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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT

Thesis for the degree of Doctor of Philosophy

NOVEL SMART COATINGS FOR CORROSION PROTECTION

Anna Frances Rosamond Crosby

There is a desire in defence departments throughout the world to decrease the costs associated with
corrosion ($2.3 billion in the US alone in 2012-2013) especially in the naval sectors. Using smart
coatings that are able to self-heal autonomously is one way of reducing costs. Self-healing
capabilities can be induced through the incorporation of healing agents that have been encapsulated
in microcapsules which rupture when the coating is damaged, releasing the healing agent and
healing the damage to the polymer. If a porous network can be incorporated into the coating then

better dispersion of microcapsules can take place.

Polydopamine (PoDA) was identified as a potential coating as a result of its facile auto-oxidative
deposition and novelty. PoDA films are highly adherent, can be deposited onto a multitude of
substrates and have been used for applications as diverse as DNA patterning and surface

functionalization for the production of self-assembled monolayers.

The PoDA coatings were deposited onto structural steel from an alkaline buffered phosphate buffer
solution and their corrosion performance after immersion in 3.5% NaCl solution was analysed
using electrochemical impedance spectroscopy. The results are presented in the form of Nyquist
and Bode plots. The deposition and polymerisation parameters such as temperature, monomer
concentration and molar ratio of oxidant to dopamine were examined and optimised. Once the best
combination of deposition parameters had been identified the resultant coating was subjected to
further testing including X-Ray Photoelectron Spectroscopy and Scanning Kelvin Probe in order to

better understand its properties and corrosion protection mechanism.

The EIS results showed that a 0.5:1 molar ratio of p-benzoquinone (p-BQ) : dopamine monomer

with a 2 mg mL™ dopamine monomer concentration and a deposition temperature of 25°C



produced the coating that offered the best protection against corrosion. In addition, when the
coating was purposefully damaged, EIS testing showed the presence of an adsorption process and
maintained corrosion protection for the p-BQ oxidized PoDA coating when compared to the
autoxidated coating meaning the presence of p-BQ offers some intrinsic protection against
corrosion. XPS demonstrated differences in composition between the autoxidated and p-BQ
oxidized PoDA coatings and indicted that p-BQ acts as a more efficient oxidant than atmospheric
oxygen. However, the similarities in functional groups between autoxidated and p-BQ oxidized
PoDA mean that it is not possible to determine what the fate of p-BQ oxidant is and so further
analysis is required. SKP results revealed that the protection mechanism was found to be different
to that of established conducting polymers such as PANiI. Overall the results indicate that p-BQ
itself is acting as a corrosion inhibitor. However the coatings were too thin, even after optimisation
of the deposition conditions and so polyaniline deposited from an oxalic acid solution of aniline

monomer was identified as a suitable alternative.

A cubic liquid crystal template was developed following examination of mesophases by polarised
light microscopy and viscosity measurements. The mesophase was formed from a 50/50 wt% mix
of Brij S100 and this was used as the basis of the templating of polyaniline. The presence of the
template changed the requirements for the deposition of polyaniline, primarily because the
oxidation of aniline monomer is a diffusion controlled reaction. Experiments were undertaken to

determine optimum conditions for the deposition of PANi.

Aniline monomer was encapsulated into polydopamine capsules using a procedure published by
Cui etal [1] . The filled capsules were then incorporated into the templated polyaniline coating and
an epoxy topcoat was applied. The self-healing capabilities of the coating system were evaluated
by deliberately inducing a defect into the coating using a scalpel blade. The corrosion behaviour of
the coating system in 3.5% NaCl was evaluated using EIS and the coating was found to self-heal.
The results of this project represent the formation of a novel-self healing coating which protects

steel against corrosion in seawater.
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Chapter 1 Project Background

1.1  CCNS

“Novel smart coatings for the corrosion protection of critical marine structures” forms the novel
aspect of the European Defence Agency (EDA) project “Corrosion Control for Naval Ships .
The project aims to develop strategies to extend repair intervals for naval ships in order to reduce
maintenance costs and improve ship security by exploiting new and emerging technologies.
Three main areas of corrosion protection are being focussed on; corrosion and fouling in
seawater pipe systems, optimisation of cathodic protection and improving performance of

protective coatings.

The aim of the PhD was to produce a novel-anti corrosion coating that is also self-healing and
conductive and possesses sensing abilities. It was hoped that polydopamine (PoDA) be a suitable
candidate for the conducting polymeric coating. Previous research at the University of
Southampton, funded by the Centre for Defence Technology and Enterprise and conducted by Dr
Mengyan Nie [2] had indicated that PODA had the potential to be both conducting and self-
healing. However, due to the highly experimental nature of PODA as a coating, other conducting

polymeric systems, such as polyaniline (PANi) have had to be considered as well.

1.2  Aims and objectives

The aim of the PhD is to produce a self-healing coating that offers protection against corrosion.
Ideally, the coating should also be conducting so it can be incorporated into an electric circuit. The
self-healing capabilities of the coating should be provided by healing agents that have been
encapsulated and the capsules themselves will be contained in a 3- dimensional (3-D) porous

network that has been incorporated into the deposited polymer using some form of template.

1.3 Thesis outline

This thesis first comprises a literature review of the current state of research into polydopamine and
polyaniline coatings as corrosion protection mechanisms as well as the strategies currently used for
their deposition. Templated and self-healing coatings are also reviewed. The techniques used to

evaluate the coatings developed during this work are discussed along with the methods used for the

deposition of the coatings. The experiments conducted are described; results are then presented and
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discussed and conclusions drawn. Finally, work which can be conducted to further the project is
detailed.



Chapter 2

Chapter 2 Corrosion

As has been previously stated, the overall aim of this project is to produce a smart coating that is
capable of self-healing and can be applied to “critical marine structures”. This introduction seeks to

define the critical marine structures under investigation and the problems associated with their use.

Ballast tanks (BTs) are an essential feature of any vessel and in larger naval vessels are used to
control the stability of the ship and to correct its trim (how high the ship sits in the water). For the
larger classes of naval vessels ballast tanks can hold upwards of 100,000 m? of liquid ballast and
have surface areas of over 1,000,000 m? [3]. This gives a huge area for corrosive environments to
act on. Although ballast tanks are of high importance, their awkward geometries and hard to access
locations mean they are often neglected and not always inspected as thoroughly as they might be.
In addition, the large surface areas of ballast tanks mean that replacement of coating systems is
extremely costly which can lead to a reluctance by ship owners to undertake necessary
maintenance. The combination of these factors can have catastrophic consequences for the
structural integrity of ship. The bulk crude carrier MV Erika sank off the coast of Brittany in 1999
spilling most of her cargo of 31,000 tonnes of heavy fuel oil into the North Atlantic, resulting in an
environmental disaster. The subsequent investigation ruled that the primary cause of the Erika’s
sinking was improper maintenance of her ballast tanks; coatings had not been replaced and large
cracks had appeared in the tanks [4]. Poor weather conditions resulted in additional stresses being
placed on the ballast tanks which made cracks even larger, weakening the internal structure of the
tanker and ultimately causing her to break in two. In general, in order to keep building costs down,
BTs are constructed from low carbon steels which are considerably more likely to corrode than
stainless steels due to the absence of elements, such as chromium, that are capable of forming
adherent protective oxide layers. The importance of ballast tanks in the function of a ship means
they can be classed as a critical marine structure. In addition, the fact that they can be neglected in
terms of inspection and maintenance means they are the perfect environment for a self-healing
coating which reduces the need for inspection and lengthens the time periods required between

coating maintenance.

2.1  Corrosion theory

Corrosion can be broadly defined as the attack of a metal by its surrounding environment. As

discussed above, the coatings investigated here are intended for use in ballast tanks made from low
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carbon steel and therefore, the focus will be on the corrosion of iron and steel in a near neutral

agueous environment (seawater).

How full or empty a ballast tank is depends on the cargo loading. A ship fully loaded with cargo
will have empty ballast tanks whilst one which has no cargo load will have full ballast tanks. Even
when the tanks are ostensibly empty of seawater ballast, the atmosphere within the tanks will be
humid and it is highly likely that thin films of electrolyte will adhere to the surfaces of the tanks,
making atmospheric corrosion a likely problem.

The corrosion of metal is an electrochemical process and requires five components to be present in
order to occur: an anode, a cathode, an electrical contact between the anode and cathode, a solution

capable of conducting ions, and one or more reactive species.

The surface of a piece of metal exists as a series of localised anodes and cathodes. This occurs
because there are free electrons present in the metal which are capable of movement and this leaves
behind metal cations which form localised, positively charged cathodes. There will also be areas of
higher electron density which are negatively charged local anodes. The ability of the electrons to
move within the metal proves an inherent electrical contact between the anodes and cathodes.
Without any moisture present, the metal could exist in this state indefinitely with the relative

locations of the anodes and cathodes altering with the movement of the free electrons.

However, the presence of an electrolyte, and reactants contained within, allows the formation of a
localised galvanic corrosion cell. The overall corrosion reaction has two half reactions; a reduction

reaction which occurs at the cathode and an oxidation reaction which takes place at the anode.

The anodic reaction for iron and steel is shown in Equation 2.1 and results in the dissolution of the

iron into solution.
Fe(s) - F€2+(aq) + 2e” Eq 2.1

The cathodic reaction consumes the electrons produced in the anodic reaction and the exact
reaction that takes place is dependent on the nature of the electrolyte as shown by Equations 2.2,
2.3 and 2.4 below:

2H+(aq) + 2e” > Hz(aq) Eq 2.2
O2(aq) t 4H" (aq) + 4~ - 2H,0q, Eq. 2.3
2H,0( + 03 qq, + 4e™ = 40H™ g Eq. 2.4
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The reaction defined in Equation 2.2 occurs in acidic solutions where there is little oxygen present
and is known as the hydrogen evolution reaction. If oxygen is present then the reaction in equation
2.3 will take place. In near-neutral and alkaline solutions, the reaction of Equation 2.4 will occur.

In seawater, the third reaction, termed the oxygen reduction reaction, is the most likely to occur.

2.11 Thermodynamics of corrosion

The likelihood of a given metal to corrode is dependent on the change in Gibbs free energy (AG)
for the corrosion reaction. The more negative the value of AG, then more likely the reaction is to
happen. A positive AG value indicates that corrosion will not spontaneously occur. For example,
the value of AG for the corrosion of gold is +65,700 J. This supports the observation that gold does
not spontaneously corrode when placed in water.

As corrosion reactions are electrochemical in nature, the Gibbs free energy can be related to the

electromotive force, also known as the cell potential, of the corrosion cell by Equation 2.5.
AG = —nFE Eq. 2.5

Here n is the number of moles of electrons, F is the Faraday constant (96485 C mol?) and E is the

cell potential.
When all products and reactants are in their standard states, the following equation can be used.
AG’ = —nFE’ Eq. 2.6

Thus, if the electrochemical potential of the cell is known, the Gibbs free energy may be calculated.

2.1.2 Pourbaix diagrams

Pourbaix diagrams, named after their creator, Marcel Pourbaix present thermodynamic data in the
form of potential vs pH plots [5]. They show at what potentials and pHs a specific metal will adopt
a passivated state, an immune state or an actively corroding state. The Pourbaix diagram for iron in

water at 25°C is presented in Figure 2.1 below.
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Potential (volts, S.H.E.)

(Immunity)

Figure 2.1 Pourbaix diagram for iron in water at 25°C [6]

Horizontal lines represent reactions that do not involve pH affecting species such as OH and H*.
The horizontal line at -0.617 V, represents the potential of Fe** + 2e- — Fe. Below the line,

elemental iron is stable and is considered to be in an immune state.

Vertical lines represent processes that involve species that affect pH but are not dependent on
electrons. The vertical line at pH 1.76 represents the reaction 2Fe®*" + 3H,O — Fe,O3 + 6H* To the
right of the vertical line Fe,Os is the stable species and will offer some protection against corrosion
in the form a surface oxide film. To the left of the vertical line, corrosion of the iron will occur as

there is no surface oxide film and Fe®* is stable in solution.

Sloping lines represent reactions which involve both pH affecting species and electrons such as
Fe,O3 + 6H" + 26" — 2Fe?" + 3H,0. To the right of the sloped line, Fe-Os is stable and present as a

surface oxide film. To the left, Fe? is stable in solution and iron will undergo corrosion.
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When they are present, surface oxide films are presumed to offer protection to the underlying
elemental iron and so these regions of the Pourbaix diagram are often referred to as passive

regions.

2.1.3 Methods of preventing corrosion

There are many methods which can be employed to prevent corrosion from occurring. Cathodic
protection relies on forcing the metal requiring protection to become the cathode rather than the
anode. There are two main forms of cathodic protection, sacrificial protection and impressed
current cathodic protection (ICCP). In ballast tanks, it is common to employ the use of sacrificial
anodes. Here, large pieces of zinc are attached to the surface of the tanks. Because the Gibb’s free
energy of the corrosion of zinc is more negative than that of the corrosion of iron, the zinc will act
as the anode rather than the steel ballast tank. ICCP uses an external current and an inert non-
metallic anode, such as graphite. The application of the current polarises the metal to be protected
and forces it to become the cathode. Both methods of cathodic protection require maintenance and

can be expensive.

Coatings may also be employed as means of corrosion prevention. Although some inorganic
coatings, such as oxide layers and enamels, can be used, they are rarely used in a marine context.
This is especially true of steel and iron in a marine environment because the iron oxides are too
friable to offer any protection and the enamel coatings are liable to undergo mechanical damage.

Therefore, organic coatings are more commonly used in a marine context.

The primary function of most organic coatings is to act as a barrier against electrolyte and cathodic
reactants. This minimises the cathodic reaction which, in turn, prevents the anodic reaction, namely
the dissolution of metal. For some coatings, such as the coal-tar and epoxy coatings often used in
ballast tanks, the barrier protection is the only form of protection offered. The coal tar coatings may
be applied with a thickness of mm rather than pm. Such coatings are used because the tanks are

exposed to both immersion and atmospheric corrosion.

Pigments which inhibit corrosion may also be included in the coatings. Such pigments, which
include chromates and molybdates, are solubilised as the electrolyte penetrates the coating. Their
subsequent transfer to the metal surface allows them to passivate the metal surface and prevent
corrosion. However, chromates are highly toxic and their use is being phased out. Indeed, this
project came about because of the European Defence Agency’s desire to find alternatives to

chromate-containing coatings.
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Another type of active coating which has seen interest in recent years is the conductive polymers.
These include polythiophene, polypyrrole and polyaniline. The mechanism by which these
polymers protect against corrosion is discussed in further detail in section 3.2, but it is thought that
they protect by passivating the surface of the metal because the polymers are capable of cycling
between a reduced and oxidised state which allows the surface of the metal to be oxidised [7].

2.1.4 Coating failure mechanisms

All coatings, regardless of their type, will provide protection to a metal substrate by acting as a
barrier. The presence of the coating prevents electrolyte, and cathodic reactants which may be
present in the electrolyte, from coming into contact with the metal surface. In an ideal world, the
applied coatings would remain intact and impervious to electrolyte but this is rarely the case in real
life. Coatings may have defects which arise as a result of poor application or defects may occur as a
result of external damage to the coating. Even coatings which do not have any visible damage may
still be sufficiently porous to allow the diffusion of electrolyte and oxygen through the coating and
eventual contact with the underlying metal substrate. For some coatings, the presence of water
alone is sufficient to disrupt the bonding between organic coatings and substrates, leading to the
delamination of the coating. In other instances, the delamination of a coating can be initiated and/or
increased by the electrochemical cathodic and anodic corrosion reactions and these instances are

discussed below.

2.1.4.1 Osmotic blisters

Coatings with defects can act as semi-permeable membranes; this allows electrolyte to permeate
through the coating. The presence of water soluble salts, either in the electrolyte or in the coating,
can contribute to the rate of coating failure. If a small amount of electrolyte permeates through the
coating, the salt concentration of the electrolyte behind or underneath the coating may become
greater than the salt concentration of the surrounding electrolyte. When this is the case, an osmotic
cell forms. Because of this osmotic cell, more bulk electrolyte from outside the coating is forced
into the coating to balance the ion concentrations. This causes liquid-filled blisters to form in the

coating. These are termed osmotic blisters.

2.1.4.2 Cathodic delamination

If a defect is present in an organic coating, the electrolyte will be present at the metal/coating
interface and this allows a localised corrosion cell to form and oxygen can readily diffuse through
the electrolyte to the metal substrate. The resulting cathodic reaction can lead to the delamination
of the coating in a process that is usually referred to as cathodic delamination/disbondment. As

shown in Equation 2.4 above, the cathodic reaction in near-neutral aqueous solutions, results in the
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formation of hydroxyl ions (OH"). This increases the pH at the area surrounding the defect at the
interface between coating and metal substrate and the increased alkalinity degrades the bonds
between coating and metal and leads to the delamination of the coating. The exposed metal acts as
the anode and, as shown on Equation 2.1 above, the dissolution of the metal occurs and electrons
are produced. These electrons feed the cathodic reaction which leads to further delamination.

2.14.3 Filiform corrosion

If there is a high level of humidity in the atmosphere and oxygen is present the process of filiform
corrosion can occur. This is a form of coating delamination which is driven by the anodic reaction.
Filiform corrosion exists in the form of filamentous tracks which consist of a mobile head, filled
with electrolyte that contains metal cations and attacking anions, such as chloride; and a tail formed
from dry corrosion products.

If the atmosphere is sufficiently humid, as is always the case in a ballast tank, a thin film of
electrolyte, such as seawater, will adhere to the organic coating. The presence of a defect in the
coating mean the thin electrolyte layer will also adhere to the underlying steel substrate. In
seawater, the electrolyte will contain water, oxygen and chloride ions. The initial stage of filiform

corrosion is shown in Figure 2.2 below.

Adsorbed electrolyte layer

0, H,0
i s
o ——> FeX®
Local cathode © Local anode

Steel plate

Figure 2.2 Initial stage of filiform corrosion

The presence of the thin film leads to the formation of a differential aeration cell. The thinness of
the electrolyte film means that atmospheric oxygen can diffuse far more readily through the
electrolyte than it can through the surrounding organic coating. As a result, the preference is for the
cathodic oxygen reduction to occur at the defect site on the exposed metal rather than under the

coating. The area under the intact coating surrounding the coating is then oxygen deficient relative
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to the defect site and so the area under the coating becomes the local anode. The chloride anions
present in seawater are drawn to the anodic region and this leads to a corrosion gradient. The

electrolyte present at the cathodic region is then drawn forward by osmosis.

Dry tail
Active electrolyte head

P T L SRS

Local cathode e Local anode

Figure 2.3 - Later stage of filiform corrosion

As shown in Figure 2.3 above, the movement of the electrolyte to the head of the filament leaves
behind a dry tail which allows oxygen to readily reach the back of the filament head. The cathodic
reaction therefore takes place at the back of the head and the anodic reaction takes place at the
front, closest to the intact coating. The metal cations produced during the anodic reaction migrate
to the cathodic region where they combine with the hydroxyl ion products of the cathodic reaction
to form insoluble corrosion products and the resultant filament tail. The reactions between the
anodic reaction products and species present in the electrolyte in an oxygen deficient atmosphere
can lead to the formation of acids which lowers the pH of the head of the filament which can

destabilise the bonds between coating and substrate.

2.15 Microbially induced corrosion in ballast tanks

As well as containing NaCl at an approximate concentration of 3.5%, seawater also contains
microorganisms and organic matter. The presence of these microorganisms can result in
Microbiologically Induced Corrosion (MIC). MIC is not a specific type of corrosion instead it is
the term used to refer to the collection of microorganisms and their activities which result in the

inducement of localised corrosion.

When microorganisms come into contact with the metal surface of the ballast tanks they can form
biofilms through the adsorption of the macromolecules. Once microorganisms have attached to the
metal substrates, they release adhesive substances known as extracellular polymeric substrates
(EPS) which allow film formation. These biofilms often have irregular coverage of the metal
substrate which can lead to the formation of concentration cells; the area underneath the biofilm
becomes a localised anode and the surrounding area becomes a cathode which can result in the
initiation of localised corrosion such as pitting [8]. Localised corrosion can be much more severe in

terms of material loss than uniform corrosion. If the ballast tanks are not inspected then the pits can
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be left to develop further. The action of sea water in ballast tanks sloshing around during sea
voyages puts the tanks under further stresses and strains which can cause the pits to develop into

large cracks.

In addition to the formation of biofilms, bacteria and microorganisms are capable of accelerating
the rates of the partial corrosion reactions or alter the corrosion mechanism. Sulphate reducing
bacteria (SRB) reduce the elemental sulphur present in mild steels which results in the formation of
hydrogen sulphide (H.S). The production of H,S catalyses the penetration of hydrogen into the
steel which, in turn, induces cracking of the steel. If the respiration rate of the SRB is greater than
the rate of diffusion into the corrosive solution, then the area becomes anaerobic allowing the
proliferation of sulphide production [9]. In the case of iron, H.S accelerates corrosion through the
formation of iron sulphide materials [10]. If both SRB and Sulphur oxidising bacteria (SOB) are
present, the SOB can oxidise H; S to sulphuric acid making the corrosive environment even more

aggressive and increasing the rate of corrosion.

The initiation of corrosion is further affected by the way ballast tanks are constructed. In order to
prevent against crevice corrosion, BTs are constructed by welding, rather than bolting, sheets of
steel plate [11]. Welding can alter the microstructure of the steel resulting in a greater susceptibility
to corrosion than un-welded material. These weld zones are particularly susceptible to
microbiologically induced corrosion as the roughness and changes in microstructure provide the

ideal environment for the adherence of biofilms [12].

However, the coatings themselves can often be affected by the metabolic products of certain
bacteria especially if the products are acidic in nature and this process can occur in periods as short
as 60 days [13]. In addition, bacteria have been shown to be attracted to defects within the coating
[14].
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Chapter 3  Literature

3.1 Polydopamine

The vast majority of reported polydopamine (PoDA) research has been undertaken using chemical
deposition methods. Conversely, there have only been three papers published [15-17] that relate to
the electrochemical deposition of PODA on substrates such as either gold [15, 17] or amorphous
carbon [16]. This can be considered advantageous in that achieving electrochemical deposition
would be novel, especially on a more active substrate such as steel. However, there is also the
possibility that there has been little published work because prior attempts have been unsuccessful.

3.1.1 The catecholamines

Dopamine (DA), as shown in Figure 3.1, is a neurotransmitter that belongs to the
catecholamine family of compounds which also includes noradrenaline (Figure 3.2) and L-
DOPA (Figure 3.3). Within all these figures, the catechol moiety is highlighted in red and

the amine in blue.

HO
Dopamine
NH 4-(2-aminoethyl)benzene-1,2-diol
2
HO
Figure 3.1 - Dopamine chemical structure
NH,
HO ", Norepinephrine
///
OH

4-[(1R)-2-amino-1-hydroxyethyl]benzene-1,2-diol

HO

Figure 3.2- Noradrenaline (norepinephrine) chemical structure
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HO L-DOPA

L-3,4-dihydroxyphenylalanamine

NH,
HO

Figure 3.3-L-DOPA chemical structure

All three molecules are interlinked from a biochemical perspective, since L-DOPA is the precursor
to dopamine (DA) [18] which is itself the precursor to noradrenaline [19]. Both L-DOPA and
noradrenaline are known to form melanins; biological pigments present in most animals and
responsible for things such as skin pigmentation and hair colour. This, along with the similarities in
structure to DA, has led to the proposition that PoDA may adopt a melanin-like structure. The
increased interest in dopamine came about as a result of its similarity to L-DOPA. L-DOPA
constitutes approximately 40% of the proteins that mussels use to adhere to rocks (Figure 3.4) [20].

Adhesive protein (Mefp35)
plaques — “feet”

Byssal threads

Figure 3.4— Mussel adhering to rocks using byssal threads and adhesive foot plaques [21]

Mussels have been shown to be able to adhere to many surfaces, including Teflon (Figure 3.5) and
so it was proposed that a coating produced from dopamine (as an analogue for L-DOPA) would

have excellent adhesive properties [22].

Figure 3.5-Mussel adhering to a sheet of Teflon (PTFE) [23]

The combination of catechol and amine groups seems to be critical for adhesion [24, 25] as

dopamine incorporates both a catechol and an amine group and has the added benefit that PoODA
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is very easy to deposit [26]. Any solid surface that is deposited in an alkaline buffered solution

of dopamine will become coated in a thin film of PoDA (Figure 3.6).

Self-assembled monolayers

Any solid substrate Metal films

—> Bioactive surfaces

v

‘ Polydopamine
l coated substrate Polymers for electronics
Dopamine 0:
> |
pH 8.5
Polydopamine

Figure 3.6- Process of spontaneous deposition of PODA

3.1.2 Mechanism of PoDA formation

The PoDA formation mechanism was initially based on the Raper-Mason reaction sequence [18] for
the formation of melanins (Figure 3.7). The mechanism was proposed as a result of similarities in
structure of both adrenaline and L-DOPA.

HO
CO,H HO Co,H 0 CozH
[0 [0] —_— COH > Melanin
NH N —
NH, NH, Fast 2 HO I
Slow HO ) H

Figure 3.7 - The Raper-Mason mechanism [18]

The PoDA formation mechanism (Figure 3.8) is generally now accepted, although opinion differs as
to whether PoDA forms from either 5, 6-dihydroxyindole (DHI), 5, 6-indolequinone (IDQ) or a
combination of the two.
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Oxidation s
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5,6- dlhydroxymdole

Poly(Dopamine)
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N\

o N

5,6-indolequinone

Figure 3.8 - PoDA formation mechanism

However, the possible products of the reaction sequence provide many possibilities for PoDA
structures, especially as there are several different tautomers that can form for both DHI and IDQ
(Figure 3.9). Consequently, it would be advantageous to determine the exact pathway by which
PoDA is formed.

HO HO
y — 0 —
D — ) — 1L
HO N HO § Ho "
5,6-dihydroxyindole and tautomers
HO

o o o \ _
=10 =10 =15
N o N HO N o

o

5,6-indolequinone and tautomers

Figure 3.9 - Tautomers of 5,6-dihydroxyindole and 5,6-indolequinone

The reaction steps for polymerisation are agreed to be the same regardless of whether a
covalently linked polymer is formed or a supramolecular structure. However, although this
simplifies the study of dopamine from a mechanistic point of view, from a structural point of
view it equally validates both structural groups. As a result, at least initially, each class of

polymeric structures can be considered equally valid.
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Yuetal. [27] used Gaussian calculations (density functional theory. DFT) to determine the most
likely repeating unit structures. They found that the most favourable transition would be the
formation of an indolequinone which would then dimerise to form a suitable repeating unit. This
follows the proposed formation mechanism and supports the idea of a covalently linked PoDA.
If the formation of the indolequinone can be indeed proven by analytical techniques, it would
render those structures which rely on 5,6-dihydroxyindole repeating units invalid (i.e. the
majority). Yu et al. also concluded that the rate of the reaction would increase with temperature.

Bernsmann et al. managed to give some indication of the relative timings of the reaction
mechanism [28]. Initially, the dopamine solution is colourless but transforms to a brown
colour after the oxidation of dopamine. Bernsmann et al. deliberately lowered the pH of the
solution after 5 min of oxidation. This caused the solution to turn from brown to colourless and
the dopaminequinone peak of the UV- Vis spectrum disappeared. After a 10 min oxidation
period, the intensity of the dopaminequinone peak decreased but did not disappear entirely.
These observations can be explained by the reversible nature of the dopamine oxidation
(Equation 3.1).

dopamine < dopaminequinone +2H% + 2¢" (3.1)

Equation (3.1) demonstrates that the application of acid would force the reverse reduction of
dopaminequinone to dopamine. Thus, it can be inferred that after a longer oxidation period,
dopaminequinone has transformed to a more stable product which is not perturbed by the addition

of acid.

3.1.3 Proposed structures

The proposed structures for PODA can be divided into two main categories: (i) those that propose
covalent linkages between monomers, producing a polymeric structure akin to melanins; and (ii)
those that propose non-covalently linked monomers (or small oligomers) resulting in
supramolecular systems that are similar to the polymeric structures adopted by quinhydrones and
catechols (Figure 3.10) [29]. Here, monomeric units of both the quinhydrone and catechol are held

together by hydrogen bonding.
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Figure 3.10 - Quinhydrone/catechol polymerisation

The notion of a supramolecular-like structure originates from the fact that quinhydrones are known
to readily auto-oxidise, much like dopamine. However, the black colour and adherent properties of
PoDA have much in common with melanins and, in addition, both noradrenaline and L-DOPA are

known to form melanins.

There are two primary types of melanin: (i) eumelanin with indole precursors and (ii) pheomelanin
which originates from benzothiazine (Figure 3.11). Given the almost universally accepted PODA
formation mechanism, it seems apparent that when authors say PoDA is synonymous with melanin
they really mean eumelanin, despite very few of them specifically making this distinction.

L,

Figure 3.11 — Benzothiazine chemical structure

The primary problem with a structural model based on melanins is that the exact structure of
melanin itself is still contested [30, 31], although it is accepted that the polymeric structure relies on
covalent linkages between DHI units to some degree [32, 33]. In addition, many groups rely on
comparison with natural melanins for structural determination [34] and, as natural melanins are, for
the most part, derived from human tissue, no two melanin samples are exactly alike. It is not known

to what degree this inhomogeneity of structure is likely to carry over to synthetic melanins.
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The process of determining the PoDA structure is complicated further by the fact that PODA is
insoluble in water and in the majority of organic solvents, including those that are readily deuterated

for liquid-state nuclear magnetic resonance (NMR) analysis [35].

Most studies hypothesised a structure (often based on observed properties) and then used some
combination of analytical technique to support the hypothesis. To overcome the problem of the
insolubility of PODA, solid state NMR has been employed on the final polymer product and liquid
state techniques, such as Fourier Transform-Infra Red (FT-IR) and Ultraviolet (UV) spectroscopies,
on isolated intermediates. To date, there has been little analysis on PoDA within a film form. The
majority of analysis and structure determination has been undertaken on precipitate that has been
collected from solutions and dried. The danger with this strategy is the possibility that there may be
a difference between the properties of PODA as a thin film and the bulk polymer.

A schematic summary of the four main classes of proposed PoDA structures is shown in Figure
3.12.

NH,

HoN OH
= OH
‘ - Dopamine
e E—
AN OH polymerization

OH
[aVa VAV
L d l

. [0]
Polycatecholamine Model

(¢}
B supramolecular Qunione
H” aggregation

o) non-covalent
m self-assembly
o
H

5,6-dihydroxyindole

Quinhydrone Model
HO

Iz

HO

n

Melanin-type (Polyindole) Mode

Physical Trimer Model

Figure 3.12 - The four classes of proposed PoDA structures (labelled in red)
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3.1.3.1 Covalently linked polymers

The first covalently linked structure for PoDA was proposed by Herlinger et al. [36] in 1995 (Figure
3.13). This was 12 years before Lee et al.’s [37] seminal paper on PoDA deposition but the
Herlinger study is rarely referenced in the more recent literature. Herlinger et al. proposed the
following structure after spectrophotometrically observing the intermediates prior to the soluble low
molecular weight (M.W.) melanin precursor. The melanin insolubility meant their proposed PoODA

structure was un-confirmed.

Ring

HO
HO Closure
—>
Rate- determmmg N
Ng step N H3
HO

Semiquinone Quinone Leucodopammochrome

Soluble Free Radlcal /
O -<<«——— low M.W. polymer
(melanin precursor) Imtlatlon

Dopammochrome

Dopamine

Melanin

Figure 3.13 - Proposed mechanism of formation and structure of PoDA (Herlinger et. al) [36]

There is one crucial difference between the mechanism proposed by Herlinger and that which is
often discussed in the more recent literature; they deduced that polymerisation occurred from
dopaminochrome rather than the dihydroxyindole or indolequinone. However, it is possible that the
soluble low M.W. polymer they propose as the final precursor to melanin could be some form of

quinone, especially as their proposed final structure for melanin is comprised of quinone groups.

Wei et al. [38] proposed a simplified reaction mechanism (Figure 3.14) and subsequent polymeric
structure as a result of their work with additional oxidants. It was reported that there would be no
difference in either reaction mechanism or final product between polymerisation induced by
molecular oxygen (02) and polymerisation induced by additional oxidant. However, they provide no
evidence of structural determination other than observing the change in intensity of the dopamine

signal through Ultra Violet-Visible (UV-Vis) spectroscopy. While this shows that the initial
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dopamine in solution was depleted, it provides no information about what the dopamine is
transformed into. However, the authors were investigating the effect of added oxidants on dopamine
polymerisation rather than the structure and so their methods were not focussed towards structural

determination.

