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ABSTRACT

Electrochemical polymerisation (ECP) of non conducting polymers to form thin, passive
films on electrodes has received attention in recent years as a potential adhesion
promotion technique. Work on carbon electrodes with applications in the carbon fibre
composite industry have shown that it is possible to enhance adhesion of carbon fibres to
the composite matrix through ECP pretreatments. ECP to produce passive coatings on
metals has also been studied, however much of this work is concerned with production of
corrosion inhibiting films, rather than adhesion promoting layers. ECP methods are a
promising alternative to the chromate pretreatments and primers presently used to improve
the adhesion and corrosion resistance of organic coatings on metals. This is because they
can be non toxic, offer the possibility of pinhole free coatings and can be produced insitu, preventing the need for separate processing.

Thin, uniform, reproducible polymer coatings based upon poly (methyl methacrylate)
(PMMA) and poly (glycidyl acrylate) (PGA) were produced on stainless steel cathodes
from dilute aqueous sulphuric acid containing potassium persulphate. Electrochemical
activities of the solutions were identified by cyclic voltammetry. The polymers were
confirmed to be PMMA and PGA by Fourier transform infrared spectroscopy (FTIR).
The thickness of the coatings (between 30 and 400 nm) were measured by ellipsometry,
and found to increase with increasing treatment time and with less negative electrode
potential. The porosity of the coatings was assessed electrochemically and after an

annealing treatment the porosity and coating thickness were both found to decrease for the
PMMA coatings and remain relatively unchanged for the PGA coatings. The morphology
of the ECP coatings were studied by various microscopy techniques.

Further characterisation of the PMMA coatings was undertaken in order to clarify the
polymerisation mechanism. This involved differential scanning calorimetry (DSC),
nuclear magnetic resonance (NMR), gel permeation chromatography (GPC) and

vii
solubility studies. A free radical polymerisation mechanism has been proposed in which
the radicals are long lived resulting in post electrolysis polymerisation and very high
molecular weights.

The PMMA and PGA ECP coatings were used as tie layers in adhesion tests by adhering
aluminium studs onto the ECP surface with the desired adhesive and subsequently pulling
the stud off at a reproducible rate with an Instron tensile testing machine.

It was conclusively shown that the adhesion strength between the stainless steel and a
cyanoacrylate adhesive was improved by the presence of the PMMA ECP tie layer. In
contrast the adhesion of the PMMA ECP tie layer to a standard epoxy adhesive was very
poor. The adhesion of the PGA ECP tie layers to the stainless steel substrate was too
great to be measured by the standard epoxy adhesive, therefore a toughened adhesive was
employed to measure the strength of the interaction between the PGA layers and the
stainless steel.

This study demonstrates that the ECP technique can be used to improve adhesion of

metals to adhesives if the tie layers are chemically compatible with both the metallic ox
and the adhesive. The adhesion is proposed to be improved by increased primary and/or
secondary bonding at these interfaces and by excellent interfacial contact between the
metallic electrode and the electropolymerised tie layer.
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CHAPTER 1 - LITERATURE REVIEW
1.0 INTRODUCTION

Electrochemical polymerisation (ECP) is a technique which has been widely developed to
produce conducting or semi conducting polymeric films which are synthesised as
removable membranes and useful in specialised areas such as microelectronics, photoelectrochemistry, electrocatalysis and energy storage [1]. ECP techniques have also been
used to produce insulating or electro-active films on metal surfaces for corrosion
protection [2-11].

Research into the possibility of using ECP to produce non conducting films for enhanced
adhesion applications in carbon fibre composites has also been investigated [12-17].
However the use of the ECP techniques to produce insulating films as adhesion
promoting pretreatments on metals is relatively unexplored.

ECP processes offer the possibility of synthesising polymeric coatings in situ from

monomeric starting materials, thereby eliminating many of the processing steps associated
with the manufacture and application of a paint or primer. The development of ECP
methods therefore promises distinct economical and practical advantages.

It is proposed here that through the ECP of insulating polymers, very uniform, 'pin hole
free coatings' can be produced. Whilst these could be used as barrier films providing
corrosion protection in their own right, the more subtle use of very thin ECP layers
sandwiched between the metal and a paint top coat could enhance the adhesion of the
paint and increase the overall corrosion protection of the system. ECP methods are a
promising non-toxic alternative to the chromate pretreatments and primers presently used
to improve the adhesion, durability and therefore corrosion resistance provided by
organic coatings. It has already been demonstrated that an ECP technique involving the
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growth of poly (phenylene oxide) (PPO) coatings on metallic anodes can improve the
joint durability of adhesively bonded sheet steel and galvanised steel [18].

The ECP technique has had demonstrated success in providing adhesion promoting layers

in the carbon fibre epoxy composite industry. Fibres were electrochemically coated prior
to addition to the matrix resin. Improvements in impact strengths were commonly
measured in comparison to composites made from commercially treated fibres, however
the interlaminar shear strengths were generally lower [12-15]. When chemically
compatible functional groups were incorporated into the ECP coating to strengthen the
secondary bonding to the graphite fibre and/or epoxy matrix, however, simultaneous
improvements in both the impact and interlaminar shear strengths were measured [13, 16,
17]. A novel approach has also been reported by Bell et al. [19] in which an entire poly
(carboxyl-phenyl-methacrylamide) matrix was deposited onto graphite fibres, which were
subsequently compression moulded to form a composite. In this case improved impact

strengths and similar interlaminar shear strengths were measured in comparison to typica
epoxy matrix composites.

Whilst there have already been significant examples of the use of ECP produced coatings

for adhesion promotion, a thorough review of the relevant literature reveals that very l
of this work is concerned with adhesion promotion on metallic substrates. One notable
exception is the work of Smiltnieks [18] mentioned above, however, this was concerned
with the use of poly-phenylene oxides which formed coatings anodically from aqueous
based solutions. It would be much more acceptable for an ECP technique to be
developed which not only used aqueous based solutions, but also relied upon cathodic
reaction mechanisms, thereby protecting the substrate metal from anodic dissolution
during the actual treatment.

The present study was therefore initiated with three major goals in mind; (i) the techni
must produce an insulating thin film, (ii) the mechanism must be cathodic and (iii) for
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practical and environmental reasons, an aqueous based electrolyte must be used. These
goals of course limit the monomers which would be suitable for such an application.

From a review of the literature, it was clear that in general, many vinyl monomers can be
polymerised electro-reductively. However, the acrylic monomers in particular are suited
to the application described above for a number of reasons. Firstly, many structural
adhesives are based on acrylics, indicating strong bonding to metal oxides. Secondly, a
number of acrylic monomers are water soluble, (for example, acrylamide, acrylic acid,
and to a small degree methyl methacrylate). Thirdly, acrylic monomers as a class, contain
a variety of functional groups which can be adsorbed by metals, thereby encouraging
adhesion through the formation of secondary bonds (for example, carboxyl (-COOH),
aldehyde (-CHO), or nitrile (-NH) groups). In particular, methyl methacrylate was found
to adequately satisfy all of the requirements mentioned above and is also reasonably
inexpensive and relatively non-toxic. It was, therefore, the monomer of choice for the
majority of the experimental work. Some work with glycidyl acrylate (GA) monomer

was also conducted since it contains both acrylic and epoxide functionalities. Bell et al
[16, 17] used electrochemically polymerised poly (glycidyl acrylate) as tie layers in
carbon fibre epoxy matrix composites and demonstrated that the presence of both these
functional groups, in contrast to a purely acrylic tie layer, caused a simultaneous
improvement in interlaminar shear and impact strengths.

The literature review which follows, discusses the fundamentals of adhesion and
proposed adhesive mechanisms, it also outlines currently used metal pretreatments and
finally, most importantly there is a review of relevant literature regarding the ECP of
acrylic monomers. The literature available on ECP methods has expanded greatly in the
last three decades following the development of conducting polymers, and indeed a

substantial portion of the knowledge of these techniques can be directly attributed to th
development of the conducting polymer field. As such it would not be appropriate to
write a literature review of ECP techniques without at least acknowledging the close
association of these methods with the development of conducting polymers. However,
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since the present work is concerned with the production of passive films cathodically by
vinyl polymerisation, a review of literature pertaining to conducting polymers is not

essential to the background or to the interpretation of the present work and is, therefo
not included. This omission is justified because most conducting polymers polymerise
by oxidative reactions to form conducting films at the anode, and the aim of the present

work is to produce passive films reductively at the cathode. In a similar manner there a
a few hetero (aromatic) monomers which have been polymerised anodically to form
passive films. Most notable is the work on phenols and poly phenylene oxides (PPO).
These monomers have also been excluded from this review as being somewhat irrelevant

to cathodic vinyl ECP processes of interest. There is a large volume of published work i
this area, comprehensive reviews by Smiltnieks [18] and less recently by Beck [8]
summarise significant developments in this area.

This literature review is concerned only with the ECP of monomers through vinyl
polymerisation. As such it is advantageous to review the development of vinyl ECP
methods, with particular emphasis on acrylic polymers since these have been chosen as
the most suitable monomers for the application at hand.

5
1.1 ADHESION

1.1.1 Adhesion of Protective Coatings on Metals

Metals find an enormous variety of applications in everyday life, owing to their physical,
chemical and most importantly mechanical properties. These mechanical properties
typically include a high strength and moderate ductility. These properties are due to the
bulk internal structure of the metals, however it is often the surface properties of such
metallic components which determine the service life of structural metallic parts. The

surface of every metal, reacts with the ambient environment, normally air, resulting in the
formation of a metallic oxide, the thickness of the oxide depends upon the nobility of the
metals, for example gold and platinum have extremely thin oxides and are relatively inert
to the atmosphere. Other metals form extremely well bonded oxides, which act as a
protective layer preventing further oxidation, for example aluminium and chromium,
stainless steels specifically contain chromium in order to form a protective oxide layer.
Other metals however, most notably iron and low alloy steel, form very poorly adhered
oxide layers, which are porous and flaky allowing the oxidation of clean metallic layers
beneath.

The normal corrosion of iron and steel structures in ambient air, is fundamentally due to
these oxidative processes. Extensive time, money and research effort is directed at
producing paints and adhesives which act primarily as barrier layers between the metal
surface and the external environment in order to slow these costly corrosion problems.
For a protective barrier layer to work effectively, probably the single most important

variable is the adhesion of these layers to the metal surface. If the adhesion is poor then
any air, moisture and soluble salts which penetrate the layer are able to contact bare
metallic surfaces and corrosion will occur. Of course this also highlights the importance

of using non permeable paints or protective layers, but even if the layers have a degree of

permeability no reaction at the metallic surface will occur if the adhesion at the interfac
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strong. Adhesion is thus inextricably linked to the corrosion inhibiting behaviour of such
protective coatings.

1.1.2 Adhesion Fundamentals

The adhesion between an organic top coat, namely an adhesive, primer or paint and a
substrate depends primarily upon the adhesive forces acting between the two surfaces. It
is important that the interfacial contact between these two surfaces be intimate in order
maximise the surface area over which these adhesive forces can act.

1.1.2.1 Interfacial contact

Intimate contact at the interface is essential to enable strong adhesive bonds to form. In
the case of a liquid adhesive, primer or paint, there is a requirement for spontaneous flow
over the substrate surface displacing any contaminants and air. Its ability to do this is
described in terms of wetting. Wetting is due to the surface free energy equilibrium
between the substrate, liquid and the surrounding vapour as shown in Figure 1.1 [20].
Wetting ability is measured and described in terms of contact angles, that is, the angle an
adhesive (or paint) forms when resting on the surface to be bonded [20, 21].

Figure 1.1- A liquid drop resting at equilibrium on a solid surface [20]
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This relationship is described in the Young Equation,

YSV = TSL + TLVCOS0 (1.1)

where,
Ysv is the surface free energy of the substrate in contact with the vapour of the liquid,
YSL is the interfacial free energy and YLV is the liquid surface free energy [21].

In an ideal situation, the contact angle (9) would approach zero, so that t

paint) spreads spontaneously over the surface. In this case then, cosO woul
unity and the criteria for this situation can be described as,

Ysv > YSL + YLV (1.2)

This simplified interpretation of the Young equation can be a useful indica

a particular liquid will wet the surface adequately to enable adhesive mech

operate. In fact many surface pretreatments prior to bonding or painting ar
because they increase the surface free energy of the substrate [21].

The chemistry of a surface dictates the surface free energy. Although metal

oxides would be expected to have very high surface free energies, it should

this is only true if the metals are very clean and free from organic contam

not as trivial as might be expected, since many processing steps prior to a

or painting could possibly contaminate the surface with residual oils and g

when the surfaces have been sufficiently degreased, the surface free energy

high as to encourage the absorption of low surface free energy, atmospheric
contaminants, most notably moisture and/or hydrocarbons [21].

This discussion of the thermodynamics of wetting does not consider the kine

which may be involved, in particular the viscosity of the adhesive and surf
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factors. Even if a liquid has a very low contact angle, the rate of spontaneous flow will
be dependant upon these other factors [21].

1.1.2.2 Adhesive Mechanisms

The science of adhesion has been studied extensively, even so it is not possible to
describe the adhesive mechanisms acting between the adhesive and adherend in a single
unified theory. This is a general reflection on the complexity of the issue, which spans
many disciplines, including fracture mechanics, surface science, materials engineering
and polymer chemistry to name a few. Over the years, four prominent theories have
become widely known, these are the adsorption theory, mechanical interlocking,
diffusion bonding and electrostatic attraction as shown in Figure 1.2. Whilst some of
these theories can be generally applied in nearly all cases of adhesion, most notably the
'adsorption theory', it is more usual that they are applied to more specific situations.

Whilst each theory is described separately it is important to realise that they very rarel
independently.
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1.1.2.2.a Adsorption Theory

This is the most universally accepted theory on adhesive mechanisms [20, 22]. This
theory proposes that the adhesion between two surfaces is primarily due to the attractive
surface forces at those surfaces resulting from secondary and in specific cases primary
bonding across the interface. Secondary bonding covers a whole range of weak
molecular interactions, as can be seen from Table 1.1. These range from very weak
dispersion forces, through to permanent dipole and hydrogen bonds. Acid base
interactions can be classed as either secondary or primary bonding depending upon the
strength of the bond formed, whereas ionic, metallic and covalent bonding are always
classified as primary or chemical bonding. When the interface is bridged by primary
bonds then the mechanism is more accurately described as chemisorption [20, 22]. The
failure of experimental joints to reach theoretical strengths based on these values, is
attributed to air voids, cracks, defects and joint geometry, which can all act as stress

raisers causing joint failure well below the theoretical strength. It is important to stress

that for the intermolecular forces to act across an interface to provide sufficient adhesion
there must be intimate contact between the two surfaces. This aspect was discussed in the
previous section.

Table 1.1 - Classification of B o n d Types a n d Relative Strengths [22]

PRIMARY BONDS

BOND ENERGY (kj/mol)

ionic
covalent
metallic

600-1100
60-700
110-350

DONOR-ACCEPTOR BONDS
Bronsted acid-base interactions
Lewis acid-base interactions

up to 1000
up to 80

SECONDARY BONDS
Hydrogen Bonds (involving fluorine)
Hydrogen Bonds
V a n der W a a l s Bonds
permanent dipole interactions
dipole-induced dipole interactions
dispersion (London) forces

up to 4 0
10-25
4-20
less than 2
0.08-40
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1.1.2.2.b Mechanical Interlocking

Mechanical interlocking describes a situation where two surfaces are bound together by
interlocking between the surface irregularities. Whilst in many cases this mechanism
undoubtedly contributes to the strength of an adhesive joint, it has been recognised that
this is not a universally applicable theory since it is possible to bond two smoothly
polished surfaces with adhesives [20-22]. From the earlier discussions it is apparent that

even if mechanical interlocking is playing a part in the adhesive strength of the joint, th
forces acting on the molecular level at the interface are probably more important.

Various surface pretreatments on metals, including mechanical abrasion, chemical etching
and conversion and oxide coatings could all theoretically contribute to the mechanical
interlocking of the joint. It must be noted, however that mechanical abrasion of surfaces
does not in general create a morphology with deep cavities which would be likely to
encourage mechanical interlocking. The general observed increase in adhesion strength
after mechanical abrasion must be attributed to the removal of residual oils and dirt to
make a much more energetically favourable surface for adhesive bonding [22] and also by
the creation of more active sites for chemical bonding.

1.1.2.2.c Electrostatic Attraction

Electronic transfer between two surfaces with differing band structures to equalise the
Fermi levels could induce the formation of a double layer at the interface [23]. The

attractive electrostatic forces within the double layer were proposed to offer significant
contributions to adhesion at the interface primarily by Deryagiun and co-workers [24-26],
and whilst it has been shown to occur in specific cases it is not generally recognised as
significant adhesive mechanism. In fact Kinloch suggests that this mechanism probably
arises from, rather than results in high levels of adhesion [20].
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1.1.2.2.d Diffusion Theory

This theory, initially proposed by Voyutskii [25], describes adhesion resulting from the
interpenetration at a molecular level of two adjacent surfaces. Although this has been
shown to occur in specific circumstances, most notably with polymers, (when the two
surfaces have a high degree of molecular mobility and mutual solubility across the
interface), it is generally not thought to play a part in most adhesive joints. This is

because most adhesive joints involve at least one interface which is either non polymeri

or if it is polymeric, it might also be highly crosslinked, crystalline, above it's glass

transition temperature, or simply not mutually compatible with the adjacent polymer [20,
22]. The most notable examples of this mechanism are the 'self adhesion' of
unvulcanised elastomers and the solvent welding of thermoplastics [20-22].

1.1.2.3 Weak Boundary Layers

Weak boundary layers can lower the strength of an adhesive joint and can possibly be
caused by the incomplete removal of multilayer contaminants. A more specific example
of the creation of weak boundary layers was described by Schonhorn [20], in which
oriented monolayers of amphipathic molecules, such as stearic acid were used as
adhesives between aluminium and polyethylene. When these materials were applied as

monolayers the joint strength was in excess of the cohesive strength of the polyethylene.
It was speculated that chemisorption of the stearic acid on the aluminium oxide occurred
and possibly some diffusion at the stearic acid/polyethylene interface. However, if

multilayers were applied, the joint strength decreased because the relatively thick laye
amphipathic molecules had a low cohesive strength and acted as a weak boundary layer.

Bikerman [20, 24] stated that even though failure might appear to be interfacial along t

adhesive/substrate interface, cohesive failure of a weak boundary layer is often the rea
event. Bikerman maintained that based upon simplified systems, joints could never fail
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interfacially. This theory was founded on probability considerations, which showed that
failure would never occur along the substrate/adhesive interface for purely statistical
reasons and that cohesive failure within the weakest phase near the interface is more
favourable [26]. This controversial statement however does not hold for many real
systems, which are generally more complex than those considered by Bikerman, in which
true interfacial failure has been observed [26]. Even if cohesive failure does occur close

to the interface this is not necessarily due to the existence of a weak boundary layer. It i
much more probable that the stress distribution and stress concentration at the crack tip
cause failure very close to the interface but not actually at the interface [23].

Having said this, the characteristics of the substrate and adhesive might be quite differen
from their bulk properties in the interfacial zone or 'interphase'. This interphase might
only be a few molecular layers or several microns thick. Schultz [23] lists a few common
examples of how this region may differ from the bulk: (i) the orientation of chemical
groups, or chain ends to minimise the free energy of the interface; (ii) migration of
additives or low molecular weight fractions toward the interface; (iii) growth of
"transcrystalline structure, for example, when the substrate acts as a nucleating agent";
(iv) strong interactions with the substrate and a reduction in chain mobility might result
the formation of a "pseudoglassy zone"; (v) preferential adsorption of reactive species or
catalytic effects could modify polymerisation or crosslinking reactions at the interface.

Obviously the presence of such an interphase could have a strong effect on the adhesion,
either detrimental or positive, and should be considered in any system.
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1.2 PRETREATMENTS

Before the application of a paint or adhesive it is essential that the surface of the m
prepared properly in order to allow the adhesive mechanisms discussed previously to
operate. The type of pretreatment used depends upon the metal and upon the type of

contaminants present. Contaminants typically include, dirt, chemisorbed fluids and oils.

The field of metal surface pretreatment is extensive and varied depending upon the meta
the adhesive or paint type and the expected service environment. For example, for the
pretreatment of aluminium and it's alloys for adhesive bonding alone, Critchlow and
Brewis, [27] identified a total number of 41 pretreatments. From a more general

viewpoint, however, there are four basic methods which are usually used in combination.
These are mechanical abrasion, solvent degreasing, alkali cleaning and acid pickling.

Mechanical abrasion is usually the first step in the preparation of a metallic surface
to painting or adhesive bonding and is followed by at least one of the other methods.
This involves the complete removal of the top layer of a metal along with contaminants
corrosion, changing the surface morphology, usually to a flat but roughened finish.
Abrasive cleaning produces a very clean, reactive metal surface and unless further
processing occurs immediately, corrosion products will begin to form [28, 29].

Solvent degreasing is used to remove organic contaminants. The removal of oils and

grease is essential because these reduce the surface free energy resulting in poor wett

by the top coat to be applied [21]. There are numerous solvents which are used for this
purpose and the choice is dependant upon the type of contaminant, expense, and
environmental/safety concerns[28]. Although the solvent degreasing removes organic

contaminants, it has no effect on the oxide layer present and as such, this technique m
be used in conjunction with mechanical abrasion or chemical cleaning techniques to
acquire a completely clean surface [21].
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Alkali cleaning uses alkali salts, usually hydroxides, carbonates, silicates or phosphates
to 'saponify' oils and greases into water soluble soaps, glycerols and esters [28, 29].

Whilst alkali cleaning is usually used to degrease a metal surface, it can also be used to
dissolve rust if strongly alkaline solutions containing sequestering agents are used at
elevated temperatures (95°C). Acid pickling is generally preferred to dissolve corrosion
products because they work faster than alkaline solutions. On iron and steel, heated
solutions of sulphuric or hydrochloric acid are used, the choice depends upon economics
and the type of oxide to be removed [28]. Sometimes an anodic current can be applied to
increase the rate of dissolution .

1.3 ADHESION PROMOTING LAYERS

In addition to cleaning metallic substrates prior to coating, some pretreatments actually
add an intermediate 'tie layer' on top of the metal to encourage adhesion between the
metal and the coating. The traditional and most widely used tie layers are called
'conversion coatings', which are closely related to 'oxide or anodised coatings'. The
general purpose of these coatings is to remove existing oxides which are often weak and
porous and replace them with a new adherent, stable oxide or hydroxide layers with a
chemical composition that encourages adsorption to primers or paints [21]. Conversion
coatings achieve this by chemical passivity caused by adsorption of a metal, non-metal or
metal oxide, to form a stable surface film. Oxide coatings, on the other hand are formed
by anodic or electrochemical passivity, which thickens and strengthens the existing oxide
layers to form a compact adherent layer [28].
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1.3.1 C h r o m i u m Conversion Coatings

Chromate coatings or chromating rose to prominence during World War II, as a base for
organic coatings, primarily because of increased adhesion and secondly, because they
increased the lifetime of the organic coatings. The chromate coatings themselves have a
corrosion inhibiting effect, providing protection against corrosive attack through pores or
scratches in the organic top coat and also from a reactions between the metal and the
organic coating [30]. Chromate coatings have an ability to increase the adhesion of paint
coatings and this is attributed at least in part to the cellular structure of the oxide film
which provides more attachment points for the coating [31]. Although the films are
passive they do not give long term corrosion protection if left uncovered and are generally
used as a short term treatment prior to organic finishing. For instance, chromating of zinc
is often used in short term storage to prevent grey tarnishing in ordinary conditions, and
bulky white oxide formation in moist or marine atmospheres [28, 32]. Although most
commonly used on aluminium, zinc, galvanised or alloy coated steel, this technique can
be used on a variety of other metals, including copper, tin and magnesium [28].

The conversion coating consists of hydrated trivalent and hexavalent chromium
complexes[30, 32]. Chromate bath solutions contain either chromic acid or one of its
soluble salts as well as a source of hexavalent chromium [30]. T h e most widely k n o w
treatment is the 'Cronak' process based on sodium dichromate and sulphuric acid. T h e
coating formation on zinc from this solution is described in detail by G a b e [28]. T h e
coatings can be applied by immersion, spraying, brushing or electrodeposition [30].
Since processing times are short and the baths operate at or near room temperature, this
process is suitable for continuous production lines.
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1.3.2 Phosphate Conversion Coatings

Phosphate coatings or phosphating is most commonly used to prepare metal surfaces for
paint finishes, they have a surface structure which is highly absorbent of paint, thereby
providing a firm bond between the paint and the metal. They are widely used on iron and
steel substrates, however they can also be adapted for use on zinc, galvanised steel and
aluminium substrates [32],

The most basic phosphating treatment for iron and steel involves the use of hot dilute
phosphoric acid, often preceded by a chromate pretreatment. Typically phosphating is
applied in a batch process to individual items such as car bodies, fridge and freezer
cabinets, and furniture, because the time required is not compatible with continuous on
line treatments [28]. A more detailed description of the phosphating mechanism is
described by Gabe [28] and Freeman [29].

1.3.3 Anodising

Anodising is an electrolytic technique used to thicken and stabilise oxide films on metal
substrates. It is a passivating treatment in its own right but might also be the basis for
subsequent painting, or dyeing [28]. Whilst anodising is often used as a pretreatment
prior to painting, it is more commonly used to produce specific surface finishes on

aluminium and it's alloys, for example, coatings with high dielectric constant or specific
capacitance values, highly flexible coatings, abrasion resistant coatings, and
multicoloured or multi-textured coatings [32]. The coatings produced are porous
and sequential steps of either, dying or sealing must be carried out immediately, for a
highly corrosion resistant product, sodium dichromate is typically used as the sealant.
Anodising of metals other than aluminium and titanium is not widely practised, and since
many of these treatments use chromate solutions, they are more often classified as
chromating than anodising [28].
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1.3.4 Adhesive Bonding of Aluminium and it's Alloys

The aerospace industry has been responsible for substantial developments of conversion
and oxide coatings for aluminium and aluminium alloys, especially in regard to
preparation for adhesive bonding [21]. Over the years, a number of standard etch
pretreatments have been developed, presently there are three prominent processes,
chromic acid etching (Forest Products Laboratory (FPL) etch is a variation of this),
chromic acid anodising and phosphoric acid anodising. These increase the bond strength
and durability by creating a micro roughened surface, making the aluminium surface more

wettable, free from contamination and hydration resistant. All three processes involve t
use of hexavalent chromium compounds [33].

1.3.5 Limitations of these Pretreatments

A major obstacle in the finishing industries, is the fact that so many of the pretreatme
used prior to painting or adhesive bonding are based upon chromate containing solutions.
The drawback with chromate based treatments is the toxicity of hexavalent chromium, a
known human carcinogen and a heavy metal pollutant, which not only causes
complications during their use but also in the disposal of solutions. Chromates are not
only used as conversion coatings in the finishing industries but also as corrosion
inhibitors in primers, etchants and paints. Even if the treatment itself does not use
chromate containing solutions often, chromate solutions are used prior to the
pretreatment, for example in phosphating, or after the treatment, for example, in the
sealing of anodised coatings. Thus this toxicity of chromium and it's imminent large

scale industrial replacement is a matter of concern to all aspects of the finishing indu
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1.4 ALTERNATIVE PRETREATMENTS

1.4.1 Non-Toxic Conversion Coatings

To overcome the health and environmental concerns of using chromate pretreatments,
many variations in processing and in the actual solutions used have been adopted. For
instance, dry chromating, or no rinse chromating [34] pretreatments have been attempted,
to reduce hexavalent chromium use, as have chromating based on trivalent chromium
solutions [34, 35]. However with more stringent restrictions inevitable, the chromate
free alternatives are unquestionably preferred. The most obvious option would be to use
phosphating pretreatments, indeed phosphating or phosphate anodising has been adopted
in a number of cases to replace chromating. However it is not always feasible to replace
chromating with phosphating or anodising. One major drawback of phosphating
compared to chromating is the fact that chromating of zinc and aluminium is faster, the

longer treatment times required for phosphating also implies that batch processing is mor
feasible than continuous on line processing. This is ideal for a number of applications
such as the treatments of car bodies and appliances, but inconvenient for other
applications for example in the processing of strip metal.

Presently there are many other pretreatments being developed with a view to replacing
chromium dependant technology. There are a number of excellent reviews currently
available. Hinton has written an extensive review of all aspects of the finishing and
adhesive bonding industries,[31, 36] whilst Wilcox and Wharton [35] review
technologies specifically for chrome free passivation of zinc and zinc alloys and
Critchlow [33] examines a number of alternative chemical pretreatments for aluminium
prior to adhesive bonding.

Whilst many non toxic conversion coatings alternatives have been investigated, none so
far have been able to fully replace the performance and convenience of chromium
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conversion coatings. They are either simply not as effective as corrosion inhibiting
layers. For example, conversion coatings based on molybdenum [31], cerium complexes
[31], cobalt complexes [35] or tungstates [35] have failed in this regard. Many also
involve long processing times, for example conversion coatings from cerium chloride

solutions [31], or many processing steps as in the case of a conversion coating based on
manganese oxides developed by Bibber [37]. Often coatings produced are porous and
require a final sealing treatment, for example in Bibbers' manganese oxide coatings and
conversion coatings based on cobalt complexes [35]. The most promising alternatives to
date appear to be a patented method based on molybdenum and orthophosphoric acid
known as 'MolyPhos' [31, 35] and variations on the original formulation using cerium
salts [31] and zirconium oxide conversion coatings [31].

1.4.2 Coupling Agents

Aside from alternative chemical conversion coatings there is limited research on other
possible methods of creating tie layers between a metal and an organic top coat. One
notable exception is the use of coupling agents sometimes called 'adhesion promoters'

which are capable of forming primary bonds to either the substrate or surface coating or

both. A detailed review on various types of adhesion promoters can be found in an articl
by Walker [38] and more recently by Hinton [36]. Silane based compounds have

received the most attention and remain the main focus of research in this field. It has
demonstrated that silane pretreatments increase the adhesion of metals to various paint

films, and that the results are comparable to those achieved through chromating [36, 38]
There are many theories as to how silanes promote the adhesion of paints to metal
substrates. The most commonly accepted theory involves chemical bonding between the
hydrolysed halide or alkoxide group on the silane molecule and the hydrated metal oxide
film. At the same time bond formation between an organofunctional group on the silane
molecule with the paint resin base, results in an interpolymer network, provided the
chemistry of the paint and the organic chain are compatible [36].
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Various other organic based coupling agents have emerged since the development of
silane based coupling agents. In particular adhesion promoters based upon titanates,
thioglycollates and zirconium compounds can improve the adhesion of organic coatings to
metals [36, 38, 39].

1.4.3 Electrochemical Polymerisation (ECP)

The research described in this thesis attempts to explore another avenue for the purpose of
creating tie layers between a metal surface and an organic top coat. The technique used in
the present study is electrochemical polymerisation (ECP) which is capable of forming
thin polymeric films with desired functionalities to encourage adhesive bonding to both
the metal and the organic top coat. In addition, because the coatings are electrically

insulating, it is proposed that the electrochemical technique itself offers an inherent abi
to deposit continuous films on the electrode. As the electrode becomes passivated any
exposed electrode areas become more electroactive, encouraging polymerisation and
deposition at these sites. Eventually the entire surface of the electrode, including
undulations or pores would become covered. This intimate contact between the metal and
the deposited tie layer, ultimately enables the formation of strong adhesive bonds.

In the search for a practical, environmentally friendly, alternative pretreatment, this
project has been limited to the use of aqueous based electrolytes. The corrosion
protection of the underlying metal is also of concern and therefore the experimental
techniques have been limited to those in which the metal to be coated is negatively
polarised, in order to prevent anodic corrosion during the process. The following review
of ECP is therefore concerned only with work on insulating polymers. Whilst many
instances of anodic reactions or organic electrolytes are described, these are included to
provide a complete overview of the ECP method and also to aid in the interpretation of the
experimental results.
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1.5 ELECTROCHEMICAL POLYMERISATION (ECP)

1.5.1 Development of ECP

Electrochemical polymerisation (ECP) can be defined as electroinitiated polymerisation
reactions caused by charge transfer within an electrochemical system. In some cases, if
the potential of the electrode is in the correct range then direct electron transfer to
the monomer can occur, in others, it is possible to electrolyse intermediate species in

solution to form initiators in situ.. This technique is capable of initiating polymerisa
in a large range of monomers and by a variety of polymerisation mechanisms.

The development of the use of ECP as an alternative polymerisation method is
summarised in Figure 1.3. Most of the earlier investigations into electrochemical
polymerisation were conducted to investigate the mechanisms and processes of

electropolymerisation within the electrolyte and assessing the advantages of this method
over conventional bulk polymerisation methods. In these systems the reaction time was

often limited due to polymer coating out on the electrodes, this was overcome by using a
electrolyte in which the polymer was soluble. The polymer was then obtained by
subsequent precipitation in non solvents. The success of ECP as a replacement for
conventional polymerisation processes was therefore minimal, limited by these electrode
coating processes. However, ECP techniques have became increasingly important in the

field of conducting polymer synthesis, because these polymers are difficult to produce b
other means. The success of the ECP technique in this area has led to a second wave of
interest in the use of ECP to produce non conducting polymers. In contrast with the

earlier work however, substantial work at the present time is specifically directed towa
the formation of insulating thin films on electrodes.
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Vinyl polymerisation in solution
as an alternative to conventional
polymerisation methods.
1950's -

Investigation of aromatic
electropolymerisation to form anodic
coatings, (electro-oxidation).
1960's Cathodic coatings
(electro-reductive) produced from
vinyl monomers. Potential
applications on various metals were
investigated
1970Electro-oxidation of aromatics
to form corrosion resistant coatings
and microelectronic components.
(Includes conducting polymers.)
-1965 -

Coating of carbonfibresfor use in
composites. Investigated potential increase in
toughness due to increased adhesion 1980 Renewed interest in 1990's due to success in
other areas of electropolymerisation.

Figure 1.3 - A n Overview of the Development of E C P Processes
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O n e of thefirstliterature reviews on the subject of electroinitiated vinyl polymerisations
appeared as an introductory paragraph in a paper by Breitenbach and Srna in 1962 [40].
In this paper the authors investigated a number of different experimental methods firmly
establishing the flexibility of this technique to produce polymers by both free radical
ionic means. More detailed literature reviews on the subject were published in the late
1960's by Funt [41] and Tidswell [42]. These reports provide a comprehensive

discussion of the early studies of electroinitiated vinyl polymerisations. At this stage
most of the published work was concerned with the effects of various experimental
factors on yield and rate of polymerisation as well as identifying the mechanism of
polymerisations. One of the most comprehensive literature reviews of early work on
electroinitiated vinyl polymerisations was published in 1975 by Funt and Tanner [43].
This excellent review contains over 200 references and a comprehensive table of vinyl
polymerisations initiated by ECP. In 1975 however, the technique was relatively
unexplored, many areas of the present day applications in surface coatings and
conducting polymer synthesis had not been investigated in detail. There was also not
much published work on mechanistic studies, and precise electronic control systems were
just becoming widely available. The statement that "electropolymerisation has not yet
made possible new synthesis that are unattainable by other techniques", was soon to be
nullified by the wide scale use of ECP in conducting polymer synthesis and also in the
area of polymer coating production. This second area was, however, predicted by Funt
and Tanner to become one of importance, owing to one step processing from monomer to

coating and to inherent throwing power, i.e. possibly to produce pin hole free, insulati
coatings. Although at this stage, ECP was not able to replace existing polymerisation
techniques, the advantages of fine control over various aspects of the polymerisation
process, most notably, molecular weight control, were discussed at some length.

By the 1980's it was realised that despite various special features of ECP, including the
formation of living ionic polymers, controlled termination reactions, block copolymer
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formation and polymerisation of pre-complexed monomers [44], that conventional vinyl
polymerisation techniques were generally preferred. This preference was attributed to the
complexity of the electrolysis system, for example, the choice of compatible electrolytes
and solvents, as well as the typically low efficiencies of free radical ECP systems
compared to conventional free radical polymerisations [44, 45]. However, an extensive
literature review by Bhadani and Parravano [46] in 1983, points out that the economic
applications of ECP are not limited to the production of conventional polymers, but that
potential commercial applications were starting to be realised for polymers which could
not be produced easily by other means. They also highlighted the potential use of ECP in
fundamental studies of polymerisation steps, due to the fine control through electrical
current.

