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Abstract 

Intrinsically conducting polymer (ICP) composites, especially ICP/thermoplastic polymer 

composites have recently received great attention because of their potential synergistic 

benefits and promising applications in a variety of fields. Yet the fabrication of 

ICP/thermoplastic composites remains a challenge because of the limited compatibility 

between the ICP component and the thermoplastic matrix. The focus of this thesis is to 

develop novel ICP/thermoplastic composite materials which can be processed through melt 

blending at relatively low temperature and maintain certain level of electrical conductivity 

and mechanical properties which are essential for field applications. 

Polyaniline (PANI) is one of the most extensively studied ICPs and a variety of PANI based 

composites have been developed. However the low processability of PANI, together with its 

limited compatibility with thermoplastics generally leads to composite materials with weak 

mechanical properties. On the other hand, poly(o-methoxyaniline) (POMA) possesses better 

compatibility with thermoplastics yet up to now no study regarding melt processing of 

POMA/thermoplastic matrix composites have been reported. Therefore POMA was 

synthesized and incorporated with other components to prepare novel composite materials in 

this thesis. 

Chemical oxidative polymerization was adopted throughout this thesis for the synthesis of 

most ICP samples, because of its high yield, low cost and scale-up ability. Doping is essential 

for the electrical conductivity of POMA; in addition dopant exerts significant effect on 

structure, morphology and physical, chemical and functional properties of POMA. A variety 

of inorganic acidic dopants, including methane sulfonic acid (MSA), hydrochloric acid (HCl) 

and para-toluene sulfonic acid (TSA) were used to protonate POMA and compared with 
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POMA synthesized in the absence of any additional dopant. The samples were then 

thoroughly characterized in terms of structure, morphology, electrical conductivity, thermal 

stability and functional properties including anti-oxidant and anti-microbial activities. Based 

on the properties of characterized POMA samples, especially conductivity and thermal 

stability that are critical for thermal processing, TSA was located as the suitable inorganic 

dopant to synthesize POMA that can be melt blended with a thermoplastic matrix. 

Recently polymeric materials have been reported to behave as dopants in ICP synthesis, with 

the benefits that external polymeric material could induce better processability and possibly 

higher thermal stability. Lignosulfonate (LGS) in particular has been adopted by different 

research groups to synthesize LGS doped PANI. Since POMA possesses similar physical and 

chemical properties with pristine PANI, in this thesis POMA was for the first time chemically 

polymerized in the presence of LGS, with the objectives to elucidate the reaction mechanism 

and to clarify the actual role acted by LGS in the reaction. In addition, the effect of different 

LGS contents on the properties of the final product is also evaluated. Results suggest that 

instead of acting as a dopant or stabilizer as reported in literature, LGS behaves as a 

particulate adsorbent while POMA serves as particulate adsorbate. 

Research in ICP copolymers, especially copolymer synthesized from PANI and its derivatives, 

have gained attention because of the possible synergistic combination of the high electrical 

conductivity provided by PANI and the processability induced from the derivatives. A 

successfully synthesized copolymer could benefit later stage work of melt blending, as 

copolymers are expected to exhibit higher electrical conductivity than homopolymers of 

aniline derivatives. However in most of the relevant literature copolymer formation was 

taken for granted when chemical oxidative polymerization was carried out without any 

further kinetic manipulation while the possibility of composite material formation was largely 

overlooked. In this thesis chemical oxidative copolymerization of aniline and o-
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methoxyaniline was attempted, with the objective to first understand the reaction mechanism 

and to distinguish formation of copolymer or composite. In addition the effect of different 

corresponding monomer ratios (aniline/o-methoxyaniline) on the final product was 

quantitatively evaluated. Obtained results suggest that a composite material mainly 

composed of corresponding homopolymers of PANI and POMA, instead of a uniform 

copolymer, was obtained when chemical oxidative polymerization was performed without 

external kinetic manipulation. 

Based on all the characterization results, TSA doped POMA (POMA-TSA) was selected as 

the ICP component for the preparation of a novel composite material. On the other hand, 

ethylene vinyl acetate copolymer (EVA) was selected as the thermoplastic matrix mainly 

owing to its low processing temperature and superior flexibility. POMA-EVA composite was 

for the first time prepared through melt blending. Compared to the ICP component loading, 

only very a small amount of attention has been paid to the effect of matrix polarity, even 

though the matrix polarity has been reported to significantly affect the physical and chemical 

properties of composite materials. Therefore in this thesis the effect of matrix polarity on the 

properties of the POMA-EVA composite is also investigated for the first time.  
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Chapter 1. Introduction 

1.1. Intrinsically Conducting Polymers (ICPs) – An Overview 

Until about 50 years ago, all carbon-based polymeric materials were still regarded as 

electrically insulating. In 1977 Shirakawa et al. reported that by doping polyacetylene, the 

organic polymer could exhibit metal-like properties with electronic conductivity increased by 

a billion times [1]. Since then a new class of polymers was introduced and the term ‘synthetic 

metal’ was proposed and gradually accepted [2]. This novel finding, at odds with what had 

been previously expected of insulating polymers, led to the 2000 Nobel Prize in Chemistry 

for Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa. They received the award for 

the discovery of iodine vapor doped polyacetylene, the subsequent development and 

investigation of new conducting polymer systems, conduction mechanisms, and physical 

origins of electrical conduction in this novel class of materials. In the case of these polymers, 

the electrical conductivity is considered an intrinsic property. Therefore, the name 

intrinsically conducting polymer (ICP) was later recommended. 

The metal-like property of ICPs is related to their chemical structure, which generally 

consists of alternating single and double (conjugated) carbon-carbon bonds along the 

polymeric chains [3]. Due to their distinctive chemical structures and the fascinating physical, 

chemical and functional properties, ICPs were expected to find applications in 

multidisciplinary areas, such as electrical, electronic, thermoelectric, electrochemical, 

electromagnetic, anti-static, electromechanical, electro-luminescence, electro-rheological, 

electrochromic, chemical, membrane, corrosion protection and sensors [4, 5]. The structures 

of some of the most commonly studied ICPs are shown in Scheme 1-1. 
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Scheme 1-1 The structure of a number of intrinsically conducting polymers 

1.2. Electrical Conductivity of ICPs  

1.2.1. Band Theory 

Metals are the most common electrical conductors and their electrical conduction can be well 

explained by the free electron model. This model assumes that the valence electrons of the 

metals are free to move throughout the whole volume of the metal, resulting in the electrical 
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conductivity. However, this free electron model does not apply very well in the field of 

semiconductor and insulator. 

Unlike metals, ICPs become electrically conductive due to their uninterrupted and ordered π-

conjugated backbones [6], as in the chemical structures of the ICPs in Scheme 1-1. The 

conductivity of ICPs can be explained by the band theory.  

According to band theory, materials can be divided into three categories: conductors, 

semiconductors and insulators. Their electronic structures are presented in Scheme 1-2 [7]. 

The different energy level gaps between the valence band and conduction band are defined as 

the band gap; which is strongly dependent on the nature of the materials. As seen in Scheme 

1-2, for metals the valence band and the conduction band overlap so the electrons can move 

freely along the energy bands and therefore metals are intrinsically electrically conductive. 

For insulators, the valence band is filled with electrons while the conduction band is empty. 

In order to achieve electrical conductivity, the highest energy electrons in the valence band 

need to be excited to overcome the band gap in order to reach the conduction band. If the 

energy separation between conduction band and valence band is too large then the material is 

an insulator. However if the band gap is small enough to enable electrons in the valence band 

to be excited to reach the conduction band by thermal excitation even at room temperature, 

then the material is a semiconductor. In the case of ICPs, doping is essential for the 

explanation of their electrical conductivity, and it is further discussed in the following 

paragraph in 1.2.2. 
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Scheme 1-2 Band diagrams for Insulator, semiconductor and metal [7] 

1.2.2. Doping 

Doping is defined as the process of oxidizing or reducing a neutral polymer and providing a 

counter anion or cation (i.e., dopant), respectively [8]. The concept of doping as applied to 

ICPs was at first based on a phenomenological approach [9]. Later a rationale for the 

phenomenon slowly developed: treatment of a polymer by a small non-stoichiometric 

quantity of a material could bring about enormous increases in electrical conductivity, 

resulting from dramatic changes in its electronic, physical and chemical properties as 

evidenced by a wide variety of different characterization techniques. Therefore, doping is 

essential for electrical conductivity in ICPs as the doping process can introduce mobile 

charge carriers (holes or electrons) into the backbone of ICP polymeric chains. 

Generally, there are two main types of doping processes for converting an ICP from its 

insulating form to its semiconductor form. P-type redox doping occurs when the polymer is 
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oxidized and electrons are removed from the backbone of the conducting polymer. During p-

type doping holes are generated along the IPC backbone, which are electrically balanced by 

anionic species or the so-called counter ions. On the other hand, n-type redox doping occurs 

when the polymer is reduced and more electrons are introduced into the ICP backbone. In the 

n-type doping the negative charges on the polymer backbones are electrically balanced by 

positive counter ions. Upon doping, the excited electrons in conduction band and holes in 

valence band become charge carriers, therefore contributing to its conductivity. In addition to 

the two main types of doping, there is another type of “protonic acid” doping (also called 

acid/base doping) which occurs only in polyaniline and its derivatives [9, 10], and will be 

described in details later in 1.3.2.2. 

1.2.3. Polaron and Bipolaron 

Polarons and bipolarons are important concepts in the field of ICPs. A polaron is defined as 

an electron in the conduction band or a hole in the valence band, together with the 

surrounding lattice with which it is coupled [11]. A bipolaron is a tightly bound state formed 

by two polarons separated by a short distance [12]. 

The formation of polarons and bipolarons could create new electronic states in the band gaps, 

which is shown in Scheme 1-3 [13]. The formation of polarons and bipolarons in the ICP 

structures facilitate the movement of electrons from the valence band to the conduction band 

thus the electronic conductivity is improved. 
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Scheme 1-3 Formation of mid-gap states of polaron and bipolaron in ICPs [13] 

1.3. Polyaniline 

1.3.1. Introduction 

Following the successful discovery that polyacetylene films could induce metal-like 

conductivities after exposure to iodine gas, a lot of research work was devoted to develop 

polyacetylene based ICP systems [14-18]. After the initial research work it was realized that 

upon exposure to iodine vapor, free radicals were generated along the conjugated backbone 

of polyacetylene, and it was the delocalization of these free radicals that gave rise to the 

electrical conductivity observed in the lab. However, this phenomenon is not stable under 

ambient conditions, because the free radicals can be easily quenched by the oxygen in air. 

The conductivity of iodine-doped polyacetylene then reverted back to its initial insulating 
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form after the loss of these free radicals. This environment instability stimulated the search 

and development of new electrically conductive yet environmentally stable ICP candidates. 

Polyaniline (PANI) is a prototypical ICP and is particularly attractive due to its facile 

synthesis, environmental stability, unique electronic, electrochemical and optical properties 

as well as thermal stability [19, 20]. PANI was first reported as a conducting polymer in 1980 

[21], and is probably the most extensively investigated conducting polymer [22]. 

Fundamentally, PANI is composed of two types of segments: benzenoid diamine units, which 

are reduced, and quinonoid diimine units, which are oxidized. Different oxidation states of 

PANI are associated with the constituent repeat units and are illustrated in Scheme 1-4. The 

leucoemeraldine form is fully reduced, the pernigraniline form is fully oxidized, and the 

emeraldine form is half-oxidized. 
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Scheme 1-4 Different oxidation states of polyaniline 

The emeraldine state is the most interesting, with the emeraldine base (EB) form converted to 

the emeraldine salt (ES) form. Upon doping, the electrical conductivity of PANI changed 

drastically from below 10-10 S cm-1 in the insulating emeraldine base form to the range 1 to 

10 S cm-1 in the emeraldine salt form. [23] The doping of PANI-EB requires a non-oxidizing 

protonic acid such as hydrochloric acid (HCl), therefore PANI differs from other ICPs in that 

its doping relies on a non-redox protonic doping mechanism and involves no change in the 

number of electrons associated with the polymer chain [23, 24]. This is a reversible process, 

with dedoping, also known as deprotonation (removing the dopant from the backbone), 

transforming the conductive PANI-ES back into an insulating PANI-EB form. This unique 
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doping mechanism also makes PANI inherently more resilient to the oxidizing environment 

presented in ambient conditions compared to other ICPs, especially polyacetylene [24].  

Aside from electrical conductivity, some interesting functional properties have been reported 

for PANI, including anti-oxidant, anti-corrosion, gas separation and anti-microbial properties 

after the explosion of research interest in PANI followed by the 2000 Nobel Prize in 

Chemistry for Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa. [25-31]. 

1.3.2. Synthesis of Polyaniline 

Similar to other ICPs, PANI has been synthesized both chemically and electrochemically. 

Electrochemical polymerization is effective in the production of PANI nanostructures in a 

controlled way [32, 33], however it usually results in low yields and is less suitable for 

industrial production compared with chemical synthesis [34]. It has another downside as only 

conductive substrate can be utilized [35]. On the other hand, the chemical oxidative 

polymerization offers high yield at relatively low cost and the monomers are completely 

consumed at the end of reaction. Therefore, most of the research work has been devoted to 

the chemical oxidative polymerization, with ammonium persulfate (APS) as the most 

common oxidant [36, 37]. 

1.3.2.1. Chemical Oxidative Polymerization 

The typical chemical oxidative polymerization of aniline is prepared in an acidic medium, in 

solutions of strong acids such as HCl, and is characterized by an induction period followed by 

bulk precipitation of a dark-green electrically conducting emeraldine salt powder [38]. It has 

been well elucidated that when the oxidative polymerization is carried out at high acidity, 

most of the monomers would couple in para positions and a polymer product is virtually the 

only product, with oligomers being present only at trace levels [36, 39]. The typical reaction 
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pathway is illustrated in Scheme 1-5, with the fully oxidized pernigraniline form as the 

intermediate [40]. During the polymerization, hydrogen atoms abstracted from the aniline 

molecules during their coupling to oligomeric and polymeric structures are released as 

protons, therefore sulfuric acid is a by-product and the pH value of the reaction medium 

always decreases in the course of aniline oxidation [41]. When the reaction was started from 

a neutral reaction medium, the process is then referred to as “falling pH” by some researchers 

[42]. The presence of sulfur in the final products is associated with the use of ammonium 

persulfate as oxidant, and is always experimentally observed even when no sulfur containing 

dopant was used in the reaction medium [36]. In these products, hydrogen sulfate or sulfate 

counter-ions always constitute a part of the PANI or oligomer chains. 
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Scheme 1-5 The oxidation of aniline with ammonium persulfate [36] 

1.3.2.2. Dopant in the Chemical Oxidative Polymerization 

In order to obtain high conductivity, a dopant is needed during the chemical polymerization. 

The most common dopants used in the chemical synthesis of PANI are strong inorganic acids, 

such as HCl. These dopants can provide a high acidity reaction medium, which is required for 

protonation and PANI chain growth. During the chain growth, the aniline monomers coupling 
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at para positions are energetically more favorable because of the polaron charge 

delocalization along polymer chains [36]. The growing polymeric chains can be terminated 

by hydrolysis of the terminal amino group, or by reaction with other mediate, including other 

polymeric chains. When the polymeric PANI chains are formed in the reaction medium, they 

precipitate from the aqueous medium, as these chains are not soluble in the aqueous medium 

due to the cross-liking and extensive hydrogen bonding interactions that stabilize the whole 

structure. It is for this very reason that the dissolution of PANI into individual 

macromolecules is extremely difficult, as it requires the removal of the π – π stacking of the 

polymeric chain structure and the hydrogen bonding at the same time [36]. The difficult 

dissolution, together with the infusibility of PANI resulting from its conjugated structure 

during melt processing, lead to the major drawback of PANI, i.e. the extremely low 

processability, which will be discussed later in 1.3.4. 

The dopant not only provides the conductivity for PANI but also has a substantial effect on 

structure, morphology and thermal stabilities of PANI as well as its derivatives [43-48]. In 

order to tune the structure and properties of PANI and its derivatives, a “functionalized 

protonic acid” is generally applied as the dopant [49]. The “functionalized protonic acid” can 

be denoted as H+(M-R), where H+M-is a protonic acid group, such as sulfonic acid, and R is 

an organic group. The proton reacts with the imine nitrogens of PANI, transforming the 

emeraldine base to a conducting salt form. The (M-R) group serves as a counterion (as the 

HSO4
- in Scheme 1-5), and the R functional group enhances solubility in common organic 

solvents and compatibility with conventional polymers so that the processability of PANI can 

be significantly improved. The most common protonic acid used as dopants in the chemical 

synthesis of PANI and its derivatives are camphor sulfonic acid (CSA), para-toluene sulfonic 

acid (TSA) and dodecyl benzene sulfonic acid (DBSA) [50-52]. Some other less commonly 

encountered protonic acids such as salicylic acid have also been reported [53]. The aim of 
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these studies was to increase the processability and conductivity of PANI and/or its 

derivatives, however, the effect of the dopants on the functional properties of ICPs have 

rarely been reported. Therefore, it is worthwhile investigating the effect of dopant on some 

functional properties related to PANI and/or its derivatives. 

1.3.3. Application of Polyaniline 

Owing to its superb electrical, electrochemical and functional properties, PANI has found 

applications in various fields related to physics, chemistry and materials sciences and 

engineering. A lot of potential applications have been proposed for PANI, including 

electromagnetic (EMI) shielding, antistatic charge dissipation or electrostatic discharge 

(ESD), printed-circuit boards, conductive fabrics, corrosion protection, rechargeable batteries, 

light-emitting diodes, non-linear optical devices, gas separation membranes, conducting 

paints, coatings, sensors, etc. [49, 54, 55]. In particular, a lot of research has been performed 

to test the actual performance of targeted applications. Surwade et al. prepared PANI 

nanofibers and oligoanilines of controlled molecular weight, and demonstrated that 

chemiresistors based on the solution cast films of oligoanilines was able to reversibly detect 

chemically aggressive vapors such as NO2 in the 100 – 5 ppm concentration range in ambient 

air [38]. Zhang et al. synthesized bulk quantities of PANI nanofibers using a “nanofiber 

seeding” method, and suggested that these PANI nanofibers could play an important role in 

the development of next-generation energy storage devices due to their high capacitance (112 

F/g) [56]. PANI has also been claimed to be utilized as an electrochemical sensor in drug 

delivery systems [57]. Hasbullah et al. prepared hollow fiber membranes of PANI using dry-

jet wet spinning, and investigated towards its gas separation performance. They have 

demonstrated that these PANI based hollow fibers showed high selectivity for oxygen, 

hydrogen and nitrogen [29]. 
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PANI has also been chemically modified to enhance its application potential. In Zhang’s 

work [58], PANI was formed firstly in the PANI-HCl form followed by chemical 

modification to obtain a polyaniline polysulfide, which was suitable to be used for primary 

and secondary lithium battery cathode material. In order to fully explore its potential, PANI 

has been included in various types of composites, which will be described later in this chapter. 

1.3.4. Processability Issue 

Despite of all its good properties as described above (1.3.1), the main drawback of PANI is 

its intractability, i.e., insolubility in common organic solvents and infusibility during melt 

processing [22, 47, 59, 60]. This is associated with a combined effect of the highly aromatic 

nature of PANI, the strongly conjugated π electron system on the backbone of PANI, the 

strong interchain hydrogen bonding interactions as well as the charge delocalization effect 

[61, 62]. It has been reported that the doped emeraldine salt (ES) form of PANI cannot be 

dissolved in common solvents; while the undoped emeraldine base (EB) can only be 

dissolved in N-methyl-pyrrolidone (NMP), concentrated sulfuric acid and other strong acids, 

which are difficult to apply commercially due to their prohibitive cost and strongly corrosive 

nature [63]. 

Several approaches have been attempted to solve this problem. Firstly, as discussed in 1.3.2.2, 

the processability of PANI and its derivatives can be improved by introduction of 

functionalized protonic acids during its chemical synthesis, such as dodecylbenzene sulfonic 

acid (DBSA) [64], para-toluene sulfonic acid (TSA) [65], camphor sulfonic acid (CSA) [43], 

and methane sulfonic acid (MSA) [44]. Secondly, homopolymers and/or copolymers of ring 

substituted PANI derivatives generally offer better solubility in organic solvents as well as 

better processability than PANI, due to the decreased rigidity of the polymer chains that 

result from the incorporation of flexible substituent groups [66]. Thirdly, the development of 
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composites comprising PANI or PANI derivatives and thermoplastic polymers provide the 

possibility of synergistically combining the electrical and functional properties of the 

conducting polymer components with the good mechanical property and processability of the 

polymer matrix [67], and therefore a promising technical approach towards the commercial 

application of PANI and its derivatives. 

1.4. Poly(o-methoxyaniline) 

1.4.1. Introduction 

Due to the lack of processability of PANI, homopolymers of substituted anilines, or aniline 

derivatives, such as methoxyaniline [68], ethoxyaniline [69], and methylaniline [70] are 

explored. Previous studies suggested that higher level of conductivities were obtained when 

aniline was substituted with alkoxy groups compared with aniline substituted with alkyl 

groups, because the electron-donating alkoxy groups reduced Coulomb interaction between 

the positive charges on the polymer backbone, leading to increased delocalization and larger 

localization length and therefore higher electrical conductivity [71]. 

Poly(o-methoxyaniline) (POMA), also known as poly(o-anisidine), is the simplest alkoxy 

derivative of PANI. It has a methoxy group attached in the ortho-position to the amine group, 

and the structure is illustrated in Scheme 1-6. 
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Scheme 1-6 Structure of poly(o-methoxyaniline) 

POMA is an attractive PANI derivative in that it offers improved solubility in organic 

solvents compared to PANI and the electro-donating methoxy group favors protonation and 

propagation, resulting in lower oxidation potential and higher polymerization yield [72]. In 

addition, unlike most substituted anilines which are usually significantly less reactive than 

aniline, o-methoxyaniline is more reactive due to the presence of the electron-donating 

methoxy group that activates the aromatic structure. 

1.4.2. Synthesis of Poly(o-methoxyaniline) 

Among the substituted polyaniline derivatives, POMA can be easily synthesized either 

chemically or electro-chemically, with higher processability and solubility compared to PANI 

[73]. In recent years, electrochemical polymerization of POMA on various substrates such as 

stainless steel [74], copper [75], α-iron oxide [76] and brass [77], have been investigated, 

mostly with the target application of a corrosion resistor. However electrochemical 

polymerization has some restrictions such that POMA layers cannot be obtained on insulating 

surfaces and is less industrially favorable compared with chemical polymerization [78]. 

In addition to electrochemical polymerization, POMA, similar to parent PANI, has also been 

synthesized chemically. Its chemical oxidative polymerization shares similar reaction 
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pathways with PANI. The methoxy group (-OCH3) at the ortho position to the amine group is 

able to donate electrons to the aromatic conjugated structure, which leads to higher chemical 

reactivity of o-methoxyaniline compared with aniline. Most of the chemical polymerization 

of POMA was performed using ammonium persulfate as the oxidant [79, 80], Other oxidants 

such as cupric acetate, cupric bromide [81], have also been reported in the chemical synthesis 

of POMA. 

Sui prepared POMA hollow nanospheres in a solution of poly(methyl vinyl ether-alt-maleic 

acid) (PMVEA) by oxidative polymerization and proposed a soft template hollow nanosphere 

formation mechanism [82]. Jamal synthesized POMA doped with different acids including 

methanesulfonic acid (MSA), para-toluene sulfonic acid (TSA) and dodecylbenzene sulfonic 

acid (DBSA) and compared the effect of the dopants on the conductivity, morphology and 

structure of the POMA salts [45]. Gazotti studied the effect of pH, temperature, 

monomer/oxidant molar ratio and ionic strength on the reaction yield and conductivity of 

POMA that was prepared in the presence of several different acids, including TSA, DBSA 

and dodecyl sulfuric acid (DSA) [83]. They concluded that with the usage of TSA as dopant, 

a yield as high as 90% was obtained and the thermal stability of POMA-TSA and solubility in 

organic solvents were increased compared to PANI-HCl. Zhang prepared POMA hollow 

microspheres in a solution of TSA using APS as oxidant and discovered that the presence of 

the methoxy group in the ortho position increased the electro-catalytic activity for ascorbic 

acid oxidation, in comparison with PANI [57]. Han managed to prepare very regular hollow 

spheres of POMA in the absence of any additional acid and reported that both the size of the 

as-synthesized hollow spheres and the size of the holes decreased with a decrease of the 

monomer concentration [84]. Single-phase hollow POMA colloidal spheres have been 

obtained even under hydrothermal conditions with a small amount of cupric acetate initiator 

[81]. 
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1.4.3. Application of Poly(o-methoxyaniline) 

POMA is one of the most investigated PANI derivatives. It provides much better 

processability at the expense of electrical conductivity compared with pristine PANI. As a 

close derivative, POMA possesses similar physical, chemical and functional properties of 

PANI [85]. Therefore similar to PANI, POMA also finds various types of applications in the 

fields of battery, optical fiber, capacitor, resistor, field effect transistor and nano-scale bio-

composite [86]. 

