. Table 1. 

Heating of the plasma oxidised polymer blend surface beyond electrical 

discharge extinction produced a progressive build up of PDMS material at the 

surface. This was evident from the shift in the Si(2p) peak towards lower 

binding energies: 104.0 eV (SiOa) to 102.0 eV ( S I O P D M S ) , Figure 5. A drop in 

intensity of the oxidised C(1s) shoulder was also noted:^° C -CO2 at 285.7 eV, 

C - 0 - at 286.6 eV, C = 0 , 0 - C - O at 287.8 eV, - 0 - C = 0 at 289.0 eV, and - 0 -

C O - 0 - at 290.0 eV, to leave behind a hydrocarbon-rich environment centred at 

285.0 eV, Figure 5 and Table 2. 

Polyethylene lamellar features could be clearly seen in the height image^' 

following solvent washing of the polymer blend surface. Figure 6. The 

corresponding phase image confirmed the absence of PDMS at the surface. 

Subsequent annealing clearly showed the build-up of separate PDMS-rich 

regions on the polyethylene surface in the AFM phase image, whereas no 
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F igure 2: Si (2p) X P S s p e c t r a of 2 .5% A30B30A30 copolymer doped polyethylene blend: (i) 

a s r e c e i v e d ; (ii) w a s h e d ; (iii) w a s h e d and annea led; (iv) 2 W O2 p l a s m a treatment of (iii) 

for 60 s at room temperature; (v) 2 W O2 p l a s m a treatment of (ii) for 60 s - heated 

s u b s t r a t e ; (vi) O2 p u l s e d p l a s m a {Pp = 20 W, ton = 120 ^ s , toff= 1360 ^ s ) of (iii) for 60 s at 

room temperature; (vii) O2 pu lsed p l a s m a (Pp = 20 W, fon= 120 jxs, toff = 1360 \xs) of (ii) for 

60 s - heated s u b s t r a t e . (Note that all Si(2p) peak a r e a s have been normal ised to 100%). 
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Figure 3: Proport ion of s i l icon present a s SiOx at the s u r f a c e a s a function of (a) U (Pp = 

20 W, ton= 120 ^ s , subs t ra te heated to 80 °C, total duration = 60 s ) ; and (b) ton{Pp = 20 W, 

toff= 1360 \is, s u b s t r a t e heated to 80 °C, total duration = 60 s ) . 
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Figure 4: Depth profile of: (a) w a s h e d and annea led A30B30A30 copolymer doped 

polyethylene b lend; a n d (b) oxygen p l a s m a treated A30B30A30 copolymer / P E blend (Pp = 

20 W, ton = 120 ^ls, toff 1360 fis, 60 s , subs t ra te heated to 80 °C) . 
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F igure 5 a : Si (2p) X P S s p e c t r a of 2 .5% A30B30A30 copo lymer doped polyethylene blend: (i) 

O2 p u l s e d p l a s m a treatment (Pp = 20 W , fo„= 120 \is, toff= 1360 us, subst ra te heated to 80 

°C) ; (ii) annea l ing of (i) at 80 °C for 10 min: (iii) anneal ing of (i) at 80 °C for 30 min; and (iv) 

a n n e a l i n g of (i) at 80 °C for 41 h o u r s . (Note that the X P S peak a r e a s have been 

n o r m a l i s e d to 100%). 
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F igure 5b: C ( 1 s ) X P S s p e c t r a of 2 .5% A30B30A30 copo lymer doped polyethylene blend: (i) 

O2 p u l s e d p l a s m a treatment (Pp = 20 W, ton= 120 |xs, toff= 1360 ^ s , subst ra te heated to 80 

°C) ; (ii) annea l ing of (i) at 80 °C for 10 min: (ill) anneal ing of (i) at 80 °C for 30 min; and (iv) 

annea l ing of (i) at 80 °C for 41 h o u r s . (Note that the X P S peak a r e a s have been 

n o r m a l i s e d to 100%). 
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( d ) 

Figure 6: Atomic force micrographs of 2.5% A30B30A30 copolymer doped polyethylene 

blend: (a) solvent washed; (b) solvent washed and annealed at 80 °C for 30 min; (c) 

solvent washed followed by O2 pulsed plasma treatment {Pp = 20 W, to„ = 120 ^is, toH = 

1360 fxs, substrate heated to 80 °C); and (d) annealing of (c) at 80 °C for 30 min. 
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Table 2: XPS analysis summarising changes in elemental composition at the surface of 

the pulsed plasma oxidised A30B30A30 doped polyethylene upon annealing. 

Treatment % C %Si %0 0/Si 

washed and annealed 63.7 18.1 18.2 1.0 

20 W O2 pulsed plasma (h.s) U = 

120 |is, toff = 1360 lis (1) 

26.1 21.4 52.6' 2.5 

(1) + heating at 80 °C for 10 min 31.6 19.1 49.2 2.6 

(1) + heating at 80 °C for 30 min 32.9 20.1 47.1 2.3 

(1) + heating at 80 °C for 41 hours 53.8 19.6 26.6 1.4 

Table 3: Water contact angle measurements of A30B30A30 doped polyethylene blend 

surfaces. 

Treatment Contact angle / deg Treatment 

A30B30A30/PE PDMS PE 

As received 107.0 ± 1.0 116.012.0 102.810.5 

Washed and annealed at 80 °C for 

30 min 

109± 1.0 

20 W O2 pulsed plasma (h.s) ton = 

120 [IS, toff = 1360 [IS (1) 

0.0 ±0.0 0.0 ±0.0 61.811.0 

(1) + 1 week at room temperature 46.0 ±2.5 43.8 ± 1.7 76.211.8 

(1) + annealed at 80 °C for 30 min 43.5 ±3.5 - -

change was apparent in the corresponding height scan. No discernible change 

in surface morphology was noted following pulsed plasma oxidation at elevated 

substrate temperature, this can be taken as being consistent with a very thin 

layer of SiOx-like material being formed at the polymer blend surface. 

Subsequent annealing gave rise to the appearance of cracks and small droplet­

like regions of PDMS-containing material. This correlates to the emergence of 

PDMS moieties in the Si(2p) XPS envelope, Figure 5. 
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The optimum pulsed plasma oxidised polymer blend surfaces produced a 

completely wettable surface towards water, which underwent partial 

hydrophobic recovery to 46° over the period of a week, Table 3. Hydrophobic 

recovery occurred at a faster rate if the oxidised polymer blend film was 

annealed at elevated temperature, Table 3. A comparison with corresponding 

plasma treatments performed on bulk PDMS elastomer and pure polyethylene 

substrates indicated that the polymer blend surface was behaving in an 

analogous fashion to pure PDMS. 

3.4 DISCUSSION 

On the basis of the lower surface tension PDMS segment contained in the PE-

co-PDMS-co-PE block copolymer, one would expect this additive to migrate 

towards the air-polyethylene interface.^" XPS analysis of the washed and 

annealed polymer blend surface confirmed this to be the case. Table 1. The 

PDMS segments can be envisaged as forming a looplike structure at the air-

solid interface, with the polyethylene ends embedded into the polyethylene 

bulk.^^ The stoichiometry of the segregated polymer blend surface was less 

than the elemental composition of pure PDMS (50% C, 25% Si, 25% O), and 

was therefore taken as being indicative of incomplete coverage of the 

polyethylene surface by PDMS segments (this is consistent with the AFM phase 

image. Figure 6). Contact angle analysis also supported this description, since 

the polymer blend surface (after washing and annealing) gave lower water 

contact angle values compared to pure PDMS films, Table 3. 

In the case of 2W continuous wave (CW) plasma treatment, maintaining 

the substrate at room temperature produced more SiOx compared to heating the 

film during plasma treatment, Table 1. Whereas the converse was true for 

pulsed plasma exposure. These differences can be explained in terms of 

PDMS being allowed to thermally segregate to the surface during the off-period 

of the pulsed plasma duty cycle. Whereas the continuous bombardment of the 

substrate by energetic plasma species during CW heated conditions will lead to 

greater PDMS chain scission and ablation, i.e. less probability for the formation 

of extended. SiOx networks. 

Examination of the pulsed/heated oxygen plasma treated films by XPS 

and contact angle measurements showed that the polymer blend surface was 

highly oxidised and fully wettable immediately after plasma treatment. A small 
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degree of hydrophobic recovery was observed over time. Diffusion of 

unreacted copolymer chains contained in the sub-surface region towards the 

air-solid interface accounts for this behaviour. AFM analysis indicated the 

presence of cracks in the SiOx surface, which facilitate the transport of PDMS 

containing moieties towards the air-solid interface. 

3.5 CONCLUSIONS 

Pulsed plasma oxidation of polyethylene-polydimethylsiloxane (ABA) doped 

polyethylene films at elevated temperatures gives rise to the formation of a well-

adhered hydrophilic layer of SiOx. 
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CHAPTER 4 

ELECTRON BEAM CURING OF 

AMINOSILANE/ACRYLATE/ITACONIC ACID 

COATINGS 
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4.1 INTRODUCTION 

Electron beam (EB) curing describes the use of fast electrons, in the range 

between 120 - 300 keV, for polymerising and / or cross-linking a combination of 

monomers and oligomers onto a substrate.^ Electron beam accelerators^ are 

used to generate the electron stream capable of curing thicker coatings than UV 

curing due to more penetrative nature of the electrons through matter; in 

contrast with photons of light, which tend to be absorbed mainly at the surface 

of materials. 