NH, NH,

A N 4 NH
Oxidant Polymerisation
—_— | ] eeeeeeccceccaaa >
HO
[e]
HO OH HO OH

OH 0

Figure 3.14 - Proposed polymeric structure (Wei et. al.) [38]

Postma et al. [39] present two potential structures with different bonding possibilities (Figure 3.15).
However, they provide no analytical evidence to support the proposed structures, nor do they make
reference to the origin of the structure: i.e. whether they were proposed by the authors or extracted

from another paper.

H,N "
HN HN
\ \ HN \
Oxidation Polymerisation
—_— —_—
Rearrangement
HO OH HO HO

OH OH *© HO OH

Figure 3.15 - Proposed PoDA structure (Postma et al.) [39]

The structures shown in Figure 3.16 were proposed by Yu et al. [40]. However, as with Postma et al.
[39], they did not provide any analytical evidence. Later, as part of their discussion, they attributed
the structures to Lee et al. but the Lee study presents no structures. Yu et al. did not seek to
determine the structure of PODA; instead they mention it as an aside in relation to the potential
properties of the PoDA microcapsules they were producing. The authors did not provide any
conclusions with regards to this relationship. They did however raise an important point -that there
is a crucial relationship between polymeric structure and properties and thus that knowing the

structure of PODA is vital if refinement of properties is to take place.
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Figure 3.16 - Proposed PoDA structures (Yu et al.) [40]

Iz
=1

3.1.3.2 Covalently bonded polymers with a degree of unsaturation

Liebscher et al. [41] proposed the structure shown in Figure 3.17 after undertaking NMR,
electronspray ionisation high resolution mass spectrometry (ES-HRMS), X-Ray Photoelectron
Spectroscopy (XPS) and FT-IR. They also claimed that the results they obtained prove that a
supramolecular model is not possible. They state that “It is possible to give proof of hypothesized

structural proposals found in the literature but also renders them unlikely.”[41].

H,N

\@“I@ @
/1 _

HO OH HO OH HO OH O (¢}

| 4

Figure 3.17 - Proposed PoDA structure (Liebscher et al) [41]

An interesting assertion made in this study is that the melanins resulting from L-DOPA, 5,6-DHI
and dopamine precursors will not have the same final polymeric structure. Several other authors,
especially Bernsmann and Ball [16, 28, 42, 43], use the term melanin indiscriminately for the
polymeric structure of all catecholamine precursors and make the assumption that all precursors will
result in the same polymeric structure. However, this has been disputed by Binns et al. who have

published extensively on melanin chemistry [33].

Liebscher et al. refute the idea of a PODA structure containing non-covalent interactions both
recently in ref. [41], which was solely devoted to the PODA structure and their earlier work on
dopamine coated magnetic nanoparticles [44]. The early work found only one oxygen signal (XPS)

for the polymeric shell of PoDA which makes an entirely non-covalent structure such as that

proposed by Dreyer [35] unlikely (Figure 3.18). The results of Magic Angle Spinning (MAS) 1y

NMR, used to overcome the difficulties of analysing magnetic materials, resulted in the proposition
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of a structure akin to that proposed by Herlinger et al. (Figure 3.13) as there were too few aromatic

C-H signals (according to 1y NMR) for a completely hydroxyindole derived structure to be valid.

H_-_ -
)

HN

O-----T

\’i
7/ \

HN
Figure 3.18 - Proposed non-covalent structure (Dreyer et al) [35]

The Liebscher et al. study which studied PoDA coatings formed from both Tris and phosphate
buffered processes, found that no structural differences occurred using the two buffers and thus

based their work on the possibility of there being several indole monomers (Figure 3.9).

The 1y MAS-NMR indicated that the presence of dihydroxyindoles and indolequinones in the

PoDA structure. This would be consistent with the structure required for Dreyer et al.’s non-

covalently bonded structure (Figure 3.18). However, the lHNMR spectrum did not show chemical
shift peaks that would be indicative of H atoms at the 4 and 7 positions of the dihydroxyindole

(Figure 3.19) which would be a requirement for Dreyer et al.’s proposed structure to be valid. The

13c MAS NMR and XPS indicated that there was a degree of unsaturation with regards to the

indole moieties.

Figure 3.19 - Numbered dihydroxyindole
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3.1.3.3 Supramolecular systems

Both of the proposed supramolecular structures consist of repeating units held together by n-n
stacking. However, the structure of the repeating units differs greatly between the two proposed
systems [35, 45].

3.1.331 Cyclic tetramers

The structure in Figure 3.20 was proposed by Kaxiras et al. [45] following first-principle
calculations (time-dependent DFT and radial-distribution factors), based on the assumption that
eumelanin is synonymous with PoDA, which may or may not be accurate. Their work highlights
the problem that direct comparisons are being made between eumelanin and PoDA when the
structure of eumelanin is not confirmed. They detail the current understanding of the eumelanin

structure, as follows:

¢ small repeating units, e.g., DHI / IDQ tetramers;
¢ planar stacking of repeating units;

¢ eumelanin can bind to metal ions without permanent structural changes.

It was concluded that tetramers or pentamers are the most likely repeating units as cyclic hexamers
would have a 120° angle between molecules and such steric hindrance would render them unstable.
They also found that the only possible repeating units with positive energies of formation were
tetramers that contained two or more indolequinone monomers. The radial distribution factors
indicated planar n-stacking with inter-tetramer spacings of 3.00 A which indicates that a porphyrin
ring structure could well be adopted, as is shown in Figure 3.20. This would support the notion that
melanin can incorporate metal cations without fundamental structural changes. Interestingly, copper
was not found to be retained in experiments where it was used as an oxidant [36] , which could
possibly indicate that the eumelanin / PODA analogy is not necessarily valid. However, the retention

of copper could depend on the strength of the chelation effect.
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Figure 3.20 - Proposed PoDA structure (Kaxiras et al) [45]

3.1.34 Hydrogen bonding between indole units

Dreyer et al. [35] used a combination of NMR, electron paramagnetic resonance (EPR), powder X-
Ray Diffraction (PXRD) and FT-IR to investigate the idea that PODA adopts a quinhydrone-like
structure. Their reasoning was that the quinhydrones have several properties in common with
PoDA including strong colouring and insolubility, and the fact that catechols and hydroguinones

are known to undergo autoxidation.

The authors proposed a model where monomers were linked through non-covalent interactions.
Solid state NMR (15N) is consistent with indoline-like structures. Comparison between the liquid
state NMR of dopamine and the solid-state PODA spectrum indicates the oxidation of diol to dione
and the formation of an aliphatic indoline formation indicating a cyclisation reaction occurred. This

is in broad agreement with the general mechanism of PoDA formation presented in Figure 3.8

EPR data indicated that radicals are involved in the formation of PoDA which would indicate
support for Herlinger’s proposal that semiquinones are involved (Figure 3.13). The PXRD data
indicated that repeating units had spacings of 3.8 A. They therefore concluded that the repeating
units of PoDA are quinoid and catechol indoles connected by hydrogen bonding between the OH
and C=0 groups (Figure 3.21). These repeating units are then connected by n-n stacking to create a

supramolecular PoDA structure.
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Figure 3.21 - Proposed route of formation and PoDA structure (Dreyer et al) [35]

A similar model to that shown in Figure 3.21 was proposed by Kim et al. [46]. The authors did not
seek to define a PoODA structure as they were primarily interested in whether there were differences
in morphology between either PODA coatings deposited under either atmospheric oxygen or an
applied pure oxygen atmosphere. FT-IR, UV-Vis, XPS and Scanning Electron Microscopy (SEM)
was used to determine that the atmospherically deposited coatings contained large aggregates that
were absent in coatings deposited under pure oxygen. They attributed this phenomenon to pure
oxygen conditions producing a higher concentration of DHI and IDQ. The conjugated nature of
DHI and IDQ would result in inter-molecular stacking as a result of n-w interactions and charge
transfer. The higher the concentrations of DHI and IDQ that are produced, the better the stacking
between oligomers and the stronger the attractive forces between oligomers. This resulted in

smoother surface morphologies.

This seems a reasonable assumption given the oxygen dependent nature of the proposed PODA
formation mechanism and the possibility that atmospheric oxygen alone may be limited in
availability, thus leading to higher concentrations of less conjugated products that may not stack so
well. This would also explain the formation of aggregates under atmospheric conditions. However,
their conclusions are based on the assumption that the supramolecular model is valid but the
authors provide no evidence either to support their assumption or to explain how they arrived at

their conclusion.

3.1.3.5 Mixed system

Hong et al. [47] reported that they believed PoDA to form through a combination of covalent
polymerisation and physical self-assembly. As is shown in Figure 3.22, they proposed that both the
self-assembly and covalent polymerisation processes originate from DHI. In the covalent
polymerisation pathway, both DHI dimers and DHI and dopamine trimers are formed. In the
physical self-assembly pathway, a non-covalently bonded trimer of two dopamine molecules and

one DHI molecule forms. The products of both pathways then combine to form a supramolecular
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structure, held together by non-covalent interactions, in which the constituent oligomers are held
together by both covalent and non-covalent interactions. Hong et al. reached their conclusions by
following the reactions through HPLC-MS. They proposed that there may be a difference in the
final structure of PODA depending on whether Tris or phosphate buffer is used although they did
not provide reasoning for this assertion. In addition to reaction monitoring through High
Performance Liquid Chromatography (HPLC), the authors also undertook theoretical calculations
to determine which possible oligomers would be the most stable. This led them to propose the
DHI-DHI and trimeric conjugates shown Figure 3.22. As a final note, the authors acknowledged
that further analysis of the individual intermediates is required and the kinetics of their formation
need to be further investigated.
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Figure 3.22 - Mixed pathway polymerisation and proposed structure (Hong et al) [47]

3.1.3.6 Inconclusive study
Della Vecchia et al. [48] conducted a study with the stated aims to:
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¢ elucidate the repeating unit of PODA;
e determine the degree of polymerisation in PODA,;
¢ rationalise the polymerisation process with respect to the deposition process.

An extensive analysis of the PODA degradation products concluded that there are several possible
repeating units, and multiple possible pathways for PODA formation and are presented in Figure
3.23. Although they could not define an exact structure or pathway, Della Vecchia et al. concluded
that covalent bond formation was crucial to the development of PoDA. They also reported that their
MS data supported the hypothesis of Hong et al. that self-assembly trimerisation is involved in
PoDA formation as there was strong evidence that the PODA structure contained small oligomers.
HPLC and MS data ruled out structures composed of non-covalently bound monomers in the initial
stages of polymerisation, such as those proposed by Dreyer et al. [35]. However, they did not rule
out the concept that non-covalent interactions could be possible between covalently bonded small
repeating units. The authors concluded that Tris buffer can be incorporated into the structure of
PoDA, a previously reported phenomenon [49], and that the incorporation is dependent on dopamine
concentration. They attributed this to higher dopamine concentrations resulting in un-cyclised amine
containing structures which are more likely to react with Tris. Their final conclusion summed up the
state of research into the structure of PoDA: “PoDA should now be represented at best as a
collection of oligomeric species in which monomer units are linked through different bonding as no

current model is a completely valid explanation of the properties of PoDA.”’[48].
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3.14 Deposition

There have been a limited number of investigations into the actual PODA deposition mechanism
onto a substrate surface. Only one study has proposed a deposition process for dopamine itself,

inspired by Bernsmann et al.’s [28] hypothesis that deposition requires the absorption of monomers
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or small oligomers onto the surface through a radical initiated process. Jiang et al. [50] proposed that
branching reactions using 5,6-dihydroxyindole and 5,6-diindolequinone will result in oligomers.
The oligomers then assemble through z-x stacking and from nanoaggregates which then undergo
further aggregation to form a supramolecular structure. It has been proposed that the initial
aggregation is triggered by the absorption of dopamine radicals onto the substrate surface. The
absorbed radicals then initiate the polymerisation reaction and ultimately form a continuous film.
Monomers / small oligomers can be deposited into the original PODA layer through non-covalent
interactions, leading to film thickening with longer deposition time. This assumption is supported
by evidence from studies that have observed that supplies of fresh dopamine can lead to the
formation of thicker PoDA films (90 nm with additional injection compared to 45 nm for a single
deposition [49]). The idea of small DHI or IDQ oligomers forming is supported by both structural
analysis and theoretical calculations. Jiang et al. highlighted the need for a fundamental
understanding of the interaction between PoDA and substrate to enable comprehension of the

deposition mechanism.

3.15 Current deposition procedures and refinement

Since Lee et al.[37] published their universal method for deposition of PODA, there have been
several hundred papers published on aspects of PODA research. However, very few of these papers

have sought to examine the structure and formation mechanism of PoDA. The majority of the

studies have considered applications of PoODA and most have used the Lee method (2 g L1in10
mM Tris buffer at pH 8.5 with 24 h deposition time) with very little or no alteration; many of the
applications are electrical or biological in nature so the thin films produced by Lee’s method are

perfectly adequate.

3.1.5.1 Parameter examination

Attempts have been made to optimise various deposition parameters. The aims of definition have
varied; some authors have attempted to decrease the required deposition time, others to increase the
thickness of the deposited PODA coating. Lee et al. [37] reported an achieved thickness limit of 45

nm and the aim has been to overcome this limit.

3.1.5.2 Additional oxidants

Wei et al. [51] used ammonium persulfate (AP) in a 1:2 molar ratio of AP: dopamine at various

pHs to investigate the effect of additional oxidants. At pH 5.5 and 7.0 no polymerisation occurred
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without the addition of AP. At pH 8.5 polymerisation took place spontaneously but was enhanced
(in terms of deposition time) by the addition of AP. Following the findings at pH 8.5, sodium
periodate and potassium chlorate were also tested. Stronger oxidants (NalO.) were found to further
enhance deposition. This was determined by UV-Vis spectroscopy monitoring of the
polymerisation intermediate peaks.

To date no investigation has been undertaken to compare the performance of different oxidants at
acidic conditions. Investigations into PoDA film thickness have all used alkaline media thus it is

not known whether thickness could be greater from an acidic solution than from an alkaline one.

Bernsmann et al. [49] undertook a comparison between cupric ions (Cu?*) and dissolved oxygen
(O2) as oxidants as a means of overcoming the thickness barrier. Both experiments used a2 g L
dopamine in a pH 8.5, 50 mM Tris buffer solution. In one experiment the solution was
continuously aerated whilst in the other, the DA solution was deoxygenated through N bubbling
and 30 mmol CuSQO, was added. On CuSQ, addition, the pH dropped to 4.5 and was not adjusted.
It was found that although the rate of deposition was slower when Cu?* was the used, the films that
deposited ultimately achieved a greater thickness (80 nm) than when O, was the oxidant. They
hypothesised that a completely different mechanism would apply to oxidation by Cu?* as this
occurs under acidic conditions whereas oxidation by O does not.

3.1521 Organic oxidants

It has also been found that the p-Benzoquinone based polymers that form under alkali conditions can
act as oxidation-reduction polymers meaning they may have a similar corrosion protection
mechanism to other red-ox polymers such as polyanilines [52]. The alkalinity is required because the

mechanism requires the incorporation of a hydroxyl moiety [53].

Furlani et al. found that the polymers produced by p-BQ had conductivities which were comparable
to polyanilines. This renders the second mechanism equally likely [54]. Sadykh-Zade et al. found
that the polymerisation products were polymers based on hydroquinones. The OH groups come
from the transformation of p-BQ to hydroquinones, a transition that is almost instantaneous under
certain conditions [55].

Several studies that have used the oxidation of aniline monomer, whether chemical oxidation using
peroxydisulfate or electrochemical oxidation by the application of an external potential, to produce
polyaniline (PANI) coatings have discovered the existence of p-benzoquinone (p-BQ) as a by-
product of the oxidation when it was carried out under both acidic and alkaline conditions. However,
the evolution of p-BQ did not take place when electropolymerisation was undertaken under acidic

conditions. The aniline coatings used in this project have been electrochemically deposited from an
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acidic medium (oxalic acid) without the use of additional oxidants, thus avoiding the formation of p-
benzoguinone. The chemical oxidation of aniline under alkaline conditions fails to yield PANi of

any form and instead forms small chained oligomers.

As p-BQ was already known as an oxidant, the effects of the by-product on aniline monomer
required further investigation. After analysis of reaction products by FT-IR, UV and elemental
analysis using a CHNS/O analyser, Stejskal and Trchova [56] concluded that aniline is oxidised by
p-BQ to a monoamine or the reduced aminophenol form (see Figure 3.24). These intermediates then
facilitate the formation of aniline oligomers and the subsequent joining of oligomers to existing
PANI chains under alkaline conditions forming hydroguinones and benzoquinone. Many oxidative
polymerisations result in the release of protons which change alkaline environments into acidic ones
but the authors do not mention this. However, the incorporation of released protons into the
hydroquinone products would prevent the acidification of the reaction solution and ensures the

maintenance of an alkaline regime.

NH

o}
(@ ————— ()
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\ NH, OH
(b)
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Figure 3.24 - Oxidation of aniline monomer to either (a) benzoquinone monoamine or (b) the reduced analogue p-
aminophenol.; further oxidation facilitates the joining of aniline oligomers to existing PANi chains resulting in (c)

p-benzoquinone and (d) the reduced form p-hydroquninone

Under acidic conditions, the reaction would result in the incorporation of p-benzoquinone (or
associated compound) into the PANi chain. Several authors have proposed variants of the chains

which are shown in Figure 3.25.
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Figure 3.25 -Proposed structures for PANi chains with incorporated p-benzoquinone moieties: (a) Venancio et al.
[57], (b) Surwade et.al. [58], (c) Kriz et al. [59] and (d) Zujovic et al. [60]

The discovery of these polymers is extremely interesting as previous research has indicated that
polymers that contain both amino and benzoquinone entities are capable of inhibiting the corrosion
of mild steel [61-63]. Muralidharan et al [61] concluded, using flowing electrochemical
measurements and adsorption isotherms, that p-benzoguinone could be incorporated into an
electrodeposited poly(phenyldiamine) coating, forming a polymer whose structure is presented in

Figure 3.26b and which they termed polyamino-benzoguinone (PAQ) [64].

NH,

" (b)

Figure 3.26 - (a) Phenyldiamine monomer and (b) polyamino-benzoquinone capable of protecting against the

corrosion of mild steel in 1M H2SO4 and 1M HCI solution

The authors concluded that the polymer is capable of inhibiting both anodic and cathodic corrosion

reactions in the following ways:
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1. Strong adsorption of the PAQ film to the active sites of the metal substrate which suppresses
the substrate dissolution as the Fe?* ions are unable to be transported away from the surface and

dissolved oxygen is less able to diffuse to the metallic interface;

2. Adsorption of PAQ leads to the formation of a protective film.

Unfortunately the authors do not state the thickness of the deposited protective layer. However, the
initial EIS has very low impedances; the presented Nyquist plot has a maximum diameter of 100 €
and the initial charge transfer resistance (measured after 15 min immersion in 1 M H>SO4) was 30
Qcm? indicating that the deposited films are even thinner than the PoDA based coatings deposited in
the present project. The PAQ adsorption is attributed to the w-electrons present in the polymeric
chain being accepted into the vacant d-orbitals of the iron substrate atoms. The authors proposed that
the increasing double layer capacitance values were due to an increased degree of PAQ adsorption

until a saturation point was reached.

The CPE values obtained for the p-BQ mediated PoDA increase sharply for the first 24 hours and
then reach a plateau for the remainder of the immersion test. This indicates that the p-BQ / PODA
coating may be undergoing a similar interaction with the substrate. As its name suggests,
phenyldiamine possesses two amine groups whilst dopamine is a monoamine. This makes it
impossible for the PODA- based coating to incorporate p-BQ in the same way as
poly(phenyldiamine) as there is no possibility for a polymeric chain to form solely from amine
linkages. The oxidation of aniline (another monoamine) by p-benzoquinone has been studied in
some detail by Stejskal et al. [65] in an attempt to understand the interactions between the p-BQ
side products produced during the polymerisation of aniline. Their interest in the reaction also
stems from the fact that that the primary industrial route for the production of p-BQ is the oxidation
of aniline by potassium dichromate in acidic, aqueous conditions. They report that the interactions

between p-BQ and aniline cannot form a polymer as a result of the lack of amine groups.

The formation of PBQ polymers is known to proceed through a Michael addition reaction [66], the
same mechanism by which the cyclisation of dopamine is thought to occur [41] Therefore, the
cyclisation of the amine moiety of dopamine cannot take place before the incorporation of p-BQ

otherwise there are no tertiary amine sites for the Michael addition to take.
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Figure 3.23 demonstrates the myriad of possible structures that have been proposed as being
representative of PODA. Path 1 was proposed by Della Veccia et al. [48] and was accompanied by
compelling structural analysis. The products of path 1 are oligomers of dopamine that contain two

unreacted amine groups which would allow the Michael addition based incorporation of p-BQ.

Jeyaprabha et al. [67] present a fairly extensive EIS study of the corrosion protection inhibition
properties of PAQ. However, rather than deposit a polymeric film on the substrate as has been done
with the PODA based coatings, they mixed the bulk PAQ polymer that they had previously produced
using chemical oxidation into an inert polymeric matrix. A similar study using aniline monomer also
failed to produce a coating through chemical oxidation and only bulk polymeric particles could be
produced. The highly adherent coating produced by Muralidharan et al. [61] was deposited using
electropolymerisation. This indicates that the PODA-BQ system is potentially unique in the respect
that chemical oxidation of dopamine by p-BQ is capable of forming an adherent coating.

3.1.5.3 Buffered polymerisation

Herlinger et al. [36] assessed EPPS, phosphate and borax and Tris buffers in their study into the
kinetics of dopamine polymerisation. They reported no change in oxygen consumption rate
between Tris and phosphate buffers but noted that the EPPS buffer accelerated oxygen
consumption whereas the borax buffer inhibited the consumption of oxygen. They attributed the

inhibition by borax to a side reaction with the catechol groups of dopamine.

Bernsmann et al. [49] also compared the effect of a buffer on the deposition of what they called
dopamine-melanin (D-M). The purpose of their investigation was to overcome the 45 nm thickness
barrier experienced by other groups in as few steps as possible. They had previously overcome the
limit using 90 repeat immersions. They used a 2 g L dopamine in 50 mM Tris buffer solution and
compared it with the same concentration of dopamine in a pH 8.5 50 mM phosphate buffer
solution. Both solutions were exposed to atmosphere, with agitation, for 24 hours in the presence of
a silicon oxide (SiOy) substrate. The authors found that thicker films produced with the phosphate
buffer. After growing to 100 nm, the phosphate produced film detached. However, the authors had
previously reported delamination problems with silicon oxide [28, 42, 43] that they did not
experience with other substrate. Therefore, it may be possible that the achieved film could be

thicker than 100 nm on a substrate other than SiO,.
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3.1.54 Short deposition times

Short deposition times can be anything from 10 minutes to 1 hour. This is in contrast to the Lee

method which used deposition times of at least 24 hours [37].

Thin films with bulk properties.

Zangmeister et al. [68] did not make any proposals about the PODA structure; they made the
assumption that the structure was eumelanin. The aim of their investigation was to find the
minimum deposition time for a continuous PoDA film that retained the properties of a bulk film.
They also intended to carry out physicochemical characterisation of films resulting from short
deposition times. Their hypothesis was that a vertical substrate orientation and short deposition
times would result in thin, reproducible films. Atomic Force Microscopy (AFM), XPS, FT-IR and
cyclic voltammetry (CV) measurements were made on films deposited on gold substrates at times

from 2 min to 60 min.

AFM revealed a granular topography (with grain size 25+5 nm) that was continuous across the
substrate after 10 min. This indicated to the authors that a 10 min deposition is sufficient to form a
topologically continuous PoDA film with minimal surface roughness. The CV was performed
between —0.500 and + 0.700 V versus Ag/AgCl at 0.025 V s for dopamine in a deoxygenated
phosphate buffer solution and PoDA deposited on a gold electrode. The two voltammogram peaks
observed for dopamine monomer were assigned to leucodopaminochrome / dopaminochrome and
dopamine / dopaminequinone (all structures shown in Figure 3.8). There were also two peaks
present in the voltammogram for the PoDA film, one which was assigned to the oxidation of 5,6-
dihydroxyindole to 5,6-indolequinone and the other to dopamine-dopaminequinone. The presence
of the latter peak for the polymer concurs with Hong et al.’s proposal of a mixed reaction pathway
involving a self-assembled trimer incorporating dopamine monomer [47]. FT-IR results revealed
that carbonyl species are a minor component of the final structure which would lend support to a
model that is based on DHI units and is not reliant on non-covalent interactions. However, this is
counter to Yu et al.’s [27] proposal (section 3.1.3.5) that an indolequinone based model of PODA
structure would be more energetically favourable. FT-IR also revealed that an aromatic amine is
present but this does not differentiate between the dihydroxyindole and the indolequinone. Either
way, this supports the general reaction mechanism for the bulk polymer. The structural conclusions
made from FT-IR were supported by XPS data. In addition, XPS was able to differentiate between

the tertiary amine present in dopamine monomer and the primary amine present in PoODA. With
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time, the concentration of primary amine increases whilst the concentration of the tertiary amine

decreases.

This is indicative of dopamine being consumed and PoDA being formed. The authors’ final
conclusion was that a minimum deposition time of 10 min was required to achieve thin films that
retain bulk properties. Whilst this has implications for deposition in that it may be possible to coat
samples in a shorter time than previously anticipated, the focus was on thin films which, unless

grafted onto a bulk polymer, are not much use as a support for a sensing and self-healing coating.

3.1.5.5 Oxygen provision

Kim et al. [46] found that the colour of dopamine solution becomes much darker in a shorter time
Oxygen period under a pure O, atmosphere than under atmospheric conditions. From this they infer
that O, concentration affects the reaction kinetics. This is not entirely surprising given the number
of oxidation steps that occur in the proposed PoDA formation mechanism. In addition, no reaction
occurs if a closed deposition vessel has been purged with N,. UV-VIS spectroscopy was used to
monitor the consumption of dopamine throughout a deposition reaction (Lee et al.’s protocol) and

thus determine the rate of reaction using Equation 3.2

_ dCao
dt

1y = k[Cho]™ (Eq. 3.2)

Where rA is the rate of dopamine consumption; k is the consumption rate constant; CAQ is the
concentration of dopamine and a1 is the order of reaction. Kim et al. found that the rate of dopamine
consumption was greater in pure O2 atmosphere than in atmospheric conditions by two orders of
magnitude. This confirms the theory that oxygen concentration is essential to the kinetics of
deposition. The oxygen reduction reaction is presented in Equation 3.3; the protons and electrons
come from dopamine monomer: each molecule gives up two protons and two electrons.

1/20, + 2H* +2¢~ & H,0 (Eq. 3.3)

The reaction in Equation (3.3) would imply that when more oxygen is present, the rate of
consumption of protons and electrons increases thus also increasing the rate of consumption of
dopamine and, one could reasonably assume, the rate of formation of PoDA. In this context, when
considering the number of probable oxidation steps in the proposed PoODA formation mechanism, it
is easy to see how lack of oxygen can quickly become a limiting factor, especially when the

solubility of oxygen is limited to begin with; typical values at 20°C are 284 pmol L [69].
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However, the authors do not compare either set of conditions with oxidant induced deposition. As
this can occur at acidic pH, it implies that the kinetics are more complex than a dependence on

oxygen concentration.

3.1.5.6 Deposition solvent

Ball [70] noted that there has been no investigation into whether PODA can be deposited from
solvents other than water. In an earlier paper Ball, along with Bernsmann [28], proposed that
PoDA’s physical deposition mechanism is akin to that of polyaniline (PANi) which is often
deposited from organic solvents [71, 72]. If this is the case, then there are potentially important
ramifications for electrochemical deposition as it may be easier to deposit PoODA from an organic
solvent than an aqueous solution. The PANi mechanism was believed to proceed by aniline radical
absorption onto the substrate followed by radical polymerisation. Herlinger et al. [36] proposed that
one of the intermediates in the PODA deposition process would be a semiquinone (Figure 3.13) so

the theory is not without precedent.

3.1.5.7 Effect of pH on deposited film

Bernsmann et al. [28] submerged silicon slides coated with dopamine-melanin (D-M) (their
terminology) into solutions with pH 1, 3, 11 and 13 for 24 hours. After this period the films
deposited into solutions with pH less than 13 remained adhered to the substrate, but the film in a
solution of pH 13 disintegrated after 15 min. However, Bernsmann has noted in other studies that
the interaction between D-M and silicon oxide may be particularly weak and thus liable to
delamination [16, 49].

3.1.5.8 Kinetic investigations

Aspects of the deposition kinetics have been investigated predominantly by the Bernsmann group

[43, 49] with an additional, much earlier, study by Herlinger et al.

3.158.1 Measuring rate through oxygen consumption

Herlinger et al. [36] measured oxygen consumption throughout the dopamine polymerisation
reaction in a closed cell. No substrate was used so only bulk polymerisation was observed.
Following their investigations, Herlinger et al. have proposed the following rate law Equation (3.4)
and the dependency of the observed rate constant (Kos) Equation (3.5) for the consumption of

oxygen (for which Herlinger et al. reported a value of 15 x 10 s for a pH of 8.5), as they had
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calculated that the rate constant would be inversely proportional to the proton concentration and

proportional to the initial dopamine concentration.
—dop,/dt = k°bs[0,] Eqg. (3.4)
k°bs = A[DH]/[H] Eq. (3.5)

However, this was not sufficient evidence for them to propose a mechanism of polymerisation. In
an attempt to understand the mechanism, they added methanol to the reaction. This had the result of
reducing k° by 30% even at 1% by volume of methanol. As methanol is known to trap radicals, it
would appear that radicals are involved in the polymerisation and/or deposition process. As a
result, they proposed an intermediate with a semi-quinone structure (Figure 3.13). The authors
decided that the rate determining step was the formation of the quinone following hydrogen
abstraction from dopamine. The reasoning behind this assumption was the dependence of the rate
constant on the proton concentration Equation (3.5). The authors believed that all other steps in
their proposed reaction scheme (Figure 3.13) would be fast. The oxygen consumption studies led
Herlinger et al. to conclude that there would be insufficient oxygen for any transformation of
dopaminochrome to involve either protons or oxygen unless hydroxyl ions could be produced in a
side reaction. If this is the case, then it would extremely difficult for DHI or IDQ to form. In a way,
this conclusion undermines their own reaction scheme as their presented structure contains quinone
groups that would be impossible to produce without an oxidation reaction, even if the 5,6-
dihydroxyindole could be produced through a radical reaction. In addition, they term their final
product melanin and, although the structure of eumelanin has yet to be fully elucidated, there is
overwhelming experimental and theoretical calculation evidence that it is based on some

combination of DHI monomers and/or oligomers.

3.1.5.8.2 Determining deposition rate using quartz crystal microbalance

The purpose of the QCM experiments undertaken by Bernsmann et al. was to define the optimum
contact time between dopamine solution and substrate and the effects of the provision of fresh
dopamine solution [28]. However, the volume under investigation was only 100 uL which
potentially limits the usefulness of the data as it may not be indicative of bulk polymerisation. A
dopamine solution (2 g L) was injected and allowed to polymerise for 15 min after which the
resultant film was dried. The QCM resonances reached a steady state, indicating the formation of a
film of constant thickness, after 6 injections of fresh dopamine solution. The films appeared to be
thin and rigid and according to the Subrey Equation (3.6) the film thickness was determined to be
almost proportional to the number of dopamine injections. Where, I is the mass of deposited

polymer per unit area, p is the polymer density and d is film thickness.
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r
a= - Eq. (3.6)

Ellipsometry was used to confirm that thickness was variable between injections; this was
attributed to the drying stage between depositions. Hence, the drying stage was removed and exact
proportionality between the number of dopamine injections and thickness of the deposit was
achieved.

When concentration of dopamine solution was varied, multiple deposition steps were also used. For
every initial dopamine concentration tested, the thickness of the D-M deposit increased with time.
To determine the D-M growth rate, the thickness vs time was plotted to give a slope and thus a rate
(Vm). Vm was then plotted against the initial dopamine concentration. It was found that above
starting concentrations of 0.5 g L%, Vm was constant for all concentrations, using a 15 minute

deposition time.

However, when the deposition time was reduced to 5 min VVm increased with increasing
concentration. This appears to indicate that the rate determining step involves dopamine and is
dependent on the initial dopamine concentration. This supports the conclusions of Herlinger et al.

