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Abstract 

The project involved the production of conductive polyanilines and their blending with 
elastomers to make new conducting rubbers. Conductive elastomers already have 
commercial applications such as antistatic coatings, artificial muscles, sensors and 
electromagnetic screening. These have been based on carbon black or metal fillers, or more 
recently conducting polymer powders incorporated into natural or synthetic rubbers. A 
number of polyaniline-rubber blends have been reported in the literature. A key aim of this 
project was to improve the compatibility, mechanical, thermal stability and electrical 
properties of this type of blend through different mixing methods such as solution and 
thermo-mechanical with more systematic mixing procedures and better optimised mixing 
conditions. 

The first part of the work was to optimise the synthesis of conducting polyanilines (PAni), 
polyanisidines (PoAnis), and copolymers of the latter two, in the presence of a variety of 
protonating agents under a range of conditions, in order to study the influence of the synthetic 
conditions on the physical, chemical and morphological characteristics of the polymers. 
PAni/PoAnis products were prepared via solution polymerisation (simple oxidation at low 
pH) or via emulsion polymerisation using sulfonic acids (surfactants). Syntheses yielded the 
emeraldine salts (ES), which were either kept as such, or deprotonated using ammonia 
solution. There were noticeable differences in the behaviour of the two families of polymers. 

PAnis display better conductivity and a higher thermal stability than PoAnis due to their less 
hindered structure. These differences in physical characteristics tend to fade when the 
compounds are synthesised using a protonic surfactant such as dodecylbenzenesulfonic acid 
(DBSA). Here, the surfactant-induced order of the final polymeric particles becomes 
dominant over that of the pendant methoxy-group of PoAnis. Scanning electron microscopy 
(SEM) revealed the strong influence of the protonic acid used for the synthesis on the shapes 
of the final particles. Hence, PAni-DBSA has a monoclinic appearance and rhombic shape 
particles while PAni-o-naphthalenesulfonic acid (P-NSA) has a "flakey" morphology. It was 
shown that a very small quantity of co-monomer could change drastically the physical 
characteristics of PAni; hence, when anisidine (Anis) is added to the aniline-acid complex, a 
different crystalline structure is achieved. 

The chosen polymer (PAni-DBSA) was matched with two individual elastomers, one based 

on an ethylene oxide co-polymer and the other on a nitrile butadiene co-polymer, both of 
which had suitable solubility parameters. The polymers were solution-blended and studied 
for compatibility by means of microscopy, electrical conductivity measurements and thermal 
analysis. 

Blends of poly (epichlorohydrin-co-ethylene oxide) rubber (Zeon Hydrie C2000L) and 
polyaniline doped with dodecylbenzenesulfonic acid (PAni-DBSA), containing different 

weight fractions of PAni, were cast from solution. Solubility parameters for both PAni- 
DBSA and Hydrine were calculated and found to be comparable, favouring some degree of 
miscibility. Conductive transparent films were formed by casting onto PTFE substrates. 
Conductivities of the cast films were found to be in the region of 10-7 S. cm-1 for lwt% PAni- 
DBSA. Electrical conductivities increased with the proportion of PAni-DBSA, showing a 
percolation threshold as low as lwt%, with highest conductivity achieved at 50wt%. 
Decomposition steps of conductive blends were investigated using thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC). The thermal stability of the 
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blends was influenced by the ratio of PAni-DBSA to Hydrins. 'Me effect of composition on 
the glass transition in the blends was determined using then-nomechanical analysis (TNIA). 

Thin films of the blends of dodecylbenzenesulfonic acid (DBSA) doped polyaniline (PAni 
and pure grade of Poly[(acrylonitrile-co-butadiene)/poly vinylchloride] (Zeon Nipol 
DN 17 1) were prepared via co-dissolution, at varying ratios of conducting filler (0.5-50)wt %. 
The electrical conductivity correlated with the concentration of PAni-DBSA. At a percolation 
threshold of 0.9% (wt/wt), an increase in electrical conductivity of approximately eight orders 
of magnitude was observed, with a recorded conductivity of 1.2 1x 10 4 S. cm-1 for the most 
conductive blend (consisting of 50wt% PAni). Characterisation by UV-visible spectroscopy 
indicated the retention of the doped state of the conductive PAni-DBSA in each elastomer 
blend. Morphological studies by optical microscopy, showed the presence of PAni-DBSA 
agglomerate networks (or interpenetrating networks) at higher concentrations; however, at 
lower concentrations of PAni-DBSA, the dispersion and encapsulation of the conductive 
species was observed. Due to the double phase morphology of Nipolo DN171, the 
encapsulating phenomenon was attributed to the presence of the thermoplastic (poly 
vinylchloride). Solubility parameter calculations confirmed the compatibility of PAni-DBSA 
with the constituents of the Nipole DN171 elastomer. This was supported by the infrared 
spectrum, which shows the presence of functional groups specific to the reacting components 
of each blend. Thermal studies, performed by DSC and TGA, indicated an increased thermal 
stability with increasing concentration of the elastomer. 
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CHAPTER 
I 

INTRODUCTION 
In the first part of this Chapter, following generalities on polymers, a review is presented of 

some principles and theories, which detail the important aspects ofconjugatedpolymers with 

regards to the electronic structure and bonding of the polymer chain. Fundamental issues 

related to their processibility. This thesis is especially concerned with a family of conducting 

polymers called polyaniline (PAW). Hence, their development, preparation and typical 

properties will be reviewed in the secondpart of this chapter. Particular attention is given to 

the emeraldine form of polyaniline and its transition to conductive behaviour upon 

protonation with acid species. Aims of the present research are outlined at the end of this 

chapter. 



Chapter One: Introducdon 

1 Introduction 

1 .1 The Nature of Polymers 

1.1.1 Polymers: From a Structural Perspective 

The simple image of a chemical reaction is that under certain conditions, two reactants A and 

B react to fonn a new compound C. Some compounds are capable of reacting with 

themselves; in which case, C can be a finite molecule (ring forming reactions) or in other 

cases a molecule that could carry on reacting with another molecule of the starting material. 

This type of compound is called a monomer, and if extensive reaction is favoured, it will be 

converted into a short chain of the same monomer units forming an ofigomer and eventually 

to a much larger molecule of n repeat units called a polymer. The process in which this 

reaction takes place is called polymerisadon. The term "polymer" is derived from the Greek 

words: 'poly' meaning many, and 'meros' meaning parts. The key feature that distinguishes 

polymers from other molecules is the repetition of many identical, similar, or complementary 

molecular subunits (monomer) in these chains. 
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Figure I Basic view of the polymerisation reaction. 
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1.1.2 The Classification of Polymers 
There are three types of classifications that are commonly used in order to distinguish 

between various polymers or polymer configurations, and these are based on their skeletal 

structures, monomer chemical type or their micro-structure. 

The skeletal structure of a polymer may be finther classified as (a) linear, (b) branched, or 

(c) crossfinked or networked as shown in the illustrative diagrams Figure 2 

(a) (b) (c) 

Figure 2 Representation of polymer type. 

Monomers when arranged in a long chain form linear polymers. Branched polymers 

comprise long chain monomer arrangements with covalently bonded side chains or branches 

at various junction points. Cross-linked or network polymers involve the connection of the 

monomer of one chain to that of another corresponding chain by a series of junction points, 

which are characterised by the degree of crosslinking involved. In addition, it is obvious that 

the impressive properties of various polymers are detennined by variations in their skeletal 

structures. Recent reports indicate the high thermal stabilities of polymers as characteristic of 

the presence of crosslinking in their structures I I]. 

The second classification of polymers which is based on the monomer chemical type, are (a) 

Homopolymers and (b) Copolymers. Hornopolyrners are fonned as a result of the reaction of 

one type of monomer specie (A), while copolymers consist of two or more monomer species 

(A, B and C represent hypothetical monomers) as shown in Figure 3. 

3 
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-A-A-A-A-A-A-A-A-A- -A-B-C-A-B-C-A-B-C-A-B-C- 

(a) (b) 

Figure 3 Representation of (a) homopolymer, (b) copolymer. 

Copolymers may be classified ftu-ther into four categories as illustrated in (Figure 4). These 

classifications are based on the arrangements of the different species of monomers (A and B) 
[2] in the polymer chain 

(1) Alternating copolymers -A-B-A-B-A-B-A-B-A-B-A-B-A-B-A- 

(11) Block copolymers -A-A-A-A-B-B-B-B-A-A-A-A-B-B-B- 

(111) Random copolymer -A-A-B-B-B-A-B-B-A-B-A-BB-A-B- 

(M Graft copolymers 

BB 
II 
BB 
II 

-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A- I 
B 

Figure 4 Schematic representation of (I) Alternating, (II) Block (111) Random, and (IV) Graft copolymers. 

In addition, it is important to emphasise the fact that both block and graft copolymers exhibit 

properties which are unique to each of the constituent homopolymers, in contrast to random 

and alternating copolymers. These special properties arise due to the chemical linkages 

formed within each sequence of homopolymers and thereby promoting cooperative 

interactions between the polymer chains [3] 
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The microstructure (that is, the microscopic arrangements of the polymer chains) also plays 

an important role in determining their mechanical properties. The microstructure of polymers 

can be described as amorphous or semi-crystalline. Amorphous polymers do not possess any 

order within their structures, and therefore the arrangements of the chains are of a random 

nature. Conversely, polymers with structures which are partially organised are referred to as 

semi-crystalline polymeric materials. Both amorphous and semi-crystalline polymers have 

been studied over the years with their mechanical properties as the main focal point 
[4,5,6] 

. 

1.1.3 Polymerisation Processes 
E71 Polymers can be prepared via two common methods of synthesis , step grou4h 

(condensation) and chain gronih (addition) reactions. 

1.1.3.1 Step Growth (Condensation) Polymerisation 

This type of polymerisation proceeds as the name suggests in a stepwise reaction, and in 

general can be shown as: - 

A-A + B-B o, +A-A-B-B+ 

In general condensation polymerisation involves the elimination of small molecules (e. g. the 

reaction of an alcohol and an acid resulting in elimination of water), or it contains functional 

groups as a part of the polymer chain. Any polymer made this way increases in size and 

hence molecular weight very slowly as in the first stages of the polymerisation, most of the 

monomers will react to form dimers which then continue to react with any remaining 

monomers to produce trimers and tetramers etc. An example of condensation polymerisation 

is the reaction between 1 4-benzenedicarboxylic acid and 1,4-butanediol to produce 

polyethylene terephthalate (polyester) and water. 

5 
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C02H 

+n HO(CH 2)4OH 

02H 

* 

H2 

c llcýlc_-o 
H2 H2 

Figure 5 Example of condensation polymerisation. 

n 

* 

n-1 H20 

1.1.3.2 Chain Growth (Addition or Free Radical) Polymerisation 

This method is sometimes used in the manufacture of conducting polymers. Addition 

polymerisation consists of three distinct steps: initiation, propagation and termination. An 

initiator reacts with a monomer to produce a radical species which can then react with 

another monomer extending the chain. The growth of the chain terminates either when the 

monomer is exhausted or when two free radicals react, removing the polymers, ability to 

grow. Chain polymerisation can be generalised as seen below and is most commonly 

observed in vinyl polymers such as poly (vinyl chlotide). 

Wtiation 14 1*ý 1* +m4 I-M* 

Propagation 1-(-M-)*n- I+M4 1-(-M-)*n 

Termination 1-(-M-)*n +T4 I-(-M-)*n -T 

6 
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Addition polymerisation has the advantage over condensation polymetisation due to a 

quicker reaction producing a greater yield. The rate of molecular weight increase in these 

reactions depends on the rate of initiation, propagation and terniination. In many cases after 

initiation, the polymerisation proceeds very quickly to fon-n a high molecular weight 

polymer. This is an advantage when the polymer is insoluble in the reaction solution. 

1.2 Conducting Polymem 

1.2.1 Historical Review. Polymers from Insulator to Conductor 

Synthetic polymers were first produced in the late 19th century, but were not developed for 

industrial use until the 1940's and 50's. These polymers had many potential uses, due to their 

ease of fabrication, low cost of production, plasticity and tougImess. They also possessed 

high electrical resistance and were therefore used mainly as insulators in electrical 

applications. 

The term 'electrical conduction' is usually assigned to metals or alloys. Polymers with the 

inherent properties of semiconductors and metals are a relatively recent development. These 

new materials, also known as "orizanic synthetic metals", combine the conductive properties 

of metals and have the added advantages of being light weight, easy to handle and low cost 

of production E8,91 
. The award of the Chemistry Nobel Prize in 2000 to Shirakawa, 

MacDiarmid, and Heeger recognised the discovery of conducting polymers. 

Intrinsically conducting polymers (ICP's) conduct because the electrons are delocalised in the 

conjugated structure. This in turn brings insolubility and infusibility to the polymers, resulting 

in poor processibility. A number of different methods have been developed to improve the 

processibility of conducting polymers. These methods include block copolymerisation 1101, 

increase of chain flexibility via incorporation of flexible centres in the main chain ý 111, side 

7 
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chain substitution by the addition of different side groups to the polyrner backbone [12] 
, use of 

[131 [14] processible precursor polymers , and the fort-nation of polyiner blends 

1.2.2 Classification of Conducting Polymers 
Conducting polymers are usually categorised into two main groups based on their electric 

transport. The first group includes polymers that exhibit ionic conduction. They are often 

called 'polymer electrolytes' or 'polymer ionics'. Polyethylene oxide, in which lithium ion is 

mobile, is a typical example. The second group of intrinsically conducting polymers or 

conjugatedpolymers are those matefials that exhibit electronic conduction 
[151 

1.2.3 Common Structure of Conducting Polymers 

The principal structural feature of conducting polymers is the conjugation of carbon p 

orbitals. In other words, there is an alternation of single bonds and double bonds in a carbon- 

carbon chain. The structures of some common conducting polymers are shown in Figure 6. 

-i-n* 
n sN 

polythiophene polypyrrole 

*+O+n 

polyacetylene polyparaphenylene 

N 

NJI 

H 

polyaniline 

Figure 6 Structures of some examples of conjugated polymers. 
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1.2.3.1 Polyacetylene 

Polyacetylene has been the most theoretically ý16ý and experimentally studied conducting 

polymer, owing to its simplistic conjugated structure and high conductivity (104_106 S. CM-, ), 

which is comparable to that of a metal 
[171 

. Most research on polyacetylene has been focussed 

on the 'Shirakawa I type, wMch is synthesised via the Ziegler-Natta polymerisation of 
E 18,193 

acetylene . In the late 1950's polyacetylene was synthesised as a black powder by Natta 
[20]. 

It was found that this polymer had the characteristics of a semi-conductor, with 

conductivity between 10-9 and 10-1 S. cm-1, depending on how the polymer was synthesised 
[211 

In 1967, when a postgraduate student of Shirakawa at Tokyo Institute of Technology 

attempted to synthesise polyacetylene, a silvery fihn was produced, and upon investigation it 

was found to be a semiconductor with a similar degree of conductivity to the black powders 
[22] 

previously synthesised. . Shirakawa continued the investigation of the conducting polymer, 

by exposing a thin film of polyacetylene to halogens, resulting in a billion-fold enhancement 

[23] 
of its conductivity . 

Undoped polyacetylene was described as silvery, insoluble and 

intractable, with conductivity similar to that of semi-conductors [241 
. 
but upon the introduction 

of an oxidising agents such as iodine to the polymer, there was a change in the colour from 

silver to gold and an enhancement in the conductivity to 104 S. CM-I 
[25]. 

Polyacetylene is formed as two isomers, (E) and (Z), of which the (E) form is the more 

conducting and thermodynamically stable. The relative proportions of the two isomers 

depend upon the reaction temperature, solvent and the nature of the catalyst. By varying the 

catalyst concentration and the solvent, it is possible to obtain polyacetylene as a gel, powder, 

[26] 
or thin fihn 

9 
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Polyacetylene produced by this method has two main disadvantages: the electrical 

conductivity decays rapidly upon exposure to air and the polymer is entirely intractable. The 

polymer has a low stability in air, specifically when oxidised [181 
, due to the fact that oxygen 

reacts with it to fonn carbonyl, hydroxyl and epoxide groups, which break the conjugated7r- 
[27] 

system that is so important to conducting polymers . The Shirakawa synthesis was 

modified by the Naarmann. process', which resulted in an improvement in its environmental 
E281 

stability . In addition, this process yields materials with the highest known electrical 

conductivity per unit weight [28] mith the exception of superconductors. 

1.2.3.2 Polyheterocycles as Conducting Polymers 

The synthesis of polyacetylene in the highly conducting doped form created a surge of 

investigations into the synthesis and characterisation of these materials E291. In the 1980's 

polyheterocycles were found to have more stability in air than polyacetylene, and despite the 

fact that their conductivities were not as high as polyacetylene, interest in this area increased. 

Electrodeposition of free standing films of polypyrrole from organic media [301 opened the 

way to intensive research into polyheterocyclic and polyaromatic conducting polymers [311 

The electrochemical oxidation of these resonance-stabilised aromatic molecules has become 

one of the principal methods of preparing conjugated, electronically conducting polymers. At 

present, a wide range of polyheterocycles have been synthesised and characterised: such 

systerns include polyaniline (PAni) E321, 
polythiophene (PT) E331, 

polypyiTole (ppy) E341, 

polyfuran (PFU). 

Although the polymers mentioned above share many structural similarities, they have a wide 

range of conductivity values depending on the doping concentration, the nature of the doping, 

the temperature of the synthesis reaction, the nature of the oxidant, the aligmnent of the 

polymer chains and the purity of the samples. 

10 
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1.3 Requirements for Intrinsic Conductors 

1.3.1 Electronic Structure of Conjugated Polymers 
The principal feature of conducting polymers is a 7c-7r* band structure. The overlap of 

bonding orbitals produces the valence band. Non-bonding states fon-n the conduction band. 

For instance, extended overlap of n-bands fonns the valence band and 7r* bands the 

conduction band. The bands are separated by a bandgap. The energy of the bandgap 

determines the conductivity of materials (Figure 7). Conductive (overlapping bands), 

intfinsically semiconductive (< I eV) and insulating (> 3-5 eV). 

CB 

CB 

Conductors Semiconductors Insulators 

LUMO 

p 

HOMO 

Figure 7 Energy band structure of conductors, semiconductors and insulators. 

In the general concept of polymers (saturated polymers), the molecular orbitals responsible 

for C-C interaction are of the sp 3 sigma hybridized orbitals. In this type of hybrid'sation, all 

four electrons of the valence band for the carbon are used up in sigma bonds; therefore it is 

unsuited for extensive orbital overlap. This fact serves to localise the electrons between the 

bonding carbons, and results in the inability of the electrons to contribute to the conduction 

process. In terms of simple band theory, this type of bonding generates a large energy gap 

between the valence band and the conduction band, giving the polymer the characteristics of 
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a good insulator. This is illustrated in Figure 8 for polyethylene which is known to be an 

excellent insulator. 

HH 
Saftwated polymer - polyeffiylene 

II 
C-C+ 

+ 

HH 

CB 

Sigma bond with locallsed electrons 

Insulator 

Figure 8 Saturated backbone structure of electrically insulating polyethylene. 

The creation of an electrically conductive polymer therefore, requires a continuous system of 

atomic orbitals that can allow the formation of delocalised electronic states. This type of 

molecular array can be found in polymers that contain conjugated unsaturated bonds along 

their backbone. In this system, chemical bonding leads to one unpaired electron per carbon 

atom. Moreover, 7r-bonding, in which the carbon orbitals in the sp 2 p, configuration and in 

which the p, orbital is oriented perpendicular to the polymer backbone and capable of 

overlapping with its neighbours, (Figure 9), results in electron delocalisation along the 

backbone of the polymer. 

12 
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H 

Unsaturated conjugated polymer - polyacetylene 
+n 

Half - filled 
band 

Continuous 7r-system With delocalised electrons 

Figure 9 Unsaturated conjugated polymer - polyacetylene. 

This electron delocalisation supplies a "highway" for charge mobility along the backbone of 

the polymer chain. Intrinsically conducting polymers (ICP's) have a relatively small energy 

gap between the highest occupied energy band (valence band) and the lowest unoccupied 

energy band (conduction band), allowing excited electrons to reach the energy level of the 

conduction bands. 

13 



Chapter One: Introduction 

1.3.2 The Concept of Doping 

Natural state conjugated organic polymers are either insulators or semiconductors but they 

can have their conductivity increased by several orders of magnitude if the pure polymer can 

be changed into a state of conduction. This process is known as doping. It is a reversible 

process to produce the original polymer with little or no degradation of the polymer 

backbone, and can be tuneable according to the extent of doping in the backbone structure. 

The procedure of doping, involving a dopant counterion which stabilise the doped state, may 

be carried out chemically or electrochemically. 

The doping level is a measure of the degree of oxidation or reduction of the conducting 

polymer. It is defined as the ratio of charges to monomer units. The electrically conducting 

form is obtained when the polyiner is doped and the electrical conductivity is strongly 

dependent upon the polymer's doping level; this is normally higher for electrochemically 

formed polymers than for chemically formed polymers. 

1.3.2.1 Redox Doping 

All conjugated polymers, and most of their derivatives, undergo either p-type (oxidation) 

and/or n-type (reduction) doping, which can be carried out using chemical and/or 

electrochemical processes, and in which the number of electrons associated with the 

backbone changes during the doping process. 

14 
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p-Type Dopinq 

This type of doping takes place when a conjugated polymer is partially oxidised and it can be 

accomplished through either chemical or electrochemical means. In this type of doping, 

electrons are removed from the backbone of the polymer which becomes partially positively 

charged. Electrochemical doping is achieved by attaching a film of the organic polymer to 

the positive ten-ninal of a Direct Current (DC) power source such as the (anode) of an 

electrochemical cell containing electrolyte such as LiC104. Some electrons from the polymer 

are removed generating a positively charged network stabilised by the associated anions. 

n-Tvpe Dopinq 

Conjugated polymers can conduct electricity in an electron rich state. This type of doping can 

be achieved by partial reduction of the backbone7r-systern of an organic polymer either by a 

chemical or electrochemical process. This occurs by insetting electrons into the backbone of 

the conjugated polymer. 

1.3.2.2 Non-Redox Doping 

This type of doping differs from redox doping, in that the number of electrons associated 

with the polymer backbone does not change during the doping process. The non conductive 

form of polyaniline (emeraldine base) was the first example of the doping of an organic 

polyiner to produce an enviromnentally stable polysemiquinone radical cation. The higbly 

conducting fonn of polyaniline will be discussed further in the later stages of this chapter. 

1.3.2.3 Charge Generation Involving No Dopant Ions 

In certain types of conjugated polymers, charge production can be achieved without the need 

of any dopant ion. In this case, it can be accomplished by exposing the polymer to photons or 

injecting charges into the polymer backbone. 

15 
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Photo-Conduction 

Photo-carrier generation doping involves a polyiner being exposed to radiation of a higher 

energy than that of its band gap. This radiation causes the electrons to hop across the 

conduction band and become free, resulting in the presence of partial positive and negative 

charges that require constant exposure to be refonned into charged solitons when they 

collide. 

Charcie-hection 

Olk 
Charge ection, can be achieved using a metal/insulator/semiconductor (MIS) configuration. 

The MIS system involves a metal and a conducting polymer separated by a thin layer of a 

high dielectric strength insulator. The insulator molecules will align themselves at the 

metal/insulator interface in the direction of the electric field, which consequently loads the 

insulator/semiconductor interface with an opposite partial charge. This enables the 

conjugated polymer to gain an excess charge by either removing (oxidation), or inserting 

(reduction) electron density from/to the insulator/semiconductor interface. 

1.3.2.4 Charge Carriers and Mechanism of Conduction in ICPs 

Intrinsically conducting polymers can be prepared via chemical and electrochemical 

polymerisation. In this reaction, conjugated monomer is polymerised and charge carriers are 

generated via doping. These charge carriers differ depending on the degree of doping and the 

structure of the polyiner. 

Solitons 

The general structure of ICPs is an alternating sequence of single and double bonds. The 

degeneracy of the ground state of polyacetylene depicts structural defects in the polymer 

backbones, leading to a change in bond alternation (Figure 10). At the defect site, a single 

unpaired electron exists, although the overall charge remains zero, forming a new energy 

16 
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level at mid-gap (a non-bonding orbital). This defect state, known as a 'neutral soliton, is 

singly occupied, possessing a spin of 1/2. The soliton energy level can accommodate zero, one 

or two electrons and thus the soliton may also be positively or negatively charged, giving the 

unusual property of separating spin and charge, with neutral solitons possessing spin, but no 

charge, and charged solitons having no spin. Neutral and charged solitons are not localized 

[351 
on one carbon atom, but spread over about fifteen carbon atoms 

(a) 

1/" 

(b) 

... ....... ............ 

( c) Neut ral sol it on 

Figure 10 Structural representation of a bond alternation defect (neutral soliton) at a phase boundary 
between the two degenerate phases of polyacetylene. 

The p-type doping will be considered as an example. Reductive doping can be explained in a 

similar way. The initial oxidation of trans-polyacetylene generates a radical cation. Since it 

has no preference in bond alternation, the positive charge and the unpaired electron can move 

independently along the polymer chain. Further oxidation of polyacetylene fonns polymeric 

dications as illustrated in Figure 11. 

17 
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Neutral chain 

Polaron 

.... ... ........ .... .... ... ... .... ... . ... ..... Solitons 

Figure II Oxidation of polyacetylene and the formation of polaron and solitons states. 

Since the ground state structure of the polyrner is twofold degenerate, the charge cations are 

not bound to each other by high energy bonding and can freely separate along the polymer. 

This generates two equivalent resonance forms, creating domain walls between the two 

opposite phases of bond altemation. In solid state physics a charge associated with a 

boundary or domain wall is called a charged soliton, because it has the properties of a 

[36] 
solitary wave which can move with only slight deformation and energy dissipation 

Polarons and Bipolarons 

Most ICPs possess a nondegenerate ground state with a preferred sense of bond alternation. 

Polypyrrole is an example of nondegenerate ground state polymer that has an aromatic 

configuration with long bonds between the aromatic rings. The other type of bond alternation 

is the quinoid configuration which is characterized by shortened bonds between the quinoid 

rings (Figure 12). The quinoid geometry can be considered as an excited state 

configuration of the aromatic structure. 
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H 
quinoid structure 

Figure 12 Senses of bond alternation of polypyrrole: aromatic and quinoid structure. 

The degeneracy of the ground state has an important effect on the nature of the charged 

species that can be obtained via oxidative or reductive doping. Oxidation of polypyrrole 

generates a radical cation, where the positive charge and the free radical of the initially 

formed radical cation cannot move independently. The nature of the chain segment between 

the positive charge and the unpaired electron is that of a quinoid configuration, which 

confines the charge and spin density to a single self-localized structural defort-nation that is 

mobile along the chain (Figure 13). This combination of a charged site coupled with unpaired. 

electron associated with lattice defonnation is called apolaron. 

Upon ftu-ther oxidation of a nondegenerate polymer chain two things can happen. A second 

electron can be removed from a different segment of the polymer chain creating a new 

polaron, or the unpaired electron of the previously formed polaron is removed. The latter 

produces a spinless di-cation confined to a single lattice deformation on the chain, which is 

called a bipoldron E353 
. Bipolarons can also originate from an attractive interaction between 

the lattice defonnations of two polarons in which their unpaired electrons form a bond on a 

doubly oxidized polymer chain (Figure 13). The latter also results in a single lattice 

deformation. At higher doping levels, bipolarons may also combine to form 'bipolaron bands' 

within the gap 
[371 

. 
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Although these charge carriers are responsible for electrical conductivity in conjugated 

polymers, many other structural imperfections are present in all polymers and these defects 

need to be considered. 