Acrylates, methacrylates and their prepolymers show typical free radical 

addition polymerisation through their carbon double bonds after electron 

irradiation.^" In addition, at increasing monomer conversion cross-linking of the 

polymer chains occurs. The final result is the formation of a tight three-

dimensional network. In order to attain adequate cross-linking at reduced 

radiation dose levels, bifunctional and polyfunctional acrylates^ are employed as 

in this work, Structure 1. 

Free radical polymerisation and cross-linking processes are inhibited by 

oxygen. Oxygen reacts both with the initiating radicals and with the propagating 

free-radical chain, thus preventing chain propagation or terminating the 

propagating chain. Purging the irradiation zone with inert gas lowers the 

oxygen concentration and prevents inhibition by oxygen. Another way to 

eliminate oxygen-inhibition is by reacting primary or secondary amines with 

multifunctional acrylates.^'^ These addition products were found to undergo 

more rapid and complete polymerisation. In addition, the ratio of primary to 

secondary amines in the curable composition provides a means for controlling 

the viscosity of the product. Use of amines, and more preferably amine adducts 

produced from polyamines and epoxides or acrylates, as curing agents with no 

need for irradiating the coating has been reported in the past.^ When enhanced 

wetting and adhesion properties are required for the coatings, aminosilanes can 

also be used, Structure 2. 

Finally, formation of polyamides from itaconic acid. Structure 3, and 

diamines has previously been reported.^ 

In this chapter, a correlation between the oxygen gas barrier properties 

and the surface chemistry of curable coatings, prepared from an aminosilane, 

an acrylate, and an a,P-unsaturated dicarboxylic acid, .is described. 
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4.2 EXPERIMENTAL 

The coatings were freshly prepared by adding 3-(-2-aminoethylamino) 

propyltrimethoxy-silane (Z-6020 Dow Corning) to pentaerythritol tetracrylate 

(PETA) dissolved in propan-2-ol in a molar ratio of 4 : 1. They were left to react 

for 30 min via conjugate nucleophilic addition to a,p-unsaturated carbonyl 

groups. This corresponds to complete consumption of the acrylate double 

bonds. Scheme 1. The secondary amine group located at the third carbon atom 

from silicon is considered to be virtually inert in the case of amino-

organofunctional silanes dissolved in polar solvents (e.g. alcohols). This can be 

attributed to hydrogen bonding with the silyl oxygen to form an internal cyclic 

structure,^" Scheme 2; or alternatively there can be intramolecular interaction 

between the silicon and nitrogen centres present in the aminosilane,^' Scheme 

3. 

Scheme 1: Conjugate nucleophilic addition to a,p-unsaturated carbonyl groups. 

-CH; rNK 

O 

^ H 2 C = C H - C — O — C H 2 - C 

• 

O 

N H - C K - C H , - C — 0 — C K - C -
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Scheme 2: Hydrogen bonding between secondary amine group and silyl oxygen. 
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Scheme 3: Interaction between the silicon and nitrogen centres in the aminosilane. 
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Itaconic acid (ITA) was then added in excess to this mixture as a cross-

linking precursor (the overall molar ratio being 4 : 1 : 10.4 aminosilane : PETA : 

ITA, 20% wt/v in I PA). This solution was then coated onto 30 )im oriented 

polypropylene films (UCB) and allowed drying at room temperature in air. 

Small strips of coated sample were then rinsed in cyclohexane for 30 s 

prior to XPS and ATR-IR analysis. 
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These coatings were also treated in a number of different ways, as 

described in Table 1. 

Table 1: Coating treatments and oxygen transport rates (OTR) at 0% humidity level. 

Coatings Treatment OTR (cm-^ m-^day"") 

Polypropylene substrate 1500 

(i) air-dried 4 

(ii) as (i) + heating at 100 °C for 2 days. 15 

(iii) as (i) + e-beam (10 Mrad /170 kV) 2 

(iv) as (ii) + e-beam (10 Mrad /170 kV) 19 

Electron beam treatment was performed by using a CB150 Electrocurtain 

EB processor from Energy Science Inc. The sample was attached to a tray 

using an adhesive tape and went through the machine on a conveying belt at a 

given speed. The belt speed and the machine amperage were adjusted in such 

way to give the sample the correct exposure (10 Mrad). The standard voltage 

for treatment of these films was 170 kV. 

A Kratos ES300 electron spectrometer equipped with a Mg Ka X-ray 

source (1253.6 eV), and a concentric hemispherical analyser was used for XPS 

analysis. Photo-emitted electrons were collected at a take-off angle of 30° from 

the substrate normal, with electron detection in the fixed retarding ratio (FRR, 

22:1) mode. XPS spectra were accumulated on an interfaced PC computer and 

fitted using a Marquardt minimisation algorithm with Gaussian peaks all having 

the same full-width-at-half-maximum (FWHM).^^ Instrument sensitivity factors 

using reference chemical standards were taken as C(1s) : 0(1 s) : Si (2p) : N 

(Is) equals 1.00 : 0.57 : 0.72 : 0.74. 

ATR-FTIR spectra were acquired over the 600-4000 cm"* wavenumber 

range at a resolution of 4 cm"^ using a Mattson Polaris spectrometer fitted with 

Greasby Specac Golden Gate ATR accessory. Spectra were averaged over 32 

scans, in conjunction with background subtraction. Solution state FTIR spectra 

were also obtained on a Mattson Polaris spectrometer. The optical pathlength 

of the empty sample cell was calculated to be 42 nm. 
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Solid state NMR spectra were recorded using a Varian Unityplus 

spectrometer (75.43 MHz ^^C, 59.58 MHz ^^Si, 30.41 MHz ^^N) and a Doty 

Scientific MAS probe with 7 mm o.d. rotor. A cross-polarisation magic-angle 

spinning experiment with high-power proton decoupling was used. 

C-13 solution state NMR were obtained using a Varian VXR-400S 

(100.58 MHz ^^C) with 60 pulse, continuous proton decoupling, and 3 s 

relaxation delay. Si-29 solution spectra were carried out on a Bruker AMX-500 

(99.36 MHz ^^Si) with 30 pulse, universe gated decoupling, 30 s relaxation 

delay, and 1815 repetitions. 

Optical micrographs were recorded on an Olympus BX40 microscope 

operated in transmission light mode. 

Oxygen permeability was measured using an OXTRAN 2/20 MH 

instrument from MOCON. The films were typically exposed to 3% Ha/nitrogen 

on both sides for 4-6 hours to flush out all air entrapped in the chambers, a 

baseline was measured and then one side of the film was exposed to either air 

( 2 1 % O2) or 100% O2 on one side, the other side still being 3% H2/nitrogen. 

Once the films have been conditioned (4-6 hours again), the measurements of 

OTR were made until equilibration (less than 5 % variation between 2 

consecutive measures). The oxygen detector is a coulometric detector that 

generates a current when reached by a certain amount of oxygen and 

hydrogen. The hydrogen was provided by the nitrogen flow. 
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4.3 R E S U L T S 

4.3.1 Infrared analysis 

Infrared analysis of the as-dried coatings reveals the presence of Si-O-C / Si-O-

Si bonds at 1113 cm"^ (aminosilane and condensation of alkoxy silane sites), 

carbon - carbon double bonds at 1632 cm"^ (itaconic acid), and carboxylic acid / 

ester groups at 1693 - 1715 cm'^ {vC=0 stretching vibrations from itaconic acid 

and PETA ester linkages). Figure 1. 

Table 2: IR absorption assignments 14,15,16 

Wavenumber 

/cm"^ 

Assignment Symbol 

3450 0-H / N-H stretching vibrations. 

2930 C-H stretching vibrations 

1693-1715 C=0 stretching vibrations. 

1634-1665 Amide 1 band 

1628-1634 C=C stretching vibrations. • 
1537-1559 Asymmetrical CO2 stretching vibrations. • 
1389-1446 CH2 scissoring and / or C-O-H bending 

vibrations. 

1373-1397 Symmetrical CO2" stretching vibrations. • 
1302 CH in plane bending vibrations / C-0 

stretching 

1161-1167 C-C(=0)-0 stretching vibrations 

1074-1113 Si-O-Si / Si-O-C stretching vibrations 

897-943 CH2= wagging / 0-H out of plane 

vibrations 

Also, there is evidence for the formation of carboxylate anions by virtue 

of the presence of the absorption bands at 1539 cm"" {Va CO2 ) and 1395 cm"^ 

(î s 002')- These observations are consistent with previously reported studies 

which show that the C=0 stretching vibrational frequency at 1699 cm'^ of 

68 



LU 
O 
z 
< 
CD 
DC 
O 
CO 
< 

4000 3000 2000 1000 

WAVENUMBER / cm"^ 

Figure 1: ATR-FTIR spectra of aminosilane / acrylate / itaconic acid 4 / 1 /10.4 coatings: 

(i) dried at room temperature; (ii) heating of (i) at 100 °C; (iii) e-beam treatment of (i); and 

(iv) e-beam treatment of (ii). 
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un-ionised COOH shifts towards lower wavenumbers, broadens and reduces in 

intensity with increasing degree of ionisation, in conjunction with the emergence 

of COO" bands at 1539 cm'^ and 1395 cm'\'' 

The exact location of carboxylate anion absorption bands was confirmed 

by examining a 1 : 1 aminosilane / itaconic coating prepared from methanol 

solution. Figure 2. It can be seen, that the absorption band due to COOH (1694 

cm"^) is virtually absent and two strong absorption bands at 1537 cm"^ (14 C02') 

and 1373 cm""' (14 CO2") dominate the spectrum indicating carboxylate anion 

formation (i.e. both carboxylic acid groups contained in itaconic acid have 

undergone reaction with the amine groups from the aminosilane). 