3.1.5.9 The effect of pH on PoDA deposition kinetics

After realising that redox reactions (e.g., the oxidation of dopamine to dopamine quinone) are
independent from pH in thermodynamic terms but highly pH dependent in Kinetic terms, Ball et al.
investigated the effects of pH on the deposition of PODA [43]. They kept the initial concentration of

dopamine constant at 2 g L1 and tested pHs of 6.0, 8.5 and 10.2. Higher pHs than 10.2 were not
investigated as the authors had previously experienced delamination under more alkaline conditions.
However, they have postulated that this may be due to specific interactions between PoDA and
silicon oxide so the same problem may not occur with steel. Thus, it is possible that higher pHs may
result in thicker films on a mild steel substrate. The formation of dopamine was found to slow at pH

6.0 but increased in rate between pH 8.5 and pH 10.2.

3.1.5.10 The effect of dopamine concentration in PoDA deposition kinetics

Ball et al.’s second study with varied dopamine concentrations revealed that the initial
concentration of dopamine markedly influences several aspects of the deposition process. Using
ellipsometry they discovered that maximal film thickness increases almost linearly with initial

dopamine concentration. However, the overall rate constant increases non- linearly, implying that

41



Chapter 3

deposition is not first order. The initial deposition rate was found to follow a similar pattern to that
of the overall deposition rate.

The film roughness was found utilising AFM to increase with increasing initial dopamine
concentration. The roughness was attributed to nano-scale aggregates that could not be removed
with rinsing. This led Ball et al. to conclude that the aggregates were intrinsic to the deposited
films. Root mean squared roughness was assessed against film thickness for dopamine
concentrations of 1 g L and 5 g L™ and the resultant slope had a value of 1 for both
concentrations. This indicated that the aggregates incorporate into the film as it grows and that the
effect of concentration follows a scaling law.

The surface energy of the deposited film appeared to be unaffected by the initial dopamine
concentration and was deemed to be dependent on the initial substrate after a comparison between
the silicon substrate results and Bernsmann et al.’s previous work with deposition onto PLA and
PVDF [73].

The authors tried to derive a kinetic model for the deposition of PODA that took into account their
findings:

¢ increased film thickness with increased initial dopamine concentration;
¢ increased film roughness with increasing film thickness;
¢ surface energy independent of concentration.

The rate was based on Equation (3.8) and took into account Equation (3.7) which showed that
deposition kinetics could be fitted with an exponential decay function. The results implied that

Equation (3.9) was also valid.

d(t) = do + dpmax(1 —e7*) Eqg. (3.7)
dd(t)/dt = dpyg ke kD Eq. (3.8)
W here dmax = maximal film thickness and k = rate constant

Amax = a2C Eqg. (3.9)

Where a, = constant and C = initial concentration of dopamine.

These were then combined to give a final rate equation, Equation (3.10) which implies that the rate

is proportional to both the initial dopamine concentration and some function of reaction time.
dd(t)/dt = a,kCe(~*D Eq. (3.10)

The relationship between the roughness of the films and their thickness was attributed to smoother

films having a smaller surface area in contact with the solution and therefore fewer possible sites
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for interaction with the precursors to polymerisation, thus producing a thinner film. A lack of
variation in surface energy was explained by assuming the composition of the film is independent

of the examined variables.

3.1.6 Electrochemical deposition of PODA

There are very few papers relating to the electropolymerisation of dopamine and only one which
seeks to understand the deposition process. Li et. al. [17] sought to investigate the polymerisation
reaction that poisons the working electrode when dopamine is investigated with cyclic
voltammetry. The study was published before PODA had gained recognition as a surface
modification method and so the quality of deposition was not taken into account. Li et al.
polymerised dopamine from 50 mM dopamine in phosphate buffer solution onto gold electrodes
using CV at 20 mV s* from 0 V to 1.0 V versus SCE for a 2 hour period to produce a rigid film on
the electrode surface. The deposition was monitored by electrochemical quartz crystal
microbalance throughout. They observed that with every successive deposition cycle, the current
peak heights decreased from which they inferred that the deposited film must be insulating in the

phosphate buffer.

Further investigation revealed that the reaction did not proceed at pH 5 but that polymerisation
occurred at pH 7.0, 9.1 and 11.1. They do not however make any differentiation between the
effectiveness of those three pHs. The authors also varied the dopamine concentration and found
that increasing the concentration of dopamine meant an increased amount of PoDA was deposited.
However, the highest concentration tested was 2 x 10* M which is below that used in the
experiments already attempted at Southampton. The concentration of electrolyte was also deemed
important; the level of deposition was reduced when the buffer concentration was increased. The
buffer used at Southampton for electropolymerisation was 0.1 M phosphate so it is possible that

lowering the buffer concentration may improve deposition [17].

The mechanism of formation proposed was identical to that presented in Figure 3.8. However, they
did not propose a structure for the final polymer other than to note that an FT-IR spectrum of the
final product was very similar to that which was obtained from a polyindole. From this they
inferred that the polymer was probably covalently linked 5,6-indolequinone units. Several studies
in support of a covalently-linked structure believe polymerisation occurs from 5,6-hydroxyguinone
but this is from chemical deposition. It may be possible that the reaction mechanisms for chemical

and electrochemical depositions are different. However if polyaniline is as analogous to dopamine
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as some authors think [28, 49] then this is unlikely, as the oxidative polymerisation mechanism of
polyaniline formation has been subjected to a lengthy and rigorous review and was found to be the

same for both chemical and electropolymerisation.

On a final note, the authors suggested using a sweep rate of greater than 1 V s as this seemed to
prevent polymer deposits at the working electrode. Thus we can infer that, for successful deposition
of PoDA, a scan rate of less than 1 V s is required.

Bernsmann et al. [16] deposited PODA onto amorphous carbon using a potential scan of -0.4 V to
0.3 V versus Ag/AgCl and a scan rate of 0.01 V s_1 from a 10 mM Tris buffered solution at pH 7.5

containing 0.5 g L1 of dopamine hydrochloride. The dopamine solution was deoxygenated before
use. They used a low scan rate as higher ones prevented deposition which supports Li et al.’s
observations. AFM revealed that after 50 cycles, a homogenous film had formed which was also
found to be impermeable to iron complexes. The electrodeposition work was undertaken as part of
an investigation into tuning the permeability sensors to electrochemical probes through different

PoDA deposition methods.

Loget et al. [15] approached the electropolymerisation of dopamine from an application perspective.
They sought to use PODA as a means of immobilizing single strands of DNA since dopamine has
been found to immobilise biomolecules. They aimed to deposit very thin films on a gold substrate,
so their findings, such as they are, are less useful to this project. Their finding concurred with those
of Bernsmann et al. namely that 50 scans produce a continuous film of PoDA [16]. They confirmed

this as a result of a complete absence of any solution electrochemistry being visible by CV.

3.2 Polyaniline

Polyaniline (PANI) is a non-toxic and intrinsically conducting polymer that has a conducting
property of up to 5 Q-cm™ [74]. These high conductivity levels have led to PANi being termed [75]
an organic metal and this, coupled with low toxicity, makes PANi an ideal candidate for the smart
coating. In addition, PANI has a significant advantage over PoDA in relation to this project as the
field of PANI coating research is 20 years more advanced than that of PODA coatings and as a
result, deposition parameters are much better defined so the incorporation of a 3D porous network
and incorporation of self-healing agents should be more straightforward. Additionally, PANi has
been extensively studied for its corrosion prevention properties. As a result, there is a substantial
volume of published literature relating to the deposition and properties of PANi and its corrosion
protection capabilities. The focus of this current review will be to critically assess the deposition

strategies which use PANI as an anti-corrosion coating.
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However, the suitability of PANi as a medium of protection against corrosion in a marine
environment is under debate. Some authors suggest that PANi is able to protect against chloride

containing media [76, 77] while others dispute this [78].

3.21 Polyaniline structure

Unlike PoDA, PANI has multiple oxidation states. These are termed leucoemeraldine (PANi-LE),
emeraldine (PANi-EM) and pernigraniline (PANi-PE). The most stable is emeraldine which can
exist in neutral base form (PANi-EB) or the doped salt form (PANi-ES). PANI-ES has been found
to offer superior corrosion resistance over PANi-EB which means some form of dopant will be
required (Na;SOs is the most commonly used dopant) for a successful PANi coating. Despite these
multiple oxidation states, the structure of PANI is well-defined and accepted across all the literature
that relates to PANi’s anti-corrosion properties. Figure 3.27 shows the electronic relationship

between the three forms of polyaniline:

+HN4©7NH4©7NH4©7NH4©+ Leucoemeraldine

+2e” -2¢”
NH@*NH‘@*N:@:N@% Emeraldine
H H
+ +
+2e +4H" +2¢7-4H"

Figure 3.27 - Relationship between the forms of polyaniline

The structure of PANi is much simpler than some proposed PoDA structures and relies heavily on
polyconjugation. In a similar manner to PoDA, the nitrogen atoms of PAN:i are the oxidation centre

for aniline polymerisation. Both aniline and dopamine polymerisations are preceded by oxidative
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polymerisation which requires a monomer with electron donating groups. For both dopamine and

aniline this is the nitrogen -containing secondary amine group (NHy).

Ox . H
NH, ——— NHy ——————— N N NH;

Figure 3.28 - Reaction scheme for the oxidative polymerisation of aniline

The polymerisation mechanism (Figure 3.28) proceeds by the creation of radical sites in the
monomer through reaction with an oxidising agent (chemical polymerisation) or the application of a
potential (electropolymerisation), and subsequently these radical sites initiate polymeric growth.
The applied potential, or the oxidation potential of an added oxidant, needs to be above 1.05V
versus Ag/AgCI [79] for polymerisation to occur. As a result, persulphates are the most commonly
added oxidant used in the polymerisation of aniline. However, these may be unsuitable for
deposition onto carbon steel as sulphates are known to accelerate the corrosion of mild steel.
lodates have been proposed as a suitable alternative oxidant for deposition of PANi onto mild steel
[80]. Much like dopamine, the polymerisation conditions that will be required for aniline are very
specific. Whilst PANi will format pHs from 1-14, it is only conducting when formed in acidic
conditions, at pH 1-4. Unfortunately, this has implications for the deposition by mild methods

aspect of this project because relatively strong acids are required to form low pH conditions.

3.2.2 Deposition of polyaniline

Polyaniline can be produced through the oxidative polymerisation of aniline in a manner similar to
the formation of PoDA. The oxidative polymerisation can be undertaken through either chemical or
electrochemical methods. In order to produce a film of PANi directly onto the desired substrate, in
a way that is analogous to the PoDA films we are depositing, electrodeposition is required. The
literature indicates that chemically polymerised PANi films induce corrosion potential shifts to
more noble potentials than those achieved by electropolymerised films [81]. However
electrochemically polymerised PANI offers a greater degree of control over the polymerisation

process.

3.2.2.1 Chemical polymerisation and deposition

The powder products of oxidation can still be used as a method of protecting against corrosion. Pan
and Wang [82] developed a two part PANi based protective coating The base coat (Part 1) was
PANI powder dispersed in poly-acrylic acid whilst part 1l consisted of polyethylene and TiO-

(sacrificial pigment for UV degradation). Salt fog tests were conducted and the coating was found
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to have superior corrosion resistance over 30 days when compared with an existing zinc-based
system (containing zinc tetroxy chromate). Rout et al. combined PANi powder with alkyld resins

and cobalt octate as a dispersing agent [71].

An alternative method of applying chemically produced PANi as a protective coating is to disperse
PANI powder into N-methyl-2-pyrrolidinone (NMP) to produce a solvent borne dispersion that can
be easily spread onto the desired substrate. The NMP solvent is then evaporated off either at room

temperature over a period of several days [83] or over a shorter time period using applied heat [84].

Rout et al. [71]examined a range of chemically produced PANi contents (wt.%) in an alkyld resin
binder and found, by EIS, that the conductivity of coatings increased with increasing PANiI content

up to a maximum of 15% polyaniline.

3.2.2.2 Electropolymerisation and electrodeposition

Polyaniline can be electrodeposited from any aqueous solution with a low pH [85]. For the majority
of conducting polymers, the electropolymerisation mechanism is complicated, and is often
dependent on polymerisation parameters such as applied potential and temperature [86]. Moraes et
al. found that an applied voltage of —0.6 V to 1.5 V versus SCE was required to ensure sufficient
adherence to the substrate [81]. Electropolymerisation is further complicated by the choice of
underlying substrate. The carbon steel used in shipbuilding is liable to undergo dissolution or
passivation with the former more likely to occur when polymerisation is undertaken from an
aqueous solution. Therefore, undertaking electropolymerisation of conducting polymers from a

non-agueous organic solution would be advantageous.

Polyaniline has been successfully electrodeposited from neutral aqueous solutions. Dung Nyguyen
et al. [87] investigated such a deposition in an attempt to try and deploy the corrosion protection
properties of PANi which had previously been observed on stainless steel for the protection of a
mild steel, a more active substrate. The authors also sought to contradict the generally accepted
view that successful films could not be produced from a neutral solution. In addition, they wanted
to compare the effect that deposition solution pH has on metal passivation. The authors succeeded
in producing a reproducible coating that they claimed offered good adherence and corrosion
protection. However, they did not provide quantitative values to support these assertions, which
render their results somewhat incomparable with other systems that have been better quantified in
terms of adhesion and corrosion protections. Camlet et al. [88] concluded that electrodeposition of
PANI, using cyclic voltammetry, from a neutral LiClO, solution was possible as long as the current

density was above 3 mA cm?,
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Whilst the use of non-aqueous solutions as the deposition media for aniline may be less likely to
induce dissolution of the substrate, there are implications for both the conducting nature and
proposed templating of the coating. The most conducting form of PANi is Emeraldine which
requires acid doping and an acidic deposition medium will therefore be required. The liquid
templating of polyaniline to produce a porous coating requires a lyotropic liquid crystal mesophase
which is formed from the mixing of an amphiphilic component and an aqueous solution. Therefore
depositing a conducting and porous PANi coating will require deposition from an acidic aqueous
solution. Studies have previously been undertaken using oxalic acid as a deposition medium with
iron and steels as substrates [89-92]. Successful coatings were deposited with an oxalic acid
medium, using cyclic voltammetry to deposit the thickest coatings. Such conditions have been
further investigated for the incorporation of templating; they required further refinement as the
liquid crystal template is considerably more viscous than the aqueous deposition media of the

current prior art.
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3.2.3 How polyaniline protects against corrosion
The majority of corrosion prevention methods can be divided into three categories [93]:

(1) cathodic protection where electrons are donated from the metal requiring

protection to a sacrificial material that is corroded preferentially;

(i) anodic protection where a process causes charge (either ions or electrons) to be

withdrawn from the metal requiring protection;

(iii) barrier protection where the underlying metal substrate is protected from the
corrosive environment by another material such as an applied coating or a

passivating layer of metal oxide.

The mechanisms by which polyaniline protects against corrosion are under debate. Some authors
believe that PANiI induces the formation of an oxide layer on the underlying substrate [94]. Others
have proposed that the applied PANi coating merely forms an impermeable barrier against the
corrosive species [78]. However it has been found that coating holidays (gaps in the deposited
coating) can still be protected by the PANi coating that surrounds them [95] indicating that the

protection mechanism is more complex than simple barrier protection.

There are also authors who describe how PANI coatings, in their experiments at least, failed to
protect against corrosion. Araujo et al. [96] demonstrated that PANi with an epoxy topcoat failed to
protect against the corrosion of carbon steel in 0.1 M Na2SO4 as the coating was insufficiently

adherent.

However, they used the undoped neutral EB form of PANi whereas all the other examined literature

has used the doped ES form, indicating that dopants play an active part in corrosion protection.

3.2.3.1 Anodic protection

Electrochemically, the anodic protection mechanism of PANi works by PANI-ES acting as an
electrocatalyst mediator for electron transfer between the underlying steel substrate and dissolved
oxygen [7]. This requires PANi to cycle between its oxidised and reduced phases, PANi-ES and
PANI-LB, respectively [97].
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This is possibly as a result of the highly conjugated nature of PANi. Cook et al. concluded that the
proposed cycling would only occur in acidic solutions as the current experienced by PANi in 3.5%

NaCl solution (near neutral solution) would be too low to force PANi to adopt its reduced form [7].

Talo et al. [76] used XPS to investigate the underlying mild steel substrate after application of an
epoxy/PANI coating and 30 days immersion (open circuit potential) in 3.5% NaCl and subsequent
removal of the PANi containing coating. The authors sought to improve the understanding of the
mechanism by which PANi prevents against corrosion. They wished to prove or disprove the
notion that the presence of a PANi containing layer results in the formation of an oxide layer
between the PANI coating and the metal substrate. This phenomenon had previously been proposed
by other groups [83, 93]. XPS revealed that iron, carbon and oxide were present and that iron was
primarily present as Fe?*. The authors concluded that Fe;O, and Fe(OH), were the most likely
compounds present. Potentiodynamic polarisations showed that the corrosion potential of the
epoxy/PANi coated samples had from -0.600 V for a bare mild steel to +0.101 vs Ag/AgCIl when
subjected to a 3.5% NaCl immersion. As a result, the formation of an ennobling oxide layer was
considered the most likely method of corrosion protection. However, there was no mention of the
mechanism by which the oxide layer would form underneath the PANi coating or what role PANi
would play in the formation of the layer. A further XPS study, including XPS depth profiling was
undertaken by Fahlman et al. with chemically formed PANi (both neutral EB and HCI doped ES)
deposited with NMP onto cold rolled steel and the samples exposed to a 70-80°C humidity
chamber for 7 days. Bare cold rolled steel was subjected to the same conditions as a control. XPS
depth profiling involved the layer-by-layer removal of PANi and oxidation products until pure iron
was detected and was undertaken to further the understanding of the oxide layer compositions.
Both control and coated samples were found after 24 hours, to have a top layer of Fe,O; that was

approximately the same thickness (15 A) for all samples.

This is in contrast to the study done by Talo et al. which concluded that only Fe;O4 and Fe(OH).
was present. Fahlman et al. found that below the Fe,O3 layer, again for all samples, an FesO4 layer
was formed. The authors then used this as a measure of corrosion protection; the thinner the Fe;04
layer, the better the corrosion protection abilities. Unsurprisingly, bare carbon steel had undergone
severe corrosion and an FesO4 layer of thicker than 200 A had formed. In contrast, the samples
coated with PANi had undergone no visible corrosion and their FesO4 layers were only 35 A thick.
At the time of the study, the proposed mechanism for the formation of sub-surface FesO4 relied on
grain boundaries [83]. Water molecules were believed to diffuse through nanometre pores in the
Fe,Os layer down to the surface of the bulk un-oxidised steel, forming Fes;O4. This would induce
Fe?* formation and these iron ions could diffuse through grain boundaries and react with O, or H,O
at the Fe,O3 / Fe3O4 interface to form more FesOa layer. This requires the dissolution of the bulk

steel. Fahlman et al. extended the mechanism to explain how the ES form of PANi could protect
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against corrosion. They proposed that electrons from the steel are donated into the lowest
unoccupied molecular orbital (LUMO) of ES. This results in a positive charge on the steel surface
which then spreads resulting in a charged Fe;Os layer. The FesO4 layer is then stabilised and
prevented from growing thicker and thus reduces the dissolution of the bulk steel as there is an
electron deficiency resulting in a shift in corrosion potential to that of a more noble metal. This
proposed mechanism supports the idea that PANI is required to adopt a reduced form in order to

provide protection against corrosion.

Wessling [75]. supported the above discussed and proposed the mechanism in diagram form
(Figure 3.29), highlighting the requirement of PANi to cycle between its oxidised and reduced

forms.

Y% 0, + O ———> 20H ——

2Fe - 4&¢ ———> 2Fe?" - 2¢ 2Fe3* ———> Fe,05 + 3H,0

ES + 4H* + de-
0, + 2H,0 + 4e- —> 40H- ——

Figure 3.29 - Diagrammatic representation of oxide layer formation

Rout et al. [71] undertook EIS to determine the effect of PANI on the surface of mild steel. A flaky
iron oxide layer was identified (Fe20s) and the authors hypothesised that the presence of PANi
forces the formation of ferric rather than ferrous oxide. The ferrous iron was reported to be more
soluble in water. Thus it can be concluded that, if ferrous iron is present, oxidation, and therefore
dissolution, of the bulk steel will proceed at a greater rate. Pan et al., using Scanning Kelvin Probe
Force Microscopy (SKPFM), studied PANi coatings and concluded that their findings supported
the proposed mechanism, namely that PANi prevents corrosion by enabling the formation of a

passivating film of iron oxide [82].

There have been several scanning kelvin probe (SKP) studies undertaken on coatings formed from
PANI-ES dispersed in a binder. Here the authors induced a defect into the coating and then used
SKP to study the potentials around the defect site [98, 99]. This allowed the authors to study the
effect of polyaniline on cathodic delamination. The studies concur that PANI-ES polarizes iron to

the extent that an oxide film begins to form which protects the iron substrate. When cathodic
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delamination takes place, the alkaline conditions eventually leads to all the doped polyaniline salts
being converted to non-conducting PANi-LB which does not offer protection [100]. Therefore,
PANI-ES can only delay cathodic delamination rather than prevent it [99]. Further SKP work by
Rohwerder et al. concluded that PANi may be better at protecting in an immersive environment
rather than an atmospheric environment because under immersion the entirety of the PANi coating
is available to contribute to the passivation of the defect. Under atmospheric conditions, only the
coating area in contact with the electrolyte film is active and passivation is unable to occur ass the
current density required for passivation cannot be overcome[101].

There is evidence to suggest that the deposition solution plays a part in PANi’s protective
capabilities. This is unsurprising given that the solution anions will act as dopants for the effective
salt form of polyaniline. Kraljic et al. [102] electropolymerised PANi from both sulphuric and
phosphoric acid (both 0.5 M) on low alloy steel and found that phosphate deposited PANi provided
better protection in acidic solutions, than PANi deposited from sulphuric acid. Ahmad attributed
the improved protection capabilities of phosphate-based PANI to the formation of FeHPO, which
improved the passivation and adhesion of the PANi film [103]. Similar results were reported by
Moraes et al. for deposition from phosphate buffer solutions [81]. It was concluded that high
concentrations of phosphates were required to produce a strong passivation layer and that
phosphates are incorporated into the PANi film to counter the charge that builds up when PANi is
oxidised. They concurred with Ahmad that FeHPO,4 would form at high phosphate concentrations
but also deduced that at low phosphate concentrations, Fe(H.PO4) would form. The lower solubility
of Fe(H2PO.) would result in the formation of a poorer phosphate layer. However, the authors did
not take into account the fact that both these proposed compounds require ferrous iron rather than
ferric and thus their research in some way contradicts the view that PANi protects against corrosion
by forcing the formation of ferrous iron. Holness et al, following an SKP study on the cathodic
delamination of PANI-ES coatings, concluded that the salt used to dope the polyaniline is extremely
important to the protection capabilities. [99] Moraes’ proposed mechanism is very similar to that
proposed by Yagan et al. [104] as a result of their work with deposition from oxalic acid solution,

which led them to conclude that iron oxalate contributed to corrosion protection .

3.2.3.2 PANi’s ability to protect against corrosion in chloride containing media

It seems apparent that those authors who have reported good corrosion protection in chloride
containing media have electrodeposited their PANi coatings from oxalic acid [91] or phosphate
[102] [81, 105] containing deposition solutions with the exception of Vera who obtained AFM
results that suggested a PANI film alone (deposited from nitric acid) was sufficient to prevent
chloride movement [84]. Those who have found poor performance in chloride media have

deposited from sulphuric acid [106]. Chemical deposition of PANI has also produced effective
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corrosion protection in chloride containing media when doped with a suitable material [83, 107,
108]

In summary the literature demonstrates that, in terms of ease of deposition and demonstrable
corrosion protection, as long as the correct deposition conditions are chosen, PANi is a plausible

alternative conducting coating to PoDA.
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3.3  Templating of porous polymers

Previous work undertaken at nCATS identified that if a coating were to be made porous then
channels would be created within the coating [2]. This would potentially allow healing agents to be
more evenly distributed through the coating rather than sit near the surface as is the case with most
current self-healing systems. Therefore, one of the primary aims of the project is to produce a
porous polymer coating which incorporates a self-healing mechanism. An idealised coating and its

mechanism of healing is shown below.

Topcoat Topcoat
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Figure 3.30 - Schematic of self-healing coating function

There are two primary methods currently used to obtain a porous material through templating;
liquid crystal templating and solid templates using silica. Both methods work on the premise that a
template that contains pores will cause the templated material to be porous as well. There are

several pore sizes that can be achieved, varying from a few angstroms to several nanometres.

The International Union of Pure and Applied Chemistry (IUPAC) conventions on mesoporous
materials defines a mesoporous material as one which contains pores of an intermediate size
(between 2 nm and 50 nm) [109]. Pores that are greater than 50 nm are macropores and those with

diameters of less than 2 nm are classed as micropores, despite this being somewhat of a misnomer.

The aim of this project is to produce a conductive polymer that incorporates a porous network
capable of storing healing agents. A macroporous network might disrupt the conductivity of a
conducting polymer [110] and a microporous network may well be too narrow to store sufficient
healing agents, especially if microcapsules rather than nanocapsules are used. Therefore, a
mesoporous netwrk appears to be the most viable option for this project. The storage requirement
for the polymer means that a 3D porous structure is preferable to a two-dimensional (2D) structure.
Mesoporous materials have extremely large surface areas as a result of an open framework

structure with a narrow distribution of pore sizes.
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3.3.1 Hard templating methods

Hard templating of mesoporous materials was made possible by the development of MCM (Mobil
Crystalline Materials) in the 1980s. MCM-41 has 2D-hexagonal pores whilst KIT-6 contains 3D
cubic pores.

Since then, the mesoporous MCM materials have been used as templates for a variety of materials
from metals [111] to carbon structures [112]. More difficult, is the templating of polymers as
polymers are considerably less rigid than metals and therefore the pores have a tendency to
collapse [113]. Hard templating proceeds in three stages: (i) the precursor infiltrates the template’s
mesochannels; (ii) the conversion of the precursor into its final form takes place within the channel
and (iii) the template is removed either thermally or chemically [112]. In order for the templated
network to be regular the following requirements must be met. The template itself must be pre-
formed, well-ordered and contains small mesotunnels inside the template boundaries [114]. If this
is not the case then the replicated network will not be able to maintain its structure once the
template is removed which will result in low symmetry products [115].

Johnson et al [116] succeeded in producing mesoporous polymers by using colloidal silica with a
particle size of 150 — 300 nm. In this case the silica particles themselves caused defects (holidays)
in the polymer film, resulting in a porous structure. They found (via TEM images) that sintering
was crucial to reproducing the porous structure onto a polymer template and that pore size was
dependent on the initial concentration of monomer; the higher the initial concentration of
monomer, the smaller the pore size that resulted. If this phenomenon is replicated in liquid crystal
templating it raises the possibility that pore size can potentially be tuned by changing the initial
dopamine concentration. This also has implications for potential film thickness since higher
concentrations of dopamine monomer result in thicker PODA films. However, the most significant
problem with using a hard templating method is that, typically, an aqueous solution of 48% HF is

required for the removal of the silica template.

Hard templating has also been used successfully to produce a mesoporous conducting polymer
[117]. More importantly, the polymer in question was PANi which has been identified as an
alternative polymer for this project if the coating thickness of PODA cannot be sufficiently
improved. It also offers encouragement that it is indeed possible to template conducting polymers.
However, the template was based on MCM-41 mesoporous silica resulting in the PANI coating
having 2D- hexagonal pores. In order to incorporate healing agents, the pores of the coating used in
this project need to be 3D and cubic. In addition, 48vol.% aqueous HF solution was needed to

remove the silica template which hardly qualifies as deposition under mild conditions
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3.3.2 Soft templating methods

A soft templating method is one in which the template can be removed using either alcohol or
water, as opposed to the much harsher chemicals, such as HF, that are required for the removal of
hard silica templates [113]. Generally speaking, the soft templating methods rely on the use of

liquid crystals.

3.3.2.1 Liquid crystals

A solid (crystalline material) possesses long-range positional order. Liquid materials possess no
long- range order, either periodic or orientational. In between the classes of ordered crystals and
disordered liquids fall liquid crystals with partial atomic disorder. They possess no long-range
positional ordering but do possess a degree of long-range orientational order [118].

There are two broad categories of liquid crystals (LCs) which are distinguished by how they
change phase [119]. Thermotropic liquid crystals occur on the melting of solid surfactants while
lyotropic liquid crystals form on the combination of solvents and amphiphillic materials [120].
There are three possible outcomes when water and amphiphillic materials (in this case a surfactant)

are combined.

1. The surfactant is insoluble and remains as a solid with some surfactant monomer
forming an aqueous solution. This is a similar process to adding water to solidified bacon fat.

Such surfactants are more likely to form thermotropic rather than lyotropic liquid crystals.

2. Some surfactant dissolves forming a micellar solution such as when a bar of solid soap

is placed in water.

3. A lyotropic liquid crystal forms. This is a fine balance; if more water is added, the

liquid crystal collapses to a micellar solution.

Both the thermotropic and lyotropic classes contain several sub-categories of structures known as
mesophases. The mesophases of thermotropic liquid crystals are solely dependent on temperature,
making it relatively facile to obtain a desired mesophase .The mesophases of lyotropic liquid
crystals have much more complicated structures, which are dependent on the ratio of surfactant to
solvent as well as temperature. The deposition of PANi and PODA occurs from aqueous solution
which is not compatible with the use of thermotropic LCs and therefore, the more complex

lyotropic liquid crystal mesophases must be used.
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3.3.2.2 Lyotropic mesophases

Lyotropic LCs can take several forms (mesophases) depending on the ratio of surfactant to solvent
[121]. Figure 3.31 shows the idealist change in mesophase structure as the amphiphile (surfactant)
concentration is increased. However, not all surfactants will be able to form all mesophases, and
the mesophases do not always form in the order presented in Figure 3.31. Therefore, the mesophase
evolution of each surfactant must be considered on an individual basis. In addition to surfactant
concentration the mesophase can be affected by the shape of the surfactants. Those surfactants with
large hydrophilic elements and small hydrophobic elements tend to form normal mesophases more
readily. In this particular case, the use of deposition solutions that contain an organic element such
as oxalic acid, means the micelle packing may be disturbed by the hydrocarbon chains. This will
affect the surfactant concentrations at which a given mesophase will occur.
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Figure 3.31 - Effect of increasing amphiphile concentration on the shape of the lyotropic mesophase

The I1 and I, phases refer to cubic micellar structures which are unstable [122]. Instead the cubic
phases of interest are V1 and V2 which are bi-continuous, more stable and are discussed in greater
detail further on.

The structures of the lyotropic mesophases can also be considered in terms of mean interfacial
curvature (Figure 3.32) where the interface in question is the polar or apolar/water interface. In
normal mesophases the polar/apolar interface curves away from the aqueous element. The lamellar
phase has no degree of curvature as it is completely planar. In reverse phases, the polar/apolar
interface curves towards the aqueous phase.
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Figure 3.32 - Dependence of mesophase structure on surfactant to solvent ratio. (a) and (d) are unstable
micellar cubic mesophases. (b) and (c) are stable bi-continuous cubic mesophases, H| is the normal hexagonal

mesophase and H|| is the reverse hexagonal mesophase

Lamellar phases have a 1-dimensional (1-D) arrangement of surfactant molecule bilayers that are
separated by water layers (Figure 3.33). They have can have diameters of several microns with the
separating water layers of between 8 and 100 A, and are considered the most simple mesophase.

Figure 3.33 - Lyotropic lamellar mesophase: alternating amphiphillic bilayers and water continuum interlayers;

the bilayers can be of infinite length
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The hexagonal phase is 2-dimensional (2-D) and has two possible phase structures

. normal hexagonal (H)) which consists of amphiphillic surfactant micelles arranged in
rods of an indeterminate length in a hexagonal array surrounded by a water continuum
(Figure 3.34a).

. reverse hexagonal (Hi) where it is the H,O solvent that is arranged into hexagonal
rods with the surfactant micelles arranged in the space surrounding the rods (Figure 3.34b).
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Figure 3.34 - (a) The normal hexagonal phase: hexagonally packed amphiphillic cylinders surrounded by a water

continuum. (b) the reverse hexagonal phase: cylinders of water surrounded by an alkyl continuum

The micelle packed cubic phase can also exist in normal and reverse phases and consists of either
normal (l1) or reverse micelles (I2) in a cubic packed arrangement with body centred cubic (BCC)
packing being the most common [121]. In the case of cubic liquid crystals, a normal LC has cubic
packing of surfactant micelles with an aqueous continuum (Figure 3.35a) and the reverse mesophase
consists of a micelle continuum (Figure 3.35b). These are the unstable I, and I, phases.
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Figure 3.35 - Cubic phase showing cubic packing of (a) normal micelles and (b) reverse micelles

59



Chapter 3

The V; and V- cubic phases consist of a bi-continuum of either two surfactant layers that
intertwine, but never meet, surrounded by water (the normal phase), or two water layers that

intertwine, but never meet, and are surrounded by surfactant micelles (the reverse phase).