Conduction by polaron or bipolaron motion is now generally considered to be the dominant 

mechanism of intrachain transport. Conductivity is not only a result of charge transfer along 

the chain, but is also due to electron hopping between chains and between different 

conjugated segments of the same chain. In addition to these processes which act at a 

molecular level, bulk conductivity values are also dominated by electron transfer between 

[38,391 
grain boundaries and variations in morphology 

H 
N , 

H 
N ý H 

\C r x N x N 
ý H H 

Electron acceptor 

H H H 
N + N 

N N 
ý\ 

x 
m H H 

Electron acceptor 

Polaron 

HHH H 
NN NN 

+ +N Bipolaron 

LHHH 

Figure 13 oxidation of polypyrrole and the forniation of polaron and b1polaron. 
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1.4 Synthesis of Conducting Polymers 

Conducting polymer synthesis can be classified in two main groups: 

1.4.1 Chemical Polymerisation 

This method is relatively simple, involving monomer, oxidant and dopant in an organic or 

aqueous solvent. In some special cases, the dopant can act as an oxidant. The polymerisation 

usually occurs in the range of temperatures 20 - 800C and the product is obtained after 

filtration and drying. The mechanism proposed assumes that the radical cation is formed in 

the bulk of solution by oxidation of the monomer. The coupling between radical and 

monomer and its oxidation produces a bi-radical cation. Coupling and oxidation continue 

until the polymer chain becomes insoluble. 

1.4.2 Electrochemical Polymerisation 

This method is more used by electrochemists. The polymer deposits on the electrode surface. 

The thickness of film, morphology and other properties can be controlled [401 by adjusting the 

potential, current density or reactant concentrations. 

1.5 Applications and limitations of ICPs 

The novel and varied chemical, electrical and electrochemical properties of conducting 

polymers have a large variety of applications. In many cases, conducting polymers offer a 

unique combination of properties that make them attractive alternatives for certain materials 

currently in use in the industry. In addition, these materials have low density, and high 

mechanical flexibility in comparison with their metallic counteiparts. There are however 

disadvantages which severely limits the use of conducting polymers for certain applications. 

Many conducting polymers previously synthesised, have been formed as intractable, 

insoluble films or powders which could not be finther manipulated to form more ordered 

materials and controllable structures. In conjugated polymers, the structural characteristics 
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give rise to the electrical and optical properties. Planar conjugated backbones, also severely 

limit the ways in which the polymer can be processed, resulting in limitations in their 

applications. 

The major driving force behind much of the research into conducting polymers has been the 

potential commercial applications of them. The recent improvements in processibility have 

greatly enhanced the prospective uses of conducting polymers. Some of these applications 

include rechargeable batteries, corrosion-inhibiting paints, EMI shielding, electrochromic 

displays and photovoltaic cells, and these are discussed below 

1.5.1 Rechargeable Bafteries 

A widely acknowledged use of conducting polymers is in battery devices [411 
. The reversible 

switching between the two redox states of conducting polymers has allowed the materials to 

be used as electrodes in rechargeable batteries, the advantage being that the polymer 

electrodes should have a longer lifetime than their metal counterparts. This is due to the 

dopant ions which are involved in the delivery and storage of the charge. These ions are an 

mtegral part of the electrodes themselves, thus reducing mechanical wear associated with 

dissolution and redeposition of electrode material in traditional batteries. 

1.5.2 Electrochromic Displays 
rlt__ 

Optical properties of conducing polymers have now become an important area of materials 

research, since during their electrochromic switching, distinct changes in the optical 

properties can occur. Polythiophene and polyaniline have both been investigated for their 

uses as display devices. In electrochromic displays reversible colour changes are induced by 

the application of a suitable electrode potential. 
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A lot of polymeric and crystalline organic conductors show non-linear optical properties and 

this behaviour is thought to result from the interaction of intense electromagnetic fields with 

the delocalisedn electron system. 

1.5.3 Photovoltaic Cells 

Photovoltaic cell technology based on conducting polymers has become an area of increased 

scientific interest [42] since polymer photovoltaics offer great technological potential as a 

renewable, alternative source of electrical energy. 

Solar power is currently harvested a variety of methods, but the most familiar method 

involves the use of silicon-based solar cells. These inorganic solar cells have been highly 

optimized and can operate with efficiencies of greater than 12%. The use of solar-based 

power has been hindered because of high manufacturing costs, difficulties in tailoring the 

cells to various applications, and the inherent physical rigidity of silicon. 

Organic photovoltaic (OPV) cells can overcome these problems because of their inherent 

property of being easily manipulated into the many spatial arrangements of an organic 

molecule. Their synthetic flexibility allows the properties of the solar cells to be tuned to 

particular applications. The ability to add solubilising groups to organic molecules also 

allows for the use of new and less costly techniques, such as inkjet printing. Finally, organic 

materials tend to have good mechanical flexibility. The combination of lower cost and better 

adaptability should provide an enhancement in the feasibility of solar power E431 
. The main 

disadvantage of OPV is that although these polymers can absorb sunlight, the energy 

conversion efficiencies fall below those required for effective solar cells. Efficiencies up to a 

relatively low 4.8% are reported for this type of organic solar cell. 
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1.5.4 Corrosion-inhibiting Paints 

Steel plates when exposed to brine or acidic conditions can undergo corrosion; this process 
E44,451 

can be inhibited by the use of a thin layer of polyaniline . The polyaniline is involved in 

the mechanism that reduces corrosion, by forming a thin, uniform layer of unhydrated iron 

[46] 
oxide that acts as a barrier to the rusting process 

1.5.5 EMI Shielding 

With the rapid advances of computer and telecommunication technologies, there is increased 

interest m shielding of electromagnetic radiation, mainly in the radio and microwave 

frequency ranges. The common shielding techniques focus on the use of typical metals such 

as copper or aluminium and their composites, which have disadvantage due to their heavy 

weight, limited mechanical flexibility, corrosion, and difficulty of tuning the shielding 

efficiency. 

Conducting polymers are promising candidates for shielding electromagnetic radiation and 

reducing or elimination of electromagnetic interference (EMI) because of their relatively high 

conductivity and dielectric constant and ease of control of these properties through chemical 

[47,48] 
processmg 

1.5.6 Light Emitting Diodes 

organic and polymer light emitting diodes (LED) are undoubtedly revolutionary approaches 

in the area of infonnation displays. The advantages of LED are as follows: wide angle of 

visibility, reduced power consumption, high image quality, low operational temperatures and 

small size. A polymer LED is a sandwich formed by a high work function transparent 

conducting anode (composed of indium tin oxide film or polyaniline), and a low work 

function metal cathode on both sides of the active emitting layer based on an organic 

luminescent material or conjugated polymer. The active layer is separated from anode and 
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cathode by hole and electron transmission films respectively. When direct voltage is applied 

to the device, holes injected at the anode, and electrons at the cathode meet to combine within 

the illuminating layer and cause electroluminescence. The above-mentioned structure can be 

simplified. 

1.6 Project Materials 

1.6.1 Polyaniline (PAni): from Discovery to Present 

1.6.1.1 Concise History of Polyaniline 

In 1835, the intrinsically conducting polymer, polyaniline, was first described as aniline 

black, based on the process of oxidation that resulted in its formation [49] 
. Subsequently, 

Fritzche continued the uncertain analysis of the products acquired by the chemical oxidation 

of this aromatic arnine [501 
. Research and studies encompassing over two decades led to the 

oxidation of aniline with potassium dichromate as the oxidising agent, by Perkin in 1856. 

This resulted in the formation of a black precipitate which was probably a mixture of aniline 

[51,52] black and polyaniline 

Perkin proceeded by the extraction of a dye (purple coloured) called mauveine which is in 

fact the first commercially synthesized dyestuff. In 1896, as the pure aniline was further 

oxidized, pseudomauveine was obtained 
E523, 

Which implies that in the course of the oxidation 

of aniline, a soluble protonated phenazinium structure is fonned. Prior to this discovery, in 

1862, at the college of London Hospital, a partially conductive substance was synthesized by 

[53] 
the anodic oxidation of aniline in aqueous suffinic acid by Letheby 

Nonetheless, it was not until the twentieth century that the accepted mechanism of the 

synthesis and structure of polyaniline was made explicit. Organic chemists started 

E543 
investigating the nature of "aniline black" and its intermediate products . In 1907 and 

1909, Willstatter considered aniline black to be an eight-nuclei chain compound with an 
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indamine structure 
E55,561 

. Green and Woodhead proposed a linear octameric structure, of the 

quinone-imine type in the para-position, for the product obtained by the chemical oxidation 

of aniline [571 
- It is only recently in the 1980's that great interest has been shown in synthetic 

E58,59,60,611 organic metals such as polyaniline and its structure finally defined 

1.6.1.2 Basicity and Reactivity of Aniline 

Aniline is a very weak base, with a pKb = 9.38. Amines are transfonned into their salts by 

aqueous mineral acids and liberated from their salts by aqueous hydroxides. They are 

therefore more basic than water and less basic than a hydroxide ion. 

ArNH2 + H30+ o AN H3+ H20 

Stronger base than water weaker base 

ArNH3+ + OH 10 ArNH2 H20 

Stronger base weakerbase 

Aniline is a weaker base than ammonia due to that fact that the lone pair of electrons on the 

nitrogen atom is partially shared with the ring, and are therefore less available for sharing 

with a hydrogen ion. Moreover, in aniline the nitrogen atom is bonded to a SP2 hybridised 

carbon atom but, more importantly, the unshared electron pair on nitrogen can interact with 

the delocalised7r-orbitals of the nucleus as illustrated in Figure 14. Also widely known is the 

fact that the -NH2 group (electron donating) behaves like a powerful activator and ortho, para 

director in electrophilic aromatic attack. 

ýH 
2 NH NH 

Figure 14 Delocalisation of the electron pair along the ring. 
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1.6-1.3 Polyanilines: A Novel Class of Conducting Polymers 

Polyaniline (PAni) is probably the most important industrial organic conducting polymer 

today. This is due to its facile synthesis and processing, enviromnental stability and low cost. 

In addition, PAni has two attractive properties: intrinsic redox state and reversible doping/de- 

doping of acid/base; thus this material can potentially be used for future applications in fields 

[621 [631 [64] 
such us supercapacitors , 

batteries and microwave absorbing systems 

1.6.1.4 Polyaniline: From a Structural Perspective 

Since the resurgence of interest in PAni, there has been a great deal of uncertainty and 

confusion about its structure. In the 1980's MacDiannid's investigations [65,661 
resulted in the 

formulation of a proposed structure for polyaniline together with a modification of its 

classification based on the older beliefs. As previously stated, Green and Woodhead [57] gave 

various arbitrary names to PAni, but were unaware of the polymer's real structure, presuming 

it to be an octameric molecule. 

PAni exhibits a much greater complexity of properties and structures than most other 

conductive polymers, due to the fact that the nitrogen atoms in the polyaniline structures 

inhabit primary sites in the chain backbone. This heteroatom. (nitrogen atom) plays a key role 

in controlling the properties of the systein since there is no continuous carbon-carbon chain. 

Indeed, polyaniline can take various fonns, such as the reduced or oxidised fon-ns as 

illustrated in Figure 15 or salt fonn and base fonn, and therefore shows different colours. 

HH 
2H+ + 2e- 

N-----(:: -NNN 

oxidized fonn Reduced fonn 

Figure 15 Redox forms of polyaniline. 
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Polyaniline is considered to be a family of three polymers, depending on the oxidation state. 

Leucoemeraldine, also known as poly (paraphenyleneamine) is the fully reduced form and 

has the simplest backbone as illustrated in Figure 16. This polymer has a white to light brown 

colour and behaves as an insulator because of its unconjugated backbone. The polymer is 

unstable with respect to oxidation in air. 

HHHH 

H2 Nýa 

NNC 

"ýaN,, 

a 

N 
HH 

Figure 16 Structure of Leucoemeraline. 

Pernigranifine, also called poly (paraphenyleneimine) is the fully oxidised fonn as illustrated 

in Figure 17, with all the nitrogens present in the quinonediimine form. Furthennore, a 

susceptibility of the quinoid sites in its structure to hydrolysis makes it difficult to synthesise, 

in aqueous media. This polymer is the most optically interesting material because the system 

is fully conjugated and strongly coloured. Pernigraniline is a weak semiconductor because of 

the difficulty of delocalisation of any charge on nitrogen atom amongst other resonance 

structures. 

HN'ý N 

Figure 17 Structure of Pemigraniline. 

Emeraldine base or poly (paraphenyleneamineimine) is a tenn that refers to a 50% oxidised 

polymer as illustrated in Figure 18. Since the nitrogen atom bridging the neighbouring phenyl 

rings can exist either as the oxidised or imine, (-N=) forin, or as the reduced or amine (-NH-) 
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E671 form, the ring can have either a benzoid or quinoid structure , in what is formally a 

benzenamine-quinonediimine polymer. 

HH 
N, 

HN N"'( N HH 

Figure 18 Structure of Emeraldme Base. 

Therefore, PAni can be illustrated as having four benzene ring repeat units Figure 19. 

*f[-Nf4}[f/NJ )* 1 -x 

Figure 19 Structure of Polyaniline repeat unit. 

1.6.1.5 The Distinctive Doping Method of Polyaniline 

Polyaniline is unusual amongst ICPs in that its electronic properties are governed by two 

parameters [55,68,691 : the oxidation level as discussed in section 1.6.4 and the protonation level. 

This means that it can be changed from an insulating state to a highly conducting one through 

appropriate oxidation and protonation steps. Despite the fact that the three oxidation states of 

polyaniline mentioned previously produce polymers that are electrical insulators, emeraldine 

base produces a salt form when treated with acid of pH<3. This protonation is accompanied 

by an increase in the electrical conductivity of the material by a factor in the region of 1011. 

The degree of protonation. can be controlled by variation of the pH of the acid, with lower pH 

values causing higher levels of protonation. It is widely known that the maximum doping 

level occurs when half of the nitrogen sites on the chain are protonated. 

The transition to conductive behaviour that occurs with acid doping is extremely interesting 

for two reasons. Firstly, the emeraldine base form of the polymer is not strictly conjugated, 

29 



Chapter One: Introducfion 

i. e. alternation of single and double bonding does not extend along the entire length of the 

polymer repeat unit, as it does in the pen-iigraniline structure. Secondly, the process of 

protonation does not change the number of electrons on the chain, like the oxidative doping 

of polyacetylene, polythiophene and polypyrrole. The chemistry of polyaniline involves 

oxidation/reduction reactions as well as protonation/deprotonation achieved either 

individuc-dly or all together 
[55,70,71,72,731. 

Blue protonated Pemigraniline Violet Pemigraniline 
DOPING (1) 

+ 2H+ 
N---C 

HH 

DOPING (2) 

1+ 

e- 
I 

2e-, + 2H+ 

Green protonated Emeraldine Blue Emeraldine 
DOPUNG (1) 

N -N 
+ N-&N--- -0 HI 

+H+ 
--o 

H- 
-aH 

, +te - 
DOPING (2)ý Light brown Leucoemeraldine 22e-, + 2H+ 

N --C)- N *--aH H 

Figure 20 Doped and Undoped forms of polyaniline: (1) chemical (protonation) & (2) Oxidative. 

The five forms of polyaniline may be partly or completely protonated with a protonic acid to 

give the corresponding "salt". In both cases, either one or both nitrogen atoms in a repeat unit 

may be protonated, depending on the pH of the medium to which the polymer has been 

exposed. A series of compounds can be formed according to the different oxidation and 

protonation levels. Their approximate compositions, along with their names and colours are 

listed in Table I- 

It is well known that emeraldine salt is a good electronic conductor because of the possibility 

of the combination of charge and its delocalisation amongst the possible resonance forms of 

its structure. The conjugation leads to strong visible absoiption and a green colour Treatment 
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Of protonated polyaniline with aqueous alkali results in de-protonation and the insulating. 

emeraldine base fon-n is recreated. 

x Name Base Form Protonated Form 

1 Leucoerneraldine Light brown Pale yellow 

0.75 Protoerneraldine Violet Light green 

0.5 Erneraldine Dark blue Green 

0.25 Nigraniline Blue-black Blue 

0 Pernigramline Violet Purple 

Table I Various compositions of polyaniline. 

1.6.1.6 Conductivity Process in Polyaniline 

The mechanism of conduction in polyaniline still not fully understood. The most conductive 

form in the polyaniline family is the emeraldine salt. In this polymer, the charge transport is 

presumably dominated by hopping involving the polaronic species. Once protonation of the 

emeraldine base has occurred, geometrical relaxation immediately follows, resulting in 

quinoid and benzoid forn-is as illustrated in Figure 2 1. This results in the forination of a 

bipolaron which has a relatively high energy and therefore, is short-lived. Redistribution of 

the radical cation results in a polaron which is more stable as a charge carrier 
[74] 

The stability of the polaronic structure is attributed to a number of factors involving a 

reduction in Coulombic repulsion[75] , and gain of resonance energy [761 

Studies have shown 
[54,77] 

the doped form of polyaniline is a strongly paramagnetic material, 

therefore the bipolaronic structure, which is diamagnetic, does not dominate, suggesting the 
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conversion of the initially formed bipolaron into separate polarons, resulting in a delocalised 

half-filled polaron band. 

H 

N 
Emeraldine Base 

H+H 

H 

Geometrical relaxation 
H H+ 

NN 

H 
+ N 

Bipolaron 

Redistribution of the radical cation 
H+ H+ 
NN 

NN 
HH 

Polaron 

Figure 21 Polyanilme charge carriers: Bipolarons and Polarons. 

During recent years, the conversion from semiconductor to metal has been explained but still 

not completely understood, and there is no evidence that the energy of the emeraldine salt is 

lower than that of the semiconductor. Theoretical and experimental investigations have 

shown a particular interest in understanding the mechanism of the charge transport of 

conducting polyaniline (ES), and these studies concluded: 

0 Charge transport of conductive polyaniline is dominated by hopping of the polaron 

species; this can be explained involving the Quasi- ID VRH model. 
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0 Wang et al. [78] proposed, from their observation that the emeraldine salt consists of 

coupled parallel chains that forrn metallic bundles. These bundles are the crystalline 

region of conducting polyaniline in which the electron wave function is three 

dimensionally extended suggesting involvement of the 3D-VRH model in the intra 

bundle charge transport and I D-VRH in the inter bundle one. 

0 The P-type nature of material - although the protonation method of polyaniline has been 

explained as non redox process with no oxidation or reduction to the backbone of the 

polymer, the charge carriers are cationic and therefore, relate to p-type doping. 

PAni is a granular metal, containing metallic islands embedded in a sea of insulating 

matrix. 

1.6.1.7 Synthesis of Polyaniline 

Polyaniline was first prepared by Letheby in 1862 and was known as Aniline black. In this 

method, the polymer was synthesised by anodic oxidation of aniline in an aqueous solution of 

sulphuric acid. PAni and its derivatives can be synthesised by both chemical and 

electrochemical methods. Studies have been carried out to understand the relationship 

between the conditions of the reaction, both chemical and electrochemical, and the resulting 

materials properties. 

In this study, chemical synthesis of polyaniline was investigated. This method is based on 

oxidative coupling which involves the oxidation of the aniline monomers to form a radical 

cation followed by coupling to form a di-cation. Repetition leads to the desired polymer. The 

polymensation was carried out using acidic conditions. This kind of synthesis is 

straightforward, and provided aniline is in contact with both oxidant and acid, the 

polyrnerisation is expected to occur. 
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Chemical Pnlymorisation 

The typical method of synthesizing polyaniline is the oxidation polymerisation which can be 

carried out in a solution containing the monomer (aniline or its derivative) and an oxidant 

such as ammoniw-n persulfate (APS) in an acidic medium. Three common acids used are 
(hydrochloric acid (HCI), dodecylbenzenesulfonic acid (DBSA) and toluenesulfonic acid 
(TSA). The preparation can be carried out either in solution or emulsion at low temperature 

(typically O'C), to prevent the formation of low crystallinity polymer. 

The mixture becomes coloured during the polymerisation (oligomer formation) and yields a 

dark blue/green precipitate depending on the degree of oxidation of the polymer obtained 

(emeraldine salt). The stable emeraldine base can be prepared by immersing the doped 

polymer in ammonia solution. 

Influence of Polymerisation. Conditions 

Four main factors can affect the route of the reaction and the nature of the final polymer, as 

described below: 

a) Nature of the Medium 

The ideal solvent for oxidative polymerisation should have the following characteristics: Low 

ionic strength, a degree of volatility, and be non-corrosive. Hydrochloric acid is the choice as 

a medium for polymerisation due to its volatility. If a non-volatile acid such as (sulphuric 

acid) is employed, a thin fihn of concentrated sulphuric acid would be left on the surface of 

the emeraldine salt particles after the removal of the water in a vacuum. This film may react, 

at least in part, either reversibly or irreversibly with the polymer, and if an attempt is made to 

remove the free acid through washing with water, complete or partial deprotonation of the 

emeraldine salt may occur (depending on the washing conditions). 
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The concentration of the acid medium should not exceed 1 M; the reason being that a high 

acidity accelerates hydrolysis of the polymer backbone. Therefore, the conductivity of 

polyaniline can be affected by two parameters: the nature of, and the concentration of the acid 

medium. 

b) Concentration of the Oxidant 

Ammonium persulfate is the most commonly used amongst many oxidants such as 

potassiurn dichrornate, sodium vanadate, hydrogen peroxide, and ceric sulphate etc. for the 

polymerisation of aniline in acidic media. 

According to the literature, when the initial mole ratio r of oxidant/monomer is higher than 

1.15, the result is an over-oxidation of the polyaniline with a concomitant decrease in 

conductivity [791 and yield of the polymer. However, when r is less than 1.15, the yield of the 

polymer increases with a basically unaltered elemental composition, degree of oxidation, and 

conductivity of the resulting polymer. 

c) Duration of the Reaction 

Commonly, chemical polymerisations of aniline are carried out over a period of 10-90 hours 

[74] 
, but Heeger and his co-workers found that long polymerisation times did not, in fact, 

favour the synthesis of high molecular-weight polyaniline. He concluded that the oxidation of 

aniline at various polymerisation times had a reaction yield almost the same over periods 

from 1-24 hours. However, reduced viscosities were observed at polymerisation times 

exceeding four hours: these results indicated that the polymerisation occurred rapidly and 

was essentially completed in four hours [801 
- 
Thus, the duration of the polymerisation has only 

a limited influence on the yield, conductivity and elemental composition. 

35 



'N 

Chapter One: Introducdon 

d) Temperature of the Medium 

The process of chemical polymensation contains two steps as illustrated in Table 2. 

Furthermore, the rate of the polymerisation reaction varies with temperature in the range of 0- 

80 . C, while the total enthalpy of the reaction remains almost constant (AH = 372 W/mole). 

The temperature is dependent on the concentration of the oxidant 

Step Type Speed Dependence on 

Endothermic Slow Temp., r, pH 

Exothermic Fast Temp., r 

Table 2 Endo and exotherrmc steps in the synthesis of polyaniline. 

Electrochemical Polvmedsation 

The mechanism of this polymerisation is similar to that of the chemical synthesis. Compared 

to chemical synthesis, the electrochemical approach has definite disadvantages such as the 

high cost of polymerisation and lower yields than the chemical method. Therefore, the 

electrochemical synthesis of PAni is not of primary interest to this study. 

It still a very elegant way to produce conducting polyaniline since this method has its 

advantages 
[44,811 

ý such as purity of the product and easy control of the thickness of polyiner 

deposited on working electrode. In addition, the doping level can be controlled by varying the 

current and potential with time; synthesis and deposition of polymer can be realised 

simultaneously. 

Electrochemical polymensation can be carried out in three ways: (1) potentiostatic method 

(constant potential); (2) galvanostatic method (constant current); (3) potentiodynamic method 

(potential scanning or cyclic voltammetry). 
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Typical electrochemical techniques include a three-electrode cell which contains a working 

electrode (WE), a reference electrode (RE) and a counter electrode (CE) or an auxiliary 

electrode (AE). Many types of materials can be used as working electrodes. The most 

commonly used WEs are gold, nickel, platinum, palladium, copper [49] 
, 

indium-tin oxide 

coated glass plates and stainless steel [82], Semi-conducting materials, such as n-doped silicon 
[831 

, gallium arsenide 
[84] 

, cadmium sulphide, and semi-metal graphite are also employed for 

the growth of polymer films. The reference electrode (RE) is typically a saturated calomel 

electrode (SCE) or Ag/AgCl electrode. The CE or AE is usually made of a platinum wire or 

foil. Electrochemical synthesis can be done in aqueous or organic solutions. 

1.6.1.8 Polymerisation Mechanism of Polyanifine 

Since the discovery of "Aniline Black", a wide range of methods have been used for the 

synthesis of polyaniline leading to the fonnation of a range of products whose nature and 

properties differ greatly. As a result of the many studies carried out on PAni and its 

derivatives, a vast number of polymerisation mechanisms have been proposed by a variety of 

authors. In keeping with the views of most authors, the first step in the synthesis of PAni is 

the fonnation of the anilinium cation by dissolving the aniline in a strong protonic acid. This 

involves ionically binding the nitrogen lone pair of the aniline and the labile proton of the 

acid. Although this reaction is fast and the equilibrium shifted towards the fort-nation of the 

anilinium cation, the presence of short-lived aniline molecules is expected. 

The addition of the oxidant to the solution involves removing an electron from either the free 

aniline or from the aniliniuin cation (Figure 22) with immediate release of a proton. This 

leads to the tennination of the initiation process by fonning the reactive anilinium radical 

cation which is the main criteria for achieving the polymerisation. 
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Figure 22 Formation and resonance forms of the anilinium radical cation. 

It should be noted that upon direct oxidation of aniline, the anilinium radical cation will be 

fonned. Therefore, the polyrnerisation of aniline would be achievable without use of the 

protonic acid. This type of reaction has been always unfavourable for polymerisation 

however, since the end product is a small chain oligomers or/and diazobenzene Figure 23. 

Thus it is very likely that the oxidised species is the anilinium cation. 

Mohilner [851 was the first to ascertain that in sulphuric acid medium, the oxidation of aniline 

predominantly resulted in para-coupled chains Figure 23. However, para coupling is not 

exclusive; radical cation coupling at the ortho position Figure 23 may lead to the formation of 

an ortho-coupled dimer/oligomer E86,871 

. However, in view of steric effects, the ortho product 

would be less stable than the para coupling. An intetmediate product of the oxidation of 

aniline has been identified by FT-IR spectroscopy, this being P-aminodiphenylamine 

(PADPA). 
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3 

H2N 

-4 H+, -4 e- 

H 2N<o 
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-H+ 

- 

H 
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HH NH 

N 

H 2N"ýo 
Azo compound Ortho-couplmg Para-coupling 

Figure 23 Proposed coupling configurations of the anilinium radical cation. 

It is possible that an azo-compound could be formed but this type of reaction is more likely to 

occur starting with oxidation of aniline instead of the anilinium cation. Moreover, this 

reaction is not favoured. at low pH [671 
, and the possibility of coupling two nitrogen radicals is 

low. 

The radicals fort-ned stabilise thernselves by delocalisation of the electron within the benzene 

ring of the molecule. The polymerisation starts, and dimers can be formed Figure 24. Upon 

further oxidation, these dimers will be reactivated and are likely to react with aniline 

monomers or dimers. 
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Figure 24 Dimerisation reaction of the anilinium radical cation. 

Dimers I and 2A are obtained after further oxidation while dimer B is a rearrangement of 

dimer 2A and has lower oxidation potential than aniline. The polymer achieved at the end of 

this polymerisation is known to be fully conjugated with alternating para-coupled quinoid 

and benzoid rings. Moreover, this polymer is protonated at the imine sites of the quinoid ring; 

the reaction can be illustrated in Figure 25. 

NH 2RRH H+ 
RN 

HX 

(NH AS208 
N -+n N+ m HH 

R 
R: -H, -OCH3 m =1-n 

Figure 25 General synthesis route of protonated polyaniline. 
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1.6.1.9 Physical and Chemical Properties of Polyaniline 

Low solubility is one of the disadvantages of the polyemeraldine hydrochloride salt (PAni- 

HCI). Most polyanilines doped with small size dopants have this drawback. Thus, many 

methods have been attempted to enhance the solubility of PAni salts in conventional organic 

solvents and it has been shown that this drawback can be overcome by using other dopants 

instead of HCI and H2SO4, either during chemical/electrochemical polymerisation of aniline 

or by doping polyaniline base in aqueous solution. For instance, long-chain functionalized 

protonic acids such as dodecylbenzene sulfonic acid (DBSA) E88,891, camphorsulfonic acid 

(CSA) E90,911, Toluenesulfonic acid (TSA) and 0- Naphthalenesulfonic acid (see Figure 26) 

are also sometimes employed. Large dopant or polymeric acids such as polyacrylic acid 
[92,93] 

have also been used as dopants of PAni. 

