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Abstract

Corrosion is a major environmental and economic problem with many modern
manmade structures heavily relying on the utilisation of metals and alloys due to
their extraordinary strength, mechanical and physical properties. Applications such
as those seen in the construction industry, aerospace and marine industries, all of
which need a constant protection and barriers against the harsh environmental
conditions. Current methods of protection employ the use of chromates in paint
formulations for the active anti-corrosive paints or the uses of non-active polymeric
paints acting solely as a physical barrier preventing the diffusion of ions through to
the metal surface. However ideas have recently come forward regarding the use of
conductive and electro-active polymers. Theorised to not only prevent the
diffusions of ions on a physical level but to also act as an electrochemical barrier by
passivating the surface of the metal so that it can protect itself from further
degradation caused by corrosive agents, one such polymer that has been put
forward is Polyaniline (PANI). Through the process of doping, PANI can be made
to conduct an electrical current through the formation of charge carriers by
oxidising the PANI with a protonic acid which can be functionalised. Further
investigation has found that the functionalisation of these acids can dramatically
change the once insoluble material in common solvents soluble, increasing the
processability and possible increase the applications of this materials.

This thesis reports the synthetic routes used to obtain functionalised Sulphonic
acids based on the precursor 5-Sulphoisophthalic acid by acid catalysed
esterification’s are described. With the synthesis phosphoric acid diester carried out
by several named reported methods and both series were progressed forward to
dope PANI (polyaniline). The optical properties were analysed for all doped PANI
in DCM showing that branched side chains produced the highest optical absorption
at around 944 nm and some as thin films (21) and (25), showing optical band gaps
of 1.21 eV.

This thesis also reports the anti-corrosions properties for the doped PANI systems.
Films were cast coating mild carbon steel and copper plates, along with a range of
acrylic resin/doped PANI composite films, PVC/doped PANI composite films and
a set of films for an epoxide resin/doped PANI (17) composite. Samples were
subjected to accelerated corrosion tests and showed that the application of PANI to
the metal surfaces was beneficial and displayed efficacious anti-corrosion
properties, not only in the doped state (emeraldine salt) but also in its native
undoped state (emeraldine base) where the polymer undergoes redox reactions at
the metal interface passivating the surface and creating an electrochemical barrier
system which the polymer itself is a component however corrosion inhibition is
only truly effective when a physical barrier is used in combination.

The results of the dopant synthesis, doped PANI systems and their composites in
resins and the data from NMR spectroscopy, IR, elemental analysis, LC-Mass
spectroscopy, mass spectroscopy, UV-Vis spectroscopy are presented in this thesis.
The accelerated corrosion tests and the data from scanning electron microscopy
(SEM) are also presented within this thesis.
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Glossary of Abbreviations and Terms

A

A Angstrom (unit equals to 0.1 nm)

A Dopant acid anion (conjugate base)

Abs Absorption

AcOH Acetic acid or ethanoic acid

AIBN Azobisisobutyronitrile

Al Aluminium

Al,O4 Alumina (aluminium oxide)

AMU Atomic Mass Units

(ag) Agueous

ATR Attenuated Total Reflectance

B

bp Boiling point

n-BuOH Butanol

C

c Speed of light (2.997 x 10° ms™)

°C Degrees Celsius (unit of temperature based on the freezing
point of water).

CB Conduction Band

CDCls-d; Deuterated chloroform

CHCl; Chloroform

CHN Carbon, Hydrogen and Nitrogen

Cl Chemical lonisation (Mass spectroscopy)

cm centimetre

Cm3 Centimetre cubed (volume equal to an ml)

CSA Camphorsulphonic acid

Cu Copper

cu* Cuprous

cu* Cupric

Cv Cyclic voltammetry

D

d Doublet (NMR)

dd Double Doublet (NMR)

dt Double triplet (NMR)

DO Deuterated water or deuterium oxide (NMR)

DAOHP Di or bis(8-acryloxy octyl) hydrogen phosphate

DBSA Dodecylbenzene sulphonic acid

DC Direct Current
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DCAA (DCA)
DCM

DEHHP

DMF
DMOHP
DMEHP
DMSO-ds
DMSO

E

E

o

Ea

Eq

eV
EGDMA
EA

El+

ESI
ESI-ToF

EtOH
Et,0

F

Fe
FeZ+
Fe3+
FT-IR

G
g

H

h
'H-NMR
c.HCI
HCI
C.HN03
HNO;
HOMO
HPLC
hr (hrs)
C.HzSO4
H,SO,

Dichloroacetic acid

Dichloromethane
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Chapter 1 INTRODUCTION

1.1 Foundations and the History of Polymer Science.

Polymer, derived from a conjugation of the Greek words; (zodg) polis and (uépog)
meros meaning ‘much/many’ and ‘parts’, are a collection of repeating units
building up to vast elongated structures which can be found naturally or can be
synthetically produced. Industrially important, they have found roles in many areas
such as the electronics industry to name but one. It is due to their vast range of
desirable properties which have made them such an extensively utilised commodity.
Generally polymers with their vast carbon backbone are insulators by nature, very
often inert and for the most part environmentally stable, making polymeric material
the material of the future.

1.1.1 History of Polymers

For thousands of years wood, bones, skin and other such other such naturally
occurring polymer fibres have been utilised as devices and tools, however the
scientific field regarding polymers is something of a 20" Century creation®, which
compared to other aspects of chemistry is relatively new and growing field.
Currently the field of polymer science has become a huge field of science both
industrially and academically, with the applicability of these materials seen in broad
applications which appear to be almost endless. It is seen now that a lot of
manufacturers are producing tools which are in total, generally composited of
polymers whether these are naturally sourced or synthetically created for their
specific role and application.

Research worthy of noting, regarding the history and the progression of the polymer
research are; Wallace Carolther of Du Pont who developed Nylon in 1935, Ziegler
and Natta and their work on the catalytic methods of synthesising polymers in the
1950’s which had major implications on the plastic manufacturing industry and
finally Flory who also can be associated with the development of the now vast area
of polymer science through his work on macromolecules. The latter researchers
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have all received Nobel prizes for their contributions to the field of Macromolecule
and Polymer Science’.

1.1.2 Current applications of Polymers

Looking around in the environment it can be said that many structures, tools and
devices contain at least a small proportion of polymeric material, whether it is
decorative paints to utensils found in the home, the uses are vast and ever
increasing, in fact it is stated that the uses of polymers is far greater than any other
class of material', this is owed to the properties that the traditional and
conventional polymers exhibit. Typically they are insulating materials®® and
transparent to visible light in most cases a fact that is attributed to the participation
of all the four valence electrons of the carbons involvement in covalent bonds thus
consisting of only o-bands, inevitably resulting in large band gaps (electron energy
gaps, E4"*). These having found use encapsulating electronics and isolating metallic
conducting wires®. Mechanically they are characterised by their lightweight
properties over other classes of materials manufactured for the same niche, flexible
or rigid depending on what functionality the polymer is being marketed towards.
Polymers ability to form good films®, holding attractive chemical properties and
finally their high malleability and processability”®.

1.2 Conjugated Polymers

Within the paradigm of Polymer science, research, interests and attentions have
been directed towards conjugated polymers. Investigation is currently being
undertaken by countless research groups as to their potential and possible
applications of this subgroup of polymers. Investigating whether what may be
theoretically postulated, may actually be practical. Currently they have been found
to be incorporated into electronic devices, electro chromic displays, antistatic
applications, shielding from electromagnetic radiation, anticorrosion application®,
LED’s, Batteries and sensor devices™ to name but a few.

Due to their applications and the possibilities that have been hypothesised, there are
currently large vested interests focussed on conjugated polymers and their
properties. This new field opened up endless excitement, with research on the
boundaries of both chemistry and ‘condensed-matter’ physics®. Several classes of
conjugated polymers have been identified (Figure 1).
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Figure 1. Repeating units of a range of Conjugated Polymers; illustrating simple, heterocyclic and
complex repeating units.

The field of polymer science is at present, quite vast, however with in this new
field, there has been the emergence of new and exciting fields, with interests

focussed on individual aspects of polymer science. One such emergence that has
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come about since interests developed in the field of polymers is the research of
conjugated polymers. As a new field of polymer science, there is a lot of vested
interests and excitement currently placed on this relatively new area with research
occurring only within the last 50 years and in particular there has been a massive
drive since the late 1970°s™.

Further division of polymer science has led to new research fields developing; such
a field exists for conjugated polymers. These subtypes of polymers are
characterised by their elongation and propagation of alternating m-bond system

along the polymer backbone®*?.

1.1.3 The development of conductive polymers.

Over the years greater attentions have been placed on conjugated polymers as time
has progressed, due to their properties and potential applications of these materials
within the paradigm of science. The key property which has excited the polymer
research community is the electro active properties and potential possibilities of
creating conductive organic molecules, with conductivities in the region of many
metallic elements. The true beginnings of such research which led to this can be
said to have started in the 1960’s**3, Pohl et al. during the 1960’s synthesised
semiconducting and conjugated polymers, but it wasn’t until the 1970’s when
interests in conductive polymers were directed at looking at conjugated polymers

with the objectives of developing conductive material®*.

1.1.3.1 Historical Perspective of Conjugated polymers
In 1973 it was discovered that poly(sulphur nitride) (aka polysulphur nitride) or

simply abbreviated to (SN), (Figure 2), an inorganic polymeric explosive®® in
previous applications, showed properties that excited researchers due to its

b

Figure 2: Structure of Poly (sulphur nitride)

electronic properties.
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Although the discovery of (SN)x was not the driving force behind leading research
into conjugated polymers it certainly was an initiator and opened the eyes of many
researchers to the possibilities and potentials these materials held.

The most crucial and famous pioneering research that lead to an excitement in
conjugated polymer applications in electronic applications, belongs to the work
conducted by Shirakawa et al.***?*>!® Their pioneering has gone on to influence,
direct and initiate extensive research into the different reaches of chemistry and
physics regarding conjugated polymers, looking at both charged and neutral
conjugated polymers.