It was in this era, that the ECP of organic coatings and their potential use for corrosion
protection began to be recognised. Scantlebury [47] points out that one of the inherent
problems foreseen in the early ECP experiments, namely the fouling of electrodes with
passive polymer products could in fact be used as a controlled means of creating polymer
films. It was suggested that these films could riot only provide corrosion protection in
their own right, but that very thin layers could possibly be applied as an alternative to
conventional pretreatments in coil coating operations. A more comprehensive review of
the electrodeposition of polymer coatings by Beck in 1988 [8] encompasses the
electrodeposition of paints, anodic electropolymerisation of (hetero)aromatics and the
electropolymerisation of vinyl monomers. This article discusses in some detail the
electroinitiated polymerisation of diacetone acrylamide (DAA). Compared to the

electrodeposition of paints, the efficiency of the electropolymerisation process was found
to be much lower, but the adherence of these films was found to be much higher. Their
potential use as pretreatment was not discussed. Electroinitiated vinyl polymerisations
resulting in film formation on electrodes was also briefly discussed by Adamcova and
Dempirova [1], in comparison with conducting polymer film formation.
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1.5.2 Adhesion Promotion Through E C P Tie Layers

In Section 1.1.2.2, it was stated that the primary requirement for good adhesion is
intimate contact between the surfaces, thereby allowing the adhesive mechanisms to
operate effectively. The concept of forming polymeric films in situ., directly from
monomeric species by ECP, provides a unique approach to this problem for two main
reasons.

Firstly, several workers have argued that initial wetting of the electrode surface with
monomer could lead to improved adhesion of the polymer subsequently formed [48-50].
The electrical attraction induced between the monomer and the electrode during ECP [5052] would enable the small monomer molecules to penetrate all the surface undulations

and pores in a way in which larger polymer molecules could not [48-50]. It has also been
argued that the use of an aqueous electrolyte encourages improved wetting of the
electrode surface due to a better match of surface tension of the monomer relative to
water. Since vinyl monomers have low surface tension their adsorption on electrodes is

encouraged when they are dissolved in solutions of high surface tension such as water in
comparison to low surface tension organic solvents [13,48, 50, 53, 54].

Secondly, the use of passivating films also encourages the polymer to grow over the
entire electrode surface. This occurs because the exposed areas become more

electroactive as other areas become covered, encouraging the formation of 'pin-hole free

polymer film [49, 50]. This not only ensures intimate contact but also minimises defects

in the coating which might act as stress raisers lowering the adhesion of the tie layer.

use of a cathodic technique is also useful in this regard, since Sekine et al. [10] foun
insulating films formed by anodic methods resulted in porous thin films due to
competitive corrosion reactions of the steel electrodes during the ECP process.
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Once intimate contact is obtained, adhesion can be further encouraged by the use of
specific monomers, incorporating desirable functional groups, for example, carboxyl
(-COOH), aldehyde (-CHO), nitrile (-CN), amine (-NH2) and thiolate (-SH) groups, [10]
which might interact by secondary bonding to the metal substrate. Figure 1.4
demonstrates the possible adhesive mechanisms which could act in a tie layer formed by
E C P between a metal and an organic top coat. It can be seen that adsorption through
secondary and possibly primary bonds plays a key role in the adhesion of such a system.
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Adsorption of monomeric species on metallic electrodes, by secondary bond formation,
during ECP, has been observed. Previously, Funt and Gray [55] speculated that an
abnormally high concentration of styrene (ST) in a copolymer of polystyrene (PST) and
poly (methyl methacrylate) (PMMA) formed on the cathode was due to preferential
adsorption of the ST on the electrode. This was confirmed by capacitance measurements

conducted by Yamazaki et al. [55, 56]. Differential capacitance measurements have also
shown monomer adsorption during the ECP of acrylonitrile (AN) at tin plate cathodes
from solutions containing NaN03 in dimethyl formamide (DMF) [57].

In other cases it has been claimed that chemical grafting of the polymer layers to gra
electrodes can occur. MacCallum and MacKerron produced poly (methyl methacrylate)
(PMMA), poly acrylamide (PAM) and copolymers of (PAM) and poly acrylic acid (PAA)

coatings on graphite fibre cathodes, after which, some of the coating was not able to b
removed by solvent extraction, this was proposed to be due to chemical bonding [58,
59]. Subramanian et al. [13, 48] also used solvent extraction to demonstrate chemical
bonding of a variety of vinyl monomers to graphite electrodes.

More importantly, chemical grafting has been shown to occur in the electropolymerisati

of polymethacrylonitrile (PMAN) [60,61] and polyacrylonitrile (PAN) [62, 63] layers on
nickel substrates by XPS (X-ray photoelectron spectroscopy).

The only example of the use of ECP of acrylic monomers produced by reductive ECP in

aqueous electrolytes for the specific application of adhesion promotion on metals thro
tie layer formation is in work by Lee and Bell [49, 64]. These workers produced copolymers of AM, AN and N,N'-methylene bisacrylamide (MB AM) on aluminium alloy
cathodes from an aqueous potassium persulphate electrolyte. This study was undertaken
to assess the possible use of ECP processes to produce alternative adhesion
promotion/corrosion inhibiting layers on aluminium and aluminium alloys. The coatings

formed were in the order of tens of microns thick and diffusion studies showed that th
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were still relatively porous even at that thickness. The coatings were also brittle and
cracked upon drying. N o adhesion studies were described in these publications.

1.5.3 Vinyl Electrochemical Polymerisation Mechanisms

The polymerisation mechanism can be classified by the charge transfer process which
initiates polymerisation. Electro-initiated vinyl polymerisation commonly occurs by four
different mechanisms: cathodic and anodic free radical polymerisations; cathodic anionic
and anodic cationic polymerisations.

Incomplete dimerisation can also lead to

polymerisation through radical-ionic species. In some cases simultaneous polymerisation
mechanisms can be operative. The polymerisations occur at or near the electrode surface
and can result in polymer formation as a coating or in the bulk of the electrolyte as either a
soluble or insoluble product. A schematic of the polymerisation process is shown in
Figure 1.5.

n

ELECTROOXIDATION

^r»
<Tnonomer>
/

y^>olymeT>

1

^f
Q3o>ymeL>

y
ELECTRO-R*XJUCTION

_

<monome£>

^ ^ ^ ^ ^ H cfe> ^ ^ ^ H
Figure 1.5 - Mechanism of Electrochemical Polymerisation (ECP)

30
For free radical E C P reactions (either cathodic or anodic) the current efficiency is

generally low owing to the short lifetime of the radicals before recombination occurs [
The short lifetime also means that the concentration of radicals in the vicinity of the

electrodes is always higher than that in the bulk of the electrolyte, even under condit
of rapid stirring. As such, if the polymer formed is insoluble in the electrolyte,
precipitation on the electrodes is common [43].

Pure ionic polymerisation involves dimerisation, as shown in Figure 1.6,

2 *CH2CHR- --> -CHRCH2-CH2CHR-

Figure 1.6 - Dimerisation reaction for anionic polymerisation of vinyl monomers

If dimerisation does not occur then free radical polymerisation may occur from the other
end, and the result is not pure ionic polymerisation [65]. For polymerisation to occur
anionically, the monomer must undergo direct electron exchange with the cathode. This
exchange produces anionic radicals which are then capable of dimerisation to yield
dianions. The reduction potential of the supporting electrolytes must be more negative
than the monomer so that preferential reduction of the monomer occurs. Quaternary

ammonium salts have been found to be very suitable for this application, having reducti
potentials lower than many monomers. AN, [40, 66-71], MMA, [40, 72-74], copolymers of ST and MMA [55, 56], AM [75], isoprene, butadiene and other monomers
have been polymerised anionically using a variety of quaternary ammonium salts [72].
Yamazaki et al. [76] and Funt and Williams [65] measured the reduction potentials of

several vinyl monomers before polymerising them at controlled potentials based upon the
half wave potentials measured. Anionic polymerisations in general can be divided into
two classes, normal anionic polymerisation and living anionic polymerisations. Normal
polymerisations occur when the propagation and termination steps are competitive,
obviously in these cases the molecular weight and degree of polymerisation will be
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dependant upon the concentration of terminating species. The reaction will stop when the
current flow ceases. Living anionic polymerisation occurs when the activity of the chain
ends is preserved indefinitely owing to a complete lack of terminating species. In such
cases it goes without saying that the presence of even the smallest amount of proton
donating species (including water) will result in termination of the active chain ends.
Living polymerisations by ECP has been demonstrated by Yamazaki et al. [77],
Anderson [78] and Funt et al. [79-81].

Cationic polymerisation of acrylate and methacrylate monomers is unusual, as such

electro-initiated cationic polymerisations are less common than their anionic equivalents
An anodic cationic mechanism was observed by Breitenbach and Srna in tetraethyl
ammonium borotetrafluoride when a copolymer of AN and ST was formed [40].
Initiation through the ST monomer would explain this unusual result.

1.5.3.1 Methods of Clarifying ECP Mechanisms

It is often difficult to determine the exact mechanism of polymerisation, especially in
cases where more than one operate simultaneously. Frequently polymerisation inhibitors

are used which would suppress particular polymerisation reactions, thereby clarifying the
reaction mechanism. For example, benzoquinone would inhibit free radical or cationic
reactions without having any effect upon anionic mechanisms. References where
inhibitors have been used to elucidate reaction mechanisms include, [49, 75, 82-85] [40,
68, 86, 87]. It is important to remember however that the inhibitor itself might undergo
electrochemical reactions within the system.

Reaction mechanisms can be clarified by copolymerisation experiments. If a copolymer
is formed from a known feed ratio of two or more monomers with similar reactivity
ratios, then a purely free radical mechanism would result in a copolymer with the same
monomer ratios. If ionic mechanisms are operative then the copolymer might contain up

32
to one hundred percent of a particular polymer depending upon the current potential
characteristics [40, 65, 66, 88]. A common example is the use of a 1:1 feed ratio of
MMA:ST. If polymerisation occurs by free radical mechanisms then the polymer would
contain 51% ST, if it were via carbonium ion polymerisation it would be greater than
99%, and carbanion polymerisation would result in less than 1% ST in the polymer [43,
84].

In some cases the molecular structure of the polymer is characteristic of the
polymerisation mechanism, this also has the advantage that the mechanism can be
identified without disturbing the reaction system [45]. For example, the structures of
PAM formed by free radical and anionic methods are different. Free radical
polymerisations produce the usual vinyl polymer, poly acrylamide (PAM), with a
backbone of C-C bonds, whereas anionic methods produce polyamides, particularly,
poly-6-alanine, with a backbone structure of, -CH2-CH2-CO-NH-, [89]' [75, 82].
Another example is the formation of PAN with a cyclic structure during
electropolymerisation with quaternary ammonium and phosphonium salts in dimethyl
formamide (DMF) and dimethyl sulphoxide (DMSO) by Bhadani [68]. This structure is

typical of anionically polymerised PAN, in contrast to the linear chain structure typic
formed by free radical polymerisation.

It is also possible to predict if a polymerisation would occur by free radical or ionic
by observing the current voltage curves of the solutions. This is commonly achieved by
the use of cyclic voltammetry, [49, 50, 90-92] which clarifies the exact species which
involved in the redox reactions at the electrode.

There are other observations which can aid in the determination of reaction mechanism.

For example the reaction kinetics [45] and molecular weight distribution, would both be

dependant upon the polymerisation mechanism, and certain distinguishing features can be
identified for each. For example, the molecular weight distribution of free radical
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polymerised polymers would be expected to be quite broad compared to that of an
ionically polymerised polymer.

1.5.4 ECP - Experimental Considerations

There are a number of experimental considerations which should be addressed in the
design of ECP cells and experiments. These general points are taken from a number of
articles on ECP methods, most notably Funt and Tanner [43] and from the candidate's
working knowledge of ECP of vinyl polymers.

1.5.4.1 Electrode Potential - Usually there are many simultaneous competitive charge

transfer reactions occurring at the electrode, including the formation of initiating specie
As such, fine control of the electrode potential is essential to determine which reaction
will dominate. For this reason the electrochemical cell should preferably incorporate the
use of a reference electrode in conjunction with the working electrode to enable precise
control of the working potential. This precise control of the polymerisation initiation is
one of the major advantages in the use of ECP over conventional polymerisation
methods. In some cases, however, if the desired reaction can occur over a potential
range, it might be more important to control the rate of the reaction through the current

density, than it is to control the potential. In these galvanostatic experiments the presen
of a reference electrode is not required.

1.5.4.2 Divided Cells - Reactions at the counter electrode can have important
consequences on the ECP reaction. Polymerisation usually only occurs at the working
electrode but in some cases polymerisation can occur simultaneously at the counter
electrode. In these situations kinetic analysis and determination of the reaction
mechanism would be complicated. Another common occurrence is the generation of

species at the counter electrode that are capable of terminating or inhibiting the growth o
polymer chains created at the working electrode [75]. Both of these problems can be
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avoided by the use of a divided cell, usually by the presence of a porous glass frit, or
ionic membrane. These dividers allow the flow of ions through the cell but prevent
migration of larger species. Whilst divided cells are recommended for the situations
described above and, of course, for ECP reactions which are not fully characterised in

nature, the use of a divided cell will always increase the resistance of the solution. The
solution resistance must be as low as possible and if the use of a divided cell is not
necessary, then it should be avoided.

1.5.4.3 Solution Resistance - The supporting electrolyte is an ionic current carrier,
which in most cases is inert to the electrochemical processes. The concentration of the

salt controls the resistivity of the solution and hence the current density at a particula

working potential. The rate of electroinitiated polymerisation reactions are directly rela

to the current density at the electrode and as such the solution resistance is an importan
factor to be considered in regard to polymerisation efficiency.

1.5.4.4 Solvents and Solubility - Early work regarding the ECP of vinylic monomers
was concerned with the production of soluble polymers. The production of insoluble
products as precipitates and more importantly as deposits on electrodes was generally
avoided since the mechanistic and kinetic study of such systems was complex. Since
most polymers are insoluble in aqueous electrolytes, mostly organic solvents were
employed for earlier studies. Most notable are the solvents dimethyl formamide (DMF)
and dimethyl sulphoxide (DMSO), which are compatible with a wide variety of electrolyte
salts. Even so, soluble polymers of high molecular weight can have a significant
influence upon the polymerisation process owing to the huge changes in viscosity and

diffusion rates [43]. In the last 20 years or so the heterogeneous nature of aqueous vinyl
ECP has been recognised as a highly useful and controllable technique to produce
polymer coated electrodes. It should also be recognised that the solvent can have an
influence upon chemical aspects of the polymerisation, for example, anionic living
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polymerisations can be quenched by the smallest amount of proton donors, (eg. water)
and as such the solvent must be extremely dry.

1.5.4.5 Initiator Concentration - The concentration of initiator formed electrochemically
is a function of the current and can have a dramatic influence upon the polymerisation
process. In the case of free radical polymerisations, the amount of initiator not only
controls the rate of initiation reactions, but since they can act as free radical chain
terminators they also have an influence over the rate of termination. As a result, a high
concentration of initiator leads to a very low molecular weight average. This contrasts

with electroinitiated ionic polymerisations, where a high concentration of initiating specie
leads to a high concentration of active chains, which will continue to propagate regardless
of the presence of excess initiator [43].

1.5.4.6 Effect of Supporting Electrolyte - To prevent migration of the monomer away

from the electrode, a supporting electrolyte is used in much larger concentrations than that
of the monomer. As such the migration of charge is maintained by the electrolyte and
movement of the monomer near the electrode surface is negligible. However, it has been
shown on several occasions that the electrolyte itself can have an influence on the
polymerisation reaction.

When polymerisation proceeds by an ionic mechanism the type of salt used for the
supporting electrolyte can have a significant effect [66] because the ionic end groups of

the chains interact strongly with the ionic electrolyte. Generally the rate of polymerisatio
and molecular weight increases with increasing size of supporting electrolyte ions,
because smaller electrolyte ions would be more ionic and reactive to the growing
carbanion therefore increasing the termination rates [66]. This is complicated by other
factors however, most notably the solvation of the salt in the solvent, and electrostatic
interactions between chain ends and electrolyte ions [66, 88]. Direct reduction or
oxidation of the electrolyte ions during ionic polymerisation is generally avoided,
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however it has been demonstrated that simultaneous reduction of phosphonium salts and
AN monomer during anionic polymerisation increases the rate of polymer formation [67].

The solubility of the monomer in the supporting electrolyte has also been reported to
effect the polymer yield and molecular weight during free radical polymerisations [93],
The efficiency of the system was increased with increasing monomer solubility because
this enabled more contact between the monomer and the free radicals formed at the
electrode. It was also suggested that the colloidal properties of the system can have an
influence upon the polymerisation efficiency.

From this discussion it is clear that whilst the theory of ECP is relatively simplistic,
process is limited by the requirements of high electrical conductivity, chemical
compatibility and adequate solubility characteristics. This in turn, restricts the choice
solvents and electrolytes to fulfil these requirements for each system.

1.5.5 Kinetics of Electroinitiated Vinyl Polymerisation

The rate equations derived for standard free radical and standard ionic vinyl
polymerisations at steady state are shown in equations 1.3 and 1.4 [94]. These are an
accurate description of the rate of polymerisation in a homogeneous medium when the
rate of initiation is approximately equal to the that of termination.

conventional free radical polymerisation

vP = kP(fkd/kt[I])1/2[M] (1.3)
Where Vp is the overall rate of polymerisation at steady state,
kd,kp and kt are the rate constants of initiation, propagation and termination,
f is the fraction of free radicals successful in chain initiation,
[ M ] is the m o n o m e r concentration,
[I] is the initiator concentration.
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Therefore in the steady state stage of a free radical polymerisation, the rate of
polymerisation should be directly proportional to the monomer concentration and to the
1/2

square root of initiator concentration [94]. This relationship (vp a [I] ) is often quoted

as evidence of a free radical mechanisms [94]. If the fraction of free radicals successful
in chain initiation (f) is independent of [M], which occurs when initiator efficiency is

high, then Vp a [M]. If the initiator efficiency is low, however, the relationship would b
vpa[M]3/2 [94].

conventional ionic polymerisation

vP = Kkikp [A][RH][M]2 O-4)
kt
Where Vn is the overall rate of polymerisation at steady state,
K is a constant,
ki, kp and kt are the rate constants of initiation, propagation and termination,
[A][RH] is the catalyst concentration,
[M] is the monomer concentration.

Therefore the steady state rate of ionic polymerisation is proportional to the catalyst
concentration [A] and the square of monomer concentration [94].

These equations are often used to elucidate polymerisation mechanisms. Except for the
initiation step, ECP polymerisation reactions occur by the same mechanism as for thermal
polymerisations of the same monomer in a similar chemical environment.

Thus, for free radical reactions, [I] indicates the initiator concentration, which in ECP,
the absence of any competing reactions, equilibrates to the current density, and (f)
indicates the fraction of radicals formed from the initiator which are successful in
initiating chains. This fraction (f) is related to the efficiency of the reaction and in
conventional polymerisations it is independent of the initiator concentration. When the
reaction is electroinitiated however many of the radicals formed at the electrode surface

38
undergo bimolecular termination before being able to initiate chains and the efficiency is
not only lower but also dependant upon the current density. For example, the efficiency
has been shown by Olaj et al. [45] in the anodic free radical initiated polymerisation of
MMA to decrease approximately with the square root of current. This means that the
overall rate of polymerisation was proportional to the fourth root of current, compared to
the square root expected in conventional polymerisation.

For ionic polymerisations, [A][RH] is the catalyst concentration, which is the equivalent
to the current density in ECP reactions. Ideally then, the rate of electroinitiated ionic
polymerisations are proportional to the current density. Continuously initiated ionic
polymerisations with termination should therefore show proportionality to current [43].
When there is no termination (i.e. living anionic chains) the active species accumulate
during electrolysis leading to an acceleration of polymerisation, until the decrease in
monomer concentration is no longer negligible and the conversion verse time curves
become sigmodal as they level off [45].

Aside from the differences described above, ECP kinetics can deviate from that expected
for conventional polymerisation mechanisms for a number of reasons. The most
important factors are discussed below.

1.5.5.1 Coating Formation

Often the initiation reactions are not spatially distributed throughout the reaction medium
but are restricted to the surface of the electrode. Ionic and especially living ionic
mechanisms are less affected by this factor than free radical mechanisms, because of the
short lifetime of the radical species. Often primary radicals produced on the electrode
surface are subject to bimolecular termination, before they diffuse away from the
electrode surface, allowing only a fraction to initiate polymerisation, and always in the
vicinity of the electrode [45], Growth of insulating polymer films on electrodes can
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impede further electrolysis and change the reaction conditions. This has often been
viewed as a disadvantage [45], because the resistance of the cell increases and the
"kinetic treatment becomes extremely difficult if not at all impossible" [45]. A fully
homogeneous reaction medium can only be obtained if the polymer formed is soluble in

the electrolyte/solvent medium. Therefore, detailed kinetic analysis are more often carri
out in organic based solutions [43].

1.5.5.2 Induction Periods

Induction periods have been observed in both free radical and ionic polymerisations by
ECP. The reason why this occurs is usually attributed to competitive charge transfer

reactions taking place on the surface of the electrode [64, 85, 95-98]. At the beginning of
electrolysis charge is consumed by these reactions but no polymerisation occurs. The
possibility of induction periods must be considered in any kinetic analysis.

1.5.5.3 Co-ordination Complex Formation

Acceleration of free radical polymerisation during ECP, by the addition of other chemical
to form complexes has been reported by several workers. Fedorova et al. [99]
demonstrated that if MMA was exposed to oxygen prior to electrochemical
polymerisation in sulphuric acid then polymerisation always took place and if hydrogen

peroxide were added to the system then the polymerisation occurred at an accelerated rate.
These observations are similar to those of Pistoia et al. [100] who claimed the ECP of
MMA in sulphuric acid occurred via a free radical mechanism involving peroxides of the
monomer.

The co-ordinating ability of vinyl monomers with transition metals, which are often
present in the electrolytes during ECP, is also well documented. Once metal-monomer
complexes are formed, excitation of these complexes by electrochemical means can lead
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to radical species capable of initiating polymerisation, in m a n y cases resulting in an
increased rate of polymerisation. Complex formation of transition metals with monomer
species has been shown to occur by several workers, Collins and Thomas [101],
Balasubramanian [102], Samal and Nayak [87] and Kolzunova [103]. Each of these are
discussed in more detail in the subsequent literature review of acrylic ECP.

A more specific example of the complexing ability of transition metals is in the use of
metal halides, commonly based on zinc salts, to form charge transfer complexes between
electron donor and electron acceptor monomers. Subsequent head to tail polymerisation
of these donor-acceptor complexes can lead to the formation of 1:1 alternating
copolymers, regardless of the monomer feed and reactivity ratios. Two separate groups
have applied this donor-acceptor concept to electrochemical polymerisations, Funt et al.
[104-106], and Phillips et al. [72]. A series of papers were published by Funt et al. in
1970 using different monomers and zinc based electrolytes. These were butadiene and
AN electropolymerised in the presence of zinc chloride [104], ST and methyl
methacrylate also in the presence of zinc chloride [105] and finally ST and AN in the
presence of zinc bromide [106].

Charge transfer complex formation with the chain ends has also been reported by several
workers. This can result in very high molecular weight products, and post electrolysis
polymerisation (see Section 1.5.5.4), because the termination reactions at these chain
ends are hindered. Most notable is the work of MacCallum and MacKerron [58] who
claim to have polymerised MMA in a sulphuric acid electrolyte by a free radical
mechanism involving complexation of the sulphuric acid with the chain ends. Yoshizawa

et al. [107, 108] reported that the anodic free radical polymerisation of acrylamide (AM)
in acetate solutions can be enhanced by additions of small amounts of the ferric ion.

Similarly, Samal and Nayak [87] suggest that ferric sulphate stabilises the radicals form
at the cathode during ECP of glycidyl methacrylate (GMA) in DMF solutions, through the
interaction of the Fe3+ ion. Sengupta and Chakraborty [109] noted the free radical

4 1

production of P A M in tartaric acid had negligible termination rates because the tartaric

acid radicals interacted strongly with one another causing stabilisation of these structur

without termination. Each of these examples are discussed in more detail in the literature
review of acrylic ECP.

1.5.5.4 Post Polymerisation

Post polymerisation is a phenomena which occurs when the polymerisation reaction
continues after the current in the electrochemical cell has been switched off. In some
cases it can be directly attributed to a living anionic polymerisation mechanism. However
it has also been observed by several workers in electro-initiating free radical acrylic
polymerisations.

The formation of charge transfer complexes with the chain ends can result in post
polymerisation because these complexes retard the termination reactions. A number of
examples are cited in the previous section. Aside from this, there are a number of other
reported observations of post electrolysis polymerisation during electroinitiated acrylic
free radical polymerisations. These are briefly described below.

Pistoia et al. [110] polymerised AN electrolytically by an anodic free radical mechanism
in a concentrated sulphuric acid electrolyte. The initiating species was proposed to be
H2SO4" as opposed to OH*. A considerable post polymerisation effect was observed,
this was explained by the "occlusion" or trapping of the radicals within the polymer
particles, resulting in a reduced rate of termination by radical combination. Tsvetkov
[111] who conducted ECP of MMA in 0.1 M HCI solutions, noted a marked post
electrolysis polymerisation. This was also attributed to the heterogeneous nature of the
electrolyte (i.e. the monomer was dispersed as particles within the aqueous phase). The
post polymerisation was proposed to occur primarily because of the isolated nature of
these monomer/polymer particles and also because of the increased viscosity of the
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polymeric phase, resulting in a lower combination rate of the radicals trapped within.
Solution viscosity was also proposed to be responsible for post electrolysis
polymerisation of MMA in H2SO4 electrolytes reported by Pistoia [100]. In this case
very concentrated sulphuric acid and monomer solutions were used, resulting in complete
monomer conversions and gelation of the solution. When the viscosity of the entire

electrolyte is increased to the point of gelation it would be logical to expect the retar
of termination reactions, due to lower chain mobility. Parravano [112] also observed
post polymerisation effects in the cathodic ECP of MMA in aqueous H2SO4 solutions.
The radicals continued to add monomer units away from the initiation centre over a period
of hours, either in the original electrolyte solution or in a monomer solution into which
the electrolyte was added, no reason for this was suggested. Post polymerisation of AM
in aqueous electrolytes following free radical polymerisation has been observed in
sulphuric acid [113], zinc chloride and zinc nitrate solutions [114], however in these
cases no reason for this behaviour was offered.

Whilst all the cases described so far have been in aqueous electrolytes, post
polymerisation of AM was also observed after the electro-oxidative polymerisation of AM
in nitrate/DMF solutions. This was explained as simultaneous chemical polymerisation of
AM caused by protons released during oxidation of water. After the current flow ceased
the chemical polymerisation would continue, in fact the presence of post polymerisation
was taken as evidence of the chemical polymerisation occurring [98].

These factors which make the kinetic behaviour of ECP systems different from
conventional polymerisations, mean that the kinetic analysis of ECP reactions is often
complex. Even when the rate equations have been calculated, accurate kinetic
interpretation can only be relied upon in the initial stages of the reactions.
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1.6 ACRYLIC ELECTROCHEMICAL POLYMERISATION

The following is a review of literature concerned with the electro-initiated polymerisat
of acrylic monomers. In the present study, the coatings are to be produced from an
aqueous electrolyte as cathodic coatings. Specification of an aqueous electrolyte

essentially precludes the operation of an ionic mechanism and means that the coatings to
be produced in this work would be expected to form by free radical mechanisms.
However, a discussion of literature pertaining to the production of anionically
polymerised acrylic films by ECP is included because it is useful in the interpretation
initiation mechanisms as well as the adhesion and morphology of the films produced in
the present work. More importantly, an extensive literature search has been conducted on

the electro-initiated free radical polymerisation of acrylics. This review includes catho
and anodic mechanisms, in organic and aqueous solvents, to produce coatings on the

electrodes or polymer within the solution. As it will be seen, this breadth of informatio
was required to adequately interpret the polymerisation mechanisms operating in the
present study.

1.6.1 Polymerisation within the Electrolyte

1.6.1.1 Cathodic Free Radical

Cathodic free radical ECP reactions were the first to be discovered, the majority of ear
investigations being conducted on simple vinyl monomers including many acrylics, most
notably, methyl methacrylate (MMA), acrylonitrile (AN), acrylic acid (AA) and methyl
acrylate (MA). Commonly these polymers were synthesised from a aqueous acid
solution [43, 46, 100, 112, 115, 116]. It was generally accepted that these cathode
initiated polymerisations were due to the formation of active hydrogen radicals. Wilson

et al.[l 15] in 1949, proposed that electroinitiated polymerisation of MMA and AA at the
cathode was due to the hydrogen liberated at the cathodes during electrolysis. Kern and
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Quast [116] also claimed atomic hydrogen to be the initiator in E C P of M M A , A N , A A
and MA and observed that the hydrogen activity was a function of the cathode material.
Parravano [112] found that metals loaded with hydrogen either electrolytically or by
process of chemisorption, initiated polymerisation of aqueous solutions of MMA. They
also noted the extremely low efficiency with which this occurs compared to the total
amount of hydrogen released, (as low as IO"7 to IO8), because the bulk of the hydrogen
liberated at the cathode was released as molecular H2. Parravano provided some evidence
that the effectiveness of the cathode material in polymerisation was parallel to the
overvoltage of the cathode material. The binding energy of hydrogen atoms to the metal

surface decreases with an increase in overvoltage, causing a faster rate of emission fro

the surface. Indeed the possibility of initiation by atomic hydrogen was widely discusse
[40, 93, 111]. In similar work, Albeck et al. [117] reported the simultaneous cathodic
free radical initiation of acrylates and methacrylates by Li* and H* species. The
mechanism which dominated depended upon the concentration of H+ in the
methanol/lithium acetate solutions.

There is no doubt that these species are formed at the cathode, however the correlation
between hydrogen overvoltage and efficiencies, was thrown into question by Pistoia
[100] who found no such correlation in a more detailed study with MMA. Subsequently
a number of workers have shown that the electropolymerisation of MMA in aqueous
sulphuric acid, can occur by other mechanisms despite the presence of atomic hydrogen.

In 1964, Fedorova et al. [99] demonstrated that no electropolymerisation occurs at a lea
cathode in highly purified aqueous acid solutions of MMA which had been meticulously
freed from any trace of oxygen. Polymerisation occurred only if the MMA was exposed
to atmospheric oxygen prior to ECP, or if small amounts of hydrogen peroxide were
added to the solutions. It was proposed that the polymerisation proceeds through the
formation of peroxy compounds in the monomer. The same results were later reported at
a mercury cathode [118]. Pistoia [100] also proposed peroxy compounds of the
monomer to be responsible for polymerisation of MMA in aqueous H2S04 solutions. It
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should be noted that these solutions had much higher concentrations of acid and monomer
than water, in contrast to work by Fedorova. Pistoia disregarded the theory of
polymerisation initiated by atomic hydrogen because of a lack of correlation between
overvoltage of different electrodes and polymerisation efficiency. A polymerisation
mechanism involving the reaction of H2S04 with MMA to form a "copolymer of MMA
and oxygen with a hydroperoxide group" was proposed. This was substantiated by the
fact that 2-day old MMA was 5 times more efficient in polymerisation than freshly
distilled MMA.

Initiation caused by atomic hydrogen in aqueous acid solutions of MMA however cannot
be discounted, for two reasons. Primarily by the fact that other aqueous acid systems
have been shown to initiate polymerisation of MMA, most notably work by Tsvetkov
[111], who demonstrated cathodic polymerisation of MMA in aqueous HCI solution.

Secondly, there are numerous reports of the electroinitiated polymerisation of other v
monomers in aqueous acid solutions. For instance, Teng and Mahalingam [119]
investigated the ECP of AN to form coatings on various metallic cathodes from a
sulphuric acid electrolyte. Kern and Quast [116] initiated polymerisation of not only
MMA, but also AN, AA and MA in aqueous solutions. AM has also been shown to
electropolymerised at the cathode in the presence of various acids [59].

Samal and Nayak [87] formed poly (glycidyl methacrylate) PGMA in the electrolyte at th
cathode from DMF solutions, the polymer was amorphous, white and non-hygroscopic.
Solubility in a wide range of solvents and the presence of 96% of the epoxide groups,
suggested a linear polymer structure as shown in Figure 1.7.
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Figure 1.7 - Linear chain structure of PGMA.

This polymer structure was also confirmed by infrared (IR), and nuclear magnetic
resonance ( N M R ) spectra. The polymerisation mechanism was found to be cathodic free
radical, and proposed to occur through the reduction of hydrogen ions formed by the
'auto pyrolysis of D M F , to form hydrogen radicals. It was suggested that these radicals
remain adsorbed on the cathode surface where they react with m o n o m e r molecules to
initiate polymerisation. The activated polymer chains then migrate into the bulk of the
electrolyte and continue growing. N o evidence of adsorbed species was presented,
although increased stirring rates increased the polymer yield, indicating that diffusion was
involved. Various electrolytes were investigated, the highest conversions were obtained
with ferric sulphate, others included ferric chloride, zinc acetate, zinc chloride. T h e
conversion was only 0.65% w h e n ferric chloride was used in comparison to 2 6 % when
ferric sulphate w a s used. It was suggested [87] that the ferric sulphate stabilises the
radical formation at the cathode through the interaction of the F e 3 + ion, to form charge
transfer complexes in a similar w a y to that postulated by Yoshizawa et al. [108] in the
polymerisation of A M by an anodic free radical mechanism. This would also explain the
occurrence of post polymerisation, and the independence of polymer yield on current, at
high current densities. O n the other hand, it does not explain w h y the molecular weights
consistently decreased as the current density was increased.

Kolthoff and Ferstandig [120] used an indirect electrolytic method to create a redox cycl
involving the ferric/ferrous system.

In an aqueous solution in the presence of
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persulphate, hydrogen peroxide or cumene hydroperoxide, this caused polymerisation of
AN at a carbon cathode. More recently Sherigara et al. [121] polymerised AN in an
aqueous sulphuric acid-methanol solution by the redox cycle involving Ti3+/Ti4+. Ti3+
reduces dimethylglyoxime to produce radical species capable of initiating polymerisation
and Ti3+ is subsequently regenerated at the cathode. In a similar manner, Sarac et al.
[122] polymerised AM in an aqueous oxalic acid medium containing Ce(IV) ions, which
oxidised the oxalic acid to produce radical species, Ce(IV) was subsequently regenerated
at the anode. Chemical polymerisation of AN in Cerium (IV) sulphate/sulphuric acid
solutions was also enhanced by applying a cathodic potential [123]. It was proposed that
polymer yields were increased because the Ce(IV) species, which caused free radical
polymerisation by attacking the carbon-carbon double bond, were regenerated during
electrolysis and also because of a proposed stabilisation reaction between AN radical
anions formed directly at the anode and the Ce(IV) ions.

1.6.1.2 Anodic Free Radical

Without doubt, Kolbe's electrolysis has received the most attention as a method of

electroinitiated, anodic free radical, vinyl polymerisation. Kolbe's electrolysis involves

the electrolysis of alkali metal acetates to produce acetoxy free radicals from the acetat
ion at the anode [40, 124, 125]. It can also be initiated by the anodic oxidation of the
carboxylate ion [46].

Pioneering work on Kolbe's electrolysis was carried out in the 1950's and 60's with
butadiene or isoprene, [124, 126], ST[127], AN [40, 127], vinyl acetate and MMA
monomers [40, 125, 128, 129]. In 1962, Smith and Manning reported a good yield of
high molecular weight PAA from Kolbe's electrolysis of aqueous solutions of AA with
potassium acetate [130]. PAM was formed by Kolbe's electrolysis in a mixture of
aqueous potassium acetate and acetic acid solutions in work by Yoshizawa et al. [107,
108, 131-133] the initiation of AA polymerisation was also studied [134]. The free
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radical nature of the reaction was established by the use of trifluoroactate solutions, ' °
and it was discovered that small additions of ferric sulphate to the solution enabled the
formation of high molecular weight polymers [107, 108]. It was proposed that the ferric

ion stabilises the radical end of the chain by forming metal ion complexes enabling a high
molecular weight polymer to form by preventing free radical termination.

The unusual combination of a free radical polymerisation and very low termination rates
[107, 108, 131, 135] was also observed during the electro-polymerisation of AM in an
aqueous tartaric (H6C406) acid solution by Sengupta and Chakraborty [109]. The
polymer did not form as a coating and was recovered from solution by addition of a non
solvent. The polymerisation was carried out in a single cell, even so, the reaction was

proposed to occur through the oxidation of the tartaric acid to produce radical species as
shown in Figure 1.8.