On the other hand, introducing functional substitutions of hydrogen atom either in the aniline 

ring in various positions or in the nitrogen of the amino group is another important method 

used to improve the solubility of PAni. The usual substituents are -R or -OR (R = alkyl). 

Some of these groups allow the modified polymers to be more soluble in organic solvents, 

(e. g. groups such as -OCH3 and -OC2H5), but also reduces the conductivity of the polymer to 

as low as 10-1 _ 10-3 S. cm-1. N-substituted PAni dissolves in some organic solvents 
[94,951but 

has reduced thermal stability compared with PAni E961. 'Self-doped' PAni, whose substitution 

is an acidic group like-S03H, -COOH etc, has better solubility 
ý90,971 but lower thennal 

98,991 
stabilitý 
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Figure 26 Sulfonic acids used as polyaniline dopants. 

Good thermal stability is an attractive property of PAni. It is recognized that PAni has good 

[100,101] temperature stability up to 400'C in N2 
. 
Counter ions in the PAni chains influence the 

thermal properties of PAni. For example the introduction Of -S03H in the aniline ring can 

weaken the thermal stability of polyaniline 
[93,94] 

. Many studies reported the change of PAni 

structure during heating at high temperature. Several cross-linking structures resulting from 

degradation of PAni during heating were proposed. It is reported controversially that cross- 

96,102,103,104,1051 linking started at around 200'C E 

"Anion effects" 11061 are often referred to as the strong influence of counter ions on the 

properties of PAni. These effects affect polymeric morphology and thermal stability, extent 

of electropolymerization, and the electrochemical response 
[1071 

. The growth rate of a PAni 

[1081 
film is apparently dependent on the type of anion as well . Wang et al 1109ý observed that 

the reaction rate followed the order: H2SO4> H3PO4, z5 HF >> HBF4 z HC104> HCI. A 

similar order in reaction rate was reported by several groups, e. g. H2SO4 >> HClz HN03 >> 

HCl04 > HBF4 > CF3CO2H by Zotti et al fll()1; H2S04 » HCI z HN03 » HCl04 z 

CF3CO2H by Desilvesto and Scheifele 11111; and H2SO4 >> HCI z HN03 > HC104 by 

Nunziante et A [1121 
and Duic et al. 

[113] 
. In summary, anion effects can be classified into two 

types from two groups of counter ions. One contains BF4-, C104-, and CF3COO-, which 
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results in a compact structure with fibres; while the other consists Of S04 2-, N03- and Cl- 

anions, leading to an open granular structure. Tang et al [114] studied the anion effect on the 

over-oxidation of PAni. 

Low processibility is the major drawback of polyaniline and results in its limited use for 

industrial applications. Hence there is a vast volume of research occurring in this area to try 

and overcome this disadvantage. One outcome of this research is the idea of blending 

polyaniline with other materials, such as rubbers to try and improve its processibility. 

1.6.2 Rubber (Elastomers) 

The term "rubber" is often used to describe the naturally occurring polymer while 

64elastomei" is used when refening to synthetic materials; however the two terms are often 

used interchangeably. They refer to molecules with an irregular structure, weak 

intermolecular attractive forces and a very flexible backbone. Elastomers generally have low 

untial modulus in tension, but when stretched they stiffen. Since these polymers exist above 

their glass transitions at room temperature, their chain can undergo high local mobility but 

this mobility can be restricted, typically by the introduction of a few cross-links into the 

structure. In the absence of applied stress, molecules of elastomers usually have coiled 

shapes. Consequently, elastomers possess the ability to stretch and retract rapidly on the 

removal of the imposed stress 111. 

1.6.2.1 A Synopsis of the Development of Rubber 

The discovery of rubber in the 18 th century has played an important role in our domestic 

lives. The increase in its popularity was due to its use as a waterproofing agent, and in 19 th 

[1151 

century, the production of waterproof shoes was realised . The chief source of rubber is 

the milky fluid (latex) obtained from the rubber tree (havea brasiliensis), which is prevalent 

in the Brazilian Amazon forest. Latex consists of cis- 1,4-polyisoprene and various proteins in 
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El 161 the form of a colloidal suspension . There are two classes of rubber, namely, natural and 

sYnthetic rubber. The latter is a form of elastomer which regains its original shape after 

undergoing plastic defon-nation. Conversely, natural rubbers are obtained directly from latex. 

The need for synthetic rubbers became apparent during the Second World War as the high 

demand for natural rubbers in the military and the automobile industry could not be met 
[115,117] 

. Synthetic rubbers are made by polymerisation and are used for various purposes 

around the world. 

1.6.2.2 Epichlorohydrin-Ethylene Oxide (Epi-EO) 

EPI-EO is a synthetic rubber copolymer made from epichlorohydrin and ethylene oxide 

monomers. This elastomer is halogenated linear aliphatic polyethers. The presence of the 

ether oxygen group has two opposing effects: 

Increase in chain flexibility which depresses the Tg (and Tn, if the polymer is 

crystallisable). 

(ii) Increase in polarity and hence interchain attraction that will increase the Tg and Tm. 

The relative effect of these two factors depend on the ether group concentration i. e. the value 

of R in a polymer of type 

-(CH2)R 'o- 

The T.. is at a minimum with a CH2/0 ratio of 3-4. Copolymerisation of two ethers will 

usually inhibit crystallisation. so that rubberiness will depend on the much lower Tg rather 

than T,,,. The introduction of chlorine atoms onto the main chain improves oil resistance and 

increase interchain attraction, thus raising the Tg and, in the case of crystalline polymers, the 

T,,,. However, if the chlorine is incorporated into a side chain such as in a -CH2CIgroup, the 

chain separating effect of the side group will more than offset the interchain attraction effect 
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of the halogen, leading to a decrease in the transition points. If the polymer is substantially 

atactic there will be no crystallisation and the Tg may be so low that the polymer is rubbery at 

room temperature. 

The copolymerisation of epichlorohydrin with a less polar monomer such as ethylene oxide 

markedly depresses the Tg and thus enables the rubber to be used at a much lower 

temperature. The somewhat high Tg of the homopolymer influences several other properties 

These include resilience which is very low at normal room temperatures and low 

penneability which is much less than for butyl or nitrile rubber, both of which are outstanding 

in this respect. The chlorine content (about 38.4% for hornopolymer and 25% for the nonnal 

copolymer) has a notable effect in improving oil resistance and increasing flame retardancy. 

The absence of double bonds results in these rubbers having excellent resistance to ozone, 

weathering and heat resistance. 

Other than its vulcanisation issues, epichlorohydrin elastomers are known for their excellent 

balance of properties for engineering applications particularly in automotive and marine 

areas. The presence of oxygen atoms in the polymer backbone imparts flexibility, while 

saturation in the polymer chain provides superior ozone resistance. As epichlorohydrin 

elastomers contain about one third by mass of chlorine (chloromethyl. groups) and is polar, it 

has a very good resistance to oils and fuels (with the exception of polar brake fluids). 

Because of the existence of highly polar and dense chloromethyl groups, epichlorohydrin 

elastomers also have excellent peimeation resistance. Hydrino rubber is currently undergoing 

research into ionic conductivity and there have been promising positive results when salts 

have been integrated into the copolymer maffix of EPI-EO El 181 
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1.6.2.3 Poly [(acrylonitrile-co-butadiene)lpoly vinyichloride] 

Poly[(acrylonitrile-co-butadiene)/poly vinylchloride] is a pre-plasticised nitrile elastomer, 

commercially known as Nipolo DN 17 1. It consists of acrylonitrile butadiene rubber or nitrile 

rubber [40 wt% of nitrile butadiene rubber (NBR), copolymerized with 30 wt% of 

acrylonitrile (ACN)], blended with 30 wt% of poly viny1chloride (PVC). In addition, it is 

synthesised in the form of light-amber coloured slabs via mechanical mixing. Nitrile rubber 

(NBR), is a copolymer of nitrile butadiene rubber and acrylonitrile, which is highly flexible, 

thermally stable, and highly resistant to chemical attack El 191. Conversely, poly(vinyl chloride) 

(PVC), is a thermoplastic polymer, whose structure is semi-crystalline in nature; in order 

words, its structure possesses both amorphous and crystalline regions. Unlike, NBR (whose 

properties depend on the content of acrylonitrile), PVC possess very good mechanical 

properties, which depends on the bulky chlorine group on each monomer unit in the polymer 

-I'ain. However, under light and heat, it readily dissociates with the evolution of gaseous HCI 
0., 

(by dehydrochlorination). This instability can be prevented by adding stablisers, which 

involves the mixture of PVC with various additives. These additives help to increase the 

EI, 31 
flexibility of the polymer chain, by acting as an internal lubricant . Therefore, the blending 

of such plasticized PVC with NBR (in this case, it consist of 30 wt% ACN), should result in 

an increased impact strength, and Polarity of the blended elastomer (as a result, of the 

combination of the properties of both constituents). This type of elastomer (Nipolo DN171) 

may be considered as possessing a two phased morphology. 

1.7 Definition of Polymer Blends and Blending Methods 

Blends in general terms are mixtures of two or more substances, and the same is true of 

polymer blends and composites [120,121 1. A mixed polymer is called a blend if there is no 

covalent bonding occurring between the two polymers and it is homogeneous. It can be 

referred to as a composite only if the components are heterogeneous and immiscible. There 
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are three different routes by which it is possible to mix polymers. The first is via a synthetic 

method. The polymerisation occurs either inside the polymer matrix or in the presence of it, 

so it could be called a "one beaker reaction". The second method is a "co-dissolution"; this 

involves both of the substances, (in most common cases a conducting polymer and a host 

polymer) to be dissolved in the same solvent then mixing the two solutions and allowing the 

solvent to evaporate to form a blended solid. The third method is "dry blending", this can be 

achieved by mixing the two polymers mechanically then moulding them in a hot press or 

extruder. 

1.7.1 Blends of Electrically Conductive Polymers 
As discussed in section 1.6.9, the mechanical limitations of conducting polymers may be 

overcome by incorporating the polymers in blends or composites with a host substrate. The 

substrate can either be electrically insulating or conducting. In the case of insulating 

substrates, sufficient concentration of the conducting polymer is required to achieve a 

percolation threshold for an insulator-to-conductor transition 
[122] 

. The percolation threshold 

is theoretically predicted to be at a volume fraction of 0.154 for globular agglomerates in a 

[1141 [1231 
three dimensional insulating medium and 0.183 for randomly packed hard spheres 

In reality, the percolation threshold is strongly influenced by the size and shape of the 

conducting species, as well as by processing methods such as solution casting, compression 

and injection moulding, chemical modification, or chemical deposition. 

1.7.1.1 Conducting Elastomers 

Conducting rubber has been known since the latter part of nineteenth century. It was not of 

primary interest until about 1930, when several patents explained the use of conducting 

1241 

compounds for the prevention of corona discharge in cablesE . Most of the early work 

employed large quantities of graphite or other coarse carbon blacks or even powdered metals 
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to produce conductivity and the resultant material tended to have very poor physical 

properties. The introduction of acetylene black and other conductive blacks however led to 

the production of a material which had mechanical properties almost comparable to those of 

insulating elastorners. 

The principal use of conventional conducting elastomers, is to dissipate electrostatic charges 

which are developed whenever two dissimilar surfaces are separated either with or without 

rubbing. The development of conducting elastomers usage as antistatic materials appeared in 

the late 1930s, when the surgical world was worried about the frequency of explosions in 

operating theatres, many of which occurred due to static electricity sparks igniting ether 

vapours. 

Antistatic materials have since been used in many circumstances where explosive vapours, 

liquids or powders are being handled, and for vehicles and aircrafts, where static charges can 

be generated by the tyres or acquired in flight. 

The use of conducting elastomers for heating purposes was the subject of research since 

1940s, but there were considerable problems associated with a change in resistance upon 

124] 
flexing. Conducting silicone rubbers show promising results in resolving this difficultý 

These materials have also been used in the field of electronics in order to reduce the size and 

weight of many electrical devices, such as connectors, switches, thetmostats and internal 

mountings 
[1251 

A combination of conductive polymers (rigid) and elastomers (flexible) in flexibility hybrid 

systems, could possess enormous advantages over metals such as malleability, ability to 

absorb mechanical shock, low density, wide range of electrical conductivity and corrosion 
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[124] resistance properties . These characteristics are highly advantageous in the production of 

viable commercial applications. 

On the other hand, elastomer blends cannot be produced with such high conductivities as 

metals and they commonly have lower mechanical strength than metals. 

1.7.1.2 Conductive Polyaniline Blends 

Conventional conducting elastomers (prepared by filling elastomers with carbon black, 

metallic powders or fibres coated with metals) if compared with novel conducting elastomers 

have some significant disadvantages. Carbon black has relatively poor conductivity which 

results in a high percolation threshold [126] and the conductivity values are not higher than 10-8 

S. cm-1. Carbon black-elastomers have a shielding effectiveness of 40-5OdB only with about 

40 wt% of loaded filler[127]. In the case of metal powders it has been found that to achieve 

adequate shieldinj 
127] 

, there must be a high (>55 wt %) fraction of metal in the elastomeric 

blend, which produces a heavy and less malleable composite. Metal fibres tend to have 

complicated manufacturing issues which can limit their suitability. All conventional 

composites containing metal powders are susceptible to oxidation; hence their conductivities 

are subject to mduction 
[128] 

In order to overcome the problems of these conventional conducting elastomers, this PhD 

study has concentrated on intrinsically conducting elastomers as they can be more easily 

manipulated and have greater conductivity, potentially with a low percolation threshold. 

Also, investigations into the orientation of polyaniline chains have demonstrated a threefold 

increase in conductivity when the chains were stretched and aligned compared to randomly 

dispersed chains 
[1291 

. 
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Novel electfically conductive elastomer blends may be expected to have a combination of 

good electrical properties of the intrinsically conductive polymers with good mechanical 

properties of elastomers. They should be considered for sophisticated applications such as 

electromagnetic interference shielding (EMI), gas separation membranes and superior 

corrosion-inhibiting coatings. These conductive mateiials are also expected to have good 

processibility and could potentially processed with the conventional elastomer processing 

machines, e. g. internal mixer injection moulder and a single or twin screw extruder. 

1.8 Alm of the Project 

PAni is viewed by many as a wonder molecule whose properties render it unique in the 

family of conducting polymers. The important characteristics of the polymer are its: 

" Tuneable conductivity 
" Multiple oxidation states 
" Electrochromic behaviour 

Research on conducting polymers and polyanilines has been ongoing for many years at 

Kingston University and is a principal area of expettise in the Materials Research Group. One 

of the main focuses of past research has been to try and find ways of producing uniform 

conducting films and coatings by incorporating the conducting polyaniline in a plastic matrix. 

The present project is divided into two parts: 

The first part of this project investigated the influence of various parameters such as different 

acid dopants and the use of substituted anilines co-monomers on the chemical structure, 

electrical properties, thermal degradation, physical characteristics, and morphology of the 

polymer. 

Osterhohn [1301 was one of the first to study the influence of a surfactant sulfonic acid on the 

structure of the polymer. The use of surfactant molecules in the synthesis yields materials 
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which differ in their physical characteristics compared to those prepared via precipitation 

polymerisation. Emulsion polymerization brings uniformity in the sizes and shapes of the 

PAni particles. 

Using substituted aniline as a co-monomer also changes the physical and chemical 

characteristics of the final compounds. Hence, 2-methoxyaniline (anisidine) ý13fl which brings 

increased electron density to the polymer along with a saturated pendant group, was studied. 

The aim was to produce polyaniline particles of different size and shapes and to study the 

mechanisms which lead to these structures. 

The second and the main objective of this project was to prepare and investigate various 

polyaniline blends and their properties. Non-blended polyaniline and its derivatives have 

enormous potential as viable alternatives to traditional metals in a wide variety of 

applications, due to their high electrical conductivities. Nevertheless, their poor processibility 

has made them particularly difficult to handle and thus restricts other potential applications. 

Therefore, the combination of conductive polyaniline and the elastomeric materials should 

create an ideal blend. Nonnally, in order to achieve the target of an ideal blend, both the 

selected elastomer and the conductive polymer must have comparable solubility parameters, 

to favour compatibility and therefore blends will be prepared through different mixing 

methods (i. e. solution and thermo-mechanical) with more systematic mixing procedures and 

better optimised conditions. Two elastomers, (i. e. Epi-EO and Nipol! R)DN 17 1) will be used as 

the host matrix and an intrinsic electrically conductive polymer (i. e. PAni-DBSA) as the 

conductive filler, through solution mixing (for the fundamental study i. e. compatibility of the 

mixing components) and thermo-mechanical (for larger scale application purposes). No 

literature works have been reported to date relating to the study of electrical properties of Epi- 

EO/PAni-DB SA blends or thennoplastic rubber such as NipolODN 171 with PAni-DBSA. 
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In this study, polyaniline was synthesised via chemical oxidative polymerisation. The 

synthesis involved the addition of oxidant to aniline dissolved in aqueous hydrochloric acid 

solution resulting in PAni-HCl powder. PAni-HCl was first dedoped and then reprotonated 

with a suitable functionalised protonic acid (DBSA), in order to induce processibility in THF 

and compatibility with both Epi-EO and Nipol'bN171. The compatibility or miscibility of 

the blended elastomer (Nipolo DN171 rubber) with the electrically conducting polyaniline 

(polyaniline doped with DBSA), should be enhanced (due to the plasticization effect of the 

PVC), coupled with an improved processibility, and mechanical properties. Although, there 

are no literature reports detailing studies of any kind on a two phased elastomer blended with 

conducting polyaniline, polymer blends of its constituents (NBR and PVC, individually) with 

[119,132] 
PAni-DBSA have been investigated with promising outcomes 

Electrically conductive blends were produced by combining an elastomeric material such as 

Hydrin or Nipol'bN171 with varying amounts of PAni-DBSA. It was decided to prepare 

blends by a co-dissolution method which required both polymers to be soluble in common 

solvents such as THE This method had not previously been used to make Hydrin or 

NipoftN 171 -based conductive blends. The polymers were solution blended and studied for 

compatibility by means of infrared spectroscopy (IR), ultraviolet-visible (UV-Vis) 

spectroscopy. Electrical conductivity measurements were carried out using two and four 

probe methods. Thermal analysis was undertaken using differential scanning calorimetry 

(DSC), thermograviTnetric analysis (TGA), thermomechanical analysis (TMA). The 

1-1-1 , I. aracterisation of the blends using the above techniques allowed the study and evaluation of 

the polyaniline blends in greater detail. 
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CHAPTER 

2 
EXPERIMENTAL 

WORK 
This chapter reports on general procedures regarding sample preparation, blending 

processes and materials handling. 

Methods of synthesis of different polyanilines are assessed and compared in the first part of 

the chapter. The chosen monomers, aniline and o-anisidine, are polymerised using two 

systems: Solution and emulsion polymerisation. The second part of the chapter will be 

concerned with the preparation of conductive polyaniline blends which was undertaken by 

co-dissolution and thennal blendingprocesses. 
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2 Experimental 

2.1 Polyaniline and Its Derivatives 

Since the discovery of "Aniline Black", a wide range of methods have been used for the 

synthesis of polyaniline, leading to the fonnation of a range of products whose nature and 

properties differ greatly. Polyaniline can be prepared either by chemical or electrochemical 

polymerisation of aniline. The present study involved trying to produce PAni using synthetic 

routes that could be easily scaled-up for eventual industrial production. Electrochemical 

polymerisation was thus discarded from the project. In addition, the solubility of the prepared 

polymers was also an important consideration, which led us to consider sulfonic acid 

polymerisation routes. The first step in the synthesis of PAni is the oxidation of aniline to 

fonn a radical cation which is the main criteria for achieving polymerisation. 

2.2 Chemicals and Raw Materials 

Aniline monomer 99% (Sigma-Aldrich), o-Anisidine monomer 99% (Sigma-Aldrich) both 

purified by vacuum distillation, ammonium persulfate 98% (Sigrna-Aldrich), 4- 

dodecylbenzenesulfonic acid (DBSA) 90% (Fluka), p-toluenesulfonic acid monohydrate (p- 

TSA ) 98% (Aldrich), 0-naphthalenesulfonic acid (0-NSA) 70% (Aldrich), methanesulfonic 

acid (MeSA) 99% (Aldrich), (+/-)-10-camphorsulfonic acid (CSA) 98% (Aldrich), 

hydrochloric acid (GPR, 36.5 - 38%), 33% ammonia solution (VWR), methanol (VWR), 

t'-+" et. ahydrofuran (THF) (VWR), chloroform (CHC13) (VWR), trans-decalin (VWR), n-hexane 

(VWR), cyclohexane (VWR), xylene (VWR) 
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2.2.1 Polyaniline 
2.2.1.1 Solution Polymerisation (using a strong acid medium) 

Polyaniline and its derivatives are generally synthesised using a strong protonic acid medium 

such as aqueous HCI, H2SO4, or HC104. As mentioned in section (1.7.1.8) the polymerisation 

involves proton-transfers to and from the monomer, dimer, oligomer, and polymer 

molecules. 

Svnthesis of PAni-HCI at Different Oxidant Ratio 

The oxidant/monomer ratio plays a key role in governing the final physical properties of the 

particles prepared [491 
. Not only has it an effect on the yield of the polymer, but also it has a 

variable effect on the oxidation state of the final particles, and therefore their chain length, 

doping level, conductivity etc. 

A series of experiments was set up to study the significance of the initial mole ratio of 

ox/mon on conductivity, and the physical properties of the polymeric particles. The 

experimental conditions of the synthesis were derived from Annes [791 in a study of the 

optimum reaction parameters for the polymerisation of aniline using APS as initiator. 

Sample ID Compound name Synthetic method % Yield 

Z-000 I PAn1-HCI OX: MON 0.25: 1 21.6% 

Z-0002 PAn1-HCI OX: MON 0.5: 1 40.5% 

Z-0003 PAni-HCI OX: MON 0.75: 1 55% 

Z-0004 PAni-HCI OX: MON 1.08: 1 87.3% 

Z-0005 PAni-HCI OX: MON 1.25: 1 88.7% 

Z-0006 PAni-HCI OX: MON 1.5: 1 88.3% 

Table 3 FAni-Hul syntnesiseci at clitterent oxiciant: monomer ratios. 
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10ml of aniline was dissolved in 150ml of IM hydrochloric acid and pre-cooled to O'C. The 

aniline solution was added to solutions of varying concentrations of ammonium persulfate in 

II Oral of IM hydrochloric acid in order to produce the desired range of oxidant/monomer 

initial mole ratio r. This range is illustrated in Table 3. A few drops of ferric chloride were 

added to the polymerisation mixture as a catalyst. In each case an intermediate pink colour 

was observed, the intensity of which increased with r. The pink colour remained for 

approximately one minute, with the reaction solution gradually turning from blue to green 

over a period of several minutes. The oxidant was added drop-wise over a period of 35 

minutes. The addition of the oxidant caused a sudden increase in temperature, dependent on 

the ratio of oxidant to monomer. The polymerisation mixture was then cooled and maintained 

at O'C until the end of the polymerisation reaction, while the pH was adjusted to be between 

0-0.5 by the addition of concentrated HCI. The mixture was left for five hours to complete 

the polymerisation. The reaction solutions were then filtered and washed with 500ml of IM 

hydrochloric acid. The colour of the filtrates was reddish-pink due to the presence of soluble 

aniline oligomers. These filtrates were then dried under vacuum for 24 hours and finally, left 

in a vacuum oven to dry for a further 24 hours at a temperature of 40'C. 

Svnthesis of PAni-HCI 

Conductive emeraldine salt PAni-HCl was synthesised by oxidative chemical polymerisation 

usmg aqueous HCI as an acidic medium. The wide use of HCI can be attributed to a various 

factors such as: 

" High reactivity leading to fast syntheses 
" High yield 
" High conductivity of the synthesised polymer 
0 Low cost 

Most of the work on conductive blends and composites of polyaniline, has been carried out on 

particles synthesised using a standard method. 
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Compound Z-0007 was prepared by dissolving 100ml (1.097mole) of aniline in 1500ml of 

IM HCI and leaving it to stir using a mechanical stirrer. The solution was cooled and the 

temperature maintained at OOC aided by an ice bath. Separately 187.8g (0.822mole) of 
(NH4)2S208 were dissolved in II 00ml of IM HCI and left to cool in an ice bath with the aid 

of a magnetic stirrer. After I hour 45 minutes the oxidant was added drop wise; during the 

addition of oxidant the temperature rose. After 20 minutes, the colour changed from dark 

blue to emerald. The reaction was allowed to proceed for 5h from the addition of the first 

drop of oxidant. The end product was PAni-HCI. It was then washed with 5L of IM HCI, and 

the filtrates were pink in colour. A 5g portion of the PAni-HCl sample was removed and 

dried in an oven at 400C for 24 hours and retained for characterisation. 

Preparation of PAN-Base (Neutral Polvmer) 

Emeraldine base (Z-0008) was prepared by de-protonating the wet emeraldine salt (PAni- 

HCI) in 0.5M aqueous ammonia solution (5250ml) with 24 hours stirring. After that, the final 

product was washed using 8L of distilled water and filtered under vacuum for 24h. Drying 

was camed out in a vacuum oven at 50'C. 

Dopinq the EB with HCI at Different pH 

Polyaniline prepared using conventional routes can be easily deprotonated and then re- 

protonated with HCI. A series of doped emeraldine base samples was prepared using a 

variety of HCI concentrations. The method used to prepare compounds (Z-0009-Z-0012) is 

as follows: 5g of emeraldine base was placed in a 500ml beaker to which 250ml volumes of 

varying concentrations of HCI were added. These solutions were then stirred until the 

specified pH of the system was reached; see Table 4. 
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Sample ED Compound name 
Concentration HCI 

(mole/L) H p 

Z-0009 PAni-HCI 1 0 

Z-00 10 PAni-HCI 0.1 1 

Z-00 II PAni-HCI 0.01 2 

Z-00 12 PAni-HCI 0.001 3 

Table 4 Protonation of EB with HCI at different pH. 

The samples were filtered and dried in the vacuum oven at 40'C, to remove excess water. 

Doping the EB with Different Dispersinq Agents 

A batch of polyaruline doped HCI (Z-0007) was prepared and then fully deprotonated using 

ammonia solution as described above. The resulting base was protonated with a range of 

different dispersing agents, which included DBSA, TSA, NSA, CSA and MeSA. Solutions 

containing 200ml of H20 and dispersing agent were prepared, and to this, portions of 5g of 

EB (with equivalent molar ratio to the dispersing agent) were added. The relative amount of 

dispersing agents used is described in Table 5. The mixtures were left to stir for 24 hours at 

room temperature. These samples were then washed with 700ml of methanol and left to dry 

for 24 hours at 400C so the filtrates were protonated. The end product was a green coloured 

powder in each case. 
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Sample ID Dispersing agents Amount Used (g) 

Z-00 13 DBSA 29.86 

Z-00 14 p-TSA 15.66 

Z-00 15 P-NSA 24.49 

Z-00 16 MeSA 10.1 

Z-00 17 CSA 19.12 

Table 5 protonation of the EB with various dispersing agents. 

2.2.1.2 Emulsion Polymerisation 

An important benefit of emulsion polymerisation is to obtain particles with a uniform 

morphology. The polymer chains may increase in order throughout the backbone structure 

and the aggregates and particles are expected to show a decrease in their average size. 