In the case of the 4 : 10.4 aminosilane / ITA mixture, un-ionised COOH 

(1694 cm'^) as well as C02' (1537 cm'^ and 1385 cm'^) is evident due to an 

excess of ITA being present. Figure 2. 

Infrared analysis of aminosilane / PETA / ITA solutions, with different 

molar ratios, in propan-2-ol (prepared by varying the concentration of the 

itaconic acid component) shows that for four aminosilane molecules (eight 

amine groups) only four carboxylic groups out of eight in total participate in acid-

base reactions. Figure 3, Table 3. Hence, it can be concluded that there are 

still unreacted amine centres present in the solution. However, addition of 

excess itaconic acid results in no further reaction. 

Table 3: amount of un-ionised COOH and ionised COO" present in the solutions. The 

relative percentages were calculated by peak fitting the following absorption bands: 

PETA at 1742 cm"^; COOH from ITA at 1714 cm'^; and COO" from ITA at 1563 cm \ 

Z6020 : PETA : ITA (molar ratio) 

20% w/w solution in IPA 

% COOH % COO" Z6020 : 

PETA : COO" 

(molar ratio) 

4 : 1 : 4 24.8 75.2 4 : 1 : 3 

4 : 1 : 6 62.1 37.9 4 : 1 : 2 

4 : 1 : 8 73.3 26.6 4 : 1 : 2 

A : 1 : 10 82.2 17.8 4 : 1 : 2 
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Figure 2: ATR-IR spectra of Z-6020 / ITA samples with different molar ratios prepared in 

the lab. 
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Figure 3: IR spectra for 20% w/w Z-6020 / PETA / ITA solution mixtures with different 

molar ratios in methanol: (i) 4 :1 : 4; (ii) 4 : 1 : 6 ; (iii) 4 :1 : 8; and (iv) 4 : 1 : 1 0 . 
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The peak at 1628 cm"^ confirms the presence of carbon - carbon double 

bonds. These bonds can be mainly attributed to the itaconic acid component, 

since all the double bonds from the PETA will have been consumed during 

conjugate nucleophilic addition to a,(3-unsaturated carbonyl groups reactions 

with the -NH2 groups of the aminosilane (section 4.3.3). 

Heating of the air-dried aminosilane-rich sample caused the 

disappearance of the bands associated with the presence of a carboxylic salt 

(peaks at 1539 cm'^ and 1395 cm"Y Decrease in the intensities of the following 

peaks at 2500 cm"^ - 3600 cm'^ (0-H) and 1713 cm"^ (C=0) indicates a 

decrease in the amount of carboxylic acid groups present at the coating. This 

can be explained either by decarboxylation^^ or more likely by amide formation. 

Amide formation is evident from the appearance of a new peak associated with 

amide group at 1665 cm"'' (amide I band) In the ATR-IR spectrum of the heated 

1 : 1 aminosilane / ITA coating, Figure 2. In the case of 4 : 1 : 10.4 mixture this 

absorption band can be seen shifted to lower frequency (1634 cm"^). This 

absorption can be positively assigned to amide groups and not to C=C double 

bonds due to near complete absence of peaks in the 897 cm'^ - 943 cm'^ 

region. So, in addition to possible formation of amide groups, heating causes 

the opening of carbon-carbon double bonds. This type of reaction for primary 

amines has been reported previously,^ Scheme 4. 

Scheme 4: Possible reaction of 1 :1 aminosilane / itaconic acid during heating 

0 O 

-CH2-NH2 + H O — C — C H 2 - C — C — O H 

N — O K 
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No change in carboxylic salt (bands at 1539 cm'^ and 1397 cm'^) is 

observed upon e-beam radiation of the air-dried coatings. However, a decrease 

in the intensity of the C=C vibrational stretching band (1628 cm '') suggests 

possible polymerisation or cross-linking of the itaconic acid to yield a salt phase 

attached to a polymerised itaconic acid network. 

A comparison between the IR spectra of the heated and heated / e-

beamed, samples Figure 1, shows that e-beam treatment does not cause any 

change to the chemistry of the coating following heating. The IR spectra of both 

samples are, identical. Hence the heating process prohibits subsequent cross-

linking of the itacohic acid species. 

4.3.2 XPS analysis 

The presence of carboxylic salt in both untreated and air-dried / e-beamed 

coatings can be seen from the N(1s) spectra, Figure 4, (the exact location of the 

peaks due to N-C at 400.1 ± 0.3 eV and N*-C at 402.0 ± 0.3 eV were 

determined from XPS analysis of 1 : 1 aminosilane / ITA sample, Figure 5). 

Heating of the air-dried coating shifts the N(1s) peak towards lower 

binding energies indicating changes in the chemical environment around 

nitrogen atoms. Figures 4 and 5. Unfortunately in this case, XPS can not clarify 

if heating converts the ammonium salt to amine or amide type species (amine 

binding energies: 399.1 - 400.2 eV; amide binding energies: 399.8 - 400.0 eVf°. 

Deconvolution of the N(1s) envelope shows that there is significantly less 

ammonium salt in the case of heated coatings. Table 4. 

The possibility of decarboxylation/amide formation of the itaconic acid 

component in the air-dried aminosilane-rich mixture upon heating can be 

evident from the C(1s) spectra. Figure 6. Peak fitting shows that the following 

carbon moieties are present in the coating; CxHy at 285.0 eV, C-CO2 at 285.7 

eV, C-0- / C-N at 286.6 eV, C=0 / N-C=0 at 287.9 - 288.2 eV, and -0-C=0 at 

288.9 -289.2 eV. The relative intensity of the (-0-C=0) peak decreases upon 

heating, thereby suggesting that the decarboxylation/amide formation are viable 

reaction pathways. 
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Figure 4: N(1s) XPS spectra of aminosilane / acrylate / itaconic acid 4 / 1 / 10.4 coatings: 

(i) dried at room temperature; (ii) heating of (i) at 100 °C; (iii) e-beam treatment of (i); and 

(iv) e-beam treatment of (ii). 
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Figure 5: N(1s) XPS spectra of: (i) 1 : 1 Z-6020 / ITA; (ii) 1 : 2.6 Z-6020 / ITA; (iii) 4 : 1 : 10.4 

Z-6020 / PETA / ITA; (iv) 1 : 2.6 Z-6020 / ITA heated. 
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Figure 6: C(1s) XPS spectra of aminosilane / acrylate / itaconic acid 4 / 1 /10.4 coatings: 

(i) dried at room temperature; (ii) heating of (i) at 100 °C; (iii) e-beam treatment of (i); and 

(iv) e-beam treatment of (ii). 
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Table 4: Summary of changes in elemental composition of the coating surfaces. 

Treatment % C %Si % 0 % N % N in salt 

+ ± ± ± form 

0.8 0.1 0.6 0.3 + 

0.3 

Theoretical 57.4 2.3 35.5 4.7 

(i) 62.0 3.7 27.8 6.6 4.4 

(ii) 61.9 4.4 26.9 6.9 1.7 

(iii) 61.7 3.7 28.0 6.7 3.8 

(iv) 61.5 4.9 27.2 6.4 1.5 

4.3.3 NMR analysis 

The NMR chemical shifts for the Z-6020, PETA, and ITA are given in Table 5. 

Table 5: C-13 NIVIR peak shifts (strong peaks at 25 and 65 ppm are due to IPA solvent). 

Aminosilane PETA ITA 

Unit 5 ( ppm ) Unit 5 (ppm ) Unit 5 (ppm) 

Si-C 5.5, 6.9 -CH2- 34.1, 35.1 -CH2- 37.0 

-CH2- 22.1 -CH2-0- 63.3 =C 131.7 

-CH2-NH2 40.6 =CH- 128.5 =CH2 135.9 

-CH2-NH 49.1 =CH2 131.6 =c-

C*OOH 

172.2 

CH3-O 51.2 =0-

C*OOR 

165.6 -COOH 179.5 

CDCI3 77.2 =0-

C*OOH 

171.2 

NMR analysis provided a means for determining the origin of the carbon 

- carbon double bonds present in the air-dried aminosilane-rich coating. Figure 

7a-iv clearly shows that all the carbon - carbon double bonds from the PETA 
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are consumed during reaction with aminosilane (conjugate nucleophilic addition 

to a,p-unsaturated carbonyl groups reaction). This is evident from the absence 

of peaks at 131.6 ppm and 128.5 ppm associated with carbon - carbon double 

bonds in PETA, Figure 7a-ii. 