POMA film was electrochemically polymerized on a gold electrode by cyclic voltammetry, 

and the modified electrode was found to respond to lithium ions in the concentration range of 

1×10-5 to 1×10-4 mol L-1, which is comparable to that of the standard method of atomic 

emission spectrophotometry [85]. Electrochromic film based on POMA with variable 

emissivity properties was synthesized by cyclic voltammetry and performed reversible color 

changes in the electrochemical doped and undoped states [87]. Asymmetric hollow fiber 

membranes of the emeraldine base of POMA were developed by dry-jet wet spinning 

technique and tested as gas separation membranes [88]. It was found that compared with 

PANI, POMA membranes showed improved gas permeance and gas selectivity, which was 

attributed to the more open structure of POMA compared to PANI. POMA has been 

electrochemically synthesized as corrosion inhibitor on different substrates, including brass 

[77], stainless steel [74] and biomolecule sensing platform on gold substrate [89]. CSA doped 

POMA has also been electrochemically synthesized on platinum and proposed as new 

electroactive stationary phases and chiral membranes for the separation of enantiomeric 

molecules or as novel chiral electrodes in electrochemical asymmetric synthesis [90]. 



Chapter 1 – Introduction 

19 
 

1.5. Composites based on ICPs 

1.5.1. Composites and Blends 

According to IUPAC recommendations 2004 [91], composite is defined as multicomponent 

material comprising multiple different (nongaseous) phase domains in which at least one type 

of phase domain is a continuous phase. A polymer composite is a composite in which at least 

one component is a polymer. Polymer blend is defined as mixture of two or more different 

species of polymers. In the research field of ICPs, mixtures of insulating and conductive 

polymers are called either polymer blends or composites; however, the term ‘composite’ is 

more often used when the insulating polymer is basically a host matrix [92]. Throughout this 

thesis the term composite is used to designate different POMA containing systems, including 

the POMA-LGS composites, PANI-POMA composites and OMA-EVA composites which 

are described in later chapters. 

Despite the good electrical and functional properties of conducting polymers, their 

commercial application has been restricted due to their low processability and weak 

mechanical properties [93, 94]. Preparation of novel composite materials containing ICPs is 

considered one of the most promising approaches to the large-scale application of ICPs, 

including PANI and POMA [67]. These novel composite materials offer the possibility of 

synergistically combining the properties of different components, i.e., the excellent 

mechanical properties and processability of conventional matrix polymers and the electrical 

and functional properties of ICPs [95, 96]. The composites had also been reported to have 

increased thermal stability compared to the matrix material [92]. These ICP and traditional 

polymer based novel composite materials have advantages over conducting composites made 

from high concentration of metal conducting fillers, as metal powders often act as catalyst for 
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oxidative degradation of matrix polymers and made the composite materials heavy and 

inflexible [97]. 

1.5.2. Polyaniline Composites and their Applications 

In order to fully explore the potential applications from a technological point of view, PANI 

has been incorporated with many different kinds of functional materials to form novel 

composite materials. Three major types of composite materials have been investigated: PANI 

– metal composites, PANI – (carbon) nanotube composites, and PANI – plastics composites. 

With the incorporation of metals, in most cases transition metals, the PANI – metal 

composites offer more utility than PANI alone in view of the synergism arising from both 

metallic and polymeric properties [98]. These composites are generally synthesized by 

chemical polymerization of aniline in the presence of a transition metal salt in aqueous media, 

with the metal salts reduced to pristine metal (nano) powders together with the formation of 

PANI. These as-synthesized PANI – metal composites offer a series of potential applications 

such as catalysts, sensors, microelectronic devices [99-102]. 

Composites of ICPs and carbon nanotubes (CNTs) have been prepared by chemical and 

electrochemical polymerization methods from the mixtures of the corresponding monomers 

and CNTs [86]. Both single-walled carbon nanotubes (SWCNT) and multi-walled carbon 

nanotubes (MWCNT) have been combined with different dopants protonated PANI to form 

composites with better mechanical and electrical conductivity than PANI alone, suitable for 

use in a range of electrochemical property related applications, such as electrochromic 

devices [103], chemo-sensors [19], membrane separations [104] and actuator materials [105]. 

PANI – plastics composites have been generally prepared in three approaches, i.e. in situ 

polymerization of aniline in the presence of the plastic, solution blending of PANI with the 
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plastic in a co-solvent, or melt blending of PANI with the plastic by melt processing. These 

composites are based on the principal that conducting particles are dispersed in an insulating 

polymer matrix, providing tailored properties suitable for various electrical, electromagnetic 

and functional applications. For example, PANI – polypropylene (PP) composite membranes 

with well-defined morphology were prepared using a single in situ polymerization [106]. 

These composite membranes demonstrated strong selectivity for carbon dioxide over 

methane, indicating that they can be used for gas separation purposes. PANI – polyethylene 

glycol (PEG) composites have been chemically synthesized by in situ oxidizing aniline 

monomers in the presence of various concentrations of PEG [107]. These as-synthesized 

composites showed strong activity on chromium removal through a combination of surface 

adsorption and reduction reaction. 

1.5.3. Poly(o-methoxyaniline) Composites and their Applications 

It has been well accepted that POMA provides better solubility in common organic solvents 

as well as better compatibility with other polymeric materials than pristine PANI [60, 66, 88, 

95, 108]. In order to enhance its potential application, preparation of novel composite 

materials based on POMA is still necessary. 

POMA based composites with various types of materials and prepared by different methods 

have been reported in earlier studies. POMA-MWCNTs composites were prepared by 

electrochemical co-deposition from the aqueous solutions containing o-methoxyaniline and 

acid-treated MWCNTs. The film composites hold great promise for applications of 

supercapacitors and secondary batteries [86]. Camphorsulfonic acid (CSA) doped POMA 

(POMA-CSA) – polystyrene (PS) composite fibers were produced through the 

electrospinning technique and have potential application in chemical vapour sensors [109]. 

Patil synthesized POMA – tin oxide nanocomposites through in situ chemical polymerization 
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of o-methoxyaniline in the presence of tin oxide nanoparticles, and then fabricated the 

composite into humidity sensor [110]. Scorsone immobilized POMA in a plastic clad silica 

fiber, and then demonstrated the evanescent detection ability of the modified fibers of 

gaseous ammonia and HCl [111]. Yeh prepared POMA – Na+-montmorillonite clay 

nanocomposite materials by in situ emulsion polymerization in the presence of inorganic 

nanolayers of the clay, and demonstrated its application in corrosion protection [112]. Pt – 

POMA composite was developed by dispersing Pt nanoparticles on a porous POMA film, 

which was produced via electro-polymerization on a glassy carbon electrode [113]. The 

composite material exhibited higher catalytic activity and stronger poisoning-tolerance ability 

towards formic acid electro-oxidation, and was proposed to be a promising material in formic 

acid fuel cell application.  

1.5.4. Composites Preparation: Solution Blending vs. Melt Blending 

Composites based on conventional matrix polymers and ICPs are generally prepared by two 

different approaches: (i) solution blending, and (ii) melt blending. The conducting polymers 

used in these blending are usually obtained by chemical synthesis, because a relatively large 

amount of composite materials can be produced by this route. 

Solution blending refers to dissolving the polymeric components in a common solvent, 

followed by evaporating or spinning the resulting mixture (usually over a suitable substrate) 

to obtain a composite material film [55, 92]. In the cases of PANI and its derivatives, the 

undoped form (emeraldine base) is generally more soluble than the doped (emeraldine salt) 

forms. Therefore, undoped PANI and its derivatives are usually dissolved with the polymeric 

matrix in a common solvent. In order to make electrically conductive polymer composites, 

the film is then exposed to vapours of an acid dopant after solvent evaporation.  
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A systematic study about the solubility of PANI and some of its alkoxy-substituted 

derivatives pointed out that the acid dopant had a strong influence on the solubility of these 

ICPs in several solvents [114]. Results showed that PANI doped with camphor sulfonic acid 

(CSA), PANI-CSA, and with dodecylbenzenesulfonic acid (DBSA), PANI-DBSA, were 

soluble to some extent in different organic solvents and can be blended with several 

thermoplastics and elastomers in m-cresol or chloroform [115-117]. 

Solution blending is by far one of the most widely used methods to prepare polymeric ICP 

composites, especially conductive films based on polyaniline and its derivatives [92]. 

However, solvent evaporation of large-area films is not a suitable method to produce 

conductive composites on a commercial scale. From the technological point of view, solution 

processing is inconvenient compared with melt blending [118]. In addition, with the 

increasing concern of environmental protection, the use of organic solvents is now steadily 

being spotlighted by Environmental Protection Authority (EPS) as environmentally 

detrimental and has led to increasing restriction on volatile organic compound (VOC) content 

[119]. Therefore, melt blending is preferred, especially for large-scale production. 

Melt blending offers the advantage of avoiding any solvent which may hinder industrial 

development [120]. Melt blending is easier and cheaper than solution blending from the 

industrial point of view, as the conventional machinery present in the polymer industries can 

be utilized in melt processing [108], ranging from miniature extruders [121], twin-screw 

extruders [122], Brabender mixers [123], Rheometers equipped with counter-rotating mixers 

[124] and hot pressure [125], to pilot-plant scale production [121]. Melt processing is also by 

far the best option for large-scale production, especially in the form of conducting composite 

film materials that can be used in electromagnetic (EMI) shielding, electrostatic discharge 

(ESD) and packaging materials. 
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1.6. Thesis Outline 

1.6.1. Objectives 

The aim of this project is to develop novel composite materials composed of intrinsically 

conducting polymer (ICP) and conventional thermoplastic polymer matrix, with the 

expectation that the conducting polymer component provides electrical and possibly other 

functional properties, while the thermoplastic matrix provides essential processability and 

mechanical properties for applications. 

The first step is to develop an ICP that is suitable to be melt blended with a thermoplastic 

matrix for further preparation of novel composite materials. Poly(o-methoxyaniline) (POMA) 

was selected as the target ICP because it offers electrical conductivity acceptable for certain 

applications while in the meantime, POMA possess better compatibility with thermoplastic 

components compared with polyaniline (PANI). In addition, so far no report regarding melt 

blending of POMA with any other thermoplastic matrix has been found. 

Since doping is essential for the electrical conductivity of ICPs, after the selection of POMA 

as the ICP component to be blended with thermoplastic matrix, the next step is to locate a 

suitable dopant which provides POMA with relatively high electrical conductivity and 

thermal stability. Up to now no systematic studies regarding the effect of dopants on the 

functional properties, such as anti-microbial and anti-oxidant properties, of POMA have been 

found; therefore the investigation toward the effect of dopants on the structure and properties 

of as-synthesized POMA is also targeted. Inorganic acids were first studied as protonic 

dopants for POMA; POMA synthesized in the absence of any additional acid is also prepared 

and studied. 
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Recently polymeric dopants have gained research interest in the studies towards ICPs, owing 

to the better processability that were induced by the polymeric dopant and possibly improved 

thermal stability. However the reaction mechanisms between micro-scale polymeric dopants 

and the ICP as well as the actual role served by the polymeric dopants have not been well 

elucidated. Thus the investigation of POMA prepared in the presence of a polymeric material 

was targeted, with the objectives to understand the reaction mechanism and evaluate the 

effect of the polymeric material contents on the properties of the product.  

After the dopant is determined, the next step is the selection of thermoplastic matrix for the 

novel composite material. A thermoplastic with low melt processing temperature is ideal, 

since the thermal stability of doped POMA is limited and dopant loss might occur during 

melt blending, especially under high temperatures. Then the final objective is to melt blend 

the synthesized POMA, which is protonated with the suitable dopant, and the thermoplastic 

matrix to prepare the novel composite material, followed by characterization. The matrix 

polarity effect is also targeted, since up to now no report regarding the matrix polarity effect 

on POMA has been found, and the relevant study regarding PANI is also scarce. 

1.6.2. Thesis Structure 

Chapter 1 gives a general and brief introduction to the related subjects across this thesis. 

Chapter 2 provides details of the experimental and characterization techniques used 

throughout the thesis. 

The research objective of Chapter 3 is to evaluate the effects of inorganic acidic dopants on 

the structure, electrical conductivity and thermal stability of POMA so that a suitable dopant 

can be selected for later melt processing. The reaction mechanism of POMA synthesized 

through chemical oxidative polymerization is investigated. In addition, the effects of dopants 
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on the functional properties, including anti-oxidant and anti-microbial activities, of POMA 

are reported for the first time. 

Chapter 4 describes the preparation of POMA in the presence of a polymeric material, 

lignosulfonate (LGS). The first and foremost research question is to elucidate the reaction 

mechanism and to clarify the role served by the polymeric LGS: whether LGS acts as a 

dopant or stabilizer as reported in some literature regarding PANI synthesized in the presence 

of LGS? In addition, since no literature regarding POMA synthesized in the presence of LGS 

has been found, the evaluation of the effect of different LGS contents on the structure and 

properties of the final products is also targeted. 

In Chapter 5 the chemical oxidative polymerization was performed when both aniline and o-

methoxyaniline were dissolved in the same reaction medium. The first research question is to 

investigate the reaction mechanism and to distinguish the formation of a copolymer or 

composite when both monomers were chemically polymerized without further kinetic 

manipulation. Another objective is to examine the effect of different aniline/o-

methoxyaniline molar ratios on the structure, morphology and functional properties of the 

final product. 

Chapter 6 reports the melt processing of the suitable dopant protonated POMA and the 

selected thermoplastic matrix, ethylene vinyl acetate copolymer (EVA), and the preparation 

of the novel composite materials. The first research objective is to evaluate the effect of 

conducting POMA loading on the properties of the composite materials. Another important 

objective is to investigate the effect of matrix polarity on the properties of the composites. 

Finally the composite material is thoroughly characterized and potential applications are 

proposed. 
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At last in Chapter 7, a brief conclusion summarizes the work and points to directions that 

future work may take. 
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Chapter 2. Experiment, Synthesis and Characterization Techniques 

2.1. Introduction 

In this chapter, details of the experimental set-ups are presented. Information of the 

instrumentation and characterization techniques used throughout this project is provided as 

well. 

2.2. Experimental Setup 

2.2.1. Chemical Oxidative Polymerization 

In this thesis, POMA samples protonated with different acidic dopants (refer to 3.2.2), 

POMA-LGS composites (refer to 4.2.2), p-toluene sulfonic acid (TSA) doped PANI-POMA 

composites (refer to 5.2.2), and TSA doped POMA (POMA-TSA) in the POMA-EVA 

composites (refer to 6.2.2) were all prepared by chemical oxidative polymerization. The 

reaction mechanism is similar to the polyaniline oxidative polymerization (described in 

1.3.2.1, details in Scheme 1-5). Details of polymerization synthesis parameters are given in 

the relevant chapters. 

2.2.2. Sample Filtration 

In this thesis, conducting polymer samples obtained by chemical oxidative polymerization 

(2.2.1) were filtered and washed thoroughly, first with deionized water followed by acetone 

till the filtrate became colourless. Then the filtrate (the as-synthesized samples) are 

transferred into containers and dried in oven at 40°C for 48 h and collected in the form of 

polymer powders. Detailed synthesis information is provided in each relevant chapter.  
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2.2.3. Melt Processing 

The advantages of melt blending against solution blending have been described in details in 

1.5.4. The melt blending equipment is presented in Figure 2-1. In Chapter 6, the POMA-EVA 

composites were prepared through melt processing in a Brabender® measuring mixer, which 

is connected to a Brabender® Plasti-Corder® Lab-Station. During the melt processing, the 

Plasti-Corder® Lab-Station serves as a torque rheometer with a torque deviation of only 0.15% 

and capability of 8 zones of temperature control. The Brabender® mixer is a powerful 

instrument for simulation on laboratory scales of all processes including compounding, 

mixing, masticating, etc., which are relevant to production and processing of thermoplastic 

polymers. The melt blending process was performed in the air-tight chamber of the mixer. 

The thermoplastic matrix polymer of EVA was first added into the chamber, followed by the 

addition of the conducting polymer component of POMA-TSA after the EVA was completely 

melted. During the blending process the WinMix® software was used online with the 

instruments, and the Plastogram®, which is the real-time relationship between torque and 

stock temperature versus time, is recorded for each of the sample materials. Detailed 

processing parameters are given in 6.2.3. 

After melt blending, the chunk POMA-EVA composite materials were collected and then 

compression moulded into thin films samples (with thickness about 0.44 mm) using a 

hydraulic compression moulding press.  
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Figure 2-1 Brabender® mixer for the POMA-EVA composites melt processing 

2.3. Characterization Techniques 

2.3.1. Elemental Analysis 

Elemental analysis provides information about the elemental composition of the tested 

samples. It is an effective approach to determine the relative amount of POMA in different 

composites. All the elemental analysis results provided in this thesis were carried out at the 

Campbell Microanalytical Laboratory, the University of Otago, Dunedin, New Zealand. The 

elemental analysis adopted in this thesis refers to the most common C,H,N,X analysis used in 

organic and polymer chemistry, i.e., the determination of the mass fractions of carbon, 
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hydrogen, nitrogen and X (‘X’ = halogens, sulfur) of a sample. Oxygen content was 

determined by difference due to the limitation of the test method used and the assumption 

that no other elements came into the samples in the form of impurities. 

In practical terms, the elemental analyses of all submitted samples were carried out using a 

Carlo Erba Elemental Analyser. The analytical method was based on the complete and 

instantaneous oxidation of the sample by “flash combustion” at 1020 °C which converts all 

organic and inorganic substances into combustion products. Detailed operation is described 

as follows: the sample is held in a tin capsule and dropped into a vertical quartz tube, 

containing catalyst (tungstic oxide) and copper, which is maintained at a temperature of 

1020 °C. The helium carrier gas is temporarily enriched with pure oxygen as the sample is 

dropped into the tube. The sample and its container melt and the tin promote a violent 

reaction. Under these favourable conditions, even thermally resistant substances are 

completely oxidised. Quantitative combustion is then achieved by passing the mixture of 

gases over a catalyst layer, then through copper to remove excess oxygen and reduce nitrogen 

oxides to nitrogen. The resulting mixture is directed to the chromatographic column where 

the components (carbon dioxide, water, sulfur dioxide and nitrogen) are separated and 

detected by a thermal conductivity detector which gives an output signal proportional to the 

concentration of the individual components of the mixture. The information is fed into a work 

station and the percentages calculated using the weight of sample. The Elemental analysis 

results of the current research were calculated as an average of two determinations. 

2.3.2. Conductivity Measurement 

The electrical conductivity is an intrinsic and fundamental property of conducting polymers 

and one of the most distinctive attributes of this type of ‘synthetic metal’. Many applications 
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of ICPs, such as electrostatic discharge (ESD) and electromagnetic (EMI) shielding, are 

based on their ability to conduct electric current. 

2.3.2.1. Four-point Measurement for Direct Current (DC) Conductivity 

In this thesis, room temperature electrical conductivities of different acidic dopants 

protonated POMA (Chapter 3) and TSA doped PANI-POMA composite samples (Chapter 5) 

were measured using a Jandel Multi-Height® four-point probe conductivity meter (model 

RM2) with a DC current source. The cylindrical four point probe head, which is compatible 

with the Jandel Multi-Height® four-point probe, is used to contact the measured sample. 

Prior to the measurement, powder samples were pressed into pellets with thickness of about 

1mm using a 13mm diameter stainless steel hydraulic die. The measurement provides 

accurate room temperature electrical conductivity values for samples with conductivities 

above 10-4 S cm-1. A schematic diagram of the four point probe of the equipment is shown in 

Scheme 2-1. 
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Scheme 2-1 Schematic configuration of four-point probe for electrical conductivity measurement 

Measurements were performed by sourcing a constant current (0.1 to 100 µA, dependent on 

the resistivity of the sample) between the outer current electrodes, and the potential drop 

across the two inner potential electrodes was measured. The resistivity ρ, expressed by 

[Ω/cm], was calculated form Equation 2-1 as given by the manual of the equipment:  

𝜌 = 4.532×𝑉×𝑡
𝐼

       (2-1) 

where V is the voltage in Volt, I is the current in Ampere, and t is the thickness of the sample 

pellet in cm. The conductivity (in S cm-1) was then calculated from the bulk resistivity value 

as shown in Equation 2-2: 

𝜎 = 1 𝜌�       (2-2) 
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2.3.2.2. Two-point Measurement for DC Conductivity and Surface Resistivity 

For samples with conductivity below 10-4 S cm-1, two-point method was used to obtain their 

DC electrical conductivities. The electrical conductivity of the undoped POMA pellet sample 

(see Chapter 3) and the surface resistivity of the POMA-EVA composite films (see Chapter 6) 

were measured by the two-point method in accordance with ASTM D257-07. The in-house 

made two-point equipment was used in these measurements and presented in Figure 2-2. A 

Keithley® 6517A electrometer was used as voltmeter as shown in the left bottom of Figure 

2-2.  
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Figure 2-2 In-house made two-point electrical conductivity measurement equipment 

Two types of electrodes were used in the measurement, as shown in the inset of the top left of 

Figure 2-2, the top one is a 100 mm diameter version (stainless steel) and the bottom one is a 

20 mm diameter version made from Brass. The DC conductivity of the undoped POMA 

pellet was measured using the 20 mm electrodes; while the surface resistivity of the POMA-

EVA composite films were measured using the 100 mm electrodes. 

The surface resistivity of the POMA-EVA films was calculated based on the following 

Equation 2-3: 

𝜌𝑠 = 𝑃
𝑔
𝑅𝑠      (2-3) 
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where ρs is the surface resistivity, P is the effective perimeter as according to ASTM D257 

(29.53 cm for the 100 mm version electrodes), g is the distance between electrodes (0.6 cm 

for the 100 mm version), and Rs is the resistance measured by the Keithley® 6517A 

electrometer. 

2.3.2.3. Alternating Current (AC) Conductivity 

Due to the low electrical current conducting ability of the POMA-LGS composites (see 

Chapter 4), the measurement of DC conductivity of these samples could not provide electrical 

conductivity values with enough accuracy. Therefore, the alternating current (AC) 

conductivity of POMA-LGS composites was measured with a VersaSTAT® 3 instrument 

with a minimum time base resolution of 10 µs. The measurement was performed under 

potentiostat mode in the frequency range 1–10,000 Hz after pressing the samples into pellets 

of 13mm diameter. The instrument is equipped with VersaStudio® software. 

The measurement was performed by recording the real part of the conductance (Gre) in the 

frequency range 1–10,000 Hz. Then the sample’s AC conductivity σ was calculated using the 

following Equation 2-4: 

𝜎 = 𝐺𝑟𝑒𝑙
𝐴

      (2-4) 

where Gre is the real part of the conductance in siemens, l is the thickness of the sample pellet 

in cm, and A is the cross-section area of the pellet sample in cm2. Therefore, the change of 

AC conductivity with the change of frequency was recorded. 
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2.3.3. Spectroscopy 

2.3.3.1. Fourier Transform Infrared (FTIR) Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is one of the most widely used 

characterization techniques in polymer chemistry because it is almost universal. The spectra 

constitute molecular and functional group fingerprints, and the characterization is relatively 

fast, easy, sensitive and inexpensive [126]. 

The main goal of FTIR spectroscopic analysis in this study is to determine the chemical 

functional groups in the samples. Different functional groups absorb characteristic 

frequencies of IR radiation associated with transitions between vibrational quantum states. 

Infrared radiation constitutes only a small part of the whole radiation spectrum, spanning a 

section of the electromagnetic spectrum with wavenumbers from roughly 13,000 to 10 cm-1, 

or wavelengths from 0.78 to 1000 µm. IR absorption positions are generally presented as 

either wavenumbers or wavelengths. Wavenumber is defined as the number of oscillations 

per unit length; therefore wavenumber is directly proportional to frequency, as well as the 

energy of the IR absorption. The wavenumber unit (cm-1, reciprocal centimeter) is more 

commonly used in modern IR instruments, which are linear in the cm-1 scale. 