PAni-DBSA via Emulsion Polvmerisation in Water 

The emulsion polymerisation of PAni-DBSA in H20was carried out in accordance with the 

method outlined by Haba ý1331 
which involved a two step process, namely: 

a) The creation of anilinium-DBSA complex with needle-like structures which are formed by 

the combination of the monomer and the DBSA acid. 

b) The initiation of polymerisation occurs by the addition of APS to the complex. The 

reaction mechanism is thought to be similar to that of the conventional method for the 

preparation of polyaniline. The bulky nature of the surfactant molecules leads to an increase 

in viscosity of the reaction medium, meaning the process of polymerisation is somewhat 

slower; thus the molecules transport is Slower than it would be if the reaction occurred in 
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solution. Consider the diagram below (Figure 27), which is a representation of the DBSA 

micelle in water. 
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Figure 27 DBSA micelle in water. 

The hydrophilic sulfonic acid heads surround the micelle, solubilised by the water 

molecules, and the hydrophobic tails of the surfactant point towards the centre of the micelle 

away from the solvent These interactions occur mainly from Van der Waals forces between 

the long alkyl chains inside the structure which may cause higher stability, leading to 

elliptically shaped micelles; therefore when the aniline and the later oxidant are added to the 

reaction system, partial fragmentation of the DBSA micellar structure occurs as illustrated in 

the following reaction diagram (Figure 28). 
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Figure 28 Formation of PAni-DBSA. 

As the polymer chains grow the formation of another type of micelle possibly occurs along 

with remaining DBSA micelles, consisting of polymeric cores surrounded by a double layer 

of DBSA molecules as seen in Figure 29. 
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Figure 29 PAni-DBSA polymeric micelle. 

For Compound Z-0018,66.30g (0.1646moles) of DBSA was weighed and dissolved in 

400ml of water and stirred mechanically. It was important that the DBSA was fully dissolved 

in H20, to allow ion exchange to occur. This was then cooled with an ice bath, and 10ml 

(0.1097mole) of aniline was added to the mixture. The dispersion turned white upon 

formation of insoluble anilinium-DBSA complex. After stirring for approximately two hours 

under these conditions, 18.80g (0.0823moles) of APS initiator was dissolved in 100ml of 

water and placed in ice bath. The initiator was then placed in a separating fimel and slowly 

added (over a period of one hour) into the polymerisation bath which already contained 

monomer and surfactant. It was noted that on the addition of the oxidant the temperature rose. 

The suspension turned from white to purple, blue and finally emerald over the course of an 

hour. 

The reaction was continued for eight hours. Methanol 1.5 litres was added to the PAni- 

DBSA aqueous dispersion to precipitate the doped PAni powder (methanol: PAni dispersion 
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volume ratio was 1: 1). The precipitate was filtered, washed with methanol and dried in a 

vacuum oven at 40'C for 48 hours. 

PAni-DBSA via Emulsion Polymerisation in a Water-O[ganic Solvent System 

bsterholm et al E1301 and the following year Yang E881 reported a direct one step emulsion 

polymerisation route to conducting PAni-DBSA using binary solvent mixtures. In this project 

various water-organic solvent mixtures were chosen in conjunction with the aniline monomer 

to fonn a host of colloidal structures, as depicted in Figure 30. 
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Figure 30 DBSA micelles in a water/organic solvent system. 

It can be seen from the scheme that the organic solvent is trapped within the micelle 

structure, due to the hydrophobic tail of the chosen surfactant. 
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The varying water-organic solvents typically had common water: organic ratio of 4: 1 

respectively. A typical reaction method is outlined below: 

The ammonium persulfate (12.33g) was dissolved in (100ml) of deionised water. Separately 

39-81g of DBSA was dissolved in a mixture of (300ml) H20 and (I 00ml) of the organic 

solvent (Table 6); then the oxidant was added dropwise and the polymerisation was carried 

out over an 8h period. Precipitation occurred by breaking the micelle structure, and this 

process was achieved by adding methanol to the system followed by washing and filtration of 

the sample. 

Sample ED Compound name Organic solvent % Yield 

Z-000 19 PAni-DBSA Trans-Decalin 35% 

Z-0020 PAni-DBSA n-Hexane 30% 

Z-0021 PAni-DBSA Cyclohexane 29% 

Z-0022 PAni-DBSA Xylene 37% 

Z-0023 PAni-DBSA Chloroform 31% 

Z-0024 PAni-DBSA THF 27% 

Table 6 Synthesis of PAni-DBSA in water / organic medium. 

Synthesis of Polvaniline Doped with O-NSA, CSA, TSA, MeSA 

For the synthesis of doped polyaniline with various dispersing agents, the method undertaken 

is similar to that described in section 2.2.2.1, with just alteration of the dispersing agent (see 

Table 7). In the case of PAni-NSA, microtubules of diameter 100 micro metres were 

obtained by a simple reaction route [1341 
, 
first the aniline and P-naphthalenesulphonic acid (P - 

NSA) were mixed, resulting in a "needle-like" product. The anilinium salt was then oxidised 

by dropwise addition of a solution of APS in water. The mixture was stirred for 8h and 

washed with methanol and vacuum dried for 48h at 400C. 
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Sample ID Dispersing agent Amount used (g) % Yield 

Z-0025 -NSA 48.97 42% 

Z-0026 CSA 38.24 44% 

Z-0027 P-TSA 31.31 46% 

Z-0028 MeSA 10.68 57% 

Table 7 Preparation of PAni using various dispersing agents. 

2.2.2 Polyanisidine 

The family of polyanisidine compounds were prepared following the methodology used in 

the preparation of polyaniline in section (2.2.1.1) and (2.2.1.2). 

2.2.2.1 Solution Polymerisation 

Owing to polyanisidine's greater solubility with respect to polyaniline, it was decided to 

synthesise a variety of polyanisidine compounds with differing dispersing agents via 

precipitation polymerisation, with a view to improve their solubility in common organic 

solvents. In this method, PoAnis-HCI (Z-0029) was synthesised via oxidative polymerisation 

of anisidine in a sintilar procedure to that undertaken for PAni-HCI. Neutralisation was 

achieved using arnmonia solution, fon-ning PoAnis base (Z-0030) (Table 8 shows an 

overview of the different quantities of constituents used in this preparation of the PoAnis), 

finally, PoAnis base was protonated using a variety of dispersing agents. See Table 9. 
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Reagent Amount 

Anisidine Monomer 100nil 

Oxidant 187.8g 

HCl IM 2600ml 

Ammorna solution 0.5M 3000rril 

I able 8 Synthesis summary of PoAnis via precipitation polymerisation. 

Sample ED Compound name Amount Used (g) 

Z-0031 PoArýs-DBSA 22.27 

Z-0032 PoAnis-TSA 11.68 

Z-0033 PoAnis-NSA 18.27 

Table 9 PoAnis with different dispersing agents. 

The first synthesis of PoAnis was described by Macinnes in 1988, however the actual 

description of synthetic conditions were derived by S. P. Armes, in the study the optimum 

reaction parameters for the polymerisation of PAni-HCI using APS as oxidant. 

2.2.2.2 Emulsion Polymerisation 

Emulsion polymerization of PoAnis family was carried out in H20in accordance with the 

method outlined in section (2.2.1.2). This involved the combination of anisidine with a host 

of dispersing agents namely DBSA, TSA, CSA, NSA and MeSA, followed by addition of 

APS oxidiser. Table 10 below describes the family of polyanisidines prepared using different 

dispersing agents. The mole ratios of monomer, oxidant, and dispersing agent used in the 

synthesis of PoAnis were similar to those of the PAni dispersed compounds. 
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Reagent Amount 

Anisidmie monomer l0n-fl 

Oxidant APS 15.18g 

Distilled water 500ml 

Methanol for washing 1.5L 

I able 10 Synthesis summary of PoAnis via emulsion polymerisation. 

Sample ID Dispersing agent Amount Used (g) %Yield 

Z-0034 DBSA 48.24g 53% 

Z-0035 TSA 25.30g 43% 

Z-0036 CSA 30.90g 38% 

Z-0037 P-NSA 39.57g 29% 

Z-0038 MeSA 8.63n-fl 50% 

Table II Preparation of PoAnis using various dispersing agents. 

2.2.3 Co-Polymerisation of Aniline/o-Anisidine 

The co-polymerisation of aniline and 2-ethoxyaniline by Kim et al was an ideal starting point 

for the synthesis of polyaniline/o-polyanisidine co-polymers and blends. Following the 

reported method, it was decided to combine o-anisidine monomer with a monomer of aniline 

in varying molar ratios. The mixtures consisted of 5ml (0.0549mol) aniline and 6.2ml 

(0.0549mol) of anisidine which comprised a 50: 50 molar ratio co-polymer, then 7.5ml 

(0.0824mol) of aniline with 3. lml (0.0275mol) of anisidine which represents 75: 25 molar 

ratio, and finally 2.5n-il (0.0275mol) aniline with 9.3n-fl (0.0824mol) anisidine was employed 

to give a molar ratio of 25: 75. The various monomer ratios were then added to a known 

concentration of dispersing agents i. e. DBSA, TSA, CSA, P-NSA and MeSA. Similar 

methods to the formation of the hornopolymers (as seen in section 2.2.1.2,2.2.2.2) were 
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employed for the co-polymerisation of aniline/o-anisidine. The following tables show the 

differing molar ratios of aniline to anisidine which include varying dispersing agents. 

Sample ED Compound name Amount used (g) % Yield 

Z-0039 PAni: PoAnis -DBSA 59.86 70% 

Z-0040 PAni: PoAnis-NSA 49.09 64% 

Z-0041 PAni: PoAnis -CSA 38.33 65% 

Z-0042 PAni: PoAnis -TSA 31.39 67% 

Z-0043 PAni: PoAnis -MeSA 10.7 62% 

Table 12 Preparation of 50: 50 molar ratio of aniline-anisidme co-polymer. 

Sample ED Compound name Amount used (g) % Yield 

Z-0044 PAni: PoAnis-DBSA 59.86 59% 

Z-0045 PAni: PoAnis-NSA 49.09 43% 

Z-0046 PAni: PoAnis-CSA 38.33 64% 

Z-0047 PAni: PoAnis-TSA 31.39 75% 

Z-0048 PAni: PoAnis-MeSA 10.7 54% 

Table 13 Preparation of 75: 25 molar ratio of amline-amsidine co-polymer. 

Sample ED Compound name Amount used (g) % Yield 

Z-0049 PAni: PoAnis-DBSA 59.86 59% 

Z-0050 PAni: PoAnis-NSA 49.09 42% 

Z-0051 PAni: PoAnis-CSA 38.33 48% 

Z-0052 PAni: PoAnis-TSA 31.39 71% 

Z-0053 PAnj: PoAnis-MeSA 10.7 48% 

I able 14 rreparation oi zD: /D moiar ratio oi aruilille-anisiulne cu-poIylllcl. 
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2.3 Polymer Blends 

2.3.1 Blends Prepared via co-dissolution Method 
2.3.1.1 Chemicals and Raw Materials 

Aniline monomer (99 wt%, Sigma-Aldrich), ammonium persulfate [APS] (98 wt%, Sigma- 

Aldrich), 36.5-38 wt% HCI solution (GPR), 33 wt% ammonia solution (GPR), 90 wt% 

DBSA solution (GPR, Fluka), Tetrahydrofuran (GPR), Methanol (GPR), 

poly(epichlorohydrin-co-ethylene oxide) elastomer (Zeon Chemicals). Poly[(acrylonitrile-co- 

butadiene)/poly vinylchloride] Nipolo DN 171 (Zeon chemicals). All types of rubber (Hydrin 

rubber and the thermoplastic rubber) were washed with methanol for 24 hours using Soxhlet 

extraction in order to remove chemical additives, prior to drying and use for making blends. 

2.3.1.2 PAni-DBSAlpoly (Epichlorohydrin-co-ethylene oxide) Blends 

Preparation 

5g of PAni-DBSA (Z-0013) was dissolved in 500ml of THF and left for 10 days with 

continuous stirring. PAni-DBSA solution was then filtered and the residual filtrate was 

weighed to quantify un-dissolved polymer. The weight of dissolved polymer was 1.7g in 

460ml; hence the concentration of polymer in THF was 0.37% (w/v). 

I Og of the host polymer (epichlorohydrin-ethylene oxide copolymer) was dissolved in 500ml 

of TBF and left for 10 days with continuous stirring. All of the copolymer was dissolved. 

Hence, the concentration of copolymer in THF was 2% (w/v). 

Blends of PAni-DBSA and C-2000L in THF were obtained by adding a known quantity of 

the conducting polyaniline solution to appropriate amounts of copolymer solution as 

indicated in Table 15. 
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The mass of PAni-DBSA in 20ml of polymer solution was equal to 0.074g. Hence the 

preparation of a 1: 1 mass-ratio blend was achieved by adding 3.7ml of C-2000L solution. 

NOW"O, 

Film no. 

Ratio of 
PAni-DBSA 

to rubber 

Ratio of PAni- 
DBSA to 
rubber 

Volume of 
PAni-DBSA 
solution (ml) 

Mass of 
PAni-DBSA 

(g) 

Volume of 
rubber 

solution (nd) 

Mass of 
rubber(g) 

F-0001 50 : 50 1: 1 20 0.074 3.7 0.074 

F-0002 67.7: 33.3 2: 1 40 0.148 3.7 0.074 

F-0003 75: 25 3: 1 60 0.222 3.7 0.074 

F-0004 80: 20 4: 1 80 0.296 3.7 0.074 

F-0005 83.4: 16.6 5: 1 100 0.37 3.7 0.074 

F-0006 40: 60 1: 1.5 20 0.074 7.4 0.148 

F-0007 30: 70 1: 2.33 20 0.074 8.621 0.172 

F-0008 20: 80 1: 4 20 0.074 14.8 0.296 

F-0009 16.6: 83.4 1: 5 20 0.074 18.5 0.37 

F-00 10 14.28: 85.71 1: 6 20 0.074 22.2 0.444 

F-00 11 12.5: 87.5 1: 7 20 0.074 25.9 0.518 

F-00 12 11.1: 88.9 1: 8 20 0.074 29.6 0.592 

F-00 13 10: 90 1: 9 20 0.074 33.3 0.666 

F-0014 9: 91 1: 10 20 0.074 37 0.74 

F-00 15 5: 95 1: 19 20 0.074 70.3 1.406 

F-00 16 2.5: 97.5 1: 39 20 0.074 144.3 2.886 

F-00 17 1: 99 1: 99 20 0.074 366.3 7.326 

F-00 18 0.75: 99.25 1: 132.3 20 0.074 489.5 7.344 

Table IDI fie cast Innis anct composition t i)y ratio) oi eacn ciaswinerw uiciiu. 
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A series of different mass-ratio blends were prepared (as shown in Table 15) by mixing a 

constant amount of copolymer solution with increasing amounts of the conductive polymer 

solution (0.074-0.296g). Table 15 illustrates the preparation of blends by increasing the 

amount of C-2000L (0.074-7.34g) and keeping the amount of PAni-DBSA constant. 

Fifteen slides (25 x 25nun) of PTFE sheets were cut, rinsed with distilled water and left to 

dry at room temperature. The slides were aligned next to each other and labelled accordingly. 

Six individual layers of the blends were cast to make films. This was carried out on each slide 

by slowly distributing exactly Iml of the blend which was then left to dry for 30mins. The 

fihns were covered to assure slow, even evaporation of solvent, as fast evaporation can lead 

to cracks in the film and damage its uniformity and homogeneity. 

It was observed, for mass ratios of conducting polymer solution greater than the Hydrin 

rubber solutions, cracks were occurring in the films. This phenomenon could be due to the 

fact that the pure conductive polymer does not have the required elasticity to form uniform 

and homogenous films. 
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2.3.1.3 PAni-DBSAIPoly [(acrylonitrile-co-butadiene)lpoly vinylchloride] 
Blends 

Preparation 

PAni-DBSA (10g) was dissolved in THF (920ml) by stirring for a period of 10 days. The 

mixture was filtered, leaving behind the undissolved PAni-DBSA (8.90g). 

Film no. 
Ratio of PAni- 

DBSA to 
rubber 

Ratio of 
PAni-DBSA 

to rubber 

Volume of 
PAni-DBSA 

solution 
(1111) 

Mass of 
PAni-DBSA 

(g) 

Volume of 
rubber 
solution 

(1111) 

Mass of 
rubber(g) 

F-000 1 50 50 1: 1 30 0.036 1.80 0.036 

F-0002 40 60 1: 1.5 30 0.036 2.70 0.054 

F-0003 25 75 1 :3 30 0.036 5.40 0.108 

F-0004 20 80 1: 4 30 0.036 7.20 0.144 

F-0005 15 85 1 : 5.7 30 0.036 10.30 0.205 

F-0006 10 90 1 :9 30 0.036 16.20 0.324 

F-0007 5 95 1: 19 30 0.036 34.20 0.684 

F-0008 1 : 99 1 : 99 30 0.036 178.20 3.564 

F-0009 0.75 99.25 1 132.3 30 0.036 237.60 4.752 

F-00 10 0.5 99.5 1 199 30 0.036 358.20 7.164 

Table 16 The cast films and composition ti)y ratio) 01 eaCn CIUSLU111CHU UICUU. 

Table 16 shows the composition of each elastomeric blend prepared, and their corresponding 

cast film number. 
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The concentration of the solution was 0.12% (w/v), based on the amount of PAni-DBSA 

(I. I Og) that dissolved. Nipola DN 171 (1 Og) was dissolved in THF (500ml) by stirring for 10 

days. The concentration of the mixture was 2% (w/v), due to complete dissolution of the 

NipolODN171 rubber in the THE Several blends of PAni-DBSA and NipolODNI71 rubber 

were prepared by mixing the stock solutions in varying ratios. 

Cast films were prepared using microscope glass slides (x 10) and PTFE sheets (x 10). On the 

PTFE sheets (25 x 25mm), six layers (Iml each) of the PAni-DBSA/Nipole DN171 rubber 

blends were deposited and the solvent (THF) allowed to gradually evaporate by placing 

beakers over the sheets at room temperature for 24h. Additionally, three layers (I ml each) of 

the blends were cast in the same manner on microscope glass slides (25 x 25mm). 
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2.3.2 Blends Prepared via Thermal Blending Method 
For practical commercial applications, all rubber compounds (either natural or synthetic) 

which are mixed and shaped into blanks for finther processing (e. g. moulding and extruding) 

must be vulcanised by one of many systems such as sulfur vulcanisation, sulphurless 

vulcanisation, resin vulcanisation (epoxy and phenolic resins), peroxide vulcanisation (for 

saturated rubbers that cannot be crosslinked by sulphur) and irradiation vulcanisation (e. g. 

electron beam, gamma and X-ray radiation). During the vulcanisation, the following changes 

occur: 

a) The long chains of the rubber molecules become crosslinked by reactions with the 

vulcanisation agent to form three-dimensional structures. This reaction transforms the soft, 

weak viscous material into a strong elastic product. 

b) The rubber also loses its tackiness, becomes insoluble in solvents and more resistant to 

deterioration nonnally caused by heat, light and ageing processes. 

It was decided to produce the vulcanised elastomer blends by thermo-mechanical mixing, 

using a temperature controlled internal mixer. 

An internal mixer is a closed mixing device. It has a pair of counter-rotating rotors and 

moveable steel rain (to force compound ingredients into the rotors' grasp) in order to perform 

the mixing. The rotors are encased by a heavy metal jacket with a hopper at the top to feed in 

the ingredients, and a door at the side of the rotors to let the mixed materials out. There are 

also drilled channels in the walls of the mixing chamber and in the cores of both rotors, where 

water can pass through to control the mixing temperature. Mixing can occur between the 

rotors or between the mixing chamber walls and the rotors. 
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2.3.2.1 Chemicals and Raw Materials 

Aniline monomer (99 wt%, Sigma-Aldrich), ammonium persulfate [APS] (98 wt%, Sigma- 

Aldrich), 36.5-38 wt% HCI solution (GPR), 33 wt% ammonia solution (GPR), 90 wt% 

DBSA solution (GPR, Fluka), methanol (GPR), poly(epichlorohydrin-co-ethylene oxide) C- 

2000L (Zeon Chemicals). Hydrin rubber was washed with methanol for 24 hours using 

Soxhlet extraction in order to remove chemical additives. The curing system known as 

Zisnet-FET was supplied by Zeon Chemicals, Wales, and stearic acid powder was supplied 

by Ornya. (Stearic acid was used to control the degree of splitting and tearing of the Hydrin 

rubber during mill-mixing. Another advantage of using stearic acid is to reduce the degree of 

surface bloom in vulcanisates fabricated from the Hydrin mixes). The accelerator used in 

conjunction with Zisnet-FET was diphenyl guanidine (DPG), supplied by Omya. DPG was 

supplied under the trade name DPG 75; this was 75% active material in a polyethylene 

binder. 

2.3.2.2 Effect of Crosslinking Agent with Epi-EO 

Compoundinq 

For this section of the project it was decided to investigate the advantages of adding higher 

proportions of crosslinking agent than has been recommended in the literature. Therefore 

four different mixes (crosslinking agent 1.6%, 2.4%, 3.2%, 4%; see Table 17) were prepared 

using a 300cm 3 Francis Shaw Inten-nix (Manchester, United Kingdom). The internal mixer 

was set to operate at a rotor speed of 50 revolutions per minute, under a ram pressure of 

approximately 0.70Wa. The fill factor used was 70% and the batch masses were 

approximately 250g. The discharge temperatures were all within 50'C ± 5. 
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Batch No Epi-EO (g) Stearic Acid (g) DPG (g) Zisnet-FEt (g) 

B-001 247 2.47 1.24 3.95 

B-002 241 2.41 1.9 5.78 

B-003 234 2.34 2.6 7.5 

B-004 228 2.28 2.96 9.12 

I able F/ Representation of different amounts of crosslinking materials in the vulcanisates. 

All the mixes were prepared according to the protocol outlined in Table 18. At the end of 

mixing each sample was refined on a 0.45m two-roll mill operating at an even speed of 15 

revolutions per minute with roller surface at 500C (the two roll-mill gap was adjusted to 4- 

5mm); the whole operation took about II minutes. 

Time elapsed (min) Stage of mixing 

0 Addition of raw Epi-EO 

3 Addition of stearic acid 

4 Addition of DPG and Zisnet-FET 

6 Sweep and cross-cut from each side of a sheet of rotating rubber 

9 SIX time end-roll on a tight mp, allow to band for one minute 

II Sheet off at a thickness 4-5 mm 

Table 18 MixMg schedules ot mixes with ditterent comoination oi iactors. 

Each batch was sheeted out at approx 4-5mm thickness. Material loss due to mixing was less 

than 2%, and this percentage loss is considered quite acceptable for mixing operations as far 

as elastomers are concemed. 
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Vulcanisation 

The determination of the vulcanisation characteristics was carried out on a Monsanto 

Oscillating-disc rheometer. It was maintained at a temperature of 150T and set so that it 

would operate at strain amplitude of ±30 of arc. The extent of crosslinking was indicated by 

the difference between the maximum torque and minimum torque and the vulcanisation time 

was indicated by the plateau which occurred when the curing process was complete. It was 

noticed that in the case of Hydrin rubber vulcanization, the curing time changed (between 38- 

45min), with respect to the ratio of crosslinking agent used. A Bradley and Turton steam 

press was used for the moulding process. For each mix, a set of square plates was used for 

moulding; the sample was sandwiched between the two plates and compression moulded on 

a steam press at 150T and a pressure of 80psi. 'Me moulding times quoted, were those 

corresponding to values recorded by the rheograrns of the respective mixes. Then, the post 

curing process was carried out by passing cold water through the system till room 

temperature was reached, which allowed sufficient time for vulcanisates to obtain a state of 

thermal equilibrium. 

2.3.2.3 PAni-DBSAIPoly (Epichlorohydrin-co-ethylene oxide) Blends 

From the initial studies described in section 2.3.2.2 (Effect of Crosslinking Agent with Epi- 

EO) it was discovered that 4% of the crosslhiking material was the optimum ratio required 

for effective crosslinking of the rubber. As a result this percentage was universally used in all 

blending experiments. Following the acquisition of this information, it was decided to 

introduce the conductive filler in varying ratios. The procedure is out lined below. 

, 
Compoundinq 

Vulcamsed Epi-EO/PAni-DBSA blends with different compositions of PAni-DBSA wt%: 

Epi-EO wto/o (i. e. 1: 99,5: 95,10: 90,20: 80,30: 70,50: 50; see Table 19) were prepared by 
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using an internal mixer (Francis Shaw Intermix). A fill factor of 70% was used in order to 

perform the blending in the mixer (with free total volume, 90CM) 
. The starting temperature 

of each mixing was 500C and the mixer rotor speed was 50rpm. 

Sheet no Mass ratio Epi-EO (g) PAni-DBSA (g) Stearic acid 
(g) DPG (g) Zisnet-FET 

(g) 

S-001 1: 99 226 2.26 2.26 2.9 9 

S-002 5: 95 218 10.9 2.18 2.8 8.7 

S-003 10: 90 208 20.8 2.08 2.7 8.32 

S-004 20: 80 191 38.2 1.91 2.48 7.64 

S-005 30: 70 177 53.1 1.77 2.03 7.08 

S-006 50: 50 154 77 1.54 2 6.16 

Table 19 Different compositions of vulcanised Epi-EO/PAni-DBSA blends. 

The mixing procedure was carried out according to the schedule outlined in Table 20. 

Time elapsed (min) Stage of mixing 

0 Addition of raw Epi-EO 

I Addition of PAni-DBSA 

3 Addition of stearic acid 

4 Addition of DPG and Zisnet-FET 

6 Sweep and cross-cut from each side of a sheet of rotating rubber 

9 Six time end-roll on a tight Mp, allow to band for one minute 

II Sheet off at a thickness 4-5 min 

Table 20 Stages of nuxing Epi-EO/PAni-DBSA blend using internal mixer and two roll-mills. 
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Vulcanisation 

The vulcanisation behaviour of poly(epichlorohydrin-co-ethylene oxide) blends, containing 

5%, 20% and 50% were examined using a Monsanto Oscillating-disc rheometer S 100 at a 

temperature of 150T and blend duration of 60 minutes. The information obtained from this 

test was used as a guideline for the vulcanisation of Epi-EO/PAni-DBSA blends using the hot 

press moulding. 

Appropriate amounts of each blend were cut from the sheet and fed into aI mm thick square 

(100 x 100mm) stainless steel mould while it was soft and warm. The mould containing the 

blend was set for the hot-pressing process with a curing temperature of 150T, pressure 80psi 

and duration 35 minutes. The post-curing was carried out by passing cold water through the 

system till room temperature was reached, which allowed sufficient time for vulcanisates to 

obtain a state of thennal equilibrium. 
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CHAPTER 

3 
Methods &Techniques of 

Characterisations 
This chapter introduces the reader to several areas of sample characterisation. It outlines a 

basic description of the techniques employed for the characterisation and study of these 

compounds and blends. The techniques used are asfollows: 

Inftared spectroscopy (IR), Ultraviolet- Visible (UV-Vis), DC conductivity, thennal 

techniques including thennogravimetry (TG) and differential scanning calorimetry (DSQ, 

morphological studies using Scanning electron microscopy (SEM), X-Ray Dififtaction (, UZD) 

and Optical microscopy, measurement of the vulcanisation behaviour of the Epi-EO rubber 

using a Rheometer and determination of the tensile strength and elongation at break using a 

tensile tester. 
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3 Methods & Techniques of Characterisations 

3.1 Inft-ared Spectroscopy 

3.1.1 Introduction 

The infrared portion of the electromagnetic spectrum extends from the red end of the visible 

spectrum out to the microwave region. It includes radiation with wave numbers ranging from 

14,000 to 20cm-1. However, the spectral range of greatest chemical use is the mid-infirared 

region (200 - 4000cm-1). 

Infrared radiation can induce response from chemical bonds. The frequencies at which there 

is absorption of IR radiation can be correlated directly to the bonds present within the 

compound in question. Each inter-atomic bond may vibrate in several different modes 

(stretching or bending) and individual bonds may absorb at more than one IR frequency. 

Stretching absorptions usually produce stronger peaks than bending; however the weaker 

bending absorptions can be useful in differentiating similar types of bonds. 