A shift of the two ITA carboxylic groups (-COOH at 179.5 ppm and =C-

C*OOH at 172.3 ppm) upfield to 175.4 ppm and 171.0 ppm indicates the 

formation of carboxylate anion, Figure 7a-v and 7a-vii; confirmation of this 

assignment was made by running the C-13 NMR spectrum of the 1 : 1 

aminosilane / ITA reference sample (gives ammonium salt). Figure 8 (i). The C-

13 NMR spectrum of the 1 : 2.6 aminosilane / ITA sample also showed that salt 

is formed. Figure 8 (ii). 

It was found that no interaction between PETA and ITA occurs. Figure 

7a-vi (the NMR spectra correspond to just a two component mixture). 

Solid itaconic acid does not undergo e-beam polymerisation since the C-

13 NMR spectrum of ITA before and after e-beam exposure are identical. 

Figure 7b-iii and Figure 7a-iii. But e-beam induced polymerisation or cross-

linking of ITA does take place in the presence of aminosilane. This is evident 

from the disappearance of C-13 NMR features associated with the ITA carbon -

carbon double bonds contained in the. ITA / aminosilane reference mixture. 

Figure 7b-v and 7b-vii. 

The C-13 NMR spectrum of the e-beamed 1 : 10.4 PETA / ITA mixture 

(Figure 7b-vi) exhibits broad absorption peaks mainly due to ITA, and no 

information of any possible interaction between PETA and ITA could be 

extracted. 

Si-29 NMR spectra show that the alkoxy groups of the aminosilane 

undergo condensation, Figure 9. The extent of upfield shift is a measure of the 

level of condensation. As it can be seen in Figure 9, e-beam treatment does 

not give rise to further formation of T2 [Si(0Si)20R] and T3 [Si(0Si)3] 

condensation products. Approximate chemical shifts of aminosilanes at 

different condensation levels are given in the Table 6. 
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Figure 7a: C-13 NMR spectra of air-dried samples: (i) aminosilane; (ii) acrylate; (iii) 

itaconic acid; (iv) aminosilane / acrylate 4 /1 mixture; (v) aminosilane / itaconic acid 1 / 

2.6 mixture; (vi) acrylate (dashed line) / itaconic acid (solid line) 1/10.4 mixture; and (vii) 

aminosilane / acrylate / itaconic acid 4 / 1 / 1 0 . 4 mixture. 
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Figure 7b: C-13 NMR spectra of e-beamed samples: (i) aminosilane; (ii) acrylate; (iii) 

itaconic acid; (iv) aminosilane / acrylate 4 /1 mixture; (v) aminosilane / itaconic acid 1 / 

2.6 mixture; (vi) acrylate (dashed line) / itaconic acid (solid line) 1/10.4 mixture; and (vii) 

aminosilane / acrylate / itaconic acid 4 /1 /10.4 mixture. 
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Figure 8: C-13 NMR spectra of: (i) 1 : 1 and (ii) 1 : 2.6 Z-6020 / ITA samples. 
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Figure 9: Si-29 NMR spectra of: (i) aminosilane; (ii) aminosilane / acrylate 4 /1 mixture; 

(iii) aminosilane / itaconic acid 1 / 2.6 mixture; (iv) aminosilane / acrylate / itaconic acid 4 / 

1 / 10.4 mixture; (v ) e-beam treatment of (i); (vi) e-beam treatment of (ii); (vii) e-beam 

treatment of (iii); and (viii) e-beam treatment of (iv). 
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Table 6: Si-29 NMR chemical shifts of aminosilanes at different condensation levels. 

Unit type 5 ( ppm) 

R-Si(0R)3 -40 

R-Si(OR)20i/2 -50 

R-Si(OR)02/2 -58 to -60 

R-Si03/2 -66 to -70 

From the N-15 NMR spectrum of the heated 4 : 1 : 10.4 aminosilane : 

PETA : ITA coating, the presence of the peak at -256.5 ppm clearly indicates 

amide formation^^ upon heating, Figure 10. The peak at -337.6 ppm can be 

assigned to the presence of ammonium salt and / or amine. 

z 
LU 
H 

Amide Amine / Ammonium salt 

1 ' 1 '—I ' 1 ' r 
•150 -200 -250 -300 -350 -400 

CHEMICAL SHIFT/ppm 
-450 

Figure 10: N-15 NMR spectrum of aminosilane / acrylate / itaconic acid 4 / 1 / 1 0 . 4 mixture 

after being heated at 100 °C for two days. 
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4.3.4 Optical Microscopy 

Pure itaconic acid coating forms crystallites. Figure 11. In contrast, the 

formation of Itaconic acid crystallites was not observed in the case of the air-

dried aminosilane / acrylate / itaconic 4:1:10.4 coating, Figure 12. 

This observation may explain the difference in polymerisation behaviour 

of itaconic acid. ITA does not undergo e-beam polymerisation in the solid state 

due to its crystal structure, but does undergo e-beam polymerisation when 

grafted in a medium of high viscosity.^^ In contrast, as previously stated in 

sections 4.3.1 and 4.3.3, the excess itaconic acid present in the air-dried 

samples, might have polymerised during e-beam irradiation. This behaviour 

can be attributed to the fact that ITA molecules in the aminosilane-rich mixture 

are "trapped" in an amorphous medium, which prevents them from forming 

crystallites. Therefore the ITA molecules can enjoy more freedom of motion, 

leading to a better arrangement of the molecules for polymerisation during the 

e-beam treatment. 

'Mi 

100 

Figure 11: Optical micrograph of the ITA coating. 

100 urn 

Figure 12: Optical micrograph of the 4 :1 :10.4 aminosilane / PETA / ITA coating. 
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4.4 DISCUSSION 

Aminosilane undergoes nucleophilic addition with PETA selectively at the 

terminal amine group. Subsequent reaction with ITA leads to formation of 

ammonium carboxylate salt. Heating of this structure results in conversion of 

the ammonium carboxylate centres to amide linkages and opening of the 

carbon - carbon double bonds of the itaconic acid. This consumption of the 

double bonds can not be explained from the aforementioned mechanism, 

Scheme 4, since there are only secondary amine groups present in the resulting 

system. Scheme 1. Therefore, oligomerisation/cross-linking, and 

decarboxylation reactions might take place upon heating. This explanation is in 

contradiction with previously reported findings,^^ where polymerisation of 

itaconic acid occurs only at temperatures higher than 120°, but can be 

supported on the basis of the higher conformational mobility of the ITA 

molecules as described in Section 4.1.4. E-beam treatment results in 

polymerisation/cross-linking of the alkene bonds contained within the itaconic 

acid constituent but without the loss of ammonium salt species. 

Furthermore, condensation reactions between aminosilane units lead to 

formation of siloxane-type networks. 

4.5 CONCLUSIONS 

Coating curable compositions onto polypropylene films was found to enhance 

the oxygen gas barrier properties of the latter. The observed improvement was 

attributed to the formation of ammonium salt, C-C crosslinked itaconic species, 

and siloxane networks, and found to be dependent upon the type of the 

treatment. 
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CHAPTER 5 

P U L S E D PLASMA CO-DEPOSITION OF 

MONOMERS CONTAINING CARBOXYLIC, AMINE, 

AND ANHYDRIDE FUNCTIONALITIES 
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5.1 INTRODUCTION 

Low temperature plasma polymerisation/deposition^ of volatile organic 

compounds provides an alternative way of modifying the surface properties of 

polymer substrates.^ The non-penetrative nature of this process allows the 

alteration of the chemical and physical properties of the surface without 

affecting the bulk properties of the substrate. One of the most desirable targets 

in plasma polymerisation chemistry is control over the structural retention of the 

precursor molecule. This in turn leads to the production of highly functionalised 

coatings with a great degree of chemical specificity. It has been widely 

recognised that the discharge input power and the nature/reactivity of the 

organic monomer (precursor) are among the critical parameters for controlling 

the stoichiometry of the plasma polymers. In general, low powers and 

monomers that can undergo conventional polymerisation reactions produce 

polymer networks that closely resemble the precursor molecule.^ Examples of 

such monomers are the compounds used in this work. Structures 1, 2, and 3. 

Plasma deposition of acrylic acid,"'̂ '®'̂  allylamine,^'^ and maleic anhydride^ has 

been studied in the' past. 

H H 
/ O NH 2 

OH 

Structure 1: Acrylic acid Structure 2: Ailylamine Structure 3: IVIaleic Anhydride 

Pulsing of the applied RF voltage provides a means for lowering the input power 

below the lowest level possible using continuous wave plasma. This reduces 

excessive fragmentation of the precursor moieties, cross-linking processes, film 

ablation, and functional group diversity during plasma polymerisation. In 

addition, it has been shown that conventional polymerisation mechanisms can 

take place during the off-time at reactive sites generated within the on-period of 

the pulse cycle.^'^" '̂  

Plasma co-polymerisation has also been explored for controlling the 

amount of functional groups present in the plasma polymer.^ '̂̂ ^ This was 

achieved by introducing a hydrocarbon diluent into the monomer feed. 
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In this chapter the plasma co-polymerisation of monomers containing 

carboxylic, amine, and anhydride groups is described. In addition, the influence 

of a non-polymerisable precursor in the co-deposited mixture has been 

explored. The gas barrier properties for some of the plasma films have also 

been investigated. 