Infrared spectrum is an absorption spectrum. The mechanism of IR spectroscopy can be 

described as follows: the incident IR beam interacts with a molecular level vibration, when 

the IR beam reaches the sample, the sample molecules in the ground states can interact with 

the incident radiation. This interaction is associated with molecular vibrational energy levels, 

and takes effect through the change in dipole moment during the vibration [127]. The 

absorption of the IR radiation energy in specific frequency, or wavenumbers as recorded by 

the FTIR spectrometer, generates an absorption peak in the spectrum. Analysis of the IR 
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spectrum gives information on the stretching and vibration modes of the molecules and its 

functional groups can be identified. 

In PANI and its derivatives, including POMA, the strong IR absorption bands of benzenoid 

and quinonoid rings are characteristic [25]. The absorption peaks of benzenoid and quinonoid 

rings are generated from the C=C double bond stretching deformation [128]. In the doped 

form of PANI or POMA, the C=C stretching deformation of the benzenoid rings is usually at 

around 1500 cm-1 while the C=C stretching deformation of the quinonoid rings is generally 

located at around 1600 cm-1 [19, 42, 129]. 

Attenuated total reflection (ATR) is a sensitive infrared sampling technique [130]. An ATR 

accessory operates by measuring the changes that occur in a totally internally reflected 

infrared beam when the beam comes into contact with a sample (illustrated in Scheme 2-2). 

An infrared beam is directed onto an optically dense crystal (in this case, germanium crystal) 

with a high refractive index (~ 4) at a certain angle. This internal reflectance creates an 

evanescent wave that extends beyond the surface of the crystal into the sample held in contact 

with the crystal [131]. In regions of the infrared spectrum where the sample absorbs energy, 

the evanescent wave will be attenuated or altered. The attenuated energy from each 

evanescent wave is passed back to the IR beam, which then exits the opposite end of the 

crystal and is passed to the detector. ATR accessories are especially useful for obtaining IR 

spectra of highly absorbing solid materials [132], such as PANI or POMA. ATR requires 

little or no sample preparation and is one of the most versatile sampling techniques, which 

provides significantly improved sample-to-sample reproducibility and minimizes user-to-user 

spectral variation. The ATR technique is surface selective, as generally the IR beam 

penetrates into the sample (the so-called depth of penetration) by only a few microns in depth 

[130, 131, 133]. 
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Scheme 2-2 Schematic diagram of surface selective FTIR ATR characterization, with the 

infrared beam penetrating into the samples by a few microns depth 

In this thesis, the FTIR spectra of POMA and its composites were measured in the mid-

infrared electromagnetic radiation region (2.5 to 50 µm wavelength, or 4000 to 400 cm-1 

wavenumber). The mid-infrared region is then divided into the “group frequency” region 

(4000 to 1300 cm-1) and the “fingerprint” region (1300 to 650 cm-1) [134]. In the group 

frequency region, the principle absorption bands may be assigned to vibration units 

consisting of only two atoms of a molecule; while in the fingerprint region mainly single 

bond stretching and bending vibrations of polyatomic systems are detected. 

In an FTIR spectrum, the x-axis of the spectra is plotted with high wavenumber to the left and 

low wavenumber to the right by convention, while the y-axis is plotted in absorbance units 

rather than the percent transmittance (%T); this is because absorbance is linearly proportional 

to mass concentration [126], it is essential for any quantitative analysis or spectral subtraction 

which will be performed in some of the analyses in this thesis. A Thermo Electron Nicolet® 
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8700 FTIR spectrometer with a Germanium crystal ATR accessory was used for these 

measurements, taking 64 scans at 4 cm-1 resolution.  

2.3.3.2. Ultraviolet-visible (UV-vis) Spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy refers to absorption spectroscopy in the ultraviolet-

visible electromagnetic radiation region. The ultraviolet (UV) region scanned is normally 

from 200 to 400 nm, and the visible portion is from 400 to 700 nm. When white light passes 

through or is reflected by a colored substance, a characteristic portion of the mixed 

wavelengths is absorbed as the molecular species undergoes transitions between electronic 

quantum states. Commercial optical spectrometers enable these experiments to be conducted 

with ease, and survey both the near ultraviolet and visible regions of the electromagnetic 

radiation spectrum. Ultraviolet radiation with wavelengths less than 200 nm is difficult to 

handle and therefore is seldom used as a routine technique for structural analysis. Generally 

several measurement modes can be utilized by UV-vis spectrometer, including scan, time 

drive, individual wavelength, chemometrics and quantitative methods, and kinetics [135]. In 

this thesis the scan mode, which records the relationship of absorbance versus wavelength, is 

used in UV-vis spectra characterization of different acidic dopants protonated POMA (see 

3.3.3) and POMA-LGS composites (see 4.3.3.2). The individual wavelength mode, which 

records individual absorbance at selected wavelengths, is used for DPPH free radical 

scavenging measurement for different acidic dopants protonated POMA (in 3.3.7), POMA-

LGS composites (in 4.3.6) and PANI-POMA composites (in 5.3.7). 

The UV-vis spectrum is related to the electronic excitation that can occur in molecules, as 

shown in Scheme 2-3. When the energies are sufficient to promote or excite a molecular 

electron to a higher energy orbital, the absorption spectroscopy is sometimes referred to as 

“electronic spectroscopy”. Of the six transitions outlined in Scheme 2-3, only the two lowest 
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energy ones (n – π* and π – π* can be achieved by the energies of the UV-vis beam in the 

200 to 800 nm range of the spectrum. Commonly the energetically favored electron 

promotion is from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO), and the resulting species are called an excited state. When sample 

molecules are exposed to a UV-vis beam having an energy that matches a possible electronic 

transition within the molecule, some of the energy will be absorbed as the electrons are 

promoted to a higher energy orbital. The UV-vis spectrometer records the wavelengths at 

which absorption occurs, together with the degrees of absorption at each wavelength. The 

resulting spectrum is presented as absorbance versus wavelength. The absorbance in the UV-

vis spectrum usually ranges from 0 (no absorption, or 100% transmittance) to 2 (99% 

absorption, or 1% transmittance), and is precisely defined in context with spectrometer 

operation. 
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Scheme 2-3 Electronic excitation that may occur in organic molecules 

UV-vis spectroscopy is very useful for probing the molecular structures of ICPs, in that the 

particular absorption bands indicate the different oxidation states, the doping extent as well as 

conjugation length of the polymeric backbones. In this thesis, the UV-vis spectra of the 

different acids doped POMA (Chapter 3) and POMA-LGS composites (Chapter 4) and the 

absorbance measurement at 516nm of the DPPH solutions were recorded using a Shimadzu® 

UV-2101PC UV-vis spectrophotometer with a resolution of 0.1nm and wavelength accuracy 

of 0.3nm. 
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2.3.3.3. Electron Spin Resonance (ESR) 

Electron spin resonance (ESR), also known as electron paramagnetic resonance (EPR) or 

electron magnetic resonance (EMR), is a spectroscopy technique used to study samples with 

unpaired electrons [131, 136]. ESR shares similar basic concepts with nuclear magnetic 

resonance (NMR), but it is the electron spins that are excited in ESR instead of the spins of 

atomic nuclei in NMR. Compared with NMR, ESR offers great specificity as only a small 

number of molecules have unpaired electrons, while most stable molecules have their 

electrons paired. ESR has another advantage against NMR as most common chemical 

solvents and matrices do not give rise to ESR spectra signals. 

The term “spin” is a concept from quantum mechanics and particle physics; it refers to an 

intrinsic, non-classical orbital angular momentum [137]. In 1926 Pauli introduced the theory 

of spin functions. According to Pauli’s procedure, each electron is assigned a spin quantum 

number S = ½, with magnetic components ms = + ½ and ms = - ½. In the presence of an 

external magnetic field with strength Bo, the electron interacts with the external magnetic 

field by virtue of its magnetic moment in the way that the electron’s magnetic moment aligns 

itself either parallel (ms = -½) or antiparallel (ms = +½) to the external magnetic field. The 

parallel alignment corresponds to the lower energy state, and the antiparallel alignment 

corresponds to the upper state. The energy separation between these two states is expressed in 

the following equation 2-5: 

∆𝐸 = 𝑔𝑒𝜇𝐵𝐵0      (2-5) 

where ge is the electron’s so-called g-factor and µB is the Bohr magneton. The energy 

separation is defined as the electron-Zeeman splitting, which is proportional to the strength, B, 

of the applied external magnetic field [137]. 
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An unpaired electron can move between the two energy levels by absorbing or emitting 

electromagnetic radiation of the energy of E = hν. When the requirement of the resonance 

condition is met, the energy of the radiation is equal to that of the Zeeman splitting, expressed 

in the following equation 2-6 as: 

ℎ𝜈 = 𝑔𝑒𝜇𝐵𝐵0      (2-6) 

Equation 2-6 is regarded as the principle equation of ESR. To satisfy the resonance condition, 

one can vary ν or Bo or both. For technical reasons, the frequency ν is usually kept constant 

and the field strength Bo is varied to bring it to the value at which the resonance condition is 

fulfilled. The microwave X band with a frequency of about 9500 MHz is commonly used, 

which requires a field strength Bo of about 340 mT [137]. 

ESR is a very useful investigation technique for the characterization of ICPs since ESR is 

able to directly “see” the paramagnetic charge carrier species, or the polarons, in ICPs [138]. 

ESR could also detect the polaron excitations, which play a crucial role in the electronic 

properties of ICPs [139]. As a rule when speaking about magnetic resonance of organic 

molecules with unpaired electrons, the name electron spin resonance (ESR) is generally used 

instead of the more general expression electron paramagnetic resonance (EPR) [140]. 

Therefore in this thesis the term electron spin resonance (ESR) is used. 

In this thesis, the different acidic dopants protonated POMA samples were examined by ESR 

using a JEOL® JES-FA 200 ESR spectrometer at ambient temperature (see Chapter 3). It 

provides intensive information regarding the samples by virtue of various spectra parameters, 

including peak-to-peak linewidth, g-factor, spin concentration, relaxation time and positive to 

negative peak height ratio. The characterization detail will be provided in Chapter 3.  
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2.3.4. Microscopy 

2.3.4.1. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is an electron microscope characterization technique 

that produces images of sample surfaces by scanning across the specimen with a higher 

energy beam of electrons in a raster scan pattern. SEM is one of the most commonly used 

techniques to characterize the morphology and topology of various kinds of samples. 

The scanning electron microscope operates by generating a beam of electrons in a vacuum. 

The electron beam is focused and directed towards the sample. When the sample is stroked 

by the high energy electron beam, a wide variety of signals, including backscattered electrons, 

secondary electrons, characteristic X-rays, photons of light and Auger electrons are produced 

through the sample-beam interaction. In SEM, the backscattered and secondary electrons that 

arise from the sample are detected, followed by image formation [141]. 

In this thesis, the powder samples of different acidic dopants protonated POMA (Chapter 3), 

POMA-LGS composites (Chapter 4), PANI-POMA composites (Chapter 5) and the cross-

section of the film samples of POMA-EVA composites (Chapter 6) were characterized using 

a Philips® XL30 S-FEG field emission scanning electron microscope with an accelerating 

voltage 10 kV. In order to prevent charge accumulation on the surface, samples were sputter 

coated with palladium prior to the characterization. Details of SEM characterization are given 

in the corresponding chapters. 

2.3.4.2. Energy-dispersive X-ray Spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS or EDX) is an elemental analysis technique that 

is closely related to SEM. As described in the SEM introduction (2.3.4.1), when the sample is 

bombarded by the electron beam, some electrons travel through the sample dissipating their 
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energy as they collide with the atoms in the sample. Some of these electron-sample collisions 

result in the ejection of electrons from the atoms within the sample. This process creates an 

atom in the excited state which is not energetically favourable. Then the atom returns to a 

stable state through transitions of electrons from an outer shell to an inner shell. Since the 

outer-shell electrons possess higher potential energy than the inner-shell electrons, the extra 

energy must be released in some manner, which in this case is in the form of an X-ray [141]. 

Due to the well-defined nature of the various atomic energy levels, the energies of X-rays that 

are emitted from the sample atoms will have characteristic values for each of the atomic 

species present in the irradiated specimen volume. By measuring either the energies of the X-

rays emitted from the (top) surface of the sample, it is possible to determine which elements 

are present at the particular position of the electron probe; energy dispersive X-ray 

spectroscopy (EDS) makes use of the X-ray spectrum to obtain a localized chemical analysis 

that is capable of detecting all elements from atomic number 4 to 92 [142]. 

In addition, by scanning the beam in a television-like raster and displaying the intensity of a 

selected X-ray line, element distribution images or ‘maps’ can be produced. Also, the surface 

topography of the sample can be revealed by the images produced. The ability to directly ‘see’ 

the distribution of a certain element makes EDS a specifically useful technique for detecting 

the dispersion quality of ICPs in thermal plastic matrix.  

In this thesis, the dispersion of sulfur element in the POMA-EVA cross-section was ‘mapped’ 

using EDS as an indicator for the dispersion quality of POMA in EVA. Detailed 

characterization information will be provided in the corresponding chapter. 

2.3.5. Specific Surface Area 

Surface area is defined as the total area of the faces and curved surface of a solid sample. 

Specific surface area is a property of solids which is the total surface area of a material per 
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unit of mass. One of the most widely used theories in surface science for the calculation of 

surface areas of solids is the BET theory, which was published by Stephen Brunauer, Paul 

Hugh Emmett and Edward Teller in 1938 for the first time [143].  

BET theory analyses the specific surface area through explanation of the physical adsorption 

of gas molecules on solid surfaces. The term “physical adsorption” or “physisorption” refers 

to the phenomenon of gas molecules adhering to a surface at a pressure less than the vapour 

pressure by van der Waals force (including dipole-dipole, dipole-induced dipole, London 

forces and possibly hydrogen bonding) [144]. BET theory is an extension of the Langmuir 

theory, which is a theory for monolayer molecular adsorption, to multilayer adsorption. BET 

theory is built upon the following hypotheses: (a) gas molecules physically adsorb on solids 

in layers infinitely; (b) there is no interaction between each adsorption layer; and (c) the 

Langmuir theory can be applied to each layer. 

Two principal methods are used to measure the adsorption isotherm, volumetric and 

gravimetric. In both methods, the adsorbent is held at a constant temperature, usually near or 

at the boiling point of the adsorptive. The adsorptive pressure is increased step-wise and held 

constant for a period of time to allow the adsorption to occur and the temperature of the 

adsorbent to re-equilibrate. In the volumetric measurement system which is adopted in the 

work throughout this project, the amount adsorbed is measured by determining the pressure 

change and comparing this to the expected pressure change in the absence of the adsorbent. 

Then some corrections to the raw data are performed to take into account the experimental 

set-up. After the measurement an isotherm plot of the amount of adsorbed gas volume versus 

the adsorptive pressure is plotted, which is usually expressed as a ratio of the adsorptive 

pressure, P, to the saturated vapour pressure, P0. 
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In this thesis, specific surface areas of different acidic dopants protonated POMA (Chapter 3), 

POMA-LGS composites (Chapter 4) and PANI-POMA composites (Chapter 5) were 

determined from nitrogen adsorption isotherms according to the BET method. The nitrogen 

physisorption isotherms were determined at liquid nitrogen temperature (-195 °C) using a 

Micromeritics® Tristar 3000 instrument. Specific surface areas were calculated from the 

nitrogen adsorption data according to the BET method using P/Po values in the range of 0.05-

0.2. Samples were degassed at elevated temperatures under vacuum for 2 h prior to the 

nitrogen adsorption measurements. 

2.3.6. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermo-analytical calorimetric technique that 

measures heat flow as a function of temperature associated with thermally active transitions 

such as crystallization, melting, phase transitions and glass transitions [145, 146]. It is 

regarded as the most common and accurate method of measuring the melting process 

occurring in polymers [147]. Another distinctive advantage of DSC is that only a small 

amount of sample is required, commonly milligram amounts [148, 149]. 

During the experiment, both the sample and the reference are maintained at nearly the same 

temperature throughout the thermal analysis, which could be either isothermal or non-

isothermal at a controlled heating/cooling rate. The common temperature program for DSC 

analysis is that the temperature of the sample holder increases linearly as a function of time. 

Generally the reference sample is required to have a well-defined heat capacity over the 

entire range of temperatures to be scanned. 

The result of a DSC thermo analysis is a curve of heat flux versus temperature, or in some 

rare cases, time. There are two opposite effects: exothermic and endothermic. Exothermic 

reactions in the samples are shown with a positive or negative peak, depending on the type of 
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technology used in the experiment. Endothermic peaks appear when more heat flows to the 

sample to maintain the same temperature with the reference: for example this happens when a 

solid sample melts to liquid, as the sample needs to absorb more heat for it to undergo the 

phase transition from solid to liquid. Likewise, exothermic peaks occur when the sample 

undergoes exothermic processes such as crystallization: less heat is required for the sample to 

maintain the same temperature with the reference. By observing the difference in heat flow 

between the sample and the reference, the differential scanning calorimeter is therefore able 

to detect these transitions in the sample. 

The differential scanning calorimeter used in this project is a TA® Q 1000 differential 

scanning calorimeter. It has a temperature accuracy of 0.1 °C and a temperature precision of 

0.05 °C. The calorimetric precision is 1 % while sensitivity is 0.2 µW. All the thermal 

treatments were performed under nitrogen atmosphere. The data were analysed using the TA 

Universal Analysis® 2000 software. Detailed experimental information of tested samples is 

presented in the corresponding chapters. 

2.3.7.  Free Radical Scavenging Test (Anti-oxidant Property) 

Free radicals, often simply referred to as ‘radicals’, are atoms, molecules, or ions with 

unpaired electrons or an open shell configuration. Free radicals are commonly highly reactive 

chemically. They are generated and induced to the biological system because of daily 

activities. The free radical damage to living tissues has already been well established and 

prolonged exposure to these hazards of free radicals lead to the development of some sever 

diseases such as cancer, inflammation, infection, cardiovascular diseases and aging [150]. 

Therefore, the anti-oxidant property of PANI and its derivatives is important for their 

biomedical applications [151]. 
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The anti-oxidant activity of ICPs has been commonly assessed via reaction with the chemical 

compound 2,2-diphenyl-1-picrylhydrazyl (DPPH) [25, 47, 150-153]. Its chemical structure is 

presented in Scheme 2-4. It is a dark-colored crystalline powder composed of stable free 

radical molecules. DPPH is also used as a standard for the position and intensity of ESR 

signals (2.3.3.3). 

 

 

Scheme 2-4 Chemical structure of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

In this thesis, the anti-oxidant activity of different acidic dopants protonated POMA (Chapter 

3), POMA-LGS composites (Chapter 4) and PANI-POMA composites (Chapter 5) was 

assessed via reaction with DPPH free radicals. The free radical scavenging capacity of the 

POMA-EVA composites (Chapter 6) was also attempted with a modified procedure; however 

the control EVA sample showed strong radical scavenging capability, therefore no further 

experiment was performed.  
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Since the tested POMA and the composite materials stated above are all in the powder form, 

the following procedure is used: each test sample (1± 0.1 mg) was weighed using a 4-digit 

decimal analytical balance and then transferred to 250 μM DPPH solution in methanol (20 

mL) and kept in the dark for 24 h at room temperature. An aliquot of DPPH solution was 

transferred to a cuvette with 1 cm path length and the absorbance at 516 nm measured using a 

Schimadzu UV-2101PC UV-visible spectrophotometer. The absorbance of the control DPPH 

solution was also measured and subtracted as background. Antioxidant activity was evaluated 

as the amount (in micromoles) of DPPH scavenged per milligram of POMA. Duplicate 

experiments were performed for each sample and the results were averaged. 

2.3.8. Anti-microbial Test 

The anti-microbial activity of PANI was first reported in 2005 [154]. Since then the anti-

microbial property of PANI derivatives, or the so-called functionalized PANIs [155, 156], 

have been investigated. Anti-microbial properties of electro-spun nanofibers of poly(aniline-

co-3-aminobenzoic acid) copolymers and poly(aniline-co-ethyle-3-aminozenzoate) have also 

been investigated [157, 158]. Owing to the anti-microbial activities, PANI and its derivatives 

are expected as strong candidates in various applications, including medical device 

construction (i.e. catheters, surgical implants, and the like) as well as in food and beverage 

packaging [156]. It has been reported that the demand for anti-microbial packaging is forecast 

to expand rapidly over the next decade, with the main objective of anti-microbial plastics to 

control undesirable micro-organisms by means of the incorporation of anti-microbial 

substances into the packaging materials [159]. 

In this thesis, two common pathogenic bacteria are used for anti-microbial testing. 

Staphylococcus aureus (S. aureus) is a gram-positive bacterium while Escherichia coli (E. 

coli) is gram-negative [159]. The anti-microbial activity of undoped and different acidic 
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dopants protonated POMA (Chapter 3), POMA-LGS composites (Chapter 4) and PANI-

POMA composites (Chapter 5) was determined as the minimum bactericidal concentration 

(MBC) against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). MBC is 

defined as the lowest concentration of antibiotic required to kill a particular bacterium. The 

testing protocol is as follows: the tested powder samples were firstly suspended in Brain-

Heart Infusion (BHI) broth at 4% w/v and sonicated until the suspension was homogenous. A 

100 μL aliquot of each suspension was dispensed into the first row of wells in a 96-well 

microtiter plate in duplicate; 50 μL of BHI broth was added to the remaining wells. Seven 

two-fold dilutions were performed by transferring 50 μL of the suspensions to the next row of 

wells, using new pipet tips for each transfer. This resulted in polymer concentrations of 4%, 

2%, 1%, 0.5%, 0.25%, 0.125% and 0.06% w/v. Each well was then inoculated with 50 μL 

BHI broth containing 1x106 Colony forming units (CFU)/mL of E. coli or S. aureus, reducing 

the polymer concentration to 2%, 1%, 0.5%, 0.25%, 0.125%, 0.06% and 0.03% w/v. The 

samples were incubated at 37°C for 24 hours. After incubation 20 μL of each treatment was 

dispensed onto a BHI agar plate labeled with the corresponding treatments (i.e. 2%, 1%, 

0.5%, etc.) and allowed to air-dry in a laminar flow hood. The agar plates were inverted and 

incubated at 37°C/5% CO2 overnight. After incubation the agar plates were photographed and 

the results recorded. The minimum bactericidal concentration was determined as the lowest 

concentration of polymer which killed all bacteria. 

2.3.9. Mechanical Properties 

Mechanical properties are important for practical applications regarding almost all types of 

novel materials. The ICPs have been well known for their weak mechanical properties due to 

their chemical structure, i.e. the stiffness of the polymeric backbone associated with the π – π 
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conjugation; therefore it is necessary to blend ICPs with some thermoplastic matrix that could 

provide enough mechanical properties for the target applications.  

In this thesis, the Young’s modulus, tensile strength and elongation at break of POMA-EVA 

composites were determined using an Instron® 5567 universal testing machine equipped with 

a video extensometer. Detailed results and discussion were given in Chapter 6. The 

measurements were undertaken using an Interface 1000N loadcell. The distance between 

grips was set at 50 mm, and the crosshead speed was kept at 500 mm/min. The Young’s 

modulus, tensile strength and elongation at break were determined from five measurements 

of each sample. The principles of the mechanical properties tested are given in the following 

paragraphs. 

Young’s modulus is the elastic modulus (also called tensile modulus) of a material when 

determined in a tensile test [160]. Young’s modulus is defined as the ratio of the uniaxial 

stress over the uniaxial strain in the range of the stress within the Hook’s law region [161]. 

Stress is the internal resistance of a material body to a force acting upon it; while strain is 

defined as the fraction of the deformed length to its original length [162]. Young’s modulus is 

a measurement of stiffness value of an elastic material, and the measurement of Young’s 

modulus requires both stress and strain to be measured with enough accuracy [163]. In the 

practical tensile test, Young’s modulus is computed in terms of force per unit area from the 

initial slope of the elastic region of the stress-strain curve. The initial slope is usually 

obtained by drawing a line tangent to the stress-strain curve. 

Ultimate tensile strength, often shortened to tensile strength, is defined as the maximum 

stress that a material can withstand during the tensile test before necking, which is the point 

when the specimen’s cross-section starts to significantly stretch. In other words tensile 

strength can be determined by applying force to the material until it breaks [161]. 
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Tensile strength is an intensive property; therefore it does not depend on the size of the test 

specimen. Tensile strength is in nature a stress, which is measured as force per unit area. In 

the SI system, the unit is pascal (Pa, often the mega-pascals, MPa).  

Elongation at break, also known as fracture strain, is the ratio between changed length and 

the initial length after breakage of the specimen during the tensile test. It is an indicator of the 

capability of a material to resist shape changes without crack formation. The measurement of 

all these mechanical properties during the tensile test was performed in accordance with 

ASTM D882. 