OHCHCOO" ~ OHCHCOO -C02 CHOH

I
OHCHCOO"

— ^

I
OHCHCOO"

—-

]
OHCHCOO"

Figure 1.8 - Oxidation of tartaric acid to produce radical ions [109].

The free radical nature of the reaction is unquestioned because of the aqueous solutions,
however, kinetic analysis determined a high propagation rate and low termination rates,
enabling a very high current efficiency and polymer conversion. The low termination rate
was explained in terms of the complex form of the monoradicals and possibly by
interaction between the free radical ends. For instance, the radical might be stabilised
the close proximity of a hydroxyl group on a neighbouring radical, or in, a more extreme
case resonance between the two structures could prevent them from taking part in
termination reactions. .

Balasubramanian and Mahadevan [102] electropolymerised AM in solutions of cobaltous
perchlorate, cobalt nitrate and cobalt chloride in DMF and DMSO. Donor-acceptor
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complexes were formed in the anode compartment leading to free radical polymerisation.

Only nitrate and perchloride salts of Co(II) were found to be effective. This is possibl

because the strongly electro-negative chloride ion inhibits the complexation of AM/Co(II)
The rate of reaction was found to be faster in DMSO than DMF, this might be because
this solvent more easily co-ordinates with AM/Co(II) complexes than DMF. A kinetic
analysis confirmed that both free and complexed monomers take part in the
polymerisation reaction.

Funt and Yu [95] conducted an extensive kinetic analysis of anodically, free radical
polymerised PMMA. A homogeneous medium was used, that is one in which both the
monomer and polymer were soluble. Several solvents were considered but dimethyl
sulphoxide (DMSO) and dimethylformamide (DMF) were chosen for their ability to
dissolve the monomer and polymer and allow sufficient ionisation of a salt. The choice
of salt was then restricted by choice of solvent, the most suitable were found to be
acetates in particular zinc acetate, in another example of Kolbe's electrolysis [95].

Pistoia et al. [110] formed high molecular weight PAN at the anode by a free radical
method in sulphuric acid solutions. AN is soluble and PAN is insoluble in this

electrolyte, making it easily recoverable from the solution by filtration. A divided cel
was used and the monomer was only added to the anodic side. Previous workers,
Vasiliu [136] attribute the free radicals to be OH"* ions, whereas HSO4"* radicals were
proposed by Tsvetkov [137]. The later theory seems to be more probable in this system,
because of the relatively high concentration of sulphuric acid (approximately 6M). This
was also verified by attempting ECP in a variety of OH" or HSO4" bearing solutions.
There was a marked post polymerisation effect. Kinetic analysis substantiated the free
radical mechanism and this was also indicated by the fact that the molecular weights
increased with temperature [110].
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Bhadani and Prasad were the first to investigate the electrolysis of A M in aqueous
solutions of NaN03 [138]. A polymer gel formed in the anode compartment, this was

initially indicated by increased viscosity of the solution, which continued to increase wi
passage of current until gelation occurred when polymer conversion was greater than
40%. Upon drying, the rubber like gel became hard and glassy and was insoluble in all
the common solvents, indicating a crosslinked network structure. The gel formation was
only observed with nitrate salts (either NaN03 or (CH3)4NN03 ) in water. The
mechanism of polymerisation would be free radical because ionic polymerisations are
inhibited by aqueous solutions. The anolyte became increasingly acidic in the pre-

electrolysis stage indicting that the nitrate ions are interacting with water to form nitr
acid HN03. The polymerisation might then be caused by nitrate free radicals or by
chemical interaction with the acid, the exact mechanism however was not established.

Galvanostatic electropolymerisation of AM at high current densities (> 20 mA/cm2) in an
aqueous nitrate medium was more recently carried out by Otero and Cantero [139] at
platinum wire anodes. It was found that polymerisation occurs in two stages, initial
polymer gel formation with very high molecular weight was followed by the formation of
soluble polymeric products. These two products were the result of competitive oxidation
reactions of water, monomer and nitrate ions, which occurred at different stages of the
electropolymerisation due to changing electrode potentials. Otero et al. have also
published several papers on the electro-oxidative polymerisation of AM (and the copolymerisation of AM with AA [97]) at activated iridium electrodes (AIE) in aqueous
solutions. In most cases NaN03 was used as the electrolyte [90, 96, 97, 140], however,
[90] also investigated the use of H2S04. In these experiments the polymerisation occurs
in the vicinity of metallic anodes in an aqueous medium. Anodic polarisation of metals

causes the growth of thick oxide layers and the use of activated electrodes aims to contro
the size and species of the metal oxide layers prior to ECP reactions[90]. At higher

potentials, the polymerisation proceeds to the point of gelation, this was also observed a
lower potentials if the temperature was increased [90]. Post polymerisation was also
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observed and attributed to the presence of a chemical polymerisation process after the
current flow was stopped [96].

The feasibility of using ECP techniques to produce crosslinked AM hydrogels was
demonstrated in work by Otero et al. [141] and more recently by Yildiz et al. [142]. N o n
soluble crosslinked co-polymers of A M with M B A M were formed at platinum [141] and
silver anodes [142] from aqueous nitrate [141] or a m m o n i u m persulphate [142]
solutions.

1.6.1.3 Simultaneous Mechanisms

Simultaneous cathodic anionic and anodic free radical polymerisations of AM have been
observed on a number of occasions in D M F [82, 84, 114] and acetonitrile [75]. Bhadani
et al. used N a N 0 3

[82], perchlorate ions [84] and zinc nitrate or chloride [114] as

electrolytes in D M F , whereas Samal and Nayak [75] used tetrabutyl a m m o n i u m
perchlorate in acetonitrile.

The mechanisms of polymerisation were confirmed by current voltage relationships [82,
84, 114], free radical scavenger experiments [75, 82, 84], kinetic studies, molecular
weight relationships, and co-polymerisation studies with M M A [84]. In some cases, the
molecular structures of the anodic and cathodic polymers further confirmed the proposed
mechanisms, the anodic polymer being P A M , whereas the cathodic polymer exhibited a
poly amide structure [75, 82].

The proposed free radical mechanisms involved the oxidation of nitrate ions [82, 114],
chloride ions [114] or perchlorate ions [75, 84] at the anode to produce free radical
initiating species.
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1.6.1.4 Anionic Mechanisms

A substantial amount of work has been published on the anionic electroinitiated
polymerisation of AN to form polymer within the electrolyte [40, 65, 66, 68-71, 76, 88,
143, 144]. Anionic mechanisms require a non protonated environment and as such these
methods are not particularly relevant to the present study, in which only aqueous
electrolytes were used. However, the use of anionic polymerisation techniques to form
PAN coatings on the cathode have also been published widely and there is much to be
gained by reviewing this section of the literature. Therefore only anionic mechanisms

which result in film formation on the cathode are discussed in detail in the next sectio

1.6.2 Acrylic ECP to form Coatings

1.6.2.1 Early Work to Produce Poly Vinyl Coatings by ECP

The earliest systematic study of ECP to produce surface coatings was undertaken by
Asahara and his co-workers at Tokyo University in 1968-1969. Coatings on the surface
of steel [145] and aluminium [146] were reported by the electroinitiated polymerisation
a variety of monomers, including a number of acrylics. Various salts were used as
electrolytes (NaC104, McKee's salt (tetra-ethyl-ammonium p-toluene sulphonate) and
KN03) with or without the use of certain solvents (DMF, methanol and
methylethylketone). The formation of poly(AN) [146] and poly (MMA) [146] films on
various metals were also studied in some detail.

Subramanian and co-workers have made considerable contributions to the field of
polymer film formation by ECP methods. Their first significant work on metallic
electrodes was published in 1976 [53], this was followed by a more comprehensive study
in 1978 [54]. Polymers from various monomers including, AN, AA, ST, N-methlolacrylamide, MMA, GMA, copolymers of ST with maleic anhydride, and copolymers of
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methacrylic acid ( M A A ) with A M or M B A M were formed on a variety of metallic
electrodes, for instance, copper, aluminium and steel. The experimental procedure
generally used a divided cell, under nitrogen, and even though potentiostatic methods
were employed, no reference electrodes were used. The effect of polymer solubility,
potential, current density, monomer concentration, time, and solvent on the morphology,
adhesion and thicknesses of coatings was recorded. All the coatings observed were
formed on the cathode except those formed form phenyl glycidyl ether and GMA.
Although this review provided invaluable information on the ECP behaviour of a wide

range of monomers in a wide range of solutions and at various electrode surfaces, it mus
be considered preliminary in nature. Because such a diverse range of systems were
observed, a detailed kinetic and mechanistic analysis of each was not possible.

Tidswell and Mortimer [147] studied a range of vinyl monomers in an attempt to produce
in situ polymer films on tinplate cathodes for use in the can lacquering industry. This
included methacrylonitrile (MAN), AN, ST, MA, MMA, AA, MAA, DAA, N,N'dimethyl amino ethyl methacrylate plus various mixed monomer systems. Both aqueous
and organic solvents were used with various electrolytes at constant current densities.
was found that good quality films were only formed with AN and MAN in DMF based
solutions, at low monomer conversions by an anionic mechanism. The highest rate of
film formation occurred when McKee's salt was used as the electrolyte. Physical
properties, such as adherence, scratch resistance, flexibility and resistance to acids,
alkalis and common solvents of the films produced were measured. Whilst the AN/MAN
system in DMF was studied in some detail (as described in Section 1.6.2.4) their
performance was insufficient to be considered as alternative approach to the lacquering
food and beverage cans.

Although most workers restrict their discussions and experimental work to either vinyl
type or aryl type polymers Sekine et al. [10] investigated a selection of both.
Electrochemical polymerisation to produce films based on aryl type polymers, including
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poly (phenylene oxide), polyaniline, polyxylene and polythiophene and vinyl type
polymers such as PAN, PAA, poly (2-vinyl pyridine) and PAM were carried out on steel
electrodes. A selection of aqueous and organic based electrolytes were used. The
corrosion resistance of various coatings were subsequently tested by electrochemical
polarisation curves and impedance spectroscopy. It was generally found that electrooxidation of aryl type monomers resulted in incomplete, porous, thin films, where as the
electroreduction of vinyl type monomers resulted in more compact, complete, thicker

films. This was attributed to the competitive corrosion reaction of the steel anode durin
electro-oxidation. The most promising system was based upon poly (2-vinyl pyridine)
which was investigated in some detail.

Subramanian et al. also conducted extensive experimental reviews on the use of ECP to
produce coatings on graphite fibres followed by subsequent mechanical testing of carbon
fibre composites produced from these coated fibres [12-14, 48]. A variety of monomers
with different functional groups were investigated including AA, AN, e-caprolactam,
MMA, MA, ST, vinyl acetate, MBAM, and GMA, also some copolymers and
crosslinked systems were investigated. The presence of the polymers was determined by
weight increase, electron microscopy and infrared spectroscopy. The effect of these
coated fibres on the mechanical properties of carbon fibre composites subsequently
produced is discussed in Section 1.6.3.2.b.
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1.6.2.2 Cathodic Free Radical Coatings

1.6.2.2.a On Metals

Ehrig and Kundel [148] and Bogenscheutz [149] formed coatings of poly (DAA) on
various metallic cathodes. In the same year Sobieski and Zerner produced copolymer
coatings of AM and MBAM from aqueous zinc chloride solutions containing traces of
copper chloride [150]. Cathodic electropolymerisation of DAA from sulphuric acid
electrolytes to form coatings on stainless steel and aluminium cathodes has also been

described by Mahalingam et al. [151]. The patent literature contains examples of coatin
obtained by ECP based on DAA and related monomers [152-154]

Collins and Thomas produced coherent crosslinked PAM coatings on steel cathodes by
electrolysing aqueous zinc chloride solutions containing AM and a crosslinking agent
MBAM [101]. Previous workers on the same system [150] proposed that the
polymerisation occurred through a mechanism involving oxygen. This was disputed by
Collins and Thomas [101] because electrolysis was carried out in a system purged with
nitrogen. A mechanism was proposed which involves the complexation of the monomer
with zinc cations. A free radical mechanism was confirmed by kinetic analysis. A

detailed examination of the possible complex formation and structure enabled the autho
to conclude that complexation occurs between the AM monomer and ZnOH+ species.
The most probable structure of the complex is shown in Figure 1.9.
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Figure 1.9 - Proposed structure of complex formed between AM and ZnOH+, [101]
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In an aqueous system, when electrochemical polymerisation occurs at the cathode, a
mechanism involving the reduction of hydrogen ions must be considered. It was

established that protons may cause a small degree of initiation but that this was much

effective than the zinc species. The system only forms effective coatings if an amount

crosslinker MBAM was included in the solution. If the crosslinker was not present, then

the polymer formed does not form as a coating but migrates into solution as a 'gelatin
mass'.

In similar work, Kolzunova et al. [103] produced polymer coatings on metallic cathodes
from aqueous acid solutions of N-methylol-acrylamide. Coatings formed in the acid
solutions were proposed to be initiated by the reduction of hydrogen. Sometimes, zinc
chloride was added to the solution in which case, polymerisation was proposed to
proceed through radicals generated by the reduction of a zinc-monomer complex.

Co-polymers of AM, AN and MBAM were formed as coatings on aluminium alloy
cathodes from an aqueous potassium persulphate electrolyte by Lee and Bell [49, 64].
This study was undertaken to assess the possible use of ECP processes to produce

alternative adhesion promotion/corrosion inhibiting layers on aluminium and it's alloy
Copolymers of AM, AN and MBAM, were selected because AM should provide strong
adhesion to the alloy substrate, AN would improve the hardness of the polymer and
reduce swelling by solvents and MBAM was added as a crosslinker in order to make the
polymer coating insoluble in the aqueous electrolyte. Cyclic voltammetry demonstrated
that no direct reduction of the monomers occurred, but that the persulphate was easily
reduced to form radicals species capable of initiating polymerisation. A free radical
mechanism was also supported by the observation that polymerisation stops completely
after the addition of small amounts of benzoquinone. The coatings formed were brittle
and under went some shrinkage and cracking upon drying. Thermal analysis of the

copolymers showed that the glass transition temperature (Tg) was higher than for eithe
AN or AM alone, indicating some amount of crosslinking by MBAM [49].

57

Subsequent work involved a detailed kinetic analysis [64], it was found that the rate of
polymerisation was dependant upon the persulphate concentration. Dependence on the
initiator concentration is not normally the case and was attributed to the difficult mobility
of the large persulphate ions through the polymer coatings to the electrode. The coatings
formed were in the order of 10's of microns thick, diffusion studies showed that they
were still relatively porous even at that thickness, but they were brittle and cracked upon
drying.

More recently Bell et al. [155, 156] have published work on new electrochemical
initiators with reduction potentials lower than that of water for use in aqueous cathodic
electropolymerisation to form films on metals. Using cathodic potentials lower than that
required for the reduction of water would eliminate m u c h of the complications arising
from the formation of hydrogen gas, for example, a low initiation efficiency owing to
recombinations of hydrogen radicals (when these are the primary initiating species) and
disruption of film growth on electrode surface due to gas evolution. With this aim in
mind, poly (2-methacryloyloxy(ethyl) acetoacetate) coatings were formed on aluminium
using a-bromoisobutyronitrile as the initiator [155], and A N / M A copolymer coatings
were produced on steel using 4-methyl benzenediazonium tetra fluoroborate as the
initiator [156].

Coatings on metallic cathodes (aluminium, nickel, copper, stainless steel and steel) were
produced from copolymers of A N and A A (using a m o n o m e r feed of 8 0 % A N and 2 0 %
A A ) by Teng et al. [3]. Initially polymerisation of A N alone was tried in D M F with
sodium nitrate ( N a N 0 3 ) [53, 54], similar to previous workers, [65, 144]. Thick, dark
yellow, non uniform, poorly adhered films were formed which dissolved easily in water.
In an attempt to overcome some of these properties, the A N was electropolymerised in
aqueous sulphuric acid sometimes as pure P A N and sometimes as a copolymer of A N
and A A [3, 54]. The polymerisation mechanism was proposed to occur through the
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production of hydrogen radicals at the cathode. Generally thin, white, uniform,
adhesive, water insoluble films were formed. The copolymer coatings were thicker than
the PAN coatings, as a consequence these coatings were found to be more corrosion
resistant. The good adhesion of the films formed from sulphuric acid was not attributed
to the polar force between the nitrile group and metal oxides, but rather to the polar
of the aqueous solution, (in contrast to DMF), enabling sufficient wetting of the metal
surface. On the other hand, hydrogen evolution during film formation disrupts film
growth to some extent and thinner films were formed in water than in DMF [3,54].

Depending upon the metal type and electrolysis condition the coatings were either
uniform, or incoherent and porous, and the thickness depended mainly upon the

electrolysis potential. Corrosion tests determined that uniform films increased corrosi
resistance, whilst porous films accelerated the corrosion of the underlying metal.
Increased thickness of the films caused increased corrosion resistance. Generally the
coatings formed on nickel and copper were more uniform than those on the other metals.
This was attributed to a higher hydrogen overvoltage meaning that less hydrogen gas was

evolved from the metal surface and therefore there was less disruption during the growt
of the polymer film.

The effect of varying the monomer feed ratios was also studied, [4]. If the AA ratio was

high, initial polymerisation rates were slower due to an increased volume of hydrogen g
evolution at the cathode, however the morphology of the coatings was smoother. In
contrast, when the ratio of AN was high, the morphology of the coatings was grainy, the
thickest and most dense coating appears to form at a ratio of 50:50%. No explanation of

the morphological changes is offered but work by Bell et al. [92] attributes such chang
to solvation effects, which would correlate well with these findings, since PAA is a
soluble polymer and PAN is not.
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Subsequent kinetic analysis of P A N film formation [119] found that the overall rate of
polymerisation a function of the monomer concentration and was also dependant upon the
hydrogen overvoltage of the metal substrates. The polymer yield did not change
significantly with changes in H+ concentrations. This indicated a low efficiency in the
number of hydrogen radicals actually adding to monomer units and initiating
polymerisation compared to the formation of hydrogen gas. The molecular weights
measured by intrinsic viscosity methods were found to be independent of monomer

concentration, current density and reaction time in spite of the film thickness changing
with these parameters. No explanation was offered for this observation.

1.6.2.2.b On Graphite

Early investigations into the possible use of ECP to coat carbon fibres for use in polym
carbon fibre composites was conducted by Subramanian and Jakubowski [13, 14], who
considered a variety of acrylic monomers and by MacCallum and MacKerron who did
considerable work with both AM [59] and MMA [58]. Subramanian [13, 14] coated
graphite fibre cathodes with DAA from a 0.1 N H2S04 solution. The polymer was
observed to be grafted to the fibre surface after 120 hours of continuous solvent
extraction. The mechanism of polymerisation was not discussed.

MacCallum and MacKerron [59] reported the production of PAM coatings on carbon
fibre cathodes from various aqueous electrolytes. Successful electrolytes for producing
polymer coatings were in order of decreasing efficiency, HCI, H2S04, HN03,
trifluoroacetate (CF3COOH), acrylic acid (H2C=CHCOOH), and acetic acid
(CH3COOH). Others were investigated, which did not produce cathodic coatings and
some of those mentioned above also produced anodic coatings. It was generally found

that efficient stirring of the solutions encouraged more consistent coatings. The system
which was examined most extensively in this work was that of AM, using AA as the
electrolyte, resulting in copolymer formation. The most probable reaction mechanism
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was the reduction of hydrogen to form free radicals at the cathode. Persistence of the
polymer on the surface of the fibres after solvent extraction was taken as evidence of
chemical bonding. Initially polymer only formed on the surface of the cathode, but if
electrolysis was continued for long periods of time, polymer formed in the anode

compartment and in the bulk of the catholyte. It was observed that a short electrolysis
time may produce better coatings, before the polymer formed on the electrode diffuses
into the bulk solution.

MacCallum and MacKerron [58] also reported a procedure for producing very thick
PMMA coatings on graphite fibre cathodes from an aqueous sulphuric acid electrolyte,

(after 4 hours at 15 mA, polymer weighing almost one and a half times the weight of the
carbon fibre was produced). Some evidence of chemical bonding to the fibre surface was

shown by persistence of the coatings on the fibre surface after extraction by a solvent
PMMA has been formed before by electrochemical polymerisation in aqueous sulphuric
acid, however this is usually in the bulk of the electrolyte (see Section 1.6.1.1.a),
MacCallum and MacKerron propose that PMMA forms as a coating in this situation
simply because carbon is used as the cathode. This theory was not tested, and is
debatable since undesirable coatings of PMMA were formed on cathodes from aqueous
sulphuric acid solutions in early work by Dineen et al. [115]. NMR confirmed the
coatings on the graphite were PMMA and also showed an amount of stereo regularity.
Polymer was also formed in both the catholyte and anolyte solutions and some post
polymerisation occurred. Because polymerisation takes place in a system containing
small amounts of water, ionic mechanisms of polymerisation must be disregarded.
However, a linear increase in molecular weight with time was observed. This is

definitely not a typical indication of free radical polymerisation, because more radic
would be produced over time, resulting in increased termination reactions and shorter

chain lengths. Since it was noted that increased H2S04 concentration also increased the
molecular weight, it was proposed that the H2S04 molecules co-ordinate themselves with
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the ends of the macro-radical chains in such a way as to permit propagation but retard free
radical termination, Figure 1.10.

HM* + H2S04 -> HM*...H2S04 (activemonomer)

HM* ...H2S04+ M -> R*H2S04 (active chain)

Figure 1.10 - Complexation of chain ends with sulphuric acid molecules [58].

Very little has been published on the use of ECP to produce coatings of PAA in aqueous
solutions, because of the high solubility of PAA in water. Generally PAA coatings can
only be formed if crosslinking agents are introduced to make them insoluble [54] or
when AA is used to produce co-polymers with other acrylics, [59]' [3, 4], as described
previously. An interesting approach was taken by Reinhard, Mersiowsky and Rammelt,
[157] who electrolysed solutions of AA, propanetriol, triethanolamine (salt), copper
acetate and hydrogen peroxide (initiator) in water. Copper acetate was included as an
adhesion promoter. The electrolysis polymerised AA to form a gel-like film on steel
cathodes, swelled with propanetriol. This film was subsequently heated to 200°C, IR
spectroscopy, radiochemical and elemental analysis all showed that the PAA was

esterified by propanetriol during curing to form uniform, transparent, adherent coatings.
Impedance measurements demonstrated the barrier properties of these films, which
decreased after repeated exposure to condensed water at 40°C.

Bell et al. investigated the ECP of AN and MA to form copolymer coatings on graphite
fibre cathodes for potential applications in adhesive pretreatments for carbon fibre
composites [92]. These monomers were chosen because a copolymer from a glassy and

a rubbery polymer offer the possibility of controlling the elastic modulus through the fe
ratios. Differential thermal analysis measurements suggested random copolymer
formation, owing to a single Tg which changed in proportion to the feed ratios. A
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quantitative analysis of IR peaks established a linear relationship between the blend of
monomers used and the co-polymer composition. A free radical mechanism was
proposed, because cyclic voltammetry demonstrated that the reduction of the monomers

occurred at higher cathodic potentials than both the electrolyte and solvent. The prop
mechanism was the reduction of hydrogen, which also accounts for the low

polymerisation efficiency due to the competitive evolution of hydrogen gas. A calculat

of the co-polymer composition based on free radical kinetics was also found to correla
well with the observed co-polymer composition. Electron microscope images of the PAN

coatings appeared grainy, this was attributed to the fact that PAN tends to be crystal
and because of it's low solubility in the solution. As more MA was added, the coatings

became consistently smoother, this was attributed to the different solubility paramete
MA. This paper [92] also looks at the morphology of electropolymerised coatings made
from copolymers of AN and glycidyl acrylate (GA), AA, AM and MAA. Changes in

morphology between the coatings was attributed to different solubility and wettability
parameters.

The ECP of GA to coat carbon fibres has also been investigated by Bell et al. [16, 17,
91]. It has been shown that the use of this monomers, which contains both epoxide and

acrylic functionalities, can improve interfacial bonding between graphite fibres on on
hand and an epoxy based matrix on the other. This was demonstrated in a significant
publication by Bell and Rhee in 1988 [16], where co-polymers with no epoxide
functionalities were produced from AN/MA mixtures and compared to co-polymers
produced from GA/MA mixtures and as well as coatings produced from 100% GA.
Uniform, thin (up to 0.4 urn) coatings were formed on graphite fibre cathodes by ECP,
from dilute sulphuric acid solutions under galvanostatic conditions. Thermal analysis
demonstrated that they were all random co-polymers exhibiting a single Tg. The GA

containing coatings were partially crosslinked, which was attributed to opening of the
epoxy rings during ECP. This has in fact been confirmed by comparing Fourier
transform infrared (FTIR) spectra of electropolymerised poly (glycidyl acrylate) PGA
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coatings and solution polymerised P G A [50]. The only difference between the two
spectras was a broad peak near 3300 cm"1 for the electropolymerised sample, indicating
the presence of hydroxyl functional groups. These would be generated during the

electropolymerisation reaction by the opening of epoxy rings, which is enhanced in acidi
solutions.

The Tg of GA/MA co-polymers was always below room temperature, resulting in ductile,
tough coatings [16]. The morphology of the AN/MA coatings was very smooth, whilst
that of PGA was a peculiar 'honeycomb cell like' structure. Co-polymers of GA/MA had
an intermediate appearance. The coated fibres were impregnated into an epoxy matrix
(diglycidyl ether bisphenol A type epoxy resin). Subsequent testing of impact strength
and interlaminar shear strength demonstrated a simultaneous improvement in both when
the GA containing polymers were used. This is discussed in more detail in Section
1.6.3.2.b.

The mechanism of polymerisation was revisited in later work by Bell et al., in both a
stationary cell [91] and a flow through cell [50]. Cyclic voltammetry of GA/MA
solutions in H2S04 and of H2S04 alone, demonstrated that the acid was the only species
reduced in the potential range used [17, 50]. Hence, a polymerisation mechanism based
on the reduction of hydrogen was proposed. This was substantiated by kinetic analysis

in the early stages of the polymerisation, which also indicated a free radical mechanism
The kinetics did however begin to vary away from free radical behaviour as the coating
thickness increased and the role of diffusion became more important. A study of the
weight gain as a function of current, at different electrolysis times, demonstrated a
complex relationship, due to competitive reaction of hydrogen radicals recombining to
form hydrogen gas, instead of initiating polymer chains [50]. Interestingly the

concentration of acid had little effect upon the weight of polymer coating formed [17, 5
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Bell et al. [86, 158, 159] also reported the production of P A M coatings on graphite
fibres, for possible use as a pretreatment in reinforced polymer composites. An
electropolymerisation method, utilising a three chamber cell, an electrolyte of

sulphuric acid and stainless steel anodes to deposit highly adhesive PAM coating

graphite fibre cathodes is described by Bell et al. [158]. The PAM was found to h

small amount of crosslinking or chain stiffening by a measured increase in glass

temperature. This could be due to cyclization or crosslinking of the side chains
shown in Figures 1.11 and 1.12.
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Figure 1.11 - Cyclization of A M side chains [86].
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Figure 1.12 - Crosslinking of A M side chains [86].

Based on measured kinetic data, a model of hydrogen free radical polymerisation was
proposed. In later work, Bell et al. [86] discussed the proposed kinetic model

polymerisation mechanism in some detail. Further characterisation of PAM coatin

produced by this technique on graphite fibres was conducted by Iroh et al, [160]

Coatings produced from electrolytes of dilute sulphuric acid and from electroly

higher concentrations of acid, plus acetone or 2-propanol were compared. The co

produced from alcohol free solutions were more difficult to characterise, becau

lower solubility (this was attributed to a higher molecular weight). However, th
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also more easily crosslinked. This was attributed to the reaction of interchain/intra chain
imide functional groups after curing at 200°C. FTIR before and after heating samples to
197°C, produced both with and without propanol, showed obvious elimination of water
and excess alcohol, as well as thermal polymerisation of unreacted monomers and
crosslinking through imide linkages. The morphology of the coatings was followed
closely by scanning electron microscopy (SEM), in all cases an "open and folded chain
structure" was observed which would still allow permeation of monomer to the electrode
surface during film growth. This would explain the continuous increase in thickness and
weight with time of electrolysis. It was observed that the polymer originates as globules
on ridges of the individualfibreswhich then spread to a continuous coverage.

Following on from this work with AM, Bell et al. investigated the possibility
depositing entire polymer matrices onto the surface of carbon fibres, which were
subsequently compression moulded to form composite samples. In this work, highly
crosslinked polymer networks were required and as such copolymers of 2- or 4carboxyphenyl methacrylamide (2- or 4- C P M - A M ) with either M M A

or N-

phenylmaleimide (NPMI) [159], were investigated. The structures of 2- and 4- C P M A M are shown in Figure 1.13.

CH3

CR,
CH2—C
CR

C

c=o
C=0

O

N — C=0
CH,

2CPM-AM 4CPM-AM
Figure 1.13 - The structures of 2- and 4- carboxyphenyl methacrylamide [159].
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These monomers both contain amide (-CONH) and carboxyl (-COOH) groups capable of
forming crosslinks at elevated temperatures through imide formation [161]. All the
copolymers formed had glass transition temperatures of greater than 200°C, due to the
stiff side groups. From diffusion studies it was possible to optimise the amount of

solvent swelling in the film and therefore increase polymerisation rate and film thickn
The polymerisation kinetics and growth mechanisms were studied in detail.

In subsequent work, various thermal analysis techniques were used to characterise the c
polymers [19]. Even though up to 60% of the amide groups reacted in imidization in the
2CPM-AM polymers, compared to only 40% in the 4CPM-AM polymers the amount of
crosslinking and network formation in the same samples was found to be only 20% in the
2CPM polymers and as high as 60% in the 4CPM-AM polymers. This is explained by
the structure of the monomers, imidization of the 2CPM-AM homo and co-polymers has
a lower activation energy because of the closer proximity of the amide and acid groups

the molecule, but this also means that the imidization is primarily intra molecular (wi

the molecule) resulting in only a small degree of network crosslinking and therefore on
a slight increase in Tg. Imidization of the 4CPM-AM homo and co-polymers on the other
hand would be primarily intermolecular, resulting in a crosslinked network, this was
evidenced by the increase in Tg after heating. Composite samples were prepared by
compression moulding of the thickly coated fibres. The Izod impact strength of 4-CPMAM/MMA composites after heating to 280°C (to enable crosslinking) was higher than that
in a typical epoxy composite, and the shear strength was also very comparable. Similar
results were obtained for the 4-CPM-AM/NPMI composites.

Discontinuous current electropolymerisation of AM has been studied by this group in
work by Iroh and Labes [113] and is interesting to compare to the work of Ogumi et. al.

[132], who investigated pulsed current electrolysis of AM in aqueous acetate solutions a

platinum anodes. The polymer yields (and rate of polymerisation) at short pulse lengths
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were found to be very similar to the yields in continuous current experiments, which
correlates to Ogumi's work [132]. With increasing pulse length however the polymer

yield decreased, this is because during long 'current off pulses' the radical concentratio
decays. When short pulses are used the radical concentration stays close to a constant
value. Post polymerisation occurs for a significant amount time after the current was
turned off. Although the occurrence of post electropolymerisation was investigated at
some length in this paper and significant weight gains were observed up to 40 minutes
after the current ceases (typically 25% but up to 400% weight gain was observed when 2propanol was added to the solution), no explanation for this behaviour was offered. The
lifetime of the monomer radicals cannot account for this behaviour since they were
estimated at about 5 seconds. Compared to the work by Iroh and Labes [113], Ogumi et
al. [132] used very short pulse lengths, about 3 ms compared to 1-300 seconds, this
would explain why they observed the rate of polymerisation and molecular weight to be
independent of the current pulse length. Also the lifetime of the radicals were estimated
be shorter than in Iroh's work.
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1.6.2.3 Anodic Free Radical Coatings on Metals

Thick PAM layers were formed on the surface of platinum anodes in a divided cell
containing DMF and NaN03 as electrolyte [85]. This work by Otero and Marijuan is
consistent with observations by Bhadani and Prasad [82, 138], in that insoluble polymers
were formed in the anode compartment in DMF/NaN03 solutions, however the previous
workers did not observe coating formation. Otero and Marijuan [85] used galvanostatic
conditions and coating formation occurred in several stages, as different oxidation
reactions became dominant at the anode, however the oxidation of nitrates to form
radicals was proposed to dominate the initiation reaction. The polymerisation was
confirmed to be free radical by a study of reaction kinetics, the inhibitory effects of
hydroquinone and the presence of very small amounts of water. There was a pronounced
auto acceleration effect which caused the polymer to deposit on the anode as it became

insoluble in the electrolyte. Work by Bhadani et al. [82] must not have proceeded to this
stage since no coating was obtained. It was suggested by Otero [85] that the increased

viscosity of the solution at this stage inhibited termination reactions and accounted for
accelerated polymer yields. Eventually the rate of conversion became constant at about
35%, because a dense, white coating formed over the entire surface of the anode,
hindering further polymerisation in solution. However the current flow continued due to
ionic conduction of the layer. If the current was maintained, the layer did not become

thicker, but nitrate radical transfers within the layer resulted in a cross linked struct
with much better mechanical properties. This system was also studied in more detail by
Otero and Garcia [98] with regard to induction periods and post polymerisation.
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1.6.2.4 Anionic Coatings on metals

Bezuglyi and Korshikov et al. [162] obtained poorly adhered PMMA and PST films on
steel cathodes by electrolysis of solutions of the corresponding monomers in DMF in an
undivided cell. Through the use of inhibitors and copolymer formation the
polymerisation mechanism was established to be mainly anionic.

Funt and Gray [55] investigated the anionic copolymerisation of ST and MMA in DMF
using tetra butyl ammonium tetrafluoroborate as the electrolyte. The ST composition in
the copolymer was nearly equal to that in the feed which is significantly different to
copolymers formed by conventional anionic polymerisation. One of several reasons
proposed for this was that the ST monomer was adsorbed on the electrode surface,
enhancing it's incorporation into the copolymer. This same system was studied by
Yamazaki et al. in 1975 [56], who found by gel permeation chromatography (GPC)
analysis that the cathode initiated copolymer was in fact a mixture of high and low
molecular weight copolymers. The composition of the former was rich in MMA similar
to conventionally anionically polymerised copolymer. The latter, with the anomalously
high ST content, was assumed to be produced on the cathode surface by an anionic
process involving preferential adsorption of ST. This was confirmed by capacitance
measurements of the electrode and sequential analysis of the copolymer.

Anionic polymerisation of AM to produce polymeric coatings on cathodes was
investigated by Hacioglu and Akbulut [83] in solutions of acetonitriletetrabutylammonium fluoroborate in DMF. The ionic nature of the reaction was

confirmed by reduction potential measurements, the fact that free radical inhibitors ha
effect, the polymerisation rate decreased as the reaction temperature increased, and
because the polymer structure was observed to be poly-6-alanine by IR spectroscopy.
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Anionic E C P of A N and M A N to form coatings on metals have been well documented.

The first real interest in using ECP to obtain PAN coatings on a variety of metals, and

indeed one of the first observations of obtaining vinyl polymer coatings was conducted
by Asahara et al. in 1969 [146]. These were formed from ST or benzene solutions or
from pure AN solution, copolymers of AN and various monomers were also deposited

on steel electrodes [43]. Well covering coatings of PAN on iron electrodes were report
by Bruno et al. in 1975 [163], from solutions of tetra butylammonium perchlorate
(TBAP) in methylene chloride. It was found that the adhesion improved when
copolymers of AN and vinylidene chloride were produced. In a similar manner Collins
and Thomas [67] formed coatings of PAN on metallic cathodes using quaternary
ammonium and quaternary phosphonium salts without a solvent.

Among other acrylic monomers Mengoli and Tidswell [2] investigated coating formation

on metallic cathodes of MAN from solutions of tetra-butyl-ammonium perchlorate salts i
DMF. The polymerisation was perceived to proceeded anionically, because free radical
inhibitors had no effect and a small amount of water dramatically reduced the
polymerisation rate. Even though DMF is a good solvent for PMAN, it was found that
DMF was a suitable medium for coating formation. It was proposed that the PMAN
remained insoluble for the short time required for the coating to form. The coatings
formed solely from PMAN were reasonably hard, but poorly adhered. This was
overcome by making copolymers from MAN and isobutyl methacrylate (iBMA).