As the aim of this study is to produce a polymer with a 3-D structure, a cubic phase liquid crystal
will need to be used as the template. The V1 and V: are more stable and so these are preferable as
templates over I1 and I, phases. As has been previously stated, both polydopamine and polyaniline
are formed from aqueous solutions so the position of the aqueous solution within the liquid crystal
will need to be carefully considered. In practical terms this means the determination of whether a
normal or inverse liquid crystal is required. The polymer needs to possess pores that can contain
the microcapsules required to hold healing agents and/or corrosion inhibitors and therefore the
normal cubic mesophase is required (see Figure 3.36). This makes determining the optimum
surfactant to agueous solution range even more critical: whilst reverse mesophases are stable in

excess solvent, normal mesophases rapidly collapse to a structure-less micellar solution.

Figure 3.36 - Cubic mesophase showing channel network (white areas) and pores (blue areas)

The monomer that is contained in the water continuum (the blank area of Figure 3.36) will be
polymerised by electrochemical oxidation around the amphiphillic arrangement (blue area of Figure
3.36). Once the polymer has formed, the surfactant template can be removed with a water/ethanol
wash leaving behind an empty channel network of interconnected pores where the surfactant
template once was. These channels can then be filled with pre-prepared micro- or nanocapsules

which contain healing agents and/or corrosion inhibitors.

3.3.2.3 Liquid crystal templating

There have been numerous instances of using liquid crystal templating to create mesoporous
materials in a wide variety of pore sizes and shapes. However, the overwhelming majority of these
have been templates for silica-based materials or metallic oxides which have then been used as
molecular sieves. Few instances of templating for polymers have been recorded, and even fewer for

conducting polymers.
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Two main synthetic strategies for liquid crystal templating have emerged in recent years. One
strategy is co-operative self-assembly, where inorganic species are forced to interact with
surfactants through coulombic forces. The inorganic species polymerise at the inorganic/surfactant
interface and cross-link with the surfactants. A charge density builds up between the surfactant and
the inorganic species and this charge density must be equal between the inorganic and organic
(surfactant) species for assembly to occur. As a result of the charge density phase separation
occurs, and the subsequent reorganisation into an ordered 3D arrangement will always be that of
the lowest energy. The second strategy, also referred to as true liquid crystal templating, requires
high concentrations of surfactants in order to form micelles. This results in improved condensation
of the inorganic precursor which leads to more confined growth of the porous species around the
surfactant micelles. After condensation, the surfactant template can be easily removed with water,
leaving a highly symmetric mesoporous network of the inorganic material behind.

Very little research has been undertaken that has been application focussed or that has tried to
develop a templating procedure for a specific polymer, as we are attempting to do for PANi. In
addition, much of the little application-focussed research that has been undertaken has been
directed in the fields of biological membranes [123] and electronics [124] so the resultant polymer
films have been thin, either by design or as a limitation of deposition technique. Where the
technique was limiting, this was not considered an issue as only thin films were required for the

applications.

However, there are great difficulties with the electrochemical deposition of coatings onto mild
steel. Bender et al. [125] used Indium Tin Oxide (ITO) glass as their substrate which is

considerably less active than the mild steel used in our experiments.

Poly(oxyethylene) alkyl ethers, such as Brij 56, are commonly used as the amphiphillic mesogen
component of a lyotropic liquid crystal template. In such cases, water serves as the solvent. There
is evidence to suggest that varying the length of the alkyl chain will vary the diameter of the pore
size [126]. In addition, larger pore sizes can be achieved if a hydrophobic element, such as heptane,
is added to the template. The hydrophobic additive dissolved the interior of the ordered liquid
crystal phase which widens the pores. However, the ratio of polar additive to surfactant must be
carefully controlled (no more than 1% w/w of hydrophobic component) otherwise too much of the
template structure will be dissolved and the ordered micelles will begin to collapse, rendering the

template unusable [127].
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There has only been one recorded instance of using liquid crystal templating to produce conducting
polymer films [128]. Hulvat et al. used electropolymerisation in the hydrophobic domain to
produce PEDOT (polyethylenedioxythiophene) films. No films were formed when the template
was heated to above the isotroperisation temperature. The authors investigated electropolymerised
liquid crystal templating as ethylenedioxythiophene is insoluble in water and cannot be easily
chemically oxidised. They managed to achieve a film thickness of 1.5 pm after only 250 s using a 1
A current; having identified that charge density is the most important parameter affecting
electrochemical liquid crystal templating. However, Hulvat et al. used ITO glass as their substrate
and this is considerably less active than the carbon steel required for this project. This is the
greatest limitation to using an electrochemical mediated templating method, as severe pitting

corrosion occurs during the deposition.

Bender et al. [125] identified that using a lyotropic liquid crystal template in conjunction with
electropolymerisation imparts a high degree of control over both the templating and the
polymerisation process. This is especially true of control over the film thickness which, considering
encapsulated healing agents need to be incorporated into the coating, is an important consideration

for this project.

Jang and Bae found, when templating polyacetonitrile, that the ratio of polymeric precursor to
surfactant was crucial [129]. If the ratio was too small then there was insufficient surfactant to form
micelles but excess polymeric precursor meant the solution was too viscous to successfully
template the polymer. The authors sought an alternative method having identified that conventional
liquid crystal templates are unsuitable for some polymers as phase separation between the
monomer and surfactant can occur and destroy the developing polymeric network. Instead the
authors used reverse microemulsion. This consists of a surfactant, water, dissolved salt and
stabilising oil. The microemulsion is termed reverse because the water is dissolved in oil rather
than the other way round. The surfactant water mix forms a miceller structure in the same manner
as a liquid crystal and the polymerisation takes place around the micelles [130]. As far as PoDA is
concerned, this work is very interesting as it demonstrates that as long as the polymer is soluble in
aqueous solutions (which PoDA is), there is an alternative to the electrochemical liquid crystal
templating demonstrated by Hulvat et al. However, as PANI is to be used for templating, such a
method would be unsuitable. In agreement with other researchers, [116, 131] Jang and Bae
identified that surfactant chain length and surfactant concentration are crucial in tuning the

resultant pore size of the templated material.
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If the mesopores are approaching 50 nm diameter (the maximum size as defined by IUPAC), then
they are potentially wider than the thickness of the deposited PoDA coating and so the liquid

crystal templating was carried out on polyaniline only.

In order to successfully incorporate a 3-D porous network into polyaniline, the aniline monomer
will have to be incorporated into the aqueous component of a soft-templating system with the non-
aqueous component being some form of surfactant. Within a defined temperature range and
narrow range of surfactant: water ratios, a 3-D liquid crystal will form and act as template. The
application of an external potential will force the polymerisation of the aniline monomer around
the 3-D template meaning the polymer will take on the 3-D structure with pores where the liquid
crystal was prior to removal with an ethanol/water mix. However, oxalic acid (is an organic acid
which means it may interfere with the assembly of the liquid crystals as the incorporation of
hydrophobic or hydrophilic elements can affect resultant pore size [124] and the ratio of surfactant:

aqueous component required for successful assembly of 3-D structures [121].

Therefore, the standard phase and mesophase structure diagrams that have previously been
calculated and produced for individual surfactants and shown the relationships between
temperature and surfactant: aqueous component ratio and the resultant mesophase can no longer
be used. Therefore, the correct ratio of surfactant: aqueous component will have to be re-
determined for each surfactant that is tested to account for the incorporation of oxalic acid into the
aqueous component. Fortunately, this can be done with relative ease by examining the gel that
forms when the surfactant and agqueous components are mixed using polarized light microscopy. It

is through this method that the established phase diagrams have been constructed [132].
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3.4 Self-healing materials

Self-healing materials can be classified into two categories, either autonomic or non-autonomic
[133]. Those materials which are autonomic will heal themselves with no external intervention,
whilst non- autonomic materials will require some form of external intervention or trigger, such as
UV radiation or heat [134] in order to initiate healing. The use of microcapsules containing healing
agents would constitute an autonomic self-healing process, being initiated solely by damage which
occurs to the surrounding polymeric matrix while the healing agent is released by the simultaneous

rupture of a microcapsule containing healing agents.

There are multiple mechanisms by which self-healing materials can operate, including reversible
cross-linking and nanoparticle migration. However, the focus in this report will be on a method of
storing healing agent, namely microcapsules. Microcapsules work on the basis that they are
incorporated into the polymer coating itself, usually by being dispersed into the matrix. Whilst the
majority of existing work has incorporated the microcapsules directly into the coating, as opposed
to inside a porous network, the added benefit of a network is that, in theory at least, it should be
much easier to replace the microcapsules once their contents has been used in a healing reaction.
Microcapsules work on the premise that when a crack or defect forms in the polymer network, the
microcapsule is ruptured, and the healing agent(s) is/are released and drawn into the crack by
capillary action. The healing agents then undergo a chemical reaction, be it a catalysed

polymerisation or the covalent bonding to another material, which heals the crack.

34.1 Use of microcapsules

Smart coatings used for anti-corrosion are generally designed to respond to some sort of
environmental change associated with a corrosion process, such as a change in pH or potential. The
coating system consists of a passive barrier coating, such as an epoxy, with an even dispersion of
nano-or microcapsules that contain healing agents or corrosion inhibitors. Change in pH is the most
favoured stimuli as the formation of localised anodes and cathodes during the initiation of the
corrosion process are accompanied by pH changes. Bernsmann et al. [28] found that PODA films
deposited on silicon oxide began to disintegrate within 1 hour when exposed to high pHs (12-14).
This is interesting, as the presence of cathodic corrosion reactions at the metal substrate often
results in the increase of localised pH to very elevated levels. Therefore, it is possible that PODA

microcapsules would be suitable for use in a pH-controlled healing agent release system.

Microcapsules are droplets of liquid or micron-sized particles of solid that have been enclosed in an
inert shell, such as polyethylene [135]. The very first practical example of using
microencapsulation as a method of self-healing was developed by White et al. in 2001 [136]. The

authors used Grubbs’ catalyst (Figure 3.37) to initiate the healing of an epoxy resin with
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dicyclopentadiene with both the catalyst and monomer encapsulated. The polymerisation of
dicyclopentadiene is a Ring-Opening- Metathesis polymerisation (ROMP) used to produce olefins

[137]. Dicyclopentadiene was chosen as the healing material as a result of its strength and ease of

Q.
ISZSS

benzylidene-bis(tricyclohexylphosphino)-dichlororuthenium

integration with existing epoxy.

Figure 3.37 - Grubb's catalyst

Further work by White led to the incorporation of non-encapsulated monomers with the catalyst
captured in polyethylene shells [138]. This approach was to make replenishing the supply of both
monomer and catalyst much easier as significant problems were encountered with successfully
encapsulating the dicyclopentadiene monomer. Whilst a similar strategy would overcome the
problem of dopamine monomer and additional oxygen reacting before they are required, the free-
flowing monomer solution is unsuitable here as dopamine undergoes autoxidation and would

polymerise on its own before it would be required for healing purposes.

The vast majority of self-healing work that has been undertaken using the microencapsulation
concept has involved ROMP. This could potentially be applied to dopamine if a material other than
PoDA is used to heal defects but this approach may interrupt the conductivity of the PODA coating.
The approach is unsuitable if dopamine is used as the primary healing agent as dopamine cannot
undergo ROMP.

At the current moment in time, the PODA coating is in the region of tens of nanometres thick [42,
49]. Thus, incorporating microcapsules into the coating will be very difficult and may cause the
disruption of polymer properties, especially conductivity. Therefore, the healing agents would have
to be incorporated into nanocapsules rather than microcapsules. Fortunately there has been recent
research into the development of PODA nanoparticles which showed promise towards being
developed into hollow nanoparticles through a self-assembly method. The challenging aspect of

using PoDA to encapsulate dopamine is that dopamine is known to polymerise and deposit onto

65



Chapter 3

existing PoODA coatings [28]. However, this is not an issue when PANI is used as the coating
matrix because of the much greater thickness of the PANi coating compared to the PODA coating.
Because aniline monomer is hydrophobic, it is relatively facile to use the emulsion templating
methods [139-141]. The fact that PANi coatings are much thicker also means that microcapsules
can be used.

The presence of the microcapsules is crucial to the successful performance of the smart coating and
therefore their design and function must be taken into careful consideration. The most significant

requirements for the design of suitable microcapsules are:

. The microcapsule should be chemically compatible with the surrounding polymer
matrix and the size of the microcapsule should be carefully considered to ensure the stability
of the overall coating. For example: autoxidated PoDA films are about 45 nm thick and
adding a container that is a few um in diameter will disrupt the barrier properties of the

coating which is likely to increase the rate of substrate corrosion rather than decreasing it;

. The microcapsule should contain as much inhibitor or healing agent as possible

without the contents leaking out under normal conditions;

. The healing contents of the microcapsule should be fast acting to minimise exposure

of the underlying substrate to the corrosive environment.

Some polymerised hollow nanocapsules with porous walls have been created which allow easy
diffusion of the capsule content out of the hollow interior. If the molecular size of the contents is
larger than the pore size then the contents will remain in the capsule interior. However molecules
that are smaller can freely diffuse in and out of the capsule. This has been used to trap porphyrin
rings within a polymeric capsule [142]. The porphyrin ring was formed within the capsule itself

after the constituent parts had been transported into the capsule through small pores.

Because the smaller capsules hold less healing agent than their larger counterparts, a larger weight
fraction of the capsules will be required in order for self-healing to be of the same efficacy. Rule et
al. [143] found that the total mass of healing agent available for delivery per crack area is

dependent on both microcapsule weight fraction and the diameter of the microcapsule.
n=pN Eg. (3.11)

Here n is the number of capsules that rupture, p is the probability that a capsule lies within the

crack area and N is the total number of capsules present in the crack area.

p = e Eq (3.12)

Mg

66



Chapter 3

The probability (p) is dependent on rs (sample density), A is the crack area, dc is the capsule

diameter and Ms is the total mass of the polymer sample

The mechanical properties of the capsule are one of the primary means of the control of release of
microcapsule contents. In the case of spherical microcapsules, the radius of the inner core and the
outer shell thickness are the most crucial parameters. In self-healing concrete, cylindrical capsules
have been found to be more effective at releasing healing agents [144] than their spherical
counterparts, but they are far more difficult to synthesise. Using nano-carriers, rather than capsules
in the micrometre domain, increases the absorption of the shell contents as they have a larger
effective surface area combined with a greater ease of dispersion throughout the polymeric matrix
[145].

However, it should be noted that the majority of work involving nano-carriers has bio-focussed
applications, whereas self-healing applications have tended to use smaller microcapsules. For self-
healing polymers, microcapsules are required as nanocapsules do not provide a great enough
probability that a capsule will be present in the damaged area and thus rupture at the same point in
time as damage occurs to the polymeric matrix (Equation 3.12). This limits the self-healing
capabilities and allows time for corrosion reactions to be initiated at the surface of the underlying
substrate.

The use of templated capsule formation procedures allows greater control over the thickness of the
shell wall and capsule diameter. There have been several instances of templated formation of
PoDA microcapsules [39, 40, 141, 146], including the incorporation of liquid healing agents [140,
147] which is crucial if the capsules are to contain aniline monomer as a healing agent. Hilloulin et
al. found that monitoring the compatibility of the encapsulated healing agent with the shell material

was essential as the compatibility of some materials differed greatly with time [148].

Traditionally capsules were formed from organic solvents. However such methods often require
sonication or heating to force the formation of capsules, which can be extremely damaging to the
contents of the capsule. Therefore, layer-by-layer construction based on emulsion polymerisation is

a more suitable method [145].

There have been several patents filed for the use of microcapsules in the use of smart coatings
[149-152] including for the construction of a self-healing golf ball [153]. Whilst all the patents are
very general and far-reaching, and list many combinations of polymer matrices and capsule
materials, none of them relates to the use of conducting polymers as the polymeric matrix, or to the

use of PoDA as the material used in the construction of the microcapsule.
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An alternative to looking at dopamine or aniline monomer as the healing agent is to use another
type of polymer. Hurley and Huston [154] have been successful with using Ethylene Vinyl Acetate
(EVA) in conjunction with a feedback system that used an electrical current to heat solid EVA that
had been incorporated into the polymer coating. Being a thermosetting plastic, EVA melts easily
and the readily flows into the defect area where it cools as it returns to a solid form to heal the
defect. This highlights the importance of the glass transition temperature (the temperature at which
the polymer enters into the glass state (Tg)). If the Tg is too low, the polymer can potentially be
melted at atmospheric temperature, particularly in equatorial regions of the globe. If Tg is too high,
then a very high current will need to be applied to melt the healing polymer. If the host polymer is
not a thermosetting plastic then the application of a current and subsequent generation of heat has
the potential to induce further damage to the coating.

There has been some success with incorporating the concept of self-healing into electrically
conductive materials [155]. Williams et al. worked on the basis that a disruption of the conducting
polymer through a microcrack would increase the resistance of the coating as conductivity would
be disrupted. If the coating were to form part of a circuit that also incorporated a voltmeter and
ammeter, if measured resistance increased as a result of a crack, then the system could feedback to
increase the applied voltage. The increased voltage, coupled with increased resistance, would result
in heat generation which would cause the polymer to heal. This work was undertaken on N-
heterocyclic carbenes and the effect is similar to that of Hurley and Huston [154] as discussed.
However, the additional benefit of using a conducting polymer is that no additional sensing
network is required which is extremely beneficial as they are difficult to design and incorporate

[156]. Instead, the simple inclusion of a voltmeter and ammeter is sufficient.

In summary, the use of capsules filled with healing agents is well known in the art and will be the
most straightforward means of incorporating self-healing capabilities to the 3-Dimensional coating.
Polydopamine has successfully been used to create microcapsules and, in some instances, these
have been used to hold liquids. Furthermore, one of the reasons for the current popularity of
polydopamine as a material is its ability to remain unaffected by its external environment, making
it an ideal choice for microcapsules which will be placed in a matrix formed from another polymer.
Therefore, polydopamine capsules will be used in the work which attempts to impart self-healing

functionality to the 3-Dimensional coating.
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Chapter 4  Techniques
4.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is used to describe how a circuit responds to the
application of an alternating current (AC). For a direct current (DC) circuit, resistance, to the flow

of electrons, can be described by Ohm’s law (Equation 4.1).
E=IR Eq. (4.1)

Where E = potential, | = current and R = resistance. Hence, in the DC circuit, only one type of
electrical component satisfies this relationship; the resistor. However, the resistor is idealised in
that it obeys Ohm’s law at all current and voltages and is unaffected by frequency.

Systems that are not idealised (i.e., real life AC circuits) have more complex behaviour. They
behave differently depending on the applied AC frequency and often have different behaviour if the
current or voltage changes. In addition, AC circuits have additional elements that can also resist the
current, namely inductors and capacitors. As a result, a much more complex description of

resistance to electrons is required and this is provided by impedance.

Impedance, like resistance, refers to the ability of a component to reduce the flow of electrons
(Equation 4.2) but it impedes the flow of electrons rather than resists current. The total impedance
of an AC circuit is the combined opposition of all resistors, inductors and capacitors to the flow of

electrons.

~1m

Eqg. (4.2)

However, as AC is cyclic, impedance must also describe how voltage and current are variable with
time. A phase angle is usually used to depict the time shift. Thus, impedance actually comprises two
parts; the ratio of voltage to current which gives the magnitude of the impedance and the phase. In
addition, the frequency must also be taken into account. This information can all be depicted on a

Bode plot.
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Impedance needs to be represented as a complex quantity. Two expressions are required, one for the

potential (Equation 4.3) and one for current (Equation 4.4).

E(t) = Epexp(jot) Eqg.(4.3)

I(t) = Zo exp(jot - j2) Eq (4.4)

Where Z, is initial impedance, j is -1, o is 2af (where f is the applied frequency), t is time and o is

the phase shift in degrees.

The two equations (4.3 and 4.4) can then be combined to give a complex number expression for
impedance (Equation 4.5)

Z=12= Zyexp (j©) Eq. (4.5)
Equation 4.5 demonstrates that impedance is actually composed of real and imaginary parts. Plotting
of the real part (x-axis) against the imaginary part (y-axis) gives a Nyquist plot. Figure 4.1(a) shows,
Nyquist plots allow the modulus impedance, |Z, to be established as a vector quantity. The grey box
represents a point on the Nyquist plot (the impedance at a given frequency) and the vector length is
the value of the impedance modulus. The angle between the vector shows the phase shift. Figure
4.1(b) demonstrates the same point (grey box) in terms of Cartesian coordinates. It should be noted
that the major downside of the Nyquist plot is that it does not show at which frequency the
impedance was obtained. Therefore, Bode plots which plot |Z| and the phase shift angle against

frequency are used as well.
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Imaginary Impedance Z;,,,

Real Impedance 7, (b)

(@)

Figure 4.1 - Representation of the same impedance by (a) Vector Polar coordinates and (b) Complex plane

Cartesian coordinates.

|Z| can be more easily determined through Equation 4.6

|Z| = \/(Zrealz + Zimag.z) Eq. (4-6)

4.1.1 Experimental set-up

The EIS set-up used in the current work is shown in Figure 4.2 below. The working electrode is

the sample under investigation. The solution used as electrolyte was 3.5% NaCl in order to

replicate the seawater encountered in ballast tanks.

Coated or uncoated steel
working electrode

@ Graphite counter electrode
@ A/AgCl reference electrode

Figure 4.2 Experimental set-up for EIS

In order to minimise noise interference, the beaker containing the immersed electrodes is placed in

a grounded Faraday cage.
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4.1.2 Equivalent circuits and circuit elements

Coating systems and their associated electrochemical processes can be considered as behaving like
electrical circuits. Therefore, aspects of the system can be likened to electrical circuit elements such
as resistors and capacitors. Usually, a theoretical model of the processes occurring at the
polymer/metal interface and the polymer solution is devised. The processes involved are then
assigned an equivalent electrical circuit element. The electrical elements are then combined, in
series or parallel, to produce an idealised electrical circuit. The fit between the proposed electrical
circuit and the obtained data is compared using a non-linear least squares regression method (see
section 4.1.3).

Each circuit element has a relationship between impedance and phase shift which can be written in
terms of complex numbers. A resistor reacts immediately to a change in voltage hence the voltage
and current waves are exactly in phase meaning there is no phase shift (6 = 0°). Therefore, it can be
said that, for a resistor element, impedance is only dependent on resistance and frequency plays no
part. This, along with the fact that resistors have only a real component, is demonstrated by
Equation 4.7 below.

= Zyreal +jZimag =R+j0=R Eq.(4.7)

Zresistor

Capacitors, however, have a phase shift of —-90° so the measured current wave will always be 90°
behind the applied voltage wave. As a result, the current is at its maximum when the voltage is
changing fastest and passes through zero. This also affects the capacitor’s frequency dependence;
when the frequency is high, voltage changes rapidly which results in a larger current. The
relationship demonstrated in Equation 4.8 indicates that the higher the current, the smaller the
resultant impedance. Hence at high frequencies, the impedance of a capacitor is small. At very low
frequencies, the current begins to approach zero and so impedance becomes massive. Equation 4.8
demonstrates the frequency dependence of a capacitor and that capacitors have only an imaginary

component. .
anpacitor =7+ jZ” =0 +j[—1/(27TfC)] = j[—l/(ZTTfC)] Eq. (4.8)

In rare cases, elements known as inductors can be present. Such elements have a behaviour that is
opposite to that of a capacitor except for the fact that they too have only an imaginary impedance
component. The phase shift of an inductor is +90° and their impedance increases with increasing

frequency. However, the inductor is a theoretical concept and does not represent a physical process.
Ziott = Z1+Z; =R + Ry Eq (4.9)

If elements are coupled in series then their impedances are summed together. However, if the

elements are coupled in parallel then the inverse total impedance at a particular frequency will be
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the sum of the inverse impedances of the components. Equation 4.10 shows an example of a
resistor (Rs) and capacitor (C.) in parallel taking into account the impedance relationships in
Equations 4.8 and 4.9.

1 1 1 1 1
Ztotal Z3 Zy Rz JwCy

Eq (4.10)

In real electrochemical cells, capacitors do not usually behave in an ideal way. Instead, their

behaviour can be described as a constant phase element (CPE) as shown in Equation 4.11.
Z=1/Y(w)* Eq (4.11)

Y? is the value of the CPE and a is a measure of the extent to which a CPE behaves like a
capacitor. If o has a value of 1.0 then the CPE is acting as a perfect capacitor. An o value of 0.0
means the CPE is behaving as a perfect resistor. The value of o usually falls between these two
extremes [157].

If a diffusion process affects the electrochemical reaction under observation, then the resultant
impedance is termed Warburg impedance (WI1). The diffusion can be either reactant to surface or
product away from the electrode’s surface. The Warburg impedance is often prevalent if the
surface is coated. This can be a deliberately deposited coating, reaction products from surface
reactions or species that have been adsorbed onto electrode surface from solution. The WI is
expected to have a phase shift angle of 45° in an ideal case and is frequency dependent. At high
frequencies, the diffusing species do not move much which results in a small impedance. At low
frequencies, on the other hand, the diffusing species move much further from the electrode surface

which increases the impedance.

4.1.2.1 Equivalent circuits representing coated metals

The same equivalent circuit, shown in Figure 4.3, is used to represent the situation of a bare metal
in electrolyte as well as representing a relatively intact coating applied to a metal substrate in

electrolyte. The interpretation of Q2 and R2 is different for coated and uncoated metals. Q has been

used to represent a constant phase element.

LY
iy
/-:b—+ Q2 +J
R —1

Rz

Figure 4.3 Randles equivalent circuit
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R1, in both cases, is known as the uncompensated resistance (Ry). The uncompensated resistance is
attributed to the resistance of the solution the EIS test is taking place in and the wires connecting
the working electrode to the potentiostat. In the case of a bare metal in electrolyte, Q2 represents
the double layer capacitance (Cp.) which forms at the metal/electrolyte interface and R2 is the
polarization resistance (Rp). When the metal is coated, R2 represents the resistance of the coating
(Reoat) Which is sometimes also called the pore resistance as it is generally considered to be an
indication of the extent to which electrolyte has penetrated the pores of the coating. The magnitude
of Reoar may be used a means of indicating the level of coating degradation because the resistance
decreases with increased permeation of the electrolyte. Q2 represents the capacitance of the
coating. The capacitance of the coating is partially dependent on the dielectric constant of the
coating and is also dependent on the thickness of the applied coating.

The Randles circuit would be expected to produce the following plots. Figure 4.4 a shows the
typical semi-circular Nyquist plot which is expected for data which fits to a Randles circuit whilst b
and c show the Bode magnitude of impedance and phase angle plots respectively.

300 T T T T
40— =1
a
180 ( ) =
(-imag),
== 120~ T Ry =
. "N,
i \
e i / \‘\ i
P N R S N &
0 60 120 180 240 300
renk
1000 T T T T T
e (b)
- | 1 ! | -
0.1 1 10 100 1000 1167 1°10°
freg
0 T T T T T
phsci —501— \ -
(c)
100 1 1 1 L 1
0.1 1 10 100 1000 I'IG‘I‘IOS
freq

Figure 4.4 - (a) Nyquist (b) Bode impedance and (c) Bode phase angle plots for data that fits to a Randles circuit
[158]
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When the coating has begun to fail, the circuit shown in Figure 4.5 below is used. The failure of the
coating means that the underlying substrate is sufficiently exposed to the electrolyte to allow the
processes occurring at the electrolyte/substrate interface to be observed. R1 is the uncompensated
resistance, Q1 is the coating capacitance, R2 is the coating resistance, Q3 is the double layer
capacitance and R3 is the polarisation resistance.

Rl L 1+

Figure 4.5 Equivalent circuit for a failed coating

The equivalent circuit in Figure 4.5 would be expected to produce the following plots. Figure 4.6a
shows the typical semi-circular Nyquist plot which is expected for data which fits to a failed
coating circuit whilst b and ¢ show the Bode magnitude of impedance and phase angle plots
respectively.
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Figure 4.6 - (a) Nyquist (b) Bode impedance and (c) Bode phase angle plots for data that represents a failed

coating [158]

If the reaction taking place at the solution/surface interface involves a diffusion process the W2

element, known as a Warburg impedance, is incorporated into the circuit, as per Figure 4.7 below

Rl

Figure 4.7 Equivalent circuit for a coating with a diffusive element

The line at 45 degrees to the semi-circle of the Nyquist plot is typical for a diffusive process. The

phase angles of the Bode plot at the low frequency end will also be very close to 45 degrees. This is

shown in Figure 4.8 below.
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Figure 4.8 - (a) Nyquist (b) Bode impedance and (c) Bode phase angle plots for data that represents a process
which involves diffusion or mass transport [158].

4.1.3 Levenberg-Marquardt method

The Levenberg-Marquardt method (L-MM) is a non-linear least squares regression method. This is
necessary as EIS data has parameter values that are non-linear compared to the function. For EIS,
the parameters are the individual equivalent circuit components and the function is the overall
equivalent circuit. The L-MM works by minimising the sum of the squares of the errors between
the real data points and the proposed function. In the case of EIS, this is how much the real data
differs from the idealised values of the proposed equivalent circuit. Minimisation is undertaken

through iterations of parameter values to reduce the sum of the squares of the errors.
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In actual fact, the Levenberg-Marquardt method comprises two methods [159]. The Gauss-Newton
method which minimises the sum of the squared errors by assuming that at a local level, the
function is quadratic and that the local minimum can be found. In addition, the gradient descent
method updates parameters depending on whether or not iterations reduce the sum of the least
squares. Which of the two methods is used depends on how close the initial parameters are to the
optimal parameter values [160]. If the initial parameters are far from optimum then the gradient
descent method is used whereas initial parameters close to the optimum results in the deployment
of the Gauss-Newton.

The Levenberg-Marquardt method requires initial parameter values within two decades of the
actual values before proper fitting can occur [161]. Therefore, estimates for at least some of the
proposed circuit elements must be made and inputted into the method. If the contribution of a
particular element to the impedance is not significant, then the parameter’s fit value will be poor

with a large uncertainty value.

4.2 Scanning Kelvin Probe (SKP)

Stratmann proposed that the Volta potential of a metal surface coated with polymer can be related
to the corrosion potential of the metal substrate. This would allow the kinetics of the corrosion
potential to be examined [162]. To do this the scanning kelvin probe is used. The scanning aspect
allows the Kelvin probe to be moved over the sample surface allowing potentials to be recorded for

different points on the surface. Figure 4.9 shows the set-up of the SKP.

I vibrating probe

IAD U AW
C L electrolyte film
electrode
| |
/‘/|(’

Ucamp

Figure 4.9 - Set-up of the Scanning Kelvin Probe [163]

The SKP setup is made up of a working electrode (the sample under investigation) and a reference
electrode (the Kelvin probe) which are connected by an external circuit means that the Fermi levels
of both materials are the same and the work function for both are the same. The work function is
defined as the work required to remove an electron from the working electrode, through any

interfaces that are present, to the reference electrode.
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The energy of the electron in the metal working electrode may be defined in terms of
electrochemical potential. The electrochemical potential itself (iz,) is the sum of the chemical

(ueM®) and Galvani potentials (¢,¢). F is the Faraday constant.

g Me = p,Me — FoMe Eq. 4.13
The work function of the reference electrode (a,?¢/) can be defined as follows:

a R = — (u R — FyRer) Eq. 4.14

Here u.R¢/ is the chemical potential of the metal of the reference electrode and y®¢/ is the dipole

potential of the reference electrode.

When a metal substrate is coated with a polymer, the energy (AE;) required to transfer an electron
from the metal substrate (Me), through the metal/polymer interface, to the polymer (Pol) can be

defined as:
AE; = (uMe — FoMe) + (p Fot — FoPol) Eq.4.15

Where u, M€ and u,”°! are the chemical potentials of the electrons in the metal substrate and the

polymer coating respectively. ¢™¢ and ¢°! are the Volta potentials of the metal and polymer.
Once the electron from the metal substrate has been extracted into the polymer it will be extracted
through the polymer/air interface to the atmosphere. The energy required to do this (AE;) is
defined below s the gas phase is the reference standard.

AE, = —(puPo! — FoPol) Eq. 4.16

The Galvani potential (¢) may be considered as the result of the Volta-potential and the surface

potential () and so Equation 4.17 may be derived: from equation 4.16.