Since 1977 when ideas and postulated theories were still in their infancy, Shirakawa
and co-workers pioneering research looked at the synthetic methodologies of
synthesising the simplest of conjugated polymers poly (acetylene) (abbr. PA) in
both isomeric forms. Their work led to the serendipitous discovery of conductive
polymers. They initially developed techniques of controlling the ratios at which the
cis- and trans-isomers are produced. Both isomers (Figure 3) coincidently looked
metallic upon the isolation of thin films; the cis-isomer producing a film coloured
and resembling copper and the trans isomer producing a film that was silver in

colour'?.

AP

trans-isomer cis-lsomer

Figure 3: The isomeric forms of Poly (acetylene)

These isolated isomers were in the region of insulators and semi-conductors in their
neutral states with conductivities measure at 4.4x10° S cm™ (semi-conductive) and
1.7x10° S cm™ (insulating) for the trans and cis-isomers respectively when
measured at 273 K (0°C). However the interest arose when the films were exposed
to chemical species that were either oxidative (electron accepting, Lewis Acid) or a
reducing agents (electron donor, Lewis Base) at ambient room temperatures for a
few minutes, such species utilised were halogens (chlorine, bromine and iodine

vapours), this process greatly increasing the conductivities over several orders of
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-12,17

magnitude™*?, from 4.4x10° S cm™ to a maximum quoted at 10° S cm a

conductivity that compares to metal.

This major breakthrough led to the extensive research of conjugated polymers
looking at modifications via doping. Key figures that have since emerged in the

field of conjugated and conductive polymers are Heeger and MacDiarmid*®*.

Well known for their research, they leaded the way to the discovery of new classes
of conducting polymers. At present such polymers which are intrinsically semi-
conducting, conductive polymers, conductive upon modification or electro-active
polymers have become known within the polymer community as synthetic metals.
With the existence of such a class of polymers, there is now a journal called
‘synthetic metals” which solely and exclusively deals and publishes research
focussed on conducting polymer research®® with hundreds of articles published
every year in this and various other journals. Heeger, Shirakawa and MacDiarmid’s
have since received recognition for their pioneering work and for their
establishment of the conjugated polymer science, by being granted and awarded the
Nobel Prize in Chemistry in 2000. They have also been accredited as being the
‘founding fathers’ of electro-active polymers'?, however with any field of science

more figures are becoming well known for their research and contributions.

1.1.4 Properties of Conjugated and Conductive Polymers

Conjugated polymers by nature are insulating materials or at best are
semiconducting materials, however these materials can be tuned and optimised to
induce conductivity along the polymer chain that is within a region similar to
metals’(Figure 4).

Any conjugated polymeric material which possess the electrical, magnetic and
optical qualities that are commonly associated with metals, whilst retaining the
mechanical properties of current conventional insulating polymers have been
labelled as ‘Synthetic Metals’ or Intrinsic Conducting Polymers (ICP’s). These
however should not be confused with current ‘conductive polymers’ which are at
present in use within the industry, these purely being a mixture of an insulating
polymer/plastic with a dispersion of a conductive material, such as highly
conducting metallic particles or Carbon black powder with the matrix material.
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Figure 4: Conductivity ranges of various known materials, showing regions of conductivities and
electronic regimes of materials®.

Exceptions to the concept that polymers are intrinsically semiconducting at most

have been discovered with an example such as polysulphur nitride, an inorganic

conjugated polymer that is truly within the metallic regime and resides within the

conductive region en par with most metals™.
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1.1.4.1 Electronic properties of conjugated polymers.
The structure of the polymer is one aspect that is crucial to conductivity of charge

along the polymer chain. Conjugated polymers are seen to display a spatial and
elongating m-bonding system that propagates along the polymer chain backbone, an
array of alternating carbon-carbon single bonds and carbon-carbon double bonds,
with the n-bonds being in the configuration of sp®p, and resulting in the overlapping
of p, orbitals of alternating carbons, this is not however localised to just carbon-
carbon bonds, nitrogen is also seen to be a participant in the p, orbital overlap
which is seen in the case of polyaniline and allows further extension of electron

delocalisation along the polymer backbone®?.

This configuration has significant effect on the electronic properties of conjugated
polymers, and is evident when comparing conjugated polymers with saturated
polymers, where all the four valence electrons are implemented in covalent bonds,
the net result and nature of the chemical bonding in conjugated polymers results in
an unpaired electron per carbon atom (Figure 5). Localisation of the wavefunction
is less stable and favourable in the scenario where the electron is localised to any
one individual carbon atom thus the result is that the each carbon injects the
unpaired electron into the electron rich and more stable n-system, stabilised by the
delocalisation of the electrons. This is supplemented and facilitated by the overlap
of the orbital’s of alternate carbons which creates the vast and spatial array of =-
bonds over the whole chain. The electronic delocalisation that is created by this
system of =w-bonds is suggested to provide the route or a sort of ‘motorway
network’®, allowing movement of the electrons to along chain therefore if this is
true for electron migration the same can therefore be postulated for propagation of a
charge along the chain® and thus achieving some levels of electronic activity,
whether this be conductivity of an applied potential or optical activity.

Figure 5: Three representations of Polyacetylene; in degenerate ground state, electron delocalisation of
the m-bonding along the polymer chain and electron localisation showing that each carbon has an
electron which can be donated into the z-system.
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1.1.4.2 Physical properties of conjugated polymers.
It is important to understand just how critical and important the structure in its

relation and its effects on the intrinsic conductivity of the polymer. In terms of
describing the how the physical structure and the electronic properties are
intertwined, this is excellently exemplified by the simplest of conjugated polymer,
polyacetylene, and the highly conducting polymer, polysulphur nitride.

Conjugated polymers are intrinsically ‘quasi’-one dimensional in geometry, a result
of that is resultant from the sp? hybridised nature of the polymers producing a
somewhat rigid and linear structure'?. Further to the covalent bonding within the
polymer chain there exist other weaker interactions between the parallel linear

chains, namely Van der Waal forces?*?'.

1.1.4.3 Band gaps
A band gap by definition is the difference in energy between the lowest energy

levels of the conduction band, also known as ©* band (anti = band) or the Lowest
Unoccupied Molecular Orbital (LUMO) and the highest energy levels of the
valence band, also known by several alias’s namely = band or the Highest Occupied
Molecular Orbital (HOMO)?%. This gap is seen to be a region of forbidden electron
energy, whereby the electrons are incapable of moving from one band to another
unless energy exceeding the forbidden energy is supplied into the system, this
activation energy (E,) therefore promotes the electron to a higher electron orbital or
in the case of conjugated polymers promoting the electron from the = band to the
higher energy =n* band thus allowing for the electro-active properties that are seen
under specific conditions. The trend in band gaps differs between different classes
of materials, generally aliphatic saturated materials and polymers are seen to be
insulating with huge band gaps, to an extent that electron migration from the one
band to another is not a probable scenario due to the energy that would be needed to
promote electrons, these materials are inherently insulating and transparent to
visible light and potentially other forms of electro-magnetic radiation. Conjugated
materials on the other hand are placed between the regions of insulating materials
and crossing over into the regions of semiconducting materials, due to the
delocalised wave function of the = electron, over all or at least portions of the chain.
The E, required for electron promotion into the conduction band is considerably
less; principally these materials hold band gaps between 1 to 4 electron volts (eV).
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Typically activation energy can come from several sources; electromagnetic
radiation (visible light), applied electric fields to name a couple of examples and
finally metallic materials and metallic elements have no band gaps to at a maximum
a small band gap. Generally the bands are illustrated in two different manners;
firstly some postulate and describe the bands in metallic materials as overlapping,
where the valence band overlaps the conduction band. Concordantly it can be
described that the bands of metals are in a state where the bands are half filled,
however described they both allow for electron promotion from one band to the
other without expenditure of large amounts of energy or any external source of

energy such as light to activate and excite the electrons (Figure 6)*%.

£ e
27 273
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Q
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Fermi Energy Level
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T% § T% § T% g‘g’ Filled Energy levels
> > >

Insulator Semiconductor Metal
Figure 6: Comparison of Energy levels and Band gaps between the electronic states of materials

Determination of a band gap for any polymeric material is achievable via analytical
and electrochemical means, techniques such as cyclic voltammetry (CV), where
potentials are applied to the material giving readings for the oxidation and reduction
potentials for the polymer. This is on the proviso that the interchain interactions are

relatively small and have little effect on the readings (Equation 1)%.
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Equation 1: Calculation to determine the Band gap of a Polymeric Material. (E, req) Oxidation and
Reduction potentials, (S*) Solvation energy of the ionised molecule subtracting the solvation energy of the
neutral molecule, (g; ,) Dielectric constant of the solution and the molecular solid respectively.

The formation of the bands are consequently due to the extensive alternating m-
bonding system that occurs along the backbone of the conjugated polymer (Figure
7) as is shown upon successively increasing the levels of conjugation along the
polymer chain, a reduction and narrowing of the band gap occurs between the
LUMO and the HOMO energy levels, until a point is reached where conjugation is

infinite and the band gap reduces no more.
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Figure 7: Energy Level diagram, illustrating the formation of bangs gaps upon increasing conjugation,
with formation from discreet energy levels to energy bands.