A range of vinyl monomers was studied by Tidswell and Mortimer in 1981 [57, 147], in

an attempt to produce polymer coatings on tin plate cathodes for applications in the c

lacquering industry. A range of electrolytes in both organic and aqueous solutions wer
investigated, but it was found that homogeneous film formation occurred only in the
electrolysis of AN and MAN in DMF solutions using sodium nitrate or McKee's salt via

an anionic mechanism [147]. The fact that the majority of the polymer formed as coatin
on the cathodes sets this work apart from previous work on the anionic polymerisation

71
A N in D M F solutions containing N a N 0 3 or McKee's salt [144]. This was attributed to

possible adsorption of the propagating ions or monomer species on the electrode. In fact,
differential capacitance measurements demonstrated that there may be some adsorption of
the monomers at potentials were they would be electroactive in NaN03 solutions,
however no adsorption of the polymer was detected [57]. Subramanian et al. [53] also
reported the formation of PAN coatings on aluminium cathodes from DMF/NaN03
solutions.

Highly adhesive, homogeneous films of PAN have been formed on nickel cathodes by
Lecayon and co-workers. [164, 165]. Thin films (-10 nm) were formed by electrolysis

at a nickel cathode for very short time periods (typically 50 ms) at -2.8 V with respect
Ag/AgCI reference electrode. The electrolyte used was tetra-ethyl ammonium perchlorate
in acetonitrile [165]. Heat treatment of these films at 200°C caused denitrogenation,
which makes the valence structure more graphite like (pyrolization), therefore allowing
the electrical conductivity to increase [165]. Denitrogenation at the relatively low

temperature of 200°C indicated a very well packed, ordered coating, possibly because the
PAN chains are oriented mainly perpendicular to the substrate [164, 166].

Interfacial aspects of the PAN molecules on the surface of nickel [51, 52] and copper
[167] electrodes, during ECP processes were studied in detail by this group. Theoretical

calculations and modelling of molecular interactions at the interface [51] and the use o
various spectroscopic techniques, most notably, Auger and XPS (X-ray photoelectron

spectroscopy) [52, 167] indicated that the metallic oxides on the electrode surface were
reduced to expose metallic sites, which were subsequently 'grafted' to PAN molecules
during the ECP procedure. Direct evidence of a chemical bond between
electropolymerised PMAN on a nickel substrate was confirmed by the Cis
photoemission during XPS studies [60]. A plausible model of the carbon-nickel interface
for adsorbed PMAN molecules was proposed by Bureau et al. [61]. Chemical bonding
between the Ni 3d states of an electrode and the C 2p states of an electropolymerised
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P A N coating were also subsequently reported in an X P S study of an electropolymerised
PAN film on nickel . These interactions were significantly absent when a dip coated
PAN coating on nickel was examined [62].

Chemical grafting of PMAN and PAN films on nickel electrodes was also indicated by
impedance spectroscopy measurements [168]. This method cannot identify the difference
between physical and chemical grafting, so purely chemical grafting was only
approximated after physical bonds were dissolved away in suitable solvents. When the

nickel was cleaned by removal of oxides in a pre-electrolysis step, the grafting percent
of electropolymerised PAN was increased considerably.

The mechanism by which these chemical bonds form has been subject to much
speculation. Initially a mechanism involving chemisorption of polarised monomers at
exposed metallic sites, followed by polymerisation was proposed. Polarised AN

molecules in the double layer near the cathode surface would orientate the electrophilic
end of the molecule towards the negatively charged electrode. It is possible that a
chemical bond could form between the metal cathode and the "degenerate empty orbital"
of the polarised vinylic bond. In which case, the monomer would be adsorbed in the
form of an anion radical, capable of reacting further with AN monomer molecules which
are similarly polarised [51, 169, 170].

Further studies with PMAN [171, 172], however indicated that the chemical bond
formation resulting in grafted polymers did not always occur. Under some circumstances
soluble polymeric products were formed in preference to insoluble grafted films. At
higher monomer concentration and/or lower cathodic potentials this product precipitated
on the electrode, forming a coating that was insoluble in common solvents and strongly
bound to the electrode. This indicates that the grafting mechanism could occur after
polymerisation and is not necessarily essential to the initiation of polymerisation, as
previously proposed. From these results it was suggested that the reduction of monomer
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within the electrolyte leading to the formation of radical anions capable of undergoing
classical anionic polymerisation, through dimerisation [68], is more dominant as the
cathodic potential is increased. Under certain conditions (of monomer concentration and

current density) the polymer formed in solution will begin to precipitate on the electrodes
But, it is proposed that a small proportion of the radical anions do not dimerise, keeping
their radical character at one end. It is then possible that chemical bonds with the metal
can be formed through these active extremities resulting in a proportion of insoluble
polymeric coating [172].

An alternative explanation was offered by Mertens et al. [63, 173]. These workers also
observed the chemical grafting of PAN films formed by ECP on nickel cathodes and the
appearance of two separate polymerisation processes, the first occurring at lower cathodic
potentials resulting in grafted polymer and the second occurring at higher cathodic

potentials resulting in ungrafted polymer. Mertens et al. suggest that partial reduction of
AN molecules leading to chemisorbed radical anions which propagate via a free radical
mechanism at low field intensities could explain the formation of grafted films. Whilst in

stronger electric fields full charge transfer can occur, resulting in anionic polymerisatio
to produce ungrafted polymer [173]. Dynamic mechanical thermal analysis, (DMTA)
indicates that the morphology of these two types of PAN are different, reflecting two
different polymerisation mechanisms [174]. The electro-grafted polymer is essentially
amorphous and isotactic, whilst the ungrafted polymer is atactic and paracrystalline.
Thermal analysis showed a decrease in isotacticity as the film thickness increased. This
gives consistency to the proposed adsorption step of AN molecules at the polarised
electrode resulting in stereoregular polymerisation [174]-

Subsequent work by Lecayon et al. using a rotating disc electrode [175], electrochemical
quartz crystal microbalance and cyclic voltammetry [176], also confirmed that grafting
occurs directly on the surface of the electrode, rather than by a precipitation mechanism
after polymerisation in solution. These results are in agreement with the mechanism
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proposed by Mertens et al. [173]. Joint experimental and theoretical studies using A N
and ethyl acrylate on Ni cathodes [177], and AN on Cu(lOQ) cathodes [178], found that
competitive adsorption of monomer and solvent occurred on the electrode before any
cathodic potential was applied. Subsequent reduction of these adsorbed monomers
would initiate polymerisation leading to the formation of grafted polymers.

Competitive adsorption at the electrode surface was found to be dependant upon the
relative polarities of the monomer and solvent [179], and also on the relative electron
acceptor/donor abilities of the two [180]. When adsorption of the monomer and solvent
was very competitive (i.e. either was as likely to be adsorbed) then increased monomer
concentration was found to increase the amount of monomer adsorption.

Adsorption of methacrylates (MAN [171, 172] and MMA [180, 181]) leading to grafted
polymers has also been observed, however this process was found to be less efficient,

when compared to the grafting ability of acrylics (AN or ethyl acrylate), resulting in s
soluble polymer embedded in grafted chains [171,172,180,181]. This was attributed to

the presence of substituents of the double bond decreasing the electron acceptor capabil
of the monomer [180, 181].

The formation of two separate types of PAN during ECP was also observed in
independent studies by Reicha [182]. ECP was carried out galvanostatically at platinum
electrodes using concentrated monomer (1.5 M) solutions, in DMF containing 0.05 M
tetra methyl ammonium bromide as the electrolyte. PAN formed as a coating on the

cathode and also in the bulk of the electrolyte. The coating was found to be insoluble i
common solvents of PAN, and denser than normal reported values, X-ray diffraction
studies also demonstrate a partially crystalline structure. The polymer produced in
solution, on the other hand, was soluble in common solvents and less dense than the
PAN coating. X-ray diffraction showed a mostly amorphous structure. Colour changes
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with increasing current density indicated an increasing proportion of cyclization, this was
also confirmed by a measured increase in conductivity with increasing current density.

1.6.3 Properties of Acrylic ECP Coatings

From the review of relevant literature, it became clear that a number of factors might
influence the adhesion of the polymer films to the electrode and their subsequent
performance as tie layers. These are discussed in more detail below.

1.6.3.1 Morphology

The morphology of acrylic polymers formed by ECP can vary greatly from thick, grainy
or spongy coatings through to thinner, smooth planar coatings, sometimes the coatings
are also swollen with solvent. The morphology is a result of the specific
monomer/solvent/electrolyte combination used, and also depends upon the characteristics
of the electrode material [13, 53, 54].

The most important factors appear to be the solubility of the polymer in the electrolyte a

it's wetting characteristics. Soluble polymers generally form thin, planar coatings, whilst
insoluble ones form thicker, powdery, spongy coatings [2-4, 15, 53, 54, 168].
Subramanian et al. [53, 54] also observed that the current drop for spongy films was less
than for more planar films, indicating a more porous nature, these ultimately formed
thicker coatings. The substrate material can also play an important role in determining
coating morphology, metallic electrodes were often observed to produce grainy polymeric
coatings, this was attributed to the polycrystallinity of the metal substrates, and non
uniform release of electrons [53, 54]. The hydrogen overvoltage of different metallic
electrodes was also believed to be responsible for the differences in PAN coating
appearances produced from aqueous acidic electrolytes [3].
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1.6.3.2 Adhesion

1.6.3.2.a Adsorption and Stereoregularity

Aside from the direct evidence of primary bond formation in the anionic polymerisation
PMAN [60, 61] and PAN [62, 63] on nickel anodes, there has also been ample indirect
evidence of the adsorption of electrochemically polymerised acrylics on metallic and
graphite electrodes, by differential capacitance measurements [55-57], and solubility
studies [13, 48, 58, 59]. These were all discussed previously. Another indication that

the monomers are preferentially adsorbed on the electrode surface would the formation o
stereo regular polymers due to the preferred orientation with which the monomer might
approach the electrode.

An early observation of isotacticity in polymer films formed by ECP was recorded by
Bogenscheutz [149] when poly (DAA) films formed on metallic electrodes exhibited a
crystalline X-ray diffraction pattern upon subsequent annealing. Subramanian and
Jakubowski [13] found that there was a greater proportion of isotactic orientations in
PMMA formed as a coating as compared to PMMA formed in solution by ECP
techniques. NMR showed a degree of stereo regularity in PMMA coatings formed on
graphite electrodes in work by MacCallum and MacKerron [58]. Lecayon et al. [164166] observed denitrogenation of PAN films grown on nickel cathodes at much lower
temperatures than usual, indicating a very well ordered microstructure. Dynamic
mechanical thermal analysis (DMTA) [174] and X-ray diffraction studies [182], of PAN
formed in a similar manner also demonstrated a partially crystalline structure.

In the experimental reviews of vinyl ECP to form coatings by Subramanian et al. on
metals [53, 54] and graphite [13, 48], it was found that the water based systems
produced much more adherent films than organic based systems. This was attributed the
increased ability of a monomer to be adsorbed onto the electrode surface from aqueous
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solutions in comparison to organic solutions, because vinyl monomers have low surface
tension and their adsorption is encouraged when they are dissolved in solutions of high
surface tension (such as water).

1.6.3.,2.b Measured Adhesive Performance of Acrylic ECP Tie Layers

There is limited published data on mechanically measured adhesion performance of

acrylic ECP tie layers. The work which has been published is only in regard to the use of
tie layers in carbon fibre composites. The results of these tests are summarised below.

Subramanian et al. used ECP coated fibres as prepegs in the preparation of graphite
fibre/epoxy matrix composites. The ECP layers affected the interfacial properties of the
composites, measured by interlaminar shear and impact strengths [13, 14]. This effect
varied depending upon the type of monomer used, apparently reflecting the chemical and
structural properties of the polymeric interphase. In general, the impact strengths were
better than those of composites formed from commercially pretreated fibres, whilst the
results for the interlaminar shear strengths were more varied. In some cases (notably
polyacrylic acid and poly (DAA) it was found to be greater than that of a composite
formed from unpretreated fibres, but in others, (PMMA and ST/AM copolymers) it was
much lower. Even so, in cases where an improvement was measured, the shear strengths
were lower than composites made from commercially pretreated fibres. The mechanical
properties measured were also dependant on a number of other variables including,

solvent and electrolysis time, fibre content and post polymerisation annealing treatments
[12, 14]. In subsequent work, a trifunctional, aliphatic monomer with aziridinyl groups
was used to produce polymer tie layers. A simultaneous increase in both impact and

shear strengths was measured, this exceptional result was attributed to the ability of th
aziridinyl groups to react with -COOH and -OH groups on the graphite surface. The
trifunctional, nature of the monomer means that it would also be expected to form a
highly crosslinked polymer, even so, the aliphatic segments would impart a degree of
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flexibility. This combination of chemical bonding, crosslinking and flexibility would
account for the simultaneous increase in shear and impact strengths [13].

Subramanian published a review article in 1980 [48], which compared the ECP of
monomers with the electrodeposition of polymers for use as interphase polymers in
carbon fibre/epoxy composites. The influence on impact, interlaminar shear and flexural
strengths were summarised and compared to composites produced from commercially

treated and untreated fibres. Commercial pretreatments generally increase the interlamina
shear strength at the expense of the impact strengths. Introduction of an interphase by
either method mentioned above caused an improvement in the composite properties, the

extent of this improvement was dependant upon the nature of the interphase, in particular
the molecular weight and degree of crosslinking. It was proposed that ECP would be the

best route, since initial wetting of the carbon by monomer rather than polymer might lead

to better adhesion. It was also suggested that polymer grafting, stereoregularity, and fi
control of the polymer properties through current flow, make ECP the better choice. This
is an excellent review of ECP work to produce coatings on carbon fibres and their
subsequent testing in composite forms undertaken by Subramanian and co-workers up to
the 1980's .

Bell et al. [19] have reported mechanical testing of poly (carboxy-phenyl-methacrylamide
(CPM-AM) matrices/graphite fibre composites, prepared from thickly coated ECP
prepegs. (See Section 1.6.2.2.b, for more details on the ECP method). The Izod impact
strength of an electropolymerised 4-CPM-AM/MMA composite after heating to 280°C (to
enable crosslinking) was higher than that in a typical composite, and the shear strength
was very comparable to the typical composite Similar results were obtained for the 4CPM-AM/NPMI composites.

In early studies by Bell et al. [15] using acrylic (AN/MA copolymer) tie layers,

incorporation into epoxy matrix composites, resulted in higher impact strengths and lower
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interlaminar shear strengths compared composites made from commercially treated fibres.
The increased impact strength was attributed to the ductility of this interlayer causing
modified stress field compared to the more rigid epoxy matrix. In subsequent work the
incorporation of epoxide functionalities into the acrylic tie layer by the use of PGA or
GA/MA copolymers resulted in simultaneous improvements in both impact and
interlaminar shear strengths[16]. The properties measured had a strong dependence on

the coating thickness, with the best results for impact strength occurring at 0.15 urn fo
PGA and 0.1 pm for a 1/3 GA co-polymer. In both cases the interlaminar shear strength
increased with coating thickness to approximately 14% improvement and then levelled off
at the same thickness mentioned above. The impact strength on the other hand, rapidly
decreased after the optimum thickness was exceeded. A possible explanation for this
behaviour was put forward in later work [17]. When the ECP layers were very thin,
fully developed crack tip regions were not easily formed due to the constraints of the
graphite and epoxy matrix, thereby lowering the energy absorption prior to failure. When
the thickness was greater than the optimum, however the fracture toughness of the matrix
becomes limited by the low fracture toughness of the PGA layers.

In a review of work by this group [17], the uniformity of the electropolymerised GA/MA
co-polymers was shown by repeated TGA weight loss measurements. Also, electron
microscopy revealed that failure of the AN/MA co-polymers occurred at the ECP

layer/epoxy matrix interface, whilst the failure occurred at the graphite fibre/ECP layer
interface when GA/MA co-polymers were used. This indicates that the more reactive
PGA layer causes failure at the fibre/ECP interface because of increased bond strength
between the ECP layer and the epoxy matrix.
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1.7 SUMMARY AND THESIS AIMS

This literature review has demonstrated the possibility of producing adherent acrylic
coatings by ECP in a number of cases. The use of PMMA as a tie layer to improve the
adhesion of metals to organic top coats has not been investigated to date. The fact is,

there is very little literature on the production of PMMA coatings on metals at all. Thi
polymer was chosen as the main focus of the experimental work because; (i) the
monomer MMA is slightly soluble in water, (ii) PMMA is commonly used in structural
adhesives, and contains carbonyl groups (-C=0) capable of forming secondary bonds
with metallic oxides (iii) MMA is relatively non-toxic and non-polluting in dilute

quantities and (iv) it is possible to produce PMMA reductively from aqueous electrolytes
Tie layers of PMMA would be expected to increase the adhesion of metals to
cyanoacrylate (CA) adhesives through the chemical affinity of PMMA with metal oxides

and CA top coats. It was also decided at a later stage of the project to investigate the
of GA monomer to form coatings with epoxide functionalities, in an attempt to increase
the adhesion of epoxy based top coats to the metal substrates.
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CHAPTER 2 - EXPERIMENTAL

2.1 MATERIALS AND PREPARATION

2.1.1 Monomers and Chemicals

Methyl methacrylate monomer (Sigma Aldrich) was purified by washing with 5% sodium
hydroxide 3 times and thenrinsingwith distilled water 4 times. The monomer was stored
in a fridge over sodium sulphate and used within 14 days. All other chemicals including
glycidyl acrylate m o n o m e r (Polysciences) were used as supplied without further
purification.

2.1.2 Stainless Steel Electrodes

Stainless steel working electrodes, austenitic grade 316, were prepared from 0.7 mm
thick sheet cut into 12 or 30 m m diameter discs as required and polished flat to a 1 u m
finish. The polished finish was required to enable reflectance Fourier transform infrared
spectroscopy (FTIR) identification of the coatings, ellipsometric measurements and for
general microscopy. The electrodes used in the 'H-cell' were rectangular (13.75 c m 2
exposed area), in order to produce larger polymer samples for analysis. These were also
polished to a 1 p m finish following the same procedure outlined below.

2.1.2.1 Polishing Procedure - An Abramin automatic polishing machine, manufactured
by Struers was used. The discs were placed on the polishing plate using double sided
tape, a Struers polishing procedure, 'Metalog method C was followed. This involved
grinding the samples to a planefinishwith #P220 SiC paper under a force of 200 N at
300 r.p.m. using water as the lubricant. Followed by various polishing stages for
approximately 20 minutes each, under 200 N at 150 r.p.m. This polishing sequence used
a 9 m m D P Plan cloth, 6 m m D P Pan cloth, 3 m m D P M o l cloth, respectively, a water
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based lubricant was used for thefirsttwo polishing stages and a Struers alcohol based
lubricant for the third. This was followed by a final polish for 2 minutes on a 1 pm DP
Nap cloth under 150 N, 150 r.p.m. using a Struers oil based lubricant. In between each
grinding or polishing step, traces of SiC particles or diamond paste were removed by
washing with water and detergent, followed by 10 minutes immersion in an ultrasonic

cleaner containing water/detergent mixture. After the final polish, samples were cleaned
for approximately 5 minutes in the ultrasonic cleaner, and removed from the polishing
plate. They were immediately washed with detergent and water, acetone was used to
remove any trace of double sided tape and finally they were washed with ethanol and hot
air dried.

2.1.2.2 Degreasing Procedure - Each sample was numbered with a scribe on the reverse
side. Before electrolysis they were wiped with ethanol and except where specified,
cleaned for 10 minutes in an ' Ultra Violet Ozone Cleaning System', manufactured by
UVOCS Inc.

2.1.3 Reticulated Vitreous Carbon (RVC) Anodes

To increase the efficiency of the electrochemical reaction at the cathode, a large surfa
area anode was used. This was achieved by using reticulated vitreous carbon (RVC) as
the anode in all electrochemical experiments. The RVC, supplied by Energy Research
and Generation Inc. (ERG Inc.), was cut to size and used without further modification.

2.1.4 Adhesives

A cyanoacrylate (CA) based adhesive produced by Selley's, 'Selley's Supa Glue®' was
used as supplied, as were Araldite epoxy based adhesives Araldite K106® and rubber
toughened Araldite 2105® adhesive, (Ciba Specialty Chemicals).
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2.2 CYCLIC VOLTAMMETRY

2.2.1 Cyclic Voltammetry Apparatus

2.2.1.1. Working Electrode Preparation - The working electrode for cyclic voltammetry
required a small surface area to encourage diffusion controlled electrochemical reactions.
For this reason special electrodes were made up from 1.5 mm diameter stainless 316 wire
encapsulated in glass fibre reinforced teflon of 8 mm diameter. This ensured that only the
very end cross section of the wire (surface area 1.77xl0-2 cm2) was exposed to the
electrolyte. Glass fibre reinforced teflon was used because of it's superior solvent
resistance.

2.2.1.2 Cyclic Voltammetry Cell - Cyclic voltammetry was used to characterise the
electrochemical activities of the various solution constituents. Experiments were carried
out in a 60 ml capacity single cell consisting of two fitted glass pieces, the top piece had
four holes to ensure reproducible placement of electrodes and gas purge in each test. The
working electrode was stainless steel 316, exposed area 1.77xl0"2 cm2 (as described
above). A silver/silver chloride (Ag/AgCI) reference electrode saturated with NaCl was
located in close proximity to the working electrode via a Luggin's capillary. The auxiliary
electrode was reticulated vitreous carbon (RVC).
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2.2.2 Cyclic Voltammetry Procedure

Nitrogen gas was purged through the electrolyte solution for 10 minutes before every
cyclic voltammetry experiment. Immediately before the current was applied, the gas

outlet was raised just above the solution in order to provide a nitrogen atmosphere in th
vicinity of the solution during experiments. Potentials were cycled between 0 V and the
required lower potential at a rate of 100 mV/sec. by means of a MacLab Potentiostat and
the current response recorded through a MacLab digital data acquisition unit operated
through EChem software, manufactured by A.D. Instruments. The working electrode
was agitated between sweeps to prevent build up of hydrogen gas. The stainless steel
working electrode was polished clean before each cyclic voltammogram using 0.3 pm
alumina powder on a Metaserv Metron polishing cloth.
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2.3 ELECTROPOLYMERISATION

2.3.1 Electropolymerisation Apparatus

Two electrochemical cells were used for potentiostatic coating experiments. The standard
coating cell, shown in Figure 2.1, and a H-cell with larger stainless steel cathodes,
shown in Figure 2.2. The ratio of (working electrode electroactive area):(auxiliary
electrode electroactive area) were the same in each cell as was the ratio between the
working electrode electroactive area and the total cell capacity. This was to ensure that, as
far as possible, the polymers produced in each cell under the same conditions were
comparable. Both of these cells were designed to ensure reproducible electrochemical
conditions between coatings.

The standard coating cell, was divided into 35 ml cathode and 25 ml anode compartments
by a glass frit of medium porosity. The circular working electrodes were clamped into
the cathode side of the cell, exposing a constant area of 1 c m 2 or 5.725 c m 2 as required,
by means of an O' ring. The Ag/AgCI reference electrode was secured in close proximity
to the working electrode by means of a Luggin's capillary. The constant volume R V C
auxiliary electrode, (immersed volume 2.4 c m 3 ) , was secured in the anode side of the
cell. This cell was used to produce coatings under various electrochemical and solution
conditions.

The H-cell, was divided by a glass frit of medium porosity, into 70 ml cathode and 75 ml
anode compartments. The working electrodes were rectangular plates, the front side was
polished to a 1 p m polished finish and the reverse side was masked with adhesive. These
were clamped into the cathode side of the cell, exposing a constant area of 13.75 cm 2 .
The Ag/AgCI reference electrode was secured in close proximity to the working electrode
by means of a Luggin's capillary. The constant volume (5.78 c m 3 ) R V C auxiliary
electrode was secured in the anode side of the cell. This cell was only used to

86

reference
electrode

vitreous
carbon
auxiliary
electrode

glass reinforced teflon

working electrode

copper cathode
connection
square 'o' ring

electrolyte

Figure 2.1 - Standard Coating Cell
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Figure 2.2 - H-cell used for making large polymer samples for analysis
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produce bulk polymer samples required for various polymer characterisation techniques.

It was required because the coatings produced in the standard coating cell were typically
very thin and less than 1 mg in weight, whereas 4-6 mg of polymer could typically be
obtained from these larger electrodes. Analysis of samples produced in the H-cell was
carried out after physical removal of the polymers from the electrode.

2.3.2 Electropolymerisation Procedure

2.3.2.1 General Procedure - Typically 0.025 M H2SO4 was added to both sides of the
cell to be used, whilst monomer methyl methacrylate (MMA) or glycidyl acrylate (GA),
(individual or combined concentration totalling 0.1M) and initiator 0.01M K2S2O8 were
added to the catholyte only. Electropolymerisations were carried out at room
temperature. The catholyte was purged with nitrogen for 10 minutes before any current
was applied. During the electropolymerisation, nitrogen purged the air above the
electrolyte. The current was supplied by CV-27 voltammogram, manufactured by
Bioanalytical Systems, Inc., and charted by a MacLab with Chart software. At the end of
electrolysis the working electrode was removed immediately, (unless otherwise stated)
and rinsed in distilled water, before drying in an oven at 50°C.

The electropolymerisation experiments to produce coatings from the standard coating cell

can be divided into three sections, firstly, there were preliminary experiments which wer
carried out to acquire some basic knowledge of the system. Secondly, a set of
experiments were carried out in order to elucidate the optimum coating conditions, and

thirdly a set of experiments were carried out, under optimum coating conditions, in order
to elucidate the polymerisation mechanism. The procedures used in each set of
experiments are described on the following pages.
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2.3.2.La Preliminary Experiments - In these, the smaller stainless steel cathodes, of
total exposed area 1 cm2, were used and these were simply prepared by the polishing
procedure described in Section 2.1.2.1, followed by an ethanol wipe. The catholyte was
always 0.025 M H2S04, plus 0.1M MMA and 0.01M K2S208, whilst the anolyte was
0.025 M H2SO4. In all of these experiments a cathodic potential of -0.8 V was used.
This was applied directly for 30 minutes or by ramping the potential down from 0 V to
-0.8 V at 2 mV/second, prior to a holding period of 30 minutes. These experiments were

repeated several times in order to ascertain the reproducibility of the results. A set o
samples were also subjected to the ramping procedure, followed by the hold period at
-0.8 V for 30 minutes, these were not removed from the electrolyte immediately after the

current ceased, but left for various time periods before removal. All other experimental
conditions were the same as described in Section 2.3.2.1. The coating efficiency was
assessed by ellipsometric measurements. The electropolymerisation conditions for each
experiment in this set are shown in Table 2.1.

Table 2.1 - Preliminary Electropolymerisation Conditions

Sample

Ramp

Potential/

Time at

T i m e Left in the Solution

V

Potential /

after Electrolysis / minutes

No.

minutes
1 thro' 5 YES

-0.8

30

NONE

6 thro' 9 NO

-0.8

30

NONE

10

YES

-0.8

30

15

11

YES

-0.8

30

30

12

YES

-0.8

30

60

13

YES

-0.8

30

180
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2.3.2. Lb Optimisation of Coating Conditions - In this second set of experiments, the

larger stainless steel electrodes, of total exposed area 5.275 cm2 were used,

larger surface area of coating for subsequent adhesion tests. Initially a num

experiments were conducted to document the effect of the ramping procedure an
UV/Ozone cleaning step on the uniformity and thickness of the films produced
The catholyte was 0.025 M H2S04, plus 0.1M MMA and 0.01M K2S208, whilst the

anolyte was 0.025 M H2SO4 The experimental conditions are shown in Table 2.2

Table 2.2 - Effect of ramping and UV/Ozone cleaning on coating
uniformity and thickness

Sample No.

UV/Ozone

Ramp /

Cleaned *

2 mV/sec

Potential / V

Time at
Potential

14

YES

YES

-0.4

15 min

15

NO

YES

-0.4

15 min

16

YES

YES

-0.4

15 min

17

YES

NO

-0.4

18 min 26 sec**

* 10 minute exposure in the UV/Ozone cleaning oven.
** This time is the equivalent length of time required to ramp down to -0.4 V and hold for 15 minutes.

Following these experiments a series of coatings were made over a range of p

and electrolysis times. The cathodes were prepared by polishing, followed by

wipe and subsequent UV/Ozone cleaning for 10 minutes. In each case the poten

applied by an initial ramping procedure as described above. The most compreh
survey of coatings was made from catholytes containing 0.1 M MMA, however a

representative series were also produced from catholytes containing 0.1 M GA

in Table 2.3. A series of co-polymer coatings were also produced, by the sam
procedure, from solutions containing various ratios of GA:MMA at -0.3 V for

electrolysis times, these are detailed in Table 2.4. All of these coatings w

photographed, the thicknesses measured by ellipsometry and some were examine
more detail by SEM.
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Table 2.3 - Electropolymerisation Conditions

Hold Time /
minutes

2.5

5.0

7.5

10.0

15.0

30.0

Potential / V

v*

-0.2
-0.3

v*

v*

v*

-0.4

V

V

V

V*
V

V*

v*
v*
v*
v*

-0.5
-0.6
-0.7

V

(v) indicates that these coatings were made in 0.1 M M M A solutions
(*) indicates that these coatings were made in 0.1 M GA solutions

Table 2.4 - Co-monomer Studies

Hold Time

2.5 min

5.0 min

7.5 min

10.0 min

% GA
0%
10%
20%
50%

V
V
V
V

V
V
V
V

V
V
V
V

V
V
V
V

.
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2.3.2. l.c Polymerisation Mechanism Studies - Variations in the coating efficiency due to

different electrochemical conditions and electrolyte compositions were also i
The anolyte was always 0.025 M H2SO4, except in the case of sample 23, where

M Na2S04 was used instead, the catholyte contents were varied as shown in Tabl
In use of a ramping program, the end potential and the time at potential are

Table 2.5. The coating efficiency was assessed visually and in most cases doc
by photography.
Table 2.5 - Variations in catholyte and E C P conditions, conducted in
order to elucidate the polymerisation mechanism
Sample
No.

Catholyte

Ramp

Potential
/V

Time at
Potential

Control
Sample*

0.1M M M A in 0.01 M
K2S20g and 0.025 M
H 2 S0 4

YES

-0.4

18*

0.1 M M M A in 0.01 M
K 2 S 2 0 8 and 0.025 M
H 2 S0 4

NO

NONE

19*

0.1 M M M A in 0.01 M
K 2 S 2 0 8 and 0.025 M
H2SO4 + 0.01 M
hydroquinone

YES

-0.4

15 min

20*

0.1 M M M A in
0.025 M H 2 S0 4

YES

-0.4

15 min

21*

0.1 M M M A in
0.01 M K 2 S 2 0 8

YES

-0.4

15 min

22*

0.1 M M M A in 0.01 M
K 2 S 2 0 8 and 0.05 M
NaN0 3

YES

-0.4

15 min

23**

0.1 M M M A in 0.045 M
Na2S04

YES

-0.2

15 min

15 min

18 min 26 sec
***

The anolyte in each case was 0.025 M H2SO4.
** The anolyte was 0.045 M N a 2 S 0 4 .
*** This hold time was equivalent to a ramp and hold of 15 minutes.
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2.4 PHOTOGRAPHY OF COATINGS PRODUCED

The coating efficiency produced at various potentials and times was indicated by the
thickness and uniformity of the coatings. These changes were visible to the naked eye
and were documented by photography. The photographs were taken in reproducible
darkroom conditions using a standard SLR camera and black and white film, speed ASA
50. The samples were set up under lights with labels on frosted glass to minimise
shadowing. Several photos at different exposure settings were taken for each sample to
ensure good quality prints were obtained.

2.5 ANNEALING PROCEDURE

For selected samples an annealing treatment was applied to the coatings formed in the
ECP experiments. In the case of coatings produced from solutions containing MMA or a
combination of MMA and GA this annealing treatment was at 200°C in air for 10 minutes,
for coatings produced in solutions containing only GA the annealing treatment was at
100°C in air for 10 minutes. These temperatures (200 and 100°C) were chosen because
they are approximately 100°C above the Tg of PMMA and PGA respectively.
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2.6 SCANNING ELECTRON MICROSCOPE (SEM) STUDIES

A scanning electron microscope 'Stereoscan 440' was used to examine the morphology

of the electropolymerised layers before and after annealing. Normal operating condition
were under a beam voltage of 20 kV and beam current of approximately 80 micro amps.
Focusing, contrast, photography, beam alignment and astigmatism were all controlled by
means of a 'Leica Electron Optics' (LEO) operating system.

Coated electrodes were prepared for SEM by adhering to metallic stubs using double
sided carbon tape. Good electrical conductivity was ensured between the top surface
of the samples and the base of the stub, by application of conducting silver paste.
Since the coatings were non conducting, very thin layers of gold (a few atomic
layers) were sputter coated onto each sample before examination. This was achieved
in a 'Dynavac SC100M magnetron sputter coater'. The samples were placed on the
holder immediately below (~ 3 cm) the gold target in the vacuum chamber. The
chamber was pumped down and backfilled with argon to approximately 0.1
atmosphere before the gold target was subject to a sputter current of approximately 50
mA for 80 seconds.
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2.7 CHARACTERISATION

2.7.1 Chemical Characterisation by Fourier Transform Infrared (FTIR) Spectroscopy

Chemical characterisation of the electropolymerised coatings was carried out by diffuse
reflectance Fourier transform infrared spectroscopy (FTIR). This type of spectroscopy
was ideal because the films were formed on highly reflective, polished, stainless steel.
Spectra were obtained on a Bomem, Hartmann & Braun Fourier transform spectrometer
and charted with Win-Bomem software. Spectra were the summation of sixteen
individual scans in the range 4000 to 600 cnr1 at a resolution of 4 cm"1. In each case a
background spectra of bare polished stainless steel was measured immediately before and
subtracted to give the FTIR spectra of the polymer coatings.

2.7.2 Chemical Characterisation by Nuclear Magnetic Resonance (NMR) Spectroscopy

An electropolymerised sample produced from 0.1 M MMA solutions over 4 hours in the
H-cell was physically removed from the electrode for examination by nuclear magnetic
resonance (NMR). This technique was used to identify the polymer and to examine the
tacticity of the chains.

Several mg of sample were dissolved in 5 ml of deuterated chloroform. Once the
polymer was visibly dissolved, 0.7 ml of the solution was removed with a pipette
through a filter and placed in an NMR tube. Analysis for *H and

13

C nuclei were carried

out at room temperature, on the same sample using a 'Varian Unity NMR spectrometer'.
The proton spectrum was obtained at an external field frequency of 300 MHz and
recorded over a range from 0 to 10 ppm. The carbon spectrum was obtained at 75 MHz,
from 0 to 200 ppm. The

13

C spectrum required a longer acquisition time than the proton

spectrum (which was obtained within 30 minutes) and was therefore run overnight.
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2.7.3 Thermal Analysis by Differential Scanning Calorimetry (DSC)

Polymer formed from 0.1 M MMA solutions over 4 hours in the H-cell was physically
removed from the electrode and characterised by differential scanning calorimetry (DSC).

This technique identifies the glass transition and other thermal transitions of a polyme
measuring heat flow to or away from the polymer as a function of temperature.

The apparatus used was a 'Mettler TA3000 System'. An 8.6 mg sample of electropolymerised coating was weighed into the aluminium sample pan and sealed with an
aluminium lid. A hole was punched in the lid to allow gases to be released during the
heating regime. A reference pan with no contents was also sealed and punched in the
same manner. These two pans were placed in the DSC cell in specific positions above the
relevant heating coils. The chamber was sealed and purged with nitrogen for ten minutes
before the heating cycle began. The heating regime was programmed to start at 35°C and
end at 250°C, heating at a rate of 5°C per minute. During the experiment, the data
acquisition equipment was connected to a PC and the power difference required by each
pan was recorded in ASCII format as a function of temperature. When the heating cycle
was finished the chamber was purged with liquid nitrogen to enable fast cooling to room
temperature. The experiment was repeated 3 times to ensure that the results were
reproducible. The acquired data was plotted as a function of exothermic heat flow (mW)
verses temperature change.
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2.7.4 Molecular Weight Measurements by Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC), sometimes called size exclusion
chromatography, is a technique for determining the molecular weight distribution of a
polymer. Samples prepared for G P C in the H-cell, were physically removed from the
electrodes and placed in glass vials. Sometimes polymer from more than one E C P run
was combined to attain enough sample for G P C analysis. Each sample was weighed and
mixed with the appropriate volume of triply distilled tetrahydrofuran (THF) to acquire a 2
mg/2 ml solution. Samples were left for at least one hour before G P C experiments were
carried out to ensure thorough dissolution of the polymer.