2.3.10. Oxygen Permeability 

The process of transmission of molecules through polymer films is named ‘permeability’ 

[164]. The shelf-life of many foods is determined by the oxygen permeability of the flexible 

films and containers used in packaging, especially long-term storage [165]. The oxygen 

barrier property differs in various packaging materials, because of the enormous variations in 

molecular structure and chain distribution possible between different types and grades of 

polymers [166]. Up to now, reports regarding the oxygen barrier property of PANI and its 

derivatives (including POMA) are scarce. 

In this thesis, the oxygen permeability of the POMA-EVA composites were evaluated by 

measuring the oxygen transmission rate (OTR) using an OX-TRAN® Model 2/10 instrument 

(Mocon®, USA) equipped with a standard electrochemical (non-coulometric) oxygen sensor. 

The Mocon® approach for measuring OTR is globally accepted and used in different 

applications [167, 168]. The equipment is presented in Figure 2-3.  
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Figure 2-3 Mocon® OX-TRAN® Model 2/10 instrument for oxygen permeability measurement 

The whole OX-TRAN 2/10 system is composed of a computer, module and printer, and the 

most important part is the test cell. A scheme of the test cell is given in Scheme 2-5. 
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Scheme 2-5 Schematic diagram of the test chamber of Mocon® OX-TRAN® Model 2/10 

The test complies with ASTM F-2622. All the tests were conducted at 23 ± 0.2 °C with 

relative humidity of 7 – 8%. The test area of the samples in the test chamber is 50 cm2, with 

one side of the outer chamber sealed by an O-ring and the other side of the inner chamber by 

vacuum grease. The 100 % oxygen was used as permeate (test gas) and carrier gas is 

composed of nitrogen and hydrogen. Each sample was conditioned for 3 hours prior the 

actual test to acclimate to the environment and reach equilibrium, followed by 10 cycles of 

independent measurements. All results obtained are quite precise with extremely small 

standard deviation. 
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The test procedure is described as follows: the test gas (oxygen) is continuously admitted into 

the outer chamber of the test cell and allowed to exit through an exhaust port; while the 

carrier gas (hydrogen and nitrogen) is continuously admitted into the inner chamber of the 

test cell. Before entering the inner chamber the carrier gas first passes through a catalyst, 

which allows the hydrogen component to react with any possible residual oxygen in the 

carrier gas to water vapor. This eliminates the effect of oxygen in the carrier gas as impurities 

that could affect the result. During the test some oxygen permeates the test sample and is 

picked up by the carrier gas, which is then carried through to the oxygen sensor. The sensor 

produces electrical signals upon exposed to oxygen, and the electric current generated is 

directly proportional to the amount of oxygen passing through the sensor. 

The obtained oxygen permeability values of the samples were then calculated using the 

following equation: 

𝑃 =
𝑂𝑇𝑅
∆𝑃

× 𝑡 

where P is the oxygen permeability (cm3∙mm/ m2∙day∙atm), OTR is the oxygen transmission 

rate (cm3 / m2∙day) measured by the Mocon® system, and ΔP is the partial pressure (atm) 

difference across the film barrier and t is the film thickness (mm). The results are presented in 

Chapter 6. 
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Chapter 3. The Effects of Dopants on Structure and Properties of 

Poly(o-methoxyaniline) 

3.1. Introduction 

3.1.1. Background Information 

As discussed in Chapter 1, the research interest in intrinsically conducting polymers (ICPs) 

exploded after the discovery that polyacetylene films could exhibit metal-like conductivities 

after exposure to iodine gas [1, 169]. Polyaniline (PANI) is an attractive ICP due to its facile 

synthesis, environmental stability, unique electronic, electrochemical and optical properties 

as well as thermal stability [23, 124, 170, 171]. However, PANI has a major downside as it 

lacks processability, i.e., it is insoluble in most organic solvents and infusible during melt 

processing, which results from its strongly conjugated π electron system and leads to poor 

processability. The processability issue then led to the research interest in aniline derivatives 

[70, 172]. 

A previous study toward alkoxy substituted PANI and alkyl substituted PANI revealed that 

higher level of electrical conductivities were generally obtained with alkoxy substituted 

PANI than alkyl substituted PANI, because the electron-donating alkoxy groups reduced 

Coulomb interaction between the positive charges on the polymer backbone, leading to 

increased delocalization and larger localization length and therefore higher electrical 

conductivity [71]. Among these alkoxy PANI derivatives, poly(o-methoxyaniline) (POMA) 

is the simplest. POMA is a very attractive PANI derivate as it not only offers much better 

processability compared with PANI, it is unique in that the electro-donating methoxy group 

favors protonation and propagation, resulting in lower oxidation potential and higher 
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polymerization yield [72]. Unlike a lot of aniline derivatives that are much less chemically 

reactive than aniline, o-methoxyaniline is more reactive compared to aniline due to the 

presence of the electron-donating methoxy group that activates the aromatic structure and 

therefore becomes kinetically favorable. 

A noteworthy point is that in the ICP related studies, PANI is commonly treated as a 

completely linear structure [173-175]. This tendency has been extended to POMA [176-178]. 

However a detailed study carried out by Dmitrieva et al. revealed that not only linear chains 

are present in the chemical structures of PANI, some branching and phenazine structures also 

exist [179]. This has also been stated in recent reviews [36, 39]. Therefore it needs to be 

stated that the chemical structure of POMA synthesized in this thesis is not completely linear 

and some branching is detected and reported by FTIR in the relevant paragraphs. 

3.1.2. Effect of Dopant 

As discussed in 1.3.4, in addition to polymerization of aniline derivatives, the adoption of 

functional protonic acid is another effective approach to improve the processability of PANI 

and its derivatives. Several protonic acids, including dodecylbenzenesulfonic acid (DBSA) 

[50, 64, 173, 180-182], para-toluene sulfonic acid (TSA) [65, 97, 183], camphor sulfonic 

acid (CSA) [43, 51], salicylic acid [53] and methanesulfonic acid (MSA) [44] have been 

reported in the chemical and electrochemical synthesis of PANI and its derivatives. In 

addition to the processability, dopants have substantial effects on structure [44, 45], particle 

morphology [46] and other physical properties such as electrical conductivity [48, 184] and 

thermal stability [43] of PANI as well as its derivatives.  

PANI and its derivatives have been reported to show radical scavenging properties similar to 

those of polyphenol compounds found in the diet [185], making them strong candidates as 

solid/plastic antioxidant materials [186]. It has been shown that POMA is more efficient than 
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PANI in decreasing oxidation rate due to the methoxy group substituent [153]. The anti-

microbial activity of conducting polyaniline has also been reported in recent years [27, 155, 

156, 187]. However the effects of dopants on the functional properties, including anti-oxidant 

and anti-microbial activities, of POMA have not yet been reported.  

3.1.3. Research Objective 

In this chapter POMA was synthesized using chemical oxidative polymerization in the 

presence of different acidic dopants, including p-toluene sulfonic acid (TSA), 

methanesulfonic acid (MSA) and hydrochloric acid (HCl). The aim of this study is to 

evaluate the effects of dopants on the structure, morphology and properties of undoped and 

TSA, MSA and HCl doped POMA, so as to locate a suitable dopant for later stage melt 

processing (see Chapter 6). HCl was selected because it is possibly the most commonly used 

dopant for chemical oxidative synthesis of both PANI [34, 188, 189] and POMA [66, 80, 

190]. TSA is selected because it has been reported by several groups as a suitable dopant for 

PANI prepared for melt blending with other thermoplastic matrix [54, 183, 191, 192], which 

is the next step aim of this work (see Chapter 6). MSA is selected due to its high purity, high 

acidity (as strong acid as sulfuric acid with pKa value of -1.86 [193, 194]). In addition its 

molecular size is in between of HCl and TSA (refer to Scheme 3-1); therefore in this way the 

steric effect of dopants could also be evaluated.  

After synthesis, the effects of dopants on conductivity, structure, morphology, free radical 

scavenging capacity and anti-microbial activity of POMA are examined. To better understand 

the effect of the dopants, POMA was also synthesized from neutral aqueous reaction medium 

without any additional dopant, which was in the case of the ‘falling pH’ process as described 

in 1.3.2.1. 
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3.2. Experimental 

3.2.1. Chemicals 

o-methoxyaniline (OMA, 99%), ammonium persulfate (APS, 98%) and methanesulfonic acid 

(MSA, 99.5%) were purchased from Sigma-Aldrich, para-toluene sulfonic acid (TSA) 

monohydrate (97.5%) from Acros Organics, and hydrochloric acid (HCl) (37%) from Merck. 

All chemicals were used as received without further purification. The chemical structures of 

these acidic dopants used are illustrated in Scheme 3-1. 

 

 

Scheme 3-1 Chemical structures of the acidic dopants for poly(o-methoxyaniline), clockwise from 

top left: methanesulfonic acid (MSA); hydrogen chloride (HCl), p-toluenesulfonic acid (TSA) 
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3.2.2. Synthesis of Undoped and Different Acids Doped POMA 

POMA was synthesized by oxidative chemical polymerization of o-methoxyaniline with APS, 

in the molar ratio (o-methoxyaniline: APS) 1:1.25. MSA, TSA and HCl were used as dopants; 

respectively. 1 M solutions of the dopants in deionized water were used as reaction media. o-

methoxyaniline (0.105 mol) was dissolved in 1 M dopant solution (200 mL) by magnetic 

stirring, followed by dropwise addition of APS (0.13 mol) dissolved in the same reaction 

medium (100 mL). The reaction temperature was maintained at 25°C for 5 h under constant 

stirring and the resulting POMA precipitate was washed with deionized water and acetone 

until the filtrate was colorless. Finally the product was dried at 40°C for 48 h and collected in 

the form of polymer powders. For the POMA doped with TSA, MSA, and HCl, samples are 

denoted as POMA-TSA, POMA-MSA, and POMA-HCl, respectively; while the POMA 

sample synthesized with any additional dopant is denoted as POMA. 

3.2.3. Characterization 

Details of the principles of some characterization techniques are described in Chapter 2. The 

characterization methods used in this chapter are briefly presented in the following 

paragraphs. 

Elemental analysis of the POMA powder samples was performed by the Campbell 

Microanalytical Laboratory at the University of Otago, Dunedin, New Zealand. For details of 

operations, refer to 2.3.1. 

Details of the room temperature electrical conductivity measurement are given in section 

2.3.2. POMA-TSA, POMA-MSA, and POMA-HCl were measured using the four-point 

method while POMA was measured using the two-point method. 
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Fourier transform infrared spectroscopy (FTIR) of the as-synthesized POMA powders were 

performed using a germanium attenuated total reflection (ATR) accessory in conjunction 

with a Thermo Electron Nicolet 8700 FTIR spectrometer, taking 64 scans at 4 cm-1 resolution.  

Ultraviolet-visible (UV-Vis) absorption spectra of the polymer samples dissolved in N-

methyl-2-pyrrolidone (NMP) were recorded from 260 to 900 nm using a Schimadzu UV-

2101PC UV-visible spectrophotometer. 

Electron spin resonance (ESR) spectra of POMA powders were obtained at ambient 

temperature using a JEOL JES-FA 200 ESR spectrometer.  

Morphologies were investigated using a Philips XL30S field emission scanning electron 

microscope (SEM) with accelerating voltage 10 kV. The samples were 10 mm in diameter, 

mounted on aluminum studs using adhesive graphite tape and sputter coated with palladium 

using a Polaron SC7640 Sputter Coater at 5-10 mA and 1.1 kV for 5 min prior to observation. 

Specific surface area of POMA powder samples was measured by the BET method with a 

Micromeritics Tristar™ 3000 Analyzer. The samples were degassed in a nitrogen atmosphere 

at 140°C for 120 min using a Micromeritics Smartprep degasser prior to surface area 

measurement (refer to section 2.3.5). 

The thermal stability of the as prepared POMA powders was determined by differential 

scanning calorimetry (DSC) using a TA differential scanning calorimeter (model Q1000 V9.9) 

with a temperature precision of 0.05°C. 6 milligram samples were precisely weighed using a 

four-digit balance and then pressed into two standard DSC aluminum pans. All samples 

underwent a heat-cool-heat cycle: during each test, the sample pans and standard aluminum 

pans were calibrated at 30°C; then heated at a rate of 10°C /min to 230°C followed by 

cooling to 30°C at a rate of 10°C /min. Then the sample was heated at the same 10°C /min 
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heating rate to 400°C. All the heating and cooling cycles were under nitrogen atmosphere and 

the data was analyzed using TA Universal Analysis 2000 software. 

The antioxidant activity of these as-synthesized POMA samples was assessed via reaction 

with DPPH free radicals. The detailed process is given in section 2.3.7. 

Anti-microbial activity of the samples was determined as the minimum bactericidal 

concentration (MBC) against Escherichia coli (E. coli) 25422 and Staphylococcus aureus (S. 

aureus) 6838. The detailed testing protocol is given in section 2.3.8. 

3.3. Results and Discussions 

3.3.1. Yield and Conductivity 

The yield and room temperature conductivity of as-synthesized POMA samples are listed in 

Table 3-1. Yield was calculated as the ratio of mass of polymer powder formed to mass of 

monomer used [195]. The elemental analysis results are also included. 
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Dopant Conductivity 

(s cm-1) 

Yield 

(%) 

C 

(%) 

H 

(%) 

N 

(%) 

S 

(%) 

Cl 

(%) 

C/N 

TSA 8.4(±0.8)×10-3 90 55.69 5.35 6.92 5.91  9.38 

HCl 2.5(±0.1)×10-3 86 52.68 5.32 8.68 2.30 3.46 7.07 

MSA 1.8(±0.2)×10-3 84 55.14 5. 51 7.41 3.43  8.68 

N/A 2.5(±0.3)×10-6 45 55.33 5.11 8.58 2.97   7.52 

Table 3-1 Yield, conductivity, elemental composition of POMA-TSA, POMA-MSA, POMA-HCl 

and POMA 

When doped with relatively strong acids, a high yield (84% to 90%) was achieved, compared 

to the much lower yield when no dopant was present in the reaction medium. This is 

consistent with the reported result that polymerization of o-methoxyaniline in a mildly acidic 

reaction medium could decrease the reaction yield [72]. The relatively high yields of the acid 

doped POMA are comparable with previous study [83]: when POMA was chemically 

synthesized from different acidic medium, a yield as high as 90% could be achieved with the 

optimum polymerization parameters.  

Elemental analysis results showed effective doping of POMA with the acid dopants. The C 

and N contents of POMA are substantially smaller than the expected values (61.3 wt % C and 

10.2 wt % N). Polyaniline synthesized under the same condition (no additional dopant) was 

tested as an internal standard for the same method. The obtained values were 54.24 wt % C, 

4.79 wt % H, 10.77 wt % N, 4.99 wt % S, and 25.21 wt % O, which also showed lower C and 

N values than expected (79.12 wt % C and 15.38 wt % N). These differences in the 
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experimental and theoretical values possibly arise due to systematic problem in the analytical 

method during this time of test. To avoid this ambiguity, the C/N molar ratio of the samples 

was determined, which were 6.96 for POMA and 5.88 for polyaniline synthesized without 

any further dopant as compared to the theoretical values of 7 and 6, respectively. This 

indicates that although the experimental absolute %C and %N values of the samples are 

lower than the theoretical values, their C/N ratio matches close to each other. 

The C/N ratio of POMA-HCl was likewise close to the expected value of 7, while for MSA 

and TSA doped POMA samples the C/N ratios are significantly above 7, indicating 

significant levels of the carbon containing dopants. The sulfur content found for the undoped 

materials (both POMA and the internal standard PANI) are consistent with partial doping 

with sulfate or hydrogen sulfate produced by reduction of APS [42]. As described in 1.3.2.1, 

sulfuric acid is a by-product during the chemical oxidative synthesis using ammonium 

persulfate (APS) as oxidant. The presence of sulfur in the POMA sample is therefore 

expected. In HCl doped POMA, the lower sulfur content indicates partial doping of sulfate or 

hydrogen sulfate, which is also from the reduction of the ammonium persulfate oxidant. 

The highest conductivity of POMA was achieved with TSA as dopant. The molecular 

structure of TSA (as shown in Scheme 3-1) helps to stabilize the bond between dopant and 

the POMA polymer chain through the benzene ring of the dopant anion, which facilitates 

formation of a resonance structure and electron flow over the whole polymer chain. If the 

sulfur content of POMA-MSA and POMA-TSA are largely due to the methanesulfonate and 

p-toluenesulfonate dopant anions, then the dopant level of the POMA-TSA is clearly much 

higher than that of the POMA-MSA, as the sulfur content of p-toluenesulfonate anion is less 

than half that of methanesulfonate. The higher dopant level is consistent with the relative 

conductivities of the two polymers. 
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The difference of the conductivities of POMA-HCl and POMA-MSA was not significant. 

However, HCl (pKa -7.0) is a stronger acid than MSA (pKa -1.9), and thus could dope the 

polymer chain more efficiently, which is consistent with the relative conductivities found for 

POMA-HCl and POMA-MSA. In addition, the molecular size of MSA is larger than that of 

HCl (Scheme 3-1), which may hinder its ability to act as a dopant for POMA due to the steric 

effect. The low electrical conductivity of POMA compared to the acids doped POMA is due 

to lack of polarons in the structure which will be discussed later. 

3.3.2. FTIR spectroscopy 

Figure 3-1 shows the FTIR spectra of POMA powders. All major peaks of the conducting 

emeraldine salt form of POMA were observed. The peak at about 680 cm-1, which was 

observed in the spectra of POMA-MSA and POMA-TSA, and the peak at 1176 cm-1 are due 

to S=O stretching and SO3H stretching, respectively [196], which confirms successful doping 

with MSA and TSA, and incorporation of sulfate groups in all samples, consistent with the 

elemental analysis results described above (3.3.1, Table 3-1). The peaks at about 1584 and 

1496 cm-1 are characteristic of C=C stretching of quinonoid and benzenoid rings, respectively 

[103, 128, 179, 197]. The peaks centered at about 1130 cm-1 are from aromatic C-H in-plane 

bending, while the broad peaks at about 830 cm-1 are due to C-H out-of-plane deformation 

vibration. The peak at 1210 cm-1 is assigned to stretching of secondary aromatic amine [82], 

while the peak at 1296 cm-1 is assigned to the C-N+ stretching vibration in the polaron 

structure [57]. The secondary amine stretch is relatively weak in the POMA. The relatively 

weak polaron structure related peak in POMA, and together with the much lower 

conductivity compared with acid-doped polymers, is evidence of the polaron conduction 

mechanism, which is consistent with the conclusion by MacDiarmid et al. that the metallic 
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conductivity of protonic acid doped PANI comes mainly from the “nitrogenonium” ion on 

the polymer chain [23]. 
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Figure 3-1 FTIR spectra of POMA-TSA, POMA-HCl, POMA-MSA and POMA 
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The degree of oxidation (x) was calculated form the intensity of the quinonoid peak (1584 

cm-1, IQ) relative to the benzenoid peak (1496 cm-1, IB) using the following Equation 3-1 [45]: 

𝑥 + �𝑥 �𝐼𝑄 𝐼𝐵⁄ �⁄ � = 1     (3-1) 

The results are presented in Table 3-2. It was reported that poly(o-methylaniline) prepared by 

oxidative chemical polymerization had the ratio of relative intensity of quinonoid to 

benzenoid rings below 1.0 [198], and the same result was obtained for POMA. It was 

suggested by Epstein et al. that upon protonation polyaniline undergoes redox reaction with 

some quinonoid rings reduced to benzenoid rings, followed by bipolaron separation to single 

polarons by coulombic repulsion [171]. Recently this mechanism has been successfully used 

for theoretical investigation using polarizable continuum model to study the interactions 

between PANI and water [199].  

 

Sample Iq/Ib x (%) 

POMA-TSA 0.333 25.0 

POMA-HCl 0.396 28.4 

POMA-MSA 0.410 29.1 

POMA 0.767 43.4 

Table 3-2 Degree of oxidation (x) of POMA-TSA, POMA-HCl, POMA-MSA and POMA 

In the chemical oxidative polymerization of OMA, it is assumed that a similar reaction 

occurred in the POMA chains upon acid doping, leading to much lower degree of oxidation 
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of the resulting polymers. Scheme 3-2 shows schematically the reaction that is thought to 

occur on the polymer chains during protonation. 

It is noticeable that the degree of oxidation decreased in the reverse order of conductivity, 

from 43.4% for POMA to 25.0% for POMA-TSA. When the degree of oxidation is lower, 

more quinonoid rings are reduced and more polarons are formed and located on the nitrogen 

atoms, which contributes to higher conductivity. Consequently protonic acid facilitates the 

doping process and lowers the oxidation state of the polymer chains, which enhances 

conductivity. 
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Scheme 3-2 Proposed mechanism of POMA protonation 
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3.3.3. Ultraviolet-visible (UV-Vis) Spectroscopy 

Figure 3-2 shows UV-Vis spectra of POMA doped with the different acids and the sample 

synthesized without any extra dopant (POMA); the solvent used was NMP. It has been well 

documented that in the presence of an aromatic system, generally two bands both with 

absorption peaks above 200 nm appear in the UV-vis spectra [200], which is exactly as 

observed in the UV-vis spectra in Figure 3-2. The first peak at about 300 nm (4.1 eV), 

corresponding to the bonding to anti-bonding (π-π*) transition of benzenoid rings, showed a 

hypsochromic shift in the case of undoped POMA, suggesting shorter conjugation length in 

the polymer chain [57], consistent with the FTIR spectra (3.3.2). The second peak at about 

600 nm (2.1 eV) is assigned to the excitonic transition from the non-bonding to the anti-

bonding orbital (n-π*) between the highest occupied molecular orbital (HOMO) of the 

benzenoid ring (non-bonding nitrogen lone pair) and the lowest unoccupied molecular orbital 

(LUMO) of the quinonoid ring [22]. According to the method of estimating the oxidation 

state of PANI and POMA proposed by MacDiarmid and co-workers [201], when PANI and 

POMA become more oxidized the absorption maximum of this peak shifts to a shorter 

wavelength. The spectra show that the peak blue-shifted from 600 nm for acid-doped POMA, 

to around 500 nm for POMA, suggesting a higher degree of oxidation of undoped POMA, 

which is consistent with the FTIR spectra. 
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Figure 3-2 UV-Vis spectra of POMA-TSA, POMA-HCl, POMA-MSA and POMA 

3.3.4. Electron Spin Resonance (ESR) Spectroscopy 

Figure 3-3 shows the ESR spectra of the POMA samples. 2,2-diphenyl-1-picrylhydrazyl 

(DPPH, Scheme 2-4) was used as a field marker. The g values of the unknown samples were 

calculated from the following Equation 3-2: 

𝑔𝑠 = 𝑔𝑟(𝛾𝑠 𝛾𝑟⁄ )(𝐵𝑟 𝐵𝑠⁄ )    (3-2) 

Where γ and B are the frequency and field strength of the measurement, respectively, and the 

subscripts s and r denote sample and reference (DPPH), with gr = 2.0036. 

 



Chapter 3 – The Effects of Dopants on Structure and Properties of Poly(o-methoxyaniline) 

75 
 

 

 

Figure 3-3 ESR spectra of POMA-TSA, POMA-HCl, POMA-MSA and POMA 

 

The spin concentration (Ns) was calculated from the following Equation 3-3: 

𝑁𝑠 = 𝐼𝑠𝑛(𝐶𝑢𝑆𝑂4) 𝑁𝐴/𝐼(𝐶𝑢𝑆𝑂4) 𝑚𝑠   (3-3) 

Where Is and I(CuSO4) are the areas of sample and reference (CuSO4) spectra, respectively, 

while n(CuSO4) is the amount of CuSO4, NA is the Avogadro constant, and ms the mass of 

samples. 

In the spin-spin relaxation process, the relaxation time (T2) can be determined from the peak-

to-peak line width (ΔHpp) according to equations 3-4 and 3-5, where μB is the Bohr magneton 
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(9.274×10-24 J T-1, or 9.274×10-21 erg G-1), ΔH1/2 the linewidth (in G) at half-height of the 

absorption peak, and ħ is a constant (1.054×10-27 ergs) [202]. 