Each n-bond consists of a = band and a n* band (anti = band), both capable of
holding two electrons per atom, a spin up and spin down electron. In the case of
conjugated polymers the = band filled with two electrons whilst the n* band
remains empty. Differences in energy between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) results in an
energy gap between the n - n* band that if of sufficient contrast prevents electrons

from migrating into the 7* band (LUMO). Previously stated the conductivity is
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therefore dependent on whether the electrons can migrate to the =* band or whether
there is electrons already localised in the n* band. However the electrons in
conjugated polymers occupy and fill the lower energy band and with no electrons
remaining, the 7* band remains empty. This situation can be manipulated, by the
insertion of electrons into the polymer chain, electrons would be promoted into the
7* band due to the = band capacitating at its maximum, thus conductivity can be
achieved. On the other hand removal of electrons from the polymer chain producing

a half filled band conditions allowing for charge transport 71213.1718.23.24

Several influencing factors control the formation of band gaps in conjugated
polymers with the energy difference between the gaps differing between different
polymers based on several criteria. The main controlling factor appears to be the
physical structure of the polymer. Characteristics such as bond lengths and the
differences between the alternating = bond and ¢ bonds of the polymer, the torsion
angles at which are exerted by the polymer chain which are seen to disrupt the
conjugation, resonance energies of the polymer chain, substituent effects. In the
case of aromatic systems additional effects such as inter ring torsion angles and the
planarity of the polymer?,

1.1.4.3.1 Peierls Effect/Distortion

The general assumption that full delocalisation occurs along the polymer chain may
not be as accurate as thought, with the assumption made that if each carbon has an
unpaired electron which is donated into a state of delocalisation, it would make the
system more energetically favourable. Then the conductivity of an electrical charge
would occur along the polymer backbone. However conjugated polymers, as
previously stated are at best semi-conductors, the question that is then posed is why
this is? There must be other factors affecting the electronic properties of these

materials.

Several papers have placed the emphasis and the importance that the physical
structure has on the electronic parameters of conjugated polymers. One such
influencing factor that has been discussed is the Peierls Effect, an instability that is
seen in all conjugated polymers. Using polyacetylene as an exemplary model, the
peierls instability can be easily illustrated, placing into context the importance of
the physical structure on the electronic properties.
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Polyacetylene is the simplest of conjugated polymers structurally all the carbons
participate in an o-bond with both their adjacent carbons, are in possession of a
hydrogen atom and each carbon harbours a w-electron. In a state such as this all the
carbon-carbon bond lengths are almost certainly of equal distance throughout the
polymer chain denoting the existence of a — (CH), repeat unit (Figure 5).
Considering the unpaired =m-electron, it may be postulated that is present and
potentially localised on each carbon. A consequence of this would by implication
suggest that the polymer would be in a metallic state, with conductivities rivalling
metals and in a true sense of the word would be a synthetic metal. The subsequent
culmination would be a material that is antiferromagnetic and a Mott insulator.
Contrary to this belief, neither of these qualities is seen, with facts such as the ease
at which these materials dope into metallic states and the countless studies
conducted on neutral conjugated polymers discrediting such possibilities and ideas.

The actual structure of polyacetylene is seen to be dimerised which accordingly
leads to Peierls instability within the polymer chain. As a result the repeat structure
is better represented as (CH=CH)n, with the overlap of the p, orbital of successive
carbons producing a m-bond, which inevitably utilises the lone unpaired electron
which conventionally may be thought as being localised to a carbon atom, hence
extensive conjugation along the polymer backbone. Further consequence is that the
bond lengths in the conjugated system are not of equal length as is idealised in a
delocalised state. In Polyacetylene the bond lengths are 1.44 A (14.4 nm) for the o-
bonds and 1.36 A (13.6 nm) for the mn-bonds (Figure 8)**?°. The =-bond being
shorter due to the carbon atoms existing sp® hybridized state as opposed to sp3
hybridized state, this conformational change acts to reduce the internal energy
expenditure that is used to maintain the rigid and planar chain, however creating the
right circumstances for the formation of band gaps, increasing the activation energy

and opening the band gap of these polymers %1

% \AQ’

Figure 8: Bond Lengths of trans-Polyacetylene®.
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Polysulphur nitride however remains unique amongst conjugated polymers; its
distinctive properties allow certain exemptions such as exemption from the Peierls
effect. The first consideration to take is that one factor influencing the conductivity
of polymers in the metallic region is the presence of an unpaired electron. In the
case of polysulphur nitride there is the existence of an unpaired electron localised to
the repeat unit with the repeat units covalently bound to the neighbouring
monomeric repeat unit (Figure 9). The NS free radical is analogous to Nitric Oxide
(NO), with an unpaired electron occupying the lowest energy level of the n* band
(LUMO) therefore conductivity ensues.

SR St oS, S S S
/% \N}/ /% NP TN %\ /I\/ N Ny
n n ° °

A B C

Figure 9: Structural representations of Poly (sulphur nitride); A, The simplified chemical structure. B,
representation of the structure in terms of electron delocalisation, and C, representation of the lone
unpaired electron localised to the Nitrogen atom.

n

Secondly the bond lengths are not equal much like other conjugated polymers, with
bond lengths of 1.55 A (155 pm) between the S-N and a bond length in the region
of 1.73 A (173 pm) shared between the N-S moieties of the polymer with a bond
angle of 119° around the Sulphur and a bond angle of 108" around the Nitrogen
(Figure 10). This should in theory dictate that polysulphur nitride is susceptibility to
the Peierls effect, with the judgement based on what is seen in the case of
polyacetylene. However due to the fact that polysulphur nitride possesses an
unpaired electron, the ruling factor in this case is the knowledge that the unpaired
electron is localised to the n* band and metallic conductivity is therefore possible.

119° 119°
N A 1
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\\S”/\/\\S”/ \\SV —~

Figure 10:Physical Structure of Polysulphur nitride®.
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1.1.4.4 Manipulating the Band gaps of polymers.
With the knowledge and better understanding that researchers now possess

regarding polymers with regards to the phenomena of Band gaps and their
formation it is possible to tune and manipulate conjugated polymers to produce
materials with reduced band gaps and increased electrical activity. Several methods
can be employed to induce and tune the polymers to the desired specifications of
industry and academia via methods such as structural modifications. Polymers
electro active properties are heavily influence by the physical structure, therefore by
altering and modifying the structure of the polymer to an extent that the polymer
becomes practical and useful has been one of the main focuses by researchers and
the industry and with reports of lowered band gaps which undergone modification.

Several modifications have been postulated and implemented to lower the band
gaps of the conjugated polymer, such as methods of relaxing the bonds length
between the alternating n-c bonds, achievable by the insertion of aromatic rings or
quinoid moieties into the polymer backbone. This also acts to increase
delocalisation of electrons due to the extensive network of & electrons present and
thus suppress the Peierls effect?.

The planarity can be modified by incorporation of aromatic systems into the
backbone of the polymer this not only causing relaxation as previously described
but may also go so far as to permitting the anisotropic stretching of the chain, which
will subsequently allow chain alignment and stacking, allowing for the potential for
charge transfer between chains. It is also reported that poly-3-hexyl thiophene
which undergoes the process of stacking has a reported band gap of 2.14 eV®.
Subsequently the effect of reduced torsion angles and increase in planarity has
shown to reduce band gaps (generally between 1 — 4 eV), lowering the excitation
energy, for example the energy supplied by a photon of visible light may be
adequate to excite electrons. The net result is the increase in intrinsic semi-

conductivity*®?°,

Further suggestions have included the introduction and potential incorporation of
electron donating or accepting groups into the polymer chain backbone will allow
for the interactions between the HOMO of the donor and the LUMO of the acceptor
reducing the effective band gap. However these methods only allow for little
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manipulation of the polymer properties which may all be that as needed depending
on the application of the polymer. Effectively the polymer still remains in the semi-
conductive regime, however to ensure that the polymer enters a metallic regime it is
suggested that doping is the possibly the only current method to achieve a state of

intrinsic conductivity ®%%%,

1.1.5 Concept of Doping

The central theme and concept of the doping process is a means of changing the
properties of the polymer, which initially are initially intrinsic insulators into
polymers with modified properties such as superior electronic properties and
advantageous characteristics over their counterpart analogues. This process has
allowed for what was once a material with limited applications and a narrow
window for utilisation to become a material with broadened applications and
generally these polymers much more practical, serviceable and potentially more
profitable.

The process of doping is a relatively new with research generally starting in the late
1970’s after the chance discovery by Shirakawa and co-workers pioneering
research looked at the synthetic methodologies of synthesising the simplest of
conjugated polymers poly(acetylene) (abbr. PA) in both isomeric forms. Their work
found that a conjugated polymer (intrinsically insulating or semiconductor), can be
modified and optimised to induce conductivity within the metallic regions of
conductivity along a polymer chain. After the process of doping the conductivities
were identified for both isomeric forms of PA *°.

Initial conductivities prior to doping were 4.4x10° S cm™ (semi-conductive) and
1.7x10° S cm™ (Insulating) for the trans and cis-isomers respectively (measured at
273 K (0°C)). However upon the exposure of the films for both isomers to an
oxidising agent at room temperatures. The conductivities increased with great
magnitude™*?, from 4.4x10° S cm™ to a maximum quoted at 10° S cm™?!. A
conductivity that compares to copper, iron and silver (all 10° S cm™) and an
increase by 10™ in conductivity from its neutral state to its associated
charged/doped state (Figure 4).
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Doping in short quite simply involves the transfer of charge to or from the = bonds
of the conjugated polymer, whilst the ¢ bond retains the same number of electrons
throughout the doping process therefore remaining unchanged and intact preserving
and maintaining the structural identity of the chain. However other properties allied
with the structure do change such as the electronic properties and overall the
supramolecular structure is altered, giving rise to a wide range of electronic
phenomena'’?*. Changes with the magnetic, optical and structural aspects of the
polymer are noticed and in particular there are noticeable changes in the electronic
and electrical properties, increasing the conductivity over several orders of
magnitude reaching potentials of a metallic regimes 2. As suggested there are
changes in the electrical properties during the process of doping, in context this
change in the conductivities of organic polymers, which are usually within the
insulating/semi-conducting regimes, increase from 10° — 10° S cm™ (Insulating —
Semiconducting respectively) to 1 — 10° S cm™ (Semiconducting — Metallic

regime).

The doping process of course is seen to be reversible with little to no damage or
degradation to the polymer chain’, the polymer is returned back to its original upon
removal of the dopant, thus the rational for the application of dopants in the
electronics industry is of significant interest and is highly advantageous in terms of

the ability for recycling materials which favours environmental issues.