Approximately 2 ml of each solution was removed from the vials with a syringe. The
syringe contained a filter to remove large solids. These samples were placed in the 'GBC
L C 1650' advanced auto injector chamber. A 200 pi quantity was taken by the auto
injector and pumped through a series of Polymer Lab (PL) G P C columns using a 'GBC
L C I 120 H P L C p u m p at a constant rate of 1 ml/min. Thefirstcolumn was a 3 p m guard
column, which acts as afiltercolumn removing any remaining solids. This was followed
by IO4, 10 3 and IO 2 A ,fixedpore size polystyrene (PST) gel columns respectively. The
rate of elution of the dissolved polymer was determined by a differential refractive index
detector. This detector compares the refractive index of the polymer solution to the
solvent contained in it's reference side.

This information was recorded by a PL data collection unit in the form of a chromatogr
of cumulative weight fraction of P M M A verses elution time. This was converted to
cumulative weight fraction of P M M A verses molecular weight, by calibration for P M M A
against a predetermined calibration curve. (The calibration curve for P M M A

was

calculated from Polymer Lab (PL) P M M A standards over the molecular weight range 200
to 745,000).
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2.7.5 Thickness Measurements by Ellipsometry

Ellipsometry can be used to measure the thickness of thin films on highly reflective, flat
surfaces. Therefore this technique was ideal for measuring the thickness of the
electropolymerised layers on polished stainless steel. The thickness of the films were
measured by comparing the difference in polarisation of incident and reflected polarised
monochromatic light. The ellipsometer determines the values of two parameters \j/ and
A.

These parameters represent the differential changes in amplitude and phase

respectively of the polarised light upon reflection from the surface. These can be
converted directly into physical parameters,filmthickness and refractive index.

The refractive index of a substrate is properly defined by a complex number, N = (n-jk).
Where the index of refraction (n), indicates the real part and the extinction coefficient (k)
indicates the imaginary part. The imaginary part indicates the amount of absorption in the
medium, therefore in a transparent medium, k-> 0, and the refractive index has only a real
component [183].

2.7.5.1 Ellipsometry Apparatus - An Auto EL ellipsometer manufactured by Rudolph
Research was used. A schematic is shown in Figure 2.3 This equipment contained a
monochromatic light source, (X = 632.8 n m , produced by a H e - N e laser) of linearly
polarised light. This light passed through a polariser and compensator to produce
elliptically polarised light which struck the sample at a fixed angle of incidence (n = 70°).
The light was reflected at the same angle through the analyser, a 632.8 n m filter and
finally onto the photodetector.
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The parameters \|/ and A could only be measured at the "null condition" when the intensity
of the reflected beam was at a minimum. T o achieve this, the compensator was fixed at
an azimuth (angle about the optical axis with respect to the plane of incidence) and the
polariser and analyser were alternately rotated about this axis until the null position was
detected by the photodetector. The Auto E L ellipsometer automatically carried out this
nulling procedure before each measurement.

The parameters \|/ and A were converted into thickness or refractive index values by the
use of an I B M computer program "Double Absorbing Films Calculations" copyright of
Rudolph Research, 1987 [184].

2.7.5.2 Ellipsometry Procedure - The ellipsometer was turned on and a standard Si/Si02
sample of known oxide thickness was placed on the sample table, the eyepiece was pulled
forward and the height of the sample table was adjusted until the red circle of light was
sharply focused. W h e n the eyepiece was pushed back in, the circle was aligned with the
cross hairs in the eyepiece. For initialisation, the compensator was pushed up out of the
light path and the ellipsometer automatically aligns the polariser and analyser to "null
position". W h e n this was achieved the compensator was pushed back into the light path
and measurements of \j/ and A could be made by pressing the " C O N T " button. The first
measurements were always m a d e on the standard silicon oxide sample, so that the
accuracy of the measurements could be checked. Each sample to be measured was placed
on to the sample table, the height and alignment were checked and \j/ and A

were

automatically measured when the ' C O N T ' button was pushed. These values were
recorded manually and fed into the computer program to give three possible thickness
values. Each measurement was repeated at least three times at different regions on the
sample to give an average thickness.
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It was not possible to measure the thickness of extremely thick layers, (above about 250
nm) because the films become more opaque and light scattering as their thickness
increased, consequently not enough light reached the photodetector

2.7.5.3 Complex Refractive Index Measurements - In order for the parameters \|/ and A to
be measured and converted into thickness values, the complex refractive index of the film
and the substrate medium must be known. Whilst the complex refractive index of PMMA

could easily be found in the literature, values for the oxide surface of austenitic stainl
steel, grade 316, could not be located, therefore these had to be measured.

The refractive index of the polymer films was taken as, n = 1.48, k = 0, based upon the
refractive index of transparent PMMA [185,186]. Since the refractive index of polymers
does not vary considerably and the effect of a small change in refractive index would be
minimal on the thickness calculations, [187], the same values were used in the case of the
poly (glycidyl acrylate) (PGA) coatings.

The complex refractive index for the stainless steel oxide substrate, austenitic grade 316
was measured by two methods. First of all it was measured directly by ellipsometry on
the bare substrate, secondly, measurements of films of polystyrene (PST) of the same
thickness were compared on silicon and stainless steel substrates, as outlined below.

Polystyrene (PST) films were produced by spin coating, see section 2.8. Two different
thicknesses were produced by using different solution concentrations, (2 wt% and 5
wt%) in toluene. These films were spun onto silicon wafers and then floated off in
water. Each film was divided into two and placed on polished stainless steel and a silicon
wafer respectively. Ellipsometric thickness measurements were then made on each.
Because the refractive index of silicon oxide was known, accurate thickness
measurements were possible on this substrate. The complex refractive index of the
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stainless steel oxide was then adjusted until the thickness correlated to that on the silicon
wafers.

The complex refractive index measured directly was, n = 2.62, k = 3.946 and that which
correlated to accurate thickness measurements of the PST, was, n = 2.70 and k = 3.80.

These were found to correlate well with n and k values for stainless steel austenitic grade
304 (with an oxide film in air) at a wavelength of 632.8 nm found in the literature, where,
n = 2.12-2.63 and k = 3.50-3.62 [188]. Therefore, the values used in calculations of
thickness were, n = 2.70 and k = 3.80.
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2.7.6 Passivation Tests

The passivating nature of the coatings before and after annealing was quantified by cyclic
voltammetry. The inhibition of oxidation and reduction of an electroactive chemical, IO"2
M potassium ferricyanide due to the passivation of the electrodes was measured.

2.7.6.7 Passivation Test Apparatus - Experiments were conducted in a single cell of
approximately 70 ml capacity, the cell design was the same as for the standard coating

cell, Figure 2.1, except that there was no dividing frit and the O'ring used on the workin
electrode exposed an area of only 1 cm2. The auxiliary and reference electrodes were the
same as described in the standard coating cell, and were placed in the same positions.

The working electrode in each case was either a blank stainless steel electrode or one tha
had been coated in the standard cell.

2.7.6.2 Passivation Test Procedure - The supporting electrolyte was 0.1 M sodium
perchlorate, IO"2 M of potassium ferricyanide was added to this solution and placed in
the electrochemical cell. Nitrogen gas was purged through the electrolyte for 10 minutes
before every experiment, immediately before the current was applied the gas outlet was
raised just above the solution. The potential was cycled between -0.6 V and +0.8 V at a
rate of 100 mV/sec by means of a MacLab Potentiostat and the current response was
recorded through a MacLab digital data acquisition unit operated through EChem
software, manufactured by A.D. Instruments.

The experiment was carried out on bare polished stainless steel electrodes followed by
selected coated electrodes. The current peak magnitudes for the reduction of potassium
ferricyanide was compared between the coated and uncoated steel and taken as an
indication of the passivating nature of the electropolymerised coatings.
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2.8 SPIN COATING

On two occasions during this study it was necessary to produce spin coated polymer
layers. The spin coating equipment was a 'Photo-Resist Spinner' produced by Headway
Research Inc.

On the first occasion it was necessary to produce PST coatings of two different
thicknesses on stainless steel. This enabled measurement of the complex refractive index
of stainless steel oxide for use in ellipsometry studies, see section 2.7.5.3. Secondly, a
spin coated P M M A layer was produced of comparable thickness and molecular weight to
the E C P P M M A layers for comparative adhesion tests, see section 2.9. T o ensure that
the spin coated layer was comparable, the P M M A standard used in the solution had a
peak molecular weight of 107,000, and after spin coating the thickness was checked by
ellipsometry to confirm a similar thickness to the E C P coated samples. The stainless steel
disc upon which the coating was spun was prepared in the same manner as the E C P
electrodes including the UV/ozone cleaning step.

The solutions used to spin coat PST were 2% and 5% by weight in toluene and the
coatings were spun at 2000 rpm. The solution used to produce the P M M A coating was
3 % by weight in toluene, and was spun at a rate of 3000 rpm.
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2.9 SOLUBILITY TESTS

The spin coated sample produced for comparable adhesion tests and an ECP coating
produced from standard MMA containing solutions (0.025 M H2S04, plus 0.1M MMA
and 0.01M K2S208) treated at -0.2 V for 15 minutes, were both annealed as described in
Section 2.5. After the adhesion testing these samples were used to compare solubilities
of the PMMA produced by these two different routes.

2.9.1 Solubility Test Procedure

The samples were immersed in THF and the thickness of the coatings were measured by
ellipsometry periodically over a total period of 150 hours. Each sample was rinsed with
fresh THF and air dried before ellipsometric measurements and then re-immersed in clean
THF until the next measurement. After total immersion time of 150 hours the samples
were ultrasonicated in fresh THF for 30 minutes and dried with N2 gas before the final
ellipsometric measurements were made. A bare polished stainless steel sample which had
been UV/Ozone cleaned was also put through this procedure at the same time as a control
sample in order to give some indication of the amount of organic contaminants picked up
from the THF during the immersion.

Finally, after this test it was observed that visible deposits of PMMA were still on the

electro-polymerised sample, this sample was subjected to a second annealing treatment at
200°C for 10 minutes in air in order to determine whether these deposits would undergo
viscous flow.

105
2.10 ADHESION TEST PROCEDURE

Adhesion of the polymer coatings to the stainless steel was assessed by a stud pull off
tensile test using an Instron 4302 tensile testing machine. Aluminium studs of 5 mm base
diameter were ground to a #P400 finish, rinsed with a degreasing solvent and soaked in
boiling water, before drying in an oven at 50°C. Details of the solvent degrease, cure
time and cure temperature for each adhesive used are shown in Table 2.6.

Table 2.6 - Various adhesives a n d cure regimes used in adhesion tests

Adhesive

Stud Degrease

Cure Time

Cure
Temperature

Araldite K106®

Acetone

24 hours

RT*

Araldite 2015®

Acetone

20 hours

40°C

Selley's Supa Glue®

Ethanol

20 hours

RT*

RT indicates room temperature, which was constant at 21°C in the laboratory.

The adhesives tested were, epoxy based Araldite K 1 0 6 ® , toughened epoxy based
Araldite 2015®, both supplied by Ciba Specialty Chemicals, and a cyanoacrylate (CA)
based adhesive Selley's Supa Glue®. The adhesive to be tested was used to adhere the
studs to the ECP coatings (either in the annealed or unannealed state). The samples were
allowed to cure under their own weight for the appropriate time and temperature, see

Table 2.6, before they were pulled apart on an Instron 4302 with a 1 kN load cell at a r
of 1 mm/min. Maximum load at failure was noted and converted to adhesion strength.

For each adhesive tested, studs were also adhered to uncoated, polished, stainless steel
compare the adhesion with the electropolymerised coatings. Each adhesion test on ECP
coated electrodes was repeated three times and tests on uncoated stainless steel were
repeated at least five times to obtain mean values. Spin coated PMMA layers were also
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tested (see section 2.8), to compare the adhesion behaviour to E C P P M M A layers. These
were tested with Selley's Supa Glue® both before and after annealing.

2.11 FRACTURE SURFACE EXAMINATION

Each fracture surface after adhesion testing was examined by optical microscopy in order
to elucidate the mechanism of failure. There were a total of 5 possible fracture surfaces,
the stainless steel interface, cohesive failure within the ECP layer, the ECP interface,
cohesive failure within the adhesive or the aluminium interface, see Figure 2.4. Optical

microscopy was used to estimate the proportion of area attributed to each of these fracture
surfaces. This was repeated for each fracture surface and the results for each sample
were compiled into fractional failure mode charts as shown in the results section.

Aluminium Stud

Al interface
E C P interface
Adhesive cohesive
SS interface

3

E C P cohesive

Stainless Steel Substrate

Figure 2.4 - A schematic of thefivepossible failure modes on the fracture surface after
the stud pull off adhesion test.

Three types of microscope were used. For low magnification work, the whole fracture
area could be studied using a 'Nikon Optiphot' optical microscope with a 2.5x objective
and 2.5x eyepiece to give total magnification of 5x. Alternatively the whole fracture
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surface was examined and photographed using an optical Stereo microscope. Higher
magnification studies were conducted on a 'Leica DMR' optical microscope, with an

objective lens of 2.5x and eyepiece lens of 5x or 20x to give total magnification of 12
or 50x.
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CHAPTER 3 - RESULTS

3.1 CYCLIC VOLTAMMETRY

The cyclic voltammograms (CVs) obtained in various solutions are shown in Figures 3.13.9. All measurements were conducted using the apparatus and procedure previously
described in Section 2.2, at a sweep rate of 100 mV/s. The first CV, Figure 3.1,

obtained in 0.025 M sulphuric acid, demonstrates a marked current response starting at
-0.5 V with a peak current flow of approximately -1.0 mA, at -1.2 V. Below this
potential the current response becomes noisy.
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Figure 3.1 - Cyclic voltammogram obtained in 0.025 M H 2 S 0 4
(scan rate 100 mV/s).
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The cyclic voltammogram obtained from a 0.01 M solution of potassium persulphate is
shown in Figure 3.2. The current increases slowly as the potential becomes more
negative, peaking at approximately -0.7 V with a magnitude of 7.5 pA. This is much
lower than the currents observed in the acid solution.
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Figure 3.2 - Cyclic voltammogram obtained in 0.01 M K 2 S 2 0 8
(scan rate 100 mV/s).
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Cyclic voltammograms obtained in a solution containing both 0.025 M H 2 S 0 4 and 0.01
M K2S208 demonstrate a single reduction peak at approximately -1.1 V, Figure 3.3.
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E(V)

Figure 3.3 - Cyclic voltammogram obtained in a solution of
0.025 M H 2 S 0 4 and 0.01 M K 2 S 2 0 8
(scan rate 100 mV/s).
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In a solution containing 0.025 M H 2 S 0 4 and 0.1 M methyl methacrylate ( M M A ) , Figure

3.4, a peak in the reduction current occurs at about -1.2 V, and no peak is observe
the reverse scan. The magnitude of the peak current does not appear to change with
successive scans.
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-0.4

Figure 3.4 - Cyclic voltammogram obtained in a solution of
0.025 M H 2 S 0 4 and 0.1 M M M A
(scan rate 100 mV/s).
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In a solution containing 0.01 M K 2 S 2 0 8 and 0.1 M M M A , a single reduction peak is
observed at approximately -0.7 V, Figure 3.5. The response becomes progressively
smaller with successive scans. It also moves to more negative potentials as the
experiment proceeds, until the 20th scan indicates a peak at about -0.9 V.
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-20
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Figure 3.5 - Cyclic voltammogram obtained in a solution of
0.01 M K2S208 and 0.1 M MMA
(scan rate 100 mV/s).
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In a solution containing both 0.025 M H 2 S 0 4 and 0.01 M K 2 S 2 0 8 with 0.1M M M A ,
Figure 3.6, there is a single reduction peak at just over -1.0 V. This peak moves to
negative potentials and lower current magnitudes very slowly over consecutive scans.
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-0.4

-0.8
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-1.2
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-1.2

-0.8
E(V)

-0.4

Figure 3.6 - Cyclic voltammogram obtained in a solution of
0.025 M H 2 S 0 4 plus 0.01 M K 2 S 2 0 8 and 0.1 M M M A
(scan rate 100 mV/s).
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The monomer glycidyl acrylate (GA) was also studied in the same solutions. The C V of
0.1 M GA in 0.025 M sulphuric acid is shown in Figure 3.7. There is a peak reduction

current at approximately -1.2 V, this is very similar to the response observed for 0.
MMA in 0.025 M acid solution, Figure 3.4. The peak magnitude decreases slightly with
consecutive scans.
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Figure 3.7 - Cyclic voltammogram obtained in a solution of
0.025 M H 2 S 0 4 and 0.1 M G A
(scan rate 100 mV/s).

115

In a 0.01 M potassium persulphate solution containing 0.1 M G A , there is a peak
reduction current at approximately -0.75 V, Figure 3.8, which decreases in magnitude

with successive scans. The peak position however remains relatively constant throughou
the experiment.
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Figure 3.8 - Cyclic voltammogram obtained in a solution of
0.01 M K 2 S 2 0 8 and 0.1 M G A
(scan rate 100 mV/s).
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In a solution containing 0.01 M G A , 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 , Figure 3.9,
there is an extremely strong reduction peak at approximately -1.0 V. Upon successive
scans this rapidly decreases in magnitude and splits into two separate peaks, at
approximately -0.9 V and -1.1 V respectively. The magnitudes of these two peaks
continue to rapidly decline throughout the experiment.

-1.6

-1.2

-0.8
E(V)

-0.4

Figure 3.9 - Cyclic voltammogram obtained in a solution of
0.025 M H 2 S 0 4 plus 0.01 M K 2 S 2 0 8 and 0.1 M G A
(scan rate 100 mV/s).
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3.2 ELECTROPOLYMERISATION

3.2.1 Preliminary Experiments

The experimental conditions for these preliminary experiments are described in Section
2.3.2.1.a and Table 2.1. Coatings were produced from solutions containing 0.025 M
H2S04, plus 0.01M K2S208 and 0.1 M MMA, the thickness of these coatings were
measured by ellipsometry, as shown in Figure 3.10. Each coating was produced at -0.8
V, this potential was chosen because it was close to the combined reduction peak of
H2S04 and K2S208 measured by cyclic voltammetry (Figures 3.6 and 3.9). Samples 1
to 5 were produced by ramping the potential down from 0 to -0.8 V at -2 mV/sec, prior
to a holding period of 30 minutes at -0.8 V. Samples 6 to 9 were simply held at -0.8 V
for 30 minutes, and samples 10 to 13 were ramped down to -0.8 V at -2 mV/sec,
followed by a holding period at -0.8 V for 30 minutes. For samples 10 to 13 the current

was switched off after 30 minutes but they were held in the solutions for the various '
electrolysis times' shown.

Comparing the thickness of samples 1 to 5 and 6 to 9, it is obvious that the ramping

procedure results in consistently thicker films than when no ramping procedure was used

Comparing the thickness of samples 1 to 5 and 10 to 13, it is also evident that the coa

thickness continues to increase, in some cases doubling, if the samples were left in the

solution after the current was switched off. This increase, however, was not found to be
linearly related to the 'post electrolysis time'.
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Figure 3.10 - Ellipsometric thickness measurements of coatings produced in preliminary
experiments, each value is an average of at least three measurements and
the error bars indicate one standard deviation.
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3.2.2 Optimisation of Coating Conditions

3.2.2.1 Effect of Ramping and UV/Ozone Cleaning

The electrode condition was found to have a significant effect on the formation
reproducible, uniform polymer coatings. Initially experiments were conducted on
polished stainless steel electrodes that were wiped with ethanol to remove oils and grease.
However, this preparation was not stringent enough to ensure reproducible results.
Therefore, a preparation step involving the use of an "ultra violet ozone (UV/Ozone)
cleaning system"

was incorporated. This cleaning procedure removes organic

contaminants, therefore making the electrode more wettable by the organic species in the
electrolyte solution. A number of experiments were conducted to document the effect of
the ramping procedure and the UV/Ozone cleaning step on the uniformity and thickness
of thefilmsproduced at -0.4 V. The experimental conditions and coating appearance are
shown in Table 3.1.

Table 3.1 Effect of ramping and UV/Ozone cleaning on coating appearance

Sample No.

14
15

UV/Ozone

Ramp /

Cleaned *

2 mV/sec

Coating Appearance

YES

YES

white, hazy, opaque, very uniform

NO

YES

white, patchy and non-uniform, thinner
parts appear to be peeling

16
17

YES

YES

white, hazy, opaque, very uniform

YES

NO

white, hazy, uniform, top layers peeled
off in waterrinseleaving a very uniform
underlayer

10 minute exposure in the UV/Ozone cleaning oven.
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3.2.2.La UV/Ozone Cleaning

Samples 14 and 15 were produced to compare coatings formed when the electrode was
not UV/Ozone precleaned, the ramping procedure was used in each case. When the

samples were removed form the cell, rinsed and dried, the most significant difference wa
the coverage and uniformity of the coatings. These were examined in more detail by
SEM. It was found that sample 14 which was UV/Ozone pretreated had a reasonably
uniform coating over the entire exposed surface of the electrode, Figure 3.11.

Figure 3.11 - S E M micrograph of coating formed at -0.4 V, 15 minutes, with
10 minute UV/Ozone pretreatment.

On the other hand sample 15 which was not pretreated had a very patchy coating, thick i
some places and almost nonexistent in others, Figures 3.12 and 3.13. There was also an

extensive amount of peeling, to expose the stainless steel, this appears as black patch
Figure 3.12.

1Z1

Figure 3.12 - S E M micrograph of coating formed at -0.4 V, 15 minutes, without a 10
minute UV/Ozone pretreatment.
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Figure 3.13 - S E M micrograph of coating formed at -0.4 V, 15 minutes, without a 10
minute UV/Ozone pretreatment.
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3.2.2.Lb Ramping Procedure

The appearance of samples 16 and 17, Table 3.1, was not vastly different, except that th
sample which was not ramped lost a substantial portion of the deposited film during the
water rinse. This was however not uncommon when thicker films were formed even
when a ramping procedure was used. At the potential of -0.4 V then it must be concluded
that the use of a ramping procedure does not significantly effect the appearance of the
deposited films. In preliminary experiments however, it was quite obvious that the
amount of coating formed was much higher when a ramping procedure was used. These
preliminary experiments used a much higher cathodic potential (-0.8 V) compared to the
present cases (-0.4 V).

The effect of the ramping procedure on the current traces is demonstrated in Figures 3.1
and 3.15. In Figure 3.14 the potential was turned on at -0.4 V and held for 18.25
minutes, however in Figure 3.15 the potential was ramped down slowly to -0.4 V and
then held for 15 minutes (the ramp and hold time equated to a total of 18.25 minutes).
Both these samples were subjected to a UV/Ozone cleaning pretreatment. It can be seen
that the current behaviour is vastly different between these two samples. In both cases
is important to note that even though the current decays to a low value it continues to
throughout the treatments.

Integrating the current curves in Figures 3.14 and 3.15 gives the total charge passed as
mA.s or 10-3 Coulombs (C), (this is indicated by the shaded regions). For no ramping,
Figure 3.14, the total charge passed was calculated to be 122 xl0~3 C, however, when
the potential was ramped, Figure 3.15, the total charge passed was calculated to be 224
xlO"3 C. Thus considerably more reaction occurs during the ramp and subsequent

potentiostatic treatment than in the simple potentiostatic treatment. This behaviour was
found to be typical when the experiments were repeated.
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Due to the obvious effect on the amount of coating formed at more extreme potentials and
the increased amount of charge passed, it was decided that a ramping program should be
used in all subsequent experiments to ensure maximum coating efficiency over the range
of potentials to be investigated

3.2.2.2 Effect of Potential and Time

The coatings discussed in subsequent work were all UV/Ozone cleaned and the potential
applied with an initial ramp, unless otherwise stated.

3.2.2.2.a General Observations

During the electropolymerisations, the cathodes became covered with a white, opaque
coating. No precipitates were observed in the solution, with one exception, when the

electrolysis at -0.4 V was carried out for 16 hours, in the H-cell, to produce a sample fo
GPC analysis. The pH of the catholyte was found to be 1.5 initially and remained
unchanged after a 10 minute electrolysis at -0.3 V. However the anolyte pH increased
from 1.4 to 2.7 after the same treatment.
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time (mins)
Figure 3.14 - Current decay for sample held at -0.4 V for 15 mins in a solution
containing 0.025 M H 2 S 0 4 , plus 0.01M K 2 S 2 0 8 and 0.1 M M M A .
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Figure 3.15- Current decay for sample ramped (at -2 mV/s) from 0 to -0.4 V
and held at -0.4 V for 15 mins in a solution containing
0.025 M H 2 S 0 4 , plus 0.01M K 2 S 2 0 g and 0.1 M M M A . .
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3.2.2.2.b Current Traces

Several examples of recorded current traces at different applied potentials for the
electrolyte, 0.01M K2S208 in 0.025 M H2S04 containing 0.1 M MMA are shown in
Figure 3.16. It can be seen that the magnitude of the current increases as the applied
potential increases.
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Figure 3.16 - Typical current-time curves for electropolymerisations in
0.025 M H 2 S 0 4 , 0.01 M K 2 S 2 0 8 and 0.1 M M M A , at various potentials for 15 minutes
including an initial ramp from 0 V to the specified potential at -2 mV/s.
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3.2.2.2.C Coating Appearance (Effect of Time and Potential)

After the samples were removed, rinsed and dried, very uniform, thin coatings were
observed for shorter electropolymerisation times and thicker, less uniform coatings were
observed after longer times (greater than 10 minutes). The coatings obtained from
solutions of 0.1M MMA in 0.01 M K2S208 and 0.025 M H2S04 appeared hazy and light
diffusing, with loose, powdery top coats, covering a well adhered, smooth underlayer.

From visual examination a change in coating thickness and morphology was observed as
the applied potential was varied, Figure 3.17. These experiments were repeated four
times in order to ascertain the reproducibility of the coating appearance. At low

magnitudes of applied potential (-0.2 V) the coatings had a very thick, opaque, white top
layer, some of this top layer peeled off during the water rinse to reveal an extremely
uniform, thin, hazy layer. As the potential magnitude increases, the amount and apparent

thickness of this top coat decreases and becomes powdery in texture, easily rinsed off in
the water rinse. At -0.3 V and -0.4 V very uniform homogeneous coatings were formed
with a small amount of top coat. At potentials -0.5 V to -0.7 V the top coat is only
present as a fine powder and the under coat progressively becomes less uniform in
thickness and coverage.

Generally coatings produced at -0.3 and -0.4 V were the most uniform, therefore these
potentials were chosen for a detailed study of polymerisation time. The change in

thickness and appearance of the coatings with electrolysis time can be observed in Figur
3.18 and 3.19 which show coatings formed at -0.3 and -0.4 V respectively. These

electropolymerisation conditions were repeated at least twice, as shown in the figures, t

ascertain the reproducibility of the coating appearance. In both cases, the coatings were
relatively uniform and complete even down to the 2.5 minute electro-polymerisation.
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Coatings obtained from solutions containing the same electrolytes and 0.1 M G A instead
of MMA, also exhibited the same trends as shown in Figures 3.20 and 3.21. However
these coatings appeared smoother, less powdery and generally more transparent than

those formed from the MMA solutions. Unfortunately, time restrictions of this project
prevented the repeat of these electropolymerisation conditions to establish the
reproducibility of the coating appearance.

Figure 3.17 - Samples coated at various potentials with an initial ramp, for 15 minutes,
catholyte 0.1 M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 , four repeats at each
potential are shown.
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2.5 min.
5.0 min
7.5 min.
•

•

o

10.0 min.
15.0 min.

Figure 3.18 - Samples coated at -0.3 V for various times, with an initial ramp, catholyte
0.1 M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
three repeats at each time are shown.
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Figure 3.19 - Samples coated at -0.4 V for various times, with an initial ramp, catholyte
0.1 M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
two repeats at each time are shown.
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Figure 3.20 - Samples coated at various potentials, with an initial ramp, for 15 minutes,
(catholyte 0.1 M G A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ) .

Figure 3.21 - Samples coated at -0.3 V, with an initial ramp, for various times,
(catholyte 0.1 M G A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ) .
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Coatings were also produced from solutions containing a mixture of M M A and G A . The

total concentration of monomer was always 0.1 M but the proportion of GA compared t
MMA was 10, 20 or 50%.

The appearance of the coatings formed from these solutions at various electrolysis

-0.3 V, are shown in Figure 3.22. Once again the increase in thickness with electro

time is evident. The coatings produced from the 10 and 20% solutions appear very mu
like the coatings produced in 100% MMA solutions. However, in the 50% GA solution,

the coating efficiency is reduced and very thin, patchy coatings were observed, eve
10 minutes.

Figure 3.22 - Samples coated at -0.3 V, with an initial ramp, for various times
(catholyte 0.1 M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
0.09 M M M A + 0.01 M G A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
0.08 M M M A +0.02 M G A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 and
0.05 M M M A + 0.05 M G A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 )
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3.2.3 Microstructural Examination

The coatings produced from (0.1 M MMA in 0.01 M K2S208 and 0.025 M H2S04)
solutions were examined in detail by scanning electron microscopy (SEM). The

transition in coating morphology with electrolysis time (at -0.4 V) is shown by a series
micrographs in Figure 3.23(a-f)- Similarly, the transition in coating morphology with
electrolysis potential (15 minute treatments) is shown by a series of micrographs in
Figure 3.24(a-f).

From Figure 3.23, it can be seen that coatings produced at very short times have a
smooth under layer, with many small grainy deposits on top. As the treatment time

increases, the grainy deposits become 'cauliflower like' and continue to increase in size
until the entire surface becomes covered. Even when very thick coatings are formed,
Figure 3.23(f), it is apparent that this coating morphology is quite porous.

A similar transition through stages of growth can be observed as the potential is varied,
Figure 3.24(a-f). At very high potential magnitudes (-0.6 or -0.7 V) when the current
density is high, smooth under layers, with many small grainy deposits on top are
observed. However, as the potential is lowered close to zero, the coatings formed are
again more bulky and thick, through a progression of island like growths joining
together.

SEM micrographs of annealed samples, treated at the same conditions shown in Figures
3.23 and 3.24, are shown in Figures 3.25 and 3.26. After the annealing treatments, the
PMMA coatings became much smoother, more compact and very well adhered for all the
coating conditions examined.

The PGA coatings formed from 0.1 M GA in 0.01 M K2S208 and 0.025 M H2S04

solutions also exhibit increasing thickness with electrolysis time and with less negativ
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electrode potentials. This is most evident from the photographs in Figures 3.20 and
3.21. However SEM micrographs demonstrate that the morphology of these coatings are
different from the PMMA coatings. SEM images of PGA coatings produced at -0.3 V for
15 minutes are shown in Figures 3.27 and 3.28, before and after annealing. The coatings
even before annealing are found to be extremely smooth and featureless, and there does
not appear to be a significant change in coating morphology after annealing.

Figure 3.23 (a-f)- Micrographs of samples ramped from 0 to -0.4 V at -2 mV/s, and held
at -0.4 V for the times indicated in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , before annealing.

Figure 3.23(a) - 2.5 minutes

Figure 3.23(b) - 5 minutes
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Figure 3.23 (a-f)- Micrographs of samples ramped from 0 to -0.4 V at -2 mV/s, and held
at -0.4 V for the times indicated in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , before annealing.

Figure 3.23(c) - 7.5 minutes

Figure 3.23(d) - 10 minutes

135
Figure 3.23 (a-f)- Micrographs of samples ramped from 0 to -0.4 V at -2 mV/s, and held
at -0.4 V for the times indicated in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , before annealing.

Figure 3.23(e) - 15 minutes

Figure 3.23(f) - 30 minutes
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ure 3.24(a-f) - Micrographs of samples ramped from 0 V, (at -2 mV/s) and held at the
potential indicated for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , before annealing.

Figure 3.24(a) -0.2 V

Figure 3.24(b) -0.3 V
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ure 3.24(a-f) - Micrographs of samples ramped from 0 V, (at -2 mV/s) and held at the
potential indicated for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , before annealing.

Figure 3.24(c) -0.4 V
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Figure 3.24(d) -0.5 V
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Figure 3.24(a-f) - Micrographs of samples ramped from 0 V, (at -2 mV/s) and held at the
potential indicated for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , before annealing.

Figure 3.24(e) -0.6 V

Figure 3.24(f) -0.7 V
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Figure 3.25(a-f) - Micrographs of samples ramped from 0 to -0.4 V at -2 mV/s, and held
at -0.4 V for the times indicated in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , after annealing.

S316-117 (-0.4U 2.5rains)

Figure 3.25(a) - 2.5 minutes

S316-118 (-8.4V 5.0mlns)

Figure 3.25(b) - 5 minutes
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Figure 3.25(a-f) - Micrographs of samples ramped from 0 to -0.4 V at -2 mV/s, and held
at -0.4 V for the times indicated in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , after annealing.

Figure 3.25(c) - 7.5 minutes

Figure 3.25(d) - 10 minutes
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Figure 3.25(a-f) - Micrographs of samples ramped from 0 to -0.4 V at -2 mV/s, and held
at -0.4 V for the times indicated in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , after annealing.

Figure 3.25(e) - 15 minutes

Figure 3.25(f) -30 minutes
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Figure 3.26(a-f) - Micrographs of samples ramped from 0 V, (at -2 mV/s) and held at the
potential indicated for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , after annealing.

Figure 3.26(a) -0.2 V

Figure 3.26(b) -0.3 V
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Figure 3.26(a-f) - Micrographs of samples ramped from 0 V, (at -2 mV/s) and held at the
potential indicated for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , after annealing.

Figure 3.26(c) -0.4 V

Figure 3.26(d) -0.5 V

144
Figure 3.26(a-f) - Micrographs of samples ramped from 0 V, (at -2 mV/s) and held at the
potential indicated for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M M M A , after annealing.

Figure 3.26(e) -0.6 V

Figure 3.26(f) -0.7 V
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Figure 3.27 - Micrograph of sample ramped from 0 V, (at -2 mV/s) and held at the
-0.3 V for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M G A , before annealing.

Figure 3.28 - Micrograph of sample ramped from 0 V, (at -2 mV/s) and held at the
-0.3 V for 15 minutes in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 ,
plus 0.1 M G A , after annealing
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3.2.4 Polymerisation Mechanism Studies

Several experiments were conducted with variations in the electrolyte and electrolysi

procedure to elucidate the nature of the polymerisation reaction. The various catholy
and ECP conditions examined are listed in Table 2.5. A control sample was ramped to
-0.4 V and held for 15 minutes in a catholyte solution, 0.01 M K2S208 and 0.025 M
H2S04 containing 0.1 M MMA and used as a comparison in each case. The coating
efficiency was assessed visually and the results recorded by photography.

No coating was formed on sample 18, in which there was no current flow. A photograph

of the electrode after removal from the cell is shown in Figure 3.29, comparing it to

control sample treated at -0.4 V for 15 minutes. The experiment was set up in the usu

way, including the 10 minute nitrogen purge, but no current was applied, the sample w
left in the solution for 18 minutes and 26 seconds, equivalent to a ramp followed by
hold time of 15 minutes.

In another experiment (sample 19), 0.01 M hydroquinone was added to the standard

electrolyte, all other electrolysis conditions being the same. A photograph of the el

next to the control sample is shown in Figure 3.30. It is obvious that the coating fo
in the solution containing hydroquinone is much thinner and more patchy than the one
formed in the standard solution.

147

Figure 3.29 - Comparison of control sample treated with an initial ramp at -0.4 V 15
minutes, with sample 18, where no current was applied.
(catholyte 0.1 M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 )

Figure 3.30 - Comparison of samples treated with an initial ramp at -0.4 V 15 minutes,
the top one was the control sample treated in the standard electrolyte, the bottom one was
treated in the standard electrolyte plus 0.01 M hydroquinone.
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Figures 3.31-3.33 show photographs of samples treated in different electrolytes. In
Figure 3.31, sample 20 was treated in 0.025 M H2S04 plus 0.01 M MMA, in Figure
3.32 sample 21 was treated in 0.01 M K2S208 plus 0.01 M MMA. Both of these
demonstrate that the amount of coating formed was much less than that formed in the

standard solution containing both these constituents. The third photograph, Figure 3.3
of a sample produced in 0.01 M K2S208 and 0.05 M NaN03 plus 0.01 M MMA, also
demonstrates less coating formation than in the standard solution.