5.2 EXPERIMENTAL 

Acrylic acid, "AA", (Aldrich, 99% purity), allylamine, "AL", (Aldrich, 99% purity), 

and maleic anhydride, "MA", (Aldrich, 99% purity) monomers were loaded into 

monomer tubes, and further purified by multiple freeze-pump-thaw cycles. 

Ammonia gas (Aldrich, 99% purity) was used as received. Pulsed plasma co-

deposition of the pure monomers and their mixtures. Table 1, was carried out in 

a plasma reactor (described in chapter 2) for 10 min with ton=^00 \is, toff=4000 

[iS, and peak power being set at 10 W. Continuous wave plasma deposition 

was performed for 7 min at 10 W. The total pressure during plasma co-

polymerisation was varied between 3x10"^ and 4x10'^ mbar. The notation used 

throughout this chapter describes the sequence in which the two monomers 

were introduced into the plasma chamber and their pressure settings. For 

example, AL0 .2AA0.1 means that the pressure was firstly set at 0.2 mbar with the 

introduction of the allylamine vapour alone and brought to a total 0.3 mbar 

(0.2-1-0.1) pressure with the incorporation of the acrylic acid monomer. The 

plasma polymers were deposited onto: (a) glass slides, ultrasonically cleaned in 

solvent mixture (1:1 cyclohexane/propan-2-ol), for XPS analysis; (b) potassium 

bromide powder for infrared analysis; and (c) oriented polypropylene films 

(UCB) for gas barrier measurements. 

A Kratos ES300 electron spectrometer equipped with a Mg Ka X-ray 

source (1253.6 eV), and a concentric hemispherical analyser was used for XPS 

analysis. Photo-emitted electrons were collected at a take-off angle of 30° from 

the substrate normal, with electron detection in the fixed retarding ratio (FRR, 

22:1) mode. XPS spectra were accumulated on an interfaced PC computer and 

fitted using a Marquardt minimisation algorithm with Gaussian peaks all having 

the same full-width-at-half-maximum (FWHM).^" Instrument sensitivity factors 

using reference chemical standards were taken as C(1s) : 0(1 s) : Si (2p) : N 

(Is) equals 1.00 : 0.57 : 0.72 : 0.74. 
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Transmission infrared spectra were acquired over the 600-4000 cm'^ 

wavenumber range at a resolution of 4 cm"^ using a Mattson Polaris 

spectrometer. Spectra were averaged over 100 scans, in conjunction with 

background subtraction. 

Plasma polymer deposition rates were measured with an oscillating AT 

cut quartz crystal (Kronos, Inc. QM-331 Film Thickness Monitor) placed at the 

centre of the plasma reactor. 

UHV Chamber 

Ion Gauge 

V3 

Roughing line 

Sample 

7K 

V2 

Baratron Gauge 

VI 

m •* Gas Inlet 

V4 

Figure 1: Experimental set up for permeability measurements. 

The permeability measuring system, constructed around an ultra high 

vacuum (UHV) chamber, is represented schematically in Figure 1. The 

pressure in the chamber was monitored by using an ion gauge. A Vacuum 

Generators SX200 quadrupole mass spectrometer, interfaced to an IBM-

compatible personal computer running data accumulation and analysis software 

developed in-house, allowed compositional analysis of the gaseous species in 

the chamber by mass-to-charge ratio (m/e). Calibration experiments to 

determine the response of the quadrupole mass spectrometer to known 

pressures of gas were performed using oxygen gas (BOG, 99.6% purity) which 

was introduced into the chamber by means of a leak valve. Mass spectra were 

recorded at ion gauge indicated pressures of 4x10''' Torr that were converted to 

meaningful quantities using ion gauge sensitivity factors. By correlating these 

pressures with the intensity of the m/e = 32 signal ( 0 2 ' ' ) , the mass 
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spectrometer's response per unit pressure was calculated. Discs of the sample 

films were placed in the permeability probe with the coated/treated side facing 

the high-pressure gas supply (1000 Torr). Mean equilibrium permeant partial 

pressures (MEPPP's) of the oxygen gas were determined after suitable 

equilibration of the system and removal of ambient gases from the m/e trace. 

Measured gas permeation was in the steady-state regime where the 

concentration of permeant on either side of the film is constant and the flow of 

permeant through the film is allowed to reach equilibrium. It has to be noted 

that this technique does not measure permeability but a quantity proportional to 

it (MEPPP's). 

5.3 R E S U L T S 

5.3.1 XPS analysis 

5.3.1.1 Acrylic acid and allvlamine (pulsed plasma) 

The highest amount of ammonium salt was observed for the AAo.aALo.i 

treatment. Certain conditions (ALo ,2AAo . i ) led to maximum conversion of amine 

groups to ammonium salt ones. Table 1. An intermediate behaviour was 

obtained for the AA0.15AL0.15 composition. A small amount of ammonium salt 

was also found to be present for the pure allylamine plasma deposited films due 

to post-treatment attack of atmospheric COa,̂ '̂̂ ^ Figure 2 and Table 1. The 

relative amounts of the different nitrogen environments were estimated by fitting 

the N(1s) envelope:^''''^^ N-Camine, N-C=Oamide at 399.4 - 400.3 eV, and 

Nammonium salt at 401.4 - 401.7 eV, Flguro 3. The C(1s) envelope was fitted with 

the following carbon functionalities:^^'^^ C x H y at 285.0 eV, C - C O 2 at 285.7 eV, 

C - 0 - , C-N at 286.2 - 286.6 eV, C=0, N - C = 0 at 287.8 eV, and 0 - C = 0 at 

288.9 - 289.4 eV, Figure 4. The relative intensity of the (0=C-0) peak at 289.0 

eV, observed for the deposited mixtures, increased with increasing conversion 

to ammonium salt. The opposite trend was observed for the (C=0, N-C=0) 

peak at 287.8 eV (i.e. possible amide formation). The rise in the relative 

intensity of the latter peak was more prevalent in the case of the AA0.15AL0.15 

monomer mixture. Figure 4. 
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Figure 2: Relative amount of nitrogen associated witti amine versus ammonium salt 

functionalities at the surface of the plasma coated glass slides: (i) ailylamine alone 

PAL=0.3 mbar; (ii) allylamine + acrylic acid (AA) with PAL=0.2 and PAA=0.1 mbar; (iii) 

PAA=0.15 + PAL=0.15 mbar; and (iv) PAA=0.2 + PAL=0.1 mbar. 
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Figure 3: N(1s) X P S spectra of plasma coated glass slides: (i) ailylamine alone PAL=0.3 

mbar; (ii) allylamine + acrylic acid (AA) with PAL=0.2 + PAA=0.1 mbar; (iii) PAA=0.15 + 

PAL=0.15 mbar; and (iv) PAA=0.2 + PAL=0.1 mbar. 
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Figure 4: C(1s) X P S spectra of plasma coated glass slides: (i) acrylic acid alone PAA=0.3; 

(ii) allylamine alone PAL=0.3 mbar; (iii) allylamine + acrylic acid (AA) with PAL=0.2 + 

PAA=0.1 mbar; (iv) PAA=0.15 + PAL=0.15 mbar; and (v) PAA=0.2 + PAL=0.1 mbar. 
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Figure 5: N(1s) X P S spectra of plasma coated glass slides: (i) CW plasma deposited 

acrylic acid + allylamine with PAA=0.2 + PAL=0.1 mbar; and (ii) pulsed plasma deposited 

acrylic acid + allylamine with PAA=0.2 + PAL=0.1 mbar. 
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Figure 6: C(1s) X P S spectra of plasma coated glass slides: (i) C W plasma deposited 

acrylic acid + allylamine with PAA=0.2 + PAL=0.1 mbar; and (ii) pulsed plasma deposited 

acrylic acid + allylamine with PAA=0-2 + PAL=0.1 mbar. 
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5.3.1.2 Acrylic acid and allvlamine (continuous wave plasma) 

The films produced under continuous wave plasma conditions were found to 

differ significantly from their pulsed deposited counterparts, Table 1. 

Continuous wave plasma deposition caused a shift in the N(1s) peak towards 

lower binding energies, Figure 5. This was accompanied by a reduction in the 

intensity of the (0=C-0) peak and an increase in the intensity of the ( C - 0 - , C-

N) and (C=0, N-C=0) peaks, Figure 6. These observations were consistent 

with the formation of less ammonium salt species for continuous wave 

discharges. 

5.3.1.3 Acrylic acid and ammonia 

Interestingly, the treatment with AAo .2NH3o.i yielded a high amount of 

ammonium salt at the surface whereas the same was not observed for the 

composition AAo . i5NH3o. i5 , Figure 7 and Table 1. In the latter case, detection 

of Si(2p) signal indicated that the glass slide was not fully covered with the 

deposited polymer film. Table 1. Excess of ammonia attenuated the deposition 

of polymeric material onto substrate. Table 1 and gave rise to the appearance 

of a significant amount of C=0 and/or N-C=0 species at the surface. This was 

confirmed by the observed increase in the intensity of the peak at 287.8 eV, 

Figure 8. 