Gas

AE, = — (’uePol L Fl/,Pol) Eq. 4.17

)(g—;’i is the dipole potential of the polymer/gas interface and 1p*°! is the Volta potential of te

polymer surface.
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The final transfer of the electron is from the gas to the reference electrode metal (Ref). The energy

required for this (AE5) is defined below.

AE; = +(u RS — FoRel) Eq. 4.18

Combining Equations 4.14 and 4.18 gives AE5 in terms of Volta potential and work function.

AE; = —a Ref — FyRef Eq. 4.19
The sum of AE;, AE, and AE; must be zero. As a result, the following is true:

_y Me Ref
e Pol _ @RS Pol . Ref
+ 4@ e = 5 = Xt A ol Eq. 4.20

The left hand side of Equation 4.20 is the same as the half -cell potential of the metal/polymer
interface and so can be represented by Equation 4.21.

aRef Pol Ref
Evjp=f= = X5t A%

Gas

Eq. 4.21

This indicates a linear relationship between the half-cell potential and the Volta potential difference

between polymer and reference electrode (4y i—Z) as long as the other aspects are kept constant.

The work function of the reference metal (a, /) is constant if the gas phase does not change

during the experiment and the dipole potential ()(2—22) should also remain constant.

The corrosion potential of the investigated interface may be given in terms of the half-cell potential

and the half-cell potential of the reference electrode ( E %)

Ref
Ecorr = E1ja + E% Eq. 4.22

Ref

E.orr = const + A”bﬁ

Eq. 4.23

Equation 4.23 above defines the corrosion potential of the investigated interface in terms of a
constant and the Volta potential difference between polymer and reference electrode (4y I;—Z). The

constant is obtained by simultaneously measuring the electrode potential of the polymer coated
metal with a standard reference electrode and the Volta potential difference between the polymer

surface and the reference metal probe using the Kelvinprobe.
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Because the SKP does not require immersion of the sample under investigation, it has been
extremely useful in the investigation of atmospheric corrosion phenomena [162] [164] . The ability
to map potentials across a surface has permitted the investigation of localised corrosion

phenomena, especially cathodic delamination [165, 166].

Several investigations into the protective capabilities and the protective mechanism of Polyaniline
[98, 99, 167-170], and other conducting polymers [101, 171-174] have used SKP to examine the
corrosion potentials at the metal polymer interfaces.

4.3  X-Ray Photoelectron Spectroscopy (XPS)

When atoms or molecules absorb X-ray photons, electrons can be emitted and therefore XPS can
be described as a single photon in, single electron out process. The energy of the applied photon
(hv) is defined by the Einstein relation (E=hv), where h = Planck’s constant (6.62 x 10 Js) and v
= frequency in Hz of the radiation. Figure 4.10 is a graphical representation of the absorption and

emission process.

XPS uses monochromatic radiation, i.e. radiation of a very narrow band of frequencies, and as a
result, the photons emitted by the X-ray source have a fixed energy.
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Figure 4.10 — Absorption of a photon and emission of an electron

The binding energy is the energy required to remove an electron from the surface of the sample

under investigation. The removed electron will be emitted as a photon and it has a specific kinetic
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energy. If the kinetic energy of the emitted electrons is measured by an energy analyser, then the

binding energy of the electron can be determined using Equation 4.24;
KE=hv- EB@spec Eq. 4.24

Where KE is the kinetic energy of the photoelectron, hv is the photon energy, EB is the binding
energy and gspec is the work function of the spectrometer. The work function of the spectrometer
is compensated for artificially and can therefore be eliminated resulting in: Equation 4.25:

EB=hv-EK Eq. 4.25
XPS spectra are produced by plotting the measured photon intensity against the binding energy.

One of the most important considerations when undertaking XPS measurements on polymers is the
effect of chemical shift. This can be defined as the change in binding energy of a core electron of a
particular element as a result of the chemical bonding of the element.

The binding energy of a particular electron is determined by the electrostatic interaction between
the electron and the nucleus. The electrostatic shielding of the nuclear charge from all the other
electrons in the atom is altered by the removal or addition of the electronic charge as a result of
bonding. A withdrawal of valence electron charge results in an increase in binding energy whilst
the addition of valence electron charge results in a decrease in binding energy. Hence the measured
binding energy of carbon is different for different attached functional groups. This allows the

identification of chemical environments.

4.4 Scanning electron microscopy

A scanning electron microscope scans a highly focused beam of electrons over the surface of the
sample to create an image. Electrons are used because they have wavelengths shorter than white

light enabling better resolution.

The sample is scanned with a high energy beam. The beam of electrons is formed by heating a
tungsten source at the top of a column and is then accelerated to a voltage of 1-40 kV. The beam is
passed through a series of lenses as it travels down the column. The more the beam is condensed,
the narrower the beam becomes and the smaller the spot that is focussed onto the sample surface. A
scanning coil is used to deflect the beam along the X and Y axes so that a raster scan over the

sample surface is achieved. The electrons interact with the sample and secondary electrons are
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produced along with backscattered electrons and characteristic X-rays. Multiple detectors are used

to collect the various signals and images are formed.

Images are usually derived from secondary electrons and backscattered electrons. Secondary
electrons (SE) are low energy electrons that are emitted from the k-orbitals of sample atoms upon
interaction with the imaging beam. Backscattered electrons (BSE) are higher energy electrons that
are elastically backscattered by the sample atoms. The BSE and SE electrons are accelerated
towards a scintillator (a material which fluoresces when struck by a charged particle) and a current
is produced that is then passed through a photomultiplier. The amplified signal is then used to
construct the image.

45  Polarized light microscopy

A polarizer is a filter which allows only light orientated with respect to the polariser to pass
through. A polarising optical microscope (POM) uses two polarisers which are placed at right
angles to one another; this is termed cross-polar.

The first polariser is orientated vertically to the incident beam so only waves with a vertical
direction can pass through the filter. The second polariser is orientated horizontally to the incident
wave and so the passed wave is blocked; the plane of polarisation has been rotated from vertical to

horizontal and no light will be transmitted.

POM can be used to identify liquid crystal mesophases by firstly identifying the isotropy of the
mesophase, i.e. whether the sample further rotates the plane of polarisation. If a sample placed
between cross polars allows transmission of light then the sample is deemed anisotropic as it has
resulted in the rotation of the plane of polarisation. If the presence of the sample prevents light

from being transmitted then it is isotropic and the sample will appear dark.

The only lyotropic liquid crystal phases which possess a micellar arrangement with a geometry that
cannot rotate the plane of polarisation is the cubic phases. There are, as discussed in section 3.3.2.2,
two possible types of cubic phase. Firstly, if the concentration of micelles in a sample becomes
sufficiently large, then they self-assemble into a 3-Dimensional cubic lattice. The most common
arrangement is a body centred cubic lattice. The alternative cubic arrangement is the more complex
bi-continuous mesophase. They are generally considered to be formed from a single lamellar
bilayer that has folded and curved at multiple points. Although both types of cubic phase are
isotropic under crossed polars and so appear dark, the bi-continuous cubic phase is considerably

more viscous than the cubic packing of micelles. Therefore, viscosity measurements can be
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undertaken in order to differentiate between the mesophases formed form the cubic packing of

micelles and the bi-continuous cubic phases that are nearly solid at room temperature.
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Chapter5 Methodology

5.1 Polydopamine

5.1.1 Coating deposition procedure

S275 structural steel, obtained from Metals Supermarket UK (Southampton) (composition in
Table 5.1) was cut into 15 mm diameter discs and polished with 4000 grit SiC paper. The discs
were degreased with ethanol and then acetone and sonication. All chemical reagents, apart from
distilled water, were obtained from Sigma Aldrich UK (Gillingham, Dorset) and were used as
supplied. A 0.1M sodium phosphate buffer solution was made up (and sufficient dopamine and
left exposed to the atmosphere. After 24 h exposure, the now coated disc was monomer was

added to make a 2 mg mL"L dopamine solution. A polished S275 disc was placed in 30 mL of the
dopamine solution removed from solution, rinsed with distilled water to remove any excess

dopamine monomer and solution polymerisation products and then dried under nitrogen flow.

Table 5.1- Elemental composition of S275 steel

Element % Composition S275
mild structural steel
Carbon 0.25
Iron 97.56
Manganese 0.16
Phosphorous 0.04
Sulphur 0.05
Silicon 0.5

When additional oxidants were used, the deposition procedure was modified as follows. 0.1M
sodium phosphate buffer was made up but the solution was degassed through nitrogen bubbling
for an hour, resulting in a dissolved oxygen content was less than 2 ppm. The oxygen content was
confirmed by a dissolved oxygen meter (Hanna instruments HI9142, Italy) that had been calibrated
with a zero-oxygen sodium metabisulfate solution. The bottle of buffer was then transferred to a
glovebox. The dopamine monomer was mixed in powder form with the appropriate quantity of
additional oxidant. A polished disc was placed with the dry reagents and the beaker was topped up
with nitrogen gas before being covered with parafilm. The beaker was transferred to a glovebox

and the glovebox was filled with nitrogen gas. The appropriate quantity of phosphate buffer was
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added to the dry reagents and the reaction left to proceed under nitrogen atmosphere for 24 hours.
The disc was then removed from solution, rinsed with distilled water and dried under nitrogen

flow

52 Liquid crystal templating

Template Capsule Template Self-healing
development development polyaniline capsules
* Polarised « Incorporate « Determine « Incorporate

optical aniline into non-templated capsules into
microscopy of polydopamine aniline templated
samples (PoDA) paramenters PANi

« Viscosity capsules « Incorporate » Test coating
testing of template and for self-healing
isotropic determine capabilities
samples conditions for

- Production of deposition of
phase diagrams PANi

~—— ~—— ~—— ~——

Figure 5.1 - Experiments performed to produce self-healing coatings

The flowchart above (Figure 5.1) shows the process of experiments which were undertaken in
order to develop the 3-dimensional porous coating which incorporated capsules in order to impart
self-healing functionality to the coating.

In order to produce a mesoporous polymer through liquid crystal templating, a template must be
created. As has been identified in section 3.3.2.3, the mesoporous network should be 3-
Dimensional (3D). Therefore, a cubic lyotropic liquid crystal mesophase is required. Lyotropic
mesophases are dependent on the ratios of agueous phase to surfactant as well as temperature;
mesophase diagrams are produced to show the ratios and temperatures required for the various

phases.

There are existing mesophase diagrams for a large number of surfactants and water. However, the

deposition of aniline requires an acidic media. As discussed in section 3.2.3.2, the chosen acid is
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oxalic acid as the results from the existing literature demonstrate that oxalic acid provides coatings
of good thickness without using the harsh conditions of sulphuric or hydrochloric acid. Hydrogen
bonding will occur between the oxalic acid and water within the aqueous phase and will disrupt the
formation of the micelles and their subsequent self-assembly into mesophases. As a result,
mesophase diagrams needed to be constructed for surfactant and oxalic binary mixtures. Four non-
ionic Polyoxyethylene surfactants were chosen Brij® L4, Brij® 020, Brij® S100 and Brij® C10.
These represent a wide range of chain lengths and head groups, the two aspects of the surfactant
which most affect the size of the micelles and the tightness of their packing upon self-assembly.

5.2.1 Production of phase diagrams

Brij® L4, Brij® 020, Brij® C10 and Brij® S100 were all obtained from Sigma Aldrich and used
as obtained. Brij® L4 is liquid at 20°C, Brij® 020 and Brij®C10 are waxy solids and Brij® S100
is a crystalline solid. This reflects their relative chain lengths.

In order to produce the mesophases, the surfactants were mixed at weight percentages from 0 to
100 wt % with a 0.1M oxalic acid solution (hereafter the agueous phase) with the weight percent of
surfactant increasing by 10% for each sample. The overall mass of each sample was 30 g. in order

to provide a sufficient volume of mesophase for testing.

Those surfactants which were solid at room temperature were melted prior to use and the surfactant
and agueous phase were mixed for 1 minute by hand. Sample beakers were sealed with parafilm to
ensure the aqueous phase did not evaporate and thus that the relative wt% of surfactant to aqueous

phase did not change.

The mixtures were then placed in a 20°C temperature water bath and incubated for two hours to
allow sufficient time for the formation and stabilisation of the mesophase. After two hours, a
quantity of each sample was taken and applied to a glass slide and then studied using an Alicona
Infinite Focus microscope using the polarised light filter to determine whether the phase was

anisotropic.
A further sub-sample was subjected to viscosity testing using a Brookfield High Shear CAP-2000+

viscometer which incorporates a heated stage; the viscosity of the mesophases is one of the features

that allows for successful identification of their type.
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After sampling, the temperature of the water bath was raised by 10°C. The heating, sampling and
testing procedures were repeated until the temperature of the water bath had been raised to 80°C.

The upper temperature limit of 80°C was chosen as above 85°C, aniline begins to degrade.

The collected microscopy images were analysed visually and compared to previously identified
characteristic textures for the mesophases [118, 120]. This enabled the partial identification of the

mesophases. Identification was confirmed by the viscosity results.

24 hours after the first analysis, samples that were identified as being the appropriate cubic
mesophases were re-analysed in order to determine the stability of the mesophases. This was
necessary as the length of time required for templated polymerisation to occur was not yet known

and it was possible that the phases would need to remain stable for several hours.

The results were then plotted using SigmaPlot 12.5 to produce binary phase diagrams.
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5.3  Templating of polyaniline

After the phase diagrams had been created, a 50wt% Brij S100/50wt% 0.3M Oxalic acid mixture

that had been incubated at 50°C was identified as the preferred mesophase.

Aniline monomer had to be incorporated into the aqueous portion of the mesophase so that it could

be polymerised by electrochemical oxidation in order to produce the porous network.

Prior to the production of the lyotropic liquid crystal phase diagrams, the best procedure for the
electrodeposition of polyaniline (PANI) had to be determined. A 0.3M oxalic acid solution was
made up by dissolving 37.821 g of oxalic acid in 1 litre of deionised water. Aniline monomer is
volatile and liable to undergo oxidation upon atmospheric exposure and so aniline solutions are
unstable. Therefore, the aniline solution had to be freshly prepared each time deposition of PANI
was attempted. The 0.3M oxalic acid solution was used to produce 150 mL of a 0.1M aniline
solution by rapidly stirring 1.397 g of aniline into 150 mL of the 0.3M oxalic acid solution. When
the aniline was added to the acid solution, a white precipitate (aniline oxalate) formed. The
precipitate dissolved with stirring. Because the aniline monomer is hydrophobic, it did not dissolve
in the oxalic acid solution and so the monomer was stirred into the oxalic acid for half an hour to

ensure an even distribution of the monomer.

A 10cm x 5cm piece of S275 steel obtained as a 30 cm x 30 cm x 5¢cm plate and cut using a
diamond tipped blade, was polished with a 120 grit silicon carbide (SiC) paper and then degreased
with ethanol and dried with hot air.

A three-electrode electrochemical set-up was created in order to perform the electrodeposition of
the polyaniline. The steel plate was used as the working electrode, Ag/AgCl in saturated KCI (from
ABM) was used as the reference electrode and 200 mm x 0.5 mm length of platinum wire was used

as the counter electrode.

The electrochemical cell was attached to a CompactStat electrochemical interface (potentiostat)
from Ivium Technologies. The proprietary software IviumSoft was used to control the conditions
for deposition. A cyclic voltammetry experiment was used, scanning between -1.0V and +1.0V (vs
Ag/AgCl) with a scan rate of 50 mVs. 25 cycles were performed, as per the procedure defined by
Breslin et al. [89] and a bright green deposit, believed to be the Emeraldine-salt form of

polyaniline, was present after 25 cycles.
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The production of porous templated PANi was then attempted. The 0.1M aniline in oxalic acid
solution was made up as before and was stirred for half an hour. The solution was weighed and an
equivalent mass of Brij S100 was weighed out and sliced into flakes using a scalpel blade. The
white waxy flakes were then melted with stirring until a transparent colourless liquid was formed.
The surfactant was maintained at a temperature of 50°C. The aniline solution was then stirred into
the melted surfactant to form a yellow gel with 50 wt% Brij S100 and 50 wt% aniline solution. The
beaker was sealed with Parafilm and transferred to a 50°C water bath where the gel was

conditioned for an hour.

After conditioning of the gel, a steel plate (prepared as previously described) was wrapped in
insulating polytetrafluoroethylene (PTFE) leaving one face uncovered. The steel plate was inserted
into the gel leaving a 1 cm strip at the top of the plate uncovered. The same electrochemical set-up
was used as for the deposition of non-templated PANi. The mass of the steel sample was
determined and recorded.

Initially, the same electrochemical parameters used for the deposition of non-templated PANi were
used. However, this resulted in the formation of a grey film, thought to be a film of iron oxalate,
instead of the bright green Emeraldine salt. Therefore, it became necessary to vary the deposition
parameters in order to deposit Emeraldine salt. The scan rate, scan range, number of cycles and
concentration of aniline monomer were varied. Following deposition, the template was removed by
washing with ethanol and the sample was dried with warm air. After drying, the sample was
weighed, and the mass recorded. The surface area of the steel that had been coated was also

measured and recorded.

The success of the experiments were judged firstly by whether or not an Emeraldine salt coating

was deposited and secondly, by the thickness of the deposited coating.

Coating thickness can be determined by ellipsometry, electrochemical quartz crystal microbalance
or the difference in mass between coated and uncoated substrates. The steel substrate used for this
project is unsuitable for use with a quartz crystal microbalance because the roughness of the
surface is too great to enable successful piezoelectric measurements. In addition, the steel surface,
even when polished to a mirror finish with 4000 grit SiC is too rough to perform ellipsometry
measurements. As a result, the thickness of the deposited PANI layer was determined by difference

in weight using the following equation (Eq. 5.1):

t = (Msubstrate after coating—Muncoated substrate) Eq (51)

A1Mgybstrate uncoatedP
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Here t = thickness of deposited coating, m = mass, A; = the surface area covered by the coating and

p is the density of the deposited coating.

The deposition conditions which produced the thickest Emeraldine films were deemed to be the
optimum conditions. The templated PANi coating produced by the optimum conditions was
subjected to further characterisation; SEM images were taken, electrochemical characterisation was
performed and corrosion performance testing was undertaken using electrochemical impedance

spectroscopy (EIS).

5.4  Production of microcapsules

Preparation of the DiMethyIDiEthoxySilane (DMDES) emulsion templates:

5 mg of aniline monomer was dispersed in 400 mL of DMDES by sonication for 10 minutes.
Sufficient aniline in DMDES dispersion was added to an ammonia solution (2% v/v) in a 50 mL
centrifuge tube so that a 2% v/v solution of the dispersion was created. The contents of the
centrifuge tube were shaken manually for 2 minutes. The emulsion was then left undisturbed for 24
hours to allow the condensation reaction to take place.

Preparation of Polydopamine (PoDA) capsules:

Dopamine (4 mg) was dissolved in 1.2 mL of 10 mM TRIS buffer (pH 8.5). 0.8 mL of the prepared
DMDES emulsion template was dispersed in the dopamine solution. The polymerization was
allowed to proceed for 24 h with constant shaking. Following this, 2 mL of ethanol was added into
the brown suspension. The mixture was centrifuged (8500 g for 5 min) and the supernatant was
removed. To ensure complete removal of the templates, additional washings with ethanol were
performed. Finally, the hollow capsules were washed three times with water and then centrifuged
for 5 minutes (5000g).
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55 Evaluation of coatings

55.1 Electrochemical Impedance Spectroscopy

For the polydopamine experiments, a 3.5% NaCl solution was made up by dissolving 35 g of
NaCl (Fisher Scientific) in 1 L of distilled water. The coated disc was secured into a PTFE

sample holder (made in house) after being deposited there using tweezers.

For the polyaniline experiments, the sample was tested as coated without use of a sample holder.

A BioLogic VSP potentiostat (supplied by EC-Lab UK), connected to a Windows 7 PC was used
to perform Electrochemical Impedance Spectroscopy measurements. A three electrode set-up was
used. The working electrode was the sample under examination, the reference electrode was
Ag/AgCl and the counter electrode was a graphite rod. All three electrodes were immersed in
3.5% NacCl solution. The applied sinusoidal potential was 10 mV and the examined frequency
range was 100,000 Hertz to 0.1 Hz. A sequence was set up which took EIS measurements at the
required time points. For the polydopamine samples this was immediately after immersion, and
then after 1 hour, 4 hours, 12 hours, 24 hours and then every 24 hours until 120 hours or 240
hours. For polyaniline samples, the time points were immediately after immersion, and then

every hour for 12 hours and then every 12 hours until 768 hours.

Following data collection, the data was fitted to an equivalent circuit model using the Z-Fit
software supplied by BioLogic with the potentiostat. The Levenberg-Marquardt method was used
to perform the fit with seed values being provided by estimation from the Bode |Z| plots. 5000

iterations of the fitting method were used. The values obtained for the individual circuit elements

were recorded along with the X2 goodness of fits.

Both the raw data and the fits were copied into SigmaPlot software and Nyquist and Bode (|Z|
and phase angle) plots were produced. Plots were also produced to show the variation of circuit

element values with time, again using SigmaPlot.
55.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS testing was performed at the University of Surrey using an ESCALAB Mk 11 (VG Scientific,
Germany) with an XR4 twin anode (Mg-Al) and a hemispherical electron energy analyser (Alpha

110). The samples used were prepared in an identical manner to those used for EIS testing. Firstly
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abroad spectrum survey scan was taken to identify the most prominent peaks (core level electrons)

and their associated binding energies and then detailed elemental scans were taken.

Following analysis, the collected data was analysed using ThermoFisher Advange software. Peak
fitting of the elemental peaks was undertaken using a Shirley background and the fitted peaks were
compared to a database of previously tested polymers [175] in order to determine the functional
groups present.

553 Scanning Kelvin Probe (SKP testing)

40 mm x 40 mm S275 steel samples and polydopamine coated samples were prepared by polishing
with 120 grit SiC and then 1200 grit SiC and coated using the polyaniline deposition procedure
described in section 4.11. A 1 mL drop of 3.5% NaCl solution was placed on the centre of a blank
S275 sample. Potential profiles were then obtained using a Scanning Kelvin Probe (SKP) from
UBM Messtechnik that was fitted with a climatic chamber. The probe was used to trace the
potential across a defined area of the sample. The air gap between the Ni-Cr probe tip (which also

acted as the reference electrode) was 50 um and the lateral resolution of the probe tip was 100 pm.

The probe and system were calibrated in humid air (95% relative humidity) with a saturated
Cu/CuSO0;4 electrode prior to use. However, the in-house developed software (Institut de la
Corrosion, Brest) converts the potential measured relative to Cu/CuSQ, to a potential relative to the
Standard Hydrogen Electrode (SHE). Samples were periodically scanned to produce potential maps

of a defined area of the sample.
The same procedure was then repeated for samples that had been coated with either autoxidated

PoDA or PoDA that had been produced using a 0.5:1 p-benzoquinone: dopamine ratio and a 2 mg

mL-* dopamine solution and a deposition temperature of 35°C.
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Chapter 6  Investigations into Polydopamine coatings

6.1  Attempts to produce thicker coatings

As described in the methodology (section 5.1.1), additional oxidants were used in order to try and
produce thicker coatings. The chosen oxidants, along with a justification for their selection are

presented in Table 6.1.

Table 6.1 - Justification for oxidant choices

Oxidant Reason for choice

Copper sulphate has been used successfully in the literature to produce

thicker coatings [49, 176, 177]. However, sulphates are known to have

2+ ;
io

detrimental corrosive interactions with mild steel [178]. It is the Cu n
Copper acetate that is responsible for successful oxidation [49] so copper acetate was
(Cu(OAc)2 used as a means of providing the cu?* without the detrimental anion.
Copper (1) oxide is known to be insoluble in cold water [179] and
chloride anions are also known to accelerate the corrosion of mild steel
[180], rendering copper (I1) chloride unsuitable.

) Sodium molybdate is a known corrosion inhibitor [181]and has been
Sodium proposed as an alternative to chromate conversion coatings [182].
molybdate Therefore, it does not matter and indeed, would be advantageous, if the
(Na2MoO4) oxidant was to be incorporated into the deposited coating.

Potassium A very strong oxidant [183] that is included in the list to ensure that a
permanganate wide range of oxidation potentials is evaluated.
(KMnO4)

Sodium perchlorate [38] has been investigated in the dopamine literature.
However, the use of chlorates as an oxidant for a coating of mild steel is

Sodium not advantageous. Hence, sodium periodate is presented as an
periodate alternative. Periodates are also known oxidants for the oxidation of
(NalOa) catechols to quinones [ 3 3]; the first oxidation step of the polydopamine

formation mechanism (see Figure 3.8 which shows the oxidation of
dopamine and subsequent polymerisation).
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Benzoquinone is well known in organic chemistry as a good oxidizing
agent [184]. It is also similar in structure to the oxidised form of
dopamine (dopaquinone) so incorporation into the PoDA may well be
possible. Whether such incorporation would be advantageous or not
remains to be seen. However, it may help to narrow the field of
proposed structures after investigation with solid-state NMR.

1,4-benzoquinone

Certain polymerisation parameters, including the oxidant: monomer ratio, temperature and
monomer concentration were varied in order to establish the most effective coating formulation.

The outcomes of these variations are detailed in the following sections.

6.1.1 Ratio of oxidant to dopamine monomer

The first parameter to be examined was the ratio of oxidant-to-dopamine monomer. A range of
ratios was tested: 3:1, 1.5:1, 1:1 and 0.5:1 to establish which would provide the thickest possible
coatings. The rationale for a 3:1 ratio was the three possible oxidation steps in the polymerisation
of dopamine (see section 6.1.2). A 1:1 ratio of oxidant to monomer is generally used in the
chemical polymerisation of aniline. Ball et al. found a 1.5:1 ratio of ammonium persulphate to be
the most effective at oxidising dopamine [177] whilst Herlinger found a 0.5:1 molar ratio of
KMnO, to dopamine to be the most effective [36] at increasing the rate of dopamine
polymerisation although the author was not investigating polydopamine as a coating. The deposited
coatings were subjected to EIS testing as described in the Methodology (section 5.1.1). The tables
of fitted EIS data are presented below along with plots comparing the variation of values obtained

for equivalent circuit elements with time.

For the present study, evaluation of the corrosion performance, has been based on the
determination of the pore resistances that are observed for each coating as this can be used as a
qualitative measure of how well a coating protects against corrosion [185, 186]. Resistance
generally degrades with time as a result of ionic species (from the dissolution of the underlying
substrate as well as the test electrolyte) and water penetrating through into the coating [158, 186,
187].

For good, intact and inert coatings, the double layer capacitance attributed to the substrate generally
remains constant over an extended period (up to 1 month in some studies [187-189]).Variation in
capacitance would arise from changes in coating capacitance as a result of changes occurring in the
coating such as water up-take and delamination. It would also be anticipated that the

uncompensated resistance would remain constant and that there would be an additional resistance
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attributed to both the polarisation of the metallic substrate and the coating itself. Such coatings are
sufficiently thick that their degradation results in equivalent circuits consisting of two clearly
defined time constants; their initial impedance results can be fitted to an almost perfect capacitor.
However, the behaviour of coatings that are not inert, such as conducting coatings, is very different
[83, 190, 191] and this is also the case for thin polymeric films [192-194]. The polymeric films
deposited in this project are both conducting and very thin which will potentially lead to varied and
non-standard EIS behaviour.

The vast majority of the literature relating to EIS refers to thick coatings, especially that which
considers the failure of coatings as a result of corrosion. It is therefore difficult to relate the
accepted literature definitions of EIS parameters to those observed for the PODA coatings. This is
especially true for thin conducting coatings as it can be difficult to separate double layer
capacitance of the underlying substrate from the double layer capacitance that can result from
conducting coatings. The CPE values are measured as an admittance rather than an effective
capacitance as the alpha (o)) values suggest that the CPE is not always behaving as a true capacitor
i.e. the alpha value is less than 1 and therefore, a simple conversion to effective capacitance is
inappropriate. The measured CPE values (approximately 10 s* Q cm) for the PoDA-based
samples are indicative of a double layer capacitance. A coating capacitance, even for a thin coating,
would be expected to be in the region of 10 farads (or F which is equivalent to A s V1) as the
relationship between capacitance and impedance is an inverse one and coatings have higher

impedances than the substrates they coat [157].
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Blank steel data
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Figure 6.1 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plot overlays for blank steel in a 3.5% NaCl solution

The initial Nyquist plots for bare steel in 3.5% NaCl are, as expected for a bare metal in electrolyte,
representative of a Randles circuit. After 72 hours immersion, a diffusive process becomes
apparent as emphasised by the 45 degree phase angle at the mid-point frequency range and the 45
degree slope of the bode magnitude plot. Because the primary parameter under consideration is the
initial coating impedance, the comparisons between the bare steel and coated samples is presented
in the form of plotted, fitted coating impedance value comparisons rather than on the Nyquist and

bode plots.

3:1 ratio of oxidant to dopamine monomer

To test the initial efficacy of the chosen oxidants, a molar ratio of oxidant to dopamine of 3:1 was
used because there are three oxidation steps in the polymerisation of dopamine (Figure 6.2). The
reaction of the final stage of polymerisation is not yet fully determined. However, the first two
oxidation steps have been proven by FTIR [35], UV-VIS [28] and solid-state Nuclear Magnetic

Resonance (ss-NMR) [35] and so a 3:1 ratio was used in order to provide an excess.
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Figure 6.2 - PoODA formation mechanism

Copper acetate

The solubility of Cu(OAc), in 20°C water is 7.2 g 100 mL™ [179], which is well above the levels
required for even a 3:1 ratio of Cu(OAc), to dopamine. When copper acetate was first dissolved in
the phosphate buffer, it was soluble. However after 8 hours, a pale blue precipitate had begun to

form and adhere to the substrate as is shown in Figure 6.3.

Figure 6.3 - Precipitation of copper (11) phosphate from a 2 mg mL-*dopamine in 0.1M phosphate buffer solution
containing a 3:1 molar ratio of Cu(OAc)2 to dopamine at 25°C: the S275 steel disc is 15 mm in diameter

The precipitate colour was indicative of copper phosphate, which is known to be insoluble,
therefore it can be inferred that phosphate groups have been substituted for acetate groups. No
polydopamine formed either in solution or on the substrate surface from which it can be assumed
that the substitution of the acetate cation for a phosphate cation is preferential to the oxidation of

dopamine monomer.
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Although different ratios of oxidant to monomer were tested to try and improve solubility, similar

problems still persisted and Cu(OAc), was abandoned as an oxidant.

Potassium permanganate

Figure 6.4 - Coating produced from a 3:1 ratio of KMnO4 to dopamine using a 2 mg mL-!dopamine in 0.1M
phosphate buffer solution and a 25°C deposition temperature: the S275 steel disc is 15 mm in diameter. The
EIS is carried out in 3.5%NacCl.

Figure 6.4 shows that a 3:1 ratio of KMnO, to dopamine monomer failed to produce an intact
coating. Polydopamine is brown in colour and it is not clear whether the brown colour round the
edge of the disc is PODA or staining from the potassium permanganate. The fact that there is a thin
film of PoDA (the iridescent area in the centre of the disc) indicates that a complete film of PODA

formed but then peeled off. As an intact coating was not produced, EIS testing was not carried out.

After the failure of the 3:1 ratio, a lower ratio of 1.5:1 was tested and this proved more successful;

the EIS data are shown in section 6.1.1.1.1

Sodium molybdate

A successful coating was produced from a 3:1 ratio of NaMoO, to dopamine (see Figure 6.5); EIS

results are shown in Figure 6.6.

Figure 6.5 - Coating produced from a 3:1 ratio of Na2MoOs to dopamine using a 2 mg mL"* dopamine in 0.1M
phosphate buffer solution and a 25°C deposition temperature: the S275 steel disc is 15 mm in diameter. The

EIS is carried out in 3.5%NacCl.
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Figure 6.6 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plot overlays for a 3:1 Na2MoO4 to dopamine ratio

using a 2 mg mL! dopamine solution (deposited at 25°C).

Both the Nyquist and Bode |Z| plots, (Figure 6.6a and Figure 6.6b), show the presence of an
inductive loop. In the Nyquist plot this manifests itself as an obvious loop at the initial time point.
The same loop is shown on the Bode |Z]| plot in the low frequency region as a decrease in |Z| with
decreasing frequency. A similar phenomenon has been observed in other instances where sodium
molybdate has been used as a corrosion inhibitor [195, 196]. The loop is indicative of an
inductance which is confirmed by the decrease in impedance modulus (JZ[) with increasing
frequency. In general, when the system is at steady-state, the incorporation of an inductive element
in the equivalent circuit is indicative of a short-circuit [197]. However, the inclusion of sodium
molybdate as a corrosion inhibitor will result in the formation of iron molybdate complexes [181]

indicating that the system is not at a steady-state and the inductive loop can be interpreted as
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representing reactions that are happening in a shorter timescale than the frequency response time
[198, 199] (which can be up to 1000 s for frequencies of 0.01 Hz [199]).