Finally, sample 23 was treated in a solution which contained neither K2S208 or H2S04.
A catholyte solution of 0.1 M MMA plus 0.045 M Na2S04 was chosen because 0.045 M
Na2S04 would act as an inert electrolyte but still has the same concentration of S042~
species as the standard solution (0.01 M K2S208 and 0.025 M H2S04 plus 0.01 M
MMA). After electrolysis at -0.2 V for 15 minutes, the sample was examined. Visually
no coating was observed, this was confirmed by ellipsometry which measured an average

coating thickness of 1.7 nm, which could easily be attributed to organic contaminants.

Figure 3.31 - Comparison of samples treated, with an initial ramp at -0.4 V, 15 minutes,
the top one was the control sample treated in the standard electrolyte,
the bottom one, sample 20 was treated in 0.025 M H 2 S 0 4 plus 0.01 M M M A .
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Figure 3.32 - Comparison of samples treated with an initial ramp at -0.4 V, 15 minutes,
the top one was the control sample treated in the standard electrolyte,
the bottom one, sample 21 was treated in 0.01 M K 2 S 2 0 8 plus 0.01 M M M A .

Figure 3.33 - Comparison of samples treated with an initial ramp at -0.4 V, 15 minutes,
the top one was the control sample treated in the standard electrolyte,
the bottom one was sample 21 treated in 0.01 M K 2 S 2 0 8
and 0.05 M N a N 0 3 plus 0.01 M M M A .
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3.3 CHARACTERISATION

3.3.1 Chemical characterisation by Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectrum of a coating produced from a solution of 0.1 M MMA in 0.01 M
K2S208 and 0.025 M H2S04, is shown in Figure 3.34. This spectrum was identified as
that of PMMA by comparison with published spectra [189]. The main peaks were
assigned with reference to 'Spectrometric Identification of Organic Compounds' by

Silverstein et al. [190], as shown in Table 3.2. Most important is the fact that no pe
was observed between 1658 and 1648 cnr1 or between 895 to 885 cnr1, which would
indicate the presence of unreacted vinyl bonds.

Figure 3.35 shows an FTIR spectrum obtained from a coating formed in a solution of 0.
M GA in 0.025 M H2S04 and 0.01 M K2S208. This spectrum is identical to that of
electro-polymerised PGA formed on graphite cathodes from aqueous sulphuric acid
solutions, by Bell et al. [50], confirming the product to be PGA. A more detailed
analysis of the peaks was carried out with reference to Silverstein et al. [190], and

et al. [191], as shown in Table 3.3. The epoxide ring is identified by the C-H stretch

at 3065 cm"1 and asymmetrical ring stretching at 905 cm"1. Most notable is the absence

of any strong peaks at 1640, 990 or 811 cnr1 which would be attributed to the vinyl bo
(CH2=CHR). An FTIR spectrum of a sample produced in the 20% GA/80% MMA
solution at -0.3 V for 10 minutes, is also shown in Figure 3.36.
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Figure 3.34 - FTIR spectrum of a coating produced from 0.1 M M M A in 0.01 M K 2 S 2 0 8
and 0.025 M H 2 S 0 4 i with an initial ramp at -0.2 V for 15 minutes.

Table 3.2 - Identification of peaks in the F T I R spectrum of a sample
produced from a 0.1 M M M A solution, refer Figure 3.34.
Peak position / cm"*

Identification

2994
2950

C-H stretching vibrations of -CH 2 and
-CH3 groups

1737

C = 0 stretching vibration

1483
1449
1387

C-H bending vibrations of -CH 2 and
-CH3 groups

1270
1242
1193
1153
1063

C-O stretching vibrations of esters
C-C(=0)-0 asymmetric stretching occurs
between 1210 and 1163

750

-CH 2 rocking vibration
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Figure 3.35 - FTIR spectrum of a coating produced from 0.1 M G A in 0.01 M K 2 S 2 0 8
and 0.025 M H 2 S 0 4 , with an initial ramp at -0.4 V for 15 minutes
Table 3.3 - Identification of peaks in the FTIR spectrum of a sample
produced from a 0.1 M G A solution, refer Figure 3.35.
Peak position / cm _ l

Identification

3466

broad band due to -OH groups

3065

C-H stretching of epoxide ring

2997
2940
1738

C-H stretching vibrations of -CH 2 groups

1450

C-H bending vibrations of -CH 2 groups
between 1435-1500

C = 0 stretching vibration

C-O stretching vibrations of esters
1256
1168

C-C(=0)-0 asymmetric stretching occurs
between 1210 and 1163

905

asymmetrical epoxide ring stretching

761

-CH 2 rocking vibration

153

Figure 3.36 - FTIR spectrum of a coating produced from 0.02M M GA/0.08M M M A in
0.01 M K 2 S 2 08 and 0.025 M H 2 S0 4 , with an initial ramp at -0.3 V for 10 minutes.
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3.3.2 Chemical Characterisation by Nuclear Magnetic Resonance ( N M R )

Coatings produced from 0.1 M MMA solutions over a 4 hour period in the H-cell with an
initial ramp to -0.4 V, the majority of which was soluble, were also confirmed to be
PMMA by nuclear magnetic resonance (NMR), Figures 3.37 and 3.38.

The 13C NMR spectrum of electropolymerised PMMA is shown in Figure 3.37. The 13C
NMR spectrum of PMMA is well documented in the literature, being first determined by
Johnson et al. in 1970, [192]. The various peaks were assigned with reference to
'Proton and Carbon NMR Spectra of Polymers' by Pham et al. [193] and 'Spectrometric

Identification of Organic Compounds' by Silverstein et al. [190], as shown in Table 3.

The proton NMR spectrum of the same sample is shown in Figure 3.38. The peaks have

been assigned as shown in the figure with reference to [193, 194]. The methyl protons

have a series of peaks around 1.0 ppm, the methylene proton resonates at approximatel
1.8 ppm and the ester methyl resonance occurs near 3.5 ppm.
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Table 3.4 - Peak assignments of the
P M M A , refer Figure 3.37.

l3

Peak position / p p m

Assignment

177.760
176.931

carbonyl carbon C = 0

77.429
77.000
76.579

chloroform carbon CDCI3

54.458
54.204

methylene carbon -CH 2 -

51.741

methyl carbon -OCH3

44.941
44.600

C spectrum of electropolymerised

1
— C —

1
18.760
16.581

methyl carbon -CH3

157

CH,
-(-CH,-C0 = COCK

-OCH3
-CH3

_A
ppm

Figure 3.38 - Proton Nuclear Magnetic Resonance spectrum of electropolymerised
sample produced in the H-cell, with an initial ramp at -0.4 V over 4 hours,
(catholyte 0.1M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 )
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3.3.3 Thermal Analysis by Differential Scanning Calorimetry (DSC)

Coatings produced from 0.1 M MMA solutions over a 4 hour period in the H-cell at -0.4
V, were characterised after removal from the electrodes by differential scanning
calorimetry (DSC). The DSC trace, Figure 3.39, clearly demonstrates a reproducible

change in heat flow gradient at about 95 to 110°C indicating a reversible endothermic he
adsorption. This behaviour was found to be reproducible over several cycles and with
different samples.
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Figure 3.39 - Differential scanning calorimetry of electropolymerised
sample produced in the H-cell, with an initial ramp, at -0.4 V over 4 hours.
(catholyte 0.1 M M M A in 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 )
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3.3.4 Molecular Weight Distribution Measurements by Gel Permeation Chromatography
(GPC)

Molecular weight distribution curves, measured by GPC, are shown in Figure 3.40.
This figure compares several P M M A coatings produced at various electrolysis potentials
for 1 hour. Very broad distributions were observed, a polydispersity index (PDI) of ~6
was measured in each case. It should be noted that the samples were taken from several
E C P runs under the same conditions, in order to acquire enough sample for G P C
analysis. Combining such samples might have an influence upon the broadness of the
distributions. It is also interesting to note that, in a number of cases, a fraction of the
P M M A coating remained insoluble in the solvent tetrahydrofuran (THF) used for G P C
analysis. In Figures 3.41 and 3.42 the weight average molecular weight is plotted against
electrolysis time and potential, respectively. High molecular weights (3.5 xlO 4 ) are
achieved after only 15 minutes of electrolysis. The molecular weights generally increase
as the electrolysis time increases, however the effect of different applied potentials does
not appear to be significant. Further discussion of the molecular weights and the
polymerisation reaction mechanism is given in the discussion section.
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Figure 3.40 - Molecular weight distributions of P M M A coatings produced at various
potentials after an initial ramp for 1 hour.
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containing 0.01 M K 2 S 2 0 8 and 0.025 M H 2 S 0 4 plus 0.1 M M M A ) .
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3.3.5 Thickness Measurements by Ellipsometry

The PMMA and PGA coating thicknesses were quantified by ellipsometry, as shown in
Figures 3.43 and 3.44. The measurements were taken before and after annealing. The
PMMA coatings were annealed at 200°C and the PGA coatings were annealed at 100°C.

Generally it can be seen that the thickness increases with electrolysis time, and as the

potential becomes less negative, for both systems. The variability in results is much le
for the PGA coatings than for the PMMA coatings. After very long treatment times or at

potentials close to zero, the thick, white top coat is too opaque for accurate thickness
measurements and these data points are missing from the charts.

Except for the thickness of the sample treated at -0.2 V in 0.1 M GA, the unannealed
PMMA and PGA coatings are of comparable thickness. However, after annealing, the
thickness of the PGA coatings does not change whilst that of the PMMA coatings
decreases considerably. This decrease in thickness is also evident visually as the PMMA
coatings become more uniform and transparent.
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Figure 3.43 - Ellipsometric thickness measurements before and after annealing at 200°C
for 10 minutes.- Samples were coated in solutions of 0.1 M MMA, with an initial ramp.
at (a) -0.3 V, various times, (b) -0.4 V. various times and (c) various potentials for
minutes. (Error bars indicate one standard deviation).
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3.3.6 Passivation Tests

The cyclic voltammogram of 0.01 M potassium ferricyanide in 0.1 M sodium perchlorate
on a bare, polished stainless steel electrode was measured at 100 mV/s, Figures 3.45(a)
and 46(a). The oxidation of ferricyanide occurs at about +0.5 V and the reduction at
about -0.3 V , as indicated by the large current peaks at these potentials. The peak
separations are broad owing to the relatively large exposed surface area (1cm 2 ) of the
working electrode. W h e n the experiment was repeated using a series of E C P coated
electrodes, the oxidation and reduction reactions were inhibited by the presence of the
passive films.

Several CVs of coated electrodes, both PMMA and PGA, before and after annealing are
shown in Figures 3.45-47. (Note the difference in scale between 3.46 and 3.47).
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Figure 3.45 - Cyclic voltammogram of 0.01 M potassium ferricyanide in
0.1 M sodium perchlorate, using (a) a bare polished stainless steel electrode,
(b) a P M M A coated electrode, treated at -0.3 V for 10 minutes, and
(c) the same electrode after annealing.
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Figure 3.46 - Cyclic voltammogram of 0.01 M potassium ferricyanide in
0.1 M sodium perchlorate, using (a) a bare polished stainless steel electrode,
(b) a P M M A coated electrode, treated at -0.3 V for 10 minutes, unannealed and
(c) a P G A coated electrode treated at -0.3 V for 10 minutes, unannealed.
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Figure 3.47 - Cyclic voltammogram of 0.01 M potassium ferricyanide in
0.1 M sodium perchlorate, using (a) a P G A coated electrode, treated at -0.3 V for 15
minutes, and (b) the same electrode after annealing.
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The most important observations are that the unannealed P M M A and P G A samples block

the electron transfer for the solution species to such an extent that the reduction of th
ferricyanide was negligible in both cases, Figures 3.45 - 3.47, as indicated by the
absence of a reduction peak. However annealing of the PMMA coated electrode further
decreased the reduction current, Figure 3.45. On the other hand the annealing treatments
had little effect upon the current drawn by the PGA coated electrode, Figure 3.47.
Overall, the passivating ability of both the PMMA and PGA annealed coatings were
found to be very comparable. It should be noted that these results have been found to be
representative of several electropolymerised coatings which were tested.
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3.3.7 Solubility Tests

The ellipsometric thickness measurements (average of three separate measurements) of
the samples subjected to the solubility tests in THF are shown in Figure 3.48 as a
function of the total immersion time. The thickness measurements on the
electropolymerised PMMA sample were always taken from near the centre of the sample
since the edges were much thicker even at the end of this experiment.

After 150 hours immersion followed by 30 minutes ultrasonification in THF, there was
still an average of 176 A on the ECP coated sample near the centre of the electrode. In
comparison, the spin coated sample measured only 23 A, which was very similar to the
'clean' stainless steel, which measured a layer of organic contaminants deposited from
THF of 18 A. The ECP sample was subsequently annealed in air at 200°C for 10

minutes, it had a hazy appearance around the edges, where the coating was thicker, whic
did not disappear during this annealing step.
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Figure 3.48 - Ellipsometric thickness measurements as a function of the immersion time
in THF. Note that the final point is after 30 minutes ultrasonification in fresh THF.
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3.4 ADHESION TESTS

The adhesive strength and behaviour of the ECP pretreated samples compared to
unpretreated samples was assessed, by the adhesion test described in the experimental
section. All the ECP pretreated samples were subject to a ramping procedure prior to the
hold time at potential indicated in the following results.

The adhesion test results were analysed in a number of ways. The maximum load at
failure was converted to adhesion strength and the average was plotted in bar charts as a
function of electropolymerisation time or potential. The dashed line in each chart
indicates the adhesive strength to bare, polished, UV/Ozone cleaned stainless steel.

Three separate fracture surfaces were examined by optical microscopy for each of the
adhesion test conditions. The percentage of failure by various modes was estimated

visually for each and then combined into a total percentage representing all three surfaces
These results were then compiled into fractional failure mode charts for easy comparison.
Representative optical micrographs are also shown to demonstrate the failure mechanisms
in the following sets of results.
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Figure 3.49 shows the fractional failure m o d e charts for the adhesives used in these
studies on bare, polished, stainless steel. These samples have been polished and cleaned
in the U V / O z o n e oven in the same manner as the samples used for electropolymerisation
experiments. The three adhesives used were a cyanoacrylate ( C A ) based adhesive,
Selley's Supa Glue®, a standard epoxy adhesive Araldite K 1 0 6 ® and a rubber toughened
epoxy adhesive Araldite 2015®. F r o m Figure 3.49, it can be seen that for Selley's Supa
Glue® and Araldite K 1 0 6 ® the failure was predominantly adhesive, occurring primarily
at the stainless steel or aluminium interface. Whereas, with Araldite 2015®, the failure
was partially adhesive and partially cohesive.

[T] SS/Adhesive interface

SUPA GLUE

K106

J

Cohesive within Adhesive

H

Al/Adhesive interface

A2015

Figure 3.49 - Fractional failure modes (showing the percentage of interfacial or cohesiv
failure estimated from optical microscopy studies of threefracturesurfaces) of Selley's
Supa Glue®, Araldite K 1 0 6 ® and Araldite 2015® on bare, polished stainless steel.
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3.4.1 Unannealed P M M A Tested with Araldite K106® Epoxy Adhesive

The effect on the adhesion of epoxy (Araldite K106® adhesive) to stainless steel

applying unannealed PMMA ECP coatings to the substrate are shown in Figure 3.50.

can be seen that the average adhesion of the epoxy to the ECP pretreated substra

than that of the epoxy to unpretreated, polished stainless steel. Some of the ind

measurements had an increased strength compared to unpretreated substrates, as i

by the error bars. There is no discernible trend of adhesion strength with ECP tr
time or potential.

When the fracture surfaces were examined by optical microscopy, it was clear tha

failure mode was primarily cohesive failure within the actual ECP layers, or fai

stainless steel interface. All other modes of failure accounted for a very small

the fracture surface. This is clearly demonstrated in the fractional failure mode
Figure 3.51, for the various ECP conditions.

Microscopy studies also established that the K106® adhesive penetrates the porou

coatings, changing it's appearance from opaque and light diffusing, to smooth and

transparent, Figure 3.52. The two primary modes, of failure (either at the stainl

interface, or cohesively within the ECP layers), are clearly seen in Figure 3.53,

shows mainly adhesive failure and a small amount of cohesive failure. Cohesive f

within the ECP layers leaving a very thin sublayer of PMMA, was more predominant

samples with very thick ECP coatings, Figure 3.54. In all cases there were small

marks within the fracture areas, these appear to be from trapped air bubbles with

adhesive. This theory was substantiated by the appearance of similar bubble mark
unpretreated stainless steel, tested with the same adhesive, Figure 3.55.
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Figure 3.50 - Adhesion test results for unannealed PMMA coatings tested with Araldite
K106®, produced in 0.1 M MMA solutions, coated at (a) -0.3 V, various times,
(b) -0.4 V, various times and (c) various potentials for 15 minutes.
The dashed line indicates the adhesion strength to bare, polished stainless steel.
(Error bars indicate one standard deviation).
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Figure 3.51 - Fractional failure modes (showing the percentage of interfacial or cohe
failure estimated from optical microscopy studies of threefracturesurfaces) for
unannealed P M M A coatings tested with Araldite K106®, produced in 0.1 M M M A
solutions, at (a) -0.3 V, various times, (b) -0.4 V, various times and (c) various
potentials for 15 minutes.
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Figure 3.52 - The adhesive penetrates the porous E C P coatings (dark regions),
changing it's appearance from opaque and light diffusing,
to smooth and transparent (light regions).

, V.

<•••.-•
(a)

\

• V f «|

(b)

Figure 3.53 - (a) Image taken on stereo microscope, typical fracture area of unannealed
P M M A sample tested with Araldite K 1 0 6 ® , fracture is dominated by failure at the
stainless steel interface (darkest regions) as well as some cohesive failure in the E C P
layers (grey regions), (b) A n enlarged image of the same fracture surface, clearly shows
exposed stainless steel, cohesive E C P failure and air bubbles, (see Figure 3.55).
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Figure 3.54 - Cohesive failure within thicker E C P layers leaves a very thin sublayer of
P M M A (grey regions).

Figure 3.55 - The presence of air bubbles in the adhesive is also evident on the
unpretreated stainless steel.
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3.4.2 Annealed P M M A Tested with Araldite K106® Epoxy Adhesive

The effect on adhesion strength of annealed PMMA ECP coatings, measured with

Araldite K106® epoxy adhesive are shown in Figure 3.56. It is clear that the

treatment has decreased the adhesive bond strength, with all the results exh

average adhesive strength less than half that of the adhesion strength to un
stainless steel.

The annealing treatment has also had an effect upon the failure mechanism. T

failure modes shown in Figure 3.57, demonstrate that failure predominantly o

annealed ECP/adhesive interface, with a small amount of failure at the stain

interface. The adhesive does not appear to penetrate the annealed ECP coatin

Representative micrographs are shown in Figures 3.58 and 3.59 to demonstrate
observations.

The decreasing adhesive bond strength can be explained by the change in fail
mechanism, this is discussed in more detail in Section 4.5.2.
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Figure 3.56 - Adhesion test results for annealed PMMA coatings tested with Araldit
K106®, produced in 0.1 M MMA solutions, at (a) -0.3 V, various times,
(b) -0.4 V, various times and (c) various potentials for 15 minutes.
The dashed line indicates the adhesion strength to bare, polished stainless steel.
(Error bars indicate one standard deviation).
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Figure 3.57 - Fractional failure modes (showing the percentage of interfacial or cohes
failure estimated from optical microscopy studies of threefracturesurfaces) for annealed
P M M A coatings tested with Araldite K106®, produced in 0.1 M M M A solutions, at
(a) -0.3 V, various times, (b) -0.4 V, various times and
(c) various potentials for 15 minutes.
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Figure 3.58 - Failure predominantly occurs at the annealed E C P interface, with a small
amount of failure at the stainless steel interface. The adhesive does not appear to
penetrate the annealed E C P coatings at all.

Figure 3.59 - Enlarged version of same sample shown in Figure 3.59, the stainless steel
appears white and the annealed P M M A layers, grey.
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3.4.3 Annealed P M M A Tested with a Cyanoacrylate (CA) Adhesive Selley's Supa

Glue®

The annealed PMMA ECP pretreated samples, tested with a cyanoacrylate (CA) adhesive,
Selley's Supa Glue®, demonstrated a significant improvement in adhesion strength in
nearly all the cases examined, Figure 3.60. The improvement in adhesive strength does
not bear any strong dependence upon particular ECP conditions. It should be noted that
the two cases where adhesion strength lower than the adhesion to bare stainless steel were
observed, were when the electropolymerised coatings were extremely thick, due to long
electrolysis times or low electrolysis potentials.

The fracture surfaces were predominantly a complex mixture of cohesive failure within
the adhesive or ECP layers, as well as interfacial failure at the aluminium surface. These
results are summarised in the fractional failure mode charts, Figure 3.61. The amount of
failure at the stainless steel interface was found to be very small in all cases. This was
stark contrast with the failure modes of Selley's Supa Glue® to unpretreated polished

stainless steel, (Figure 3.49) where over 50% of the fracture occurred at the stainless ste
surface.

Typical fracture surfaces are shown in Figure 3.62, the complex nature of the failure is
evident. Comparing these to Figure 3.63, of Selley's Supa Glue® to bare stainless steel,
it is evident that much less failure at the stainless steel interface occurs in the ECP
pretreated samples. Thorough examination of the fracture surfaces showed no evidence
of the adhesive penetrating the ECP layers.

Although no statistically significant trends with ECP conditions are evident, it is clear t
very thin ECP layers, (those produced at more negative potentials or for short times)
exhibit higher adhesion strength than very thick layers, (those formed at less negative
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potentials or for long times). This behaviour is also reflected in the fracture surface, high

strength failures typically exhibit a large degree of interfacial failure at the aluminium
surface, Figure 3.64. Whereas lower strength failures typically exhibit a large amount of

cohesive failure within the ECP layers, close to the stainless steel interface, Figure 3.6
leaving a very thin PMMA layer.
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Figure 3.60 - Adhesion test results for annealed PMMA coatings tested with Selley's
Supa Glue®, produced in 0.1 M MMA solutions, at (a) -0.3 V, various times,
(b) -0.4 V, various times and (c) various potentials for 15 minutes.
The dashed line indicates the adhesion strength to bare, polished stainless steel.
(Error bars indicate one standard deviation).
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Figure 3.61 - Fractional failure modes (showing the percentage of interfacial or cohes
failure estimated from optical microscopy studies of threefracturesurfaces) for annealed
P M M A coatings tested with Selley's Supa Glue®, produced in 0.1 M M M A solutions, at
(a) -0.3 V, various times, (b) -0.4 V, various times and
(c) various potentials for 15 minutes.
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(a)

(b)

Figure 3.62 - Typical complex fracture areas produced when P M M A E C P layers are
tested with Selley's Supa Glue®, produced in 0.1 M M M A solutions at
(a) -0.3 V , 2.5 minutes and (b) -0.4 V, 5.0 minutes.

Figure 3.63 - Fracture surface of Selley's Supa Glue® on bare unpretreated stainless
steel, (white areas indicate interfacial failure at the stainless steel).
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Figure 3.64 - High strength failures were typified by interfacial failure at the aluminium
surface, this usually occurs for thinner E C P samples such as
(a) produced at -0.4 V , 2.5 minutes and (b) produced at -0.7 V , 15 minutes.

<S ')

i.'v •
(a)

(b)

Figure 3.65 - L o w strength failures were typified by cohesive failure within the
E C P layers, this usually occurs for thicker E C P samples such as
(a) produced at -0.4 V , 30 minutes and (b) produced at -0.2 V , 15 minutes.
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3.4.4 Annealed Coatings Produced From 2 0 % G A - 8 0 % M M A Tested with Araldite
K106® Epoxy Adhesive

The adhesion strength of samples pretreated with coatings formed in co-monomer
solutions (0.02 M GA plus 0.08 M MMA) are shown in Figure 3.66. These samples

were annealed at 200°C and tested with Araldite K106® adhesive. In all cases the

adhesion strength is significantly lower than that on unpretreated stainless ste

failure mechanism is overwhelmingly at the ECP/adhesive interface with very litt
occurring at the stainless steel interface, Figures 3.67 and 3.68.
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Figure 3.66 - Adhesion test results for annealed coatings produced from 0.02 M
0.08 M MMA solutions at -0.3 V, various times. Samples were tested after anneal
200°C for 10 minutes, with Araldite K106® adhesive. The dashed line indicates t
adhesion strength to bare, polished stainless steel. (Error bars indicate one s
deviation).
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Figure 3.67 - Fractional failure modes (showing the percentage of interfacial or cohesi
failure estimated from optical microscopy studies of threefracturesurfaces) for annealed
coatings produced from 0.02 M G A + 0.08 M M M A solutions at -0.3 V, various times.
Samples were tested after annealing at 200°C for 10 minutes,
with Araldite K 1 0 6 ® adhesive.

a. 0

•A

1
/

Figure 3.68 - Fracture surface of a coating produced from a 0.02 M G A + 0 08 M M M A
solution at -0.3 V , for 7.5 minutes. Sample was tested after annealing at 200 C for 10
minutes, with Araldite K 1 0 6 ® adhesive.
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3.4.5 Unannealed P G A Tested with Araldite K106® Epoxy Adhesive

From Figure 3.69 it can be seen that there is no significant increase in adhesive

of Araldite K106® to PGA pretreated stainless steel compared to unpretreated stai

steel. In several cases the average adhesion strength is slightly higher, but in o

slightly lower or very much unchanged. It is important to note however, that whil

coatings don't significantly improve adhesion strength they are not detrimental t

adhesion either. No particular trends with electrolysis potential or time were ob

Whilst the adhesion strength does not increase, the ECP pretreatment does have a

significant effect upon the adhesive behaviour of the bond. These effects are sum

in the fractional failure mode charts, Figure 3.70. Most importantly the amount of

at the stainless steel interface has been markedly reduced, indicating that the E

pretreatment is well bonded to the stainless steel surface. When Araldite K106® wa

bonded to unpretreated stainless steel, Figure 3.49, no cohesive failure within th

adhesive was observed. However after the PGA ECP pretreatments, typically up to on

third of the fracture area consists of cohesive failure in the adhesive. On the o

no cohesive failure within the ECP layer is observed. This also makes an interest
comparison to the unannealed PMMA layers bonded with Araldite K106®. With PMMA
coatings the majority of the failure was cohesively within the PMMA layers or at
stainless steel/ECP interface. Some representative fracture surfaces for PGA ECP
samples are shown in Figure 3.71.

If the largest portion in the fractional failure chart can be used as an indicati

weakest part of the joint, then from Figure 3.70, the weakest part of the joint in
system appears to be at the aluminium interface and the next weakest part is the
ECP/adhesive interface.
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Figure 3.69 - Adhesion test results for unannealed PGA coatings tested with Araldite
K106® adhesive, produced in 0.1 M GA solutions, at (a) -0.3 V, various times, (b)
various potentials for 15 minutes. The dashed line indicates the adhesion strength to
bare, polished stainless steel. (Error bars indicate one standard deviation).
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Figure 3.70 - Fractional failure modes (showing the percentage of interfacial or cohesive
failure estimated from optical microscopy studies of threefracturesurfaces) for
unannealed P G A coatings tested with Araldite K 1 0 6 ® , produced from 0.1 M G A
solutions, at (a) -0.3 V , various times, (b) various potentials for 15 minutes.
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(a)

(b)
Figure 3.71 - Fracture surfaces typically consist of one third aluminium interface, one
third E C P interface, the rest being a mixture of stainless steel interface or cohesive failure
within the adhesive. For example (a) treated at -0.3 V , for 2.5 minutes and
(b) treated at -0.3 V for 5 minutes.
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3.4.6 Annealed P G A Tested with Araldite K 1 0 6 ® Adhesive

After annealing the PGA coatings at 100°C for 10 minutes, the adhesion strength results
appear to be more consistent, than the unannealed samples, Figure 3.72. With the
exception of only one sample, the average adhesion strength is measured slightly higher

than that of the adhesion to bare stainless steel. Once again there is no relation between
adhesion strength and electrolysis parameters.

The fracture surfaces before and after annealing, have very similar characteristics. The
fractional failure mode charts and microstructures are almost identical (compare Figures
3.70 to 3.73, and 3.71 to 3.74).

Even though no significant improvements in adhesive strength were observed using
annealed PGA pretreatments tested with Araldite K106®, they did not decrease the
adhesion strength either. This is in contrast with the annealed PMMA coatings tested
with Araldite K106®, which reduced the adhesive strength, Figure 3.56. Comparing the

fractional failure in these two systems, the PGA coatings exhibit much less failure at the
ECP/adhesive interface, instead having more interfacial failure at the aluminium and
cohesive failure in the adhesive. The reasons for these observations are discussed in
more detail in Section 4.5.6.
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Figure 3.72 - Adhesion test results for annealed PGA coatings tested with Araldite
K106®, produced in 0.1 M GA solutions, at (a) -0.3 V, various times, (b) various
potentials for 15 minutes. The dashed line indicates the adhesion strength to bare,
polished stainless steel. (Error bars indicate one standard deviation).
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Figure 3.73 - Fractional failure modes (showing the percentage of interfacial or cohesiv
failure estimated from optical microscopy studies of threefracturesurfaces) for annealed
P G A coatings tested with Araldite K 1 0 6 ® , produced from 0.1 M G A solutions, at (a)
-0.3 V , various times, (b) various potentials for 15 minutes.
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(a)

(b)
Figure 3.74 - Fracture surface of an annealed PGA coating tested with Araldite K106®,
(a) sample treated at -0.3 V for 2.5 minutes, (b) sample treated at -0.3 V for 5 minutes.
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3.4.7 Unannealed P G A Tested with Araldite 2015® Epoxy Adhesive

Araldite 2015® is a rubber toughened adhesive and operates on the principle that rubber
particles within it's matrix promote energy absorption during crack growth, such that the
force required to pull the two bonded surfaces apart is increased. This is demonstrated in
practice by the dashed line in the adhesion strength charts, Figures 3.75 and 3.79, in
which the strength of the adhesive bond between Araldite 2015® and bare polished

stainless steel is almost double that of Araldite K106®. The failure is typified by a large
amount of cohesive failure within the adhesive and reduced interfacial failure at the
stainless steel or aluminium, Figure 3.49.

The adhesive strength of unannealed PGA samples bonded with Araldite 2015® are
shown in Figure 3.75. Compared to the adhesion of Araldite 2015® to bare stainless
steel, the adhesion strength is increased in only one case. For the most part quite low
adhesion strengths were measured.

From the fractional failure mode charts, Figure 3.76 several important observations can
be made. Firstly, practically no failure at the ECP interface occurs, indicating that the
ECP layers form very strong bonds with the adhesive. Failure tends to occur by two
primary modes, either cohesively within the adhesive or at the stainless steel interface.
This is the same as the behaviour of the Araldite 2015® on bare stainless steel, Figure
3.49. In fact both types of failure were observed to occur completely over an entire
fracture area on the same sample, see Figure 3.79. Only one sample demonstrates

significant cohesive failure within the ECP layer, this sample was treated at -0.3 V for 15
minutes, and as such is represented on both fractional failure mode charts. The fact that
this was also the mechanically weakest sample as shown in Figure 3.75, must be
attributed to this failure mode. However, this result is difficult to interpret fully. The
cohesive failure, shown in Figure 3.78, could be attributed to the fact that this was one
the thickest PGA coatings made, (with the exception of the sample treated at -0.2 V for 15
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minutes, which was thicker, see Figure 3.45). M o r e experiments with thick P G A
coatings will have to be conducted to clarify whether this behaviour is just an anomaly, or
a real effect due to the thickness of the film. The fact that the -0.2 V, 15 minute coating
does not fail in the same way points to an anomalous result.
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Figure 3.75 - Adhesion test results for unannealed PGA coatings tested with Araldite
2015®, produced in 0.1 M GA solutions, at (a) -0.3 V, various times, (b) various
potentials for 15 minutes. The dashed line indicates the adhesion strength to bare,
polished stainless steel. (Error bars indicate one standard deviation).
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Figure 3.76 - Fractional failure modes (showing the percentage of interfacial or cohesive
failure estimated from optical microscopy studies of threefracturesurfaces) for
unannealed P G A coatings tested with Araldite 2015®, produced from 0.1 M G A
solutions, at (a) -0.3 V , various times, (b) various potentials for 15 minutes.
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(a)

(b)

Figure 3.77 - Fracture areas on the same sample both before annealing, treated at -0.3 V
for 10 minutes, (a) almost complete interfacial failure at the stainless steel interface,
(b) almost complete cohesive failure within the adhesive.

Figure 3.78 - Typical fracture area of sample treated at -0.3 V for 15 minutes, showing
cohesive failure within the E C P layers.
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3.4.8 Annealed P G A Tested with Araldite 2015® Epoxy Adhesive

Annealing appears to improve the adhesion strength of very weak, unannealed samples,
and has a moderate effect upon the stronger, unannealed samples, Figure 3.79. This is
reflected in more consistent adhesion strengths, however no significant improvement in
strength is measured compared to the strength of the bond between the Araldite 2015®
and unpretreated stainless steel.

Observing the fractional failure charts (Figures 3.76 and 3.80) both before and after
annealing, there is almost no failure at the ECP/adhesive interface. This indicates that
bond between the PGA layers and the adhesive is one of the strongest parts of the joint.

Once again the primary failure modes appear to be at the stainless steel interface or
cohesively within the adhesive. Interestingly, the exposed stainless steel interface

progressively decreases as the thickness of the coatings increases, Figure 3.80(a), until
10 minutes the failure is almost entirely cohesive within the adhesive. However, this
behaviour does not seem to have any noticeable influence on the adhesion strengths,
Figure 3.79. The anomalously low strength of the sample treated at -0.3 V for 15
minutes is also evident after annealing, see discussion in section 3.4.7.
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Figure 3.79 - Adhesion test results for annealed PGA coatings tested with Araldite
2015®, produced in 0.1 M GA solutions, at (a) -0.3 V, various times, (b) various
potentials for 15 minutes. The dashed line indicates the adhesion strength to bare,
polished stainless steel. (Error bars indicate one standard deviation).
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Figure 3.80 - Fractional failure modes (showing the percentage of interfacial or cohesive
failure estimated from optical microscopy studies of threefracturesurfaces) for annealed
P G A coatings tested with Araldite 2015®, produced from 0.1 M G A solutions, at
(a) -0.3 V, various times, (b) various potentials for 15 minutes.
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3.4.9 Spin Coated P M M A Layers Tested with a Cyanoacrylate ( C A ) Adhesive, Selley's
Supa Glue® before and after Annealing

It was necessary to clarify whether any adhesion strength modifications were simply due
to the presence of thin polymer tie layers, or whether the method of application had a
significant effect. Therefore, spin coated PMMA layers, of comparable molecular weight
and thickness to the ECP PMMA layers were produced. These were used in comparable
adhesion tests to assess their potential as alternative adhesion enhancing pretreatments.

The coatings were tested in the same manner as the ECP layers, with a cyanoacrylate
(CA) adhesive, Selley's Supa Glue®, both before and after annealing. The adhesion
strength measured is shown in Figure 3.81. It can be seen both before and after
annealing, that the adhesion strength is similar to that on unpretreated stainless steel.
demonstrates that the spin coated layers have a minimal effect upon the adhesion strength
of the bond.

The fractional failure mode chart is shown in Figure 3.82. Compared to the failure
modes for unpretreated stainless steel tested with Selley's Supa Glue®, Figure 3.49, it
can be seen that the total amount of cohesive failure has increased. However, it is
difficult to determine whether this cohesive failure was within the adhesive or the spin
coated layers.
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Before Anneal

After Anneal

Figure 3.81 - Adhesion test results of P M M A spin coated samples tested before and after
annealing at 200°C for 10 minutes, with Selley's Supa Glue®.
The dashed line indicates the adhesion strength to bare, polished stainless steel.
(Error bars indicate one standard deviation).
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Figure 3.82 - Fractional failure modes (showing the percentage of interfacial or cohesive
failure estimated from optical microscopy studies of threefracturesurfaces) of P M M A
spin coated samples tested before and after annealing at 200°C for 10 minutes,
with Selley's Supa Glue®.
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CHAPTER 4 - DISCUSSION

The aim of this work was to develop an ECP method to produce insulating, thin films
from aqueous electrolytes by reductive techniques on metallic cathodes, and to investigate
the potential applications of these films as adhesion promoting tie layers. From a

thorough search of literature pertaining to applied electrochemistry and surface finishing it
is clear that such a technique would be a novel way to control the adhesion of polymeric
coatings on metals.