5.3.1.4 Maleic anhydride and ammonia 

Again, high concentrations of ammonia present in the mixture (MAo . iNH3o.3) 

produced very thin coatings / incomplete coverage of the glass slides. Table 1. 

This was evident from the appearance of the peak at 293.9 eV in the C(1s) 

envelope, which arises from the potassium present in the glass and the 

observed Si(2p) signal. In the case of the MAo . iNH3o.3 mixture the virtue 

absence of the peak at 286.6 eV ( C - 0 - , C-N) suggested possible amide 

formation due to apparent disappearance of amine species. Figure 9. Peak 

fitting of the N(1s) envelope was performed based on the findings from the 

C(1s) XPS spectra. Figure 10. 
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Figure 7: N(1s) X P S spectra of plasma coated glass slides: (i) acrylic acid + NH3 with 

PAA=0.15 and PNH3=0.15 mbar; and (ii) PAA=0.2 + PNH3=0.1 mbar. 

100 



I-

O o 

T T 

C(1s) 

ii 

i 

T 
276 280 284 288 292 296 

BINDING ENERGY/eV 

Figure 8: C(1s) X P S spectra of plasma coated glass slides: (i) acrylic acid alone PAA=0.3 

mbar; (ii) acrylic acid + NH3 with PAA=0.15 + PNH3=0.15 mbar; and (iii) PAA=0.2 + PNH3=0.1 

mbar. 
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Figure 9: C(1s) X P S spectra of plasma coated glass slides: (i) maleic anhydride (MA) 

alone PMA=0.1 mbar; (ii) MA + NH3 with PMA=0.1 + PNH3=0.1 mbar; and (iii) PMA=0.1 + 

PNH3=0.3 mbar. 
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Figure 10: N(1s) X P S spectra of plasma coated glass slides: (i) maleic anhydride + NH3 

with PMA=0.1 + PNH3=0.1 mbar; and (il) PMA=0.1 + PNH3=0.3 mbar. 

103 



O 
o 

ammonium salt 

392 396 400 404 408 
BINDING ENERGY/eV 

Figure 11: N(1s) X P S spectra of plasma coated glass slides: (i) allylamine alone PAL=0.3 

mbar; and (ii) IWA + A L with PMA=0.1 + PAL=0.1 mbar. 
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Figure 12: C(1s) X P S spectra of plasma coated glass slides: (i) maleic anhydride (MA) 

alone PMA=0-1 mbar; (ii) allylamine alone PAL=0.3 mbar; and (iii) MA + AL with PMA=0.1 + 

PAL=0.1 mbar. 
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Table I: Summary of changes in elemental composition at the surface of the deposited 

films. 

Plasma 

deposition 

% C 

± 3 . 0 

%Si 

±0.1 

%0 

± 3 . 7 

%N 

±0.6 

%N 

amine/amide 

±0.4 

%N 

ammonium 
salt 

±0.6 

Acrylic acid (AA) 63.2 0.0 36.8 0.0 0.0 0.0 

Allylamine (AL) 71.4 2.4 6.0 20.1 18.5 1.6 

AL0.2AA0.1 64.5 0.0 31.0 4.6 0.0 4.6 

AA0.15AL0.15 68.1 0.0 16.9 15.0 8.0 7.0 

AAo,2ALo,i 66.9 0.0 23.3 9.8 2.5 7.3 

AA0.2AL0.1 (CW) 73.2 0.0 14.8 12.0 8.7 3.3 

AAo.i5NH3o.i5 46.2 5.4 19.0 29.4 29.4 0.0 

AAo.2NH3o.i 57.9 0.0 31.8 10.3 2.3 8.0 

MAo.iNH3o.i 55.4 0.0 29.1 15.4 11.1 4.3 

MAo.iNH3o.3 28.1 17.0 36.4 18.5 18.5 0.0 

5.3.1.5 Maleic anhydride and allylamine 

This composition resulted in the deposition of pure allylamine films, Figures 11 

and 12. 

5.3.2 Infrared spectroscopy 

Infrared spectroscopy showed that thin films deposited from acrylic acid bore 

more resemblance to the monomer precursor than those produced from 

allylamine under identical plasma conditions, Figure 13. In the latter case, a 

significant broadening of the peak at 1638 cm"^ (N-H) was observed. This can 

be attributed to contributions from several different nitrogen functionalities such 

as secondary amines, imines (N=C), and amides (N-C=0). Opening of carbon-

carbon double bonds during plasma polymerisation was evident from the 

disappearance of absorption bands associated with alkene groups at 1636-

1642 cm"^ (C=C), 986-995 cm"^ (trans CH= wag), and 912 cm"^ (CH2= wag). 
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Table 2: IR absorption assignments 20,21,22 

Wavenumber 

/cm"" 

Assignment Symbol 

1705-1720 C=0 stretching vibrations. • 
1599-1638 N-H bending vibrations 

1636-1638 Amide 1 band. 

1636-1642 C=C stretching vibrations. • 
1638-1674 C=N stretching vibrations. 

1562-1576 Asymmetrical CO2 stretching vibrations. • 
1454-1456 CH2 bending vibrations. 

1435 C-O-H bending vibrations. 

1391-1406 Symmetrical CO2" stretching vibrations. • 
1244-1300 C-0 stretching vibrations 

986-995 Trans CH= wagging • 
912 CH2= wagging 

831 NH2 wagging 

The infrared spectra obtained from the CW and pulsed deposited 

AA0.2AL0.1 coatings were found to be very similar, Figure 13. The absorption 

band at 1705-1720 cm'^ (C=0) due to carboxylic groups from the acrylic acid 

was absent and two new peaks at 1562-1576 cm'^ (Va CO2 ) and 1391-1406 cm' 

^ (Vs CO2") emerged. This provided an indication that carboxylate groups had 

formed. The intensity of these peaks relative to that of the methylene band at 

1454-1456 cm'^ was higher in the case of the pulsed plasma polymers. This 

observation was in agreement with the findings from XPS analysis. Finally, 

both plasma depositions of the AAo.2ALo,i vapour mixture lead to consumption 

of all the carbon-carbon bonds. 
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Figure 1 3 : Infrared spectra: (i) acrylic acid; (ii) allylamine; (iii) pulsed plasma deposited 

acrylic acid; (iv) pulsed plasma deposited allylamine; (v) pulsed plasma deposited acrylic 

acid + aliyiamine with PAA=0.2 + PAL=0.1 mbar; (vi) CW plasma deposited acrylic acid + 

allylamine with PAA=0.2 + PAL=0.1 mbar; and (vii) neat acrylic acid and neat allylamine 

mixture (1:1 molar ratio). 
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lonisation of the carboxylic groups was also found to occur in the case of 

the 1:1 acrylic acid / allylamine liquid mixture. Figure 13. A summary of the 

characteristic absorption bands for the pure monomers and plasma deposited 

polymers is presented in Table 2. 

5.3.3 Gas barrier measurements 

Oxygen gas barrier results for the different plasma deposited films are shown in 

Table 3. Pulsed plasma deposition of AA0.2AL0.1 produced the most oxygen 

impermeable films. Whereas the converse was true for continuous wave 

deposition of the same mixture. It was also found that the acrylic acid 

constituent has a greater influence on enhancing the gas barrier properties of 

the polypropylene films compared to allylamine. This observation is not 

conclusive due to very large difference in the thickness of the respective films 

as determined by deposition rate measurements. In addition, XPS data have 

suggested that pulsed deposition of allylamine lead to incomplete coverage of 

the substrate. 

Table 3: Oxygen permeability measurements. 

Sample MEPPP 

(io-«) 
BIF* Relative 

thickness 
o-PP (reference sample) 29.1 ± 1.3 - -

pulsed deposited allylamine 18.6 ±5.4 1.6 1 

pulsed deposited acrylic acid 4.3 ±2.7 6.8 x7 

pulsed deposited AA0.2AL0.1 2.9 ± 1.8 10.0 x8 

CW deposited AA0.2AL0.1 21.4 ±3.3 1.4 x8 
* Barrier Improvement Factor 
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5.4 DISCUSSION 

Good structural retention was found to be the key factor for producing 

ammonium salt containing plasma films. This can be explained on the basis 

that an increase in the amount of the incorporated carboxylic and amine groups 

at the surface will give rise to an increased number of interactions between 

them. The highest amount of surface functionalisation occurred by pulsing the 

discharge power (i.e. reduced input power). This is in agreement with 

previously reported results.^^ The chemical and physical properties of the 

resulting plasma films were more strongly influenced by the plasma conditions 

affecting the deposition of the acrylic acid monomer. Excessive fragmentation 

of the allylamine monomer will still produce amine-containing functionalities, 

whereas the opposite is true in the case of acrylic acid." This was supported by 

the observation that highly enriched in ammonium-salt plasma polymers were 

also deposited upon replacement of the allylamine precursor with ammonia gas 

in the monomer mixture. Continuous wave and pulsed plasma polymerised 

films were found to differ significantly in their outermost surface regions, but not 

to the same extent in their bulk. This can be attributed to a possible greater 

freedom of lateral movement of the amino and carboxylic groups at the 

surface.^" 

As anticipated, the ammonium salt content in the deposited polymer films 

was found to be strongly correlated with the composition of the precursor 

mixture. For instance, a large excess of one monomer will have a diluting effect 

towards the deposition of the other monomer and vice versa. From the results 

in this chapter, the existence of an optimum composition leading to maximum 

ammonium salt formation was confirmed, even though this was not precisely 

estimated, due to limitations in the experimental set-up. 