3.1.2 1R Apparatus 

The infrared spectra of the conducting polymers and each of the blends were obtained using 

a Perkin Elmer Spectrum One infrared spectrophotometer coupled with Universal ATR 

(Attenuated Total Reflectance) Sampling Accessory (crystal: Diamond/ZnSe) to allow easy 

recording of the traces for the dark polymer powders. The absorption peaks were recorded 

between (650-4000crn-1). The raw spectral data were converted to Microsoft Excel files on the 

Spectrum 3.01 software and analysed in Excel. 
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3.2 Ultraviolet-Viisible Spectroscopy 

3.2.1 Introduction 

Ultraviolet/visible spectroscopy involves the absorption of ultraviolet/visible light (190< 

X<800 nm) by a molecule causing the promotion of an electron from a ground electronic state 

to an excited one. There are several types of electronic transitions available to a molecule 

including: (7-(T* (e. g. alkanes), (T-n* (e. g. carbonyl compounds), 7r-7r* (e. g. alkenes, carbonyl 

compounds, alkynes, azo compounds), n-(T* (e. g. oxygen, nitrogen, sulfur, and halogen 

compounds), n-n* (e. g. carbonyl compounds). 

Transitions from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) require the least amount of energy and are therefore the most 

frequently observed. 

3.2.2 UV-Vis Apparatus 

Polymers were dissolved in NMP or THF and their spectra recorded on a Varian CARYI 00 

SCAN spectrophotometer against TBF or NMP using quartz cuvettes (I cm path length) . The 

absorbance was measured between 190 and 900nm, in order to determine whether the PAni- 

DBSA had become dedoped by the constituents of Epi-EO or the Nipolo DN171 in each 

elastorneric blend. UV-Visible traces were converted to Excel files using the CARYWIN 

1.90 Software and treated in Excel. 

3.3 DC Conductnn"ty Measurements 

3.3.1 Introduction 

Electrons are one of the most common energy-conversion sources used nowadays. To 

transfer electrons from one point to another, one needs to use a material that can accept a 

large electron densitY. These materials, such as metals, are known as conductors. However, 
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for some applications, compounds are required whose electron density is low or nil; these 

compounds are known as semi-conductors and insulators respectively. 

3.3.2 D. C. Conductivity Apparatus 
The conductivity of the polymer samples was estimated using the van der Pauw four-probe 

method. Discs (I 3mm 0) of compressed dry powders were prepared using standard 13 mm 

dies (90 kg. mm 2 uniaxial pressure, under vacuum). Their thicknesses were measured 

accurately using a digital calliper (average of 6 readings) and assumed to be homogeneous 

and uniform. The pellet was placed in a PTFE holder with four metallic contact screws. 

Three electrical measurements were recorded before the pellet was rotated through 90 

degrees, and a finther three were taken. 

Moreover, the electrical resistance of the cast films of PAni-DBSA and Epi-EO rubber 

blends or PAni-DBSA and NipoI8 DN171 rubber blends, at various ratios, were measured 

using a Keithley 617 programmable electrometer and a Keithley 224 programmable current 

source, under computer control. The standard two and four probe van der Pauw techniques 

were employed. PAni-DBSA rubber blends were cast on 25mm x 25mm PTFE sheet. Fine 

copper wires (length 5cm) were attached to each of the four comers of the cast fihn using a 

quick-drying silver paint. Two-probe electrical resistance measurements were performed for 

the less conductive cast fihns ((y < 10-9 S. cm-1), e. g. cast fihns of pure Epi-EO and Nipol 

DN17L by coating the opposite faces of each cast fihn with equal widths (5mm) of quick- 

drying silver paint. 

Measurements were taken following the scheme depicted in Figure 3 1, and with the sample 

tumed through 90 degrees. 
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The resistance readings were not always totally concordant with each other for the pellets 

tested. Readings at 0 and 90' gave resistance values varying between 2-2.5% compared to the 

mean value used for the conductivity calculation. 

Figure 31 DC conductivity measurement set-up. 

Electrical conductivities as measured by the four probe technique were calculated using the 

van der Pauw equation 

21n. 2 
(Ri + IZ2))7df 

Where cy is electrical conductivity (S. cm-1), RI and R2 are two average readings of measured 

resistance for the pellet in the case of PAni-DBSA powder and the cast film for the blend in 

its two different contact configurations (Q), d is thickness of the sample (cm), and f is a 

geometric factor (approximately I for symmetrical contacts on circular pellets or square- 

shaped plaques). 

Electrical conductivities as measured by the two probe method were calculated by using the 

equation below 
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07 =IL, Where cy is the electrical conductivity (S. cm-1), R is the measured RA 

resistance of the cast blend (Q), L is electrode spacing distance (cm) and A is the cross 

sectional area (cm) of the cast filin between the electrodes. 

3.4 Themnal Analysis 

3.4.1 Thermogravimetric Analysis (TGA) 

3.4.1.1 Introduction 

When polymers are heated substantially, they eventually undergo decomposition. This 

process may involve breaking of backbone bonds as a direct or indirect result of the 

temperature they are subjected to, releasing volatile products. Thermogravimetry can be used 

to study changes in sample weight as a fimction of time at a given heating rate or at constant 

temperature (isothermal TGA). The analysis is usually performed under nitrogen, argon, or in 

the presence of air. 

3.4.1.2 TGA Apparatus 

Polymer powders were placed in a platinum crucible on a Mettler M3 balance operated on 

the null-balance principle. A pair of photodiodes was used to register the displacement of the 

balance beam. A Mettler TC 1 OA low thermal resistance furnace was used to heat the 

samples at 10 and 20'C/min from 30 to 600'C under N2atmosphere. The oven temperature 

was monitored by a thermocouple located close to the sample boat. The raw data were 

processed using the Mettler Graphware TA72PS2 software package, exported from Qnix to 

MS-DOS, and re-plotted using Excel. 

3.4.2 Differential Scanning calorimetry (DSC) 

3.4.2.1 Introduction 

DSC is a technique in which the difference in heat flow to the sample and to a thermally- 

stable reference, are monitored against temperature. It has the ability to detect thermal 
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transitions including endothennic or exothennic changes and glass transitions. Therefore it 

was employed to study the various transitions in the polymers and the blends that had been 

prepared. 

3.4-2.2 DSC Apparatus 

The cast films of each elastomer blend (of the conducting polymer PAni-DBSA and Epi-EO 

or the Nipol a DN171, at selected ratios) and that of the pure grade of Epi-EO or Nipolo 

DN 171 were analysed, using a Mettler Toledo 822e differential scanning calorimeter. A 

sample cell (40ýtL aluminium pan), containing the material to be analysed, and a reference 

cell (blank pan) were heated at a rate of I O'C. min-1 under a nitrogen (N2) atmosphere, from 

30 - 450 T. 

3.5 Morphological Studies 

3.5.1 Scanning Electron Microscopy Analysis 

3.5.1.1 Introduction 

Scanning Electron Nficroscopic Analysis is a powerful tool for detennining micro- and nano- 

morphological patterns of materials, rendering the observation of single clusters and even 

particles of the polymeric material possible. The basic principle is similar to that of a normal 

optical microscope, except that the light reflected by a material in a normal microscope is 

replaced by an electron beam focussed on a metal-coated sample. As the beam strikes each 

point on the specimen, various responses are produced due to sample-electron-interactions. 

Several of these responses (secondary electrons, backscattered electrons) can be collected by 

suitable detectors, amplified, and displayed in the viewing tube, and an "image" is formed. 

3.5.1.2 SEM Apparatus 

The samples were placed on aluminium stubs, using double-sided sellotape, and gold-coated 

using a Polaron E5175 gold sPutter Water evacuated with an Edwards double-stage high 
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vacuum pump. All particle size estimation analyses were performed on a JEOL-63 10 

scanning electron microscope (SEM), operated at l5kV accelerating voltage, controlled by 

ISIS 200 software. The samples were then observed with various high magnifications, mainly 

500x, 1000x, 5000x and 10000x. 

3.5.2 Powder X-Ray diffraction analysis 
3.5.2.1 Introduction 

When an atom is excited by the removal of an electron from an inner shell, it usually returns 

to its normal state by transferring an electron from some outer shell to the inner shell with 

consequent emission of energy as X-rays; that is, photons of high energy and short 

wavelength (0.154 m-n for CuKa radiation) that can be used to detect the presence of 

elements in samples. They are also a useful source of radiation for analytical studies such as 

X-ray absorption and in the present study, X-ray diffraction analysis. The latter is a powerful 

tool for determining crystal parameters of materials. In this technique, a monochromatic 

beam of X-rays is aimed at the surface of the material studied, which is rotated to give a wide 

range of angles of incidence and diffiaction. 

The angles of the diffraction peaks in an x-ray diffraction pattern are directly related to the 

atomic distances. The atoms, and/or molecules, in a powder, can be viewed as forming 

different sets of planes in the crystal. For a given set of lattice planes with an inter-plane 

distance d, the condition for a diffraction (peak) to occur can be simply written as: 

d= )12. sinO (Bragg's law) 

Where 0 is the diffraction angle and X is the x-ray wavelength. The peak positions, intensities, 

widths and shapes can all provide information about the structure and morphology of the 

material. 
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3.5.2.2 X-Ray Diffraction Apparatus 

X-ray diffraction studies of PAni powders were performed on a Bruker AXS generator, 

combined with a D8 Advance automatic goniometer (Average speed 0.033degree. s-1). The 

XRD patterns were obtained with CuKa radiation (0.1 54nm), produced by the bombardment 

of a copper target (40kV, 25mA) and filtered, using a nickel filter. The system was controlled 

via a Bruker XRD manager software package, and the diffractograms were analysed by 

Bruker EVA evaluation software and exported as data to Excel for plotting. 

3.5.3 Optical Microscopy 

3.5.3.1 Introduction 

The morphology of PAni-DBSA blends was studied using a compound optical microscope. 

This microscope contains multiple lens components in both objective and eyepiece 

assemblies. These multi-components are designed to reduce aberrations, particularly 

chromatic aberration and spherical aberration. 

3.5.3.2 Optical Microscope Apparatus 

PAni-DBSA blends were analysed and studied with an Olympus BX51 optical microscope 

(magnification 20OX) linked to a computer by a video converter for digital image capture. 

Blend fihns were obtained by casting the solution onto glass substrates and allowed to 

evaporate to fonn a thin transparent fihn. 

3.6 Mechanical properties study 

3.6.1 Measurement of Vulcanisation Behaviour of Epi-EO Rubber 

3.6.1.1 Introduction 

The vulcanisation behaviour of Zisnet-FET vulcanised Epi-EO rubber containing 1.6 wt%, 

2.4 wt%, 3.2 wt% and 4 wt% of the crosslinking agent was measured using a Monsanto 

moving die rheometer (I OOS) at a temperature of 1500C and duration of 60min. Information 
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from this test was used as a guideline for the vulcanisation of Epi-EO/PAni-DBSA blend test 

pieces with hot-press moulding. 

3.6.1.2 Rheometer Apparatus 

A moving die type rheometer was used in this work. It is a modification of the Mooney 

viscometer, but unlike the Mooney, the non-vulcanised sample is compressed between two 

heated platens forraing a sealed cavity and by an applied oscillating force. The platens are 

maintained at a desired vulcanisation temperature while one platen oscillates. The stationary 

platen is equipped with a torque transducer, which records the induced torque as time and 

vulcanisation progress. The sample is thus subjected to an oscillatory shearing action of 

constant amplitude. Oscillation of the platens does not result in the destruction of the sample. 

As vulcanisation proceeds, the torque required to shear the rubber increases and a curve of 

torque versus cure time is generated. Since the platens are straining the rubber, the torque 

value is directly related to the shear modulus of the rubber. 

3.6.2 Tensile Properties Measurements 

3.6-2.1 Introduction 

Tensile property testing was carried out according to British Standards Institution (BSI) 

requirements. The test was performed in a controlled atmosphere with room temperature 23 

±2 and relative humidity 50 ± 5%. Six test pieces of each raw material or blend were used to 

repeat each test in order to define the final result as the mean value of a total of six 

measurements. 

3.6.2.2 Tensiometer Apparatus 

The tensiometer is usually loaded with a sample between two grips that are adjusted 

manually to apply force to the specimen. The measurements taken are force and extension 

and a tensiometer gives the load extension curve directly rather than the stress strain curve. 
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A tensile tester (Tinius Olsen HI OK-S) was used to measure two tensile properties, tensile 

strength and elongation at break with constant straining rate (5mm/sec). Test pieces in 

standard dumb-bell shape were used here. Tensile strength is defined as the maximum tensile 

stress recorded in extending the test piece to breaking point, and elongation at break is 

defined as tensile strain (expressed as a percentage increase of the test length, produced by 

tensile stress) at the breaking point. 
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CHAPTER 

4 

RESULTS & DISCUSSION 
The previous chapter of this thesis was concerned with the description of methods and 

techniques of characterisation. In order to assess the chemical andphysical properties of the 

prenaredpolymers and PAni-DBSA blends, several characterisation methods were employed 

and thefindings obtained by these methods are presented in this chapter. 

Thefirstpart of the chapter will only explore the characterisation of conducting polyanilines 

(PAW), polyanisidines (PoAnis), and their copolymers, in the presence of a variety of 

protonating agents. 

The second part of this chapter will deal with PAni-DBSA blends. In this chapter studies of 

the properties of these blends will be discussed, such as solubility parameters, IR and UV- Vis 

spectroscopy, thermal analysis, morphological studies, measurements of electrical 

conductivity and mechanicalproperties ofthe blends. 
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4 Results & Discussion 

4.1 Conductive Polyaniline and Its Derivatives 

4.1.1 Infrared Spectroscopy 

Infrared (IR) characterisation of PAni is an unportant way of identifying the various natures 

of chemical bonds present in the structure. Upon closer inspection of specific areas of the 

spectrum, links can be made between the degree of oxidation of the polymer and its 

conductivity. The common bands and their assigments for PAnis as reported in the literature 

[96,135,136,137,72] 
are given in Table 2 1. 

Table 21 PAm IR absorptions. 

4.1.1.1 PAni and PoAnis via Precipitation Polymerisation 

Polyaniline Salt ES and Emeraldine Base EB 

The main striking difference between the two spectra is the broadness of the peaks for ES, as 

seen in Figure 32. This is due to higher electronic displacement within the ES conjugated 

system. Doping usually increases the hydrophilicity of the polymers; water of hydration of 

the counter chlorine ion is present (3815cm-1) and it accounts for the broad, high 

waveriumber, end of the spectrum E1373. Peaks in the region of 3000cm-1 can be attributed to 
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N-H stretching while the peak at 2668cm-1 in the ES is due to vibrations of the iminium 

cation [13 81. The peaks relevant to quinoid and benzoid stretching vibrations are seen around 

1582 and 1497cm-1 respectively and, as mentioned in the literature [139,140] 
, their 

wavenumbers, decrease with doping to 1563 and 1479cm-1 respectively, due to the lower 

electron density and bond strength in the polymer (especially in the quinoid structure where 

doping occurs). The C=N stretching region of aromatic imMes lies between 1400 and 

1300cm-1; the medium peak at 1332cm-1 is shifted to 1295cm-1 in the salt, with a pronounced 

appearance of a shoulder at 1244cm-1 ý891 for the C-N' stretching, which is linked to 

conductivity. 

ý- Z-0007 ES Z-0008 EB ý 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenuniber crrf 

Figure 32 IR spectra of emeraldine salt and emeraldine base. 

The peak seen at ca. 1165cm-1 results from the bipolaronic structure (C-H out of plane (o/p) 

bending) in the conjugated backbone, and is hence also related to conductivity 
[139,141,142] 

. 

The wavenumber of this peak is shifted down for the salt [143] and it is rather broad due to 

greater electronic delocalisation. Peaks in the region of 950cm-1 can be assigned to C-H in 

plane (i/p) bending vibrations of the aromatic backbone. Lower wavenumber peaks are 
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mostly attributed to benzene substitution bending modes: the peaks at 822 (base) and 876cm-1 

(salt) refer to the para-substituted rings. The 790cm-1 peak of the salt stands in the region 

ascribed to meta-substituted rings. However, for the polaron band, the para-substituted 

n, k 
absorption band is shifted to a lower wavenumber for the same reasons as mentioned above. 

Hence it is reasonable to think that the salt's 790cm-1 peak would relate to ortho-substituted 

benzene rings, which is in accordance with mechanistic considerations developed in the 

introductory chapter. Finally the band at 51 Ocm- 1 is also due to C-H o/p bending for 1,4- 

disubstituted benzene rings. 

Polyaniline and Polyanisidine Bases 

The major drawback in the possible application of conjugated polymeric systems lies in their 

intractability. Unsaturated macromolecules are generally rather insoluble in most solvents 

though pendant moieties such as methoxy, ethoxy, and alkyl groups have been attached to the 

monomer to try and tackle this problem 
[137,144,136 145,1461 

. In the course of the present study, 

anisidine has been investigated as well as aniline as a monomer for polymerisation. Infrared 

traces of these compounds (see experimental section 2.2.1.1 and 2.2.2.1) are presented in 

Figure 33. The two spectra presented are of bases prepared by oxidative polymerisation and 

deprotonated with ammonia solution (Z-0030, Z-0008). 

The shapes of the curves are similar. However, the expected absorptions of the methoxy- 

group of PoAnis are observed as reported in the literature [145] 
. Hence for compound Z-0030, 

a shoulder is present at 2950cm-1 due to aliphatic C-H stretching in O-CH3- Quinoid and 

benzoid ring stretching vibrations are seen at the same wavenumbers, leading to the 

conclusion that their position in the spectrum is not influenced by the methoxy- group [146] 
. 
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Bands around 1310cm-1 are relevant to C-N stretching and are quite weak due to the 

relatively small electronic displacement in EB. For PoAnis, peaks consistent with aralkyl 

ethers (1270-1230cm-1 - aryl-0, and 1167-1020cm-1 - alkyl-0) are seen. An obvious example 

is the strong peak around 1215cm-1 for Ar-O stretching. 

Z-0030 Z-000ý 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber crrf' 

Figure 33 IR spectra of PAni and PoAnis bases. 

The strong peak expected at I 167cm- I competes with the expected polaron band and is hence 

not clearly detectable in PoAnis. The peaks at 850cm-1 for Z-0030 are assigned to C-H out of 

plane bending of 1,2,4- trisubstituted benzene rings 
[147,1481 

, whereas those at 822 cm-1 in Z- 

0008 and Z-0030 represent the same vibrational mode for 1,4-disubstituted rings 
[149,148,1401 

. 

The vibration at 790cm -1 present in Z-0030, Z-0008 is due to the 1,2- disubstituted terniinal 

ý 1371 
rings o/p bending 
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PAni-HCI at Different PH 

Table 22 shows the change in the frequency of theC6H4ring absorbance. As can be seen, the 

frequency of this absorbance decreases as the protonation level increases (pH decreases). If 

the protons interact and partly depopulate then-system of the polymer; the frequency of this 

mode may decrease with increasing protonation since the C-C bond order (and hence, force 

constant) in the(C6H4) ring decreases with decreasing population of the bondingn orbitals. 

Sample ED pH IR frequency (cm-) 

Z-0009 0 1554 

Z-0010 1 1558 

Z-00 11 2 1576 

Z-0012 3 1585 

Table 22 Effect of the pH on the IR frequency. 

As can be seen from the classical resonance forms of polyaniline salt given in Figure 34, it is 

to be expected that positive charge will be transferred in part from the N to then system of 

the (C6H4) rings. This will result in a partial delocalization of positive charge along the 

backbone of the polymer chain. The charge will naturally tend to be pinned close to the 

anion, A-and delocaliZation will become less extensive as the distance from the N+ atom 

mcreases. 
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Figure 34 Representation of the delocalised positive charge from N to pi system. 

PAN at different oxidant/monomer ratios 

it is known that oxidative polymerisation of aniline leads to the fon-nation of the "quasi" ES 

in which roughly half of the nitrogen atoms are present as secondary amines (-N-B-N-) and 

97 



Chapter Four: Results & Discussion 

half as iMines (-N=Q=N-) IR stretching bands of these two f 
ý 1481. 

orms are characteristic of 

the polymer and their investigation [135,136,143,1481 has led to the conclusion that they could give 

inforination about the degree of oxidation of different PAnis. 

Z-000 1- Z-0002 - Z-0003 - Z-0004 

........................ 

.................. 

2650 2150 1650 1150 650 
Wavenuniber cm-' 

Figure 35 Infirared study of different oxidant: monomer ratios PAnis. 

The first feature to be noted is the difference between spectra of protonated polymers and 

those of deprotonated PAni. The bands are, as mentioned earlier, much broader and bands of 

CH o/p bending [1361 are seen at 1800 and 2000cm-1 due to the greater electronic 

delocalisation of the structures. Although the monomer: oxidant ratio varies for the different 

polymers, it is reasonable to say that the spectra look very similar and that the ratios of the 

peaks for quinoid and benzoid stretching are comparable. The shapes of the spectra are 

similar to those previously reported 1431 
. Hence, it is possible to conclude that the degree of 

oxidation of these polymers is similar. A small difference can be noted though for Z-0003 in 

its relatively bigger and broader absorption around 1135cm-1 which suggests greater 

electronic delocalisation and hence higher inherent conductivity. 
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4.1.1.2 PAni and PoAnis Doped with Sulfonic Acids 

When EB is doped with a sulfonic acid, its infrared spectrum varies in two ways. Firstly, as a 

result of doping, some peaks are shifted and their relative intensity varies; secondly, new 

peaks characteristic of the presence of the dopant in the backbone appear. 

In the protonated PAni, roughly half of the nitrogen atoms in the crude product are present as 

cationic species, and this electronic deficiency improves its conducting behaviour via charge 

displacement through the conjugated core of the polymer. The actual structure of the polymer 

is that of a salt with pendant counter-ions, which are the anions of the acids used in the 

polymerisation processes. In the case of surfactants, the salts may have specific IR vibrations 

that should be noticeable in their spectra. For a deprotonated polymer, one would expect 

these vibrations to disappear, since the counter-ion is no longer ionically bound to the 

polymer matrix. 

PAni-Sulfonic acids from Emeraldine Base 

Various sulfonic acids solutions were added to the non-conductive fonn of polyaniline (EB) 

Z-0008. When doping is achieved in solution, free imine sites are readily available to the 

dopant molecules. As the base is protonated, it becomes less soluble and particle aggregation 

starts to occur. The spectra of PAni doped sulfonic acids are similar in appearance to the EB 

but some peaks are stronger and broader, suggesting a higher degree of delocalisation in the 

backbone. This method of doping does not allow many dopant molecules to get fixed on the 

polymeric backbone, but inspection of the infrared data reveals that the dopants managed to 

protonate the free imine sites of the polymer aggregates. The presence of dopants in the 

backbones causes the peak at ca. 1240cm-1 to become slightly stronger, as well as one at 

1300cm-1 (Figure 36). The polaron peak is broader than that found in the base as a result of 

the doping; overtones of C-H o/p bending 1900-2200cm-1 start to appear but remain weak. 
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The presence of dopant anions is confinned by the changed wavenumbers of the quinoid and 

benzoid vibrations which would not be shifted down in the case of partial or de-doped PAnis. 

Due to the general broadening of the spectra, it is difficult to see any specific peaks for each 

of the different dopants used; however peaks around 1030-1000cm-1 are seen for all the 

samples, leading us to the conclusion that the doping process was successful in every case. 

Moreover, small C-H stretching vibrations appear as shoulders over the major vibrations 

around 3000cm-1 between N-H and N-H+ stretching. A further band at 1740cm-1 is seen in Z- 

0015 (doped with P-NSA) which could be assigned as ring rocking vibrations for the 

naphthalene moiety. 

Z-0008 Z-00 13 - Z-00 14 - Z-00 15 

............ 

vv--, -)Il, 
l,,, jl0ljjjj 

.......... 

I 
2600 2100 1600 1100 600 

Wavenumber CM- I 

Figure 36 Infrared spectra of PAni-sulfonic acid from precipitation. 

T he peak at 1244cm- 1 which appeared as a shoulder to the 13 00cm- 1 peak for Z-00 13, is now 

a strong one. The polaron related peak is now stronger and merged with one of the S=O 

stretching peaks for which smaller bands between 1050 and 1000cm-1 are also seen. A peak 

appears at 1660cm-1 which was only barely seen in Z-00 13; however, it is not reported in the 
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literature. Two assignments may be suggested to interpret this vibration, either due to 

DBSA's benzene C=C skeleton and/or CH out-of-plane vibrations. 

PAni-Sulfonic acids by Emulsion Polymerisation Pathwa 

The main difference between the spectra of the polymers synthesised via emulsion 

polymerisation and those prepared via doping of the EB is the overall broadness of the peaks 

which is probably due to the presence of DBSA within the core of the polyiner. It has also 

been shown 
[150,151,88] 

that emulsion polymerisation yields a more ordered polymer in which 

presumably electronic delocalisation is enhanced compared to the more conventional solution 

preparation using HCI as a protonic acid and dopant. This assumption is reasonable when 

related to the observation about peak broadening made earlier for the doping in solution. 

The IR spectra of (Z-001 8) PAni-DBSA sample is shown in Figure 37. Peaks in the region of 

3212 and 3408cin-1 are associated with N-H stretching, while the one at 2660cm-1 is due to 

the iminium cation E1381 The band at 2112cm-1 was assigned to an overtone of C-H (out of 

plane) bending. 

The bands near 1447 and 1546cm-1 are assigned to C=C stretching of the benzoid and 

quinoid rings, respectively. These bands appear at lower wavenumber than those observed 

near 1500 and 1600cm-1 for undoped PAni. The presence of quinoid and benzenoid 

vibrations indicates the emeraldine state of PAni. The peak seen at 1291cm-1 with the 

pronounced appearance of a shoulder at 1242cm-1 E891 for C-N+ stretching is characteristic of 

the conducting PAni-ES fonn. The band around 1102cm-1, referred to as an electronic band 

by MacDiarmid and co-workers 
[152] 

, was considered a measure of the degree of electron 

LJL correspond to the S=O delocalisation in the polymer c., bain. Bands at 1027 and 1000cm-1 

stretching vibration. The band at 790cm-1 was attributed to the out of plane bending of C-H 
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and the 878 cm-1 band was considered to be evidence of the fonnation of para-linked 

polyaniline. 

Figure 37 shows an example of PAni prepared using P-NSA as a protonic acid, Z-0025 being 

the salt of the polyiner. The peak at 3215cm-1 is assigned to the N-H stretching. The 

characteristic band at 2118cm-1 can be assigned to the vibration of the naphthalene moiety 

(>CH stretching). The spectrum of PAni-P-NSA shows the expected quinold and benzoid 

vibrations in the regions of 1565 and 1485cm-1, C-N stretching at 1303cm-1 and a polaron 

band at 1137cm-1 together with the absorption at ca. 1085cm- I assigned as CH i/p bending of 

1,2,4 trisubstituted aromatic rings 
[136,72] 

or S=O stretching 
[1451. The peak at 1026cm-1 is also 

assigned to S=O stretching. 

Z-00 18 Z-0025 Z-0026 Z-0027 - Z-0028 

... ....... I ........ ........... 

........... .......... 

2600 2200 1800 1400 1000 600 

Wavenumber cm -1 

Figure 37 Infrared spectra of PAni-sulfonic acid from emulsion. 

In many aspects, the PAni-CSA spectrum resembles that of PAni-DBSV531. The main 

difference between the spectra of the last two polymers is the presence of the C=O stretching 

[1541 

vibration around 1740cm-1 in Z-0026 . It 
is also interesting to note that the second strong 
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>C=O stretching vibration present at 1421cm-1 in the spectrum of the acid salt is only barely 

seen as a very tiny shoulder on that of the polymer. Peaks relevant to S=O stretching are also 

seen around I 000cm- 1. 

Infrared spectra of these materials (Z-0027 and Z-0028) are also very similar to other sulfonic 

acid prepared PAnis. Within the spectra of the polymers, amongst the usual peaks for PAni, 

one would expect peaks relevant to both aromatic (which may blend within the peaks 

assigned to the aromaticity of the polymer itself) and sulfonic group vibrations. Figure 37 

shows spectra of PAnis prepared via emulsion polymerisation using both acids. 