4.1 CYCLIC VOLTAMMETRY

The first step of this process was to assess the electrochemical reactions occurring in the
chosen electrolytes by cyclic voltammetry. Electrochemical reactions will result in a net
current flow, cyclic voltammetry (CV) measures this current flow and the results are
interpreted in terms of the possible electrochemical reactions.

When small surface area electrodes are used and low concentrations of reactants, the
application of linearly changing potential with time results in a peak current density when
electrochemical (redox) reactions occur at the electrode. Peak formation occurs because

the rate of diffusion of the active species to the electrode becomes the limiting factor as t
rate of redox reactions at the electrode increase with the current density. The peak current
(ip) is related to the surface area of the electrode (A), the concentration of electroactive
species in the bulk of the electrolyte (Co), the diffusion coefficient of these species (D),
and the potential scan rate (v), as shown in the Randles-Sevcik equation (eqn. 4.1) [195].
Oxidation reactions involving evolution of electrons will result in current flow at the
anode. Likewise, if the reactions involve consumption of electrons, current flow will be
measured at the cathode.
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ip = 0.452(nF)3/2(RT)"1/2A(Dv)1/2Co

(4.1) [195]

Where: n = The number of electrons per molecule oxidised or reduced
F = Faraday's constant, or charge on one mole of electrons
R = Universal gas constant
T = Temperature

The following discussion of the cyclic voltammetry results demonstrate several important

points: (i) The reduction of hydrogen ions and persulphate ions was clearly visible in the
CVs of these solutions in water, (ii) When monomer MMA or GA was added to these
solutions, no new reduction reactions were observed, but in some cases, the reduction
peaks decreased in magnitude with successive scans. This indicated that the reduction of
hydrogen and persulphate were both capable of initiating the polymerisation of the
monomers resulting in the formation of insulating films on the cathode, (iii) It was
found that the presence of both acid and persulphate resulted in much faster passivation
over successive scans, for both monomers, than the presence of either on their own.

The cyclic voltammogram obtained in 0.025 M H2SO4, Figure 3.1, demonstrates a peak
reduction current at -1.2 V, this is attributed to the direct reduction of hydrogen ions,
equation 4.3, which are available in high concentrations due to the dissociation of
sulphuric acid, equation 4.2.

Dissociation of sulphuric acid,

H2SO4-> 2H++ S042' (4.2)

The reduction of dissociated hydrogen ions produces hydrogen radicals;

H+ + e->H*

(4.3)
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This can also lead to the combination of two hydrogen radicals to produce hydrogen
molecules, which are evolved as gas on the cathode surface.

H-+H*->H2(g)

(4>4)

The total reaction can be alternatively written,

2H+ + 2e -> H2(g) (4.5)

As the potential becomes more negative the reduction of hydrogen ions are no long

diffusion controlled because the rate of reaction is less than the rate of diffus

the electrode surface. Thus, the diffusion controlled peak disappears, the increas

current beyond the peak at -1.2 V is simply due to the continued reduction of hyd

ions and the reduction of water (in the absence of oxygen), as shown in equation 4

2H20 + 2e -> 20H- + H2(g) (4.6)

The reduction of aqueous sulphuric acid solutions (0.025M) has also been observed
Iroh et al. [158]. In this case, however, the reduction peak potential of hydrogen

was measured at -2.1 V against a saturated calomel electrode (SCE). This differenc
be attributed to the fact that Iroh et al. used glassy carbon working electrodes,

this work stainless 316 working electrodes were used and also to the different re

electrodes used. The overpotential required for hydrogen reduction is known to be
strongly dependant upon the type of electrode material used, [112].

The cyclic voltammograms of a potassium persulphate solution, Figure 3.2, indicate
reduction of persulphate ions [49, 120] at approximately -0.7 V:

S 2 0 8 2 " + e -> S 0 4 2 " + S0 4 -'

(4.7)
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It was also observed that the peak current increases in magnitude when more concentrated
solutions were used (as expected from equation 4.1). Cyclic voltammograms in aqueous
solutions of potassium persulphate have been obtained by Lee and Bell [49]. A peak
reduction potential of -1.5 V was measured against a glassy carbon electrode at a sweep
rate of 250 mV/s. T h e difference in peak potential observed in the present work is
attributed to the different working electrode material and also to the higher sweep rate. In
equation 4.1, it can be seen that the peak current (and reaction rate) is dependant upon the
square root of the sweep rate (iP a v 1 / 2 ). A higher reaction rate means that there is less
time for diffusion of active species, resulting in shifts of the peak position to more
extreme potentials as some species react a few seconds after their true peak potential is
reached.

In a solution containing both sulphuric acid and potassium persulphate the two reduction
peaks merge into a broad peak centred around -1.1 V , Figure 3.3, with a magnitude of
about 0.8 m A .

When monomer (0.1 M MMA) was introduced into the acid electrolyte (0.025 M
H 2 S 0 4 ) , Figure 3.4, a single reduction peak at -1.2 V was observed. From the previous
results this peak can be attributed to the reduction of hydrogen ions. The fact that no
other reduction peaks were observed and that the peak magnitude does not increase
compared to the acid alone, indicates that the m o n o m e r itself does not undergo direct
reduction at the electrode in these conditions. MacCallum and MacKerron measured the
reduction peak of M M A at -2.7 V , in an electrolyte of tetra-n-butylammonium bromide
( T B A B ) in D M F [58], which is beyond the potential range used in the present study.

It is proposed that the hydrogen radicals produced by the reduction of hydrogen ions are
capable of initiating polymerisation in the following way,
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H+ + e->H*

(4.8)

H*+M->HM* (4.9)[58]

Where M indicates monomer

The fact that the magnitude of successive reduction peaks does not change greatly
indicates that the electrode is not being passivated to any noticeable extent.

The CV of the solution containing 0.01 M K2S208 and 0.1 M MMA, Figure 3.5,
indicates a single reduction peak at -0.7 V which becomes progressively weaker and

moves to more negative potentials with successive scans. The fact that no new reductio
peaks are observed compared to the CV of 0.01 M K2S2Og alone, Figure 3.2, indicates
that direct reduction of the monomer does not occur. Further, the increase in peak

magnitude indicates that the products of equation 4.10 are being consumed in subsequen

reactions. Therefore it is proposed that the sulphate radicals produced by the reducti
persulphate ions initiate polymerisation in the following way:

S2082- + e~>S042- + S04-• <4-10)

S04-* +M ->M* (4.11)

Where M indicates monomer

This is the same initiation scheme proposed by Lee and Bell, [49] for the
electropolymerisation of AM in aqueous potassium persulphate solutions.
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The fact that the peak potential moves to more negative positions and the current
magnitude decreases with successive scans also indicates that polymerisation is

occurring. If insulating polymer films coat the electrode surface then the electroactiv
surface area becomes reduced, thus reducing the peak current (equation 4.1). The

increased resistance of the cell, due to the insulating coating causes the peak potentia
shift to more negative values.

Similar behaviour is observed in the solution containing 0.025 M H2SO4, 0.01 M
K2S20g and 0.1 M MMA, Figure 3.6. The movement of the peak position and decrease

in peak current magnitude indicate the formation of passive coatings on the electrode a

described above. It is interesting to compare this curve with that obtained using 0.025
H2S04 solutions containing 0.1 M MMA, Figure 3.4, in which no obvious passivation is
occurring. It appears that the sulphuric acid must be present in conjunction with the

potassium persulphate to obtain significant passivation behaviour. Whilst the passivati
due to potassium persulphate alone is quite obvious in Figure 3.5, the difference in
current drawn must not be overlooked, (25 pA vs. 1 mA), since in the amount of current
indicates the number of reduction reactions occurring per unit time, and is therefore

related to the rate of initiation. From these observations it can be stated that the so

containing both acid and persulphate provide the most promising conditions for initiati
of polymerisation.

With the GA containing solutions, a peak current was observed at approximately -1.2 V
in 0.025 M H2S04 and -0.75 V in 0.01 M K2S20g, Figures 3.7 and 3.8, respectively.
This is consistent with peak reduction potentials for these supporting electrolytes
described above. No other peak reductions were observed, indicating that the monomer
is not directly reduced under these conditions. In a similar manner, no GA reduction

peaks were observed by Bell et al. [50] over the cathodic potential range 0 to -2.5 V, i

cyclic voltammetry of a solution containing 120 mM of GA in acetonitrile/TB AP solution
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It was also observed that the peak current in Figure 3.8 of the solution containing 0.1 M
GA and 0.01 M K2S20g was higher than that in Figure 3.3 of 0.01 M K2S20g alone,
indicating that the products of equation 4.10 are being consumed in subsequent reactions.

The peak current decreases slightly in the acid solutions indicating that passivation of th
electrode might be occurring very slowly. More rapid passivation occurs in the
persulphate solution, however, the different current scales must be taken into account.

Passivation indicates that insulating polymer coatings are forming on the electrodes, it is
therefore proposed that the initiation of polymerisation occurs by the mechanisms
described in equations 4.9 and 4.11.

When GA is placed in a solution containing both acid and persulphate extremely strong
passivating behaviour is observed, Figure 3.9. The peak current is observed at

approximately -1.1 V in the first cycle. This indicates that the same reduction reaction is
occurring in this solution as the one containing 0.1 M MMA, see Figure 3.6. However,
with successive scans this peak rapidly decreases in magnitude and splits into two at
-0.9 V and -1.1 V respectively. These two peaks are in the same positions as the peak
reduction current measurements of persulphate and acid alone, see Figures 3.1 and 3.2,

this demonstrates that both reactions are participating in the initiation of polymerisation

The consistent decrease in reduction current for both these peaks also indicates the growth
of an insulating polymer film on the electrode.

It should be noted that the working electrode was agitated between each consecutive
sweep in all of the above experiments, to ensure that any passivating behaviour cannot be
attributed to the formation of hydrogen gas bubbles on the electrode surface during the
electrolysis.
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4.2 ELECTROPOLYMERISATION

4.2.1 Optimisation of Coating Conditions

4.2.1.1 Electrode Preparation

It was observed that the UV/Ozone pretreatment resulted in more uniform and complete

coatings, Figures 3.11 - 3.13. This can easily be explained in terms of the cleanliness of
the electrode surface. In the case where no UV/Ozone pretreatment was used, the
presence of organic contaminants would make the surface less wettable by the monomer
and polymer species in the electrolyte solution. This means that deposition and possibly
adsorption of these species at the electrode surface would be uneven, occurring

preferentially in the cleaner areas, and therefore resulting in much less uniform coatings

4.2.1.2 Ramping Procedure

The effect of a ramping procedure was investigated in Sections 3.2.1 at -0.8 V and 3.2.2
at -0.4 V. It was clear that at -0.8 V, Figure 3.11, consistently thicker films formed,
whilst at -0.4 V, Table 3.1, there was not such an obvious difference.

The initiation of polymerisation at the cathode surface involves the consumption of
electrons. However, because this is occurring in an aqueous solution, there is a
competitive charge transfer reaction involving the formation of hydrogen gas. The
amount of hydrogen gas formed at the electrode increases dramatically as the cathodic
potential increases, Figure 3.1. The formation of hydrogen gas would not only lower the
charge transfer efficiency [87, 112] of the polymerisation reaction but it has also been
shown to be detrimental to the deposition of polymer on the electrode surface as the
potential and/or current density rises [3,4, 50, 110,119].
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It is proposed that the use of a ramping procedure results in reproducible electrode
conditions in the initial stages of the polymerisation reaction. At low potentials it is
possible that the deposition and adsorption of monomers or oligomers occurs, however at
higher potentials the formation of hydrogen gas would disturb these reactions on the
electrode surface. The slow increase in potential enables the adsorbed/deposited species
to grow in size and become established before the formation of hydrogen gas becomes a
significant concern to the disruption of growing polymer layers. This explains why a
ramping procedure had more effect on coatings formed at -0.8 V compared to -0.4 V.

4.2.2 Current Traces

The current decays of samples treated at -0.4 V, with and without a ramping program are
shown in Figures 3.14 and 3.15. The first 60 seconds of each trace shows rapid current
decay attributed to the decline in the charging current. When the ramping program was
not used the current continued to decay rapidly in the initial stages of
electropolymerisation indicating an increased cell resistance due to the formation of a
passive film, Figure 3.14. After approximately 2 minutes, the current stabilised and
decayed extremely slowly over a period of hours.

There are a few instances in the literature where current/time curves are displayed durin
the formation of passive films on metallic cathodes [3,54]. The current always decays
with electrolysis time, however the rate of decay was found to vary depending upon the
monomer/solvent systems used [3,54]. In particular, this was attributed to the density of
the films formed. For instance, co-polymers of AN and AA grown from aqueous
sulphuric acid solutions were more swollen with solvent than PAN films grown in DMF
solutions. A higher mobility of charge through the more swollen films resulted in a much
more gradual current decay for the PAN/PAA co-polymers than for the PAN films [3].
Garg et al. [54] studied the ECP of acrylics from aqueous electrolytes on metallic
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cathodes. The current decays recorded are very similar to that shown in Figure 3.14. The

current does not decrease to zero in either case. This behaviour was also attributed to th
swollen, spongy nature of the films, allowing entrapment of solvent and electrolyte
between the polymer particles [54]. Whilst current decay curves with similar behaviour
to Figure 3.14 can be qualitatively explained from similar examples reported in the
literature, no quantitative information on the growth laws governing this behaviour has
been found.

When the ramping program was used, the increasing potential drove the current higher,
Figure 3.15. Once the working potential was attained and held constant, however the
current decayed slowly, indicating passivation of the electrode. This behaviour is
inherently different to that of the curves discussed above because of the ramping program
used and as such no comparable curves have been found in the relevant ECP literature.

4.2.3 Coating Appearance (Effect of Time and Potential)

For all three monomer solutions studied, (MMA, GA or co-monomer solutions), the
coating thicknesses were observed to increase with electrolysis time and with lower
applied potential magnitude, Figures 3.17-3.22. This is even more evident from the
ellipsometric thickness measurements, Figure 3.43 and 3.44.

Increasing coating thickness with electrolysis time simply indicates that a longer
electrolysis time allows more polymer to form and/or deposit on the electrode. This is
typical behaviour for the proposed free radical polymerisation method [54, 64, 91, 95,
100, 158].

The increasing coating thicknesses with less negative electrode potentials is not so
obviously explained. As the potential magnitude increases, so too does the current
density and the total charge passed during the treatment, Figure 3.16. Typical ECP free
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radical kinetics would predict an increasing yield of polymer with increasing current
density [54, 64, 95, 100, 158]. In fact the opposite trend has been observed, the higher

the current density, the thinner the observed coatings, over the same electrolysis time. A
possible explanation would be that as the potential becomes more negative a higher
proportion of the charge is consumed in the reduction of hydrogen ions and the
subsequent formation of hydrogen gas bubbles on the cathode surface. This would be
disruptive to the formation or deposition of a coating upon the electrode as explained in
section 4.2.1.2.

Another possible contributory factor is that as the current density increases the
concentration of free radicals becomes extremely high and radical termination reactions
would become more prolific. This is commonly observed in free radical ECP
mechanisms resulting in a typical rapid decay in average molecular weight with increasing
current density [91, 95, 100, 110]. If the low molecular weight fractions are soluble in

the electrolyte, then it is possible that an apparent lower yield of polymer with increasi
current density could be observed. If this were the case then the molecular weight of the
polymers formed at higher current density would be expected to fall. From the GPC
molecular weight measurements, Figure 3.42, the weight average molecular weight was
found to be essentially independent of the potential (and therefore current density).
Although GPC measurements were only conducted on insoluble polymer deposited upon
the electrodes, it would be expected that a dependence upon applied potential would be
discernible if it were to account for a lower yield of insoluble products.

4.2.3.1 Morphology of Coatings

The coatings produced from MMA containing solutions were white, hazy and opaque,

Figures 3.17-3.19. This haziness indicates that light is diffused upon reflectance and can
be taken as a preliminary indication of a rough surface morphology. This was confirmed
by SEM analysis, Figure 3.23 and 3.24, which demonstrated a cauliflower like structure
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becoming more obvious as the coating thickness increased. A similar cauliflower like
structure was observed when coatings of PAN were produced from aqueous sulphuric

acid electrolytes on metallic cathodes by Teng et al. [3, 4]. This was mainly attribute
the low solubility of the polymer in this electrolyte. The type of metal used also had
influence on the morphology, but grainy, cauliflower globules were predominant, the
difference owing to different metallic substrates was attributed to different hydrogen
overvoltages [3]. A similar transition in coating morphology with electrolysis time
(namely the growth of globules which conglomerate as electrolysis time increases) was
also observed by Iroh et al. [160] during the growth of PAM films on carbon fibre
cathodes from aqueous sulphuric acid electrolytes.

The coatings formed from solutions containing GA were much smoother and more
transparent, as demonstrated by comparison of Figures 3.17 and 3.18 with 3.20 and

3.21, respectively. The more transparent appearance indicates that the coatings are muc
smoother and less porous on a microscopic scale, resulting in less scattering of the
reflected light. This was indeed found to be the case when examined by SEM, (compare
Figures 3.24(b) and 3.27).

From the literature review it is apparent that the solubility of the polymer can play a
crucial role in the coating morphology. Since the GA monomer is more soluble in the
electrolyte than MMA, it would be expected to form more planar, dense coatings, as was
found to be the case. It is interesting to note that Bell and Rhee [16] observed a
'honeycomb like' structure in PGA coatings formed on graphite fibre electrodes form
aqueous sulphuric acid electrolytes. This structure was attributed to the partial
crosslinking of the PGA layers.

When coatings were formed from different co-monomer mixtures in the standard
electrolyte, the coating appearance was hazy and opaque, very similar to the coatings
formed in MMA solutions, Figure 3.22. However, the amount of coating deposited was
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only significant when the monomer ratio of G A to M M A was 1:9 or 2:8. W h e n a
solution containing 50% of each was used very little coating was formed. The

appearance of the coatings would indicate that they consist largely of PMMA,

that the reactivity of the MMA monomers with each other is more favourable t

reactivity with the GA monomers or of the GA monomers with each other. The f

the amount of coating formed in the 50% solutions is considerably less would

support this observation. Unfortunately, no comparative data on the reactivi
these polymers could be located to support this observation.

4.3 CHARACTERISATION

4.3.1 Chemical Characterisation by Fourier Transform Infrared (FTIR) Spectro

Coatings produced from solutions containing 0.1 M MMA and 0.1 M GA in 0.025 M
H2S04 with 0.01 M K2S20g, were confirmed to be PMMA and PGA respectively by

FTIR in Section 3.3.1. In both cases there was a notable absence of peaks wh

be attributed to the presence of unreacted vinyl bonds, indicating that poly

occurred by addition or chain reaction polymerisation involving the reaction
carbon-carbon double bond.

In the case of the PGA coating, however, Figure 3.35, the presence of the br

hydroxyl band at 3466 cm-1, indicates that a small amount of epoxide ring op

occurred, as shown in Figure 4.1. The hydroxyl groups can then undergo inter

cross linking reactions to produce a crosslinked polymer. The presence of th
groups cannot be attributed to the presence of water since the spectrum was

a thoroughly dried sample. This mechanism was also reported by Bell et al. [

electropolymerised PGA and copolymers of poly (GA/MA) on graphite fibres pro
from sulphuric acid electrolytes.
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Figure 4.1 - Epoxide ring opening reaction of GA molecules

The peak ratio of epoxide functional groups to carbonyl functional groups can be
calculated by comparing the peak heights at 905 cm"1 and 1738 cm-1 respectively. This

ratio was calculated to be 0.243, which compares well with a value of 0.248 calculated

Bell et al. [50], for electropolymerised PGA produced in sulphuric acid solutions. In t
work by Bell et al. [50] the ratio was compared to that of PGA produced by solution
polymerisation in which no ring opening polymerisation occurred. The ratio of epoxide
functional groups to carbonyl functional groups was found to be 0.275 in the solution
polymerised PGA. Using this value as a basis for polymerisation involving no ring
opening polymerisation the aforementioned authors calculated a ring opening
polymerisation of approximately 10% for the electropolymerised PGA. Using the same
comparison, the percentage of ring opening polymerisation in the PGA produced by ECP
in this work (0.243/0.275)xl00 yields a figure of more than 88% vinyl polymerisation.

Figure 3.36 shows the FTIR spectrum of a sample produced from a co-monomer solution
of (0.02 M GA /0.08 M MMA). Once again there is no evidence of unsaturated vinyl
bonds at approximately 1640 or 811 cnr1. Therefore, it must be concluded that the

majority of the polymerisation involved the addition polymerisation through the carboncarbon double bond of the monomers. The epoxide functional band is barely visible at
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905 cm - 1 , indicating that the majority of the polymer consists of P M M A , which is in
agreement with the morphological studies.

4.3.2 Chemical Characterisation by Nuclear Magnetic Resonance (NMR)

The

13

C and proton NMR spectrum of an electropolymerised coating produced from a

solution containing 0.1 M

M M A

in 0.025 M

H 2 S 0 4 with 0.01 M

K 2 S 2 O g , also

confirmed the sample to be P M M A , Section 3.3.2. It should be noted that the sample
used for N M R was scraped from the electrode and dissolved in deuterated chloroform,
thus any insoluble fragments were excluded form these spectra.

Vinyl polymer chain structures can be expressed in terms of the configuration of three
successive m o n o m e r units, or 'triads'. Where 'isotactic' would consist of successive
'meso' units denoted ( m m ) , with all identical side groups on the same side. Syndiotactic
chains have side groups alternating on each side of the chain, denoted by successive
'racemic' units (rr) and heterotactic chains have a structure where the side groups alternate
between every other unit on the chain (rm or mr) [196].

Whilst the carbon NMR spectrum served well in further identification of the
electropolymerised product, the proton N M R spectra recorded from the same sample
provides valuable information on the tacticity of the polymer.

The proton NMR spectrum of the soluble electropolymerised PMMA sample is shown in
Figure 3.38. T h e methyl protons have a series of peaks around 1.0 ppm, the methylene
proton resonates at approximately 1.8 p p m and the ester methyl resonance is occurs near
3.5 p p m [193, 194].

Stereochemical information is obtained by observing the resonance of the methyl proton
(a-methyl groups). The ester methyl resonance is less sensitive to the stereochemistry of
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the chain. F r o m right to left the resonances at 0.8, 0.95 and 1.2 p p m , correlate to the
resonance of the oc-methyl groups in the centre monomer unit of the syndiotactic (rr),
heterotactic (rm or mr) and isotactic (mm) triad sequences respectively. The relative

intensities of these peaks indicate the microstructure of the polymer. In this case the peak

intensity decreases from right to left, indicating that more (rr) triads are present than (m
triads and therefore that the soluble electropolymerised PMMA is primarily syndiotactic
[185, 194].

The chemical shifts and adsorption splitting behaviour is considerably influenced by the
solvents used. The ester methyl resonance does not split due to triads when NMR spectra
are measured in chloroform as in the present case. The methylene protons in a
syndiotactic PMMA chain structure are equivalent and therefore show a singlet peak
[194].

Free radical and cationic polymerisations of MMA always give predominantly
syndiotactic chains, [185] however, acrylate and methacrylate monomers do not generally
polymerise by cationic mechanisms [196]. Anionic polymerisation can also yield
syndiotactic polymers but only under specific circumstances. For example, if lithium
based initiators are used in polar solvents such as THF, the metal cations complex with
the polar groups to produce a syndiotactic chain [196]. It is most probable then that the
electropolymerised sample which is predominantly syndiotactic, was formed by a free
radical polymerisation mechanism. Predominantly syndiotactic chains have been reported
previously for cathodic free radical electropolymerised PMMA produced in concentrated
aqueous sulphuric acid electrolytes [58,100].

It has been suggested in the literature that the production of polymeric coatings on
electrodes by ECP methods, can produce stereo regular polymers if the monomers are
adsorbed on the electrode in a particular orientation induced by the electric field [13,46].
From a practical point of view it would be very difficult to measure this stereo regularity
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by solution N M R techniques, because the stereo regularity m a y only extend over a few
molecular layers making the isolation of this polymer layer very difficult. Also, if the
stereoregularity is caused by monomer chemisorption, then the resulting polymers would
also be expected to be insoluble making solution based techniques unreliable. As such

the tacticity of the soluble fraction of the electropolymerised PMMA in the present study

does not provide any information on the possibility of stereoregular polymer formation in
the first few layers of the polymer coating produced.

Having said this, Subramanian and Jakubowski [13], through meticulous collection of
thin PMMA samples after repetitive five second treatments, did manage to measure a
higher proportion of isotactic triads than syndiotactic triads, in both cathodically and
anodically produced PMMA coatings produced on graphite fibres in a number of non
aqueous electrolytic systems.

4.3.3 Thermal Analysis by Differential Scanning Calorimetry (DSC)

The glass transition temperature depends upon the molecular structure and tacticity of th
polymer chains. The DSC trace, measured from a sample produced in the H-cell for 4
hours at -0.4 V, in a 0.1 M MMA solution is shown in Figure 3:39. It clearly
demonstrates a reproducible change in heat flow gradient over the region 95 to 110°C
indicating a reversible endothermic heat adsorption. This behaviour indicates the glass
transition temperature (Tg), of the polymer to be between 95 and 110°. Typically the
glass transition temperature of PMMA can range from 45°C for fully isotactic PMMA to
greater than 130°C for fully syndiotactic PMMA [186]. Commercial bulk polymerised
PMMA has a Tg in the range 105 to 115°C, [186, 197]. This result, therefore, indicates
that the PMMA formed has a large degree of syndiotacticity.
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4.3.4 Molecular Weight Distribution Measurements by Gel Permeation Chromatography

Molecular weight distributions (MWDs) were measured on the soluble fraction of
physically extracted PMMA coatings, Figures 3.40-3.42. The electropolymerisation
method was found to produce high molecular weight (3.5 xlO4) polymers after only 15
minutes. The average molecular weights generally increase as the electrolysis time
increases, Figure 3.41. Limited data in the literature could be found on the expected

dependence of molecular weight with time of free radical electro-initiated polymerisati
Samal and Nayak [87] observed that the molecular weight of PGA decreased slightly with
time of electrolysis, and MacCallum and MacKerron [58] found that the molecular weight
of PMMA increased linearly with time of electrolysis. These examples, however must be
considered carefully since post electrolysis polymerisation was also observed in both
cases, indicating that the kinetics of typical free radical termination reactions were
applicable.

There was surprisingly little change in the average molecular weight produced at differ

applied potentials, Figure 3.42. This is unexpected due to the huge increase in current

density as the applied potential increases, see Figure 3.16. Increasing current density
would be expected to cause a rapid drop in the measured molecular weights produced by

an electro-initiated free radical ECP mechanism [91, 95, 100,110], because the increased

concentration of radical species as the current density increases, would cause an incre
rate of bi-molecular termination reactions.

Nevertheless this anomalous behaviour in ECP of acrylics in aqueous sulphuric acid
solutions has been observed before. Teng and Mahalingam [119] found the molecular
weight of PAN formed on metallic cathodes, to be independent of monomer

concentration, current density and reaction time, despite the film thickness being stro

influenced by these parameters. (It should be noted that this observation is based on a
very limited set of molecular weight values.) Work by MacCallum and MacKerron [58]
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on the polymerisation of M M A in aqueous sulphuric acid to form coatings on graphite
cathodes is m u c h more significant and directly parallels the experimental observations in
the present study. MacCallum and MacKerron found that the molecular weight increased
with reaction time, but was independent of the applied current density. This behaviour
was explained by the cessation of initiation reactions early during the polymerisation and
by inhibition of the termination reactions [58]. MacCallum and MacKerron attribute this
inhibition to the co-ordination of H 2 S O 4 molecules to the growing ends of the macroradicals thereby permitting propagation of the radicals but preventing bimolecular
termination reactions typical for free radical polymerisations.

The extremely broad molecular weight distributions with a typical measured
polydispersity index (PDI = M w / M n ) of 6, (where M w is the weight average molecular
weight and M n the number average molecular weight) is also unusual. Polymer produced
by an anionic mechanism would typically have a P D I close to unity [196], whilst the P D I
offreeradical polymerised product would be in the range of 1.5-2.0. This range depends
upon the dominant termination reaction during the free radical reaction, if the chains tend
to terminate by disproportionation (chain transfer) then the P D I will approach 2, on the
other hand if chain transfer is absent and chains tend to terminate by bi-molecular
combination reactions, the P D I would be close to 1.5 [94]. These observations are
discussed in more detail in Section 4.4, in regard to the polymerisation mechanism.
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4.3.5 Thickness Measurements and Effect of Annealing

An increase in coating thickness with electrolysis time and with less negative electrod
potentials was observed for both the PMMA and PGA coatings. This change was
obvious even to the unaided eye, Figures 3.17-21. The reasons for this behaviour have
been discussed in Section 4.2.3. The morphological changes with treatment time and
potential which accompanied these thickness changes are demonstrated for PMMA
coatings in Figures 3.23 and 3.24. The actual thickness of the coatings was quantified
ellipsometry as shown in Figures 3.43 and 3.44.

From the ellipsometry results, it can be seen that the unannealed thicknesses of the
PMMA and PGA coatings, at the same treatment conditions are very similar. However,
after annealing the PMMA coating thicknesses decreases substantially in all cases,
whereas the PGA coating thicknesses remain essentially unchanged. This is not entirely
unexpected owing to the dense appearance of the PGA coatings. Even before annealing
the PGA coatings where much smoother and more transparent than their PMMA
counterparts. These observations indicate that the PGA coatings are substantially less
porous than the PMMA coatings, which is also shown by comparing SEM images in
Figures 3.24(b) and 3.27, which were produced under the same conditions. Therefore,

the annealing treatment at (Tg + 100°C) would not be expected to cause a large change in
thickness due to the collapse of these pores. The opposite effect was observed in the
PMMA coatings; the porous nature of these coatings was definitely reduced by plastic
flow after the annealing as demonstrated in the SEM images Figures 3.25 and 3.26 and
ellipsometry, Figure 3.43.

The glass transition temperature of PGA is approximately 6°C [198], so the polymer
would be in a rubbery state at room temperature. Drying the coatings at 50°C,
immediately after removal from the ECP cell would ensure that the polymer layers have
undergone viscous flow to form smooth, transparent layers. This would account for the
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difference in appearance compared to the P M M A coatings whose Tg is at approximately

100°C. It would also explain why the annealing stage at 100°C has no significant effe
upon the measured coating thickness shown in Figure 3.44.

4.3.6 Passivation Tests

The porosity of the coatings was quantified by cyclic voltammetry using potassium
ferricyanide and several interesting observations were made. The unannealed coatings
were found to have a passivating effect. The passivation due to the PGA coatings was
found to be much stronger than that for the PMMA coatings. After annealing however,
the passive nature of the PMMA coatings increased substantially but that of the PGA
coatings only improved slightly.

An indication of the size and nature of the porosity in the unannealed PMMA coatings
be obtained from SEM micrographs in Figures 3.24 (a and b). A spongy top layer is
evident which exhibits micron sized pores. After annealing, however, pores are not

immediately visible in a comparable SEM micrograph, Figure 3.26(b), indicating the por

sizes have decreased considerably. This observation along with the fact that annealin

suppresses the ferricyanide redox reactions implies that the pore sizes after anneali

in the nano- rather than micro- meter size range. Similarly the porosity of the PGA fi

both before and after annealing is not visible in the SEM micrographs, Figures 3.27 a

3.28, indicating that any pores that are present are at most measurable in nanometers

These coatings passivate the steel because they act as a barrier between the electrod
the electrolyte. Therefore the porosity of the coatings would be expected to have an
significant effect upon their passive nature.
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In summary, cyclic voltammetry, S E M , ellipsometry and passivation test results all
indicate that the PMMA coatings are porous before annealing and much less porous after.
On the other hand, the PGA coatings are relatively pore-free even before annealing.

4.3.7 Solubility Tests

The fact that at least 176 A of polymer remained on the surface of the ECP coated
stainless steel sample compared to only 23 A of the spin coated sample, after 150 hours
immersion in THF, Figure 3.48, indicates that the ECP layers close to the surface of the
stainless steel are chemically different to the top ECP layers and the spin coated PMMA.
The reasons for these differences are discussed in Section 4.4.2.2.

4.4 POLYMERISATION MECHANISM

4.4.1 General Considerations

Several conclusions can be drawn from the polymerisation mechanism studies described
in Section 3.2.4. Most importantly, the fact that no polymer forms when there is no
current flow is direct evidence that the polymerisation is electroinitiated. It was also
observed that the quantity and uniformity of electropolymerised PMMA coatings was
greatly affected by the supporting electrolyte used. The thickest and most uniform
coatings were formed from solutions containing monomer, sulphuric acid and potassium
persulphate. No coating was formed from solutions containing only monomer, indicating
that an initiator was required to begin polymerisation. Thinner, less uniform coatings
were formed from monomer and acid solutions indicating that the acid is capable of acting
as a redox initiator for the polymerisation. Similarly, when solutions of potassium
persulphate and monomer were used, both with and without NaN03 as a supporting
electrolyte, thinner, patchy coatings were formed, through the reduction of the
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persulphate species. T h e reasons w h y the combination of acid and persulphate initiators
gave the best results are discussed below.

The experimental evidence suggests that the polymerisation proceeds via a free radical
mechanism. A cationic mechanism can be disregarded because polymerisation occurs
only at the cathode surface [56], and because acrylate and methacrylate monomers do not
generally polymerise by cationic mechanisms [196]. The fact that polymerisation occurs
within an aqueous system, makes the possibility of anionic polymerisation extremely
unlikely, the ionic nature of water would extinguish any anionic ends, preventing the
initiation of polymerisation [2, 40, 67, 68, 70, 73, 76]. Often, the fact that electroinitiated polymerisation takes place cathodically in aqueous electrolytes, is taken as
evidence that the mechanism must be free radical rather than anionic [58, 59,100].

The syndiotacticity of the polymer measured by NMR spectroscopy and indicated by the
measured Tg, is also typical of free radical polymerised P M M A [185, 186, 193, 194,
197].

Despite the proposal of a free radical mechanism a number of observations did not
correlate with the expected standardfreeradical kinetics:

(i) Most notably the independence of MW on applied potential (and therefore current
density). This is very unusual for a free radical mechanism, since in E C P , the current
density is strongly related to the concentration of initiator radicals. This independence
could be partially accounted for by the increasing recombination reactions of the hydrogen
radicals to form hydrogen gas as the potential is increased, equation 4.4. However, the
huge current density changes with applied potential, Figure 3.16 would be expected to
have s o m e influence upon the rates of reaction, resulting in lower average M W s [91, 95,
100, 110].
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(ii) The extremely broad molecular weight distributions, with a typical measured
polydispersity index (PDI = Mw/Mn) of 6 is also unusual, since PDIs for vinyl
polymerisation rarely exceed 5 and are normally closer to 2 [94].

(iii) The occurrence of post electrolysis polymerisation, Figure 3.10, over several h

after the cessation of applied current. The ongoing reactions indicate that the radica
species are long lived, which is highly unusual for standard free radical mechanisms.

(iv) Finally, experiments performed in which free radical scavenger 'hydroquinone' was

added to the catholyte, Figure 3.30, demonstrated a reduction in the amount of polymer
formed. Surprisingly, it did not quench the reaction completely, as has been observed
other free radical electro-initiated polymerisations of acrylics, [75, 87].

All of these observations may be related to the fact that the radical species are lon
compared to normal free radical mechanisms. The normal termination reactions

associated with radical polymerisation are inhibited in the system studied in this the
Thus normal free radical kinetics may not apply and the resultant polymer may show
different characteristics, such as a higher PDI.

From the literature there appears to be two possible explanations for these long live

radical species. Firstly, the occlusion of free radicals within the polymeric phase of
heterogeneous medium (i.e. one in which the polymer is insoluble) is often held
responsible for lower bi-molecular recombination rates. The polymer would grow as

unswollen, tightly coiled precipitates because of low solubility, trapping radicals wi

and thereby slowing the recombination rates. This occlusion results in polymer radical
whose lifetime can be many hours at room temperature and has been observed both in
conventional (non-electroinitiated) free radical systems [94] and in aqueous acrylic
systems, [110, 111]. The high viscosity of this polymeric phase is also thought to be

contributing factor in the post polymerisation of electro-initiated acrylics in heter
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electrolytes [100, 111]. In a similar manner when very viscous media are used in
conventional free radical polymerisations, the 'gel effect' or auto acceleration can

in an increase in the reaction rate and molecular weights, also resulting in very hig

The rate of movement of the polymer molecules through the viscous medium is impaired,

lowering the ability of two long chain radicals to come together and terminate, essen
increasing the lifetime of the growing chains [94].