1 𝑇2⁄ = 𝑔𝜇𝐵∆𝐻1/2/ħ     (3-4) 

∆𝐻1/2 = √3∆𝐻𝑝𝑝     (3-5) 

The results are presented in Table 3-3, with A/B the ratio of the height of the positive to the 

negative peak. All samples had g values in the range 2.0040 ± 0.00008, which is usually 

ascribed to polaron states, i.e., paramagnetic charge carrier species [138]. All the polymers 

displayed a single signal, indicating that the conduction mechanism was of polaron nature, 

whereas diamagnetic properties are interpreted as of bipolaron nature. No hyperfine structure 

was shown by the ESR spectra. The peak-to-peak line width increased in the order POMA-

TSA < POMA-HCl < POMA-MSA < POMA, while T2 decreased in the same order. These 

results indicate that POMA-TSA had the highest polaron mobility, which coincides with the 

highest conductivity as listed in Table 3-1.  

All the acid-doped POMA samples had similar spin concentration (Ns) values, which is in 

accordance with the observation made by Anand et al. that no correlation between 

conductivity and spin concentration can be established [203]. The A/B ratio can be used as an 

indication of conductivity [139], which decreases in the same order as T2, indicating a 

decrease of conductivity in the order POMA-TSA > POMA-HCl > POMA-MSA > POMA, 

consistent with the experimental conductivity measurements (see Table 3-1). 
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Sample ΔHpp(G) g Ns(×1020 

spins g-1) 

T2(×109) A/B 

POMA-TSA 2.75 2.00403 4.61 12.28 1.51 

POMA -HCl 2.77 2.00408 4.84 10.52 1.25 

POMA-MSA 3.07 2.00400 4.58 8.83 1.19 

POMA 4.28 2.00398 1.88 4.09 1.06 

Table 3-3 ESR parameters for POMA-TSA, POMA-HCl, POMA-MSA, and POMA 

3.3.5. Morphology 

SEM images of the POMA powders obtained with different dopants are shown in Figure 3-4. 

It is apparent from these images that the dopants effectively controlled the particle 

morphology. The same result was obtained for oxidative chemical polymerization of aniline 

[204]. POMA-TSA has plate-like morphology, possibly due to the plane-like molecular 

structure formed by the dopant and the polymer chains. Nanofiber-like morphology is 

observed on the particle surfaces of POMA-HCl, while nano-nodule covered partially 

agglomerated particles were formed when MSA was used as dopant. When no additional 

dopant was present in the reaction medium (the falling pH synthesis in this case [42]), 

spherical particles were obtained, with some hollow structures and very small nano-nodules 

on the surface. 
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Figure 3-4 SEM micrographs (A) POMA-TSA, (B) POMA-HCl, (C) POMA-MSA, and (D) 

POMA 

3.3.6. Thermal stability 

As discussed in 1.6.1, the final objective of this study is to synthesize POMA-based 

composite materials through melt processing, therefore, the thermal stability of the as-

synthesized POMA samples is important for composite preparation.  

The thermal stability of these as-synthesized POMA samples was examined by differential 

scanning calorimetry (DSC). The first heating of all the samples to 230°C was recorded and 

presented in Figure 3-5. The second heating in the range 30 °C to 400 °C was presented in 

Figure 3-6. During the first heating from 30 to about 200 °C, all samples went through a 
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broad endothermic peak with a maximum at about 110 °C. This is due to the removal of 

adsorbed water [69]. Above 200 °C, POMA-HCl, POMA-MSA, and POMA all started a 

second endothermic peak, which did not fully develop due to the cooling after that. This peak 

could be associated with deprotonation, i.e., the loss of dopant. This also happens in the case 

of POMA synthesized without any extra acidic dopant, because the sulfate groups generated 

by the dissociation of the oxidant ammonium persulfate during the polymerization could be 

incorporated into the polymer backbone and act as counter-ions. This is consistent with the 

presence of sulfur content in the elemental analysis (Table 3-1). 

After cooling to 30 °C, the samples were then heated to 400 °C (Figure 3-6). It is observed 

that for POMA-TSA, a strong endothermic peak appeared from about 240 °C. This can be 

associated with the TSA dopant loss. Small endothermic shoulders appeared in the 

thermograms of POMA-MSA and POMA, suggesting that a small amount of MSA dopant 

loss occurred in POMA-MSA while small amount of sulfate groups lost during the heating in 

POMA. No endothermic activity was observed for POMA-HCl, indicating all HCl dopant 

was lost in the first heating up to 230 °C. It is expected as HCl itself is quite volatile. The 

exothermic peaks observed in all the samples, especially in POMA-HCl and POMA-MSA, 

are due to the decomposition of the polymer backbones.  

From Figure 3-5 and Figure 3-6, the relative thermal stability of these as prepared POMA 

samples can be determined as POMA-TSA > POMA > POMA-MSA > POMA-HCl. With a 

heat up to 230 °C, the HCl dopants were lost almost completely while significant amounts of 

the MSA dopants and sulfate groups were lost in POMA-MSA and POMA, respectively. The 

loss of TSA only started in the second heating, i.e., about 240 °C. Therefore, POMA-TSA 

showed the highest thermal stability. 
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Figure 3-5 First heating DSC thermograms of POMA-TSA, POMA-HCl, POMA-MSA and 

POMA in the range of 30 °C to 230 °C 
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Figure 3-6 Second heating DSC thermograms of POMA-TSA, POMA-HCl, POMA-MSA and 

POMA in the range of 30 °C to 400 °C 

3.3.7. DPPH Scavenging Activity 

As described earlier, the free radical scavenging ability can be used as a measurement of 

antioxidant ability of the samples. It was compared via the micro-moles (μmol) of DPPH 

scavenged per milligram of conducting POMA samples; the results are presented in Figure 

3-7. The experiment was repeated and very similar results were obtained; in particular, the 

relative order of free radical scavenging ability of these tested samples was unchanged. 

POMA-HCl had the highest DPPH scavenging ability, with about 2.2 μmol of DPPH radicals 

scavenged after 24 hours. For MSA doped and the undoped POMA, about 1.4 and 1.2 μmol 
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of DPPH radicals were scavenged after 24 hours, respectively. About 1.1 μmol of DPPH 

radicals were scavenged by POMA-TSA after 24 hours. The obtained DPPH scavenging 

capability results are related to the surface area of these samples, which will be discussed in 

the following paragraph of 3.3.8. 

 

 

Figure 3-7 Free radical scavenging ability of POMA doped with different acids and undoped 

POMA 

3.3.8. BET Specific Surface Area 

The specific surface areas are shown in Table 3-4. All the tested samples gave linear BET 

plots with positive y-axis intercepts during the measurement, confirming that the adsorption 

data for all samples obeys a BET isotherm and therefore is valid. The order of specific 
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surface area, i.e., POMA-HCl > POMA-MSA > POMA > POMA-TSA is also the order of 

free radical scavenging ability. On the basis of that observation, it is proposed that the free 

radical scavenging ability is determined primarily by the specific surface area of the polymer, 

and that the dopant affects the free radical scavenging ability only in so far as it influences 

the specific surface area of the polymer particles. The relative order of free radical 

scavenging abilities of POMA-HCl and POMA parallels the relative order that was reported 

for undoped and HCl-doped PANI [205]. Moreover, it has been reported that the free radical 

scavenging ability of PANI, made under conditions that lead to nanofibre morphology, 

increases with decreased nanofiber diameter. Of the four strong acid dopants that were used 

in the study (HCl, HNO3, H2SO4 and HClO4) HCl led to the smallest diameter nanofibers and 

the highest free radical scavenging ability [151, 206]. Further examination of the reported 

data reveals that the free radical scavenging ability increased linearly with the reciprocal of 

the average nanofiber diameter, hence with the specific surface area of the nanofibers 

(assuming that the average length and density of the nanofibers was independent of the 

dopant). Based on these observations, it is proposed that the relative free radical scavenging 

ability of different acids doped POMA and POMA synthesized without any extra dopant is 

determined primarily by the specific surface area of the conducting polymer particles, which 

is in turn influenced by the dopant. It is interesting to note that there is no apparent 

correlation between free radical scavenging ability and electrical conductivity, or between 

free radical scavenging ability and the degree of oxidation, for these polymers. 
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Sample Surface Area/m2 g-1 

POMA-TSA 1.5 

POMA-HCl 7.4 

POMA-MSA 4.4 

POMA 3.7 

Table 3-4 BET specific surface areas of POMA-TSA, POMA-HCl, POMA-MSA, and POMA 

(samples degassed at 140 °C) 

3.3.9. Anti-microbial Activity 

The first report regarding the anti-microbial activity of conducting PANI was reported in 

2005 [154]. Since then, the potential application of PANI has widened as PANI became a 

candidate for biomedical applications such as tissue engineering [157]. However, the 

extremely limited processability of PANI, as described in detail in 1.3.4, pushed researchers 

looking for PANI derivatives which possessed similar, if not better, anti-microbial potencies. 

Soon the anti-microbial activities of a series of PANI derivatives were reported [155, 157]. 

In this chapter, the anti-microbial activity of these POMA samples was assessed as their 

minimum bactericidal concentration (MBC) against E. coli 25422 and S. aureus 6838. The 

results are listed in Table 3-5.  

The tested samples did not show anti-microbial activity against E. coli 25422 at the 

concentrations tested. However, all samples showed activity against S. aureus 6838. The anti-

microbial mechanism of this conducting polymer is still not well elucidated. It has been 

proposed that the anti-microbial activity of aniline-based conducting polymers took effect 
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through electrostatic adherence between polymer molecules and bacteria, leading to the 

destruction of the bacterial cell walls, and thus death of the bacteria [27]. A previous study 

pointed out that functional groups incorporated into aniline-based polymers could improve 

the anti-microbial effectiveness [155]. It has been reported that HCl-doped poly(aniline-co-

methoxyaniline) (OCH3PANI) showed higher anti-microbial activity against S. aureus than 

HCl-doped PANI. For HCl-doped OCH3PANI, the minimum inhibitory concentration against 

S. aureus is 0.5 wt% [28], while the value for HCl-doped POMA is 0.25 wt%, suggesting that 

more functional methoxy groups incorporated into the polymer chains may help to improve 

its anti-microbial activity. The fact that dopant does not have significant influence on the 

anti-microbial activity is also in accordance with previous report [155]. It is worth noting that 

the ability of the conducting polymer to act as an electron donor or electron acceptor is 

central to both free radical scavenging and anti-microbial activity. Thus a correlation between 

those properties is expected, and the observation that the HCl-doped POMA had both the 

highest free radical scavenging capacity and the highest efficacy against S. aureus 6838 

suggests that the anti-microbial activity may also be enhanced by high specific surface area of 

POMA particles. 
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Samples Minimum Bactericidal Concentration (w/v) 

 E. coli 25422 S. aureus 6838 

POMA-TSA >2% 0.5% 

POMA-HCl >2% 0.25% 

POMA-MSA >2% 0.5% 

POMA >2% 0.5% 

Table 3-5 Minimum bactericidal concentration of POMA-TSA, POMA-HCl, POMA-MSA, and 

POMA 

3.4. Conclusion 

Para –toluene sulfonic acid (TSA), hydrochloric acid (HCl), methane sulfonic acid (MSA) 

doped POMA, and POMA synthesized without any extra acidic dopant were polymerized 

using ammonium persulfate (APS) as oxidant. The polymers were then characterized by 

FTIR, ESR, and SEM. It was found that dopants have effective control over structure and 

properties of the polymers. High yield is favored by an acidic reaction medium compared to a 

water medium. The conductivity decreases in the order POMA-TSA > POMA-HCl > POMA-

MSA > POMA, and a polaron conduction mechanism is supported by FTIR and ESR spectra. 

Redox reaction occurs in polymer chains during protonation, which leads to a lower degree of 

oxidation. The morphology of POMA particles was effectively controlled by the dopants. The 

thermal stability of the POMA samples was compared using DSC, with POMA-TSA showing 

the highest thermal stability. All polymer samples show anti-oxidant properties through their 
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reaction with DPPH free radicals, making them potential candidates for anti-oxidant 

applications. It is proposed that the free radical scavenging ability is determined 

predominantly by the morphology hence specific surface area of the polymer particles. All 

samples showed anti-microbial activity against S. aureus 6838 but no activity against E. coli 

25422 at the concentrations tested. 
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Chapter 4. Synthesis and Characterization of poly(o-methoxyaniline) 

– Lignosulfonate Composites 

4.1. Introduction 

As discussed in 1.3.2.2., the presence of a dopant is essential for electrical conductivity in 

polyaniline (PANI) and its derivatives, including poly(o-methoxyaniline) (POMA). Dopants 

also have substantial effect on the structure, morphology, and properties of PANI and its 

derivatives, as reported in Chapter 3. Up to now, most studies into conducting polymer 

dopants focus on small molecule inorganic acids as counter-ions, such as hydrochloric acid 

(HCl), methane sulfonic acid (MSA) and para-toluene sulfonic acid (TSA) as used in the 

previous chapter.  

4.1.1. Polymeric Dopant 

Although small-molecule dopants such as HCl and MSA are still frequently investigated in 

the conducting polymer research field, polymeric dopants have gradually become an 

appealing target. A previous study pointed out that the electrical conductivity of polymeric 

acids doped ICPs was usually lower compared with inorganic small-molecule acids doped 

ICPs [207]. However, small-molecule inorganic dopants had some limitations such that they 

usually generate ICPs with negligible solubility and that the volatile nature of some small-

molecule acids, especially in the case of HCl, led to diminished conductivities upon long-

term storage [24]. This is of particular concern for HCl doped POMA, which even though 

exhibits the best anti-microbial and anti-oxidant performance (refer to 3.3.7 and 3.3.9), 

cannot be used for melt processing as the volatile HCl could damage the melt processing 

equipment. 
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Polymeric dopants are reported to possess several advantages against small-molecule dopants:  

firstly, polymeric dopants could impart much better processability, even water dispersibility, 

to ICPs [24, 207]. Secondly, polymeric acids could provide much better morphological 

control during the chemical synthesis. Thirdly, polymeric dopants are usually more stable 

chemically, especially in the terms of volatility and diffusivity [24, 207]. The polymeric 

dopant of poly(2-acrylamido-2-methyl-1-propanesulfonic acid), or PAAMPSA, has been 

reported to improve the electrical conductivity of PANI for broad applications in organic 

electronics by Yoo et al. [207, 208]. Another polymeric dopant, poly(methyl vinyl ether-alt-

maleic acid), or PMVEA, has been reported to be able to dope both PANI and POMA for 

applications in oligonucleotide sensors and label-free DNA sensors [82, 209, 210]. Since the 

aim of this project was to develop novel composite materials composed of electrical 

conducting polymer (POMA in the doped emeraldine salt form) and conventional polymer, 

the usage of polymeric dopant in POMA is appealing and attempted in this chapter. 

4.1.2. Lignosulfonate (LGS) 

Lignosulfonate (LGS) is a polymeric material that stems from lignin, which is a complex 

polydisperse natural polymer made up of phenylpropane units and one of the most abundant 

biopolymers in nature, second only to cellulose [211]. LGS is an inexpensive byproduct from 

the pulp processing industry [212]. Aside from its abundance, LGS has another great 

advantage against other polymeric and inorganic dopants as it is quite cost-effective and 

environmentally friendly in terms of its renewability [213]. It has be reported to serve as a 

dopant for PANI [119] and polypyrrole [214], but no report has been found regarding LGS as 

a dopant for POMA. Therefore, based on the literature reports, we firstly expected LGS to act 

as a polymeric dopant for POMA, which is closely related to the parent PANI. 
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The chemical structure of lignosulfonic acid sodium salt (NaLGS) is shown in Scheme 4-1. 

LGS, especially its sodium salt NaLGS, is a highly water-soluble polysulfonic product, 

composed of functionalized phenylpropane units connected through alkyl and aryl ether 

linkages [215]. As shown in Scheme 4-1, it contains both hydrophilic groups, e.g. sulfonic, 

phenolic, hydroxyl, and hydrophobic groups, e.g. aryl and aromatic carbons [216]. The 

presence of the highly polar functional sulfonic groups on a hydrophobic skeleton gives LGS 

important surface-active properties [217, 218]. 

LGS has gained more and more attention and has been used to synthesize PANI-LGS 

composites by several research groups. One of these products, LIGNO-PANI™, was even 

reported to be water dispersible [219, 220]. It is also of significant industrial importance as it 

was reported to be the first commercially mass produced water-borne conducting polymer in 

the US [119]. Further, given that both lignin and Lignosulfonate have been reported as free 

radical scavenger [219, 221], we are exploring in this study the prospect that POMA-LGS 

may be even more useful in free radical scavenging. 
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Scheme 4-1 Molecular structure of lignosulfonic acid sodium salt (NaLGS) 

4.1.3. Research Objective 

In this chapter, POMA was synthesized in the presence of sodium lignosulfonate (NaLGS) 

with ammonium persulfate as the oxidant. The aim was to first elucidate the role of LGS and 

the reaction mechanism: is LGS acting as a dopant as reported in literature, or is POMA-LGS 

composite was formed? The effects of LGS contents on the structure and properties of the 

final products were also investigated. 
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4.2. Experimental 

4.2.1. Chemicals 

o-Methoxyaniline (OMA, 99%), ammonium persulfate (APS, 98%) and sodium 

lignosulfonate, or lignosulfonic acid sodium salt (NaLGS, Mn ~7,000, Mw ~52,000) were all 

purchased from Sigma-Aldrich and used as received. 

4.2.2. Synthesis of POMA-LGS 

Due to the structural complexity of NaLGS molecules, the quantitative determination of 

molar ratios of sulfonic acid groups to OMA monomers was not possible [219]; therefore 

POMA-LGS composites with different empirical weight ratios of NaLGS to OMA monomer 

were prepared by oxidative chemical polymerization. This was undertaken using APS, at a 

molar ratio of OMA to APS of 1:1.25 in a NaLGS aqueous solution. In a typical preparation, 

different amounts of NaLGS (1.29 g, 2.58 g, 6.45 g, and 12.93 g, respectively) were 

dissolved in 300 mL of deionized water to make the NaLGS solution to be used as the 

reaction medium. 0.105 mol of OMA (12.93g) was dispersed in 225 mL of the NaLGS 

solution, followed by the drop-wise addition of 0.13 mol of APS dissolved in the remaining 

75 mL NaLGS solution. The reaction was allowed to continue at room temperature for 5 h 

under constant magnetic stirring. The resulting POMA-LGS precipitate was washed with 

excess deionized water repeatedly until the filtrate was colorless in order to remove the 

remaining free NaLGS and water-soluble oligomeric by-products [222]. The products were 

then dried in a vacuum oven at 40 ˚C for 48 h. The final composites were denoted as LGS-0.1, 

LGS-0.2, LGS-0.5, and LGS-1.0 for POMA-LGS with NaLGS/OMA weight ratios of 0.1, 

0.2, 0.5, and 1, respectively. 
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4.2.3. Characterization 

Elemental analysis was performed by the Campbell Microanalytical Laboratory at the 

University of Otago, Dunedin, New Zealand. 

Fourier transform infrared spectroscopy (FTIR) was performed the same way as for different 

acids doped POMA as described in section 3.2.3. 

The UV-Vis absorption spectra of the polymers dissolved in dimethylformamide (DMF) were 

recorded from 200 to 820 nm using a Schimadzu UV-2101PC UV-visible spectrophotometer. 

AC conductivity of the samples in the frequency range 1 to 10,000 Hz was measured with a 

VersaSTAT 3 instrument after pressing the samples into pellets. The principles of the AC 

conductivity measurement are given in 2.3.2.3. 

Composite powder morphologies were investigated using a Philips XLGS-0.50S field 

emission scanning electron microscope (SEM) with an accelerating voltage of 10 kV. The 

samples were 10 mm in diameter, mounted on aluminum studs using adhesive graphite tape 

and sputter coated with palladium using a Polaron SC7640 Sputter Coater at 5-10 mA and 1.1 

kV for 5 min.  

N2 physisorption isotherms were determined at liquid nitrogen temperature (-195oC) using a 

Micromeritics Tristar 3000 instrument. Samples were degassed at 60oC under vacuum for 2 h 

prior to the N2 adsorption measurements. All the POMA-LGS composite samples tested gave 

linear BET plots with positive y-axis intercepts, confirming that the adsorption data for all 

samples obeys a BET isotherm. The N2 physisorption isotherm of pure NaLGS was also 

tempted; however no meaningful physisorption isotherm could be obtained. 
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The antioxidant activity of the POMA-LGS samples was assessed via reaction with 1,1-

diphenyl-2-picrylhydrazyl (DPPH) free radicals. The test followed the same protocol as 

different acids doped POMA (see section 3.2.3). 

Anti-microbial activity of the samples was determined as the minimum bactericidal 

concentration (MBC) against Escherichia coli (E. coli) 25922 and Staphylococcus aureus (S. 

aureus) 6838. The detailed testing protocol is given in section 2.3.8. 

4.3. Results and Discussion 

4.3.1. Composition Analysis  

Elemental analysis results are listed in Table 4-1. The oxygen content was determined by 

difference. It is clear that the sulfur content increased, and the nitrogen content decreased, as 

the NaLGS/OMA ratio was increased from 0.1 to 1.0. Some of the sulfur present came from 

sulfate dopant ions formed from the APS oxidant [152], and therefore the sulfur percentage 

does not accurately reflect LGS percentage. Based on the nitrogen percentage, the weight 

percentage of LGS in the final composites, labeled LGS-0.1, LGS-0.2, LGS-0.5 and LGS-1.0, 

were calculated to be 2.6%, 5.3%, 16% and 29%, respectively; compared with the starting 

percentages of NaLGS used in the reaction of 9.1%, 17%, 33% and 50%. Another noteworthy 

point is that with the relatively small amount of LGS content in the composites (compared 

with the reaction content), the actual sulfur provided by LGS for samples of LGS-0.1, LGS-

0.2, LGS-0.5 and LGS-1.0 were calculated to be 0.16%, 0.32%, 0.98% and 1.77%, while 

sulfur provided by APS dissociation was 1.97%, 2.21%, 1.85% and 1.96%. Therefore, most 

of the sulfur in the final composites was determined to come from the dissociation of APS. 

Similar to other syntheses using a falling pH approach [42, 152], the sulfate groups formed 
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during the APS dissociation would be expected to be the primary dopant anion, rather than 

LGS as reported in related literature for PANI [119, 213-215, 220, 223-225]. 

 

Sample C (%) H (%) N (%) S (%) O (%) LGS (wt%)a 

POMA 50.03 5.34 8.39 2.92 33.32 NA 

LGS-0.1 60.17 5.20 8.19 2.13 24.31 2.6 

LGS-0.2 60.22 5.35 7.98 2.53 23.92 5.3 

LGS-0.5 60.31 5.44 7.12 2.83 24.30 16 

LGS-1.0 57.81 5.58 6.08 3.73 26.80 29 

NaLGS 40.41 4.95 0.36 6.12 42.16 94 

a the wt% of LGS is calculated based on the nitrogen percentage of NaLGS and the nitrogen 

percentage of the corresponding POMA-LGS composites. The NaLGS contains 6% sodium 

therefore LGS is determined as 94% 

Table 4-1 Elemental analysis results for POMA-LGS with different NaLGS/OMA weight ratios 

 

4.3.2. Reaction Mechanism: Composite Formation through Particulate Adsorption 

Although no literature reports regarding POMA-LGS composites were found, different 

reaction mechanisms for PANI-LGS formation have been proposed. The role of LGS has 

been widely interpreted as both dopant and polymeric template [212, 214, 224, 225], or even 
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stabilizer [215]. However, the spatial relationship between the polymeric sulfonate (Scheme 

4-1) and the conducting polymer particles (in most reports, PANI, see Scheme 1-4) has been 

largely overlooked. Jayakannan et al. suggested that the negatively charged lignosulfonate 

part of NaLGS would act like an acidic counter-ion, or a traditional dopant, and bond 

together with the protonated imine nitrogen of PANI [213]. However, this is not likely 

considering the relative size of the lignosulfonate to conducting polymer repeat unit and their 

spatial relationship: NaLGS is a large polydisperse structure with significantly higher 

molecular weight than the repeating unit of the conducting polymer (i.e. Mw ~90). Shao 

proposed a “stack of PANI-LGS strand chains” model [224]; a similar schematic was 

proposed by Roy [223]. However, the lignin part of NaLGS is cross-linked, so it is difficult 

for the lignin to convert into a polymeric chain and fit between two PANI chains as proposed 

by these authors. Actually, our SEM micrographs showed that LGS mainly exist in the shape 

of microspheres, as will be described later (see Figure 4-3). The grafting model has also been 

proposed, with either PANI grafted onto LGS [225, 226], or LGS grafted onto PANI [220]. 

However, no solid evidence could confirm chemical grafting, as opposed to a simple physical 

bonding. The “molecular chain” reactions described by these authors have not been directly 

observed, and so this structure seems unlikely since LGS does not exist in the form of 

molecular chains in the course of the reaction. 