1.1.5.1 Mechanisms and Methods of Doping Polymeric Materials.
Doping of a material can be split into two main categories namely, Redox Doping

and Non-Redox Doping. Both methods of doping each achieve the same results of
increasing the conductivity and altering key electronic properties of the conjugated
polymer, however these results are met. The doping species carry associated
electronic states whereby their energy levels take residence within the forbidden
energy of the band gap, which effectively decreases the band gap®.

1.1.5.3.1 Redox Methods of Doping.

1115 who as

Chemical doping was first stumbled upon by Shirakawa and co-workers
described previously, managed to obtain PA in a ‘metallic’ state through subjecting
both isomeric films of PA to vapours of halogens, typically bromine (Br;) and

iodine (l2), with later uses of arsenic pentafluoride (AsFs). However the procedure
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for Br, is much more difficult as upon doping, reactions remain to proceed forward,
attacking the double bond and the bromine becomes covalently inserted into the
polymer chain (Figure 11) producing polydibromovinylidene which intrinsically is
insulating™. Likewise AsFs acts as both an oxidising agent and a Lewis acid, with
about a third acting as an oxidiser and two thirds acting as a Lewis acid. Generally
whether the polymer is doped via chemical or electrochemical means, the
conductivity is seen to be permanent until the material is undoped, removing the
charge carriers or until the charge carriers are chemically compensated.

Br

\ Br2 >
A

Over Oxidation

Polyacetylene L Br |

n

Polydibromo vinylidene

Figure 11: The oxidation of PA in the presence of bromine vapour resulting in the undesirable saturated
by product.

In terms of whether oxidation (p-type) is a better method than the reduction (N-
type) doping method or vice versa, it is reported that the conjugated polymers
which have been p-doped show high stable conductivities, whilst in comparison to
N-doping it is seen that conductivity is lower than what is expected and this has
been attributed to the fact that the electrons injected into the n* band have a

tendency to be lost?.

1.1.5.3.1.1 p-type doping.

Doping using an oxidising agents is known as p-type doping, they proceed by
removing electrons from the = systems, systemically altering the number of
electrons associated with the polymer chain’. Achieving this can be done through
both chemical and electrochemical processes (anodic oxidation of the polymer).
Both produce polycarbonium cations, whilst simultaneously inserting an anionic
species (counter ion), which acts to counter balances and stabilises the charge. Due
to the removal of electrons from the polymer chain results in the creation of a hole
and therefore the polymer is said to be a hole conductor or in terms of the band
theory is the removal of electrons from the = band creating an half-filled band.
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The charge that is now associated with the polymer backbone shows mobility over
the chain with reports suggesting that 85% of the charge is delocalised’ stretching
over fifteen repeat units. Such a change results in the delocalisation of the & system
and therefore diminishing the effects of Peierls instability, where the & system is in
dimerised conjugated state’.

Generally oxidation proceeds by initially removing an electron from the = system
which causes formation of a radical cation, progression of oxidation promotes the
removal of a further electron. The removal of a second electron produces a second
radical cation, which may combine to produce a spinless dication depending on the
thermodynamic favourability within the polymer system, a positive spinless charge
carrier known as a soliton may be produced upon further oxidation of the polymer
chain. This remains true for a simple conjugated system such as PA, however in
heterocyclic or heteroatomic polymers undergo slightly different alteration. It
remains similar that the removal of an electron from the n system proceeds to
produce a radical cation (polaron), the difference in structure changes to the more
favourable quinoid type bond sequence (Figure 12). The removal of a second
electron leads to the formation of a second radical cation which generally combine
to form a spinless dication (bipolaron), this dication separates the separate domains
of the quinoid domains from the benzenoid/aromatic domains (Figure 12)*2.

n

Benzenoid Structure

Quinoid Structure n

Figure 12: Structural Differences between Benzenoid and Quinoid Structure.

1.15.3.1.1.1 Chemical Doping.

As previously described Shirakawa and co-workers showed that with suitable

oxidising agents, removal of electrons from the polymers © system and effectively

11,15

the polymer chain were achievable Initially halogens were the choice of
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oxidising agents in the late seventies and research post 1970’s, typically chlorine,

bromine or iodine were employed to remove electrons from the polymeric material.

.t -
Polymer + 1.5I, —— [Polymer] + I3

Equation 2: p-type doping of a polymer with the halogen iodine.

The conductivities for the created isomer (Figure 13) in the region of 4.4x10®° S
cm™ (Semi-conductive) and 1.7x10° S cm™ (Insulating) for the trans and cis-
isomers respectively when measured at 273 K (0°C) prior to doping.

A N

trans-isomer cis-1somer

Figure 13: The isomeric forms of Poly (acetylene)

Doping with the halogen vapours saw the conductivities increase in great

1224 \which has been attributed to the

magnitude to a maximum of 10° S cm
polymer existing in a stretch orientated conformation’. A conductivity that
compares to Copper, Iron and Silver (all 10° S cm™) and an increase by 10% in
conductivity from its neutral state to its associated charged/doped state™*%. As a

result of the oxidation, structural and electronic changes were noticed (Figure 14).

Figure 14: Doping of PA with lodine vapour at Room temperature

However care has to be taken when using bromine as an oxidising agent, due to its
ability of further oxidise the polymeric material until the undesirable,
Polydibromovinylidene is produced, which is again intrinsically insulating (Figure
11). This is the result of the bromine atoms inserting themselves covalently into the
polymer chain, producing a saturated polymer chain.
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Since this study other oxidising agents have been identified as suitable candidates
for chemically oxidising conjugated polymers. Such as arsenic pentafluoride, which
itself is a unique amongst dopants as it display both characteristics which are classic
of redox dopants and properties which are similar to acid-base doping, with reports
suggesting that a third of the dopant acts as an oxidising agent and the other two
thirds as a Lewis acid. This can however be optimised to produce a dopant of just
redox properties by the creation of nitronium salts, hexafluorophosphates, arsenates

or antimonates with the cation acting as the oxidant %.

1.1.5.3.1.1.2 Electrochemical Doping

Chemical oxidation of the polymer is fraught with somewhat trivial problems
mainly the control over levels of doping. If exposed too much the effects may be
detrimental as is seen with the over oxidation of PA when exposed to bromine
vapour and in other cases were the solubility is key to the doping process. This
method holds the advantage that it can be used for both soluble and insoluble
polymeric material. For a soluble polymer the electrode (the anode for p-type
doping) in dipped in the polymer solution or spin coated, whilst the insoluble
polymers are electro polymerised onto the electrode or again films cast by dipping
or spin coating the electrode into the colloidal solution. The method is usually
carried out in non-aqueous media; ccetonitrile (MeCN or ACN) and propylene
carbonate, this solution usually contains LiClO4. The electrodes then supply the
polymer with a redox charge of direct current causing oxidation of the polymer, the
balancing of this charge is then stabilised by electrolyte, which diffuses in and out
of the structure.

The levels of control for doping by methods of electrochemistry are seen to be very
high as the level of doping is controlled by the voltage between the electrodes and
the polymer, therefore this method is less laborious with the process just requiring
the voltage to be set and waiting until the system reaches its electrochemical
equilibrium. The process of p-type electrochemical doping can be seen below
(Equation 3) where the charge on the polymer is stabilised by the anionic species of
the electrolytic solution with lithium precipitating on the anode.
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Polymer + [LiJr(BF4)']SOl — > [(Polymer)*(BF4)'] + L1
Equation 3: p-type electrochemical doping of polymer.

1.1.5.3.1.2 n-Type chemical doping.

Doping of conjugated polymers are not just restricted to oxidation or the removal of
electrons from the = system in order to achieve conductivity but can also be
achieved by the insertion of electrons into the z system, a reduction of the polymer
chain and potentially the insertion of electrons into the =* band (conduction band).
As a method of doping, the reduction of the polymer is achieved by similar means
as the oxidation of a polymer, via chemical or electrochemical methods.

1.15.3.1.2.1 Chemical Reduction/Doping.

The procedure follows by the formation of a carbonium anion radical (carboanion)
species, a charge carrier of negative charge which is the culmination of electrons
being pumped into the ©* band, thus this band becomes partially populated with
electrons, leading to an increase in conductivity up to 10° S cm™’. Chemically
reduction can take place using a liquid Sodium amalgam or Sodium naphthalide
(Equation 4).

+ — -+
Polymer + NaCloHS —— (POlymer) Na + ClOHS
Equation 4: n-Type chemical doping with Sodium naphthalide.

1.15.3.1.2.2 Electrochemical Reduction/Doping.

Reduction of the polymer via electrochemical means is achieved in the same way as
the oxidation, however in this case the polymer the polymer is cast or polymerised
onto the cathode and is immersed into the solution of LiClIO4 or other reducing
agents such as lithium boron tetrafluoride in tetrahydrofuran (THF) or MeCN and
propylene carbonate. The lithium is sourced on the electrode and whilst in a
solution of lithium boron tetrafluoride and is the reverse reaction of the p-type
electrochemical doping, again the charge is stabilised by the presence of a counter

ion which in this instance is lithium cation.
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1.1.5.3.1.3 Charge Injection doping.

Charge injection doping differs from previous methods whereby electrons have
been removed or inserted into the polymer chain (m system), resulting in a charge
on the polymer which is balanced by the presence of a counter ion. But rather this
method simply relies on the injection of electrons or holes onto the polymer via
electron rich materials such as metals; hence no counter ions are involved. The
removal of electrons as classically seen in the doping process are removed from the
7 band, whilst electrons that are injected into the polymer chain are injected directly
into the «* band and therefore in both situations create half-filled bands, localised
structural distortions and electronic states which allow for the progression of an
electrical current along the chain. This is of course providing the voltage potential
IS biased towards one result or the other.