The spectra of both polyiners show the expected quinoid and benzoid vibrations in the 

regions of 1558 and 1478cm-1, C-N stretching at 1297cm-1 and a polaron band at 11 18cm-1 

together with the absorption at ca. 1085cm-1 assigned as CH i/p bending of 1,2,4- 

trisubstituted. aromatic rings 
[72,1361. The peak at 1034cm-1 is assigned to S=O stretching. For 

PAni-TSA, a shoulder has appeared in the region of 1006cm-1 which is also caused by the 

S=O stretching. 

(PAni-co-PoAnis)-Sulfonic acid by Emulsion Polymerisation Pathwa 

Copolymerisation of aniline and o-methoxyaniline was also perfon-ned, following the work 

of I<im et al. 
[155,156] 

. As expected, the spectra are generally very similar, and the copolymer 

spectrum is closer to that of pure PoAnis than that of pure PAni. The assignments and 

observations of the general bands are similar to those presented -above. A gradual increase in 

the size of the peak based around 1211 cm-1 relevant to Ar-O stretching is seen with increase 

of o-methoxyaniline content, the peak being totally absent from the pure PAni spectrum. This 

peak builds up until it overtakes the 1300cm-1 peak of C=N stretching. As mentioned by 

Motheo et al . 
E1571 

,a symmetrical stretching peak of the C-0-C moiety at 1026cm-1 is seen in 

the products. These results confirm the effective copolymerisation of the two monomers. 
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4.1.2 Conductivity Measurements 
The conductivity (T of a material can be simply viewed as a measure of its electron transfer 

capacity. It equals the current density per unit electric field and is expressed in S. I. units 

Siemens/metre (or more commonly in Siemens/centimetre), (s. CM-1) 
[1581. 

07 = 
21n2 

(R I+ R2))7df 

Where (Y is electrical conductivity (S. cm-1), RI and R2 are two average readings of measured 

resistance (92), d is thickness of the sample (cm), and f is a geometric factor (approximately I 

for symmetrical contacts on circular pellets or square-shaped plaques). 

PAni, depending on its degree of oxidation and of doping, can have a conductivity 

comparable to insulators or metals; EB is known to be an insulator with a conductivity value 

of ca. 10-10 S. cm-1, and doped films of PAni-CSA from m-cresol 
[159,160,161 1 have reached 

conductivities of 200-400 S. cm-1. It has been shown that in its pristine fonn, if all the charge 

carriers contributed to electrical conduction, this value would rise to a staggering 105S. cm -1 

[162] 
and would be comparable to that of metallic copper. 

The present study was aimed at producing such types of highly conducting PAni based 

materials; therefore most of the compounds prepared were partially or totally protonated 

fort-ris of the ESs obtained from the syntheses. For production of blends with good electrical 

properties (see section 4.2), the dispersed materials should have a high conductivity. 
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4.1.2.1 Influence of oxidantlaniline ratio 

For PAni-HCI at different Ox/Mon mol ratios, we can see that the polymer yield and 

conductivity were strongly affected by the oxidant/aniline ratio (Table 23). The optimum 

yield was obtained with a ratio of 1.25, whereas the maximum conductivity was obtained 

with a ratio of a 0.75. it appears that when the ratio of Ox/Mon is high, chain scission may 

occur, leading to lower conductivity. On the other hand, reaction yield increases with the use 

of larger amount of oxidant. By increasing the amount of oxidant in the reaction medium, the 

concentration of radical cation will be larger, and consequently the polymer chains will be 

shorter and the conductivity will be lower. 

Sample ED Ox: Mon ratio Conductivity S/cm % Yield 

Z-0001 0.25: 1 5.2±0.2 21.6% 

Z-0002 0.5: 1 7.4±0.2 40.5% 

Z-0003 0.75: 1 9.9±0.2 55% 

Z-0004 1.08: 1 8.7±0.2 87.3% 

Z-0005 1.25: 1 3.3±0.2 88.7% 

Z-0006 1.5: 1 0.7±0.2 88.3% 

Table 23 Effect of the oxidant/aniline ratio. 

In addition, according to Genies et al., the use of larger amounts of oxidant induces polymer 

degradation. Improvement in yield is explained by the fact that, in the presence of larger 

amount of oxidant, aniline monomer is more easily oxidised, producing insoluble oligomers. 
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4.1-2.2 Doping the EB with HCI at Different pH 

The experiments here were designed to study the sensitivity of the conductivity of the EB to 

the pH of the aqueous HCI solution. HCI was added in order to lower the pH from 12 to 0. It 

was found that when HCI was added to the base, the latter underwent an insulator- metal 

10 transition involving an increase in conductivity of 10 . In principle it should be possible to 

non-redox dope a conducting polymer (EB) by adding protons, which may interact with the 

base and hence partly depopulate the pi system with concomitant increase in conductivity of 

the polymer. 

Sample ED Compound name Conductivity S/cm pH 

Z-0008 PAni-Base 2.6 x 10-8 12 

Z-0009 PAni-HCI I1 0 

Z-0010 PAni-HCI 10 1 

Z-00 II PAni-HCI 1.2 x 10-2 2 

Z-00 12 PAni-HCI 4.3 x 10-5 3 

Table 24 Effect of pH on the conductivity. 

4.1.2.3 Doping the EB with Different Dispersing Agent 

Table 25 gives the conductivity values obtained for the solution polymerised samples of 

emeraldine salts (pressed pellet). The PAni-HCI exhibited a maximum conductivity 

value of 9.9 S. cm-1 compared to the conductivity values of PAni-dispersing agents. 

Conductivities of pressed pellet samples have previously been reported to be 3.3x 10-1 

S-cm-1 for PAni-HCI and I. Ix 10-4 S. CM-1 for PAni-DBSA [163] 
, which are much 

smaller than these results. Pure PAni-HCI and PAni-MeSA showed the highest 

ions within the matrix. conductivities, probably due to the small size of Cl and CH3SO3 

TSA, NSA, CSA and DBSA are bulky dopants that may interrupt the conductive 

106 



Chaptg Four: Results & Discussion 

pathways between the polymer chains. However, this deficiency is compensated to some 

extent by the improved self-organisation, thermal stability and processibility caused by 

using the larger dopants. It is thought that DBSA dopant molecules are selectively 

bonded to the iminic nitrogens of PAni via proton transfer, whereas any "free" DBSA 

molecules are expected to be strongly hydrogen bonded to the aminic nitrogens and to 

other hydrogen bonding acceptors 
[164] 

Sample ED Compound name Conductivity (S/cm) 

Z-00 13 PAni-DBSA (4.1±0.2)xlO-l 

Z-00 14 PAni-TSA (11.5±0.2)x 10- 1 

Z-00 15 PAni-NSA (14.7±0.2)xIO-1 

Z-00 16 PAni-MeSA (27.3±0.2)xlO-l 

Z-00 17 PAni-CSA (8.8±0.2)xIO-1 

Table 25 Conductivities of full protonated polyamline. 

4.1.2.4 Conductivity of Polyanifine 'As Synthesised' 

Chemical synthesis of PAnis in acidic conditions yields the most conducting form of the 

polymer because the ES is almost in its theoretical 1: 1 benzoid: quinold conformation (ca. 

42% of the nitrogens are protonated [591). Conductivities of polymer samples were measured 

to detennine any influence of the type of protonic acid used on the conductivity of the bulk 

material. 
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Sample ID Compound name Conductivity (S/cm) 

Z-00 18 PAni-DBSA (16.7±0.2)xlO-l 

Z-0025 PAni-NSA (2.6±0.2)xlO-l 

Z-0026 PAni-CSA (27.9±0.2)xlO-l 

Z-0027 PAni-TSA (72.7±0.2)xIO-1 

Z-0028 PAni-MeSA (70.3±0.2)xlO-l 

I able 26 Conductivity of some as prepared polyaniline. 

PAnis prepared by precipitation from HCI solution have lower conductivities than those 

prepared via emulsion polymerisation, probably due to molecular order induced by the 

sulfonic acids and more homogenous protonation of PAni achieved by the in situ doping 

through the emulsion polymerisation route. 

It can also be noted that small dopant molecules such as p-TSA or MeSA seem to achieve 

more efficient doping than the more bulky conjugated ones such as DBSA and NSA or non- 

conjugated ones such as CSA. The lower values of conductivity of the present doped 

PAni systems might be due to the bulky nature of the dopant, which disrupts the 

I efficient packing of the molecules. 

It is well known that the water solubility of these organic sulfonic acids decreases in the 

order: MeSA>p-TSA>DBSA>CSA>P-NSA; this means that most strong acidic medium 

occurred in the case of MeSA. As a result, the strong acidity and smaller molecular size of 

MeSA would favour the fonnation of a less-doped reduction state of PAni during the 

oxidative polymerisation. But for p-TSA, the lower acidity than that of MeSA would cause 

the more oxidative state of PAni; this may be because emeraldine type structure is 

Predominant in PAni-p-TSA. In contrast with other organic sulfonic acids, DBSA, CSA and 
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P-NSA have larger molecular size and lower solubility in water due to their longer alkyl 

chains. The lower water solubility would lower the hydrogen ion concentration, which would 

favour the fonnation of the oxidised fonn of PAni, but a separation of the oxidant (APS) 

from monomer (anilinium. complex) would be caused by the steric hindrance of longer alkyl 

chain length of these sulfonic acids, which was also of benefit for the less-doped state of 

PAni during the oxidative polymerization. 
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4.1.2.5 Conductivity of Polyanisidines 

The study of the relationship between the product conductivity and the dispersing agents 

focused on two methods, solution polymerisation and emulsion polymerisation. 

All conductivity results for PoAnis prepared using the precipitation method are listed in 

Table 27, apart from those for PoAnis-MeSA, PoAnis-CSA and PoAnis-Base, because these 

products were very gelatinous, which made measurements difficult and extremely inaccurate. 

In the case of polyanisidine base, the sample showed a higher resistance than the upper limit 

of the electrometer (I 50M). 

Sample ED Compound name Conductivity (S/cm) 

Z-0029 PoAnis-HCI (6.8±0.2)xl 0-2 

Z-0031 PoAnis-DBSA (0.2±0.2)xl 0-2 

Z-0032 PoAnis-TSA (1.5±0.2)x 10-2 

Z-0033 PoAnis-NSA (1.2±0.2)x 10-2 

Table 27 Conductivity results of doped PoAnis. 

In tenns of conductivity, TSA appears to be a better dopant of PoAnis base than NSA and 

DBSA. This could be due to the fact that bulky dopants such as DBSA may hinder the 

intermolecular charge-transport by generating excessive distances between the polymer 

, -'k dains. 

Contrary to the observations made in section 4.1.2.4, the conductivities of PoAnis are lower 

than those of their PAni counterparts. This may be due to the higher electron density (from 

the methoxy group) of the polymer containing anisidine. 

Based on the results obtained for PoAnis-HCI, PoAnis was prepared in the presence of 

different dispersing agents (MeSA, TSA, NSA, CSA, DBSA), using the same conditions. 
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However, there was no precipitation of the product after 4h. Since the reaction medium 

containing dispersing agents such as TSA, DBSA, CSA, NSA was more viscous, the 

diffusion of the reactants was slower and, consequently, the reaction rate in the presence of 

any of the mentioned acids is also lower. Thus, a period of 8h was necessary to obtain the 

product (PoAnis-dispersing agent). 

Sample ED Compound name Conductivity (S/cm) 

Z-0034 PoAnis-DBSA (0.7±0.2)xl 0-2 

Z-0035 PoAnis-TSA (7.7±0.2)xl 0-2 

Z-0036 PoAnis-CSA (2.8±0.2)xl 0-2 

Z-0037 PoAnis-P-NSA (1.4±0.2)xl 0-2 

Z-0038 PoAnis-MeSA (4.8±0.2)xl 0-2 

Table 28 Conductivity values of synthesised PoAnis via emulsion polymensation. 

The conductivity values obtained for TSA (see Table 28) were higher than those obtained 

with other dispersing agents. Once again, the intennolecular spacing could be the 

determining factor here. The intermolecular distances created by the structure of the 

dispersing agent have increased the spaces between polyaniline backbones, making 

interchain proton hopping more difficult. 

Polyanisidines prepared by precipitation from HCI solution have lower conductivities than 

the ones prepared via emulsion polymerisation, probably due to molecular order induced by 

the sulfoMc acid salts. 
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4.1.2.6 Conductivity of Polyaniline Copolymer with Respect to O-anisidine 
Ratio 

Some observations have already been made about the difference in conductivities between 

polyanilines and polyanisidines. Figure 38 shows the influence of co-monomer ratios on 

conductivity for compounds protonated with different dispersing agents. 
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Figure 38 Conductivity of poly aniline -co-am sidine with respect to the monomer ratio. 

The conductivities of the five samples tend to decrease as the ratio of anisidine increases, in 

accordance with reported results 
[157] [155] 

, due to the decreased chain planarity caused by the 

methoxy-side-groups. The methoxy group donates electronic density to the conjugated ring 

which renders the amine moiety of o-methoxyaniline more likely to bind to a free proton 

from the acidic medium than that of aniline. When aniline is in excess however, after the first 

block of PoAnis is created and while the concentration of free anisidinium radical cations or 

oligorneric radical cations decreases in the reaction mixture, anilinium. radical cations are 

inserted in the structure, creating a localised alternating copolymer before terminating the 

chains with a block of pure aniline. It is thought that the shorter length of this alternating 
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polymer may explain the increase in conductivity for the compounds prepared in solution. 

The alternating co-polymer structure is most probably the form of the polymer where the loss 

of planarity due to the pendant side groups is highest, explaining the lower (or comparable) 

conductivity of compounds prepared at 25 and 50% aniline loadings. When the reaction is 

carried out in a strongly dispersing mediwn such as DBSA, the shape of the final polyrner 

particles is strongly dependent on the arrangement of the surfactant molecules, over-ruling 

the influence of the side groups attached to the chain. 
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4.1.3 Thermogravirnetric Analysis 
Thermal degradation of polymers is an important area of study. Polymers find applications in 

fields where heat is present, and should preferably display the same characteristics over a 

suitable temperature range. TGA is a very simple technique in which samples are gradually 

heated and their weight loss monitored over a period of time. PAni materials usually display 

three steps in their degradation process in nitrogen (2 for EB) which have been ascribed to: 

1. Loss of solvent and small molecules ca. 80-150'C [101,165,166] The polymers and 

especially doped polymers usually carry water/solvent molecules, either hydrogen bonded to 

the polymer or hydrating the dopant anions which are difficult to remove by conventional 

drying. Upon sufficient heating of these materials, the small molecules are evaporated from 

their structure. 

2. Loss of dopant anions ca. 150-350'C [165,167] Upon stronger heating, dopant anions start 

vaponsing and leave the polymeric backbone. The degradation of the latter may also start at 

the high end of this temperature range. 

3. Backbone degradation ca. 350- 650'C [101,165 1661 Upon reaching high temperatures, the 

polymer backbone starts to break down via oxidation reactions until complete destruction of 

the material occurs. Little or no residue is found at temperatures over 600 'C in the presence 

of air. These reactions are either internal or oxygen induced radical degradations and can be 

outlined as follows [1651 
. 
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Polymer Pe Initiation 
P* + 02 P02* 
P02* + PH P02H + Po 

2 P02H No. POO + P02* + H20 Chain branching 
P02H POO + -OH 
PH + -OH P-+H20 

2 P02* 00 Inert products Termination 
P02* + P* No P02P 
Pe 10 P-P 

Many studies of PAni stability under an argon or nitrogen flow [96,101,142,150,168 167,169]haVe 

shown that the absence of oxygen in the oven retards the decomposition of the polymer and 

residues. It has been shown by Cataldo r961 that EB heated at 20'C/min under nitrogen has a 

weight loss at 800'C of less than 25 %. 

4.1.3.1 Thermogravimetric Analysis of PAni-HCl and EB 

To be familiar with the general patterns of degradation and thermal behaviour of 

polyanilines, it is necessary to study doped and dedoped polyaniline. Dedoped PAni was 

obtained by converting the pristine doped polymer into its base form using a dilute solution 

of ammonia. The thermal stabilities of PAni-HCI, EB, PoAnis-HCl and PoAnis-Base were 

assessed by heating the samples at 20'C/min between 30 and 650'C. Plots are presented in 

Figure 39. 

The TGA thermogram of PAni-HCl shows the expected three step weight loss behaviour. 

The obvious and only major difference between the two polymers is the presence of dopant 

(HCI) in Z-0007. The first weight loss step (37-144'C) of PAni-HCl not only represents the 

release of water but also free molecular acid left over at the end of the synthetic processes. 

Various authors have reported and characterised the release of free acids 
[170,1711 

. 

115 



Chanter Four: Results & Discussion 

The second weight loss step (165-3300C) indicates mostly the loss of ionic HCI bound to the 

polymer chain as protonating dopant acting as a counter ion for the positively charged 

nitrogen. The final step (465-650'C) of degradation represents the breakdown of the 

backbone of the polymer. 
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Figure 39 TG plots for PAni and PoAnis prepared using HCI as protonic acid and deprotonated using 
ammonia solution at a heating rate of 20'C/min under N2- 

For EB, the degradation patterns show differences from PAni-HCI. The first step represents 

the release of water (42-870C), which is a normal phenomenon with all types of hydrophilic 

polymers. The main degradation step occurs in the range 517-6310C and involves the 

degradation of the polyrner backbone through a succession of chain scissions via breaking 

bonds and formation of radicals. These radicals can be then degraded further, ultimately to 

the point where the molecular weight of the product is low enough for sublimation to occur. 

For PoAnis-HCI, the first weight-loss observed up to 133'C could be due to loss of residual 

water molecules/moisture present from the polymer matrix. The second stage observed 

within the temperature range of 142-294'C could be related to removal of dopant molecules 
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from the polymer structure. The weight-loss observed after the removal of the dopant 

molecules (328-423'C) corresponds to the complete degradation and decomposition of the 

polymer main chain. 

The small fractions of weight loss below 90'C are attributed to the loss of moisture in the 

Polyanisidine-Base sample. These losses are greater for PAni-HCl, PoAnis-HCI than EB and 

PoAnis-Base, indicating that the HCI-doped polyanilines absorbed water readily. The main 

degradation step occurs in the range 33 9-463T. 

As seen on the thermogram, PAni is clearly stable until 465'C with only the loss of water and 

dopant until this stage, and degrades slower than PoAnis. On the other hand PAni residues 

are found over 650'C, at which temperature PoAnis is completely vaporised. One should 

reiterate two important differences between PAni and PoAnis. 

9 PAni is a more ordered structure, and is almost planar, whereas pendant methoxy- groups 

in PoAnis introduce a stetic effect causing torsion of the polymer backbone. 

* Polyanisidine is more likely to undergo radical coupling than polyaniline due to the 

mesomeric effect from the metlioxy- group towards the ring. 

Taking these two remarks into account, it is possible to fonnulate a hypothesis for the 

difference of degradation behaviour of the two structures. PoAnis being a less ordered 

structure and containing pendant methoxy-groups, upon heating it would start degrading 

more rapidly than PAni. During the degradation process, as the chains break and radicals are 

formed, these reactive poly(oligo)-anisidine radicals are more likely to undergo a faster 

degradation than the less reactive poly(oligo)-aniline radicals, explaining the different 

observations made. 
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4.1.3.2 Thermogravimetry of Sulfonic Acids Doped PAW and PoAnis 

The sulfonic acid doped PAni samples were investigated and as for insoluble polyanilines 

discussed previously, the soluble polymers present a three-step weight loss. Figure 40 

represents the thermograms of polyanilines doped with different dispersing agents. Among 

the three steps of decomposition, the first and the last steps are quite distinct and exhibit rapid 

weight loss with respect to the temperature, while the middle or second step is less 

conspicuous, involving gradual weight loss extending over a broad temperature range (150- 

420'Q. However, as can be seen in Figure 40, a peak due to loss of dopant is not seen for 

PAni-DBSA. 
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Figure 40 TG plots of sulfonic acids doped PAni at a heating rate of 20OC/min under N2- 

The first weight loss from 40-1200C is attributed mainly to the loss of free water/ moisture 

present in the polymer matrix. The weight loss values range from 0.7% for PAni-DBSA to 

9% for PAni-MeSA. The polymer matrix of PAni-MeSA is more hydrophilic than those of 

the other polyanilines studied which would explain the greater water content and hence 

weight loss. 
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The TGA thennogram of PAni-DBSA (Z-00 18) shows a two-step weight loss. The first step 

occurs in the range 78-750C with a weight loss of 0.7% which is attributed to the expulsion of 

water molecules from the polymer. The second-step occurs between 264-477 OC with a 

weight loss of 55%, which is attributed to chain scission and dopant degradation. 

For PAni-NSA (Z-0025), it is observed that the polymer exhibits a three-step decomposition 

pattern, the first step in the decomposition pattern between 42-113T (6%) being due to the 

removal of free water molecules present in the polymer matrix. The second loss starting from 

186 and continuing to 420 T (3 1 %) is mainly caused by loss of the dopant ion from the 

polymer chains (thermal dedoping). The third step starting at 428'C is accounted for by the 

degradation and decomposition of the skeletal polymer backbone after the elimination of the 

dopantion. 

The thermograrn of PAni-CSA (Z-0026) revealed three weight losses, between 38-118 

(corresponding to loss of moisture, solvent and low molecular-weight oligomers); the second 

weight loss occurs in the temperature range 160 -4160C with a weight loss of 26% which can 

be attributed to the loss of oligomers and unbounded dopant. The third weight loss occurs in 

the range 435-650 T with a mass loss of 14%. The weight loss in this step is due to the 

elimination of bound dopant and degradation of main PAni chain. 

The TGA curve of PAni-TSA (Z-0027) shows three mass losses, and according to the 

literature these can be assigned to water loss, TSA loss and polymer chain degradation. PAni- 

TSA was stable until 153-370 T (22%), when loss of dopant was occurred, followed by 

degradation of the main chain at 425 OC (16%). 

The thermogravimetric analysis of PAni-MeSA (Z-0028) indicates three weight losses, the 

first weight loss occurs in the range of 44-119 OC (9%), which is due to loss of water. The 
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second weight loss occurs between 165-3 87 T (29%), which is attributed to the loss of low 

molecular weight substances, and dopant (MeSA) from the PAni chain. The third weight loss 

between 394-524T (9%) is due to the degradation of the main chain of PAni. 

Figure 41 displays the thennal profile of PoAnis doped with DBSA, TSA, CSA, NSA and 

MeSA. From the figure, it is observed that the polymer exhibits a three-step decomposition 

pattem similar to that of wisubstituted polyaniline. 

Z-0034 Z-0035 Z-0036 Z-0037 Z-0038 
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Figure 41 TG plots of sulfonic acids doped PoAnis at a heating rate of 20OC/min under N2. 

For the sulfonic acid doped PoAnis, rapid weight loss is observed in the third step of 

decomposition over the temperature range between 350-500 OC. This is mainly because of the 

presence of the methoxy substituent present on the benzene rings of the polyrner backbone. 

The steric effect rendered by this flexible methoxy group and loosening of the polymer 

skeleton would require less energy to undergo a complete breakdown of the polymer chains. 

Thus, the incorporation of substituent on the benzene ring reduces the thennal stability of the 

resulting polymers because of the formation of defects in the polymer chains, which favours 

120 



Chapter Four: Results & Discussion 

the early degradation and decomposition of the polymer matrix. Major weight loss is 

observed between 200-450 T in sulfonic acid doped polyanisidines. On comparison of the 

weight losses in the third step of decomposition, it is observed that 50% of the original 

weight is stable up to 390'C in MeSA-doped PoAnis, TSA-doped PoAnis is stable up to 330 

OC, NSA-doped PoAnis is stable up to 355 OC, CSA-doped PoAnis is stable up to 365 OC, 

whereas in DBSA-doped PoAnis it is only stable up to 31 O'C. Therefore, MeSA-doped 

PoAnis is thermally the most stable sulfonic acid doped polyanisidine. 
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4.1.4 Physical and Morphological Characterisation 

In this section, scanning electron microscopy was one of the main tools used to find chemical 

routes yielding elongated particles that were clearly seen with high magaification pictures. 

Although fibrillar morphology was reported earlier in the case of electrochemical preparation 
[172] 

of ES (PAni-HC104) 
, polymers prepared via chemical solution polymerisation are best 

described as granular materials 
[173,174] 

. Research began in the nineties aimed at controlling 

the size and shape of these materials via chemical routes. To date, production of fibres [1301 

"template free" microtubules 
[175] 

, "rice grain" particles 
[791 

, and coral-like networks 
[176] 

of 

PAni has been achieved by different groups. 

Along with SEM analysis, the crystallinity of the polymers was analysed by X-ray diffraction 

usmg a powder diffractometer. When a polycrystalline sample is placed in a diffractometer, 

sharp peaks are seen at angles at which there is reflection of the incident beam. The size and 

position of these peaks are specific to the crystal observed and the size of the interplanar 

spacing (d) and crystalline domain (L), (equivalent to the diameter for spherical particles) are 

made possible, by use of the Bragg and Scherrer equations respectively: 

d= )12. sinO 

L=0.9X/A(20). cosO 

Where: 
ý: Wavelength of the X-Ray source (1.542 A) 
0: Bragg angle 
A(20): FWHM (full width at half maximum) 

Bragg equation 

Scherrer formula 

Studies have shown that PAni (EB from PAni-HCl) is an almost amorphous compound while 

its hydrochloride salt displays somecryStallinity 
[70,177,178]. It has also been shown that after 

dissolution of EB and film casting/stretching, more ordered structures can be obtained. in this 

chapter, we present the different morphologies encountered during the research and try to 

122 



Chapter Four: Results & Discussion 

relate them to the preparative conditions. The samples for SEM were not ground, in order to 

preserve macroscopic as well as microscopic and nanoscopic morphologies, whereas for 

XRD, basic pestle and mortar grinding was used to obtain a flat powder sample. 

4.1.4.1 PAni-HCI 

PAni and PoAnis prepared via conventional chemical routes were observed under the 

electron beam. The morphologies are in accordance with those of granular materials 

encountered in previous studies. 

- 

-- 

Z-0029, PoAnis-HCI Z-0030, PoAnis-base 
Figure 42 SEM photographs for PAni-HCl obtained via solution polymerisation. 

The photographs presented in Figure 42 show the different type of morphologies for PAni 

and PoAnis. It can be found from Figure 42 (a) that Z-0007 has mixed regions of fibrillar mat 
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and globular morphologies with no microscopic size uniformity. Z-0008 has a coral-like 

morphology that is quite homogeneous, porous but apparently composed of fibrillar units. 

The a-synthesised HCI salt of PoAnis (Z-0029) showed signs in the charging of electron 

beam of the SEM; the highly charged regions are clearly electrically isolated from the 

aluminium substrate. This is consistent with the much lower conductivity of the PoAnis salt 

compared with PAni salt (by a factor of 10 4 times). The particles are loose and porous 

agglomerates with no obvious structure or features. Large particles appear as lumps of 10- 

1 00ýim along with smaller clusters of ca. 0.1-5 ýtm in diameter; the larger lumps are probably 

formed upon drying the polymers and are not relevant to the actual aggregation process. 

Remembering the different steps in the formation of PoAnis and PoAnis base, it can be 

proposed that the large clusters correspond to the first-reacted polymer chains which 

aggregate in solution via van der Waals attractions and electrostatic double layer forces. 

When the particles become big, they precipitate as a salt. At this point in time, unreacted 

anisidiniuln cations get oxidised. by these chains and become free to react, but since 

concentration of monomer is less, the reaction is slow and yields shorter chains which will in 

tum precipitate as small clusters of particles. 

It appears from the X-ray diffraction patterns presented in Figure 43 that the degree of 

crystallinity of PAni and PoAnis powders are relatively low. Since the four polymers exhibit 

the same amorphous pattern, a comparison of the areas under curves indicates that PAni-base 

and PoAnis-base is the most crystalline polymer than the others. The EB exhibits three main 

reflections, at 20 = 15 ', 20 ', 25' and a fourth small reflection at 20 = 100. 