The nature of the monomer precursor was also vital. Replacement of the 

acrylic acid with maleic anhydride may give rise to reaction pathways favouring 

formation of amides and not ammonium salt. This type of reaction has been 

reported in the past.^ '̂̂ ^ 

Finally, ammonium salt formation at the surface of the plasma deposited 

polymers gave rise to good gas barrier properties on polypropylene substrates. 

This is possibly due to the intermolecular ionic interactions between amine and 

carboxylic groups present in the copolymer chains promoting more closely 

packed networks at the surface. 
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5.5 CONCLUSIONS 

Plasma co-polymerisation of acrylic acid with allylamine and ammonia promoted 

ammonium salt formation at the surface. The same was not observed when the 

acrylic acid was replaced with maleic anhydride. Plasma conditions and mixture 

composition were found to be among the most important parameters controlling 

the chemistry of the plasma films. Finally, ammonium salt containing plasma 

coatings gave rise to good gas barrier properties. 
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CHAPTER 6 

PLASMA FLUORINATION OF 

POLYDIMETHYLSILOXANE DOPED 

POLYOLEFINS AND PURE 

POLYDIMETHYLSILOXANE COATINGS 
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6.1 INTRODUCTION 

Fluorination of polymer surfaces by utilising non-equilibrium CF4 plasmas^'^ has 

been used in numerous cases in the past for producing polymers with enhanced 

hydrophobicity.^ CF4 glow discharge contains primarily fluorine atoms and in a 

small concentration CF, CF2, and CF3 radicals with the former being the most 

reactive component. This excess of fluorine radicals can lead to direct surface 

fluorination via hydrogen substitution by fluorine in the case of saturated 

polymers or via atomic fluorine addition at the carbon-carbon double bond in the 

case of unsaturated ones." 

In this chapter, the CF4 plasma modification of the polydimethylsiloxane/ 

polyethylene (PDMS/PE), polydimethylsiloxane/polypropylene (PDMS/PP), and 

pure PDMS surfaces has been investigated as a function of discharge input 

power, treatment time, and in the case of pulsing conditions, on-time/off-time 

settings using X-ray photoelectron spectroscopy (XPS) and contact angle 

measurements. 

6.2 EXPERIMENTAL 

6.2.1 PDMS doped polyethylene/polypropylene 

Linear polydimethylsiloxane (PDMS) containing a -SiMe2CH=CH2 endblock 

(Dow Corning, Mw = 500,000 and Tg = 146 K) was mixed with linear low density 

polyethylene / low density polyethylene (LLDPE / LDPE) or polypropylene (PP) 

during film extrusion via the bubble-film process. 

The samples were ultrasonically cleaned in a 1:1 cyclohexane (BDH, 

99.5 % purity) / propan-2-ol (BDH, 99.7 % purity) mixture for 30 s, followed by 

annealing in a vacuum oven (LTE, Qualivac) at 80 °C for 30 min. CF4 gas (Air 

products, 99.7 % purity) plasma treatment of the polymer blend surfaces was 

carried out for I s up to 5 min duration at powers ranging from 2 W up to 20W in 

a cylindrical glass reactor as described in Chapter 2. 

6.2.2 Pure PDMS coatings 

Pure PDMS surfaces were prepared by spin coating a 5% wv solution of PDMS 

gum (Fluorochem) in toluene onto nylon 6.6 substrates (Goodfellow). The 

coatings were vacuum-dried inside a desiccator for 1 day and then examined by 
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using XPS. Absence of N(1s) peak in the XPS spectra was indicative of the 

complete PDMS coverage of the nylon substrates. 

Continuous wave CF4 plasma treatment was carried out for 60 s at 0.2 

mbar pressure for powers ranging from 5 - 40 W. In the case of the pulsed 

plasma exposure, the conditions comprised, ton varying between 20 - 50000 us, 

W varying between 250 - 20000 ^is, and peak power set at 10 W (the CF4 gas 

pressure and treatment time were kept the same as for continuous wave 

experiments). 

6.2.3 Sample characterisation 

A Kratos ES300 electron spectrometer equipped with a Mg Ka X-ray source 

(1253.6 eV), and a concentric hemispherical analyser (CHA) was used for XPS 

analysis. Photo-emitted electrons were collected at a take-off angle of 30° from 

the substrate normal, with electron detection in the fixed retarding ratio (FRR, 

22:1) mode. XPS spectra were accumulated on an interfaced PC computer and 

fitted using a Marquardt minimisation algorithm assuming that all the peaks are 

Gaussian with equal full-width-at-half-maximum (FWHM).^ Instrument 

sensitivity factors using reference chemical standards were taken as C(1s) : 

0 (1 s) : Si (2p) : F(1s) equals 1.00 : 0.57 : 0.72 : 0.67. 

Contact angle measurements were taken with digital contact angle 

goniometer (VCA, 2500XE). At least six measurements were taken with high 

purity deionised water (0.04 ^S) from different areas of the samples. 

6.3 R E S U L T S 

CF4 plasma treatment of the washed and annealed PDMS doped polyolefin 

films resulted in surface fluorination. Table 1. This was accompanied by a 

significant reduction in the elemental concentration of all the other elements 

originally present at the surface of the films. As can be seen from the results in 

Table 1, CF4 discharge led to complete disappearance of silicon species. 

Fluorination of the surface caused a shift of the C(1s) peak towards higher 

binding energies. Figures 1 and 2. Increase in the intensity of the high binding 

energy shoulder provided evidence for the presence of >CF2 and -CF3 groups 

at 291.2 and 293.6 eV, respectively.^ A drop in the intensity of the hydrocarbon 

C(1s) shoulder (285.0 eV) was also noted. This suggested that plasma 

fluorination produced hydrocarbon-deficient surfaces. 
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The highest fluorination occurred at high glow discharge powers, Tablel, 

Figures 1 and 2. The optimum duration of the CF4 plasma treatment was found 

to be between 15 and 60 s, Table 2, Figure 3. A significant amount of oxygen 

incorporation was observed for prolonged treatments. Very short duration 

resulted in incomplete fluorination of the samples, Figure 3. Comparison 

^ between the blends and their respective host polyolefins showed that both 

behaved in a similar fashion upon CF4 plasma treatment. Table 3. 

The bulk loading in PDMS dopant appeared to have a very small effect 

on the extent of the surface fluorination, Figure 4. The highest surface 

concentration of fluorinated species corresponded to samples that contain none 

or minimum amount of PDMS in their bulk. Water contact angle measurements 

confirmed the existence of a highly fluorinated layer at the surface of the plasma 

treated films, Table 4. 

CF4 plasma treatment of pure PDMS coatings also produced highly 

fluorinated surfaces. In contrast with the polymer blends, larger amounts of 

fluorinated species were formed at low glow discharge powers, whereas the 

opposite trend was true for their oxidised counterparts. Figure 5. Reduction in 

the average input power, by pulsing the applied R.F. voltage, did not produce 

any significant increase in the relative amount of fluorine at the surface. 

Furthermore, it was found that very short ton settings (below 1000 pis) led to 

incomplete fluorination together with a parallel increase in oxygen to silicon 

ratio, Figure 6. Similar behaviour was also observed in the case where long off-

times (above 1000 |as) were utilised. Figure 7. 
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Figure 1: C(1s) XPS spectra of 2.5% PDMS doped polyethylene: (i) ultrasonically washed 

in 50 / 50 cyclohexane propan-2-ol solvent mixture, followed heating at 80 °C for 30 min; 

(ii) 2W CF4 plasma treatment for 60 s ; (iii) 5W CF4 plasma treatment for 60 s ; (iv) 10W CF4 

plasma treatment for 60 s ; and (v) 20W CF4 plasma treatment for 60 s . 
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Figure 2: C(1s) XPS spectra of 2.5% PDMS doped polypropylene: (i) ultrasonically 

washed in 50 / 50 cyclohexane propan-2-ol solvent mixture, followed heating at 80 °C for 

30 min; (ii) 2W CF4 plasma treatment for 60 s; (iii) 5W CF4 plasma treatment for 60 s; (iv) 

10W CF4 plasma treatment for 60 s; and (v) 20W CF4 plasma treatment for 60 s. 
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Figure 3: C(1s) XPS spectra of 2.5% PDMS doped polyethylene: (i) ultrasonically washed 

in 50 / 50 cyclohexane propan-2-ol solvent mixture, followed heating at 80 "C for 30 min; 

(ii) 20W CF4 plasma treatment for 1 s; (ill) 20W CF4 plasma treatment for 5 s; (iv) 20W CF4 

plasma treatment for 15 s; (v) 20W CF4 plasma treatment for 30 s; (vi) 20W CF4 plasma 

treatment for 1 min; (vii) 20W CF4 plasma treatment for 2 min; and (viii) 20W CF4 plasma 

treatment for 5 min. 
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Figure 4: C(1s) XPS spectra of 20 W CF4 plasma treated for 1 min PDMS doped 

polyethylene with varying bulk loading: (i) 0 % PDMS; (ii) 0.1 % PDMS; (iii) 0.25 % PDMS; 

(iv) 0.5 % PDMS; (v) 1 % PDMS; (vi) 2 % PDMS; and (vii) 2.5 % PDMS. 
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Figure 5: Change in elemental composition at the surface of PDMS as a function of CF4 

glow discharge power level (total duration = 60 s). 
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Figure 6: Change in elemental composition at the surface of CF4 pulsed plasma treated 

PDMS as a function of ton (Pp = 10 W, U = 250 |is, total duration = 60 s). 
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Figure 7: Change in elemental composition at the surface of CF4 pulsed plasma treated 

PDMS as a function of U ( P p = 10 W, fo„ = 1000 |is, total duration = 60 s). 