Polymer - ¢ ——» (Polymelr)Jr

Hole injected into the conjugated polymer
e” = electron rich metal

Polymer + ¢ ——» (Polymer)

Electrons injected into the conjugated polymer

Equation 5: Doping via Charge Injection.
1.1.5.3.1.4 Photo Induced Doping.

Unlike other methods of doping where the electrons of the x system are removed or
electrons are added to the & system, photo-doping works via a different mechanism.
Between the HOMO and LUMO levels or the © band and the n* band the
‘forbidden’ energy gap determines whether conductivity of a current ensues, in the
case of small band gaps the electrons are potentially able to migrate from one band
(m band) and transfer into another (z*band) hence conductivity is achieved, whilst
larger band gaps only allow the transfer of an electron upon enough energy being
supplied to the system (activation energy) and is known as excitation where the
electrons transfer from their ground state to their lowest energy state. This is
typical of a semi-conducting system in which conductivity is only achieved upon
the energy supplied to the system being greater than the energy of the band gap; this

can come from an electrical current itself or from other sources.
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One such source that is seen to activate electrons from one band to the other in
semiconductors is electromagnetic radiation, investigations have shown that the
subjection of a conjugated polymer to a visible light for example is sufficient to
excite and activate the electrons; therefore the light promotes electrons from one
band to the other. The result of photo doping is the creation of solitons; either
negatively charged or positively charged in nature, which are usually delocalised
over a block of repeat units within the polymer chain. However these charges are
short lived and rapidly disappear upon the positive (hole) and negative (electron)
charge recombining and decaying back to ground state, trapping of charges or when
the irradiation of the material with light ceases to continue. The charge separation
has been reported to occur naturally, but some do report that the charge separation
may be driven by external factors such as the application of a potential (voltage) to
the chain causing the charges to separate and effectively conducting along the

polymer chain.

Polymer + hv —— (Polymer)" +  (Polymer)
Equation 6: Photo doping of a conjugated polymer.

1.1.5.3.2 Non redox doping.

In specific and unique cases doping of a polymer can be achieved by non-redox
means, such as the doping of a polymer with protonic acids or bases. This method
however requires there to be basic or acid units within the polymer chain backbone.
In this type of doping the number of electrons associated with the polymer chain
remains unchanged during and after the doping process, although structural changes
do occur as a result of doping and therefore may help to diminish the effects that
the Peierls instability may hold over the polymer chain with the conductivities of
treated conjugated polymers increasing with ten orders of magnitude.

—_— + A-
Polymer + HA <— [PolymerH]" A
Equation 7: Non Redox Doping via a Protonic Acid

The most common method of non-redox doping is the use of a protonic acid which
is the case with examples such as polyaniline. What is more interesting is that the
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protonic acid dopant species can be optimised and functionalised to counter the
problems face by conjugated polymers such as solubility issues ’.

1.1.6  Charge Transport Mechanism.

Initially several assumptions were made regarding the mechanism by which a
current can be transported along a polymer chain. The conductivities of conjugated
polymers were placed on the fact that the levels of conjugation of the polymer
running along the backbone would be delocalised along the whole chain allowing
for the transport of a current, further to this it was thought that each of the repeat
unit in a conjugated system contain an unpaired electron which will be donated into
a delocalised system much like a the electrons in a benzene ring. However this
assumption was made on the basis that all the bond lengths were of equal distance,
which is seen not to be the case of conjugated polymers with the n-bonds being of a
shorter distance than the o- bonds and so in much case the polymer retains a
dimerised structure with the electrons being much more localised. This was known

as the Peierls Instability/effect.

Secondly this led to the ideas of band gaps, the difference between energy levels of
the n-bands and the m*-bands which correlate to the valence band (VB) and the
conduction band (CB) respectively which in the case of conjugated polymers the
VB is filled with electrons and the CB being empty. The promotion of electrons
from one band to the other has to have energy exceeding the forbidden energy gap,
energy obtained from external factors exciting the electrons and activating the
promotion from one band to the other. Hence this led to the development of doping
polymeric material, with the assumption that doping created unfilled electrons
bands and new energy levels within the forbidden energy gap, where electrons from
the top levels of the VB or added to the bottom energy levels of the CB (Figure 15).
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Figure 15: Band gaps upon subjecting to N-type and p-type dopants.

However many polymers show conductivity not by the movement of unpaired
electrons per se but rather by the presence of charge carriers. The assumptions
however are seen to be contributory factors in determining whether the material is
insulating, semiconducting or conductive, which is evident upon the creation of the
charge carriers. Structurally the polymer goes from a distorted ground state to a
relaxed state (also referred to as the ionised state) that is thermodynamically
favourable. Which in the case of doping the removal of electrons from the chain in
p-type doping lowers the ionisation energy and allows the polymer to go into a

relaxed state®.

For the discussion of the various charge carriers, several polymers will be used as

examples to show the formation and key properties of the charges.

In the doped polymer of (PPy) polypyrrole a band gap of 3.2 eV exists, the p-
doping of the polymer removes an electron from the chain leading to the structural
relaxation of the polymer from its benzenoid analogue to the quinoid analogue. A
geometric relaxation over 4 units and proceeding to form a polaron with levels
found approximately 0.5 eV from the top of the VB and the bottom of the CB. The

removal of a second electron results in the formation of a bipolaron which is
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energetically favourable in this system due to further relaxation of the structure.
The associated energy levels for the formed bipolaron are about 0.75 eV from the
top and the bottom of the VB and CB respectively. Upon the situation where the
polymer is highly doped, bipolaron creation is driven forward with increasing
energy levels for the charge carrier being formed and eventually overlaps to form
bands within the polymers band gap with a band width of around 0.4 eV for the
bipolaron bands. The band gap of PPy which was originally 3.2 eV becomes wider
at 3.6 eV; however this is not of detrimental effect to the conductivity of the
polymer as effectively the band gap is decreasing and this is due the bipolaron.
These bands overlapping with the upper energy levels of the VB and the bottom
energy levels of the CB upon high levels doping. Eventually a point is reached
where the levels of doping causes the bipolaron bands to widen to the point where
the emergence of the bipolaron bands with the VB and CB. In the case of p-doping
this will create a half filled VB, which is comparable to the band gaps of metals and
allows the material to display high conductivities. This is also the same scenario for
solitons which upon high doping levels the soliton bands start to merge with the VB
and the CB*"*°,

1.1.6.1 Solitons
Solitons are the charge carriers formed for polymeric materials where the geometry

of the polymer in its ground state is degenerate as is the case of PA (trans isomer)
where the energy of the dimerised polymer is the same for either state (Figure 16).

Figure 16: The dimerised degenerate ground states of trans-Polyacetylene.

In nature solitons are seen to be solitary, hence the term soliton, producing a
solitary wave that can migrate across the whole chain without the deformation of
the polymer or dissipation of the charge. A soliton is viewed as an excitation of the
polymer system with little energy expenditure upon the exchanging of single bonds
and double bonds between the carbons. It is produced upon the doping of the
polymer causing a modification and relaxation of the conjugated polymers structure

27|Page



Introduction Chapter 1

producing two phases, phase A which the charged region and phase B which is the

conjugated system.

A neutral soliton is often associated with polymers that contain an odd number of =
bonded carbons within the polymer chain with the remaining unpaired = electron
(radical) existing as the soliton. The neutral soliton is not localised to any one
carbon in the long polymer chain but is rather idealised as being delocalised over
the whole polymer chain, which at the edge/boundary of the soliton with the
boundary between the distorted and the relaxed state potentially localising the
charge. Structurally the double bonds get shorter and the single bonds get longer
with the bond lengths equalising in the centre of the soliton. Experimentally the
charge is reported to encompass 7 carbon units with the structural relaxation being
over the 7 repeat units thus is thought to be delocalised. Effectively in terms of the
band gap, there forms a mid-gap energy level between the valence band and the
conduction band, which is half occupied by the unpaired electron in the case of a

neutral soliton (Figure 17).
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Figure 17: Neutral Soliton

In the case of negative and positive solitons (Figure 18) the energy level created is
fully occupied for the negative soliton producing a spinless charge species and
empty for the positive and thus creates a hole (electron hole). The charges are
highly unusual as the neutral soliton (Figure 17) is half spin due to the presence of

the radical and spinless in the cases of the positive and negative soliton **"*°,
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Figure 18: Solitons; A) Negative Soliton, B) Positive Soliton. Showing the mid-gap energy level between
the Valence Band and the Conduction Band.

1.1.6.2 Polarons
A polaron is a radical ion which possesses the spin of a half and is associated with

the distortion of the lattice distortion and the presence of a localised electronic state
in the band gap (polaron state). It must be stressed that the formation of such a
species does not correlate to the half occupancy of either the VB or CB but rather a
new discreet level that is half occupied and is known as the polaron level®.

A polaron by chemical terminology is the radical ion which is created upon doping
of a non-degenerate polymer, where no other electrons in the area are available for
pairing and a noticeable relaxation of the polymers geometry. At higher polaron
concentrations the polarons become mobile and pair up to become a bipolaron.

In degenerate polymers the pairing of these polarons become a spinless negative
soliton, whilst in non-degenerate ground state polymers this pairing produces a di-
ionic charge transporter known as a bipolaron which has strong localised lattice
relaxation both of which are responsible for the unusual electric, magnetic, and

optical properties of the polymers.
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Figure 19: Formation of Polarons, Bipolaron and Bipolaron Bands upon increasing doping levels. Most
common method for obtaining these electronic species being via oxidation due to electron densities of the
polymeric material.

1.1.6.3 Bipolarons
It is more favourable to remove another electron from another part of the chain than

from the polaron creating another polaron which results in the two polarons
localising on different parts of the chain. A bipolaron is the accumulation of the two
polarons both with half spin; the combination produces a di-ionic species which is
spinless. The ionisation energy is further reduced post bipolaron formation, hence
the species produces a more thermodynamically stable system, and is said to be
more stable than the presence of two polarons, and this is despite the coulombic
repulsion that would be present between the two similar charges. The presence of a
bipolaron on the polymer chain causes two possible transitions in the band gap of
the polymer; firstly the transition from the VB to the lower bipolaron energy level

or the VB to the higher bipolaron energy level (Figure 19)**3".