Table 6.2 - EIS fitted parameters for a 3:1 Na2MoQas to dopamine ratio using a 2 mg mL- dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl solution and the steel disk is 15mm in

diameter.
CPE/ +/

Time/h|Ru/Q| /0 [s* O lem?2s¢Qlem2| ¢ Rp/Q | £/Q | 42 | Circuit

(x107% | (x1079)
0 13.3 0.2 2.06 1.09 0.90 669. 0.36 0.95 | Randles
1 11.6 0.2 4.08 1.37 0.87 634 1.08 0.04 | Randles
4 9.4 0.2 4,70 0.549 0.85 706 1.48 0.02 | Randles
12 8.9 0.2 5.32 0.996 0.82 730 1.83 0.08 | Randles
24 7.6 0.2 5.52 1.58 0.75 1032 3.06 0.01 | Randles
48 8.1 0.2 7.61 3.18 0.69 1136 5.59 0.01 | Randles
72 6.9 0.2 5.69 1.75 0.71 1302 444 0.02 | Randles
96 9.2 0.2 11.7 7.82 0.72 1211 11.0 0.02 | Randles
120 12.3 0.2 13.8 10.8 0.72 1222 14.4 0.03 | Randles

In Table 6.2 above, and the tables which follow, Ru is the uncompensated resistance, the CPE is
the constant phase element used to represent the capacitance of the coating , Rp is the pore
resistance (the coating resistance) and W, when it occurs, is the Warburg impedance which

represents a diffusive process.

Resistors and capacitors both represent a physical process on the surface of the substrate and/or the
deposited coating. The inductance does not, however, have such a clear physical representation and
therefore no inductive phase elements have been used in the equivalent circuit fitting of the sodium
molybdate. The effect on the goodness-of-fit between real data and theoretical data from the
equivalent circuit can be seen from the y2 values in Table 6.2. The initial time point when the
inductive loop was present has a goodness-of-fit of 0.95 compared to the <0.1 values achieved by
all other time points. The increase in Rp with time indicates that a thicker oxide layer is gradually
building up on the surface. The fact that there is no initial drop in Rp indicates that the NaCl
electrolyte has no difficulty in permeating the coating and this is supported by the patchy
appearance of the coating (Figure 6.5). This demonstrates that the 3:1 Na,MoQ, to dopamine

coating has poor barrier properties.
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Sodium periodate
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Figure 6.7 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plot overlays for a 3:1 NalO4 to dopamine ratio
using a 2 mg mL-! dopamine solution and 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.
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The Nyquist (Figure 6.7a) and Bode |Z| (Figure 6.7b) plots both show a significant drop in

impedance between the initial and 1 hour time points, This can be attributed to the penetration of

the coating by NaCl electrolyte.

Table 6.3 shows a further decrease in Rp until 12 hours when the trend begins to reverse. This can

be attributed to the formation of an iron oxide layer and the build-up of corrosion products at the

substrate surface.

Table 6.3 - EIS fitted parameters for a 3:1 NalO4 to dopamine ratio using a 2 mg mL- dopamine solution and

a 25°C deposition temperature. The EIS is carried out in 3.5%NacCl.

CPE/ +/

Time/h |Ry/Q|£/Q | 01 -1 a Rp/Q | £/Q | 42 | Circuit

cm—2 cm2
0 116 | 0.2 3.03 4.91 0.79 1667 2.59 0.06 | Randles
1 10.7 0.2 2.99 3.92 0.81 1101 1.46 0.10 | Randles
4 10.9 0.2 2.70 7.02 0.84 927 1.00 0.24 | Randles
12 12.3 0.2 2.97 5.46 0.84 983 1.25 0.36 | Randles
24 11.3 0.2 3.38 3.46 0.81 1012 1.54 0.20 | Randles
48 12.7 0.2 5.80 44.4 0.76 1128 6.24 0.22 | Randles
72 11.8 0.2 12.6 90.8 0.72 1252 13.1 0.26 | Randles
96 14.9 0.2 12.1 83.1 0.72 1386 14.3 0.30 | Randles
120 11.9 0.2 12.8 93.8 0.72 1217 12.7 0.35 | Randles

p-Benzoguinone

Table 6.4 shows that the 3:1 p-BQ to dopamine coating has a decrease in Rp within the first hour of

exposure to 3.5% NaCl but Rp then increases with increasing exposure time as a result of the

formation of a stable layer of corrosion products.

Table 6.4 - EIS fitted parameters for a 3:1 p-benzoquinone to dopamine ratio using a 2 mg mL- dopamine

solution and a 25°C deposition temperature. The EIS is carried out in 3.5%NacCl.

CPE/ +/
Time/h|Ru/Q [ +/@| s*Q@t | 0t | 4 IRp/a| +/0 | 2 | Circut
Cm_2 Cm_2
(<0 | (109
0 [ 95 [ 02| 479 257 [060] 619 | 067 | 008 | Randles
1 11.9 0.2 3.35 2.73 0.72] 459 0.29 0.01 | Randles
4 11.3 0.2 3.36 2.80 0.73| 448 0.25 0.08 | Randles
12 12.2 0.2 6.89 3.05 0.67| 575 0.50 0.08 | Randles
24 14.6 0.2 11.7 7.45 0.69| 745 0.65 0.02 | Randles
28 | 165 | 02 | 159 142 [069] 838 | 10.66 | 0.0L | Randles
72 14.8 0.2 16.7 15.3 0.67| 1004 15.37 0.02 | Randles
96 115 0.2 5.64 0.759 0.64| 1106 6.09 0.01 | Randles
120 | 95 | 02| 478 257 [060] 619 | 067 | 008 | Randles
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Lower ratios of oxidant to dopamine

Potassium permanganate

1.5:1

Chapter 6

Table 6.5 - EIS fitted parameters for a 1.5:1 KMnOs to dopamine ratio using a 2 mg mL-*dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ +/
Time/h|Ru/Q|+/Q| s*Q1 01 | « | Rp/Q |£/Q] 42 | Circuit
cm—2 cm=2
(x1073) (x107)
0 21.0 0.2 2.62 0.770 0.84 886 0.92 | 0.21 | Randles
1 18.7 0.2 2.90 0.781 0.81 898 1.06 | 0.08 | Randles
4 16.8 0.2 3.59 0.461 0.81 1120 1.92 | 0.08 | Randles
12 16.0 0.2 4.58 0.926 0.77 1019 2.34 | 0.02 | Randles
24 15.2 0.2 6.99 2.73 0.75 486 1.48 | 0.08 | Randles
48 14.8 0.2 9.01 4.02 0.72 657 3.26 | 0.04 | Randles
72 155 0.2 11.2 742 0.74 838 6.14 | 0.06 | Randles
96 15.2 0.2 115 7.92 0.75 923 7.13 | 0.02 | Randles
120 144 0.2 12.1 8.85 0.75 863 6.96 | 0.02 | Randles
1:1
Table 6.6 EIS fitted parameters. for a 1:1 KMnO4 to dopamine ratio using a 2 mg mL! dopamine solution and
a 25°C deposition temperature. The EIS is carried out in 3.5%NacCl.
CPE/ x/
Time/h| Ru/Q | /0 | s*at st | g | RprQ|zr0| 42 | Circuit
Cr‘l"l_2 Cm_2
(x1073) (x1072)
0 10.8 0.2 0.298 0.208 0.74 529 0.10 | 0.03 | Randes
1 10.3 0.2 0.362 0.323 0.72 423 0.28 | 0.06 | Randles
4 10.2 0.2 0.767 0.775 0.66 325 0.64 | 0.05| Randles
12 10.0 0.2 1.28 0.931 0.61 333 1.74 | 0.07 | Randles
24 9.9 0.2 1.57 142 0.61 217 1.73 ] 0.05 | Randles
48 104 0.2 1.77 142 0.63 253 1.96 | 0.04 | Randles
72 10.8 0.2 1.83 1.47 0.65 234 1.91 | 0.20 | Randles
96 114 0.2 221 1.50 0.67 246 2.83 | 0.07 | Randles
120 10.6 0.2 2.88 3.66 0.66 231 3.82 | 0.02 | Randles
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0.5:1

Table 6.7 - EIS fitted parameters for a 0.5 KMnQOas to dopamine ratio using a 2 mg mL"* dopamine solution and
a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ y
Time/h |Ru/Q| +/Q | s*@t | s*0 | o |Rp/@|iq| 2 | cCircut
Cm_2 Cm_2
(x1073) | (x107)
0 35| 02 0.234 0403 | 0.76 | 1299 | 1.27 | 2.506-3 | Randles
1 26| 02 0.260 0641 | 0.76 | 1053 | 1.07| 0.04 | Randles
4 2.9 | 02 0.400 191 | 0.77 | 602 [ 086] 003 | Randles
17 [ 134 02 0.931 482 | 070 | 396 [ 159 002 | Randles
24 | 140 | 02 112 102 | 0.2 | 275 [122] 00L | Randles
8 | 143 02 101 889 | 0.74 | 288 | 113] 002 | Randles
72 | 138 | 02 130 861 | 0.71 | 286 | 163] 002 | Randles
% | 148 | 02 161 942 | 0.72 | 304 [ 249 004 | Randles
120 | 140 | 02 1.90 129 | 073 | 252 [ 242] 005 | Randles
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Figure 6.8 - EIS fitted parameters for varied KMnQOas to dopamine ratios using a 2 mg mL- dopamine solution
and a 25°C deposition temperature: (a) CPE, (b) alpha and (c) Rp values. The EIS is carried out in 3.5%NacCl.

Table 6.5, Table 6.6, Table 6.7 and Figure 6.8 all demonstrate that using KMnO4 as an oxidant in
the polymerisation of dopamine does not improve coating performance in terms of barrier
properties. This is because KMnOQsy is such a powerful oxidant that it immediately begins to
polymerise dopamine in solution, and this occurs preferentially over the polymerisation of

dopamine and subsequent deposition of a PoDA film onto the steel substrate.
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Sodium molybdate
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Figure 6.9 - Nyquist plots: (a) 1.5:1 Na2MoOa to dopamine and (b) 1:1 Na2MoOQa4 to dopamine and (c) 0.5:1
NazMoO. to dopamine :all deposited from 2 mg mL-* dopamine solution at 25°C. The EIS is carried out in
3.5%NacCl.
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In a similar manner to the 3:1 ratio coating above, the smaller ratios of Na,MoO. to dopamine all

have inductive loops in their Nyquist plots. For the 1:1 and 0.5:1 ratios, the loop appears at a later

time point than the 3:1 and 1.5:1 ratios, indicating that the molybdate was further from the substrate

than for the higher ratios and leading to a delayed complex formation between molybdate and the

steel substrate.

1.5:1

Table 6.8 - EIS fitted parameters for a 1.5:1 Na2MoO4 to dopamine ratio using a 2 mg mL-! dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ +/ W/ | +/
_ 1
Time| Ru /| +/[s* Q71 s*Q « | R L0 Qcm?| @ Circuit
Ih| Q| Q|em2| m2(x10™ Q — | om?
(x10-9) 5) 12 | 712
0 | 16.9 0.2 0.29 0.04 | 0.84] 1047 1.32| 115 | 2.37 |00l RIW
1 | 157 02 1.24 225 | 092 1504] 22.06 112 | 3.80 | 0.04 RIW
4 [ 16.9 0.2 1.82 497 | 090 1184| 30.98_ 119 | 3.78 | 005 R+W
12 | 19 02 153 413 | 082 913| 27.96, 56 | 7.87 | 003 R+W
24 | 16.2 0.2 1.1 0.716 | 0.74] 1249] 10.40 0.03_Randles
48 | 14.8 0.2 1.25 0917 | 0.75| 1054] 963 0.02_Randles
72 | 13.9 0.2 1.33 102 | 0.76] 1233] 12.64 0.04_Randles
96 | 154 0.2 1.36 107 | 0.78] 1223| 12.35 0.03_Randles
120 14.0 0.2 1.41 116 | 0.78] 1083] 10.84 0.03_Randles|
1:1

Table 6.9 - EIS fitted parameters for a 1:1 Na2MoO4 to dopamine ratio using a 2 mg mL-1 dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ +/

el el

Time/h| Ru/Q| £/Q 5 ) @ | Rp/Ql £/Q | 42 | Circuit
cm cm

(x10~%) (x107)
0 16.6 0.2 3.31 0.557 0.80| 1446 241 0.01 | Randles
1 14.3 0.2 3.19 1.68 0.81| 604 0.62 0.01 | Randles
4 17.8 0.2 3.87 10.3 0.80 171 0.48 0.04 | Randles
12 14.7 0.2 2.84 5.70 0.84| 227 0.40 0.01 | Randles
24 15.1 0.2 4.05 5.37 0.83| 293 0.22 0.07 | Randles
48 16.8 0.2 477 8.88 0.82 219 0.35 0.08 | Randles
72 15.8 0.2 8.44 7.17 0.75( 318 1.01 0.05 | Randles
96 15.1 0.2 5.20 0.525 0.78| 212 2.35 0.07 | Randles
120 14.4 0.2 5.34 1.73 0.77] 620 7.92 0.02 | Randles
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0.5:1

Table 6.10 - EIS fitted parameters for a 0.5:1 NazMoOs to dopamine ratio using a 2 mg mL" dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ £
Time/h [Ru/Q| /@ | s*Q@t | s*0t |4 |Rp/@|s/Q| 2 | cCircui
Cm_2 Cm_2
x10% | (x1079
0 [ 162 [ 02 3.46 0521 | 078] 1311 | 226 | 0.04 | Randles
1 [ 168 | 02 3.38 129 [081] 703 | 691 | 0.02 | Randles
4 [ 165 [ 02 418 216 [081] 360 | 0.30 | 018 | Randles
12| 198 | 02 1.39 186 [ 085 114 | 045 | 0.05 | Randles
24 [ 148 [ 02 5.44 116|075 204 | 039 | 0.01 | Randles
28 [ 165 | 02 6.15 716 [082] 285 | 052 | 0.04 | Randles
72 [ 169 | 022 | 954 661 [0.74] 327 | 1.9 | 0.06 | Randles
96 | 163 | 02 818 128 [ 0.78] 1340 | 242 | 0.02 | Randles
120 | 157 | 02 8.44 229 [076] 1421 | 832 | 001 | Randles

Table 6.8, Table 6.9 and Table 6.10 all show that the Rp values are greatly reduced and the point of

the greatest reduction coincides with the appearance of the inductive loop in the Nyquist plot. After

the inductive loop ceases to be present, the Rp values increase once more as a result of the

formation of a stable oxide layer.
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Figure 6.10 - EIS fitted parameters using varied Na2MoOs to dopamine ratio using a 2 mg mL-! dopamine solution
and a 25°C deposition temperature: (a) CPE, (b) alpha and (c) Rp values

Molybdates act as anodic corrosion inhibitors. Such inhibitors act by inducing the formation of an
oxide film on the surface of the metal or the formation of a poorly soluble salt film. This increases
the polarisation of the metal and pushes it into the passive state. The inductive loops observed in
the Nyquist plots indicate the formation of complexes between the molybdate that has been
incorporated into the coating and iron in the steel substrate. These complexes should protect the
substrate from corrosion. However, the concentration of anodic inhibitors is critical. If the
concentration is too low, then the formation of the passivating layer may be incomplete which
results in small areas of unpassivated metal. This will result in localised corrosion, such as pitting.
The poor performance of the lower sodium molybdate to dopamine ratio coatings can be attributed

to this (see

Figure 6.10c). At the higher concentrations of sodium molybdate, there is sufficient excess
molybdate present to form the protective oxide film which will contribute to the perceived better
performance of these coatings over the autoxidated PODA coatings. Thus, the coatings produced
with 3:1 and 1.5:1 ratios of Na;MoOs to dopamine perform better than autoxidated PODA. As the
.5:1 ratio of Na,MoO. to dopamine slightly outperformed the 3:1 ratio, the 1.5:1 ratio will be used

in all further experiments involving Na;MoQO4
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Sodium periodate

1.5:1

Table 6.11 - EIS fitted parameters for a 1.5:1 NalOs to dopamine ratio using a 2 mg mL-* dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ y
Time/h |y /| /@ | s*Qt | s*ot | o |Rrpr| £/0 | 2 | circuit
Cm'2 C|’n-2
x107%) | (x107)
0 | 79 | 02 | 0412 0241 | 073 | 544 | 067 | 0.09 | Randles
T [ 96 [ 02 | 0398 0484 | 081 | 373 | 022 | 002 | Randles
i |94 | 02 | o/ 122 [ 073 | 219 | 024 | 0.02 | Randles
17 [ 100 ] 02 103 218 [ 071 171 | 007 | 0.08 | Randles
24 [ 99 | 02 107 248 [ 075 121 | 036 | 0.07 | Randles
28 [ 105 02 152 360 [ 073 | 137 | 054 | 0.04 | Randles
72 [ 104 02 222 328 [ 072 151 | 139 | 0.06 | Randles
%6 | 94 | 02 2.93 303 [ 070 | 176 | 267 | 0.08 | Randles
1:1

Table 6.12 - EIS fitted parameters for a 1:1 NalO4 to dopamine ratio using a 2 mg mL-* dopamine solution and

a 25°C deposition temperature. The EIS is carried out in 3.5%NacCl.

CPE/ +/
Time / h e -1 e -1 2 L

Ru/Q| £/Q a Rp/Q | £/Q z Circuit

cm—2 cm=2

x10™4 | (x1079)
0 14.2 0.2 2.05 0.0281 0.82 1428 1.25 0.01 | Randles
1 11.8 0.2 2.14 0.0604 0.83 1013 0.80 0.08 | Randles
4 12.2 0.2 2.49 0.127 0.81 672 0.44 0.07 | Randles
12 12.7 0.2 2.93 0.253 0.81 441 0.16 0.04 | Randles
24 13.4 0.2 5.87 1.44 0.77 169 0.43 0.08 | Randles
48 13.8 0.2 8.83 2.42 0.76 143 0.33 0.05 | Randles
72 13.9 0.2 8.11 3.14 0.81 110 0.41 0.01 | Randles
96 135 0.2 11.6 441 0.75 105 0.39 0.07 | Randles
120 17.9 0.2 7.62 0.380 0.83 71.44 2.88 0.07 | Randles
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0.5:1

Table 6.13 - EIS fitted parameters. for a 0.5:1 NalO4 to dopamine ratio using a 2 mg mL-! dopamine solution

and a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

+/
CPE/
Time | Ru/Q | £/Q| g1 . 2| s*Q1 o« | Rp/Q £/Q 2 | Circuit
s QO™ cm X

/h 4 cm—2

(x10™) 6

(x107)
0 17.3 0.2 2.30 0.308 0.74] 3161 | 4.30 0.03 | Randles
1 14.1 0.2 2.16 0.538 0.76] 1143 | 0.89 0.01 | Randles
4 14.8 0.2 2.98 2.23 0.76] 497 0.13 0.05 | Randles
12 16.6 0.2 3.59 6.63 0.80] 234 0.43 0.08 | Randles
24 16.8 0.2 4.17 22.6 0.82] 93 0.47 0.04 | Randles
48 17.0 0.2 9.30 44.7 0.74] 90 0.50 0.05 | Randles
72 17.3 0.2 9.54 80.4 0.79] 56 0.48 0.06 | Randles
96 17.8 0.2 19.7 1.18 0.71] 66 0.43 0.04 [ Randles
120 | 233 0.2 12.8 10.6 0.76] 70 6.27 0.03 [ Randles

Table 6.11, Table 6.12 and Table 6.13 all show a very similar trend in Rp values namely that, as the
length of exposure time to NaCl increases for each coating, the Rp value decreases. Whilst the 1:1
and 0.5:1 ratios produce better coatings to begin with, their protective capabilities last for at most
four hours before a large drop in Rp occurs. This indicates that the coatings possess barrier

properties that are easily overcome.
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Comparisons
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Figure 6.11 - EIS fitted parameters for varied NalOs to dopamine ratio using a 2 mg mL-! dopamine solution and
a 25°C deposition temperature: (a) CPE (b) alpha and (c) Rp

As can be seen from the fitted parameters in Figure 6.11, only the 3:1 NalO, ratio managed to
outperform autoxidated PoDA. The three other ratios performed worse than bare S275 steel
indicating that not only did the use of NalO, as an oxidant fail to improve the corrosion
performance of PODA, that it actually accelerated the corrosion process. Mild steel is known to
perform poorly in corrosion tests when sodium perchlorate is present [200]. The similarity in
chemical reactivity between chlorates and iodates indicates that the same can be said for sodium
periodate. If NalO4 has been incorporated into the coating then the corrosive species is in close
proximity to the underlying steel which may induce corrosion to a greater degree than if NalO,
were merely present in solution as there is no barrier present between corrosive species and
substrate. Following these results, sodium periodate was not used as an oxidant in any further
experiments. As NalO, is a powerful oxidant, PODA will form more readily as particles in solution
or as a film on the solution surface than as a film on a supplied substrate. This will be especially
true for the higher oxidant ratios, which explains why the initial impedances and Rp values are not
as high for the 3:1 and 1.5:1 ratios as they are for the 1:1 and 0.5:1 ratios. Bernsmann et al. reported
similar results with their work using CuSQ, as an oxidant [201] and their investigations into the

solution interface during the polymerisation of dopamine [202].
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p-Benzoquinone

1.5:1

Table 6.14 - EIS fitted parameters for a 1.5:1 p-BQ to dopamine ratio using a 2 mg mL-* dopamine solution and

a 25°C deposition temperature. The EIS is carried out in 3.5%NacCl.

CPE/w 1| %/
. a1
Time/h | Ru/Q |10 - s“Q
cm cm—2 @ | Rp/Q| /0| 42 | Circuit
(x107%) 6
(x107)
0 155 0.2 4.74 1.37 0.77| 2357 | 7.49 | 0.053 | Randles
1 13.9 0.2 4.73 1.38 0.78| 2031 | 6.06 | 0.012 | Randles
4 13.1 0.2 3.90 1.17 0.79] 1960 | 5.35 | 0.046 | Randles
12 12.3 0.2 4.70 1.39 0.79] 1786 | 5.02 | 0.047 | Randles
24 12.1 0.2 6.98 3.05 0.79| 1396 | 6.04 | 0.031 | Randles
48 15.6 0.2 11.8 8.08 0.76| 1391 |12.75| 0.010 | Randles
72 14.1 0.2 19.9 20.9 0.75| 1513 | 30.13| 0.095 | Randles
96 13.5 0.2 23.4 34.4 0.76 | 1474 | 42.91| 0.054 | Randles
120 13.2 0.2 23.3 28.1 0.75]| 1506 | 37.25| 0.011 | Randles
1:1
Table 6.15 - Fitted parameters for a 1:1 p-BQ to dopamine ratio using a 2 mg mL-*dopamine solution and a
25°C deposition temperature. The EIS is carried out in 3.5%NacCl.
CPE/ +/
Time/h| Ru/Q| £/Q| o1 a1 a | Rp/Q| £/Q 72 Circuit
2 2
0 14.0 0.2 4.80 1.26 0.66| 2789 | 10.98 0.03 | Randles
1 11.7 0.2 5.28 1.52 0.67| 2038 7.87 0.08 | Randles
4 11.2 0.3 6.21 2.53 0.66| 1628 8.75 0.08 | Randles
12 13.6 0.2 6.33 2.19 0.69| 1376 5.69 0.05 | Randles
24 13.2 0.2 7.88 3.37 0.69| 1057 5.23 0.03 | Randles
48 14.3 0.2 10.8 6.39 0.67] 1189 | 10.22 0.02 | Randles
72 14.8 0.2 17.2 15.6 0.66| 1528 | 32.33 0.01 | Randles
96 14.6 0.3 19.9 26.0 0.68| 1477 | 4531 0.01 | Randles
120 15.6 0.2 19.0 19.3 0.69| 1607 | 38.42 0.02 | Randles

Both Table 6.14 and Table 6.15 show that although there is a slight drop in corrosion protection

over the immersion time, the Rp values are maintained at levels above those of both bare S275 steel

and autoxidated PoDA. This indicates that the p-BQ mediated coatings have superior barrier

properties over PODA coatings produced using other oxidants.
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0.5:1

Table 6.16 - EIS fitted parameters for a 0.5:1 p-BQ to dopamine ratio using a 2 mg mL-* dopamine solution and
a 25°C deposition temperature. The EIS is carried out in 3.5%NaCl.

CPE/ +/ /0
: S s Q- 2 -
Time/ |Ru /Q| +/Q 1 1 . a |[Rp/Q| £/Q| W/ cm 2 | Circui
h Q cm | g2 | ¢
2 9 Qcm?s
cm B 1/2
(x10™ (x10
4 6
0 20.3 | 0.2 1.93 247 10.85| 3300 | 16.07 1662 6.59 0.05| R+W
1 208 | 0.2 2.14 0.53 0.86| 1809 | 7.01 1400 3.29 0.10| R+W
4 141 ] 0.2 2.87 1.21 0.81| 1808 | 10.74 1289 0.46 0.05| R+W
12 16.3 ] 0.3 0.342 0.51 0.68| 1748 | 2.53 1185 0.19 0.08| R+W
24 138 | 0.2 8.13 1.09 0.77] 1830 | 4.19 1022 0.97 0.08| R+W
48 11.3 ] 0.2 4.59 5.39 0.70] 1951 | 20.97 603 3.72 0.09| R+W
72 106 | 0.2 4.32 2.36 0.70] 1632 | 40.42 488 5.98 0.07| R+W
96 155 ] 0.2 2.96 1.88 0.82] 1034 | 23.09 643 3.30 0.02| R+W
120 165 ] 0.2 4.35 0.29 0.71] 1044 | 59.30 570 5.00 0.04| R+W

Table 6.16 shows the presence of a diffusive element across the entire immersion period for the
0.5:1 p-BQ : dopamine ratio. The fact that the diffusion process is present even at the initial time
point and that the diffusive element is in a separate time constant to the CPE and Rp values indicate
that the diffusion element is as a result of a species travelling within the deposited coating itself
rather than ions diffusing in from electrolyte or out through the coating from the substrate. This has
been observed previously in EIS studies of PANi where a dopant has been added to the polymer
during deposition. As this behaviour is not observed in the auto-oxidated PODA the diffusive

element has to be as a result of some reaction involving p-BQ.
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Comparisons
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Figure 6.12 - EIS fitted parameters varied p-BQ to dopamine ratio using a 2 mg mL-! dopamine solution and a
25°C deposition temperature: (a) CPE, (b) alpha and (c) Rp

The failure of the higher molar ratios of p-BQ to dopamine to produce coatings that were any
improvement over the autoxidated PODA can be attributed to the ease with which p-BQ forms
polyhydroxyhydroquinones. The polymerisation is more likely to occur in solution, especially the
alkaline ones used in the polymerisation of dopamine. The greater ratios mean an excess of p-BQ
which will form polyhydroxyhydroquinones preferentially in solution rather than the p-BQ acting
as an oxidant in the oxidation and subsequent polymerisation of dopamine onto the included
substrate [167]. Ragimov et al. found that the initial concentration of p-BQ was the most important
factor in determining the rate of polymerisation [168] with higher concentrations having almost
instantaneous polymerisation rates. The best performing ratio of p-BQ to dopamine was the 0.5:1

ratio (Figure 6.12) therefore this ratio was used in all further work requiring p-BQ as an oxidant.
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6.1.2 Dopamine monomer concentration

Lee et al. used a dopamine concentration of 2 mg mL™ in their initial publication on the formation

of coatings from the autoxidation of dopamine [37] and this has been the most commonly used

dopamine concentration since. However, previous studies had sought to optimise the O,-mediated

dopamine polymerisation in order to

increase the thickness of the deposited PODA coating [43] by

increasing the initial dopamine concentration. Ball et al. reported that this relationship was linear

up to a maximum concentration of 20 mg mL™. Therefore, dopamine concentrations of 5, 10 and

20 mg mL* were tested in conjunction with the best performing dopamine to oxidant ratios as

defined in the previous section.
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Figure 6.13 - EIS fitted parameters for a 1.5:1 KMnOs to dopamine ratio using a varied dopamine concentration

and a 25°C deposition temperature: (a) CPE, (b) alpha and (c) Rp values
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Figure 6.14 - EIS fitted parameters for a 1.5:1 Na2MoOs to dopamine ratio using a varied dopamine concentration

and a 25°C deposition temperature: (a) CPE, (b) alpha and (c) Rp values
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Figure 6.15 — EIS Fitted parameters 0.5:1 p-BQ to dopamine ratio using a varied dopamine

concentration and a 25°C deposition temperature: (a) CPE, (b) alpha and (c) Rp values.
As can be seen from Figure 6.13,

Figure 6.14 and Figure 6.15, increasing the dopamine monomer concentration does not equate to an
improvement in coating thickness regardless of the oxidant used. This is due to the more favourable
polymerisation of dopamine in solution rather than on the substrate surface. As dopamine can
deposit onto itself, the presence of PODA particles in the deposition solution discourages deposition
onto the substrate present in the deposition solution. The increased concentration of dopamine leads
to increased polymerisation in solution and therefore thinner films on the introduced substrate. This
has been observed by several authors working with PODA [49],[36],[203] despite the findings of
Ball et al. [43] which showed that an increase in dopamine concentration of up to 20 mg mL™*
resulted in thicker films. Therefore, all future work will be undertaken using 2 mg mL* dopamine

solutions.

129



Chapter 6

6.1.3

Variable deposition temperature
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Figure 6.16 - Variation of Rp values with time for (a) 1.5:1 Na2MoO4 to dopamine using a 2 mg mL!

dopamine at 35°C and (b) 1.5:1 KMnOs to dopamine 2 mg mL~! dopamine at 35°C
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gégogre 6.17 - Variation of Rp values with time for 0.5:1 p-BQ to dopamine using a 2 mg mL-*dopamine solution at
Figure 6.16(a) and (b) both indicate that an increase in temperature does not produce a coating with
corrosion prevention properties that are superior to autoxidated PoDA when either KMnO4 or
Na;MoOQy is used as the oxidant. However, Figure 6.17 shows that when p-BQ is used as the
oxidant at elevated temperatures, the barrier initial protection is six times that of steel and that even
though this protection begins to decrease with time, it is still maintained at levels above that of both
autoxidated PODA and bare S275 steel.

After the deposition parameter refinement was complete, it became apparent that the best
combination of parameters was a 0.5:1 ratio of p-benzoquinone to dopamine monomer using a 2
mg mL* dopamine monomer solution and a deposition temperature of 35°C. Further testing was
required to understand the behaviour and properties of the coating. Hereafter, the initial
polydopamine coating produced through autoxidation of dopamine monomer solution will be
referred to as O,-mediated PODA and the coating deposited using a 0.5:1 ratio of p-BQ to
dopamine monomer and a 2 mg mL"* dopamine solution at 35°C will be termed p-BQ mediated
PoDA.
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6.1.4

Properties and behaviour of p-Benzoquinone mediated PoDA coating

The following aspects of this study were carried out in order to try and ascertain the mechanism

of corrosion protection of the p-BQ mediated PoDA and whether this was the same as that of the

O2- mediated PoDA. It was hoped that the results would make it possible to ascertain whether:

a)

b)

d)

Dopamine and p-BQ monomers combine to form a co-polymer that has improved
barrier properties over an O2 mediated PODA coating and is thicker, thus accounting

for the higher impedances achieved.

p-BQ undergoes autoxidation to form protective polymers (the

polyhydroxyquinones discussed previously).

p-BQ monomer is incorporated into the deposited PoDA coating allowing it to act

as a corrosion inhibitor.

p-BQ is not incorporated into the coating at all and merely acts as a more effective
and/or efficient oxidant resulting in the production of a thicker coating that possesses
better barrier properties and subsequently offers improved protection against corrosion.

This would also account for the higher impedances achieved during EIS testing.

BQ is known to undergo polymerisation in the presence of alkali by autoxidation, in a
process that is almost identical to that of the autoxidation of PoDA. Such polymeric
products have been used as antioxidants in the production of styrene-butadiene rubber
(SBR) [204, 205]. Therefore, it is possible that if p-BQ is forming polymeric products
and these are being incorporated into the coating they will act as an antioxidant and thus

inhibit the corrosion processes through a similar mechanism.