Therefore, in this chapter a new structural hypothesis is proposed for the POMA-LGS 

composites, which is assumed to be also applicable to PANI-LGS. 

Since NaLGS is soluble in water, after dissolution it would dissociate into Na+ cations and 

LGS- anions. The monomer, o-methoxyaniline (OMA), may exist in solution in the form of 

both free OMA monomer and (depending on pH) OMA cations [82]. It is possible that 

hydrogen bonding between OMA and LGS could result in OMA monomers being adsorbed 

on the surface of the large LGS- anions, while other monomers remained in the solution. 



Chapter 4 Synthesis and Characterization of Poly(o-methoxyaniline) – Lignosulfonate Composites 

97 
 

Followed by the addition of oxidant, the polymerization would start with monomers that were 

adsorbed onto the surface of the LGS anions but were also in the solution. Since the reaction 

medium was not highly acidic, POMA spheres were dominant rather than granular or fibrillar 

morphologies, as shown in Chapter 3. As the reaction progresses these as-formed POMA 

micro/nano-spheres were adsorbed onto the large negatively charged polymeric aggregates of 

LGS. In the meantime the sulfate groups, produced from the APS dissociation, acted as 

dopant counter-ions and were incorporated into the POMA chains as evidenced by elemental 

analysis, similar to PANI or polypyrrole polymerization with a falling pH process [197, 227]. 

This could also be due to the huge spatial incompatibility of the LGS. Therefore, instead of 

behaving as a dopant or template, LGS served mainly the role of adsorbent. In this hypothesis, 

the composite is understood to be a surface adsorption system. 

4.3.3. Spectroscopic evidence for doping 

4.3.3.1. FTIR Spectra Characterization 

The FTIR spectra of POMA-LGS composite powders are shown in Figure 4-1. The spectra of 

pure NaLGS and pure undoped POMA (Figure 3-1) are included for comparison. All the 

main peaks of LGS were found in agreement with previous reports [214, 224]. The 

characteristic peaks of PANI and its derivatives at 1583 cm-1 and 1520 cm-1 are assigned to 

C=C stretching vibrations of the quinonoid and benzenoid rings, respectively [228]. The shift 

of these peaks from 1600 cm-1 and 1512 cm-1 in the spectrum of NaLGS reflects the 

interaction between POMA and LGS in the composites. The peak at 1247 cm-1 is assigned to 

the C-N+ stretching in the polaron structure [215], and this band is weak in the POMA sample. 

This is evidence that with NaLGS dissolved in the reaction medium, the ionic strength of the 

medium is increased which leads to higher levels of doping of POMA present by sulphate 

(from APS) and also to stronger intensity of this doping-related peak at 1247 cm-1 [83]. The 
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peak at 1214 cm-1 is assigned to secondary aromatic amine stretching [57]. Neither peak was 

observed with NaLGS itself, although a broad shoulder was seen around 1200 cm-1. The peak 

at 1030 cm-1 is attributed to S=O stretching [215, 224], and the intensity of this peak 

increased significantly with a greater mass ratio of NaLGS to OMA, indicating that more 

sulfate, either from LGS or dissociation of APS, had been incorporated into the composite, 

consistent with the elemental analysis data. The same result has been reported for PANI-LGS 

[213, 215, 220]. It is noteworthy that even for POMA synthesized with APS, this peak (1030 

cm-1) appeared, which demonstrates that the sulfate group produced from the dissociation of 

APS is able to act as counter-ion and be incorporated into the POMA chains. The two peaks 

at 844 cm-1 and 755 cm-1 are associated with 1,2,4-substitution [45, 73] and 1,2-aromatic 

substitution [177], respectively, and both are assigned to the methoxy group at the ortho 

position of the aniline monomer given that neither peak was present in NaLGS. A small peak 

at 655 cm-1 due to the S-O stretching vibration, which came from LGS, was observed in the 

spectra of LGS-1.0 and NaLGS, and as a shoulder in LGS-0.5. This is confirmation that with 

a higher NaLGS content, more LGS was incorporated into the final composite, which is also 

consistent with elemental analysis (Table 3-1). 

The relative intensity of the quinonoid peak to the benzenoid peak can be related to the 

degree of oxidation for PANI and its close derivatives [45, 182, 229, 230]. It is clear in the 

present composite system that the relative intensity of benzenoid peak in relation to the 

quinonoid peak (IB/IQ) increased with the increase of LGS content. However, in pure NaLGS, 

the quinonoid absorption is stronger than the benzenoid. Thus with the increase of LGS from 

0.1 to 1.0, IB/IQ is expected to get lower, which is contrary to the result. The only logical 

explanation would be that the increased benzenoid content came from the POMA particles. 

As proposed by Epstein et al. [171], upon protonation, polyaniline and its derivatives undergo 

redox reactions and some quinonoid rings are reduced to benzenoid rings, leading to a lower 
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degree of oxidation [171]. In the previous chapter it has been indicated that during the POMA 

doping process, some conversion of quinonoid units to benzenoid units might occur (refer to 

Scheme 3-2). Although the reaction medium was in neutral pH at the beginning, the addition 

of ammonium persulfate would start the polymerization of o-methoxyaniline and lead to a 

falling pH in the reaction medium due to formation of sulfuric acid from dissociation of APS 

and the release of proton from the monomer [42, 197], as described in details in 1.3.2. In 

Table 4-1 the elemental results showed that with the increase of LGS content the sulfur 

content increases, due to the incorporation of sulfate from the APS dissociation. Thus, it 

appears the higher amount of sulfate groups from APS dissociation that doped the POMA 

also led to a higher IB/IQ value. Together with elemental analysis, this is evidence that sulfate 

groups formed from APS dissociation were the main dopant, instead of LGS. The LGS 

content influenced the doping level of POMA by sulfate groups because with higher amounts 

of NaLGS dissolved in the aqueous solution, the ionic strength of the reaction medium was 

increased, and this would generally lead to a higher doping level [83]. In addition, a higher 

amount of NaLGS dissolved in the reaction medium would increase its viscosity, which 

would, in turn, lower the reaction rate. It has been pointed out in a previous study that the 

decrease of reaction rate could prevent over-oxidized products, and thus a higher IB/IQ value 

[219], consistent with the observed spectra. 
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Figure 4-1 FTIR spectra of POMA-LGS composites with different NaLGS/OMA weight ratio. B 

stands for ν(C=C) in benzenoid (N-B-N), Q stands for ν(C=C) in quinonoid (N=Q=N). 
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4.3.3.2. UV-vis Spectra Characterization 

UV-Visible spectra of the POMA-LGS composites were obtained in dimethylformamide 

(DMF) solutions and are shown in Figure 4-2. The spectrum of NaLGS is added for 

comparison. The peak at 280 nm is from the aromatic ring absorption of NaLGS [225], while 

the small peak at 320 nm is due to the π-π* transition of the benzenoid rings of POMA [219], 

and is not detected in pure NaLGS. The intensity of the POMA benzenoid absorption 

decreases with an increase of LGS content. The broad shoulder from 450 nm to 560 nm is 

assigned to n-π* transition of POMA [197]. Usually this peak is more pronounced in aniline 

units with higher oxidation state [40]. Here the intensity of this absorption decreased with an 

increasing amount of LGS, suggesting a decrease in oxidation state, which is consistent with 

the FTIR spectra (Figure 4-1). 

  



Chapter 4 Synthesis and Characterization of Poly(o-methoxyaniline) – Lignosulfonate Composites 

102 
 

 

 

Figure 4-2 UV-vis spectra of NaLGS and POMA-LGS composites with different NaLGS/OMA 

weight ratio dissolved in DMF, B stands for the π - π* transition of the benzenoid ring, Q stands 

for the n – π* transition of the quinonoid ring. 

4.3.4. Morphology and Conductivity 

Figure 4-3 shows the morphology of the POMA-LGS composites under an SEM. From the 

characterization results obtained in Chapter 3, it has been found that the type of dopant and 

the reaction environment used for the synthesis play a crucial role on the particulate 

morphology of POMA [47]. When synthesized from a neutral pH environment; oxidation 

with APS and without adding additional acid (undoped POMA), POMA forms spherical 

shaped particles. Yang and Liu also found that spherical shaped particles can be formed when 

polyaniline was synthesized in presence of LGS and the diameter of the spheres was reduced 
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with an increase of LGS content [214]. Thus in Figure 4-3, the appearance of spherical 

particles can be attributed to POMA. Examples of LGS structures were outlined by dotted 

lines in these images, while some typical POMA spheres (about 5 µm diameter) were marked 

by solid circles in Figure 4-3 (A) for LGS-0.1 and Figure 4-3 (B) for LGS-0.2. Much smaller 

scale spheres (about 0.2 µm diameter) assumed to be POMA were evident in the inset images 

at higher magnification of Figure 4-3 (C) (LGS-0.5) and Figure 4-3 (D) (LGS-1.0) and 

marked by the long dashed lines. It is tentatively suggested from these images that in the 

composites LGS acted as an absorbent, with relatively smaller POMA spherical particles 

absorbed onto it. With an increase of the LGS content, smaller POMA particles were formed 

and the porosity of the composite was increased, similar to that reported for PANI-LGS [213]. 

The above findings were also supported by the increase in BET surface areas of the 

composites, as listed in Table 4-2. These results showed that with an increase of LGS content 

in the composites, higher specific surface areas were obtained. From the above discussion, it 

is suggested that the role of LGS as a dopant, which was suggested in previous literatures, is 

uncertain. In the traditional polymerization of HCl- doped PANI, or other small molecule 

acids doped PANI emeraldine salt, only micro-structures of conducting polymers can be 

observed, since the dopants are supposed to be incorporated into the polymer backbones, or 

attached to the imine nitrogen for protonation, to be exact. Even for polymeric acid dopant 

reported for PANI and POMA, such as poly(methyl vinyl ether-alt-maleic acid) (PMVEA) 

[82, 209, 210], only conducting polymer nano-spheres were observed under SEM. Therefore, 

for POMA-LGS, the role of LGS should be viewed as an adsorbent rather than a dopant, even 

though as proposed here the increase of LGS in the feed ratio led to a higher doping level of 

POMA by sulfate which was produced from APS reduction. 
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Figure 4-3 SEM images of POMA-LGS composites with different NaLGS/OMA weight ratios, 

clockwise from top-left: (A) LGS-0.1; (B) LGS-0.2; (C) LGS-0.5; (D) LGS-1.0 at the 

magnification of 2500x and 25,000 for the inset 
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Sample Surface area (m2 g-1)a 

LGS-0.1 3.9 

LGS-0.2 5.7 

LGS-0.5 6.6 

LGS-1.0 16.1 

a Determined from the N2 physisorption isotherm by the BET method 

Table 4-2 BET specific surface areas of POMA-LGS composites with different NaLGS/OMA 

weight ratios (samples degassed at 60°C) 

The AC conductivity of the POMA-LGS composites with different NaLGS/POMA weight 

ratio is presented in Figure 4-4. The AC conductivity increased with an increasing 

NaLGS/POMA weight ratio, due to the higher doping level of POMA by sulfate groups. The 

AC conductivity of all of the samples increased with frequency; the less conductive samples 

were affected to a higher degree by the frequency, similar to POMA/PVDF composites [93]. 

The increase of AC conductivity with frequency originates because the AC conductivity is 

composed of contributions from both ionic and electronic components and the polarization of 

dipoles. As the frequency increases, the contribution from polarization increases, leading to 

higher AC conductivity [97]. 
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Figure 4-4 AC conductivity of POMA-LGS composites with different NaLGS/OMA weight ratios 
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4.3.5. Thermal Stability 

The effect of the LGS contents on the thermal stability of the POMA-LGS composites was 

evaluated by DSC. The DSC thermograms curves of POMA-LGS composites with different 

LGS contents are presented in Figure 4-5. All samples showed a broad endothermic band in 

the range 60 °C – 130 °C which can be associated with the removal of absorbed water [69]. 

The moisture loss during the DSC thermal treatment is common, even with samples dried 

right before the analysis [231]. The second broad endothermic band occurred from about 

190 °C and continued till the ending point at about 300 °C. The starting temperature of the 

second endotherm decreases with an increase of LGS content: for LGS-0.1, the second 

endothermic band starts at around 210 °C while for LGS-1.0 it starts below 190 °C. This 

endotherm can be associated with the degradation of LGS, therefore with the increase of LGS 

contents the starting temperature decreases. It has been reported that thermal degradation 

starts at about 175 °C for pure LGS [212], which is in good agreement with the experimental 

data that the removal of LGS was observed at about 190 °C in LGS-1.0. The temperature of 

LGS degradation observed in the POMA-LGS composites (especially in LGS-0.1) is higher 

than the pure LGS. This is consistent with our proposed reaction mechanism (4.3.2) that 

POMA particles were absorbed onto the surface of LGS therefore LGS was not as exposed to 

the thermal treatment as in the case of pure LGS reported in the reference [212]. 
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Figure 4-5 DSC thermograms of POMA-LGS composites with different NaLGS/OMA weight 

ratios 

It is also noteworthy that the LGS content does not have a significant effect on the thermal 

stability of the POMA-LGS composites. It is suggested that under DSC treatment conditions 

(controlled heating rate at 10 °C/min under nitrogen atmosphere), the POMA-LGS 

composites are thermally stable up to 180 °C. However its thermal stability is significantly 

lower compared to acid dopants protonated POMA (3.3.6), especially POMA-TSA which is 

thermally stable up to 220°C under the same DSC treatment condition. The relatively weak 

thermal stability of POMA-LGS composites can be attributed to the poor thermal stability of 

LGS [213]. 
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The aim of the next step is to develop POMA-based composites through melt processing; 

therefore POMA-LGS is not suitable because under the melt processing conditions, the high 

rotor speed together with the pressure would make most materials less thermally stable than 

under the controlled heating rate of DSC experiment. 

4.3.6. DPPH Scavenging Activity 

As described earlier in 2.3.7, the free radical scavenging ability can be used as an indicator of 

the antioxidant capacity. Conducting polymers have been reported to effectively scavenge 

DPPH free radicals and thus show antioxidant activity [25, 152, 153]. In Figure 4-6 results 

are presented in terms of the micro-moles of DPPH scavenged per mg of conducting polymer 

in a period of 24 hours. The radical scavenging capacity of POMA was added for comparison. 

It was found that the composite with a higher NaLGS component showed a higher free 

radical scavenging capacity, with about 1.2 µmol DPPH scavenged by 1 mg of POMA while 

about 2.1 µmol and 3 µmol DPPH scavenged by 1 mg of LGS-1.0 and pure NaLGS, 

respectively. The amount of DPPH scavenged by LGS-1.0 is almost the same as hydrochloric 

acid doped POMA (POMA-HCl as in Figure 3-7). 
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Figure 4-6 Free radical scavenging results for POMA-LGS composites with different 

NaLGS/OMA weight ratios 

NaLGS itself has been shown to act as a radical scavenger [219], as established using the 

DPPH assay. Gizdavic-Nikolaidis et al. reported that PANI-LGS is very effective scavenger 

of DPPH radicals, with 2.4 DPPH radicals scavenged per aniline unit [153]. Thus, it is 

reasonable to expect a higher DPPH scavenging capacity with an increased LGS content. 

It has been reported that the specific surface area is a determining factor in the free radical 

scavenging ability of PANI synthesized with different dopants [151]. In the previous chapter 

similar behavior of POMA has been suggested. As seen from the SEM micrograph (Figure 

4-3), the diameters of POMA spheres decreased with an increase in NaLGS/POMA weight 

ratio, leading to higher POMA specific surface areas (Table 4-2). In the meantime more LGS 
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particles were fractured with an increase in NaLGS/POMA weight ratio; this would lead to a 

higher specific surface area of the LGS, which would also help increase the scavenging 

activity. A recent study carried out by Nand et al. showed that the oxidation level of the 

conducting polymer was a significant factor in the radical scavenging ability of polyaniline 

[25]. Similar results were reported for polypyrrole and poly(3,4-ethylenedioxythiophene) 

(PEDOT) [152, 186]. For the POMA-LGS composites, a higher NaLGS/POMA weight ratio 

led to a lower oxidation level as established by the FTIR (Figure 4-1) and UV-vis spectra 

(Figure 4-2), and this could also have contributed to a higher anti-oxidant activity. Thus, we 

conclude that the NaLGS/POMA weight ratio affects the structure, morphology and specific 

surface area of the composites, which in turn controls the free radical scavenging ability. 

4.3.7. Anti-microbial activity 

As discussed in 2.3.8, the anti-microbial activities of PANI and its derivatives have been 

reported. In Chapter 3 the anti-microbial activity of POMA synthesized with different acidic 

dopants was tested using the minimum bactericidal concentration (MBC) protocol. Herein, 

the anti-microbial activity of the POMA-LGS composites against E. coli 25922 and S. aureus 

6838 are also tested, using the same protocol as described in detail in 3.2.3. NaLGS was also 

tested as the control sample and the results are presented in Table 4-3. 
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Samples Minimum Bactericidal Concentration (w/v) 

 E. coli 25922 S. aureus 6838 

POMA >2% 0.5% 

LGS-0.1 >2% 0.25% 

LGS-0.2 >2% 0.25% 

LGS-1.0 >2% 0.25% 

NaLGS >2% 2% 

Table 4-3 Minimum bactericidal concentration of POMA-LGS composites with different 

NaLGS/OMA weight ratios 

From Table 4-3, it is seen that all samples, including the NaLGS control, showed anti-

microbial efficacy against S. aureus 6838 and none of the tested samples exhibited anti-

microbial activity against E. coli 25922 at the tested concentration. The same anti-microbial 

potency result was obtained for POMA synthesized with different acidic dopants (Table 3-5).  

In a recent study the anti-microbial activity of LGS has been tested against a series of 

microbial strains, including Escherichia coli CECT 515 and Staphylococcus aureus CECT 

240, by the disk diffusion method in agar [232]. The study found that in general, LGS 

showed no antimicrobial activity against most of the micro-organisms, including Escherichia 

coli CECT 515, which is the same as the obtained anti-microbial result for NaLGS against E. 

coli 25922. In the report they have found some evidence of inhibition against the Gram-

positive S. aureus CECT 240 and B. thermosphacta CECT 847 and that S. aureus is the most 
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sensitive bacteria. It is also in agreement with the data that some anti-microbial activity of 

NaLGS against S. aureus 6838 was observed (2 wt %). 

It is noteworthy that although NaLGS showed much weaker anti-microbial activity against S. 

aureus 6838 compared to POMA, stronger anti-microbial efficacy was observed in the 

POMA-LGS composites compared to POMA synthesized in the absence of LGS. This can be 

explained by the surface area and also can be related to the proposed reaction mechanism. 

Firstly, the POMA-LGS composites possess higher specific surface areas (Table 4-2) than the 

POMA (Table 3-4), therefore based on the anti-microbial results obtained for the different 

acids doped POMA (3.3.9) it is consistent with the hypothesis that higher specific areas could 

enhance the anti-microbial efficacy. Secondly, according to the POMA-LGS formation 

mechanism described in 4.3.2, LGS acted as the role of particulate adsorbent and POMA 

micro/nano spheres were the attached adsorbate. In other words, the surface of the POMA-

LGS was mainly composed of layers of POMA particles; therefore, most of the active agents 

in the POMA-LGS are the more active POMA particles rather than the less active LGS 

segments. 

4.4. Conclusion 

Poly(o-methoxyaniline)-Lignosulfonate (POMA-LGS) composites with different LGS 

contents were successfully synthesized through oxidative chemical polymerization. It was 

found that the NaLGS/POMA weight ratio had a major effect on the structure and physical 

properties of the composites. More LGS was incorporated into the composite with an increase 

in the NaLGS/POMA weight ratio as expected. The degree of oxidation decreased while AC 

conductivity increased with an increase in LGS content. A new composite formation 

mechanism was proposed, with LGS serving as adsorbent and POMA micro/nano spheres as 

the attached or embedded adsorbate. The sulfate groups produced by the ammonium 
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persulfate dissociation acted as the main dopant and were incorporated into the polymers, as 

evidenced by elemental analysis and spectral techniques. The morphology of the composites 

was also affected by the NaLGS/POMA weight ratio. The increase in NaLGS/POMA weight 

ratio led to smaller POMA particles, a higher specific surface area and lower degree of 

oxidation, which in turn led to higher free radical scavenging, suggesting a potential 

antioxidant application. The radical scavenging of the LGS per se made a further positive 

contribution to the antioxidant effect. Even though only relatively weak anti-microbial 

activity against S. aureus 6838 was shown by LGS, the POMA-LGS composites showed 

higher anti-microbial efficacy against S. aureus 6838 than POMA, possibly enhanced by the 

specific surface area. 
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Chapter 5. Synthesis and Characterization of Polyaniline – Poly(o-

methoxyaniline) Composites 

5.1. Introduction 

5.1.1. Copolymerization – Another Approach toward Processability 

As described in Chapter 1, the research interest in poly(o-methoxyaniline) (POMA) stemmed 

from polyaniline (PANI). The study of POMA, together with other derivatives of PANI, was 

inspired by their significantly improved processability compared with pristine PANI. In 

addition to homopolymerization of aniline derivatives such as POMA, and the protonation of 

aniline and/or its derivatives with inorganic or even polymeric dopants, copolymerization of 

aniline and its derivatives, or different aniline derivatives, were also attempted to overcome 

the processability issue of PANI. The copolymerization of aniline with its derivatives, such as 

o-methoxyaniline (OMA) [233-235], o-aminoaniline [236], toluidine [237], ethyl 3-

aminobenzoate [238] and even pyrrole [239] have been reported. Copolymers composed of 

aniline derivatives (without the parent aniline units) [240] and even three repeat unit have 

also been investigated [241]. In most of these copolymer-related studies, the 

copolymerizations were usually carried out in a solution of mixed monomers in acidic 

reaction media, with a strong oxidant such as ammonium persulfate as the initiator [238]. 

Generally the as-synthesized copolymers were characterized by elemental analysis and 

spectroscopic methods; while the possibility of formation of polymeric composites composed 

of copolymers and corresponding homopolymers have been largely overlooked.  
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5.1.2. Copolymer vs. Composite 

Copolymer is defined as a polymer with two or more different monomers polymerized into 

the same chain. [242] Composite is defined as multicomponent material comprising multiple 

different (nongaseous) phase domains in which at least one type of phase domain is a 

continuous phase. A polymer composite is a composite in which at least one component is a 

polymer. [91] Therefore, copolymers and composites are quite different structures and are not 

interchangeable as in the way of composites and blends.  

It has been well accepted that the nature of the substituent groups, especially their polar 

effects, strongly affects the structure and properties of the aniline derivatives. Electron-

withdrawing groups such as carboxylic groups or nitro groups generally deactivate the 

aromatic system and retard the polymerization reaction, leading to low yield and slow 

reaction rate [236, 238]. On the contrary, electron-donating groups such as the methoxy 

group of OMA favor protonation and propagation, resulting in lower oxidation potential of 

monomer and oligomers and therefore higher polymerization yield [72]. This polar effect, 

possibly together with the steric effect induced by the substituent groups, would result in 

large reactivity differences between the corresponding monomers dissolved in the reaction 

medium where the copolymerization were initiated by the addition of oxidant. Therefore, the 

preferential polymerization of monomer with lower oxidation potential can be expected, and 

have been reported [234]. In a recent study [233], it was reported that when aniline and OMA 

were chemically polymerized from the same reaction medium, OMA showed a strong 

tendency toward homopolymerization into POMA structures rather than copolymerization 

into poly(aniline-co-o-methoxyaniline), although the formation of some random copolymers 

of poly(aniline-co-o-methoxyaniline) cannot be ruled out. Therefore, in the case of 

chemically copolymerization of aniline and its derivatives, it is likely that polymer 

composites, instead of copolymers, are formed during the chemical oxidative polymerization. 
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These polymer composites could comprise of different homopolymers generated from the 

corresponding monomers, and also some random copolymers, especially when the chemical 

synthesis was performed without any kinetic control, which is quite common in the 

traditional chemical oxidative polymerizations. Therefore, the formation of uniform 

copolymer structures cannot be taken for granted. 

5.1.3. Research Objective 

In this chapter, aniline and o-methoxyaniline were mixed and then polymerized by chemical 

oxidative polymerization. The aim of this study is to first understand the reaction mechanism 

under the conditions of standard chemical oxidative polymerization: when these two 

monomers were mixed and oxidative polymerization was performed without further kinetic 

control, whether copolymers in the form of poly(aniline-co-o-methoxyaniline) or a composite 

structure comprising PANI and POMA were formed. The study also aims to check the effect 

of composition (in terms of POMA content) on the properties of the final products. 