Lots of arguments have been raised as the whether the formation of a bipolaron is
more favourable than the formation of two polarons. Conventionally it would be
thought that the formation of two polarons would be more favourable due to the

repulsion of the like charges and the coulombic effects. However one argument is
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excellently presented which suggests that this is not the case. The coulombic
repulsion in many cases is ineffective is due to the fact that upon the formation of
the charge carrier, the structure changing from the benzenoid to quinoid uses stored
elastic energy. If the bipolaron were to then separate the mechanical strain energy
would cost the system more that the expenditure of the elastic energy, therefore it is
more thermodynamically favourable for the like charges to remain together in the
form of a bipolaron®. However in the case of PA in which its ground state is
degenerate the separation of a bipolaron would be favourable as the distortion
energy would not increase upon separation due to the energy either side of the
charge being geometrically the same®.

1.1.6.4 Charge Hopping.
Charge hopping is possible in conjugated polymers; however this is determined by

several factors. Initially the polymer must show enough crystallinity and linearity in
order for chain stacking to occur, this then leads onto the fact that the chains must
be in close proximity to each other so that the charge is able migrate from one chain
to the other. Finally the geometries of the distorted degenerate states and the
relaxed charged state plays a key role, as the charge hop must be accommodated by
the willingness of a chain to undergo relaxation. The energy expenditure of this
process is seen to be negligible with the net energy expenditure being zero,
however there is need for activation energy in order to promote the hopping of the
charge in order for this to occur™. It is also reported that since most conjugated
polymers are not crystalline the electrical conductivity of a finite chain requires
charge hopping to occur in order for electrical conductivity®® (Figure 20).

® n ® n ® In

Py

Charge Migration propagating along the chain

Figure 20: Linear charge transport along the polymer chain.

However depending on the proximity of the parallel chains (chain stacking) a
charge migration to another adjacent linear chain has been postulated and can
occur, this known as chain hopping (Figure 21). Largely dictated by the distance
between the chains, such an event would most definitely further facilitate
conductivity within the polymeric material.
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Figure 21: Charge Hopping between Parallel Chains.

Chiang et al.

provided evidence of such an interaction, in the case of
polyacetylene, a proximity of 3.6 A (36 nm), which in comparison to the carbon-
carbon bond length for polyacetylene which is quoted at 1.4 A (14 nm) (Figure 22)

is relatively close and the potentially weak coupling has been inferred.

e

Figure 22: Intrachain carbon-carbon bond length and interchain spacing distance.

1.2 Polyaniline

Polyaniline (PANI, PAn) was first synthesised by H. Letherby in 1862, formed
from aniline under mild conditions, a black powder is yielded resulting in being
called aniline black. During this time the uses were not as significant as of present
day, where it was used as the pigment within black ink and so was heavily used in
the printing process, its other use of the time was in the dyeing process'®. Upon
further research in the early 1900’s it was seen that PANI exists in four oxidation
states. However research did not start to take off with regards to PANI until the
1980°s*2. In 1985 MacDiarmid and his research group, who with regards to the area
of polymer science are well known for their research contributions within the field,
they studied in depth aspects of the electric conductivity of PANI to which they
found it was highly conductive under the right and optimised conditions®.

1.2.1 Properties of Polyaniline.

Polyaniline (PANI) and derivatives have been extensively studied as a result of
their excellent physical-chemical properties, unique doping mechanisms, ease of
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doping and reversibility which can be controlled by both protonation or charge
transfer. The environmental stability in both undoped and doped forms make this

polymer very important within the family of conductive polymers®***

, as they
display different chemistry from other electro-active polymers, due to the presence
of basic groups namely the amine and imine (depending on the oxidation state of
the polymer). The reactive amine group (basic) at either side of the aromatic ring
assists the high chemical flexibility of the system. Unlike other heteroatomic
polymers the amines and imide in PANI are involved in the conduction mechanism
and contribute to the 7 bonding®®, with nitrogen participating in the overlapping of
the p, orbital’s with the carbon, thus contributing in the formation of a conjugated
system®. Another important reason for the huge interest vested into researching
polyaniline is that other polymers have problems with stability and their
processability, and therefore hindering the industry in terms of incorporating
conductive polymers into devices and actually manufacturing such materials®.
Polyaniline does not share such inherent problems that are encountered with many
other common conjugated polymers, they are environmental stable in comparison to
other polymers, processible, easily prepared, economically more viable over other
polymers resulting from the low price of the monomer, highly conductive and

have reversible electronic properties.

Polyanilines (PANI) exists in three stable forms depending on its oxidation state;
the fully reduced leucoemeraldine base (LB), half oxidised emeraldine base (EB)
and the fully oxidised penigraniline base (PB). The average oxidation states have
been expressed asy = 0, y = 0.5, y = 1; where y = 0 is the totally reduced form of
PANI, y = 0.5 is the half oxidised form of PANI and y = 1 is the totally oxidised
form of PANI 24333437 In terms of the structural and conformational changes the
leucoemeraldine consists of amines attached to benzenoid rings, the emeraldine
base consists of both benzenoid and quinoid rings present at ratios of 3:1 with the
presence of imines and amines in equal quantities. Finally the pernigraniline form
contains both benzenoid and quinoid rings at a ratio of 1:1, which are separated by
imines?®***% (Figure 23) and is interestingly analogous to trans-PA because it
displays a non-degenerate ground state * it is found that each state can exist in a
protonated salt form by treatment of base with acid e.g. emeraldine base and

hydrochloric acid yields emeraldine hydrochloride or emeraldine salt. The different
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forms each have different characteristic colours “°. Worthy of noting is that whilst
EB is seen to consist of both oxidised and reduced units, parts of the chain may be
homogenous with regions which are representative of PB and other parts which are
representative of LB. Both EB and LB have the ability to emit light, while it is
expected for LB; electrochemical luminescence is not expected for EB since its
oxidation state is not correlated with photoluminescence. However the hypothesis is
that the electroluminescence is only possible if the oxidised quinoid and reduced

benzenoid units are separate*’

Leucoemeraldine Base

Emeraldine Base
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Penigraniline Base
Figure 23: Oxidation States of Polyaniline®.
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PANI shows insolubility in a range of solvents, thermal decomposition and
immiscibility with other polymers. If it were to take liquid form it is conceivable
that it would hold high conductivity analogous to mercury and redox properties.
Due to its insolubility this material is difficult to disperse into solutions*. PANI is
moderately soluble in polar organic solvents, such as DMF, DMA (N,N-
dimethylacetamide), DMSO and THF*. PANI EB is insoluble in water, most
mineral and organic acids and most organic solvents. However solubility is seen in
concentrated sulphuric acid producing a purple-brown solution which upon the
addition of water produces a green precipitant which is the ES (sulphate salt). In
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solution the EB is violet blue or bright blue in cold pyridine or DMF. The EB forms
a green solution in 80% cold acetic acid this presumably is in a doped state. The
emeraldine salt characteristically is generally green in solution. The PB is the same
as the EB, being blue in solution and forming blue salts whilst the only difference is
that in 80% cold acetic acid the solution is blue as opposed to green which suggest
that characteristically the salt is generally blue in solution*.

Production can be achieved directly produced by oxidative polymerisation of
aniline producing the hydrochloride salt as a result of procedure. Stronger oxidation
will produce the PB in protonated form which is blue and is expected to display
conductivity and electro active properties. Upon the basic treatment of the
penigraniline salt (PS) proceeds to a violet/dark blue PB form of PANI which is not
conductive this transition occurring at a pH greater than 1. The ES variant converts
to its blue non conducting counterpart with the transition when subjected to pH
above 6-7. It should be noted that the PB and EB are visually distinguishable
shades of blue. The reduction of PANI EB or ES results in a colourless solution of
the non-conductive form LB*® (Figure 24).
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Figure 24: Electrochemical routes of obtaining PANI in different oxidation states.

This insolubility of PANI is the result of the inherent tractable properties and can be
susceptibility to environmental degradation this also makes PANI unprocessable.
The intractability is thought to be the result of the rigid polymer backbone, its high
aromaticity and inter/intra chain hydrogen bonding. But upon the introduction of
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bulky side groups and functionalised acids is seen to prevent PANI from
contracting back on itself through steric hindrance with the functionalised acid
counter ion inducing processibilty, rendering the polymer soluble in non-polar or
weakly polar solvents. It is important to notice that a bulky group alone will not
necessarily render the polymer solvent into solution but the combination of a strong
functionalised acid and the bulky side group. PANI-EB consists of a benzenoid
diamine and a quinoid diimine repeating units. The EB form of PANI undoped is
said to be only soluble in NMP regarding common solvents, selected amines and

strong acids such as c. sulphuric acid***.

The electronic properties of PANI are controlled by changing the oxidation state of
chain and by protonation of the imine nitrogen atoms, in addition it has in addition
to excel/unique electrical, electrochemical and optical properties. It also exhibits
good thermal and environmental stability in both base and salt forms*. EB
conductivity is in the region of 10™* Scm™ to over 1 Scm™ for the emeraldine salt®*.
The EB from of PANI is a semiconductor, upon its protonation of the imine
nitrogen’s (-N=) the conductivity increases by a factor of 10*° going into the
metallic regions of conductivities, obtaining 10* Scm™ this despite the fact that the
electron concentration remains the same contradicting previous ideas®. It has been
suggested that the structure and conformation largely affects the conductivity and
transport mechanisms of the polymer and PANI is no different. For example links
have been connected between whether the PANI chain is in a tight coil structure or
in an expanded coil and its conductivity, finding that a stretched orientated
(expanded coil) film has dramatic effects on increasing the conductivity and
increasing the interaction of PANI with other polymers making it suitable for
blending “°.