However, it has also been found that the p-BQ based polymers that form under alkali conditions

can act as oxidation-reduction polymers meaning they may have a similar corrosion protection

mechanism to other red-ox polymers such as polyanilines [52]. The alkalinity is required because

the mechanism requires the incorporation of a hydroxyl moiety [53].
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6.1.4.1 X-Ray Photoelectron Spectroscopy (XPS)

The XPS studies were carried out on both O,-mediated PODA and p-BQ-mediated PoODA with bare
uncoated S275 steel used as a reference background. The aim was to determine any differences in
composition between the two coatings. Figure 6.18 shows the peaks observed during a survey scan
of the bare S275 substrate. The Fe2p peak is attributed to elemental iron and the C1s peak to
elemental carbon, both of which are found in a structural steel such as S275 steel. The O1s peak
can be attributed to iron oxide formation on the surface of the steel.
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Figure 6.18 — XPS survey scan bare S275 steel

Figure 6.19 shows the peaks of the survey scan of an O,-mediated PoDA coating deposited at
atmospheric temperature. The Fe2p peak present in the bare S275 steel is no longer visible on the
coated scan. This indicates that the deposited coating is intact enough to completely mask the
underlying substrate. The survey scan contains O1s, N1s and C1s peaks which would be expected

for a nitrogen containing polymer such as polydopamine [175].
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Figure 6.19 —XPS survey scan O, mediated PoDA coating deposited at 25°C

To try and determine which functional groups are present in the polymer, detailed scans of the

identified survey peaks were undertaken; these are shown in Figure 6.20, Figure 6.21 and Figure

6.22. The peak fittings were compared to a database of XPS scans carried out on polymeric

materials [175] in order to identify the functional groups present in the coating.
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Figure 6.20 — XPS detailed C1s scan, O2 mediated coating
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Figure 6.21 - XPS detailed N1s scan; Oz mediated PoDA coating
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Figure 6.22 — XPS detailed O1s scan, Oz mediated PoDA coating

The detailed C1s and N1s scans, Figure 6.20 and Figure 6.21, respectively, both show the presence
of an NH; group in the deposited coating. This indicates that dopamine monomer (Figure 6.23) is
present in the deposited coating. Consequently, this suggests that atmospheric oxygen is not acting

as the most effective oxidant.

HO
Dopamine

4-(2-aminoethyl)benzene-1,2-diol
NH,

HO

Figure 6.23 — Dopamine monomer
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Figure 6.24 - XPS survey scan p-Benzoquinone mediated PoDA coating deposited at 35°C

Figure 6.24 shows the survey scan of a p-BQ mediated PoDA coating. As with the O,-mediated
coating, there is no Fe peak present in the survey scan which again indicates that the deposited
coating is sufficiently intact to completely mask the underlying mild steel substrate. In addition to
the O1s, N1s and C1s peaks seen in the O,-mediated PODA scan, there is a Nals peak present. This
has been seen in previous XPS surveys of O;-mediated PODA [68]. During the polymerisation
reaction, the very thin deposited film is kept in sodium phosphate buffer solution for a 24-hour

period which results in sodium ions from the buffer leaching into the PoDA film.
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Figure 6.25 - XPS detailed C1s scan, p-BQ- mediated PoDA coating
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Figure 6.26 - XPS detailed N1s scan, p-BQ- mediated PoDA coating
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The detailed C1s and N1s scans in Figure 6.25 and Figure 6.26 respectively, show that the NH,
group present in the O,-mediated PoDA film is not present in the p-BQ-mediated PoDA coating
which indicates that p-BQ is acting as a more efficient oxidant than atmospheric oxygen [55]. If the
greater oxidant efficacy results in thicker coatings then this would account, in part, for the increased
impedance observed in the EIS tests. When Bernsmann et al. [49] and latterly Ball et al. [177] used
copper sulphate or ammonium persulphate as an additional oxidant to atmospheric oxygen, they also
observed the formation of a thicker polymeric film which was attributed to a more efficient
oxidation reaction [43]. However, they did not test their deposited films for corrosion performance.

Whilst the XPS results give some indication as to how the structures of the compared coatings
differ, they do not provide sufficient structural information to make any great distinction between
the two polymers. Figure 6.22 and Figure 6.25 show the presence of C=0 functional groups in both
the autoxidated and p-BQ mediated PoDA. The most likely copolymer to form between p-
benzoquinone and the amine containing dopamine would be some form of poly(amino) quinone.
Previous investigations into such polymers have demonstrated that such materials would contain
C=0 bonds [189]. As is described in the literature review (Chapter 2.1.4), all the proposed forms of
PoDA would also contain C=0 bonds, regardless of oxidant used. In addition, p-benzoquinone
itself contains two C=0 functional groups. Therefore, it can be concluded that XPS alone provides
insufficient structural information to determine whether a copolymer has formed, a thicker PODA
coating has formed or if p-benzoquinone has been incorporated in monomeric form. However, the
lack of OH groups in the p- BQ mediated PoDA indicates a lack of polyhyoxyhydroquinone
moieties, indicating that p-BQ has not undergone polymerisation solely with itself; each unit of the

polyhydroxyhydroginones would be expected to contain three OH groups.

Further structural analysis is therefore required. Methods that are easy in the practical sense, such
as FT-IR, are difficult with the deposited films as they are so thin. In the case of FT-IR, the
polymeric films deposited onto the mild steel substrate are thin enough that there is reflectance
from the steel making successful analysis impossible. Other methods that have previously been
used to analyse PoDA such as ss-NMR [35] and UV-VIS [177], have been undertaken on the solid
precipitates that form in solution during the polymerisation process, however, these precipitates are
not necessarily representative of the deposited films and a technique that is capable of providing

structural information from deposited films is required.
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6.1.4.2 Scanning Kelvin Probe
The distances shown in Figure 6.28, Figure 6.29 and

Figure 6.30 are the x- and y-radii of the corroded areas of the tested samples and so the plotted areas
represent a quarter of the total corroded sample area. SKP tests were undertaken in order to improve
the understanding of the corrosion kinetics and how these relate to the mechanism of corrosion

protection of p-benzoquinone mediated PODA.

When a hemispherical droplet of electrolyte is placed onto the surface of a piece of metal, it forms
a differential aeration cell. The anodic reaction is confined to the middle of the droplet where the
oxygen concentration is lower whilst the cathodic reaction will take place at the edge where the
oxygen concentration is higher because oxygen can readily diffuse through the edges of the droplet
(Figure 6.27). As the relative humidity in the testing chamber is maintained at 95% RH for the
duration of the test, the droplet does not dry out.

6.9 mm
€

Fe* Fe?*

0,
OH OH/

Figure 6.27 - Schematic of the differential aeration cell

Neufeld et al. proposed the concept of secondary spreading following investigations into the
initiation of corrosion on zinc surfaces by particles of NaCl [164]. They found that when the
hemispherical droplet of NaCl was present, a thin layer of electrolyte spread out from the droplet.
The authors found that the anodic reaction remains at the original droplet site and the cathodic
reaction spreads with the spread of electrolyte. Later studies found that, as a result of the reactions
in the differential aeration cell, the liquid that spreads is highly alkaline [206]. It has been proposed
that, under a >90% relative humidity, the secondary spreading effect, at least on an unprotected

metal, would ultimately be stopped by the formation of insoluble carbonates [207].

When secondary spreading is present, the rate of the cathodic reduction reaction is dependent on
the charge transfer of electrons produced during the anodic dissolution of the metal to the cathodic
region. If the surface is insulated, the charge transfer process is inhibited and so is metal dissolution
[164].

The physical spreading of the electrolyte results from the disruption of the surface tension of the

hemispherical droplet in a Marangoni effect [208]. This occurs because a diffusion gradient is
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created when ion transport occurs in order to neutralise charges which build up during the
electrochemical corrosion processes. Positive sodium ions (Na*) migrate outwards to neutralise the
OH-ions produced during the cathodic reduction reaction, whilst the negative chloride ions migrate

to the anodic original droplet site to neutralise Fe?*
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Bare steel after 4 hours exposure to 3.5% NaCl droplet
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Bare steel after 24 hours exposure to 3.5% NaCl droplet
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Figure 6.28 - Potential vs. SHE scan of bare S275 steel after: (a) 4 h exposure to 3.5% NaCl droplet and (b) 24 h
exposure
Applying a droplet of 3.5% NaCl solution induces the initiation of the anodic reaction[209] . This

is seen in Figure 6.28a; the darkest orange areas are the location of the 3.5% NaCl droplet and the

anodic reaction. The sharp increase in potential indicates the edge of the hemispherical drop and
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initiation of secondary spreading [164]. The lighter orange and yellow areas of the plots show the
effect of secondary spread after 4 hours.
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Figure 6.29 -Potential vs. SHE scan of O2 mediated PoDA surface after: (a) 4 h exposure to 3.5% NacCl
droplet and (b) 24 h exposure to 3.5% Na Cl droplet

When an O,-mediated PODA coating is present, the anodic reaction is initiated as with the bare
steel (Figure 6.29a) but after 4 hours exposure, the secondary spreading is 2 mm less than for bare

steel indicating that the charge transfer process has been hindered and therefore, the presence of the
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PoDA coating is preventing corrosion occurring. However, after 24 hours, the secondary spread is
the same (Figure 6.29b) indicating that the protective capabilities of the PODA coating have been
lost. This concurs with the EIS results (section 6.1.1) which indicate that O.-mediated PODA

offered protection for only the first 24 hours that the O>-mediated PODA coating was immersed in
3.5% NaCl solution.

p-BQ Mediated PoDA after 4 hours exposure to 3.5% NaCl droplet
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Figure 6.30 - Potential vs. SHE scan of p-BQ- mediated PoDA surface after: (a) 4 h exposure to 3.5% NaCl droplet
and (b) 24 h exposure

After 4 hours exposure, secondary spreading has occurred (Figure 6.30a). However, the spread is
less than for both O, mediated PoDA and bare S275 steel. The trend continues even after 24 hours
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exposure (Figure 6.30b). The secondary spread is only 6.5 mm compared with the 13 mm for bare
steel and 11 mm for O,-mediated PoDA. This demonstrates that p-BQ mediated PoDA is capable of
inhibiting corrosion to a greater extent than O,-mediated PODA. As with O,-mediated PoDA, this
concurs with the EIS results measurements which show that the protective capabilities of p-BQ
mediated PoDA are maintained over a period of up to 218 hours.

As discussed in the literature review (section 3.2), PANi and other conducting polymers such as
polythiophene and polypyrrole protect against metallic corrosion through redox processes with the
underlying steel substrate. This results in the inhibition of the cathodic partial reaction which limits
the overall corrosion reaction [96, 102]. Previous studies that have used SKP to study the protective
mechanism of conducting polymers by examining the corrosion reaction kinetics exposed their
samples to a corrosive environment after inducing damage into the deposited coating; these studies
found that as the corrosion protection mechanism involved electron transfer, in the form of
oxidation and reduction reactions the protection was offered to the damaged area even when the
coating had been completely removed. The same studies found that even after 24 hours, the
cathodic reaction was still inhibited. [76, 82, 210]. Because of the dependence of secondary
spreading on electron transfer, it would be expected that a polymer that involved constant reduction
and oxidation as its protective mechanism would completely inhibit secondary spreading. This is
not the case with the polydopamine-based polymers.

The fact that the secondary spreading cannot be inhibited completely even for only 24 hours,
indicates that the p-BQ mediated PoDA coating does not possess the same corrosion protection
mechanism as the red-ox based protection mechanism of PANi and polypyrrole. This effectively
rules out the possibility that the polymer that forms is a poly(aminoguinone) or derived solely
from p-BQ monomer as such a polymer would be able to undergo redox reactions with the

substrate and would have a corrosion protection mechanism that inhibits the corrosion reaction.
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6.1.4.3 EIS scratch test results

The p-BQ mediated PODA coating produced with a 0.5:1 ratio of p-BQ to dopamine at 35°C does
not, in its current form, contain specific self-healing capabilities such as the inclusion of
encapsulated healing agents or corrosion inhibitors. However, some intrinsically conducting
polymers, such as PANI, are capable of imparting protection to an exposed substrate through their
redox properties alone and, as PODA is believed to be a conducting polymer, scratch tests were
conducted on the deposited PoDA coatings to determine if they were capable of imparting a similar
manner of protection. An Oz-mediated and a p-BQ mediated PoDA coating was deposited on two
S275 steel discs. After drying, the coatings were scratched with a glass rod and then exposed to a
3.5% NaCl solution and periodic EIS testing. The resultant scratches had dimensions of 0.5 mm by
3mm. The procedure was then repeated with a metal rod making a larger scratch (1 mm x 4mm).

6.1.4.3.1 O, mediated PoDA

Glass rod induced scratch
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Figure 6.31 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plots for a scratch induced using a glass rod into
an autoxidated PoDA coating deposited from a 2 mg mL* dopamine solution at 25°C.

Intact O>-mediated PODA coatings produce |Z| impedance of 1600 Q cm?2 at the initial time point.
When a scratch was induced, this is lowered to 350 Q cm? as a result of the barrier properties of the
applied PoDA coating being disrupted. As NaCl permeates through the defect, the impedance of
the coating drops further until 12 hours when the passivating oxide layer has formed to a sufficient
extent that the impedance modulus begins to increase. After 24 hours a diffusive element is
incorporated into the impedance as is demonstrated by the shape of the Nyquist plots, and the phase
angles of 45° in the Bode phase angle plots. This is a result of iron ions from the oxide layer and

ions from the NaCl solution diffusing through a very small opening in the coating (the scratch).

147



Chapter 6

Metal rod induced scratch
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Figure 6.32 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plots for a scratch induced using a metal rod into

an autoxidated PoDA coating deposited from a 2 mg mL* dopamine solution at 25°C.
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The scratches induced by the metal rod were larger than those produced by the glass rod which
accounts for the lower impedances observed in Figure 6.32 and Figure 6.34 when compared to
Figure 6.31 and Figure 6.33. As with the glass scratch, there is an initial decrease in impedance as
NaCl permeates through the coating followed by an increase in impedance after 12 hours when the
passivating iron oxide layer increases in thickness. Whilst some of the later time points display
diffusive behaviour (see Nyquist plot shapes in Figure 6.32a and phase angles in Figure 6.32c,
again as a result of ions diffusing from the oxide layer and from solution, the contribution to
impedance is much less, as the scratched area, through which the ions will diffuse is greater and
therefore the diffusive effect is much less pronounced.
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6.1.4.3.2 PBQ mediated PoDA

Glass rod induced scratch
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Figure 6.33 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plots for a scratch induced using a glass rod into a
p-BQ- mediated PoDA coating deposited from a 2 mg mL"* dopamine solution at 35°C.
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The Nyquist plots for the initial 1 hour and 4-hour time points cannot be fitted by any conventional
EIS circuit. When fitted to a Randles circuit that incorporates a diffusive element, the
uncompensated resistance has fitted values of 800 Q. Every other sample subjected to EIS testing
in 3.5% NaCl solution throughout the project has had an uncompensated resistance of between 11
Q and 20 Q. This indicates that there is a chemical reaction occurring between some aspect of the
coating and the exposed substrate that is detected at the higher frequencies of EIS testing (100,000
Hz — 50,000 Hz). In addition, the differences in impedance magnitude between intact and glass-
scratched p-BQ-mediated PoDA coatings are much smaller than for O,-mediated PoDA indicating
that the protective capabilities of p-BQ are not only the result of improved barrier properties.
However, the protective effect of a scratched coating is not maintained for as long a time period as
for an intact coating, which is to be expected as the bare substrate has been exposed allowing

corrosive species from the surrounding media to attack the substrate and initiate corrosion.

By the 12-hour time point, the high frequency resistance measurement returned to expected levels
after gradually decreasing in magnitude over the 12-hour period. This indicates that the species
involved in the reaction between coating and substrate have been consumed and that their

protective effect has been lost.
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Metal rod induced scratch

The larger size of the metal induced scratch (compared to the size of the glass induced scratch) has
resulted in a significant drop in initial impedance and the protective capabilities are only present for
the first hour of exposure. This indicates that the protective capabilities of p-BQ mediated PODA
only extend over very small areas of exposed substrate unlike those of polyaniline which can be
extended over areas of up to 6 mm? [77]. It appears, therefore, that the protective capabilities of p-

BQ mediated PoDA can be attributed to p-BQ acting as a corrosion inhibitor at a localised level.
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Figure 6.34 - (a) Nyquist, (b) Bode |Z| and (c) Bode phase angle plots for a scratch induced using a metal rod into a
p-BQ-mediated PoDA coating deposited from a 2 mg mL ! dopamine solution at 35°C. EIS was carried out in
3.5% NaCl

p- BQ monomer has been introduced as a corrosion inhibitor as monomer form. Rohm and Hass
have filed two US patents for the use of p-BQ as a corrosion inhibitor in the distillation of alkanoic
acids, such as for the highly corrosive formic acid [210]. Here p-BQ monomer was added to the
distillation solution and was believed to act as an oxygen scavenger by reacting with oxygen-based
radicals which inhibits the cathodic partial corrosion reaction and therefore limits the overall

corrosion reaction.

Raicheva and Sokolova [211] undertook an extensive study into how the structure of organic
corrosion inhibitors affects their ability to limit the corrosion of mild steel. Their study was
conducted in acidic conditions, rather than the near-neutral conditions that a 3.5% NaCl solution
provides. This means that the corrosion protection mechanism would be different, as the kinetics of
the corrosion reaction of mild steel itself would be different from the mechanism in a near-neutral
solution [180, 212] as they depend on the presence of H+ not present in near-neutral solutions.
Following analysis of the adsorption energy of a layer of p-BQ, Raicheva and Sokolova concluded
that its ability to protect against corrosion came as a result of repulsive forces in the adsorption
layer, demonstrated by negative values measured for the adsorption energy. Because the authors
considered many compounds, they do not consider p-BQ in much detail, and no EIS plots or XPS
information are presented as they are for other compounds considered. However, the authors do
make one important conclusion, namely that the presence of organic inhibitor in a thin film requires

the use of a Randles circuit that incorporates a CPE in place of a capacitor, and also that a diffusive
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element as the surface is not homogenous either in compaosition or behaviour, which concurs with
the EIS data obtained for the p-BQ mediated PODA coatings at a 0.5:1 ratio of p-BQ to dopamine.

Slavcheva et al. used p-benzoquinone, amongst other quinones, as a corrosion inhibitor for mild
steel in near-neutral solutions [213, 214]. Their work was some of the first to use an organic
molecule as a corrosion inhibitor in a neutral solution and they made the key identification that
organic inhibitors can act at either: (a) the metal-film interface, (b) the film-solution interface or (c)
the metal itself. The exact interaction would depend on whether the inhibitor remained in solution
or was incorporated into the film. Slavcheva et al. [214] monitored the effect of temperature and
concentration on the activity of the quinones, investigating the effect of the inhibitors in model
cooling water, a near neutral solution containing CaCl,, MgSO4 and Na,SO.. These two studies
demonstrated that when the inhibitor was added to the corrosive electrolyte, the inhibitor was
adsorbed onto the substrate surface which blocked cathodic reactants from reaching the surface and
thus impeded the cathodic reactants [214]. This could account for observations of the SKP testing
where the secondary spreading was slowed but not completely inhibited.
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6.1.4.4 Conclusions

Although the experiments undertaken with polydopamine have resulted in some improvements in
the performance of the PODA coatings with regards to corrosion protection, they are still inferior to
the more established and widely studied polyaniline coatings. Furthermore, the fact that even the
PoDA coatings produced when p-Benzoquinone was the oxidant are iridescent (Figure 6.35),
suggests that they are still very thin films. The films are thin enough that grooves left after
polishing can still be seen through the coatings.

Figure 6.35 — Iridescent PoDA coating formed from a solution of 2 mg mL-* dopamine in 0.1M phosphate buffer
containing a 0.5:1 molar ratio of p-Benzoquinone to dopamine at 25°C: the S275 steel disc is 15 mm
in diameter

The steel substrate was not suitable for ellipsometry as it was too rough, even after polishing to a

mirror finish, relative to the thickness of the coatings. Therefore, it has not been possible to

determine the exact thickness of the films. Previous work undertaken with polydopamine has
achieved a maximum film thickness of 90 nm [42]. It is unlikely, given the iridescence, that these
films are much thicker than those achieved in previous work. Indeed, since this current work was
undertaken, multiple studies have found that, regardless of the deposition conditions used, 100 nm

appears to be the maximum film thickness which can be achieved by placing the substrate in a

dopamine solution and allowing the dopamine to polymerise on the substrate [215-217].

Hulvat proposed that in order to successfully incorporate a mesoporous network into a coating, the
coating would need to be at least 300 nm thick [128]. Therefore, it can be concluded that
polydopamine coatings are not suitable for incorporating the porous network required in this
project and so polyaniline is a more suitable alternative. The templating and self-healing aspects of

the project will be developed using a polyaniline coating.
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Chapter 7 Development of a polyaniline-based self-

healing coating

The investigations into polydopamine coatings indicated that polydopamine was not a suitable
basis for the self-healing coating and so the decision was made to use the more established and
more-understood polyaniline (PANI) coating. It was hoped that the final coating would take the
form represented in Figure 7.1 below. An epoxy top coat is often applied ballast tank coatings to
increase the barrier protection of coating [12] and so such a top coat has been used in the studied

coating. .

Epoxy top coat

Polydopamine capsules filled with
aniline monomer

3-Dimensional porous polyaniline
network (emeraldine salt form)

Steel substrate

Figure 7.1 - Self-healing coating schematic

As discussed in section 3.2, the Emeraldine salt form of PANi (PANI-ES) is required as this is
responsible for the protective mechanism of the polyaniline coatings. Because of the requirement
for the coating to possess a 3-D structure, the polyaniline coating will need to be formed around a
template. A “soft” liquid crystal-based template was selected as the best option because “hard”
porous silica templates require hydrofluoric acid to remove them and are expensive to produce. The
liquid-crystal templates can be removed with distilled water and the polyoxyethylene surfactants
used to produce the liquid crystal phases are very cheap. Previous work at nCATS in Southampton
identified that a bi-continuous cubic liquid crystal mesophase phase would provide the required 3-
D structure [2]. There are existing mesophase diagrams for a large number of surfactants and water.
However, the deposition of aniline requires an acidic media. As discussed in section 3.2.3.2, the
chosen acid is oxalic acid, as the results from the existing literature demonstrate that oxalic acid
provides coatings of good thickness and adherence without using the harsh conditions of sulphuric
or hydrochloric acid. Therefore, new phase diagrams needed to be produced for 0.3M oxalic acid

and each of the tested surfactants.
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The use of a soft template requires the PANI-ES to be deposited electrochemically. There are

several known procedures for the electrochemical deposition of PANI-ES but it was not known

how the conditions would be affected by the inclusion of the liquid crystal template into the

deposition medium and so the precise conditions for deposition needed to be determined by

experimentation.

7.1 Production of phase diagrams

The first stage of producing a templated porous polymer was the production of binary phase

diagrams for the aqueous polymerisation medium (oxalic acid) and the templating surfactant.

The phase diagrams were produced following the evaluation of polarising microscopy images and

viscosity testing of the mesophases which appeared isotropic under polarised light. The

mesophases which are anisotropic with respect to cross-polarised light possess distinct textures as a

result of the geometry of the packing of micelles within the mesophase. It was not possible to

obtain microscopy images for those areas of the phase diagram which present as a distinct phase

separation. Relevant microscopy images have been included in the discussion below, but the full

collection of images is presented in Appendix A.

7.1.1 Brij L4

Bmary Phase Diagram for Brij L4 and 0.3M Oxalic Acid
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Figure 7.2 — Binary phase diagram for Brij L4 and 0.3M oxalic acid
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As can be seen from Figure 7.2, the binary mixture of Brij L4 and 0.3M oxalic acid does not
produce a cubic phase at any wt% of Brij L4 or at any of the tested temperatures. Above 50 wt%,
the most prominent mesophase is crystalline; here the surfactant begins to form crystals (as shown

in Figure 7.3 below).

Figure 7.3 - Brij L4 crystals as observed using polarised light microscopy: the sample was 80 wt% of Brij L4
incubated at 50°C.

At higher temperatures, there is a distinct phase separation between the surfactant and the aqueous
phase. This occurs because polyethyoxylate surfactants are unusual in that their solubility decreases
as the temperature increases [126]. Therefore above 60°C, the Brij L4 ceases to be soluble in the
aqueous phase and forms crystals instead. Because of the phase separation, it is not possible to

obtain microscopy images for these samples.

Figure 7.4 - Polymerised surfactant in a binary mixture of Brij L4 and 0.3M oxalic acid as viewed under polarised
light: the sample was 40 wt% Brij L4 and incubated at 30°C

At lower temperatures, the lamellar phases form or the amphiphillic component of the mixture (the
Brij L4) begins to polymerise to form an amorphous gel as shown in Figure 7.4 above [20].

Although the polymerised surfactant is anisotropic with respect to polarised light, it does not
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possess the characteristic textures of the mesophases; the micelles have polymerised and so the

packing geometry no longer exists.

Figure 7.5 - The lamellar phases formed from mixtures of Brij L4 and 0.3M Oxalic acid (a) the “streaky” or “oil
slick texture” (20 wt% Brij L4 at 40°C) and (b) the mosaic texture (10 wt% Brij L4 at 50°C).

The formation of the lamellar phase at lower weight percentages of Brij L4 is typical for such a
short chained surfactant because the simple 1-Dimensional bilayer arrangement is the most energy
efficient mesophase for short chained surfactants to adopt even at low concentrations [121]. As the
concentration of Brij L4 increases, the lamellar phase is no longer the most stable configuration and
so the bilayer arrangement collapses. The “streaky” texture of Figure 7.5a occurs when the lamellar
phase is in the flat bilayer arrangement. The mosaic texture of Figure 7.5 b forms because the
bilayer folds into vesicles [118] leading to a spherical geometry.
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7.1.2 Brij C10

Binary Phase Diagram Brij C10 and 0.3 M Oxalic Acid
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Figure 7.6 - Binary phase diagram for Brij C10 and 0.3M oxalic acid. H represents a hexagonal phase and L is a

lamellar phase

Figure 7.6 demonstrates that a cubic phase is produced when Brij C10 is used a surfactant. The

longer amphiphillic chain (compared with that of Brij L4) increases the forces between the

surfactant head (hydrophilic) and the chain (hydrophobic) during micelle packing which allows a

greater concentration of micelles to form and subsequently the micelles are able to self-assemble

into more complex mesophases [218]. The isotropic cubic phase is shown in Figure 7.7.

Figure 7.7 - Isotropic cubic phase formed from mixtures of Brij C10 and 0.3M oxalic acid: the sample was 20 wt%

Brij C10 and the temperature was 70°C.
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7.1.3 Brij 020

Binary Phase Diagram for Brij 020 and 0.3M Oxalic Acid
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Figure 7.8 - Binary phase diagram for Brij 020 and 0.3M oxalic acid. H represents a hexagonal phase and L is a
lamellar phase

Figure 7.9 - The characteristic "oil slick' or "streaky"'* texture of a lamellar phase formed from a binary mixture
of Brij 020 and 0.3M oxalic acid: The sample was 30 wt% Brij 020 and the sample was incubated at 70°C

In longer-chain surfactants, the lamellar phase (Figure 7.9) does not usually exist at below 50 wt%

of surfactant. This is because increasing surfactant concentration is required for the elongation of
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the micelle when initially spherical mesophase transforms into a rod-shaped micelle. The rod-
shaped micelle then requires further elongation, as a result of increased surfactant concentration, to
form a lamellar phase [119, 126]. However, the presence of other organic moieties, namely the
oxalic acid present in the mesophase, will disrupt the packing of the micelles with the result that
lower concentrations of surfactant are required for the previously spherical micelles to elongate and
form cylindrical or rod-shaped micelles (which can then form into the hexagonal phase) then
further elongate until a single lamellar bilayer is formed [118, 132]. This explains why lamellar and
hexagonal phases have formed in samples with only 10 wt% of surfactant.

Figure 7.10 - The "mosaic" texture of the lamellar phase formed from a binary mixture of Brij 020 and 0.3M
oxalic acid; the sample was 70 wt% Brij O20 and the temperature was 60°C

Figure 7.10 shows the mosaic lamellar texture. The mosaic texture forms at higher surfactant
concentrations than the “streaky” texture because the greater the concentration of surfactant, the
greater the degree of curvature that will be present in the mesophase and the greater the likelihood
is that the lamellar bilayers will curve into vesicles [219].

500pum
DR TR G |

(b)

Figure 7.11 — The characteristic fan texture of the hexagonal phase: sample (a) was 10wt% Brij 020 at 70C and
sample (b) was 10 wt% at 40°C
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As previously discussed, the hexagonal phases (Figure 7.11) have formed at lower concentrations
than would generally be expected because of the presence of oxalic acid in the aqueous region of
the mesophase. The position of the mesophase indicates that the hexagonal phase is a normal rather

than a reverse phase; reverse phases require higher surfactant concentrations.

The isotropic cubic phase appears in the middle of the surfactant phase. The sample that
represented by Figure 7.12 was almost solid at 50°C which indicates that the sample is a bi-
continuous cubic phase rather than the micellar cubic phase. The body centred cubic phase
generally occurs between the micellar solution and normal hexagonal phases (normal micellar
cubic) and the micellar solution and reverse hexagonal phase (reverse micellar cubic). The
bicontinuous cubic mesophase usually appears between the lamellar and normal hexagonal phase
(normal cubic phase) or the lamellar phase and reverse hexagonal phase (reverse cubic phase)
[132].

Figure 7.12 - The isotropic cubic phase, the sample was 50wt% Brij O20 and the temperature was 50°C.
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7.1.4 Brij S100

Binary phase diagaram Brij S100 and 0.3 M Oxalic acid
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Figure 7.13 - Binary phase diagram for Brij S100 and 0.3M oxalic acid. H is a hexagonal phase, Cu is a cubic
phase and C is a crystalline phase

Figure 7.14 shows the cubic phase formed using 50 wt% Brij S100 surfactant and 50 wt% 0.3 M
oxalic acid. Figure 7.15 shows a sample which has cubic mesophase regions and also lamellar
mesophase regions. The lamellar mesophase is identified by the characteristic “maltese cross”

texture.

Figure 7.14 — The isotropic cubic phase; the sample was 50wt% surfactant and the temperature was 50°C
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Figure 7.15 - The co-occurrence of a cubic (dark area) and lamellar phase, the lamellar phase is identified by the
characteristic “maltese cross” texture; the sample was 50 wt% surfactant and the temperature was 30°C
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Viscosity measurements

Chapter 7

In order to differentiate between the micellar cubic and bi-continuous cubic phases, viscosity

measurements were performed on the samples which presented as isotropic with respect to

polarised light. The viscosity of the micellar cubic phases is lower than the bi-continuous because

the micelles are capable of gliding over one another whereas the bi-continuous layers are not.

Table 7.1- Measured viscosities of isotropic liquid crystal mesophases: viscosities were measured on a Brookfield

CAP 2000+ viscometer using the heated stage and cone 2 at 100 rpm

Sample Surfactant Wit% Temperature / Viscosity/ Nature of
surfactant °C mPa-s cubic phase
1 Brij C10 10 70 1547 Micellar
2 Brij C10 10 80 1968 Micellar
3 Brij C10 20 70 2568 Micellar
4 Brij C10 20 80 2478 Micellar
5 Brij C10 30 70 7485 Micellar
6 Brij C10 30 80 6599 Micellar
7 Brij 020 40 40 12549 Micellar
8 Brij 020 40 50 11468 Micellar
9 Brij 020 40 60 13568 Micellar
10 Brij 020 50 40 <100,000 Bi-continuous
11 Brij 020 50 50 <100,000 Bi-continuous
12 Brij 020 50 60 <100,000 Bi-continuous
13 Brij 020 60 40 45875 Micellar
14 Brij 020 60 50 57496 Micellar
15 Brij 020 60 60 56611 Micella
16 Brij S100 10 50 2563 Micellar
17 Brij S100 10 60 2748 Micellar
18 Brij S100 20 50 3658 Micellar
19 Brij S100 20 60 5248 Micellar
20 Brij S100 50 50 <100,000 Bi-continuous
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21 Brij S100 50 60 <100,000 Bi-continuous
22 Brij S100 60 50 33695 Micellar
23 Brij S100 60 60 33578 Micellar

Samples 10-12 and 20-21 were all too viscous to produce viscosity readings and so these were
designated as the bi-continuous cubic mesophases because of their almost solid appearance even at
50°C temperatures. Table 7.1 demonstrates that only Brij O20 and Brij S100 produced mesophases
which were classified as bi-continuous cubic mesophases. This can be attributed to their longer
chain lengths (20 and 100 polyoxyethylene units respectively) because the increased size of the
hydrophobic element of the surfactant relative to the hydrophilic element results in increased
geometric frustration which leads to the formation of a continuous bi-layer [218, 219].