5.2. Experimental 

5.2.1. Chemicals 

Aniline (99%), o-methoxyaniline (OMA, 99%), ammonium persulfate (APS, 98%) and para-

toluene sulfonic acid (TSA, 98.5%) were all purchased from Sigma-Aldrich. All chemicals 

were used as received without further purification. 

5.2.2. Chemical Oxidative Polymerization 

The two monomers, aniline and o-methoxyaniline, with different molar ratios (100/0, 75/25, 

50/50, 25/75 and 0/100 for [aniline]/[o-methoxyaniline]) were dissolved in 1 M TSA solution 

and polymerization was initiated by the addition of the oxidant of ammonium persulfate 
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(APS). In a typical polymerization reaction, 0.2 mol TSA was first dissolved in 150 mL 

deionized water; followed by the dissolution of a total of 0.02 mol monomer (aniline and/or 

OMA). 0.025 mol ammonium persulfate (APS, with a molar ratio of o-methoxyaniline: APS 

of 1:1.25) was dissolved in 50 ml deionized water then added into the monomer solution. The 

reaction was left under constant magnetic stirring at 400 rpm at room temperature for 5 hours. 

The resulting polymer precipitate was then washed repeatedly with deionized water until the 

filtrate became colorless. Finally the product was dried in an oven at 40 °C for 24 h and 

collected in the form of a powder. 

5.2.3. Characterization 

Elemental analysis was performed by the Campbell Micro-analytical Laboratory at the 

University of Otago, Dunedin, New Zealand. 

Room temperature electrical conductivity was measured by the standard four-probe method 

the same way as the different acids doped POMA described in section 3.2.3. 

Fourier transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM) 

were performed under the same conditions as described in sections 3.2.3 and 4.2.3. 

BET surface areas of the PANI-POMA composites were measured the same way as the 

POMA-LGS composites (see 4.2.3). 

The antioxidant activity of the PANI-POMA composite samples was assessed via reaction 

with 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals. Detailed test protocol is presented 

in 2.3.7. 

Anti-microbial activity of the samples was determined as the minimum bactericidal 

concentration (MBC) against Escherichia coli (E. coli) 28922 and Staphylococcus aureus (S. 

aureus) 6538. The detailed protocol is listed in section 2.3.8. 
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5.3. Results and Discussion 

5.3.1. Composition Analysis 

Elemental analysis results of the tested samples are presented in Table 5-1. Due to the 

limitation of the method adopted by the Campbell Micro-analytical Laboratory, oxygen 

content cannot be directly examined and was determined by difference as a rule of thumb. 

The actual aniline unit content (aniline unit %, the last column of Table 5-1) was calculated 

using the C/N ratio based on the C/N ratio of the tested PANI sample (8.44) and POMA 

(12.71). The aniline unit % determined by the C/N ratio is in good agreement with the 

corresponding aniline/o-methoxyaniline monomer molar ratio in the feed, suggesting that 

most of the monomers were consumed in the polymerization and incorporated into the final 

product. In a previous study, the elemental analysis result (the C/N ratio to be exact) has been 

used as a tool to determine the aniline unit composition in copolymers of poly(aniline-co-

ethyl-3-aminobenzoate) and poly(aniline-co-3-aminobenzoic acid) [238]. However it should 

be noted that the aniline unit composition determined from the C/N ratio of the elemental 

analysis could only provide information about the relative amount of aniline repeat unit to the 

aniline derivative (in this case o-methoxyaniline) repeat unit in the analyzed samples, but 

could not distinguish the formation of copolymer or a composite based on different 

corresponding homopolymers and possibly some copolymer structure. 

From Table 5-1 it is found that with an increase of o-methoxyaniline content, the nitrogen 

and sulfur contents decreased while the C/N value as well as the oxygen content increasing. 

The successful incorporation of the main dopant p-toluene sulfonic acid (TSA) into the 

polymeric backbones of the composites can be confirmed by the C/N values: the theoretical 

C/N values of the undoped PANI and POMA are 6 and 7, respectively, which are 

substantially lower than the experimental C/N values of TSA doped PANI (8.44) and POMA 
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(12.71). The successful protonation of the polymer structure by TSA can be further proved by 

the presence of the sulfur content, although the sulfur provided by the incorporation of sulfate 

groups generated from the dissociation of the oxidant APS cannot be ruled out [39, 42, 197, 

227]. With an increase of POMA content, the doping level of the composites decreased, 

which is directly evidenced by the decrease of the sulfur content. The decrease of doping 

level can be explained by the steric effect caused by the methoxy group from o-

methoxyaniline, which would hinder the spatial pathway for the dopant (especially the 

relatively larger TSA- anion compared to the traditional Cl- anion in HCl medium) to be 

incorporated into the polymeric backbone [45, 243]. 
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Sample C (%) H (%) N (%) S (%) O (%) C/N 
Aniline unit 

(%)* 

PANI 62.74 5.09 8.67 6.57 16.93 8.44 100 

P75O25 60.29 5.20 7.41 6.55 20.55 9.49 75.4 

P50O50 62.78 4.93 7.06 3.25 21.98 10.37 54.7 

P25O75 62.93 4.99 6.28 2.03 23.77 11.69 23.8 

POMA 61.33 4.79 5.63 2.19 26.06 12.71 0 

* aniline unit % is calculated based on C/N molar ratio of PANI (8.44) to POMA (12.71) 

Table 5-1 Elemental composition of PANI-POMA composites 

 

Sample Electrical Conductivity (S cm-1)* 

PANI 8.9 

P75O25 5.2 

P50O50 1.5×10-1 

P25O75 1.5×10-2 

POMA 2.8×10-3 

Table 5-2 Electrical conductivity of PANI-POMA composites 
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5.3.2. Electrical Conductivity 

The room temperature electrical conductivity of these TSA doped PANI-POMA composites 

are presented in Table 5-2. The conductivity decreased with a decrease of PANI content in 

the composites as expected, because PANI-TSA has a conductivity value about three orders 

of magnitude higher than that of POMA-TSA. The relative order of conductivity of TSA 

doped PANI and POMA parallels the relative order that was reported for HCl doped PANI 

and POMA [244]. It has been pointed out in electron localization studies on alkoxy PANI 

derivatives (including POMA) that the electrical conductivity decreased upon incorporation 

of substituent groups due to an increase in electronic localization or a reduction in π 

conjugation [71, 245]. The increase of localization is expected to decrease conductivity by 

about three orders of magnitude as proposed in reference [245], which is agreeable with the 

obtained experimental conductivity values. The decrease of conductivity with an increase of 

POMA content can also be related to the torsional angle between adjacent rings caused by the 

steric strain of the methoxy substituent groups induced to the aromatic systems [45]. Based 

on the elemental analyses, the decrease of conductivity with higher POMA content is also 

directly associated with the decrease in doping level, which was reported to directly 

correspond to the electrical conductivity of these conducting polymers [246]. The relatively 

low doping level in POMA compared to that in PANI is also attributed to the steric effect of 

the substituent methoxy group: the processability is significantly improved upon introduction 

of these substituent groups at the expense of electrical conductivity to a certain degree. 
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5.3.3. FTIR Spectroscopy 

 

Figure 5-1 FTIR spectra of PANI-POMA composites with different POMA contents 
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The FTIR spectra of the as-synthesized PANI-POMA composite powders are shown in 

Figure 5-1. The same as different acidic dopants protonated POMA (3.3.2) and POMA-LGS 

composites (4.3.3.1), the peaks at 1582 cm-1  and 1496 cm-1 are characteristic of C=C 

stretching of quinonoid and benzenoid rings of PANI and POMA backbones, respectively 

[47]. With an increase in POMA content, the relative intensity of the quinonoid peak (1582 

cm-1) to the benzenoid peak (1496 cm-1) increased, which could be related to the decrease of 

doping level. The decrease of sulfur content in the elemental analysis (Table 5-1) with an 

increase of POMA content further confirmed the decreased doping level. As described in 

3.3.2, Epstein and co-workers had pointed out that upon protonation the redox reaction would 

occur on the PANI backbones, with some quinonoid rings reduced to benzenoid rings, 

followed by bipolaron separation to single polarons by coulombic repulsion [171]. In Chapter 

3 it has been proposed that POMA protonated with acidic dopants, including para-toluene 

sulfonic acid (TSA), would undergo the similar mechanism (Scheme 3-2). Therefore, an 

increase of the quinonoid peak absorption relative to the benzenoid peak absorption in the 

FTIR spectrum is expected to relate to a decrease of doping level, which is consistent with 

both the FTIR spectra and the elemental analysis results. The decreased electrical 

conductivity with an increase of POMA content could also indicate the decreased doping 

levels in these PANI-POMA composites (5.3.2). 

The strong absorption peak centered at 1309 cm-1 in PANI spectrum is due to C-N stretching 

of secondary aromatic amine [182]. Its intensity decreases with an increase in POMA content 

and blue-shifted to about 1288 cm-1 in POMA, suggesting a decreasing amount of secondary 

aromatic amine. As can be seen in the chemical structures of PANI (Scheme 1-4) and POMA 

(Scheme 1-6), the secondary aromatic amine is directly related to amine nitrogens in the 

benzenoid structures while imine nitrogens exist in the quinonoid structures. Therefore, with 

an increased POMA content, a decreasing amount of secondary aromatic amine is directly 
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associated with a higher amount of quinonoid structure, consistent with the increased relative 

intensity of the quinonoid peak (1582 cm-1) to the benzenoid peak (1496 cm-1) described in 

the previous paragraph. A previous study reported that a strong absorption peak at 1380 cm-1 

exists in the emeraldine base form of PANI or its derivatives [179]. This peak is absent in all 

the spectra of these PANI-POMA composites, confirming a successful protonation of the 

PANI-POMA composites by TSA in the emeraldine salt form. The strong peak at 1161 cm-1 

in the PANI spectrum is assigned to the C-H in-plane bending mode of the quinonoid 

structure [179], and this band has been used as an ‘electronic band’ as well as an indication of 

electron delocalization [19, 128, 129, 247]. This band red-shifted from 1161 cm-1 in the PANI 

spectrum to 1179 cm-1 in the POMA spectrum with its intensity substantially decreased with 

higher POMA content. This decrease of ‘electronic band’ absorption is consistent with the 

lower doping level and the measured electronic conductivity values. The strong absorption in 

the POMA spectrum centered at 1210 cm-1 is assigned to the asymmetric aromatic C-O-C 

stretching vibration of the methoxy group in the POMA units [72, 248]. This peak is absent in 

the PANI spectrum and its intensity increases with an increase in POMA content as expected. 

The peak at 1030 cm-1 is widely accepted as owing to the S=O stretching of the sulfonate 

groups from the dopant TSA as well as dissociation of the oxidant APS [22, 25, 36, 42, 103, 

197, 198, 226, 227, 243]; while the peak at 1011 cm-1is due to the aromatic C-H in-plane 

bending [22]. These two peaks combined as the POMA content increased to about 75%. This 

could be due to the appearance of another POMA related peak as an absorption peak at about 

1025 cm-1 has been reported in POMA and assigned to the C-O-C stretching of alkyl aryl 

ether linkage [57, 73, 82, 88, 243]. Therefore, it is tentatively suggested that the three 

absorption peaks overlapped and merged into one broad peak with the increase in POMA 

content. 
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The peak at 820 cm-1 is due to C-H out-of-plane bending in 1,4-disubstituted rings which 

exist in the PANI backbones [20, 42, 129, 179, 247]. With an increase in POMA content the 

intensity of this band decreases, while a shoulder at about 880 cm-1 appears. This shoulder is 

assigned to C-H out-of-plane bending in 1,2,4-trisubstituted rings [179]. The increase of its 

intensity indicates an increase of ortho-substitution in the polymeric backbone of the PANI-

POMA composites with an increase of POMA content. The peak at 685 cm-1 is assigned to 

the S-O stretching vibration of the dopant TSA [227]. The presence of this peak is another 

proof of the successful protonation of the PANI-POMA composite by TSA. 

In order to check the possibility of copolymer or composite formation as well as the 

interaction between PANI and POMA, the subtraction between the average of PANI and 

POMA and P50O50 was performed using the Omnic ESP software (version 7.1). The 

subtracted spectrum is presented in normalized absorption units with the original spectra in 

the bottom in Figure 5-2. Based on the subtracted FTIR spectrum, it is suggested that no 

particular absorption peak but only noise signals appeared, suggesting that there was no 

substantial interaction between PANI and POMA. This could be indicative that polymer 

composites mainly composed of homopolymers of PANI and POMA, instead of a uniform 

copolymer structure, were obtained by the as-used chemical oxidative polymerization. 

However the possibility of formation of some random copolymer units cannot be ruled out. 

The formation of copolymer or composite structure will be further discussed in the later 

paragraphs. 
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Figure 5-2 FTIR subtraction spectra between the average of PANI and POMA and P50O50 
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5.3.4. Composite Morphology 

 

Figure 5-3 SEM images of PANI-POMA composites with different POMA contents: (A) PANI; 

(B) P75O25; (C) P50O50; (D) P25O75 and (E) POMA 

SEM images of the PANI-POMA composites with different POMA contents are presented in 

Figure 5-3. Based on these images, it is indicative that a composite structure (PANI-POMA) 

rather than uniform copolymers were formed by the chemical oxidative synthesis. The PANI-
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POMA composites is likely to be comprised of homo-polyaniline (PANI), homo-poly(o-

methoxyaniline) (POMA), and possibly some random copolymers.  

When PANI was synthesized without o-methoxyaniline (OMA) in TSA (Figure 5-3 (A)), 

PANI nanofibers with relatively uniform diameters (in the range 100 – 200 nm) were formed; 

while when OMA was polymerized without aniline in TSA (Figure 5-3 (E)), plate-like 

structures were obtained. In the PANI-POMA composites (Figure 5-3 (B), (C), (D)), the 

presence of binary structures were clearly observed, contrary to a single uniform structure as 

is expected in copolymers. The binary structures confirmed the formation of composites, but 

not copolymers. In a recent study [233], although no direct morphology study was performed, 

it was claimed that when OMA and aniline were mixed in a highly acidic solution (HCl) and 

initiated with a strong oxidant (APS), OMA showed a larger tendency toward 

homopolymerization rather than toward copolymerization with aniline. Therefore, the 

formation of a single poly(aniline-co-o-methoxyaniline) copolymer structure cannot be taken 

for granted using the chemical oxidative polymerization. 

The formation of different morphologies in PANI (nanofibers, Figure 5-3 (A)) and POMA 

(micro-plates, Figure 5-3 (E)) synthesized in the same reaction medium (highly acidic para-

toluene sulfonic acid) can be explained as follows. In the case of PANI, at the very beginning 

aniline was completely dissolved in the TSA solution, and when the strong oxidant was 

added into the reaction medium, aniline monomers were oxidized and reacted with each other 

to form aniline oligomers. Then these as-formed aniline oligomers possessed a lower 

oxidation potential than aniline monomers and were further oxidized into pernigraniline, 

which would produce stacks that were stabilized by π – π interactions, and these polymeric 

chains grew perpendicularly from single stacks that produced the body of a nanofiber [36]. 

The growth of nanofibers was preferred over the start of new nanofibers, thus extending its 

one-dimensional columnar structure [36]. Another study had pointed out that nanofiber may 
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be a natural morphology for PANI synthesized by chemical oxidative polymerization without 

any extra structural directing agents [249]. Compared with aniline, the methoxy group on the 

ortho position of OMA modified the structure of the methoxyaniline oligomers and affected 

their subsequent assembly. Since the incorporation of the methoxy side group could cause 

torsional angle due to its steric effect [45], these OMA oligomers were difficult to stack as 

regularly as aniline oligomers, and their random aggregation was expected to lead to the 

irregular morphology [36], as observed in Figure 5-3 (E). 

5.3.5. Reaction Mechanism: Composite Formation 

The composite formation can be explained by the chemical reactivity difference between the 

two monomers, aniline and o-methoxyaniline. The methoxy group at the ortho position in o-

methoxyaniline (OMA) exhibits strong electron-donating effect. Therefore, the OMA 

structure is more electron-rich than the aniline structure. It has been well elucidated by open-

circuit-potential (OCP) in a previous study that the chemical oxidative polymerization of 

aniline proceeds via electrophilic aromatic substitution [34], therefore, upon addition of the 

strong oxidant (APS), OMA monomers, rather than unsubstituted aniline monomers, were 

first oxidized into dimers and oligomers due to their higher reactivity and lower oxidation 

potential compared to aniline [72, 234]. Once the OMA oligomers were formed, they were 

expected to possess even lower oxidation potential than OMA monomers [51], therefore 

these OMA oligomers would have priority to form POMA polymeric chains in the 

pernigraniline form, which has been proved to be an intermediate during the chemical 

oxidative polymerization [34, 36, 40]. The POMA pernigraniline would be reduced to the 

emeraldine oxidation state of POMA commonly by the more reactive OMA monomers 

compared to aniline monomers. Therefore, during the whole oxidative polymerization 

process, POMA was almost exclusively formed first, although it is also likely that some 
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aniline monomers were incorporated into the growing polymeric backbones. With the 

consumption of OMA monomers, aniline monomers started to be initiated and PANI was 

formed in the reaction medium. Therefore, at the end of the polymerization, PANI-POMA 

composites, rather than poly(aniline-co-o-methoxyaniline) were obtained.  

5.3.6. Surface Area 

The specific surface areas of the TSA doped PANI-POMA composites with different POMA 

contents are presented in Table 5-3. The test has been repeated with new batch of samples 

and similar results, especially the same relative order of the surface area of these samples 

were obtained. All the samples gave linear BET plots with positive y-axis intercepts, 

confirming that the adsorption data for all samples obeys a BET isotherm. The obtained 

PANI-TSA has a larger surface area than previously reported PANI synthesized by chemical 

oxidative polymerization. Nand et al. prepared HCl doped PANI (PANI-HCl) with a specific 

surface area of 28 m2 g-1 [25]. In other reports, PANI-HCl with surface area of only 15 - 18.8 

m2 g-1 was obtained by chemical oxidative polymerization initiated by the same oxidant of 

APS [250, 251]. The large surface area PANI nanofibers obtained in this study might be 

crucial for some potential applications such as sensors. 
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Sample Surface Area/m2 g-1 

PANI 37 

P75O25 46 

P50O50 32 

P25O75 12 

POMA 4.1 

Table 5-3 BET specific surface areas of PANI, P75O25, P50O50, P25O75 and POMA (samples 

degassed at 60°C) 

The surface area of the composite samples decreases with an increase in POMA content, 

except for P72O25. The surface area values of these samples are supported by their 

morphology (as shown in Figure 5-3). The surface area of POMA is almost 10-fold lower 

than that of PANI. This is expected as the flake-like micro-plate morphology of POMA is 

observed under SEM (Figure 5-3 (E)) compared with the nanofiber morphology observed in 

PANI (see Figure 5-3 (A)). The surface area of the nanofibers is expected to be significantly 

higher than the micro-plates, which is in good agreement with the experiment values. In the 

case of P25O75, as can be seen in Figure 5-3 (D), a large portion of the particulate structure 

is covered by the micro-plates of POMA while the PANI nanofibers seem to be “wrapped” 

inside. Therefore the surface area of P25O75 is significantly lower than PANI, P75O25 and 

P50O50. While in the case of P50O50 (see Figure 5-3 (C)), only a small part of the 

particulate is actually covered by the micro-plate of POMA while most of the surface is 

composed of nanofibers, therefore the surface area of P50O50, although lower, is still 

comparable to that of PANI. It is interesting that the surface area of P75O25 is higher, instead 
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of lower than PANI. From the micrographs it is seen that similarly like PANI (Figure 5-3 

(A)), the particle of P75O25 is also covered by nanofibers (Figure 5-3 (B)). The fact that 

P75O25 has higher surface area than PANI can be explained by the reaction mechanism 

proposed in the previous sector (5.3.5). As proposed, when aniline and o-methoxyaniline 

(OMA) were both dissolved in TSA and the reaction initiated upon addition of the oxidant of 

APS, due to the higher reactivity and lower oxidation potential OMA monomers were 

expected to polymerize first into OMA oligomers and POMA. However in the case of 

P75O25, before the polymerization was initiated the concentration of OMA is only one third 

of that of aniline. With the addition of APS, the OMA monomers were firstly consumed and 

OMA oligomers or POMA structures were formed, followed by the polymerization of aniline 

monomers and formation of PANI nanofibers which grew on top of the formed OMA 

oligomers or POMA particles. However the low concentration of OMA in the reaction 

medium would limit the size of the firstly formed OMA oligomers, even the formation of 

POMA polymeric structure can be doubted. Because of the relatively small OMA oligomers 

or POMA ‘nucleates’, the final particles might be smaller compared with pure PANI particles, 

as in PANI the size of the ‘nucleates’ were not limited by monomer concentration. Therefore 

more particles covered with PAI nanofibers were obtained in P75O25 compared with the case 

of PANI, and the surface area for P75O25 is higher than PANI. 

5.3.7. DPPH Scavenging Activity 

As described in the experimental part (see 2.3.7), the DPPH scavenging capacity can be used 

as an indicator of antioxidant capacity of the samples. The DPPH scavenging activity of 

different acids doped POMA and POMA-LGS composites have been evaluated in 3.3.7 and 

4.3.6, respectively. In previous studies the DPPH radical scavenging activity of PANI has 

also been reported [25, 151]. However to the best of our knowledge, the DPPH scavenging 
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capacity of PANI-POMA composites have not yet been reported. In this section the DPPH 

radical scavenging capacity of PANI-POMA composites are presented in terms of the micro-

moles of DPPH scavenged per milligram of PANI-POMA composites in a period of 24 h. 

The result is shown in Figure 5-4. 

 

 

Figure 5-4 Free radical scavenging ability of PANI-POMA composites with different POMA 

contents 

The tested DPPH free radical scavenging ability of POMA (doped with TSA here) in this test 

is very close to that tested in 3.3.7 (POMA-TSA in Figure 3-7). The DPPH radical 

scavenging capacity of the PANI-POMA composites is in the order of P25O75 > P50O50 > 
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POMA > P75O25 > PANI, with 1.50 µmol DPH scavenged by 1 mg of P25O75 in 24h while 

0.87 and 1.15 µmol DPH scavenged by 1 mg of PANI-TSA and POMA-TSA, respectively. 

A previous study has reported that due to the electron donating methoxy substituent which 

could produce a resonance stabilized radical, the monomer of o-methoxyaniline has almost a 

200-fold higher DPPH radical scavenging capacity than aniline [153]. Therefore it is 

reasonable to expect a higher DPPH scavenging capacity of the PANI-POMA composites 

with higher POMA content. This is agreeable with the experimental data except for the pure 

POMA, which has DPPH scavenging capacity only slightly higher than that of P75O25. 

Conclusions drawn from Chapter 3 and Chapter 4 suggested that the free radical scavenging 

capacity of both POMA and POMA-LGS was determined by the specific surface area of the 

particles. Due to the much smaller surface area of POMA (see Table 5-3), its radical 

scavenging capacity is weakened to some extent and is comparable to P50O50. Therefore it is 

tentatively suggested here that the DPPH free radical scavenging capacity of the PANI-

POMA composites was determined by a combined effect of the POMA contents and the 

specific surface area. 