For the polaronic induced relaxation, the structure around the radical cation extends
only into the middle of the phenyl rings at either side of the protonated nitrogen
which is corroborated by X-ray Photoelectron Spectroscopy (XPS) .

In the bipolaronic state the nitrogen which is protonated has a quinoid geometry
with the bond lengths of the double bonds being around 1.362A (136.2 pm), the
single bonds (o bonds) at 1.474A (147.4 pm). The bond lengths around the nitrogen

vary depending on the chemical environment in which they are in; double bonds of
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nitrogen in the imine displaying a bond length of 1.343A (134.3 pm) and single
bond of the nitrogen in the imine being of 1.407A (140.7 pm). The carbon-nitrogen
bonds at either side of the nitrogen (amine) are of the length of 1.414A (141.4 pm).
In the polaronic/bipolaronic state the C-N bonds are of equal length at 1.411A
(141.1 pm). The benzene rings mainly adopt an aromatic geometry with the bond
lengths of 1.440A (144.0 pm), 1.400A (140 pm) and 1.417A (141.7 pm) going
away from the charged nitrogen. The torsion angles are found to be around 30° at
the benzene rings with the nitrogen’s being in the same plane®.

Out of all the oxidation states the LB form of PANI is the insulator with a large
band gap between the n-n* bands of around 3.6 eV when measured in NMP and a
band gap of 3.8 eV when the thin film is tested. The reason behind the large band
gap is due to the benzene rings which are highly conjugated and connected by
amine linkers, which are saturated. This affects the levels of conjugation by
inhibiting the propagation of conjugation along the polymer chain, therefore

localising the conjugation to the aromatic rings.

In vast contrast to this the fully oxidised PB has a much lower n-t* transition with
the band gap reported to be between 1.7-2.3 eV. This is due to the allowance of
conjugation to run through the entire chain due to the conjugated nature of the

imine, producing a material which is semi conductive.

UV/Vis/NIR data shows that the emeraldine salt (ES) shows optical peaks at 2.8 eV
and a broad peak at 1.5 eV which are interpreted as bands. The polaron bandwidth
is quoted to be 1.0 eV*°[43].which is attributed to the formation of low energy hole
levels and the excitation of the polaron band. However some researchers suggest
that the band gap for PB stands between 1.4-18 eV. Band gap determination of the
ES is much more difficult to model due to the presence of polaron and bipolaron
bands, but calculations have allowed for the prediction of the band gaps. With the
excitation of the bipolaron bands being predicted between 0.4-0.65 eV and the
excitation energy being predicted to be between 0.96-1.8 eV which is comparable
with the experimentally obtained result of 1.5 eV*’.

The band gaps for the infinite chains have been calculated by plotting the excitation
energies against the inverse number of units and extrapolating to an infinite

number. In LB the band gap is also determined by the levels of flexibility that
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occurs between the phenyl rings and the amine linkage, thus the degree of planarity
varies effectively distorting conjugation and increasing the band gap®’.

1.2.2 Synthesis of Polyaniline.

Polyaniline is relatively cheap to obtain in its monomeric form with polymerisation
occurring whilst it is in two states; either in its powder form it can be polymerised
chemically, and in its thin film form it can be polymerised via electrochemical
methods to produce one of the four states seen in (Figure 8)°.

The electrochemical method of synthesising PANI is the oxidative coupling of
aniline and yields high quality films coating a platinum foil electrode (1 cm?),
cycling the voltage from -0.2 to +0.75 V at approximately 45 cycles. This is
conducted in a solution of 1 c¢m® aniline black and around 20 cm® 1M HCI
producing a 200 nm thick film taking around 30 mins to achieve completion with
the terminating voltage set to 0.4V which yields the half oxidised EB form of
PANI. The film is progressively washed with 1M HCI to remove any excess aniline

that may be present*®®

Several papers have outlined the synthesis of PANI, with each having slight
variations, but the generally all the methods are the same. Aniline is dissolved into
1M HCI (o and stirred for between 30 minute and in some cases overnight at
around 0°C. The polymerisation is induced upon the addition of ammonium
peroxydisulphate ((NH4).S20g) which is 0.8 molar ratio to the amount of aniline.
The product is the washed with 1M HCI (5 and acetone successively. The mixture
is then washed with 0.5M*° or 5% Ammonia solution to remove any doping
effects the acid may have had, the mixture then went under further washes with
water and acetone successively and the either dried under vacuum or is left

remaining in the solution®®2,

1.2.3 Doping of Polyaniline

Like all other polymers PANI can be doped chemically, electrochemically, photo-
doping and charge injection between the metal-semiconductor contact interface®.
What sets it apart from other polymers is that it can be doped using oxidising
species that transfer charge such as with protonic acids (Figure 24), which upon

doping the number of n-electrons remains unchanged throughout the whole process.
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So unlike other polymers which when doped have electrons removed or added to
obtain unfilled bands, this is not the case with proton acid dopants *°*. The
conductivity of PANI upon doping increases with a magnitude of 10'° Scm™ to give
a conductivity of 1 Scm™ this being despite the number of electrons remaining the

same™®.

The above described method is p-doping; however it is possible to n-dope PANI
using reducing agents. Hua et al. have shown that the use of strong reducing agents,
namely KH and NaH will dope PANI when dissolved in DMSO, which is crucial to
the process. The mechanism of doping occurs by the creation of a dimsyl salt (e.g.
(CHs),SO ~ Na"), this salt is shown to remove protons away from the PANI chain,
thus transferring and introducing a negative charge onto the PANI polymer
backbone, which is counterbalanced with the sodium or potassium ion, whilst
affording the DMSO. The hydrogen of the reducing agent and the removed proton
are released as hydrogen gas which was noted during the investigation. Undoping is
achieved by the addition of water, yielding a base (alkali) and a neutral PANI chain.
The conductivity, when using this method occurs as a result of the reorganisation of
the m-electrons, which produces a delocalised system of electrons®*.

What is very interesting about the result of doping PANI is that it is found that a
broad band is formed between the Valence Band (VB) and the Conduction Band
(CB) as new energy levels are created, effectively narrowing band gap®. This again
can be seen as a difference which truly puts PANI in a different class from other
electro-active polymers.

However one of the major problems with the doping process of PANI is that upon
doping the polymer becomes insoluble, even in organic solvents**°. It was noticed
that when PANI is doped with an acid the solubility decreased and so required the
conversion to a salt to induce solubility into an aqueous medium*. The solution to
this problem was quickly found, by the use of functionalised dopants such as
sulphonic acids and its derivatives®; camphor sulphonic acid, tosic acid and
dodecylbenzene sulphonic acid. dichloroacetic acid (DCAA) has also been
promoted as another dopant that induces solubility®®. Researchers have postulated
that the introduction of a sulphonic acid to PANI will induce a reorganisation of
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PANI’s electronic structure which then forms into a polaronic metal, thus resulting

in conductivity of around 11 Scm™ at room temperature®.

The conductivity of PANI can be improved by doping with functionalised protonic
acids such as, camphor sulphonic acid (CSA), tosic Acid (p-Toluene sulphonic
acid, TsA), dodecylbenzene sulphonic acid (DBSA) and dichloroacetic acid (DCA
or DCAA) to name but a few. The introduction of the sulphonic acids results in the
reorganisation of the PANI structure to form a Polaronic metal. With direct current
(DC) conductivities of PANI in the region of 11 Scm™ when doped with sulphonic

acids®.

The use of sulphonic acid dopants is seen to produce thermally stable forms of
PANI as opposed to the case where HCI or acetic acid has been used as dopants.
The conductivities for PANI doped with CSA or DBSA have been reported to be
200 Scm™ and 2 Scm™ respectively, suggesting a degree of self-ordering upon

evaporation of solvent from cast films®.

Like other polymers PANI can be n-doped, utilising Potassium Hydride and
Sodium Hydride in DMSO. The mechanism proceeds via the capturing of the
reductants to form an active DMSO salt (e.g. Na'Dimsyl) with hydrogen
production. The dimsyl salt is able to take the proton off of the PANI backbone,
yielding DMSO. The negative charge is transferred to the polymer chain and is
balanced by the counter cations (sodium or potassium). The unpaired electrons
occur as a result of the reorganisation of the m-electrons in the benzenoid rings, the
electrons are assigned to the Nitrogen atom eventually delocalising to form semi-
quinoid units. The undoping of this is driven by the addition of water producing an
alkaline solution such as Sodium Hydroxide, the proton of course is inserted back
into the polymer chain. This method as a result show poor stability as moisture in
the air may be enough to promote the undoping of the polymer>* (Figure 25).
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Figure 25: n-Doping of Polyaniline®.

Doping of LB to the ES can be achieved via oxidation (Redox methods), whilst the
doping of EB to ES is conducted via the use of a protonic acid in both case the
conducting salt is produced with conductivities reported as high as 400 Scm™* and

even 10* Scm™*®’.

The conversion of the semiconducting EB to the metallic ES is achieved without
any change in the number of electrons, therefore the electronic structure is
converted to structure with a half filled band and metallic state where the positive
charge and the unpaired electron is in the structure. The protonation of the imines
converts the quinoid units into benzenoid units with an associated spin unpairing.

The conductive salt blends have interestingly low percolation thresholds much
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lower than the volume fractions required for activity in other classes of polymer
blends with reports suggesting volume fractions typically in the region of 16% by
volume are required for other conductive polymers in order for conductivity to be
retained. In the case of PANI blends upon increasing the volume fraction above the
percolation threshold increases the conductivity hence PANI blends can be
reproducibly manufactured with the controlled levels of conductivity whilst
retaining the desired mechanical properties®®.

Oxidation (p-doping) the LB form of PANI involves the oxidation of both the o
bond and the = system in comparison to the typical mechanism characterised for
other conjugated polymers which the oxidation solely occurs at the & system?*.