PAni-HCl exhibits its typical reflections at similar angles. Small deviations are obtained due 

to different unit cell dimensions, stemming from the presence of dopant. PAni-HCl exhibits 

four main reflections, at 20 = 9.5', 15 ', 22 0,27 ' and a fifth small reflection at 20 = 28 '. The 

124 



Chapter Four: Results & Discussion 

peak at 20 = 28 ', is dominant for most polyaniline samples, and is thought to relate to the 

broad range of co-facial repeat distances between the monomer units. The peak at 20 = 27 'is 

attributed to the periodicity perpendicular to the polymer chain, the peak located at 20 = 22 

may be ascribed to the periodicity parallel to the polymer chain, while the peak at 20 = 9.5 ' 

may be caused by the scattering along the orientation parallel to PAni chains. 

Z-0007 - Z-0008 Z-0029 Z-0030 

0 10 20 30 40 50 60 
20 (deg) 

Figure 43 XRD pattem for PAni-HCI, PoAnis-HCI, EB and PoAnis-Base. 

The X-ray diffraction patterns for the PoAnis powder and its base obtained through the 

solution polymerisation method are shown in Figure 43 Bragg diffraction peaks of 20 = 8', 

12.5 0ý 25.5 0 
527 

0 can be found in the XRD patterns of the PoAnis salt. This XRD patterns are 

similar to those of electrochemically prepared PoAnis salts 
[179,180] 

. The peak at the lowest 

angle (20 = 80) is considered to relate to the distance between two stacks in the 2D stacking 

arrangement of polyiner chains with intervening dopant ions between stacks; this reflection is 

due to the ordering of PoAnis caused by protonation with acids. The peak at 20 = 25.50 

represents the characteristic distance between the planes of benzene rings in adjacent chains. 
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4.1.4.2 PAni-Sulfonic Acids 

PAni-DBSA, as it contains one of the most studied surfactant counterions for emulsion 

polymerisation of aniline, PAni-DBSA was used in the present research as a reference 

compound. This polymer shows (see Figure 44) well developed crystalline particles, 

probably based largely on very low molecular weight polymer, and a matrix of more 

amorphous looking material which may be a high molecular weight material. A number of 

crystals have a monoclinic appearance and others have a rhombic shape. 

Z-0018, PAni-DBSA Z-0018, PAni-DBSA 
Figure 44 SEM photographs for compound Z-00 18. 

y1.4 
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I 

,a 
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It was studied the influence of other well-known sulfonic acids (CSA, P-NSA, p-TSA and 

MeSA) on the particle size, shape and crystallinity of intrinsically doped PAnis. Most of the 

compounds appear amorphous (Figure 45) without clearly ordered structures. PAni -NSA has 

been widely described as being a blend of fibrillar, tubular, and even micro spherical 

morphologies 
[175,181,182,1831 

. 
Here, the compound studied was prepared at Ox: Mon ratio 

0.75. The observed morphology was somewhat different to that previously reported in the 

literature. Z-0025 displays a fine layered flakey structure with pronounced crystalline regions 

which often have a hexagonal appearance, but there is also some amorphous material present 

as indicated by the X-ray diffractometry. Upon closer inspection, some holes are seen in the 
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material which leads to the consideration of the hypothesis of an initial formation of large 

tubules thin walls. These tubules would be very fragile and break upon compression, giving 

the overall morphology of a flaky structure. 

AL& 

Z-0027, PAni-TSA Z-0028, PAni-MeSA 
Figure 45 SEM photographs for Sulfonic acids doped PAni. 

The morphology of PAni-CSA shows very porous structures of small agglomerated particles, 

not particular crystalline in appearance with a typical size of 150nm. 

The morphology for PAni-p-TSA is similar to that of PAni-HCI, fibre-like with a nano-scale 

globular appearance, probably due to the fact that p-TSA is a small molecule and hence not 

an effective surfactant. The polymerisation can be then seen as a precipitation and not a 

dispersion one, as for PAni-DBSA/P-NSA. Z-0027 has a very porous and fibrillar structure 
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which is para crystalline. The fibres may contain aligned chains which are not in perfect 

registry and so only a single sharp peak is observed in the XRD at 3.4AO corresponding to 

the interchain spacing. PAni-MeSA has a mixtue of two regions, the first one being 

agglomerated very small amorphous particles and the second phase being larger plate-like 

particles, apparently with low crystallinity as well, since just a few of these particles seem to 

have crystalline edges. 

Z-00 18 Z-0025 - Z-0026 - Z-0027 - Z-0028 

CIO 

0 10 20 30 40 50 60 
20 (deg) 

Figure 46 XRD pattem for Sulfonic acids doped PAni. 

XRD patterns for these compounds are presented in Figure 46. They are in accordance with 

partially-crystalline polymers. It is clear from the spectra that all samples had two broad 

peaks at approximately 20 = 20' and 25 '. the peak centred at 20 = 20' was ascribed to 

periodicity parallel to the polymer chain and the one at 20 = 25' was due to the periodicity 

perpendicular to the polymer chain. The amorphous background absorption centTed at 250 is 

similar to that reported in the literature E1841. PAni-DBSA was found to have a partially 

crystalline structure, probably because of the bulky and anisotropic dopant present in the 

lattice causing some self-organisation. In addition to the common reflections, there is an 
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additional strong peak at 20 = 2.50, which is indication of an interlayer repeat distance of 

alkyl tails of counter-ions that function as spacers between parallel planes of stacked PAni 

backbones. 

The XRD pattem of PAni-P-NSA is that of a rather amorphous polymer, contrarily to 

reported literature [175,181,182] 
where sharp peaks were observed rising above the two main 

reflections centred. around 20 and 25'. These sharp peaks are characteristic of PAni 

microtubules E1751 and arise from the "template like" anilinium P-NSA complex. 'Meir 

absence is concordant with the morphology of the prepared sample (Z-0025). However, as 

related by Wei et aL E1811 these XRD patterns are only seen for high P-NSA: Ani ratios; for 

low ratios (1.5), the trace is similar to that observed in this study. It can be postulated that the 

synthetic route used did not allow complete formation of the "template like" anilinium 0- 

NSA complex before addition of the oxidant (which was achieved by Wei E1811 by prior 

Ill. 
heating of the aniline P-NSA mixture for total complexation). Finally, the peak at 20 = 12' 

[185,175] has been assigned to the scattering along the orientated PAni chains 

XRD traces of PAni-CSA have been widely studied in the literature E186,1871 for fihns derived 

from EB. Intrinsically doped PAni-CSA (Z-0026) has a similar pattern to the previously 

reported values, with reflections having interplanar distances of 6.2,4.6, and 3.6, ýV (5.9-6.1, 

4.3, and 3.5A' [187,1881). The large peaks at ca. 4.3' and 9.6' observed in fihns ofPAni-CSA 

from m-cresol by Djurado, [1881 
, Rannou [1611 

, and Winokur [1891 but are not clearly seen in Z- 

0026. Emulsion-prepared PAni-CSA does not yield a very crystalline compound. 

Conductivity measurements lead us to think that in this type of preparation, CSA was not a 

good dopant, while it is very efficient when used as with secondary dopant (m-cresol). It 

could be due to the saturated structure of CSA that not offering strong interactions with the 

unsaturated growing polymer to effectively dope the chains in water. On the other hand, 
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when both the polyrner and CSA are in solution in m-cresol, reaction occurs quickly and a 

very conductive layered structure (crystalline) is achieved. 

4.1.4.3 PoAnis-Sulfonic Acids 

Figure 47 shows the SEM images of the PoAnis arrays prepared with different dispersing 

agents as dopants. It is found that the size and the morphology of PoAnis strongly depend on 

the kind of dopant. 

The morphology of PoAnis-DBSA shows a large number of well developed fibrillar para- 

crystafline features protruding from a majority amorphous phase. The XRD only shows one 

olk 

sharp crystal peak at 3.4A' corresponding to the interchain packing distance in the fibril. In 

the case of TSA doped PoAnis, the SEM image gives the impression of several coexisting 

--1- phases, one (probably of low molecular weight) with signs of crystallinity and the second like 

a typical amorphous thermoplastic of high molecular weight. The second phase in particular 

seems to show the imprint of soluble particles that may have been dissolved during the 

washing process. When CSA is introduced, the PoAnis product consists of a platelet 

structure, (typically 5-10gm in diameter and 0.5-2gm thickness), together with amorphous 

aggregates of globules of 1-2gm in diameter. The SEM photo suggests that the platelets are 

becoming very crystalline but the XRD data revealed only two crystalline peaks at 20 =2 1', 

24.5' on a substantial amorphous background. 

For PoAnis-NSA, the SEM image shows a porous structure, apparently made of 

mterconnected rag-like material, the morphology resembles thin sheets of polymer with a 

uniform thickness of about 0.5gm but torn into random sized pieces. The layered structure 

may be due to the self-organising effect of the flat NSA anions, while PoAnis-MeSA 

morphology displays agglomerated particles with semi-porous morphology, the diameter of 

these particles being in the region of 150-300nm. 
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Z-0037ý PoAnis-NSA 

Z-0037, PoAnis-MeSA 
Figure 47 SEM photographs for Sulf6mc acids doped PoAnis. 
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4.1.4.4 Influence of co-monomer ratio 

We present results for poly(aniline-co-anisidine) compounds prepared in acidic media with a 

Ox: Mon ratio of 0.75. Figure 48 presents SEM images of six representative samples. 

I# i. ý^ 

Z-0049, PAni: PoAnis-DBSA (25: 75) Z-0052, PAni: PoAnis-TSA (25: 75) 
Figure 48 Poly(aniline-co-anisidine) at different molar ratios SEM observation. 
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The morphology of Z-0039 consists of a majority phase with a compact amorphous structure 

and a crystalline phase consisting of well-developed prismatic crystals (3-5ýtm long and I- 

21im in diameter). XRD shows a few sharper lines due to this crystalline phase. 

At a ratio (75: 25) of Ani: Anis, the product is composed of an entangled network (0 - 50nm) 

which contains short fibres with large beads like small tadpoles. When the ratio (25: 75) of 

Ani: Anis is introduced, the copolymer is netlike with an interpenetrating structure. Indeed, 

the morphology of Z-0049 shows a compact structure with partly-developed crystallinity. 

There are relatively few well-fonned crystals, but the XRD diffractogram shows sharp peaks 

at 20 = 25' corresponding to the interchain packing. 

It is found that the copolymer prepared with varying amounts of aniline using DBSA as a 

dopant exhibit different morphologies, which leads to the conclusion that the process of 

aggregation is different in all cases, and primarily related to the co-monomeric interactions 

more than the DBSA ones. 

Z-0039 - Z-0042 - Z-0044 - Z-0047 

5 15 25 35 45 

20 (deg) 

Figure 49 XRD pattem for samples of DBSA or TSA doped poly(anilme-co-anisidine). 
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The morphology of PAni: PoAnis-TSA (which was prepared at a ratio of Ani: Anis 75: 25) is 

composed of dense crystalline rods about 3 -1 Oýtm in diameter and length up to 70ýtm, which 

appears to form a majority phase. They almost certainly account for the strong crystalline 

peaks in the XRD, whereas the amorphous background is probably associated with the loose 

porous structure in the SEM. At a ratio (25: 75) of Ani: Anis, the product Z-0052 shows of a 

two-phased amorphous structure, one phase being very loose and porous and the other dense 

and glassy. 
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4.2 Polymeric Blends 

4.2.1 Conductive Polyaniline/Poly (Epichlorohydrin-co-Ethylene Oxide) 
Blends 

4.2.1.1 Solubility and Miscibility 

In order to achieve a good miscibility between PAni salt and a solvent, their solubility 

parameters clearly have to be comparable; the solubility parameter for THF is 20.3 (J. cm-3)1/2 

[190], whereas that calculated for PAni-DBSA is 20.8 11911. The values are similar, so it is 

expected that PAni-DBSA would be soluble in THE For Hydrine, the solubility parameter is 

19.9, which indicates that it is also quite compatible with PAni-DBSA. 

In this study, determination of solubility parameters 6p was based on the smallest repeat unit 

of each polymer. The solubility parameters of the polymers (elastomer and conducting 

polymer) are affected by variations in their chemical constituents such as the number of 

crosslinks and the distribution of chain branches or substituent groups along the polyrner 

backbones. In this work, the group contribution method [1921 was applied to estimate the 

solubility parameters of polymers using the equation below: 

ap = P( IT Ymo 

where p is the density, Mo is the formula weight of the polymer repeat unit and FFi is the sum 

of all groups' molar attraction constants in the polymer repeat unit. The structure of PAni- 

DBSA is represented as follows: 

HH 
++ 

H 
S03 S03 

C12H25 C12H25 

Figure 50 Structure of PAni-DBSA. 
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Group Molar attraction 
constant (Fi) No. of each group 

Total of group molar 
attraction constant (IFi) 

6C ring 48 6 -288 

-CH= aromatic 239 20 4780 

>C= aromatic 200 10 2000 

-CH= olefin 249 4 996 

>C= olefin 173 2 346 

-CH3 303 2 606 

-CH2- 269 22 5918 

-OH 462 2 924 

-0- epoXide 360 4 1440 

-NH- 368 2 736 

>N- 125 2 250 

-S- 428 2 856 

Table 29 The number of functional groups present in PAni-DBSA and the corresponding molar attraction 
constants. 

EFi of PAni-DBSA = 18564 (j. CM3)V2. Mol-1; PAni-DBSA smallest repeat unit molecular 

weight = 1014 g. mol-I ; PAni-DBSA density (measured for pressed pellet) = 1.135 g. cm-3. 

Therefore using the equation above 

6p = (1.135 x 18564) / 1014,6p = 20.8 (j. CM-3)1/2 or 20.8 (Mj/m -3)1/2 

The structure of Epi-EO is composed of the following groups 

CH-CH-0 CH-CH-0 
2221 

CH2 
I 

U 

Figure 51 Poly(Epichlorohydrin-co-Ethylene Oxide) (Epi-EO). 
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Group Molar attraction 
constant (Fi) No. of each group 

Total of group molar 
attraction constant (EF) 

-CH2 269 4 1076 

-CH 176 1 176 

-0- ether 235 2 470 

-CI primary 419 1 419 

Table 30 The number of functional groups present in Epi-EO and the corresponding molar attraction 
constant. 

YYj of Epi-EO = 2141 (j. CM3)1/2. Mol-I ; Epi-EO smallest repeat unit molecular weight = 136.5 

g. mol-1; Epi-EO density (measured from a pressed pellet) = 1.270 g. cm -3 
. 

Therefore using the equation above: 

6p = (1.270 x 2141) / 136.5,6p = 19.9 (j. CM-3)1/2 or 19.9 (Mj. M-3)1/2 
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4.2.1.2 Composition Dependence of the Electrical Conductivity of Rubber 
Blends 

The dependence of electrical conductivity of various polyaniline blends on their PAni-DBSA 

content is illustrated in Figure 52. The conductivity of these films depended strongly on their 

composition. Pure Hydrie rubber had insulating behaviour ((T =2x 10-10 S. cm-1), but it was 

possible to obtain blends with greatly increased conductivities. 

-2 

.' -4 

. 
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-3 
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Weight fraction of PAni-DBSA 

Figure 52 Variation of the electrical conductivity (o) as function of PAni-DBSA content in the blend. 

For blends containing 50% (w/w) of PAni-DBSA, conductivities of 5x 10-4 S. cm-1 were 

obtained. These results are similar to those reported in the literature for comparable blends of 

[1931 
polyanisidine and polyurethane 

El 941 
The above results can be analysed in terms of standard percolation theory . In accordance 

with the theoretical studies for spherical filler particles, the percolation threshold for bulk 

conduction occurs when the conductive filler occupies about 16% (v/v) of the volume in the 

mixture. Figure 52 shows a percolation threshold with I% (w/w) [or I-I% (v/v)] the 

electrical conductivity increases 1000 times , which may be due to the formation of an 
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interpenetrating network E1951 
. This indicates that the percolation threshold is at least 14 times 

smaller than that predicted for a spherical filler. The data presented in Figure 52 were found 

to fit to a simple percolation model as described below: 

of =c (f-fp), 

Where c is a constant, t the critical exponent, f the volume fraction of the conductive medium 

and fp the volume fraction at the percolation threshold. 

By fitting the experimental data to a plot of log a versus log (f -fp), values of 1.1 % (v/v) for 

fp and 2.4 for t were obtained with a correlation coefficient (R) of 0.99. The conductivity of 

PAni-DBSA blends reached high values at PAni-DBSA concentrations close to 20% wt. 

4.2.1.3 Thermal Analysis 

Thermoqravimetdc Analysis (TG) 

In Figure 53, the thermogravimetric curves under N2 atmosphere for pure PAni-DBSA, pure 

Hydrino rubber and their blends are compared. The PAni-DBSA curve shows a small, intial 

mass loss (5%) at 90'C which could be assigned to the evaporation of small molecules such 

as water and solvent molecules, and a larger mass loss at 200-400T (approximately 53%), 

attributable mainly to dopant loss and the beginning of main chain degradation [140,1651 
. 

Above these temperatures, polyaniline shows a slower mass loss process assigned to main 

chain degradation. At 600T, the polymer leaves a residue of about 29%, corresponding to 

heavily crosslinked materials. The curve for Hydrino shows a large mass loss at 300-3700C 

(approximately 92%), corresponding to dehydrochlorination and polyether scission. At 

600'C Hydrie leaves a residue of 4%, probably largely carbonised material. 
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Figure 53Thermogravimetric curves at a heating rate of IOOC/min under N2for (a) pure PAni-DBSA, for 
blends containing (b) 50%, (c) 33.3%, (d) 20%, (e) 10% (w/w) of PAni-DBSA and (f) pure Hydrino. 

Different weight losses were observed, depending on the composition of the blends. 

Comparing the TG curves of blends containing 20 and 33.3% (w/w) of PAni-DBSA with 

those of pure Hydrine and a blend containing 10%, it is possible to observe that these curves 

show a mass-loss process corresponding to the Hyd i chain degradation at lower 

temperature: 290-3 55 T in the blend containing 10% (w/w) PAni-DBSA compared to 280- 

335'C and 270-320T for the blends containing 20 and 33.3% (w/w) of PAni-DBSA 

respectively. This indicates that the Hydrine matrix hindered the degradation and evaporation 

of the dopant and therefore retarded the dedoping process. 

a 

C 

e 
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Differential Scanninq Calorimet 

Figure 54 represents the DSC thennograms for pure PAni-DBSA, pure Hydrino and their 

blends. They show a decrease in the onset decomposition temperature of Hydrin8 upon 

blending from 369'C to 348,329 and 315 OC respectively, for the blends containing 10%, 

20%, 33.3% (w/w) of PAni-DBSA. The blend PAni-DBSA/ Hydrino 1: 1 (w/w), Hydrino 

does not exhibit a decomposition temperature. This means that conductive polyaniline 

encourages degradation for this material when there is sufficient dopant to promote scission 

in the elastomer chains, thereby accelerating the degradation process. No melting peak was 

observed for the conductive polymer. 

hf 

25 100 175 250 325 400 

Temperature / OC 

Figure 54 DSC thennograms (I O'C. min-1, under N2)of (a) pure PAni-DBSA, blends containing (b) 50%, 
(c) 33.3%, (d) 20%, (e) 10% (w/w) of PAni-DBSA and (f) pure Hydrmie rubber (C2000L). 

The observed decrease in the decomposition temperature is consistent with some degree of 

miscibility of PAni-DBSA with Hydrine. TGA analysis supports the DSC results. 
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4.2.1.4 Infrared Spectroscopy 

ATR spectra obtained from pure Hydring C2000L and pure PAni-DBSA are shown in Figure 

55 (a) and (b), respectively. 

I I 

3800 3400 3000 2600 2200 1800 1400 1000 600 

Wavenumber (cm-1) 

Figure 55 hiftared spectra of (a) pure Hydrine and (b) pure PAni-DBSA. 

The presence of quinoid and benzenoid vibrations indicates the emeraldine state of PAni. 

The band at 790cm-1 was attributed to the out-of-plane bending of C-H and the 878cm-1 band 

was considered to be evidence of the fonnation of para-linked polyaniline. Vibrational bands 

at 1000 and 1027cm -1 correspond to the S=O stretching vibration. The band around II 02CM- 

I, 
referred to as an electTonic band by MacDiarraid and co-workers 

[152] 
, was considered a 

measure of the degree of electron delocalisation in the polymer chain. The peak seen at 

1291cm-1 with the pronounced appearance of a shoulder at 1242cm-1 E891 for C-N+ stretching, 

is linked to conductivity. PAni-DBSA shows bands at 1451 and 1558cm-1 and they can be 

attributed to the stretching vibration of the N-B-N and N=Q=N rings respectively [1391 
. The 

band at 2112cm-1 was assigned to the overtones of C-H (out of plane) bending. The peak at 
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2916cm-1 corresponds to aliphatic C-H stretching. Peaks in the region of 3212 and 3408cm-1 

are associated with N-H stretching, while the one at 2660cyn-' is due to the iminium cation 
[138] 

The IR spectrum of pure Hydrins in Figure 55 (a) shows a band at 742cm-1 due to C-Cl 

stretching. The band at 1088cm-1 is assigned to C-0-C stretching, and peaks at 1253,1296, 

1347 and 1458cm-1 correspond to aliphatic -CH2- bending. The band at 2870cm-1 is due to 

aliphatic -CH- stretching. 

Figure 56 shows the IR spectra for PAni-DBSA/ Hydrino blends. As can be seen from the 

spectra, the intensity of the C-Cl band decreases as the percentage of PAni-DBSA increases. 

a 
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Figure 56 Infrared spectra of (a) PAni-DBSA/Hydrin'ýý blends of the (a) 10%, (b) 20%, (c) 33.3% and (d) 
50% (w/w) of PAni-DBSA. 

The intensity of the S=O stretching bands occurring at 1000 and 1027cm-1, which are 

characteristic of PAni-DBSA, noticeably increase as the percentage of PAni-DBSA increases 

I 
in the polyrner blend. The -CH- stretching vibration for the rubber was observed at 2870cm- 
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With the initial addition of 10% of PAni-DBSA to the Hydrins, one observes the emergence 

of individual -CH- aliphatic peaks comprising a well-defined band at 2870cm-1 and a 

noticeable shoulder at 2912cm-1. It is clear from the spectra that as the PAni-DBSA content 

increases, the shoulder becomes more defined, and the intensity of the N-H band at 3212- 

3233cm-1 increases. Greater proportions of Hydring in the blend caused an increasing shift of 

the N-H stretching band position to a higher wavenumber. This is likely to have been caused 

by a reduction in hydrogen bonding between adjacent PAni-DBSA chains as it became more 

dispersed in the rubber. 

4.2.1.5 Electronic (UV-Visible) Spectroscopy 

During the mixing of PAni-DBSA and Hydrino, the colour of the blends remained green, 

indicating that PAni-DBSA remained in its doped state. In order to prove this, UV-Vis 

spectra of PAni-DBSA/Hydrino blends were obtained, and compared with spectra of pure 

PAni-EB and PAni-DBSA. For the base polymer, N-methylpyrrolidone (NMP) was used as 

solvent and reference, while THF was used for the doped polymer. Figure 57 shows the UV- 

Vis spectra of the emeraldine base and PAni-DBSA solutions. In the EB spectrum (Figure 

57) two characteristic bands were observed: one at 326mn due to the n- 7r* transition of the 

benzenoid ring and another at 628mn, corresponding to an n- 7c* transition between the 

[1961 
HOMO of the benzenoid ring and the LUMO of the quinoid ring 

For the doped polyrner (PAni-DBSA), the peak at 330mn was shifted to 347nm and two 

more absorptions were observed. The absorption at 420run represents the protonation stage of 

the PAni chains. The band at 773mn was attributed to the presence of conductive polarons 

[1971 
resulting from the doping process 
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Figure 57 UV-Visible spectra of (a) PAni-DBSA, (b) PAni-DBSA/Hydrie (20/80) and (c) PAni-EB. 

Spectra of PAni-DBSA/ Hydring blends verified the initial asswnption that PAni-DBSA 

remained in its doped state, since the characteristic peaks of the doped polymer are observed. 

4.2.1.6 Morphological Structure 

The morphology of PAni-DBSA/Hydrino blends was investigated by optical microscopy. 

The dark region was thought to be polyaniline chains in clusters, probably high molecular 

weight polyaniline, whilst the lighter region is likely to be related to PAni-DBSA oligorners 

fonriing a partial solution within the Hydrin8. A micrograph of the blend containing 1% of 

PAni-DBSA is shown in Figure 58 (a). It is possible to observe PAni-DBSA particles present 

in the form of large agglomerates. At this concentration it is postulated that a conducting 

pathway was formed due to the connection between high molecular weight polyaniline 

particles and dispersed oligomers in the rubber. This is in agreement with the calculated 

percolation threshold at 1% (w/w) of PAni-DBSA content, which was much lower than 

would be expected for percolation by direct contact between spherical particles of PAni- 
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DBSA in an insulating matrix. As the amount of the conducting polymer in the blends 

increased, the conducting pathways became denser and the conductivity increased. 

(c) (d) 

Figure 58 Optical nucrographs of thin cast film of PAni-DBSA/Hydrin""' blends prepared in solution. 
Blends contain (a) 1%, (b) 10%, (c) 30% and (d) 50% (w/w) of PAni-DBSA. 
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4.2.1.7 Thermomechanical analysis 

Analysis by TMA was perfonned to characterise the miscibility of PAni-DBSA/Hydring 

blends further. The glass transition temperatures (T, of the pure materials and the blends are 10 
listed in Table 3 1. 

Blends PAni-DBSA Content (wt%) Tg(OC) 

HydrinV 0 -40 
10 -37 
20 -36 

PAni-DBSA/Hydrin(R 25 -35 
33.3 -33 
50 -23 

Table 31 Glass transition temperatures (Tg) of the pure materials and the blends. 

It was found that there was only one Tg for each blend, and Tg values of various blends 

shifted to higher temperatures with increasing PAni-DBSA content. The glass transition 

behaviour indicates good compatibility between conductive polyaniline and the Hydrin8. 
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4.2.1.8 Measurement of vulcanisation behaviour of Zisnet FET-Vulcanised 
Hydrin rubber 

Results from the Rheometer curves are summarised in Table 32. The slowest cure time(t95) 

was identified as about 45min for sample B-001 with 1.6 wt% of added Zisnet-FET. A 38 

minute vulcanisation time was therefore used for all blends as a reference, in order to achieve 

a vulcanisMg level of 95% or above. It was observed that the vulcanising times of all rubbers 

slightly decreased with increasing proportion of Zisnet-FET. 

Rheometer value B-001 B-002 B-003 B-004 

Scorch time nun 2.5 1.9 1.6 1.6 

Cure time 495) Min 45 42 40 38 

Minimum Torque 
NO dNM 14 14 11.5 12.5 

Maximum Torque 
21 40.5 41 43.5 (MH) dNm 

Table 32 Vulcamsation behaviour of Zisnet FET-vulcanised Hydrin rubber. 

It was found that each Rheometer curve also showed a constant value after its maximum 

torque. It is suggested that all rubbers reached their maximum vulcanisation level within the 

chosen test period i. e. 60 minutes. 
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4.2.1.9 Tensile properties measurement 

Figure 59 shows the results of the stress-strain tests Young's modulus E of pure Hydrin and 

blends. 
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Figure 59 Young's modulus (E) as function of PAni-DBSA content in the mixture. Overlaid with optical 
micrographs of thin cast film of PAni-DBSA/Hydrin"' blends prepared in solution. Blends contain (a) 1%, 

(b) 10%, (c) 30% and (d) 50% (w/w) of PAni-DBSA. 