An alternative explanation, [58, 87, 107-109] involves the formation of charge transf
complexes with the active chain ends. These complexes have been described as being
responsible for both high molecular weight polymers and post polymerisation during

ECP of acrylics because the termination reactions at these chain ends are hindered. M
notable is the work of MacCallum and MacKerron [58] who claim to have polymerised

MMA in a sulphuric acid electrolyte by a free radical mechanism involving complexatio

of the sulphuric acid with the chain ends. Also, Yoshizawa et al. [107, 108] reported

Kolbe's electrolysis of AM in acetate solutions can be enhanced by additions of small

amounts of the ferric ion. Similarly, Samal and Nayak [87] suggest that ferric sulpha
stabilises the radicals formed at the cathode during ECP of GMA in DMF solutions.

Sengupta and Chakraborty [109] noted the free radical production of PAM in tartaric a

had negligible termination rates because the tartaric acid radicals interacted strong

one another causing stabilisation of these structures without termination. It was als

reported [109], that hydroquinone did not function as an effective inhibitor because t
complex formation hindered termination reactions. The free radical scavenger reduced

amount of polymer formed but did not stop the reaction completely, in a similar manne
the effect hydroquinone had in the present work.

In the present study, it is possible that some occlusion of radical species within th

polymeric phase is responsible for the lowered termination reactions. However, for th
most part, it is proposed that the inhibition of the termination reactions is due to

complexing of the chain ends with the acid, in a mechanism similar to that proposed b
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MacCallum and MacKerron [58]. This is justified because the molecular weight

behaviour described by these workers was very similar to that observed in the pres
system. The average molecular weight in both cases was independent of the applied

current density and increased with time of electrolysis. Aside from these observat

and the presence of extensive post polymerisation, there are a number of other sim

between MacCallum's work and the present study. Primarily that these studies invol
the electrolysis of aqueous sulphuric acid electrolytes containing MMA to produce

(although, the concentration of acid was much higher in MacCallum's work). And that
both cases polymer was only formed on the cathode surface and was measured by NMR
spectroscopy to be more than 50% syndiotactic.

The proposal that the long lived radicals are formed by chain end complexation wit

molecules is also supported by cyclic voltammetry results which clearly demonstrat

synergistic relationship when both H2SO4 and K2S208 are present in the solution with

either MMA or GA monomers. Polymerisation occurs when either of these initiators a

present alone, but the rate of electrode passivation (an indication of the polymeri

rate, since these polymers are formed as insoluble products on the electrode) is in

when both are present. This synergistic relationship is also shown in the mechanis

studies, when photos of coatings formed indicate a much more efficient reaction wh
both acid and persulphate are present in the solution.

An analysis of the structure of the proposed complex was not possible in the prese

work due to time restrictions. Since this aspect was not explored in detail by Mac

and MacKerron [58], very little can be inferred from their work. However, it is wo

to note the following points: MMA as an ester has weakly basic properties causing i

interact with sulphuric acid to form a protonated species [99]. In the vicinity of
electrode this polarity would be strengthened, encouraging co-ordination with the
search of the literature did not reveal any reports of similar behaviour in bulk
polymerisation experiments using H2S04 and K2S208. Since co-ordination of the chain
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ends with the acid appears to catalyse the polymerisation reaction it is likely that this
polymerisation mechanism has only been reported during ECP, because the polarisation
of monomer molecules in the vicinity of the electrode promotes this interaction. This
would also explain why the polymer only forms in the vicinity of the electrode.

MacCallum and MacKerron [58], observed continuously increasing yield and average
molecular weight of PMMA with time, which is similar to the present work. Further
analysis by MacCallum and MacKerron demonstrated that this was due to an initial

increase and then stabilisation of the radical concentration at a constant value. This led
MacCallum and MacKerron to conclude that initiation takes place only in the early phase

of the reaction, after which both the initiation and termination reactions cease, resultin
a constant population of growing macro-radicals. An alternative explanation would be
that the initiation and termination reactions continue at the same rate, but owing to the
independence of molecular weight on current density and post polymerisation, hindrance

of the termination reactions appears to be the most logical explanation. Although it is no
possible to calculate the concentration of radical species in the present study, it seems
logical to assume a similar mechanism owing to the continued increase in molecular
weight and polymer yield with time.

No reason for the cessation of the initiation step was proposed by MacCallum and
MacKerron. Depletion of the monomer in the electrolyte can cause initiation to stop, in
this work however, the conversion rate is very low and, as such, this would not be
expected to be a contributory factor. The fact that polymer forms on the electrode surface
in both MacCallum and MacKerron's study and this work may be significant. In which

case, the initiation step could be hindered by two obvious processes: (1) If the initiation
step involves monomeric species chemisorbed to the electrode surface, the number of
propagating chains would become constant once the entire electrode is covered. (2) The
initiation reaction might occur in the electrolyte and the polymer chains deposit on the
electrode when they reach a certain molecular weight. As the thickness of the film
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increases, the mobility of radical species through the polymer layer would be inhibited
and the number of new chains initiated in the solution would be limited since most radical
species would react before reaching the polymer/electrolyte interface. These two
possibilities are shown schematically in Figure 4.2.

E&

*» g:

(a)

(b)

Figure 4.2 - T w o possible initiation mechanisms;
(a) initiation through chemisorbed monomers resulting in a monolayer of tethered
polymer chains which simply grow in size as the propagation reaction proceeds,
(b) initiation in the electrolyte followed by deposition of the polymer chains
on the electrode surface, the thickness of the polymer layer will continue to increase
with time inhibiting the movement of free radicals to the polymer/electrolyte interface.
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The second explanation is the most likely for a number of reasons. Firstly, in
MacCallum's [58] work it was found that all the PMMA formed could be dissolved from

the carbon cathode surface, indicating that no polymer grafting had occurred. In the
present case, there was a fraction of insoluble product left on the electrode after
immersion in THF, the reasons for this are discussed in Section 4.4.2. However, the

fact that most of the coating can be dissolved and the coatings are always much thic

than a single monolayer, indicates that even if some chemisorption is occurring this
an exclusive polymerisation product and some other simultaneous polymerisation must

occurring to produce thicker layers of soluble polymer. Finally, the observation tha
current flow continues throughout electrolysis indicates that the electrode surface
completely passivated by adsorbed layers. However, the polymer layers would be

electrically insulating, therefore continued current flow throughout electrolysis in

that the polymers are permeable to ionic species in the electrolyte allowing diffusi
through the coatings and electron transfer at the metal/polymer interface

Although this discussion has been concerned exclusively with the initiation mechanis
for PMMA polymer formation it can be safely assumed that a similar mechanism occurs
for the formation of PGA films. This statement is strongly justified by the cyclic

voltammetry results for GA, which indicate an even more pronounced synergistic react

when both acid and persulphate are present. Also by the fact that the PGA polymer on
forms as a coating in a similar manner to the PMMA reaction.
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4.4.2 Formation of Insoluble and Soluble Products

The fact that insoluble and soluble PMMA were formed concurrently warrants further
discussion. Simultaneous production of insoluble and soluble polyacrylics as coatings on
electrodes has been reported before during E C P processes. The insoluble fractions are
often attributed to adsorption of polymer on the electrode surface resulting in chemical
grafting [13, 48, 61, 168, 171, 179]. It is also of relevance to note that the formation of
P M A N films on metallic cathodes [2, 171] from D M F and D M S O solutions, in which
P M A N is normally soluble, was attributed to chemical grafting [171]. In addition,
adsorption of monomers, A N , M A N , [57] M M A or possibly protonated M M A [99] on
electrode surfaces has been confirmed by differential capacitance measurements. This
technique was also used by Yamazaki et al. [56] to confirm preferential adsorption of S T
m o n o m e r on platinum, during the anionic co-polymerisation of S T and M M A . It is also
noteworthy that the use of aqueous electrolytes has been considered preferable over
organic solvents to encourage the adsorption of vinyl monomers. "Since vinyl monomers
have low surface tension, their solutions in high surface tension solvents (such as water),
would favour adsorption of m o n o m e r on metal." [53]
i

O n the other hand, the insoluble P M M A layers formed could be due to a crosslinking
reaction [182]. The formation of crosslinked polymer would be unusual for P M M A [13,
48] which would be expected to form linear, soluble chains. However in the present
system, it is proposed that crosslinking could be caused by chain transfer to the polymer
within the concentrated polymer masses at the electrode surface, in a mechanism similar
to that proposed by Otero and Marijuan in the free radical electro-initiated polymerisation
of A M in aqueous electrolytes [85]. Each of these possibilities is discussed in more detail
in the next Sections.
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4.4.2.1 Insolubility through Adsorption

It is possible that the insoluble product was formed as a consequence of an initiation s
involving adsorbed m o n o m e r species. Therefore, it is necessary to consider the
numerous ways in which monomeric M M A might be adsorbed on the metallic electrodes,
prior to or during electrolysis. Consider the structural formula shown in Figure 4.3.
CH3
I
CH2=C
I

c=o
0-CH3
Figure 4.3 - Structural Formula of M M A

There are two probable ways in which this monomer structure could become adsorbed
upon the cathode surface. Firstly, the carboxyl functionality (C=0) is known to form
strong secondary bonds with hydroxyl groups which would be present in the metal
oxides covering the electrode surface [22]. This bonding would occur as soon as the
m o n o m e r comes into contact with the electrode, before any potential is applied.
Secondly, the - C O O C H 3 ester group is strongly electron withdrawing [199], this
combined with the mobility of the 71-electrons within the double bond creates an non
uniform charge distribution throughout the molecule.

8+ 8CH2=CHR

where R is the ester group

Figure 4.4 - N o n uniform charge distribution in a vinyl molecule
containing an ester group
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This charge dispersion is further stabilised in the presence of an electricfieldin the
vicinity of the electrode possibly causing adsorption of the monomer. The electron
withdrawing ability of the ester group determines the strength of this interaction, with
several possible scenarios. Figure 4.5 (a-c) shows the probable structures of adsorbed
monomer on a cathode surface 'without electron transfer' [46]. The vinyl group is acting
as an electron acceptor and the electrode as an electron donor, but no electron transfer
occurs between the two. The strength of the interaction is increasing from figure (a)
through to (c). Figure 4.5(a) denotes weak interaction, (b) and (c) denote stronger
interaction when an electron is shared between the electrode and the disrupted double
bond of the monomer. This electron sharing has been shown to be characterised by a
'reduction pre peak' in cyclic voltammetry of AN [179] and MAN [172] molecules, at
potentials lower than the much larger reduction peak corresponding to the full charge
reduction of the monomer.
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Figure 4.5 - Stabilisation of the charge dispersion in the presence of an electricfield,the
strength of this interaction is increasing from (a) through to (c) [46].

If electron transfer does occur from the electrode to the adsorbed species, as shown in
Figure 4.6 (a and b), then the reduction of the monomer should be measurable by cyclic
voltammetry [179]. Rearrangement of the electron distributions within the monomer
might result in anions which could proceed in polymerisation by an anionic means.
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Figure 4.6 - Possible structures of adsorbed m o n o m e r when electron transfer occurs
between the electrode and the m o n o m e r [46].

The electroinitiated polymerisation of M M A in this study definitely proceeds by a free
radical mechanism as discussed previously. For this reason adsorbed species in the form
of Figure 4.6(a and b) are unlikely because no reduction of the monomer was observed
by cyclic voltammetry. However species 4.5(a to c) could all result in free radical
polymerisation. Interestingly species 4.5(b and c) could initiate polymerisation without

the aid of an intermediate initiating species, owing to the radical nature of these adsorb
monomers. The fact that no pre reduction peak was observed during cyclic voltammetry
with either MMA or GA monomers and that no polymerisation of MMA occurred when
the electrolyte was replaced with sodium sulphate, indicates that an intermediate species

provided by either the sulphuric acid or the potassium persulphate is required to initiate
polymerisation to the extent observed in this thesis. As such the presence of adsorbed
species type 4.5(b and c) in large proportions is improbable, although this does not
preclude the formation of an insoluble chemisorbed monolayer which could not be fully
characterised.

Adsorption through secondary bonding of the carbonyl group (or in the case of GA
through the epoxide group) or possibly through species 4.5(a), is also possible, however
both of these would not be expected to form insoluble polymers since no electron sharing
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or transfer occurs. A final point in regard to adsorbed species is that in an acidic
environment MMA would be expected to form protonated species which could easily
become adsorbed through hydrogen bonding with the metal hydroxide surface of the
electrode [99]. Since these protonated species are only bound by secondary bonds,
however, they would not be expected to form insoluble layers.

4.4.2.2 Insolubility through Crosslinking

Monomer adsorption leading to chemically grafted polymer layers would be sufficient
explanation for the insoluble polymer layers observed in the present study, Figure 3.48,
if it were not for two details. Firstly, the insoluble layers after immersion in THF for 150
hours followed by 30 minutes ultrasonification in THF were still, in places, much thicker
than 100 A and this is much thicker than would be expected for monolayers of adsorbed
polymer. Secondly, the hazy, light scattering appearance of these layers did not change
upon annealing in air for 10 minutes at approximately 200°C, implying a very high
crosslinking density, if the polymers were linear chains, then viscous flow would be
expected to occur, resulting in thinner, more transparent layers. The only possible
explanation for these results would be that polymer coating becomes crosslinked during
the ECP process. As pointed out before, this would be unexpected for PMMA, but the
polymerisation conditions during this study are far from the those of conventional free
radical polymerisations. It is commonly recognised that during the formation of coatings
on the electrode by free radical ECP techniques, the kinetics begin to vary away from
standard free radical mechanisms as the coatings become thicker and diffusion plays a
role, [45, 91]. In particular, this was observed by Lee and Bell during the electroinitiated polymerisation of AM/AN and MBAM, when the mobility of the initiating
persulphate ions became a rate determining step [64]. It is proposed that as the
polymerisation proceeds and the coatings become thicker, chain transfer to other polymer
molecules can occur resulting in a crosslinked product.
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Polyacrylates contain an easily removed tertiary hydrogen atom (-COOCH3) which

allows the polymers to undergo some chain transfer to polymer when polymerised to hi
conversions [94]. Even though polymerisation in the present study does not occur to

high conversions, the fact that the polymerisation reaction occurs only at the metal

would create an environment which is highly concentrated with growing polymer. As th
thickness of this polymer layer increases, the diffusion of radical species through

layer to the polymer/electrolyte interface would become hindered. The high reactivit

the radical allows radical transfer to polymer molecules on the way through the laye

resulting in crosslinking. It is proposed that when the film reaches a certain thick

transfer to other molecules would be so high that practically no radicals would reac

polymer/electrolyte interface. The ionic conductivity of the polymer layer, however,
allows the continuation of current flow throughout the experiment by allowing ionic

diffusion to the electrode surface. This process is shown schematically in Figure 4.

Similar diffusional constraints have been proposed by Otero and Marijuan [85] to cau
highly crosslinked PAM polymer coatings on platinum anodes by a free radical
mechanism. When chain transfer to other polymer chains occurs, resulting in a

crosslinked product, a broad molecular weight distribution (MWD) can result [94]. Th
very high PDI measured in this work would, therefore, support the claim of chain
transfer to the polymer resulting in insoluble crosslinked polymer.

In summary, then, the formation of insoluble products can be attributed to either

adsorption or crosslinking. Nevertheless, it is significant that insoluble crosslink

layers form only on the electrode surface and not in the solution. This suggests tha

two processes are not acting independently and that strong surface interactions take

between the deposited polymers and the electrode, possibly leading to or resulting f
chemisorption.
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4.4.3 Proposed Polymerisation Mechanism

4.4.3.1 - Initiation Step

From cyclic voltammetry measurements it is clear that both the persulphate and acid

reduction reactions can result in polymerisation initiation. These reactions will r

the formation of radicals that are capable of reacting with the monomer adsorbed on
the vicinity of the electrode to form monomer radicals.

In the case of the potassium persulphate, K2S208, dissociation occurs resulting in K
S2082~ ions.

K2S208 <=> 2K++ S2082" (4.13)

At the cathode, reduction of the persulphate ion occurs,

S2082- + e->S042- + S04-* (4-14> [49, 120]

The radical species formed can initiate polymerisation [49,120],

S04-* + M — > M *

(4-15)
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Simultaneously, the dissociation of H2S04 to form H+ and SO42' ions occurs,

H2S04 <=> 2H++ SO42- (4.16)

At the cathode reduction of the hydrogen ion occurs,

H+ + e->H* (4.17)

The radical species formed can also initiate polymerisation,

H*+M->HM* (4.18) [58]

When hydrogen is reduced, the formation of hydrogen gas is a competitive reaction and
can be described as,

2H++2e->H2 (4.19)

this could disrupt film formation at more extreme potentials.
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4.4.3.2 Propagation and Termination Steps

It is assumed that the charge complex formation can occur when the initiation reaction
involved either the persulphate or the acid as shown below.

M* + H2S04 --> (M' H2S04) (4.20)[58]

The propagation reaction of chains can thus be described as,

(M* H2S04) + Mn -> (M(n+l)* H2S04) (4.21)[58]

It is probable that the majority of the initiation reactions are through the reduction

persulphate ion rather than the hydrogen ion. This is speculated for two reasons; firs

the reduction of persulphate occurs at lower potentials than the reduction of hydrogen

since the electrode reaction with the lowest overvoltage will dominate [50, 58] it can

assumed that the reduction of the persulphate is more prevalent. The higher reaction r

when the acid and persulphate are present together in the solution also indicates that

persulphate is more effective at initiating polymerisation. From the propagation react
written above it is clear that the acid is not only responsible for the co-ordination

but is also able to initiate the polymerisation. The fact that the polymerisation effi

was less when only acid was used as the electrolyte, indicates that the persulphate is
much more effective initiator than the acid at the potentials used.
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4.5 ADHESION TESTS

4.5.1 PMMA Tested with Araldite K106® Epoxy Adhesive

The K106® Araldite adhesive appears to completely penetrate the porous, unannealed,
ECP PMMA coatings through to the stainless steel interface. It is, therefore, expected
that the adhesive strength of the pretreated samples would not differ immensely from the

unpretreated stainless steel and this was found to be the case. From the fractional failu
mode charts, all the fracture areas are dominated by two modes of failure. A cohesive
mechanism within the ECP layers and failure at the stainless steel interface. These two
places are, therefore, the weakest parts of the joint. The unannealed PMMA layers were
mechanically weak, prone to peeling and powdery in nature. The adhesion to the steel

substrate was also found to be extremely low prior to annealing. It is logical therefore,

that failure predominantly occurs within these layers or at their interface with the stai
steel. It should be noted that it was very difficult to clarify whether failure actually
occurred at the stainless steel surface or within a few molecular layers of it.

4.5.2 Annealed PMMA Tested with Araldite K106® Epoxy Adhesive

The annealing treatment of the PMMA coatings densifies the layers, resulting in a less
porous coating with a smoother finish. The adhesion strength tested with K106®
Araldite on these layers was found to be extremely weak, between 1 and 2 MPa, with the
majority of failure occurring between the ECP layers and the epoxy adhesive. After
annealing no cohesive failure within the ECP layers was observed. This implies that the
mechanical strength of the PMMA is increased considerably by the densification process.
On the other hand, the annealing process also smooths the ECP surface, and owing to the
low affinity between the acrylic based ECP layers and the epoxy based adhesive, very
little adhesive bonding is observed between these two layers. Therefore, this interface
has now become the weakest part of the bond. Similarly, low interlaminar shear
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strengths for MA/AN copolymer ECP layers on carbon fibres embedded in epoxy matrix
composites were measured by Bell et al. [15]. This low strength was also attributed to
weak bonding between the chemically incompatible E C P layers and the epoxy matrix.

4.5.3 Annealed PMMA Tested with a Cyanoacrylate (CA) Adhesive (Selley's Supa
Glue®)

The weakest part of the bond between unpretreated polished stainless steel and the CA
adhesive, occurs at the stainless steel interface, Figure 3.49. This typically accounts for
over 5 0 % of the fracture area. W h e n the samples are pretreated with annealed E C P
P M M A coatings, however, the proportion of failure at the stainless steel is typically
reduced to below 1 5 % . The majority of the failure in the E C P coated samples is found to
be cohesive within the adhesive or E C P layers. The amount of failure at the
aluminium/CA adhesive interface, however, still accounts for a considerable amount of
the fracture surface in a number of cases.

A substantial adhesion strength improvement was observed, with a typical adhesion
strength of greater than 5 M P a compared to only 3 M P a measured between the C A
adhesive and a bare stainless steel substrate. This can be directly attributed to better
bonding at the stainless steel interface, whilst the bonding at the aluminium interface
remains relatively unchanged. This evidence indicates that the E C P pretreatment
increases the adhesive bond strength through interactions with the stainless steel substrate
and with the C A adhesive. The improved interfacial adhesion between the E C P layers
and the C A adhesive is attributed to the improved chemical compatibility of the P M M A
layers with the C A adhesive, in contrast to the previous results with an epoxy based
adhesive. Chemical compatibility of an E C P interface containing P G A and an epoxy
carbon fibre composite matrix, has also been attributed to simultaneous increases in
interlaminar shear and impact strengths by Bell et al. [16, 17].
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There are two possible reasons for the increased adhesion of the E C P coating to the

stainless steel after the annealing process. Firstly, viscous flow during annealing would
compact the ECP coating, causing chain entanglement and resulting in a mechanically
strengthened coating that is less likely to fail cohesively. Another contributing factor
the higher adhesion of the ECP coating would be that annealing allows the ECP layers to

adopt the most preferred orientation against the stainless steel oxide surface, increasin
interfacial contact and perhaps allowing increased secondary bonding between the metal
oxides and the carboxyl groups.

The only cases when adhesion strength decreases, compared to bare stainless steel, are
when the electropolymerised coatings are extremely thick, due to long electrolysis times
or low electrolysis potentials. This decreasing adhesive strength is associated with an
increase in cohesive failure within the ECP layers, Figure 3.43, 3.60 and 3.61. The
thicker layers would be expected to contain more crosslinked polymer chains than the
thinner ECP layers. As described in Section 4.4.2.2, the diffusion of radicals becomes
more restricted as the thickness of the layers increase, causing these species to be

consumed in chain transfer to existing polymer chains and is the likely cause of insolub
crosslinked polymer layers remaining on the electrode surface after solvent extraction.

The crosslinked PMMA is likely to be more brittle and so cohesive failure within the ECP
layers is more probable. The crosslinked PMMA occurs predominantly near the stainless
steel surface and, indeed, failure was often observed near the stainless steel surface,
Figure 3.65. Ellipsometry on one of these weak fracture areas indicated a residual
average thickness of 23 nm. This compares reasonably well with the thickness of
insoluble PMMA layers after 150 hours immersion on THF, measured at 18 nm.
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4.5.4 Spin Coated P M M A Layers Tested with a Cyanoacrylate (CA) Adhesive (Selley's
Supa Glue®)

The adhesion tests on polished stainless steel pretreated with a PMMA spin coating
demonstrate that, within experimental error, no improvement in adhesion strength was
measured compared to bare stainless steel. This experiment clarifies that the
improvements in adhesion measured in the annealed E C P P M M A / C A adhesive system are
not simply due to the presence of thin layers of P M M A , but must also be dependant upon
the method of application of these thin layers. It is important to note that the comparison
between the two pretreatment methods (ECP and spin coating) has been conducted as
closely as possible. The spin coated P M M A had a similar average molecular weight to
the E C P P M M A and the coating thicknesses were also very similar. Both coatings were
annealed identically before adhesion testing and the substrate was cleaned in the exact
same manner before the pretreatments were applied. The thickness of the spin coated
sample was measured at 114.4 n m before annealing, which would make it comparable to
the E C P sample treated for 7.5 minutes at -0.3 V, Figure 3.43. The measured adhesion
strength of this E C P treated sample was approximately 6 M P a , Figure 3.60, compared to
just over 3 M P a for the spin coated sample, Figure 3.81. Comparing the fractional failure
mode charts, Figures 3.61 and 3.82, it can be seen that the fracture area of the annealed
spin coated sample consists of approximately one third stainless steel interface, whereas
that of the E C P coated sample exhibits less than one tenth stainless steel interface. These
results provide strong evidence that the bond strength is increased primarily due to the
increased affinity of the stainless steel to the P M M A layers when they are applied by the
E C P technique compared to spin coating.

There are three possible reasons why the ECP method is more suited to adhesion
enhancement applications, compared to spin coating. Firstly, any chemisorption of the
monomer to the stainless steel during E C P (as discussed in Section 4.4.2.1) would
produce primary bonds between the stainless steel and the E C P layer, strengthening this
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interfacial bond. Secondly, the E C P approach could also promote increased secondary
bonding to the stainless steel compared to spin coated P M M A , since the more mobile
M M A m o n o m e r m a y be better able to adopt the lowest energy positions with the metal
oxide compared with the larger sterically hindered polymer chains used during spin
coating. Thirdly, the increased adhesion could also be attributed to an increased surface
area contact of the E C P layers compared to the spin coated layers. The E C P approach
facilitates the growth of polymer molecules from every facet of the stainless steel surface,
whereas spin coated polymer molecules would be more restricted in forming intimate
contact at every point on the metal surface. The experimental results described above
justify this explanation.

4.5.5 Annealed Coatings Produced from a Solution of 20%GA-80%MMA Tested with
Araldite K 1 0 6 ® Epoxy Adhesive

The adhesion of the epoxy adhesive K106® to the annealed coatings produced in com o n o m e r solutions was found to be extremely poor. Adhesion tests indicating that the
interface between the E C P layer and the adhesive was the weakest part of the bond. This
is similar to the results of annealed P M M A E C P layers tested with K 1 0 6 ® , in this case
the failure m o d e was attributed to the smoothness of the interface, and the low affinity of
the two layers. In the same w a y it is obvious that the E C P layers formed in the com o n o m e r solutions do not exhibit strong primary or secondary bonding with the epoxy
adhesive. This result is in agreement with the observation that the E C P coating produced
from 2 0 % G A / 8 0 % M M A was primarily P M M A homopolymer.
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4.5.6 P G A Tested with Araldite K 1 0 6 ® Epoxy Adhesive, (Before and After Annealing)

Whilst the unannealed PGA coatings do not drastically improve the adhesion strength

the K106® bond to stainless steel, failure before the ECP treatment being around 4 M
and after, typically about 5 MPa, there was a significant effect upon the adhesive

behaviour, as indicated by typical failure modes, Figures 3.49 and 3.70. Figure 3.49

shows that without ECP pretreatments there is very little interaction between the K1

and either the stainless steel or aluminium interfaces and that there is no cohesive
within the adhesive. Following ECP pretreatments with PGA, however, the stainless

steel interface is strengthened by the ECP layers, and whilst failure still occurs t

extent at the aluminium interface, the maximum strength of the joint is limited by t

cohesive failure within the adhesive and interfacially between the ECP layers and th

adhesive. As such the adhesion test used does not measure the true adhesive strength
the ECP layers to stainless steel and the adhesive, because the adhesive itself was

the weakest parts of the bond. For this reason it was decided to repeat the tests wi
rubber toughened epoxy based adhesive, Araldite 2015®, Section 4.5.7.

The fractional failure modes of PGA samples tested with K106® can also be compared t
those of PMMA samples tested with K106®. Before annealing the PMMA samples were

found to be quite weak, failing primarily within the PMMA layers themselves, or clos

the stainless steel interface. This is attributed to the powdery morphology and poor
adhesion of the unannealed PMMA coatings. With the PGA samples, however, failure

does not occur within the ECP layers, and very little failure occurs at the stainles
surface.

PGA has a Tg of only 6°C meaning that it is in a rubbery state at room temperature.
These polymers would have also undergone a fair amount of viscous flow, in the

unannealed state, owing to the drying stage at 50°C as described previously. This wo

ensure that the surface area of contact between the stainless steel substrate and th
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layer is maximised, accounting for the low degree of failure at this interface. The drying

stage also means that the PGA layers are essentially annealed even before the 'annealing

stage' at 100°C. Consequently there is little change after annealing on adhesion strengt
and failure behaviour. The only effect of annealing appears to be more consistent
adhesion strength measurements, perhaps indicating that the samples underwent a small
degree of viscous flow, resulting in more reproducible layers.

The comparison of adhesive behaviour between annealed PMMA and annealed PGA
layers is very interesting. After annealing, the PMMA layers became much more dense
and smooth. The adhesion strength of the PMMA to the K106® adhesive was much
lower than that of K106® to bare stainless steel, failure occurring primarily at the
ECP/adhesive interface. This indicates that the adhesive bond between the adhesive and
the PMMA layer is very weak and, as discussed above, this can be attributed primarily to
the lack of secondary bonding between these layers. Comparing to the PGA layers,
generally less than one third of the failure was at the ECP/adhesive interface. This
indicates that the adhesive bond between the PGA and K106® is much higher, this
change must be attributed to the epoxide groups in the PGA interacting with the epoxy
adhesive to form primary and/or secondary bonds. The use of PGA as a tie layer to

increase adhesion between carbon fibres and epoxy matrices, has been reported by Bell et
al. [16,17]. Simultaneous improvements in interlaminar shear and impact strengths were
measured when PGA and copolymers of GA/MA were used as ECP pretreatments in
carbon fibre/epoxy matrix composites. This resulted in a very strong ECP/epoxy
interface which was attributed to increased compatibility and chemical bonding.
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4.5.7 P G A Tested with Araldite 2015® Epoxy Adhesive, (Before and After Annealing)

From the observations of PGA adhesion testing with Araldite 2015®, it is clear that

bond between the ECP layers and the adhesive is consistently strong, indicated by ve
low amount of interfacial ECP/adhesive failure.

When the PGA layers were tested with Araldite K106®, the strongest part of the bond

was found to be the stainless steel/ECP interface, indicating that the K106® could n

separate the ECP layers from the stainless steel. This means that the strength of th

particular bond was not being measured. Therefore, a tougher adhesive, Araldite 2015®

was employed. With the exception of the anomalous result, (discussed in Section 3.4.
all of the measured adhesion strengths of PGA layers to Araldite 2015® (annealed or

unannealed) were between 3 and 10 MPa, the strongest joints exhibiting mostly cohesi

failure within the adhesive. Comparing these results to those of the PGA coatings te
with Araldite K106®, (annealed or unannealed), however, the adhesion strength was

always between 3 and 6 MPa. In the Araldite K106® tests the interfacial failure at t

stainless steel was minimal, whilst in the Araldite 2015® tests failure at the stain
interface was quite common.

These observations are significant because the ECP pretreatments obviously improve t
adhesion of the stainless steel interface, but the test results with Araldite K106®

limited by the cohesive strength of the adhesive (measured at 4 MPa on bare stainles
steel). When the tougher adhesive Araldite 2015® was used (with a measured cohesive

strength of 8 MPa) the real adhesive strength of the ECP layers to the stainless ste
measured. This is why the failure occurs either at the stainless steel interface or
cases cohesively within the adhesive.

Minimal failure at the aluminium interface was observed, and this is simply attribut

the strong aluminium/Araldite 2015® interaction shown in Figure 3.49, in contrast to
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weak bonding between the aluminium and Araldite K106®. In summary, it can be said
that the Araldite 2015® has much stronger adhesion to the aluminium and the E C P layers
than Araldite K106®, therefore the failure moves to the next weakest part of the joint,
which in this case is the stainless steel interface.

Annealing the PGA samples does not have a noticeable effect upon the thickness or
morphology of the films. However, when the adhesion was tested with both Araldite
K106® and Araldite 2015®, there was a change in the adhesive strengths. This change
consisted of a substantial increase in the adhesion strengths of the weakest samples and a
more moderate effect (either positive or negative) on the stronger samples. The ultimate
result was that the adhesion strengths measured were more consistent across the range of
E C P samples observed. The strongest P G A samples were generally found to be the
thinnest E C P samples, and it is proposed that these samples are fully annealed, to remove
any residual stresses, during the drying stage at 50°C, immediately after the E C P
experiments. However, the thicker samples might not be fully annealed at 50°C, and
therefore still retain some residual stresses, when initially tested. This results in much
lower measured adhesion strengths. However after the annealing stage at 100°C, any of
these residual stresses can be removed completely, so that subsequent adhesion tests
demonstrate an improvement in adhesion strength. The thinner samples, however,
demonstrate no large scale change in behaviour because their stress state has not changed
in the 100°C annealing treatment.
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CHAPTER 5 - CONCLUSIONS

Thin, uniform, adherent films of high molecular weight PMMA have been formed on
polished stainless steel cathodes from aqueous based electrolytes at low potentials. The
thickness of the films increases with electrolysis time and decreases with potential
magnitude.

The polymerisation mechanism is proposed to be free radical in nature, however, the

reaction kinetics do not follow classic free radical behaviour. This is proposed to be due
to the formation of co-ordination complexes between the growing chain ends and the

sulphuric acid, thereby hindering termination reactions and leading to crosslinking of the
chains by chain transfer as the thickness of the coatings increase.

The porosity of the PMMA films is decreased considerably by an annealing treatment.
Adhesion testing of the annealed samples indicates that these ECP pretreatments can

significantly increase the adhesion of a metal substrate to a CA adhesive. The adhesion is
higher than achieved by spin coating and annealing a PMMA coating of similar thickness
and molecular weight on to the stainless steel surface. The improved adhesion is

attributed to three possible causes; formation of primary bonds between the stainless stee
and the ECP layers, improved secondary bonding between the stainless steel and the ECP
layers, and increased interfacial contact between the stainless steel and the ECP layers.

Electrochemical polymerisation of GA was also carried out by the same ECP method, the
coatings formed were identified as PGA by FTIR, which also indicated a small amount of
crosslinking by ring opening. The thickness of the PGA films increased with electrolysis
time and decreased with potential magnitude, in the same manner as the PMMA coatings.

Owing to these similarities and the fact that polymerisation was carried out in an aqueous
environment, a free radical method was also proposed for this polymer. Adhesion testing
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indicates that these P G A E C P pretreatments can significantly increase the adhesion of a
metal substrate to epoxy based adhesives.

Considering the two systems described above, this work has shown conclusively that the
ECP technique can be used to produce chemically compatible tie layers, which not only
interact with the metallic oxides, by primary and/or secondary bonding, but can be
designed to interact with different types of adhesives, resulting in improved adhesion
strengths.

The novelty of these results in the electrochemistry/surface finishing field should not be
overlooked. Not only have insulating thin films have been produced which act as tie
layers to improve adhesion of metallic substrates to polymeric top coats, but this
technique is an aqueous based, cathodically controlled electrochemical method entirely
suitable for industrial applications on a much larger scale.
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CHAPTER 6.0 - FUTURE W O R K

This study has demonstrated the potential of ECP techniques to produce insulating,
adhesion enhancing, polymeric tie layers, opening up numerous possibilities for future
studies. In particular, regarding the systems described in this work, it would be
beneficial to investigate the nature of the interface between the metallic oxide and the ECP
layers in more detail. The presence and nature of any chemisorbed species should be
clarified. This information would facilitate the design of other electropolymerised tie
layer systems using different polymers and metal substrates.

A preliminary electrolysis step to remove the metallic oxide in situ, immediately prior to
electropolymerisation should be investigated. Exposing the highly reactive clean metal
surface to the reaction medium would be expected to enhance the possibility of forming
primary bonds between the metal and the polymer.

The use of polished surfaces was necessary in this study to facilitate the characterisation
of the ECP coatings. It would however be logical to investigate the use of unpolished, or
even abraded metallic substrates, it is probable that the adhesion to such surfaces would
be enhanced by mechanical interlocking.

The electropolymerisation mechanism described in this study is initiated by hydrogen
radicals, however the efficiency of this process would be low owing to the competitive
reaction involving the recombination of these radicals to form hydrogen gas. This
process also limits the reaction to low applied potentials and therefore current densities
and reaction rates, because of the disruptive nature of the gas evolution at higher
potentials. It would be interesting to investigate some of the novel electropolymerisation
initiators recently reported by Bell et al. [155, 156] which can be easily reduced at

reduction potential lower than that of water to produce radical species capable of initiating
polymerisation.
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The adhesion and demonstrated passivity of the coatings produced in this work raise the
question of using these films as corrosion inhibiting layers in their own right or as
pretreatments under thicker organic coatings.

From a more general point of view it would be beneficial to investigate a wide range of
monomers and metallic substrates, in order to gain a better understanding of the ECP
mechanism and potential applications with insulating polymers.
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