The doping process of PANI principally occurs at the imine nitrogen and can be
protonated throughout the whole chain or just in parts of the chain. The determining
factors depend on its oxidation state, whether it is in the LB, EB or PB form and
also the pH of the doping medium. The result is the formation of a polysemi-

quinoid radical cations which are delocalised throughout the system’.

1.2.3.1 Functionalised Dopants.
Hydrophobic tails of DBSA strongly facilitate the solvation and dissolution of

PANI into common solvents due to weak Van der Waal interactions. This is one
feature that is heavily utilised due to its plasticising effects, enabling PANI to be
easily incorporated into a polymer blend due to its increased processability which
enables the introduction of PANI to materials such as polystyrene and
polyethylene’s which previously would not have been possible. This subsequently
allows for PANI blends to be made more environmentally stable products with high

mechanical integrity*.

Synthesis of functionalised sulphonic acids with large organic groups and side
chains have allowed for an increase in solubility and processability making it
possible for the production of uniform solvent cast films and allowed for the
blending of PANI with other materials, with interestingly low percolation
thresholds whilst retaining high conductivities*.

The uses of functionalised protonic acid dopants such as the range of sulphonic

acids and phosphoric acid ester dopants have been sufficient tools to overcome the
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issues of insolubility. One such researcher looking into the area of dopant

engineering is Pron and his research group®?**°®>

. Looking specifically at
functionalised Sulphonic acids and both aromatic and aliphatic phosphoric acid
derivatives, these candidates have sufficiently plasticised the PANI into solution.
One significant feature of all the dopants is that they are surfactant in nature, with a
hydrophilic acid head group and a hydrophobic tail group. The result of the
hydrophobic side groups of the dopant counter ion is increased interactivity with
the solvent system, such as chloroform, alcohols and xylenes to name but a few. It
is further noticed that upon functionalistion with large bulky side chains, the

subsequent opening of the PANI chain is observed™®.

1.2.3.1.1 Secondary solvent doping effects

Through the process of studying dopants it is noticed that the solvents may play a
part in the doping process. The solvents have been seen to facilitate the doping
process and exacerbate the effects of doping; this has been identified as ‘secondary
doping’. Such solvents have been shown to form a complex as is the case of m-
cresol which shows a supramolecular complex between the PANI-dopant-solvent.
Investigations of this effect have led to the discovery of solvents which have been
identified as suitable candidates specifically for the doping process, in which the
dopant and solvent form a complex, improving the mechanical and thermal
properties, producing a much more metallic like polymer. This field of ‘dopant
engineering’ is becoming rather large and is seen as a pinnacle process in order to
obtain high conductivities in the polymer and specifically PANI .

By definition the concept of secondary doping is upon the use of an inert substance
(solvent) in combination with the dopant (primary tool for doping), causing the
further changing of the electronic, optical, magnetic and structural characteristics
than what would be produced by the dopant alone®.

In the case of m-cresol (MC) the interactions noticed between the PANI polymer
chain, dopant and the solvent complex, promotes the opening of the tightly coiled
polymer chain producing an ‘expanded/extended coil’ like chain, opening out the
polymer chain with increased crystallinity and linearity. This increased linearity is
shown to increase and facilitate the delocalisation of the polaron over the polymer
chain. However in terms of safety, MC is thought to be carcinogenic and the result

43| Page



Introduction Chapter 1

is that many industries will not use such solvents. Therefore there is now research is
placing emphasis on not only looking at dopant engineering but also looking into
safer alternative solvents which will produce similar and sufficient effects on the

polymer as what is produced in the case of using MC*.

By promoting the expansion of the coil like conformation, the defects exerted on
the = system are actively reduced due to lower ring twisting. The subsequent effect
of reduced conjugation defects acts to increase the conductivity with greater charge
mobility®.

What is of extreme interest regarding the concept of secondary doping is that when
films are cast from these solutions the polymer retains its crystallinity and

associated properties post solvent removal®.

1.2.4 Conduction Mechanism of Polyaniline

PANI particles when partially protonated in a suspension show polymer chain
ordering upon the application of an electric field (voltage), becoming parallel to the
field much like graphite and carbon black particles in suspensions forming semi-

conductive chains in polarising fields*.

As a result of the mechanism of doping of PANI, in which essentially the number
of electrons associated with the chain remains constant, the increase in conductivity
can only be correlated to the systemic and structural modifications. The protonation
of the imine produces a positive polaron and upon the doping of both imines in the
oxidised segments of EB results in the formation of bipolaron, these distortions in
the chain are then seen to migrate due to the chains vibrational energy and chain

vibrations®.

1.2.5 Uses of Polyaniline

Characteristically electro active polymers share the advantageous properties of
plastics with the electronic and mechanical properties of metals upon specific
scenarios, for example after doping, in which PANI is no different from the
countless other conjugated and conductive polymers. These properties have been
key to the development of a wide range of potential applications and has led to the

introduction of the electro-active polymers in electronic devices, batteries, wiring,
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selective electrodes, organic light emitting diodes (OLED’s) and non-linear optics

43,61

®! photo-imaging, electrochromic displays**®* and solar cells**.

Polyaniline is showing great potential for use in a wide range of applications, using
both the doped (conductive) and undoped (insulating) forms®. One such application
where it has a potential use of electromagnetic shield and static dissipation, due to
high levels of electronic pollution caused by telecommunications, space technology,
navigator technology and aircraft technology all of which may potentially cause
interference. Current systems of shielding are metallic or magnetic materials
possessing good mechanical properties but are cumbersome, heavy materials which
can corrode and are not easily processed. Whilst in contrast PANI is lightweight,
flexible, environmentally stable and resistant to corrosion and easier to process.
One major advantage is the fact that not only do they reflect the electromagnetic
energy but can selectively absorb at specific wavelengths, which is highly useful in
military application regarding the absorption of a radar signal®.

One idea that has been postulated is the intricate use in the separation of gases such
as the separation of air, in which the film of PANI produces molecular channels
formed through controlling the doping of the polymer®.

Other major applications that papers have suggested and discussed is the use of

PANI in lithium-PANI batteries®*®, organic light emitting diodes (OLED’s) and

61,63

non-linear optics (specifically the PB form)®*® pH detector in pH sensors®®,

immune-assay conductiometric sensors®>°!%3%

43,61

, photo-imaging, electrochromic

displays (specifically the use of LB)**®* and solar cells®*.

1.3 Corrosion and the Use of Polyaniline in anti-corrosive paints.

Corrosion is a major worldwide problem which is producing a cost of billions of
dollars. The process of corrosion is defined by many papers as the unwanted
chemical reaction that occurs when a material is exposed to corrosive
environmental factors. This corrosion can occur with both ferrous and non-ferrous
metals, although less so in non-ferrous metals. Current methods of protection rely
upon the use of toxic and environmentally harming chromates and the zinc which
also has its share of inherent problems. Governing bodies are placing pressure on
the industry to produce much more environmentally friendly and less toxic
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alternatives, and as a consequence interests and attentions have been turned to

conductive polymers®®8,

1.3.1 Corrosion of Metallic materials.

By definition corrosion is defined as the gradual and progressive wearing of a metal
or plastic materials by chemical or oxidative processes®. This event leads to a
change and destruction of the materials physical and chemical properties, thus in
the case of supporting structures such as buildings, in which the corrosion of metals
in buildings may become unsafe, lack the strength for supporting and may be unfit
for purpose, which is one of the reasons why it is costing so much as these materials

need replacing upon heavy corrosion.

Atmospheric corrosion occurs when a liquid phase is adsorbed onto a metallic
substrate or corrosive material, allowing the diffusion of corrosive species to
diffuse through and react with the metal surface and is corroborated by the fact that
the absence of water vapour pressure as in the case of low humidity, the rate at

which corrosion occurs slows down to a point where no corrosion occurs at all.

Corrosion of metals typically is heavily influenced by meteorological factors and
climatic factors, such as relative humidity of the air (water vapour pressure), hours
of sunlight, air temperature and the temperature of the metal surface, air velocity
and movement. The relative humidity encompasses the frequency and duration of
rain, fog or mists all allowing moisture to precipitate on the metal surface. However
the formation of dew from fog and mist or high humidity appears to facilitate the
concentration of corrosive agents on the metal surface whilst rain allows a means
for corrosive agents to attack the metal surface, the surface water is constantly
replenished and so has a washing effect. Subsequently the concentration of the
corrosive species on the surface is reduced in comparison to water precipitation on
the surface and therefore is seen as a less aggressive’®. This however does not
entirely take into account the fact that the rain may contain pollutants; such is the
case as ‘acid rain’ in which the acid is in the form of sulphuric and nitric acid.
Therefore rain may just be as aggressive as the formation of dew as the rain is
constantly supplying the surface with corrosive agents. The rate of corrosion with
regards to rain then becomes a function of the concentration of pollutants in the
rain, the duration of rain and the intensity.
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Adding further to this is the fact that in coastal areas there is a high chloride content
as a result of sea spray, consequently as a result of this it may be postulated that the
rate of corrosion is more likely to occur in tropical areas or regions where the
climate is generally wet, due to high humidity in both cases and high sunlight hours
and higher temperature averages in tropical regions. Such regions as the Caribbean
Islands being classic examples, where the islands climate is hot, sunny, highly
humid and has a high amount of coastline, elimination of any of the above factors
should therefore inhibit the process with supporting evidence coming from the fact
that in dry air such as the desert or the polar regions, where the relative humidity is

lower than 30% corrosion does not occur®® ™.

The main corrosive agents tend to be sulphur compounds, chloride ions, oxygen,
water and nitrogenous compounds’®. This process of corrosion is not just simply a
matter of oxidation at the metal interface but rather is controlled by air pollutants
such as sulphur dioxide and a range nitrogen oxides all of which are products of the
industrialised world”. Layering of water acts as a ‘sink’ for the sulphur but of
interest is that in the case of nitrogen compounds it acts as a barrier for different
metallic chemical environments’?. Some factors are actually synergistic, such as the
corrosive agents needing water as a carrier medium which is evident when met