In the pure rubber, the existence of the highly electronegative chlorine on the backbone of the 

repeating unit of the monomer leads to dipoles along the polymer chain, resulting in 

secondary valence forces that reduce the flexibility of the individual molecule and 

consequently account for the greater rigidity of the rubber in comparison with rubbers like 

isoprene. However, with the addition of the conductive polymer up to about 10% (w/w), a 

decrease in Young's modulus is seen. This behaviour is common when a plasticiser is added 

to a polymer. When 'plasticiser' molecules are interposed between the chains of the polymer, 

the dipole forces are reduced, enabling the molecules to slide past one another easily and thus 

increase the flexibility. The changes in properties are due to the irregularity in molecular 

separation and the intennolecular forces brought about by the introduction of different 
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molecules in the matrix. This is supported by the optical micrographs of the prepared films 

which clearly illustrate the close molecular-level interface between the rubber and the 

conductive filler. 

For blends of 10% (w/w) and over, The Young's modulus increases proportionally to the 

PAni-DBSA content in the mixture, reaching a maximum when the blend contains 20% 

(w/w) of PAni-DBSA. For this blend, the electrical conductivity is 105 times more than that 

of the pure Hydrin rubber. At this percentage PAni-DBSA acts in the mixture as reinforcing 

filler, making the rubber harder and less elastic. Elongation at break decreases continuously 

with increasing PAni-DBSA content in the mixture, and for the blend containing 50% (w/w) 

is only 42%. This blend does not present elasticity but is 10 6 times more conductive than the 

crude elastomer and, despite their poor elasticity, the fihns are flexible. 
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4.2.2 Conductive polyaniline/Poly [(acrylonitrile-co-butadiene) /poly 
vinylchloride] Blends 

4.2.2.1 Solubility Parameter 

The solubility parameter of THF is known to equal 20.3 (J. cm-3)112, however, in order to 

ascertain the likelihood of PAni-DBSA and pure grade Nipolo DN 171 rubber dissolving in 

this solvent, their individual solubility parameters need to be similar to that of THE The 

equation below was used to calculate their solubility parameters. The miscibility of PAni- 

DB SA and Nipole DN 171 rubber was rationalised by comparing their solubility parameters. 

6p = p(EFi) / M. 

where 6P represents the solubility parameter (j. CM-3)1/2, YFj represents the total molar 

attraction constant of all the groups in the polymer repeat units (J. cin 3)1/2 Mol-1, P represents 

the density of the polymer (g. CM-3 ) and M,, represent the molar mass of polymers smallest 

repeating units (g. mol-1). 

Since, the structure of Nipolo DN 171 rubber consist of a polyblend of poly(acrylonitrile-co- 

butadiene)/poly vinylchloride, the solubility parameters of each polymer constituents need to 

be calculated individually Table 33, shows a detailed composition of the individual polymers 

as contained in Nipole DN 17 1. 
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(ACN -NBR) (PVC) Number of each 
group 

Molar attraction 
constant (Fi 

Total of group molar 
attraction constant 

(Y, Fi) 

A B A B AB AB 

-CH2 -CH2 2 1 269 0 538 269 

-CH 0 4 0 249 0 996 0 

0 >CH- 0 1 0 176 0 176 

0 CI pnmary 0 1 0 419 0 419 

-CN 0 1 0 725 0 725 0 

Table 33 The number of functional groups present in Nipol DN171 and the corresponding molar 
absorption constant. 

Density of poly(acrylonitrile-co-butadiene) = 1.45 g. cm -3 

Molecular weight of poly(acrylonitrile-co-butadiene) = 160 g. mol-I 

6p = (1.45 x 2259) / 160 = (3276) / 106 = 20.5 (j. CM-3 ) 
1/2 

or 20.5 (Mj. M-3 
1/2 

Density of poly vinylchloride = 1.34 g. crn -3 

Molecular weight of poly vinylchloride repeat unit = 62.5 g. mol-1 

6p = 1.34 (864) / 62.5 g. mol-1 = (1157.76) / 62.5 = 18.5 (J. cm -3)1/2 or 18.5 (Mj. M-3)1/2 

The closeness of the solubility parameters of both THF and PAni-DBSA indicates that they 

are miscible. Similarly, THF and Nipol DN 171 were highly miscible, although there was a 

slight difference between the solubility parameters of the poly vinylchloride component of 

the Nipol'ý' DN171 rubber and that of the solvent (THF). Conversely, PAni-DBSA and 

NipoI8 DN171 rubber were highly miscible, due to the fact that their solubility parameters 

were almost equivalent. 
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4.2.2.2 Electrical Conductivity 

The effects of increasing the weight fraction (or concentration) of PAni-DBSA on the 

electrical conductivity of each blend is illustrated in Figure 60. 
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Figure 60 Logarithm of the electrical conductivity ((T) of PAni-DBSA/Nipolg DN171 rubber blends as a 
function of the weight fraction of PAni-DBSA. 

[119,198] 
Figure 60 shows a similar correlative trend to those of other polyaniline blends . The 

electrical conductivity of the pure conducting PAni-DBSA was approximately 0.6 S. cm-1. 

and that, of the pure grade Nipol (9) DN171 elastomer was about 5.4xl 0-16 S. CM-1. It is 

immediately apparent that as the weight fraction (or concentration) of PAni-DBSA was 

decreased from 50 wt% to 0.5 wt%, the electrical conductivity also decreased, as would be 

expected. 

The PAni-DBSA/Nipole DN171 elastorneric blend consisting of 50wt% of PAni-DBSA 

exhibited an electrical conductivity of 1.2 1xI O-4S. cm-1, while that at 0.5wt% was 5.35xIO-10 
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S. cm-1 ; hence the addition of 0.5wt% of PAni-DBSA to the pure rubber matrix, caused an 

increase in electrical conductivity of about six orders of magriitude, and a upsurge further in 

electrical conductivity ensued up to about lwt% of PAni-DBSA (4.32xl 0-8S. CM-1), followed 

by a more gradual increase towards a plateau value. The importance of the dilute region is it 

shows the minimum amount of PAni-DBSA, that must be added to the rubber matrix in order 

to induce the inception (or onset) of electrical conductivity, which is technically, referred to 

as the percolation threshold. In addition, these blends exhibited enhanced mechanical 

[199] properties, when compared with those at higher electrical conductivities 

The standard percolation theory (or scaling law of the percolation threshold) E1941, in 

conjunction with the volumetric composition of the each blend (that is, the interaction 

between PAni-DBSA and the rubber matrix), can be utilised in order to explain the trend in 

Figure 60. Theoretical studies perfort-ned on spherical fillers indicate the occurrence of a 

percolation threshold at the point where the volwne fraction of the filler is about 16% (v/v). 

However, Figure 60 shows that a percolation threshold of 0.9% (w/w) of PAni-DBSA in the 

blend [dPAni-DBSA -= 1.135 g. CM-3 ý d,,, bb,,, = 2.83 g. CM-3 , therefore 0.9% (w/w) = 2.21% (v/v)], 

resulted in an increase in electrical conductivity of approximately eight orders of magnitude. 

Hence the percolation threshold is about seven times smaller than that predicated by the 

theory, suggesting that the formation of a interpenetrating network E1991 may have resulted in 

such a decrease, or the finely dispersed nature of the PAni-DBSA particles within the rubber 

matrix, may have contributed to the bulk charge transport process E 1191. The data in Figure 60 

were sufficiently fitted by a simple scaling law based on percolation theory [119] as shown in 

the equation below: 
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(Ff = (f-fp)t 

where t is the critical exponent, f is the volume fraction of the conductive medium, fi is the 

volume fraction at the percolation threshold and c is a constant. Therefore, by plotting log 

electrical conductivity (a) against log (f-fc 
. 
), the critical exponent (t) can be estimated. At a 

value of 2.21 v% (fi), the critical exponent was 3.96, with a correlation coefficient (R) of 

0.98, which is in good agreement with the percolation theory. Finally, since the size 

distribution of the conductive particles in the rubber matrix determines the percolation 

threshold, a non-homogeneous blend may possess a low percolation threshold, and thus, a 

higher electrical conductivity [2001 
. The presence of poly vinylchloride (PVC) in the NipoI8 

DN 171 matrix may have contributed to the reduction of the percolation threshold, compared 

to that of the blend of pure nitrile butadiene rubber (without PVC), and the conducting 

polyrner (PAni-DBSA) E1191, as a result of the increase in the overall polarity of the 

elastomeric chain. This may have led to an improvement in the effective bulk charge transfer 

due to stronger intermolecular interaction between the conducting polymer particles. 

4.2.2.3 Electronic Absorption Spectroscopic Analysis 

Figure 61, shows the UV-Visible spectra of pure grade PAni-DBSA and selected PAni- 

DBSA/Nipol a DN171 blends. The presence of the benzenoid fragments [49] is evident from 

the bands at 341-351mn, which are indicative of the transfer (or excitation) of electrons from 

the 7r (bonding) orbital to the 7r* (anti-bonding) orbital of the benzenoid nitrogen atom. This is 

a direct consequence of the interaction of PAni-EB with the dopant (DBSA). According to 

similar studies, the bands at 341-351nm and 410-460nm may be attributed to the 7r-7r* 

electronic transition involving both the benzenoid and quinoid fragments ý511. However, the 

group of bands (polaron lattice bands) at 778-840mu are characteristic of electromic 

transitions from the HOMO of the benzenoid fragment to the LUMO of the quinoid fragment 
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[52,531 

. Moreover, since these bands are related to the concentration of PAni-DBSA in each 

blend, the increase in their intensities (hyperchromic effect) can be rationalised from the 
[201] expected presence of polarons, as a consequence of doping 
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Figure 61 The UV-visible absorption spectra of (a) pure grade PAni-DBSA and selected blends of PAni- 
DBSA/Nipolg DN171 (b) 50: 50, (c) 25: 75, (d) 10: 90, (e) 5: 95 and (f) 1: 99. 

Furthennore, in this study, it was observed that an increase in the concentration of the 

conducting medium in each blend, reduced the hypsochromic shift of the polaron bands from 

786 to 778nm, however, when the concentration was decreased, a bathochromic shift of the 

polaron bands from 804 to 840nm (the near IR region) occurred. Consequently, the 

bathochromic shifts may indicate an increased conjugation length, due to a reduction of the 

E201 1. It f 
steric hindrance between the benzene fragment and the dopant (DBSA) 011OWS that 

the polarons absorbing at 804 to 840nm are extensively delocalised, while, those absorbing at 

786 to 778m-n are less delocalised, due to reduced conjugation lengths E1481 
. As a result, the 

blends absorbing at 786 to 778mn will exhibit higher conductivities than those absorbing at 
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804 to 840mu, and this is supported by the trend m the conductivity graph. Overall, the UV- 

visible spectra indicate that there was no deprotonation of PAni-DB SA by the Nipole DN 171 

matrix. 

4.2.2.4 Infrared Spectra Analysis 

The infrared (IR) spectra (Figure 62 and Figure 63) illustrate the characteristic absorption 

peaks of the cast fihns of each elastomeric blend and that of pure Nipolo DN171. By 

perfonning an IR spectra analysis, it is possible to establish any intermolecular interaction 

between the two components. The IR spectra of pure Nipolo DN 171 (Figure 63) feature two 

distinctive absorption peaks at 2923cm-1 and 2848cm-1, attributed to the presence of aliphatic 

C-H symmetric and asymmetric stretching vibrations; the band at 2238cm-1 is due to the 

presence of nitrile C-N stretching vibrations in the nitrile butadiene units (NBR). The band at 

1637cin-1 is due to C=C stretching, 1336 - 1437cm-1 to the presence of out of plane C-H 

wagging, 967 cm-1 and 917cm-1, represent C-H stretching vibrations in the trans-1,3- 

butadiene and vinyl butadiene rubber fragments [202] 
, and 690cm-1 is ascribed to the C-CI 

stretching vibration in poly vinylchloride 
[203,371 

. Recent reports [203,121 show the IR spectra of 

pure PAni-DBSA contain of unique absorption peaks at 3447cin-1, representing free N-H 

stretching vibrations E101,1000 and 1030crn-1, due to S=O stretching vibrations, 1559cm-1 and 

1478cm -1 , representing N=Q=N and N-B-N functionalities 1101,1295cm-1, attributed to Q=N- 

B stretching, 1240cm-1, indicating the presence of aromatic C-N stretching, 1102cm-1, 

ascribed to C-H stetching and firially, 797cm-1, coffesponding to para-substituted out of 

plane -C-H bending. 
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Figure 62 IR spectra of the PAni-DBSA/Nipol@ DN171 elastomer blends (at varying ratios). (a) 
50%: 50%, (b) 40%: 60%, (c) 25%: 75%, (d) 20%: 80%, and (e) 15%: 85%. 
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Figure 63 IR spectra of the PAni-DB SA/Nipol DN 171 rubber blends (at varying ratios) and pure Nipol 
DN171 rubber. (f) 10%: 90%, (g) 5%: 95%, (h) 1%: 99%, (1) 0.75%: 99-25%, (J) 0.5%: 99.5%, and (k) 100% 

rubber. 

An in-depth study of the above IR spectra (Figure 62 and Figure 63) indicates some 

fundamental peak shifts and variations in peak intensities. It is assumed that the C-H 
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stretching band at II 02cm- 1 indicates the level of microscopic electrical conductivity in pure 

PAni-DBSA [203,12] 

, thus, it is referred to as an electronic band and a measure of the degree of 
E141 delocalization (or redistribution) of electrons along the polymer chain . Inevitably, any 

changes in the position and intensity of this band are most likely to reflect the electrical 

conductivity of the conducting polymer. The blend (a) consisting of 50 wt% PAni-DBSA/50 

wt% Nipolo DN 171 showed a sudden shift in the electronic band (I 102-1118cin-1), and as 

the concentration of Nipolo DN 171 was increased further (50- 99.5wt %), greater shifts in the 

electronic bands (I II 8-1177cm-1) ensued. The observed trend is indicative of the increasing 

distance between the conducting particles in the rubber matrix, thereby, resulting in reduced 

electronic mobility (hence, a lower conductivity). This is supported by the optical 

micrographs (c) and (d) in Figure 66, which indicate an increased dispersion of the PAni- 

DBSA particles in correlation with higher Nipolo DN171 contents. Alterations in the 

observed positions of imine =N-H stretching (3447cm-1) and S=O stretching (1000 and 

1030cm-) bands in pure PAni-DBSA were also observed with variations in the concentration 

of Nipole DN171. The 50: 50wtl/o PAni-DBSA/Nipole DN171 blend fihn showed a shift in 

the =N-H stretching band (3447-3227cm-1) with a shoulder at 3247CM-1 . As the weight 

fraction of PAni-DBSA was decreased from 50wt% to 0.5wt%, the frequency of the =N-H 

stretching band increased further (3227-3267 cm -1 ), accompanied by variations in the 

shoulder position (3453-3420cm-1). Similarly, one of the S=O absorption peaks also shifted 

(I I 18-1177cm-1), followed by variations in the other (1000-1007cm-1); however, this was 

accompanied by a gradual disappearance of the shoulder, as the weight fraction of Nipolo 

DN 171 reached its maximum. Furthermore, the intensities of the =N-H and S=O stretching 

bands in each blend film all decreased commensurately as the weight fraction of PAni-DBSA 

was carefully reduced. These observations suggest that the hydrogen bonding interactions 

[203] 
between DBSA and PAni-EB may have been disrupted . The observed variations in the 
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C-Cl and -CN bands confinn the existence of inten-nolecular interaction between the imine 

(=N-H) hydrogen atoms in PAni-DBSA, the highly electronegative chlorine atom (CY) in 

PVC, and the negafively charged cyano (CN-) group. 

4.2.2.5 Thermal Analysis 

Thermoqravi metric Analvsis (TGA) 

Figure 64 shows schematically, the thermogravimetric curves (or thermograms) of cast films 

of each blend from 30'C to 6000C. 
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Figure 64 Thermogravimetric curves (at a heating rate of I O'C/mm under N2) of selected PAni-DBSA/ 
Nipolo DN171 blend films (a) 50: 50%, (b) 40: 60%, (c) 25: 75%, (d) 20: 80%, (e) 10: 90%, (f) 1: 99 and (g) 

pure grade Nipol'ý'DN 17 1. 

The curve is divided into three segments, with each segment representing a decomposed or 

disintegrated fragment, and the corresponding temperature range. As previously stated, this 

technique gives an insight into the thennal stability of each conducting elastorner being 

analysed. In the above thermogravimetric curves, segment I shows the first change from 
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Chapter Four: Results & Discussion. 

30'C to 260T, which may be attributed to the evaporation of small molecules, such as water 

(H20), solvents and most importantly, HCI. The loss of HCI, at this early stage, suggests that, 

the PVC (thermoplastic) phase of the pure elastomer (Nipolo DN171) may have interacted 

with the backbone structure of the conducting polymer, thereby, acting as a decomposing- 

initiator (or a pro-degrading agent E12). In addition, the thermogram (g) of the pure Nipole 

DN 171 elastorner correlates with this observation. However, in segment 2 the weight loss 

occurred at a significantly higher temperature range (from MOT to 420'C) for each blend 

(consisting of PAni-DBSA at concentrations ranging from 50wt% to I wt%). In this region by 

E 121 
comparison to that of pure PAni-DBSA , the loss is probably attributable to the 

evaporation of the dopant or surfactant (DBSA) counter-ions, and also the commencement of 

12,204,2051 
main chain decomposition of the conducting polymer (PAni-DBSA)E 

The losses (approximately 42%) at segment 3 (420-600'C), are due to the continued 

disintegration of the main chain of the conducting polymer framework, accompanied by the 

decomposition of the remaining constituents of the Nipole DN 171 elastomer. In addition, it 

was observed that as the weight fraction of PAni-DBSA was reduced (from 50 wt% to I 

wt%), there was a corresponding increase in the decomposition temperatures, which supports 

the notion that the thermal stability of the conducting elastomeric blends is enhanced by the 

presence of an increasing concentration of Nipolo DN171 in each cast film. This is in 

accordance with the DSC results, which showed a similar trend. 
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Chapter Four: Results_& Discussion. 

Differential Scanninq Calorimetry (DSC) 

The DSC then-nogram (Figure 65) shows the onset temperatures of the major endothermic 

and exothen-nic peaks of the cast films of each blend (at specific ratios) and that of pure 

Nipolo DN 171 rubber. 

C 
- 

os 
Q 
ýV. 

Temperature / OC 

Figure 65 The DSC thermogram (at a heating rate of I O'C/min under N2)of the cast films of the 
elastomeric blends PAni-DBSA and NipolV DN171 (PAni-DBSA: rubber). (a) 20: 80%, (b) 10: 90%, (c) 

1: 99%, (d) 50: 50%, (e) pure rubber, (f) 25: 75%. 

The thermogram (e) shows two endothen-nic, and exothen-nic peaks, which may be attributed 

to the presence of poly vinylchloride (PVC) and nitrile butadiene rubber (NBR). Recent 

literature reports [206,61] 
, proposed that, the small exothermic peaks at 1950C and 206'C may 

be consistent with the process of melting of PVC. However, the exothermic peaks (283'C 

and 317'C) are associated with the oxidative decomposition of NIBR (30wt% ACN) phase of 

the pure elastomer (Nipolo DN 17 1). 

162 

70 120 170 220 270 320 370 420 
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The DSC thermograrn (Figure 65), shows significant increases in the onset temperatures of 

the ma . or endothermic peaks (from 75 to 251'Q, as the concentration of the conducting j 

polymer is reduced from 50 to Iwt%. The addition of 50wt% of PAni-DBSA to pure Nipole 

DN171, induced a negative shift of the first endothermic peak (from 1950C to 75'Q, 

accompanied by the disappearance of the second (at 206'Q. This suggests even mixing of 
E2061 both components . Similarly, a gradual disappearance of the second exothermic peak (at 

317T) was observed, with increasing concentration of PAni-DBSA. 

Additionally, with 50wtO/o of PAni-DBSA added to the rubber matrix, a decrease in the 

temperature of the first exothermic peak (from 283'C to 232'C) was observed; however, as 

this amount was gradually reduced (down to Iwt%), the onset temperature of this peak 

increased (from 23 VC to 296'Q. This signifies that, as the weight fraction of PAni-DBSA in 

each blend film is reduced, there was enhancement of the thermal Stability[119,198,207] 
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4.2.2.6 Morphological Analysis by Optical Microscopy 

The optical micrographs (Figure 66) shows the PAni-DBSA/Nipol8 DN171 blends at 20x 

magnification. The light regions in (a) and (b), are thought to represent the mixture of PAni- 

DBSA oligomers and Nipolo DN 171 rubber in each film, while the darker regions may be 

attributed to the presence of polymeric PAni-DBSA clusters. 

(c) (d) 
Figure 66 Optical micrographs of selected PAni-DBSA/Nlpolg DN171 blend films consisting of (a) 25 

wt%, (b) 25 wt%, (c) 20 wt% and (d) 10 wt% PAni-DBSA. 

The blend consisting of 25 wt% of PAni-DBSA shows the presence of bulky conductive 

particles and their interconnected agglomerates, as a consequence of partial phase separation. 

The networks fon-ned by the agglomerates may act as a conducting pathway, facilitating 

efficient bulk charge transfer. This explains why the electrical conductivity of this particular 
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film was higher than those of lower PAni-DBSA content. On the contrary, as the weight 

fraction of PAni-DBSA is decreased an interesting phenomenon is noticed. 

In the micrograph (c) consisting of 20wt% of PAni-DBSA, larger agglomerates with no 

interconnections are noticeable, with minimal phase separation (but, high isolated particle 

dispersion), which depicts a reasonably homogeneous phase. This may be a result of some of 

the PAni-DB SA particles being encapsulated by the Nipolo DN 171 rubber matrix, and may 

have been facilitated by the effect of plasticization/plastification due to the presence of the 

poly(vinyl chloride). Consequentially, there is reduction in electrical conductivity. 

In addition, the insulating and elastomeric properties of the rubber may be partly responsible 

for the occurrence of such phenomena, which is evidently persistent in the blend films with 

lower PAni-DBSA concentration. This may result in a high level of isolated dispersion and 

encapsulation of the conducting particles within the rubber matrix. It can be postulated, that 

the conducting pathway may have been altered, thereby resulting in a low electrical 

conductivity. However, the low percolation threshold may be due to the interpenetrating 

networks formed by the PAni-DBSA clusters. 
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CHAPTER 

5 

CONCLUSION 
This chapter concludes the findings of the present work. A thorough survey of conducting 

polyaninline, polyaniside and copolymeres of the latter two, have been presented in this 

thesis. There were noticeable differences in the behaviour of the two families ofpolymers. In 

this work, various polyaniline blends have been prepared and their properties were 

investgated. 
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Conclusion 

Several aniline or anisidine based conducting polymers have been synthesised through 

suitably tailored synthetic routes. Some of these were later decommissioned due to the 

insolubility or low conductivity of the doped polymers. DBSA doped polyaniline was 

successfully synthesised via a controlled oxidation method. Spectral, electrical and thermal 

measurements were performed to characterise this polymer; it was reasonably soluble in 

organic solvents such as tetrahydrofuran and chlorofonn. 

Conducting polyanilines and its derivatives were synthesised using two distinct pathways 

which led to a broad range of morphologies. 

When solution polymerisation was employed, the products exhibited non-uniform fibrillar 

and globular morphologies, and the use of o-anisidine as (co-)monomer influenced their 

morphological characteristics. This co-monomer induced changes in the physical and 

chemical properties of the final polymer. Having an electron donor attached to the ring, the 

doped polymer PoAnis displayed lower conductivities than that of pure PAni due to the 

lower mobility of the charge carriers. Thermogravimetric measurements showed a substantial 

difference in heat resistance properties for the two polymers. PoAnis degraded more quickly 

owing to its less ordered structure, and since it was more susceptible to radical cross linking 

upon oxidation by air due to its higher reactivity, complete degradation was achieved at a 

lower temperature than for PAni. 

With the aim of producing polyaniline particles having homogeneous sizes, shapes, 

elongation and crystallinity, a wide variety of conducting polyanilines was synthesised. This 

was achieved in-situ by means of sulfonic acid surfactants. These surfactants have the 

property of thickening the reaction media. They also prevent the growing polymer chains 

from aggregating and precipitating during the synthesis as in the conventional preparation 
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method. The sulfonic acids were used during the polymerisations to protonate the aniline 

monomers prior to their oxidation by APS. When low molecular weight sulfonic acids such 

as TSA were used, the resulting polymers had similar characteristics to those of PAni-HCI 

because of the latter's inability to thicken the reaction medium. When larger molecules such 

as DBSA, CSA, or 0- NSA were used, thickening took place. In an aqueous mediwn, their 

lipophilic tails attracted one another and self-organised micelles were formed. On the outer 

part of the micelles, anilinium cations reacted with each other upon addition of the oxidant. 

This specific arrangement of the monomer units prior to the polymerisation led to various 

confonnational. changes in the resulting polymers. 

PAni-DBSA/Hydrie composite films were obtained by solution casting. The PAni-DBSA 

used to prepare the solution blends was synthesised by a three-step chemical polymerisation 

method. The theoretically calculated solubility parameters for both the conductive polymer 

and the Hydrine were comparable, leading one to expect at least partial miscibility. This was 

confirmed by studies of the structure and morphology of the blends using ATR-IR 

spectroscopy and optical microscopy. The IR spectra indicated changing intermolecular 

interaction with concentrations, shown especially by a shift of the amine (PAni-DBSA) 

nil, absorption peak to a higher wavenumber. 

The electrical conductivity of the blends increased with the proportion of PAni-DBSA, and 

the percolation threshold was recorded as I wt% of the conductive polymer. UV-Visible 

spectroscopic analysis was used to confirm that the PAni-DBSA remained in the doped state 

upon blending with Hydrin a. The concentration of PAni-DBSA had a significant influence 

on the thermal stability of the blends. TMA spectra of the polymer blend exhibited a single 

Tg, indicating homogeneous single-phase behaviour. 
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Very promising results were obtained for cast films of the electrically conducting elastomeric 

blends fonned by the co-dissolution of PAni-DBSA and poly(acrylonitrile-co-butadiene) 

/(poly vinylchloride) or Nipolo DN 171 rubber in differing ratios. Electrical conductivity 

measurements indicate a correlation between the concentration (or weight fraction) of the 

conducting polymer (PAni-DBSA) and the electrical conductivity. An increase in the 

concentration of PAni-DBSA, by 50 wt%, was accompanied by an increase in electrical 

conductivity, from 5.4x 1 0-16 S. CM-1 (for the pure grade Nipolo DN171 rubber) to 1.24xlO-4 

S. cm-1. In addition, a percolation threshold of 0.9% (v/v) was detennined at 2.21% (w/w) of 

the conducting PAni-DBSA. Morphological or structural analysis of each blend (by optical 

microscopy) suggested that the increase in electrical conductivity may be due to the 

formation of interconnected agglomerates with just 20 wt% of PAni-DBSA, which increased 

with increasing PAni-DBSA content; however, a decline in electrical conductivity was 

observed for blends with less than 20 wt% of PAni-DBSA, which was attributed to the highly 

dispersed nature of the PAni-DBSA particles (the discontinuous phase) and the lack of 

interconnectivity in the rubber matrix (the continuous phase). Analysis of the UV-visible 

spectra of each blend, indicated the presence of bands due to PAni-DBSA, which showed the 

retention of its doped fonn during blending with Nipol DN 171 rubber. This was supported by 

the IR spectra, which showed some characteristic functional groups, attributable to both 

PAni-DBSA and Nipolo DN 171 rubber. 

Thermal analysis performed by DSC and TGA, showed that the thermal stability increased 

with increasing concentration of rubber. The DSC also revealed the compatibility of both 

PAni-DBSA, and Nipolo DN171 rubber, as result of mixing at ambient temperatures. This 

observation is in accordance with the solubility parameter calculations, which established the 

miscibility (or compatibility) of the conducting polymer and the rubber matrix. 
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The blending of Nipolo DN 171 with PAni-DBSA has brought about an advance in the field 

of electrically conducting polymers, due to a combination of useful properties (that is, high 

electrical conductivity, chemical, environmental, and thermal stabilities). This electrically 

conducting elastomer could potentially be used in the automobile industry, alongside vahous 

fluoropolymers, which are the main constituents of the gaskets found in motor engines. 
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