SlOpDMS Si03/2 Si02 

100 104 108 
BINDING ENERGY/eV 

112 

Figure 8: Si(2p) XPS spectra of CF4 plasma treated PDMS: (i) Pp = 10 W, ton = 20 ^s, W = 

250 las; (ii) Pp = 10 W, ton = 1000 ^is, U = 250 )is; (iii) continuous wave (CW) 5 W; and (iv) 

continuous wave (CW) 40 W (total duration for all treatments = 60 s). 
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6.4 DISCUSSION 

In the case of the PDMS doped polyethylene/polypropylene blends, CF4 glow 

discharge caused the removal of the siloxane-rlch topmost layer present at the 

surface. Subsequent fluorination took place via reaction pathways similar to 

those reported in the past for polyolefin homopolymers (i.e. hydrogen 

substitution by fluorine). 

The CF4 plasma treatment of PDMS using different plasma conditions 

can result in significant differences in the surface produced. At low continuous 

wave plasma power the elemental composition of the surfaces produced show 

mainly carbon and fluorine with the proportions of silicon and oxygen reduced 

from that of the unaltered substrate. The CFx species present on the surface 

are predominantly CF2. These results indicate that two mechanisms may be 

occurring on the surface. The first is direct fluorination of the substrate by 

hydrogen abstraction from a methyl group, followed by fluorine attachment. 

However, if complete direct fluorination of these CH3 groups on the surface 

were occurring during plasma treatment, it would be expected that the major 

CFx surface component would be CF3. As this is not the case it is probable that 

a certain amount of cross-linking between surface carbon groups occurs after 

abstraction of a hydrogen, before the complete fluorination of the group. This 

can occur due to the flexibility of the siloxane chains; >Si-CH2-CH2-Si< groups 

have been observed in other work.^ The second process occurring within the 

CF4 plasma is polymerisation of gas phase CF2 and CF species produced within 

the plasma, leading to thin film formation on the substrate surface. '̂® 

When progressing to higher continuous wave plasma powers, several 

trends can be observed. The degree of fluorination of the surface decreases, 

the silicon and oxygen percentages of the elemental composition rise, and the 

oxygen to silicon ratio increases. The XPS peak of the silicon within these 

surfaces is also shifted significantly. Figure 8. These trends indicate that there 

Is an overall Increase In oxidised silicon species on the surface, with more 

silicon-oxygen bonds being created. The possibility that this can be due to 

etching of Si02 from the glass reactor walls followed by redeposition onto the 

PDMS substrate can be discounted, as the same CF4 plasma conditions with a 

PE substrate do not show silicon deposition. Therefore, direct oxidation of the 

silicon within the PDMS is occurring, accompanied by removal of a (possibly 

fluorinated) carbon group from the given silicon centre. The oxygen within the 
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plasma discharge is present due to unavoidable air leaks into the plasma 

chamber or due to water desorbed from the reactor walls.^° Alternatively, direct 

fluorination of silicon atoms followed by post plasma hydrolysis reactions in the 

presence of moisture under open laboratory conditions could also have been 

responsible.^^ The fluorine percentages do not reduce to zero under these 

conditions, nor do silicon and oxygen dominate the composition of the surface. 

Therefore, while oxidisation of silicon species does occur within the CF4 plasma 

treatment, fluorination and cross-linking of remaining methyl groups and thin 

film deposition of CFx onto the surface still occurs during these higher power 

continuous wave plasmas. 

Pulsing of a plasma discharge reduces the average power of the plasma. 

The two figures for the pulsed CF4 plasmas show that at longer on-times and 

shorter off-times (which correspond most closely to the low continuous wave 

powers) the elemental compositions of the resulting surfaces are identical to 

those produced by low power continuous wave CF4 plasmas. Therefore the 

same processes are occurring within these plasmas, i.e. cross-linking and 

fluorination of methyl groups, and fluorocarbon layer formation. The fluorinated 

film deposition was proved for pulsed CF4 plasmas with long on-times as they 

produced a similar trend in the elemental compositions of the substrate surface 

when deposited onto clean glass for prolonged times. 

At smaller on-times and longer off-times of the pulsed CF4 plasmas a 

similar trend to that observed for high continuous wave CF4 plasmas was 

observed. I.e. the degree of fluorination of the surface decreases, the silicon 

and oxygen percentages of the elemental composition rise, and the oxygen to 

silicon ratio increases. However, in these cases the oxidation is not occurring to 

the silicon centres, but to carbon centres on the surface resulting in carbon-

oxygen bond formation. This is due to competition between fluorine atoms and 

oxygen atoms within the plasma discharge to react with carbon radical sites 

formed by hydrogen abstraction. Competition may be occurring due to the 

lower average powers of these discharges producing fewer fluorine atoms, so 

allowing oxygen atoms the chance to react with surface radicals. It is also likely 

that film deposition of CFx plasma species continues to occur at these low 

plasma powers. 
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6.5 CONCLUSIONS 

The PDMS doped polyolefin blends, with bulk loading of the PDMS ranging 

from 0 .1% - 2.5% wt, behaved in the same manner towards fluorination by CF4 

plasma, as clean polyethylene/polypropylene homopolymers. 

CF4 plasma treatment of PDMS can result in different types of surface 

modification. It is likely that thin film formation occurs to varying extents under 

all plasma conditions, but the direct modification of the PDMS substrate can 

take different forms depending upon the average energy of the plasma 

discharge. 
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CHAPTER 7 

CONCLUSIONS 
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7.1 CONCLUSIONS 

This thesis has been aimed at the formation of stable silicon dioxide layer at the 

surface of polyolefin substrates and the investigation of the chemistry involved 

in the enhancement of the gas barrier properties of aminosilane / acrylate / 

itaconic coatings onto polypropylene films. 

Silicon dioxide surfaces were created by oxygen plasma treatment of 

PDMS enriched polyolefin surfaces. The highest amount of silica-like material 

was formed by treating the PDMS triblock copolymer / polyethylene blends by 

pulsed oxygen plasmas at elevated temperatures. This observation was 

attributed to thermally activated migration of the PDMS copolymer at the 

surface during the off-period and to reduced damage caused to the growing 

SiOx networks by energetic plasma species. The higher SiOx yield for the 

PDMS copolymer samples compared to homopolymer blends was expected 

due to its more profound PDMS surface segregation. 

Coatings of a 4:1:10.4 3-(-2-aminoethylamino) propyltrimethoxy-silane 

(Z-6020) / pentaerythritol tetracrylate (PETA) / itaconic acid (ITA) mixture onto 

polypropylene films exhibited good gas barrier properties. This behaviour was 

found to correlate with the formation of ammonium salt and siloxane-type 

networks. Heating of the coatings resulted in conversion of the ammonium salt 

centers to amide linkages with subsequent drop in gas barrier performance. 

Electron-beam curing provided further reduction in the gas permeability of the 

coatings. This was due to polymerisation/cross-linking reactions of the carbon-

carbon double bonds of the itaconic acid combined with the preservation of 

ammonium salt species in the coatings. 

A novel, single step, solventless deposition method of polymeric salt 

networks was demonstrated. This involved the pulsed plasma co-

polymerisation of unsaturated organic precursors having in their structure 

carboxylic groups with amine containing monomers and/or ammonia. Good 

structural retention (i.e. pulsed plasma conditions) was found to be the key 

factor for producing ammonium salt plasma polymer firms with good gas barrier 

properties. The reduction in the gas permeability can be attributed to the 

intermolecular ionic interactions between amine and carboxylic groups in the 

deposited plasma polymer promoting the formation of a closely packed gas 

impermeable structure. 
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CF4 plasma treatment of the (PDMS/PE) and (PDMS/PP) blends resulted 

in complete removal of the PDMS-enriched outermost layer. The obtained 

surface fluorination was found to be similar to that of pure polyethylene, and 

polypropylene surfaces. In the case of pure PDMS substrates, the extent of 

fluorination was found to be dependent on plasma conditions. 
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