Samples 10, 11, 12, 20 and 21 were re-tested after 24 hours to determine their stability in the bulk
phase over time. Only the sample of 50wt% Brij S100 surfactant remained stable (Figure 7.16); the
other samples all collapsed into micellar solutions. As a result, the chosen mesophase for
templating was the 50/50 wt% mixture of Brij S100 and 0.3M oxalic acid.

500pum

Figure 7.16 — Sample consisting of 50 wt% Brij S100 at 50°C re-tested after 24 hours
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7.2 Templating of polyaniline

The procedure and conditions for the electrodeposition of conducting polyaniline (PANi) on to
steel are well established in the prior art [77, 83, 89, 90, 92, 191, 220, 221] but the deposition of
porous PANI using a cubic liquid crystal template has not yet been performed. Because the
deposition medium for templated PAN:i is a very viscous gel rather than the liquid medium used for
non-templated PANI, the deposition conditions for templated PANi using cyclic voltammetry. The
monomer was dispersed in the aqueous phase of a cubic mesophase formed from 50/50 wt%
mixture of Brij S100 and 0.3M oxalic acid. Initially the performance was evaluated by the physical
appearance of the steel plate after the experiment had been performed; the most conducting form of
PANI and the desired product of this investigation, is acid doped Emeraldine salt which is bright
green and easily identifiable [74]. Oxalic acid was chosen as the deposition medium because
various studies [90, 91, 222] have shown that only dibasic acids, such as oxalic acid, provide
adequate adhesion of PANi to iron containing substrates; mineral acids such as hydrochloric and
sulphuric acids result in PANI coatings that readily delaminate from the underlying substrate [94,
223].

Table 7.2 presents the results of the experiments undertaken to determine the optimum scanning
range for the deposition of polyaniline. The starting point for the experiments was a 1.0V highest
scan point and -1.0V (both vs Ag/AgCl) lowest scan point as this resulted in an Emeraldine coating
when used for a non-templated PANi deposition. The scan rate and number of cycles performed

were kept constant for all of the experiments.
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Table 7.2 - Results of scan range experiments

Sample Lowest Highest scan | Scan rate/ Number of Appearance
number | scan point/ | point/ V(vs mVs? cycles
V(vs Ag/AgCl) performed
Ag/AgCl)
1 -1.0 1.0 50 25 Grey - iron oxalate
2 -1.0 15 50 25 Grey - iron oxalate
Green -
3 -1.0 2.0 50 25 Emeraldine (acid
doped)
4 10 25 50 25 Black/purple
(Pernigraniline)
5 1.0 2.1 50 25 Black/purple
(Pernigraniline)
6 1.0 2.2 50 25 Black/purple
(Pernigraniline)
7 1.0 2.3 50 25 Black/purple
(Pernigraniline)
8 1.0 2.4 50 25 Black/purple
(Pernigraniline)
Green -
9 -0.9 2.0 50 25 Emeraldine (acid
doped)
Green -
10 -0.8 2.0 50 25 Emeraldine (acid
doped)
Patchy green
11 -0.7 2.0 50 25 coating
12 -0.6 2.0 50 25 Grey - iron oxalate
13 -0.5 2.0 50 25 Grey - iron oxalate
14 -04 2.0 50 25 Grey - iron oxalate
15 -0.3 2.0 50 25 Grey - iron oxalate
16 -0.2 2.0 50 25 Grey - iron oxalate
17 -0.1 2.0 50 25 Grey - iron oxalate
18 0.0 2.0 50 25 Grey - iron oxalate
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Samples one and two failed to produce a successful emeraldine coating because the +1.0V and
+1.5V (vs Ag/AgCl) final potential was too low for the oxidation of aniline monomer to
polyaniline. Although the -1.0V to +1.0V (vs Ag/AgCI) range worked when the aniline in oxalic
acid solution was in liquid form, the greatly increased viscosity if the cubic mesophase restricts the

diffusion of the aniline monomer.

The purple coating produced on samples 4-8 is Pernigraniline, the most oxidised form of
polyaniline [74]. The higher oxidation potentials which were applied to these samples forced the
over-oxidation of the aniline monomer to the less conducting pernigraniline form of PANi. Of all
the forms of PANI, emeraldine provides the best protection against corrosion. The protection
mechanism relies on the interaction between the acid doped emeraldine and the underlying steel
substrate [77]. As a result, pernigraniline is not suitable for use in the current coating system [221].

Samples 12-18 failed to produce a coating because the lower scan point was too high to force the
reduction of Fe** to Fe?*.It has been found in several previous studies of the deposition of PANi
from acidic media onto steel or iron substrates that the iron reduction reaction is essential for the
passivation of the steel substrate which, in turn, is necessary for the good adhesion of the deposited
PANI coating [92] [89] [71]. The conditions used for sample 11 resulted in a patchy coating
because the lower scan point pf -0.7 V was sufficient to reduce the iron in the steel substrate across
only parts of the substrate surface hence the deposited PANi could successfully adhere to these

portions but not the rest of the substrate.

Samples 3, 9 and 10 produced a complete green coating. The conditions used for these samples
used lowest scan points which were sufficiently reducing to allow the reduction of Fe® to Fe?*
across the surface of the substrate and the highest scan point was oxidising enough to ensure the

successful oxidation of aniline monomer to polyaniline.
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These conditions were tested again in order to determine the thickness of the coating been

deposited. These results are presented in Table 7.3 below.

Table 7.3 - Coating thicknesses produced by best conditions

Sample Mass of steel Mass of steel Area covered Calculated
number plate before plate following | by coating/ cm? thickness of
deposition/ g coating coating/ pm
deposition and
drying/g

3 795.63 797.32 45.12 0.35

9 802.76 805.17 44.93 0.49

10 799.52 801.48 45.78 0.39

The conditions used for sample 9 resulted in the thickest coatings and so these scan points were

used for further experiments which altered the scan rate.

Table 7.4 - Results of scan rate variation experiments for the deposition of PANi

Lowest Highest | Scan Number Mass of Mass of Area | Calculated
scan scan rate/ of cycles | steel plate | steel plate | covered | thickness
point/ point/ V. | mVs! | performed before following by of coating/
V(vs (vs deposition/ | coating | coating/ pm
Ag/AgCl) | Ag/AgCl) g deposition cm?
and
drying/g
-0.9 2.0 10 25 801.47 801.99 44.78 0.11
-0.9 2.0 20 25 798.25 799.65 43.65 0.30
-0.9 2.0 30 25 800.32 802.14 46.52 0.36
-0.9 2.0 40 25 799.24 801.27 45.37 0.41
-0.9 2.0 75 25 796.74 799.04 44.36 0.48
-0.9 2.0 100 25 797.14 799.49 44.69 0.49

The results presented in Table 7.4 show that the thickness of the deposited coating increased with

increasing scan rate. Martyak et al. found that the passivation layer of iron oxalate did not form at

scan rates above 25 mVs™and no PANi layer was deposited [92]. The results presented in Table

7.4 directly contradict this in that increasing scan rate increases the thickness of the deposited

coating.
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Increasing the scan rate also increases the current. Hulvat et al.[128] [124]and Bender et al. [125]
each found that a liquid crystal template inhibited the deposition of a conducting polymer. For the
successful deposition of a templated polymer to take place, the current of the deposition had to be
increased greatly relative to a non-templated deposition. The templated polymerisation of aniline
monomer is a under diffusion control because the availability of aniline monomer for
polymerisation onto the steel working electrode is dependent on its diffusion through the deposition
media. In the liquid media used for deposition of non-templated PANI, diffusion is relatively facile
but in the solid template, the aniline monomer cannot readily diffuse through the template. At
lower scan rates, the oxidising potential is applied slowly enough that the monomer may diffuse
away from the electrode surface before it can be oxidised. This results in the deposition of thinner

films.
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Table 7.5 - Coating thicknesses resulting from the variation of the number of deposition cycles performed

L Highest | Scan | Number of | Mass of Mass of Area | Calculated
owest .
scan rate/ cycles steel plate | steel plate | covered | thickness
scan : . . A
- point/ V| mVs" | performed before following by of coating/
point/ V 1 L ; '
(vs (vs deposition/ coating coatlr;g/ pm
Ag/AgCl) Ag/AgCl) g deposition cm
and
drying/g
-0.9 2.0 50 30 801.58 804.13 46.12 0.51
-0.9 2.0 50 40 798.63 801.05 43.25 0.52
-0.9 2.0 50 50 800.47 803.22 44.89 0.56
-0.9 2.0 50 60 803.89 806.78 44.78 0.59
-0.9 2.0 50 80 804.82 807.86 45.32 0.61
-0.9 2.0 50 90 796.2 799.28 45.41 0.63
-0.9 2.0 50 100 804.36 807.64 44.52 0.67

Table 7.5 shows that the thickness of the deposited coating increases with an increased number of

performed cycles. This concurs with the findings of Hulvat et al whose templating methods

required considerably longer than a non-templated deposition because the film growth is under

diffusion-limited control as a result of the monomer becoming trapped within the hydrophobic

domains of the template [128].
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Figure 7.17 — Cyclic voltammograms produced by the deposition polyaniline by the electrochemical oxidation of

aniline monomer: black trace is the 1t deposition cycle and the purple trace is the 100" deposition cycle

Camalet et al. [224] and Sazou et al.[223] independently determined that passivation of the steel is
necessary for the successful adhesion of a deposited PANi coating to an iron containing substrate.
They both suggested that the steel be passivated in the acidic deposition medium without the
presence of the aniline monomer. The results of these experiments indicate that such prior
passivation is not necessary when the aniline is deposited using a template. Figure 7.17 shows the
voltammograms resulting from the deposition of PANI, The large peak at +0.82 V (vs Ag/AgCl)
occurs because of the oxidation of aniline monomer; the breadth of the peak occurs because a non-
reversible chemical reaction (the oxidation of aniline monomer) is taking place alongside the redox

behaviour of the already deposited PANi coating which results in non-Nernstian behaviour.
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Table 7.6 - Effect of molar concentration of aniline on coating thickness

Molar Mass of steel Mass of steel Area covered by Calculated
concentration of plate before plate following coating/ cm? thickness of
aniline solution/ deposition/ g coating coating/ pm

M deposition and

drying/g

0.1 783.43 799.56 46.53 0.54

0.2 795.21 793.68 45.45 0.88

0.3 789.71 808.45 44.1 0.84

0.4 803.84 795.36 46.06 0.92

0.5 791.28 785.27 46.69 0.81

0.6 781.08 777.16 47.06 0.84

0.7 772.44 797.31 45.77 0.98

0.8 792.07 805.87 44.63 1.09

0.9 798.35 804.74 45.01 1.54

1.0 802.61 799.56 45.59 0.65

11 White precipitate which resulted from the addition of aniline to oxalic acid
' did not dissolve

19 White precipitate which resulted from the addition of aniline to oxalic acid
' did not dissolve

Table 7.6 demonstrates that a 0.9M concentration of aniline monomer in 0.3M oxalic acid results in
the thickest coating. The highly viscous and gelatinous nature of the liquid crystal mesophase
template means that aniline monomer cannot readily diffuse through the deposition medium in the
same way that it can through the liquid oxalic acid medium and is liable to become trapped within
the hydrophobic regions of the mesophase [128]. Therefore, having a higher concentration of
monomer present in the mesophase gel template which is in contact with the working electrode i.e.
the substrate to be coated, means that more monomer is readily available for deposition onto the
substrate. The 1.1 M and 1.2 M aniline samples were not tested for weight and subsequent coating
thickness because the precipitate which formed during the addition of aniline to oxalic acid did not
dissolve and its presence in the template medium disrupted the coating formation. The 1.0 M
sample resulted in a thinner coating because, although the white precipitate dissolved before the
aniline/oxalic acid solution was combined with the surfactant, it had precipitated out when the

mesophase sample was removed from the heating period. Although the presence of the precipitate
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did not affect the formation of the coating, it meant that less aniline monomer was available for

polymerisation and so a thinner coating was produced.

Scanning electron microscopy (SEM) images were obtained for the best performing coating

deposition parameters.

Figure 7.18 - SEM image of a templated Emeraldine salt coating deposited on an S275 steel substrate from a
solution of 0.9M of aniline in 0.3M oxalic acid. Deposition was undertaken using cyclic voltammetry between -0.9V
and 2.0V (vs Ag/AgCl) using a scan rate of 100 mVs and 100 deposition cycles

Figure 7.19 - SEM image of a templated Emeraldine-salt coating deposited on an S275 steel substrate from a
solution of 0.9M of aniline in 0.3M oxalic acid. Deposition was undertaken using cyclic voltammetry between -0.9V

and 2.0V (vs Ag/AgCl) using a scan rate of 100 mVs and 100 deposition cycles

Figure 7.18 and Figure 7.19 both demonstrate that the deposited coating has been deposited with a
porous internal structure. However, hexagonal mesophase template s would also result in the
deposition of porous coatings; the existing investigations into the templating of porous polymers
have all used hexagonal mesophases as the template [124, 125, 128]. Therefore the deposited
coating was subjected to polarised light microscopy to determine whether the coating was

anisotropic or isotropic with respect to polarised light.
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Figure 7.20 - Optical micrograph obtained under polarised light of the templated PANi coating deposited using

the optimum conditions

Figure 7.20 demonstrates that the coating is isotropic with respect to polarised light which shows
that the coating has retained the optical properties of the mesoporous template; the viscosity of the
templating media shows that the template was cubic and the polarised light microscopy confirms

that the cubic properties of the template have been transferred to the coating.

178



Chapter 7

7.3 Evaluation of the self-healing coating

Once the porous polyaniline coatings had been successfully deposited, the next stage was to
produce the polydopamine capsules which would hold the aniline monomer required for self-
healing. The method for producing these capsules and forming them round a liquid so that the
liquid remains encased in the capsule is known in the art and the incorporation of aniline as the
liquid cargo proved facile. Therefore, no development work was required for the making of the

capsules.

Figure 7.21 — SEM image of aniline monomer encapsulated in polydopamine capsules

Figure 7.21 shows aniline encapsulated in polydopamine nanocapsules made by the modified Cui
method [1] (section 5.4). The capsules were shown to be approximately 500 nm in diameter and so

are easily able to incorporate into a templated polyaniline film.
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Figure 7.22 - SEM image of a porous templated polyaniline coating; the lighter patches are the polydopamine
capsules containing aniline monomer and an epoxy top-coat was applied over the polyaniline

Once the capsules had been successfully manufactured, the next stage was to build the self-healing
coating. The coating system was assembled by first depositing a layer of templated polyaniline
onto S275 steel using the optimum deposition conditions that had been determined. The template
was removed with an ethanol wash for 24 hours. Once the template was removed and the deposited
coating dried, previously prepared polydopamine capsules (section 5.4), which had been loaded
with aniline, were distributed over the coating surface and an epoxy top coat was applied on top.
SEM images were taken of the assembled coating system, as shown in Figure 7.22 above.
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Following the assembly of the coatings, the self-healing capabilities of the coating were examined

by EIS spectroscopy.

Once the epoxy had cured, a 3cm length cut into the coating system was made with a scalpel blade
and the coating was immediately immersed in 3.5% NaCl solution. A cyclic voltametric sweep was
applied to the sample using a -1.0V to +1.0V (vs Ag/AgCl) range and a scan rate of 25mVs™ to
allow the released aniline monomer to polymerise. The sample was also subjected to periodic EIS

testing.

The Nyquist plots recorded at selected time points are shown in Figure 7.23 and Figure 7.25 below.
The Nyquist plots recorded for the first four time points have been presented separately to allow
their different behaviour to be shown to its best advantage. Figure 7.24 shows a close-up of the

high frequency end of the Nyquist plot.
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Figure 7.23 - Nyquist plots of a porous templated polyaniline coating incorporating aniline filled microcapsules
and finished with an epoxy top-coat; a 3cm defect was induced into the coating system by scoring the coating with

a scalpel blade

Figure 7.23 shows that the impedances of the coating system are high compared with the
impedances seen for polydopamine coatings. The complete absence of a conductive semi-circle
indicates that the coating system overall is an insulator rather than an electo-active coating. This is
due to the presence of the epoxy coating which will also provide good barrier properties in an intact

coting system [197]. The 45° angle of the low frequency end of the Nyquist plot can be attributed
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to diffusion within the coating itself. This is thought to be diffusion of the capsules throughout the

coating.
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Figure 7.24 —High frequency region of the Nyquist plots of a porous templated polyaniline coating incorporating

aniline filled microcapsules and finished with an epoxy top-coat; a 3cm defect was induced into the coating system

by scoring the coating with a scalpel blade

The tails shown in Figure 7.24 are similar to those which appear at the low frequency end of the

Nyquist plots produced when scratches were induced into p-benzoquinone-mediated polydopamine

coatings (Figure 6.33). The tails can be attributed to the diffusion of the aniline monomer from the

ruptured capsules to the defect site and the subsequent polymerisation of aniline monomer by

electrochemical oxidation.
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Figure 7.25 — Nyquist plots of a porous templated polyaniline coating incorporating aniline filled microcapsules
and finished with an epoxy top-coat; a 3cm defect was induced into the coating system by scoring the coating with

a scalpel blade

Figure 7.25 demonstrates that by 36 hours, the self-healing process is complete; the oxidation of
aniline monomer is complete, and the coating has completed itself. After 120 hours, there is no
further variation in the Nyquist plot which shows that the self-healing process results in the
production of a protective coating and the underlying steel substrate ceases to be in contact with the
3.5% NacCl test solution. Figure 7.26 below shows the same Nyquist plots but without the 36-hour

plot so that the lower frequency region of the other plots can be better seen.
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Figure 7.26 - Nyquist plots of a porous templated polyaniline coating incorporating aniline filled microcapsules
and finished with an epoxy top-coat; a 3cm defect was induced into the coating system by scoring

the coating with a scalpel blade

Figure 7.26 shows that the diffusion process associated with self-healing process has largely
diminished. However, there is still diffusion occurring and this can be attributed to the diffusive
processes often seen in conductive coatings [223]. The fact that there is no further behavioural
change in the complete coating system after 120 hours indicates that the defect has healed with

stable polymer rather than friable and permeable corrosion products [225].

Initially, the coating surrounding the defect was bright green which is indicative of the conducting
Emeraldine salt form of the polyaniline (PANI-ES). Following the healing of the defect, by 768
hours after initial immersion, the defect site had become a blue colour but the area surrounding the
defect site was still green. The blue defect site occurs because there is no suitable dopant present in
solution to enable the healed coating to adopt the salt form of Emeraldine and instead, the
Emeraldine base form is adopted. Green colour around the defect indicated that the rest of the
coating had not yet been fully reduced to the Emeraldine base form. The full reduction of PANI-ES
to PANI-EB has been observed, using the distinct colour change by several studies [99] [100] over
shorter time periods than have been examined here. These studies were conducted under
atmospheric corrosion conditions but Rohwerder et al. [101] have suggested that the protection
mechanism of PANI-ES is more effective under immersion conditions than under atmospheric
conditions as in immersion; the whole PANI-ES surface is active and able to take part in
passivating the metal substrate. It is also possible that the healing of the defect with PANi-EB

meant that the protective mechanism of PANi was not required.
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In order to isolate the effects of self-healing, the same procedure was repeated with the templated
PANI-ES coating and an epoxy top-coat but no aniline-filled capsules were incorporated and the
cyclic sweep was not applied. The results are shown in Figure 7.27 in the form of the Nyquist plots.
Another plot has been produced (Figure 7.28) which shows the 1-768 hour plots only, allowing the

detail of the lower frequency region to be seen.
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Figure 7.27 - Nyquist plots of a porous templated polyaniline coating finished with an epoxy top-coat; a 3cm defect
was induced into the coating system by scoring the coating with a scalpel blade

Figure 7.27 shows that after being immersed in 3.5%NaCl for an hour, two distinct regions are
present at all time points and that both regions incorporate a diffusive process. The initial time
point shows a single semi-circle with a diffusive process line adjacent to it. This would be expected
for an electroactive coating with an induced defect because the diffusion controlled passivation of
iron [221, 226] is occurring at the defect site. After being immersed for an hour, the porous coating
has effectively failed and this is demonstrated by the appearance of the second region at the higher
frequencies. Give the porous nature of the coating, this is not entirely surprising as electrolyte will
readily be able to diffuse through the pores in the coating and reach the electrolyte and allow
delamination to occur. The porous nature of the coating may well increase the ability of cathodic
delamination to take place. After an hour, the area around the defect site was blue indicating that
the alkalinity of the defect site had reduced all the surrounding PANI-ES to the PANi-EB form.
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Figure 7.28 - Nyquist plots of a porous templated polyaniline finished with an epoxy top-coat; a 3cm defect was
induced into the coating system by scoring the coating with a scalpel blade

The lack of visible corrosion products indicted that the delamination was taking place between the
epoxy topcoat and the PANI-ES under layer rather than at the coating/metal interface. This would
account for the diffusive elements present in both time constants. In the PANI layer, the diffusion-
controlled passivation of the iron substrate will be taking place as well as electrolyte diffusing
through the pores in the PANI-ES layer to enable the anodic dissolution of iron. Diffusion will also
be taking place at the defect site in the epoxy coating as this will be the most facile route for

electrolyte to take through the coating.

These results highlight that the inclusion of the aniline-containing capsules is crucial as the speedy
healing of the defect site prevents diffusion of electrolyte through the coating and subsequent

separation of the epoxy and PANI-ES layers.
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In order to compare the system with the well-known electrodeposited PANI coatings which have

been well studied in the literature, the procedure was repeated with a non-templated coating.
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Figure 7.29 - Nyquist plots of a non-templated polyaniline coating finished with an epoxy top-coat;

a 3cm defect was induced into the coating system by scoring the coating with a scalpel blade

Figure 7.29 shows the variation of the Nyquist plot over time for a sample of
polyaniline with an epoxy topcoat and a defect induced into the coating. The initial
time point shows fits to a Randles circuit that incorporates a Warburg diffusive
element. The as well as the intrinsic corrosion protection capabilities of the PANi
coating .Previous studies that have investigated polyaniline coatings using EIS found
that the diffusive elements were less pronounced and an order of magnitude smaller
than those of the templated polyaniline coating [76, 82]. The previously deposited
coatings were considered to be slightly porous but not to the extent of the deliberately
induced porous network found in these coatings. This results in higher impedances
and a larger diffusive element in the templated coating. The impedance of the coating
increases with time because the defect becomes “plugged” with corrosion products
[227]. The impedance of the coating containing microcapsules decreases with time,

because no further diffusion of aniline monomer occurs, until 120 hours after which
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point the behaviour of the coating remains stable. After 72 hours, the whole coating,
previously green, had become blue, indicating that the whole coating had been
reduced to PANI-EB. Figure 7.29 only shows a single time constant unlike Figure 7.27
and Figure 7.28. This is because the less porous nature of the non-templated PANi

coating facilitates diffusion of the electrolyte through the coating.
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Figure 7.30 - Nyquist plot of a templated polyaniline coating that contains polyaniline filled microcapsules with an

epoxy top-coat

Figure 7.30 shows that if no defect was induced then the Nyquist plot did not change over the
whole of the 768 hour period, indicating that the intact coating provided good protection for the
steel substrate against 3.5% NaCl even when the self-healing capability was not employed. This is
most likely due to the epoxy top-coat as previous studies have shown that polyaniline coatings with

no topcoat fail within 24 hours.
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In conclusion, phase diagrams have been produced for mixtures of four different polyethylene
surfactants. This has allowed successful identification of a bi-continuous cubic phase. The
mesophase was subsequently used as a template for electrodeposited PANi-ES. The deposition
conditions for the templated PANI-ES have been determined. Polydopamine microcapsules filled
with aniline have been produced and these have been incorporated into a coating system which
comprises an electrodeposited PANI-ES base, the microcapsules and then an epoxy top-coat. The
self-healing properties of the coating were tested by deliberately inducing defects into the coating
and applying a potential to force the oxidation of aniline. The lack of a suitable dopant meant that
the PANI-EB form was deposited, rather than the PANI-ES form. EIS studies of deliberately
damaged coatings have highlighted the importance of the inclusion of the capsules, as the porous
nature of the templated PANi-appears to accelerate the failure of the damaged coating.
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Chapter 8 Conclusions and Future Work

8.1 Conclusions

The first part of this thesis was devoted to furthering the development of polydopamine (PoDA)
coatings and exploring their use as corrosion protection measures. It has been shown that the
coatings produced with the alternative oxidants, especially p- benzoquinone, are better at protecting
mild steel substrates from the effects of corrosion than the original autoxidated PoDA coatings.

Following the refinement of deposition parameters, it became apparent that the best combination of

conditions for successful coating PODA coatings was to use a2 mg mL"L dopamine solution of

dopamine and a 0.5:1 molar ratio of p-BQ to dopamine at a deposition temperature of 35°C.

Following this finding, it became apparent that more information was required about the
properties of the deposited PODA based coating. X-ray photoelectron spectroscopy was used to
determine the composition of deposited polymer with the aim of identifying whether p-BQ had
been incorporated into the deposited PODA polymer. The XPS study revealed that dopamine
monomer was present in the autoxidated PoDA coating but was absent from the p-BQ oxidised
PoDA, indicating that p-BQ was acting as a more effective oxidant than atmospheric oxygen. It

was hoped that XPS would allow the identification of one of the following outcomes:

1. p-BQ was acting as a more effective oxidant producing a coating that possesses better
barrier properties and therefore increased protection against corrosion.
2. p-BQ monomer had been incorporated into the deposited PoDA coating and
acts asa corrosion inhibitor
3. A co-polymer had formed between the amine groups of the dopamine monomer
and the quinone functional group of the p-BQ monomer. Such
poly(aminoquinones) had been identified in the literature.

4. p-BQ undergoes autoxidation to form protecting polymers.

However, as the functional groups identified from the XPS surveys would be present in the
coatings that would result from any of the identified outcomes, further analysis was required to

determine the nature of the deposited polymer.

SKP was used to try and identify the corrosion protection mechanism of the p-BQ mediated
PoDA. The p-BQ polymers and the poly(aminoquinones) have a corrosion protection mechanism
akin to that of polyaniline which undergoes red-ox reactions with the metal substrate to provide

protection against the anodic and cathodic reactions. Such a protective mechanism would have
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manifested itself on the SKP plots as an absence of the secondary spreading. However, whilst the
p-BQ oxidised PoDA minimised the secondary spreading, it did not inhibit it. It can be concluded,
therefore, that the protection mechanism of the p-BQ oxidised PODA does not rely on red-ox
reactions between the deposited polymer and the underlying substrate and therefore, the polymer
is unlikely to be either a polymer comprising solely p-BQ monomers or a member of the
poly(aminoquinone) class. However, in order to be certain, further structural analysis in the form
of TOF-SIMS is required to confirm the structure of the deposited polymer. TOF-SIMS analysis
will also indicate whether p-BQ is present in monomeric form in the deposited coating which will
either confirm or deny whether the proposed protection mechanism of p-BQ acting as a corrosion

inhibitor is a valid proposition.

Regardless of protection mechanism confirmation, it has been confirmed that, even after
extensive attempts to use alternative oxidants, PoODA coatings cannot be made sufficiently thick
to act as protective coating. The thinness of the current coating would make the incorporation of
a porous network and microcapsules impossible as both capsules and pores would be greater in
diameter than the thickness of the coating. In addition, the coating needs to be robust enough to
survive in a harsh environment i.e. a naval ballast tank which is not the case with the PoODA

coatings.

Therefore, polyaniline was used as the basis for the smart self-healing coating. Polyaniline is
capable of protecting mild steel against corrosion, including in chloride containing solutions,
providing the correct deposition conditions are selected. Whilst PANI has established and proven
corrosion prevention capabilities, it has not been used as the basis for a self-healing polymer nor
has it been templated using a liquid-crystal based soft template so the outcome of the project can
still be considered a novel system. It is relatively facile to deposit micrometre thick coatings of

PANI in a few hours when electropolymerisation is used.

In order to determine which liquid crystal mesophase would provide the most suitable template for
the deposition of a porous polyaniline coating, phase diagrams were created for various surfactants
and from these it was concluded that a 50/50 wt% mix of Brij S100 surfactant and 0.3 M oxalic

acid produced a bi-continuous cubic mesophase that was stable for 24 hours.

The template was then used as the basis for the production of porous (templated) polyaniline. A
series of experiments and optimisations were undertaken in order to produce the thickest possible
templated coating. The conditions required for templated deposition of polyaniline differed greatly
to those required for the deposition of non-templated PANi. This was attributed to the highly

viscous nature of the liquid crystal template when compared to the more established liquid
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deposition media. The presence of the template hindered the diffusion of the aniline monomer,
dispersed throughout the template, to the electrode surface. When compared to polyaniline coatings
deposited from an aqueous solution, as per the existing prior art, higher concentrations of aniline
monomer were required to form templated coatings of similar thickness and uniformity of

coverage.

Polydopamine capsules filled with aniline monomer were created using an established method,
although the encapsulation of aniline is novel. The capsules were then added to a deposited
polyaniline coating and an epoxy top coat was applied. The self-healing capabilities of the system
were tested by deliberately inducing a defect into the coating system and then observing the EIS
behaviour of the coating. It was found that diffusion controlled chemical reactions too place over
the first 24 hours after the defect was introduced. After 72 hours, the coating had achieved a state
of equilibrium and no further change to its impedance or electrochemical behaviour was observed
until the test was stopped after 728 hours. This indicated that the defect had healed by the

formation of polyaniline in-situ and that subsequently, no further corrosion could occur.

The results presented here demonstrate that the stated aims of the project have been met. A 3-
Dimensional porous network has been incorporated into the emeraldine (conducting) form of
polyaniline. Aniline monomer has been encapsulated into polydopamine microcapsules and the
microcapsules added to the coating; the monomer has subsequently been used to repair a defect that
was deliberately induced into the coating. In this respect the coating system can be said to be self-
healing. However an external stimulus in the form of an applied voltage was required in order to
oxidise the aniline monomer to form polyaniline. In this respect the self-healing aspect of the

coating has only been partially successful.

8.2 Future Work

The self-healing nature of the coating system has only been demonstrated using electrochemical
oxidation of the released monomer. Such a system is not necessarily practical and so the coating
system could be developed further through the encapsulation of oxidation agents. Assuming the
aniline containing capsules and the oxidant containing capsules can be evenly mixed and
distributed throughout the porous coating, damage to the coating would rupture equal quantities of
oxidant and oxidative chemical polymerisation of aniline would occur and the formed polymer
would “heal” the defect.

The effectiveness of the coating may be further improved by the optimisation of the size of the

pores in the polyaniline coating and by altering the size of the polydopamine capsules. Smaller
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capsules in larger pores would allow the capsules to travel further into the coating which could
increase the efficiency of the coating, and also allow more substantial defects to be healed.
Scanning kelvin probe investigations may provide more information as to the exact mode of

protection of the self-healing system.

It may also be beneficial to incorporate a sensing network into the coating to allow remote
monitoring of the coating and detection of defects. Localised electrochemical impedance
spectroscopy has been used as a successful means of remotely detecting corrosion in pipelines
[228-230].

Further long-term testing is needed to ensure that the coating is stable for periods of longer than

one month (the longest tested period so far).
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Appendix A: Phase diagram microscopy images

Appendix A: Phase diagram microscopy images

Al  BrijL4

Al 10 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.l.2 20 wt% surfactant
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Appendix A: Phase diagram microscopy images

30 wt% surfactant

A.l13
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Appendix A: Phase diagram microscopy images

A.l4 40 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.1l5 50 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.1.6 60 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.l7 70 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.1.8 80 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.19 90 wt% surfactant
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Appendix A: Phase diagram microscopy images

A2  Brij C10

A2.1 10 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.2.2 20 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.2.3 30 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.2.4 40 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.25 50 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.2.6 60 wt% surfactant
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Appendix A: Phase diagram microscopy images

A2.7 70 wt% surfactant

227



Appendix A: Phase diagram microscopy images

A.2.8 80 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.2.9 90 wt% surfactant
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Appendix A: Phase diagram microscopy images

A3 Brij 020

A3.1 10 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.3.2 20 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.3.3 30 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.3.4 40 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.3.5 50 wt% surfactant
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Appendix A: Phase diagram microscopy images

60 wt% surfactant

A.3.6
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Appendix A: Phase diagram microscopy images

A.3.7 70 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.3.8 80 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.3.9 90 wt% surfactant
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Appendix A: Phase diagram microscopy images

A4  Brij S100

A4l 10 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.4.2 20 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.4.3 30 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.44 40 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.45 50 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.4.6 60 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.47 70 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.4.8 80 wt% surfactant
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Appendix A: Phase diagram microscopy images

A.49 90 wt% surfactant
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Appendix A: Phase diagram microscopy images
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