5.3.8. Anti-microbial Activity 

The anti-microbial activity of the PANI-POMA composites was assessed as their minimum 

bactericidal concentration (MBC) against E. coli 28922 and S. aureus 6538. Detailed 

characterization protocol has been provided in 5.2.3. The results are listed in Table 5-4. The 

tested samples did not show anti-microbial activity against E. coli 28922 at the concentrations 

tested. However, all samples showed activity against S. aureus 6538. The same behavior has 

been observed in different acids doped POMA (Table 3-5 and 3.3.9) and POMA-LGS 

composites (Table 4-3 and 4.3.7). 
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Samples Minimum Bactericidal Concentration (w/v) 

 E. coli 28922 S. aureus 6538 

PANI >2% 0.25% 

P75O25 >2% 0.125% 

P50O50 >2% 0.25% 

P25O75 >2% 0.25% 

POMA >2% 0.5% 

Table 5-4 Minimum bactericidal concentration of PANI-POMA composites with different POMA 

contents 

It has been proposed that the anti-microbial activity of aniline-based conducting polymers 

took effect through electrostatic adherence between polymer molecules and bacteria, leading 

to the destruction of the bacterial cell walls and leakage of the intra-cellular fluids, and thus 

death of the bacteria [27]. A previous study pointed out that the anti-microbial activity of 

these aniline-based conducting polymers might stem from their ability to target the operations 

of multiple and diverse cellular processes, therefore making these materials suitable for use as 

tissue engineering, anti-microbial wound dressing and even food packaging and medical 

devices [155]. In Chapter 3 it is found that dopant does not have significant influence on the 

anti-microbial activity of POMA, and that the efficacy against S. aureus may be related to the 

specific surface area of POMA particles. The same is observed in the PANI-POMA 

composites, as P75O25 shows the highest efficacy against S. aureus, which might be 

enhanced by its high specific surface area (see Table 5-3). 
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5.4. Conclusion 

Aniline and o-methoxyaniline was mixed in p-toluene sulfonic acid (TSA) and chemically 

polymerized using ammonium persulfate (APS) as the oxidant. Polyaniline – poly(o-

methoxyaniline) (PANI-POMA) composites with different POMA contents, instead of 

copolymers, were obtained. The formation of composites was directly proven by binary 

structures observed under SEM and explained by the reactivity difference between the 

corresponding monomers of aniline and o-methoxyaniline. The methoxy group also affected 

the morphology, as PANI nanofibers were obtained while POMA micro-plates were formed 

under the same conditions. The composite morphology was agreeable with the measured 

surface area, which decreased with an increase of POMA content. The DPPH free radical 

scavenging capacity of the composites was found to be affected by a combined effect of 

POMA contents and surface area. All PANI-POMA composites showed activity against S. 

aureus 6538, but not at the concentrations tested against E. coli 28922. 
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Chapter 6. Synthesis and Characterization of Poly(o-methoxyaniline) 

– EVA Composites 

6.1. Introduction 

6.1.1. Novel ICP-based Composite Material 

As discussed in Chapter 1, the research interest in PANI was invoked owing to its much 

better environmental stability compared to polyacetylene. PANI was re-discovered as an 

electrically conducting polymer in 1980 [21]. Together with the relatively high electrical 

conductivity, its functional properties including anti-oxidant [25, 151, 206] and anti-

microbial activities were reported [27, 154, 187]. However as an intrinsically conducting 

polymer (ICP), PANI is fundamentally different from traditional thermoplastic polymers: its 

processability and mechanical properties are significantly low, which has restricted the large-

scale application of PANI [93]. So far the idea of preparing a novel composite material based 

on ICP and thermoplastic matrix is widely accepted as the most promising to the solution of 

the low processability for large-scale applications [67, 93, 96, 252, 253], as it offers the 

possibility of combining the excellent mechanical properties and processability of 

thermoplastic matrix polymers and the electrical and functional properties of ICPs [94, 254]. 

6.1.2. Melt Blending 

As discussed in 1.5.4, composites based on ICP and thermoplastic matrix polymers are 

commonly prepared using two different approaches: solution blending and melt blending. 

Solution blending is disadvantaged by the use of organic solvents, which is now being 

spotlighted by Environmental Protection Authority (EPS) as environmentally detrimental and 



Chapter 6 Synthesis and Characterization of Poly(o-methoxyaniline) – EVA Composites 

139 
 

has led to increasing restrictions on volatile organic compound (VOC) contents. [119] On the 

other hand, melt blending is easier and cheaper than solution blending from the industrial 

point of view, especially that the conventional machinery present in the polymer industries 

can be utilized in melt processing [108]. 

6.1.3. Conducting Component: POMA-TSA 

PANI has been melt blended with a series of thermoplastic matrix polymers, including low 

density polyethylene (LDPE) [26, 118, 255], polystyrene [256], polyethylene terephthalate 

(PET) [122], styrene-butadiene-styrene tri-block copolymer (SBS) [63, 180] and ethene 

propene diene monomer rubber (EPDM) [257]. However, the compatibility between PANI 

and most of the thermoplastic matrix polymers is limited, and these PANI based melt-blended 

composites usually show much weaker mechanical properties compared to the matrix 

materials [92, 258]. For instance, Nand melt blended PANI with PET and reported that with a 

small amount of PANI loading (1% - 3%), the elongation at break showed a marked decrease 

from 46% to 0.8%, and the tensile strength also decreased by more than half from 43 MPa to 

21 MPa [122]. 

Due to the flexibility that is induced by the methoxy side groups (-OCH3) to POMA 

backbones, POMA exhibits better compatibility and miscibility with thermoplastic polymers 

than PANI [66, 108]. When polyvinylidene fluoride (PVDF) was attempted to be solution 

blended with PANI or POMA in DMF, PANI-PVDF composite cannot be prepared as a two-

phase system was obtained while POMA showed good miscibility with PVDF and a film 

composite material can be obtained [114]. The higher compatibility of POMA with other 

thermoplastic polymers compared to PANI can be related to the theory of solubility 

parameters, which will be discussed in detail later in this chapter.  
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Up to now, POMA has been solution blended with several polymer matrices, including 

PVDF [93, 96, 114, 231, 259], poly(epichlorohydrin-co-ethylene oxide) [260], 

polyacrylonitrile [261], polyurethane [60, 262], natural rubber [254] and poly(p-

hydroxystyrene)-b-polyisoprene [263]. However to the best of our knowledge, there has been 

no report about melt blending of POMA with a thermoplastic matrix, even though melt 

blending is more industrially favourable than solution blending. In this chapter, POMA was 

selected as the conducting polymer component of the composite material, with the 

expectation that POMA is more compatible than PANI with the thermoplastic matrix, and the 

POMA based composite materials could exhibit better mechanical properties due to the better 

compatibility. As reported in Chapter 3, para-toluene sulfonic acid (TSA) doped POMA 

showed the highest electrical conductivity compared with other acidic dopants. Moreover, 

POMA-TSA exhibited much higher thermal stability than POMA-MSA and POMA-HCl, 

which is crucial for melt processing. TSA has also been reported as a suitable dopant that 

provides some degree of compatibility between TSA doped PANI (PANI-TSA) and 

polymeric matrix polymers during melt processing [52, 264, 265]. Therefore, TSA doped 

POMA (POMA-TSA) was selected as the conducting component for the preparation of the 

composite material. 

6.1.4. Thermoplastic Matrix: Ethylene Vinyl Acetate Copolymer (EVA) 

In this thesis, thermoplastic material is selected as the composite matrix against thermoset, 

because thermoplastic composites have the advantages that they do not need curing and they 

are easier to recycle and can be welded [266]. As discussed in 6.1.3, various thermoplastic 

polymers can be melt blended with PANI. POMA possesses similar physical and chemical 

properties as PANI, and the processability and compatibility with thermoplastics of POMA is 
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better compared with PANI. Therefore all the thermoplastics reported as the matrix for melt 

blending with PANI are expected to be suitable matrix materials to be blended with POMA. 

As characterized by DSC (3.3.6, Figure 3-5, Figure 3-6), POMA-TSA is thermally stable up 

to about 230 °C under a controlled heating rate and inert atmosphere. However, under the 

conditions of melt blending, the strong sheer force and high pressure would undoubtedly 

affect the thermal stability of POMA-TSA. A previous study has pointed out that a dedoping 

processing, in other words dopant loss, could occur during the melt blending process which is 

not observed under the conditions of thermal stability characterization of the same ICP 

samples [258]. Therefore a thermoplastic material with low melt processing temperature is 

preferred. In addition, the incorporation of ICPs into thermoplastics generally decreases 

mechanical properties of the thermoplastics, especially the elongation at break and flexibility 

[108, 122, 180, 246, 255, 267]. Common thermoplastic materials without sufficient flexibility, 

such as polystyrene and PMMA, are therefore not as good matrix candidates as other flexible 

polymers in terms of blending with POMA-TSA. In this chapter, ethylene vinyl acetate 

copolymer (EVA) was selected because of its low processing temperature and high flexibility. 

 

 

Scheme 6-1 Chemical structure of ethylene vinyl acetate copolymer (EVA) 
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EVA is widely used for encapsulation of photovoltaic modules [148], with the polar vinyl 

acetate (VA) units randomly dispersed in the ethylene backbone, granting EVA excellent 

flexibility, fracture toughness, light transmission properties, and adhesion to other 

organic/inorganic materials [268]. Its structure is illustrated in Scheme 6-1. EVA with VA 

content ranging from 2% to 70% are commercially available, changing the copolymers from 

plastics to elastomers [147]. The polar VA groups can cause the rearrangement of polymer 

chains because of the polarity difference between ethylene and vinyl acetate. 

The matrix polarity has been reported to affect the morphology, thermal and mechanical 

properties of polymeric composites [269]. EVA is a fascinating matrix material to be used to 

investigate the effect of the matrix polarity, since the polarity of EVA is expected to increase 

with an increase in the polar vinyl acetate (VA) content [270]. It has been demonstrated that 

the increase of VA content in EVA matrix leads to better dispersions of nano-scale fillers 

(expanded graphite, multi-walled carbon nanotube and carbon nanofiber) due to the increased 

polarity and free volume [269]. 

In this chapter, POMA-TSA was melt blended with two grades of EVA copolymers with two 

different VA contents (8% and 33%), the effect of the matrix polarity and the POMA-TSA 

loadings on various properties of the composites are evaluated. 

6.2. Experimental 

6.2.1. Chemicals 

o-methoxyaniline (OMA, 99%), ammonium persulfate (APS, 98%) were purchased from 

Sigma-Aldrich, p-toluene sulfonic acid (TSA) monohydrate (97.5%) from Acros Organics. 

All materials were used as received. Two grades of EVA resin (UE508, 8%VA, labelled as 

EVA8; UE654-04, 33%VA, labelled as EVA33) were supplied by USI (Taiwan).  
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6.2.2. Synthesis of POMA-TSA 

POMA doped with para-toluene sulfonic acid (TSA) (POMA-TSA) was synthesized by 

chemical oxidative polymerization. The monomer, o-methoxyaniline (OMA, 0.105 mol) was 

dissolved in 1 M TSA solution (200 mL) by magnetic stirring, followed by dropwise addition 

of the oxidant ammonium persulfate (APS, 0.13 mol) dissolved in 1M TSA solution (100 

mL). The reaction was left at room temperature under constant stirring for 5 h, and the 

resulting POMA-TSA precipitate was washed with deionized water until colourless and 

collected by filtration. Finally the product was dried at 40°C for 48 h and POMA-TSA was 

collected after grinding into powders. 

6.2.3. Preparation of POMA-EVA composites 

POMA-EVA composites comprising the matrix polymer EVA (EVA8 or EVA33, respectively) 

and different loadings of POMA-TSA were prepared by melt blending in a Brabender® 

Plasticorder® at 95°C for 10 min with a rotor speed of 50 rpm. Composite film samples of 

about 0.4 mm thickness were compression moulded at 95°C and 2000 psi pressure for 3 min 

and cooled in air to room temperature. Various composites with 5, 10, 20 and 40 wt% of 

POMA-TSA loadings were prepared and labelled as 5POMAx, 10POMAx, 20POMAx and 

40POMAx, respectively, with the subscript x being 8 or 33, indicating the VA content of the 

matrix EVA. 

6.2.4. Characterization 

Fourier transform infrared (FTIR) analyses of the film samples were performed using the 

Smart Orbit Diamond Attenuated Total Reflection (ATR) Single Reflection accessory of a 

Thermo Electron Nicolet 8700 FTIR spectrometer. For comparison, the powder sample of 

POMA-TSA was recorded using a Germanium crystal ATR accessory. These ATR spectra 
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emerge from the evanescent wave region of the sample-element interface which is of the 

order of a couple of microns. 

Surface resistivity of POMA-EVA composites was measured according to ASTM D257-07 

standard. The film samples were cut into 100 mm in diameter and tested using electrodes 

with effective perimeter of 29.53 cm and a distance between electrodes of 0.6 cm. All 

measurements were at ambient temperature using a Keithley® 6517A electrometer. 

The morphology of the cross-section of the film samples was examined using a Philips XL-

30S scanning electron microscopy (SEM) instrument with 10kV accelerating voltage. The 

samples were first fractured by immersing in liquid nitrogen then fixed on the aluminium 

sample holder with double-sided adhesive tapes and sputter coated with platinum prior to 

observation. For better characterization of POMA dispersion in the EVA matrix, energy-

dispersive X-ray spectroscopy (EDX) mapping of sulfur was performed for the same zones 

observed under SEM. 

Mechanical properties of the compression-moulded films were determined using an Instron® 

5567 universal testing machine equipped with a video extensometer. The measurement was 

undertaken using an Interface 1000N loadcell. The test is in accordance with ASTM D882. 

The distance between grips was set at 50 mm, and the crosshead speed was kept at 500 

mm/min. The Young’s modulus, tensile strength and elongation at break were determined 

from five measurements of each sample. 

The oxygen barrier property of the POMA-EVA composite films was evaluated by measuring 

the oxygen transmission rate (OTR) using an OX-TRAN® Model 2/10 instrument (Mocon®, 

USA) equipped with a standard electrochemical (non-coulometric) oxygen sensor. The 

Mocon® approach for measuring OTR is globally accepted and used in different applications 

[167]. The test complies with ASTM F-2622. All the tests were conducted at 23 ± 0.2 °C 



Chapter 6 Synthesis and Characterization of Poly(o-methoxyaniline) – EVA Composites 

145 
 

with relative humidity of 7 – 8%. The test area of the samples in the test chamber is 50 cm2, 

with one side sealed by an O-ring and the other by vacuum grease. The 100 % oxygen was 

used as the permeate. Each sample was conditioned for 3 hours prior the actual test to 

acclimate to the environment and reach equilibrium, followed by 10 cycles of independent 

measurements. All results were quite precise with very small standard deviation. 

6.3. Results and Discussion 

6.3.1. Spectral Characterization 

Figure 6-1 shows the FTIR ATR spectra of POMA-TSA, the low polarity matrix EVA8, and 

POMA-EVA8 composites with 20 wt% and 40 wt% of POMA loadings, respectively. Figure 

6-2 shows the FTIR spectra of POMA-TSA, the high polarity matrix EVA33, as well as the 

POMA-EVA33 composites with 20 wt% and 40 wt% of POMA loadings. These ATR spectra 

are surface region spectra of the composites (see the FTIR characterization in 6.2.4) and arise 

from the outer few microns of the sample. 

All the absorption peaks assigned to EVA (EVA8 as the bottom spectrum in Figure 6-1 and 

EVA33 as the bottom spectrum in Figure 6-2) are in good agreement with previous reports 

[149, 271-273]. Three absorption peaks due to the polar VA groups are observed in both 

EVA8 and EVA33: the one at 1735 cm-1 from C=O vibration, and the other two at 1235 cm-1 

and 1019 cm-1 assigned to C-O stretching [149, 272]. Other bands are assigned to non-polar 

ethylene groups in EVA [271]. The strong absorption at 2915 cm-1 and 2849 cm-1 are due to 

C-H asymmetric and symmetric vibration, respectively, while the peak at 1466 cm-1 is due to 

C-H bending deformation. The peak at 1371 cm-1 is from -CH3 symmetric deformation, and 

the peak at 719 cm-1 is assigned to C-H rocking deformation [273]. The relative intensity of 
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VA absorption bands compared to assigned ethylene group vibrations increased with an 

increase of VA content from 8% to 33%. 
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Figure 6-1 FTIR Spectra of POMA-TSA, EVA8, and POMA-EVA8 composites with 20 wt% and 

40 wt% POMA, respectively 
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Figure 6-2 FTIR Spectra of POMA-TSA, EVA33, and POMA-EVA33 composites with 20 wt% and 

40 wt% POMA, respectively 
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The absorption peaks due to POMA-TSA (labelled as “P” in the composites spectra in Figure 

6-1 and Figure 6-2) can also be observed in all the spectra of the POMA-EVA composites. 

The peaks at 1581 cm-1 and 1495 cm-1 are characteristic of C=C stretching of quinoid and 

benzenoid rings, respectively [19]. The peak at 1009 cm-1 could arise from the overlapped 

absorption of 1,4-disubstituted C-H stretching [179] and S=O stretching of the dopant TSA 

[196-198]. In the spectra of the composites, this peak overlaps with the strong band of C-O 

stretching of EVA at 1019 cm-1. In the POMA-TSA spectrum, the strong absorption at 1206 

cm-1 is due to stretching of secondary aromatic amine, while the peak centered at 1121 cm-1 is 

due to aromatic C-H in-plane bending [57]. The intensity of these two peaks in the POMA-

EVA8 composites (Figure 6-1) is higher than in the POMA-EVA33 composites (Figure 6-2); 

e.g. the peak at 1206 cm-1 is very weak in the spectrum of POMA-EVA33. The surface 

selectivity of this FTIR ATR data, combined with these lower POMA intensities, indicates 

that more POMA particles are on the surface of the lower polarity EVA8 matrix than on the 

surface of the higher polarity EVA33 matrix. This migration to the surface region during melt 

processing may be explained by the polarity difference. Since camphor sulfonic acid doped 

PANI has been reported to be polar [274], based on the similarity between POMA and PANI 

it is assumed that POMA-TSA is also a polar material. The polarity difference between 

POMA-TSA and EVA33 is smaller than between POMA-TSA and EVA8, which is likely to 

result in more POMA particles moving to the surface region of the composites during 

compression moulding in EVA8 than in EVA33. This is also consistent with the surface 

resistivity result, which will be discussed later in 6.3.2. 

Three absorption peaks generated due to protonation of POMA by TSA are assigned in the 

POMA-TSA spectrum. The peak at 1294 cm-1 is due to C-N+ stretching vibration in the 

polaron structure [57], which exists in doped emeraldine salt form; while the peaks at 1174 

cm-1 and 680 cm-1 are from SO3H stretching and S=O stretching, respectively [196]. These 
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peaks are also present in the composites spectra. Therefore, FTIR spectra confirmed the 

successful incorporation of both EVA matrix and the POMA-TSA particles. 

6.3.2. Surface Resistivity 

Surface resistivity values of tested samples are presented in Figure 6-3. The surface resistivity 

values of both pure EVA samples are comparable with previous reports [253, 267]. The 

surface resistivity of the composites was found to decrease steadily with an increase in 

POMA loading as expected. A volume resistivity of 106 Ω cm has been reported for PANI-

EVA composites with 20 wt% of PANI-DBSA (dodecyl benzene sulfonic acid) loading [253], 

while a volume conductivity value as high as 1 S cm-1 has been reported for PANI-EVA 

blends with 50 wt% of PANI-DBSA loading [267]. The lower conductivity values of the 

POMA-EVA composites compared with reported PANI-EVA blends is expected as pure 

POMA has the conductivity in the order of 10-3 S cm-1 (see 3.3.1 and Table 3-1) while PANI 

has the conductivity range from 1 to 10 S cm-1 [38, 49, 264, 265, 275]. However, the surface 

resistivity values suggested that POMA-EVA composites with the POM-TSA loading of 20 

wt% have the potential application in anti-static films, which generally requires a surface 

resistivity between 105 and 109 Ω/sq [97, 256]. 
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Figure 6-3 Surface Resistivity of POMA-EVA composites 

It is noteworthy that with the same amount of POMA loading, POMA-EVA8 composites 

generally have a lower surface resistivity than POMA-EVA33 composites. The data were 

replicated using different samples for each composite and very similar results were obtained. 

This systematic difference (lower resistivity of POMA-EVA8 composites than POMA-EVA33 

composites with same POMA-TSA loading) is attributed to a larger polarity difference 

between POMA and EVA8 than between POMA and EVA33, with the result that more POMA 

particles, during processing, migrated to the surface region of the composites in EVA8 than in 

EVA33. This is consistent with aspects of the FTIR ATR surface selective spectra (see 6.3.1). 

Therefore, the surface resistivity of POMA-EVA8 composites was reduced because of the 

presence of more conductive POMA particles on the surface. 
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6.3.3. Morphology 

The morphology of the cross-section of POMA-EVA composites is presented in Figure 6-4. 

It is common that in the reported literature regarding ICP and conventional thermoplastic 

polymer composites only SEM or optical microscopy was used to directly investigate the 

morphology of the composites [49, 52, 61, 246, 257, 258, 274]. However, in most cases not 

enough information can be collected to justify the dispersion level of the conducting polymer 

particles in the matrix (as can be seen from the left columns of SEM images in Figure 6-4), 

even though the ICP dispersion level has been reported to have strong influence on the 

property of the composites [52]. Therefore, in this work, energy-dispersive X-ray 

spectroscopy (EDX) mapping of the element of sulfur was performed for the same zones that 

were observed under SEM, as sulfur came solely from the POMA-TSA component: either 

from the dopant TSA or from the sulfate groups generated from the dissociation of the 

oxidant APS during the polymerization of POMA and then incorporated into POMA 

backbones [36, 47, 276]. 
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Figure 6-4 Cross-section Morphology of POMA-EVA composites, the left columns are SEM 

images and the right columns are EDX mapping of the element of sulfur. The scale bars in SEM 

images are 20 micrometers 

As shown in the EDX mapping images (the right columns of Figure 6-4), the dispersion of 

POMA in EVA matrix is relatively even. Most of the POMA-TSA particles are in the sub-

micron range, indicating a much higher POMA dispersion level compared with the dispersion 

level of PANI particles in polyethylene terephthalate (PET) matrices, where the ICP particles 

are in the range from 3 to 25 µm [122]. The distribution of POMA agglomerates in EDX 

sulfur mapping is shown in Figure 6-5. 
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Figure 6-5 POMA agglomerate distribution in POMA-EVA composites 
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The intensity of sulfur signals (yellow particles in these images) increased with higher 

POMA loading, indicating higher amount of POMA detected by EDX. The agglomeration of 

POMA is slightly more pronounced in EVA8 than in EVA33 with the same POMA loading as 

shown in Figure 6-5. More POMA-TSA particle agglomerates appear with more than 5 µm 

diameters in all of the POMA-EVA8 composites than in their counterparts in POMA-EVA33 

composites with the same POMA loading. The appearance frequency of smaller than 5 µm 

diameters POMA-TSA particle agglomerates is shown in Table 6-1. 

 

POMA loading EVA8 EVA33 

5% 84% 90% 

10% 75% 95% 

20% 88% 98% 

40% 75% 90% 

Table 6-1 Frequency of <5 µm agglomerates appearance 

 

This can be explained by the similarity of the polarities which is reflected in the similar 

solubility parameters, which will be discussed in the following paragraphs in 6.3.4. EVA33 is 

expected to have higher polarity than EVA8 due to the higher VA content [270]. On the other 

hand, POMA-TSA compared to camphor sulfonic acid doped PANI (PANI-CSA), will also 

be a similarly polar material [274]. The polarity difference between EVA33 and POMA-TSA 

is smaller than between EVA8 and POMA-TSA. Therefore, POMA-TSA (as observed above 
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and in Figure 6-5) would be expected to have a more uniform dispersion in EVA33 than in 

EVA8. 

6.3.4. Solubility Parameter 

The higher dispersion quality of POMA-TSA in EVA33 can also be related to solubility 

parameter differences as well. The solubility parameter difference has been proposed as an 

effective theoretical approach in a series of conducting polymer-thermoplastic melt 

composites [49, 52, 183, 264, 277]. 

Solubility parameter δ is defined as the square root of cohesive energy density, which is the 

cohesive energy Ecoh per volume unit V [278], as shown in Equation 6-1. 

𝛿 = �𝐸𝑐𝑜ℎ
𝑉
�
1/2

      (6-1) 

Unlike common solvents, whose solubility parameters can be determined directly by 

measuring their energy of vaporization, the solubility parameters of polymers can only be 

determined indirectly, either by measurement of other related physical properties such as 

osmotic pressure, turbidity, swelling values or by calculation based on molar attraction 

constants [279, 280]. A common method used to estimate polymer solubility parameters 

involves calculation through the use of group molar attraction constants. In particular, Fedors 

published a comprehensive system of group contributions towards Ecoh for a great number of 

structural groups [281], which is one of the few that can be applied to PANI and its 

derivatives, including POMA, because the molar attraction constant values for certain groups 

in PANI or POMA are not given by other systems. 

According to Fedors’ group contributions to both cohesive energy and molar volume, the 

calculated solubility parameters of EVA8, EVA33 and POMA-TSA are 17.8 MPa1/2, 18.4 
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MPa1/2 and 22.5 MPa1/2, respectively. Polar groups would contribute to the solubility 

parameter based on Hansen’s extended method [282]; therefore more polar materials 

generally have higher solubility parameters. The solubility parameter difference between 

POMA-TSA and EVA33 is smaller than between POMA-TSA and EVA8. This may account 

for the dispersion quality of POMA-TSA in EVA33 being higher than in EVA8, as evidenced 

by the EDX sulfur mapping (the right columns in Figure 6-4). 

6.3.5. Mechanical Property 

Regarding mechanical properties, in this chapter the Young’s modulus, tensile strength and 

elongation at break of POMA-EVA composites were tested. Detailed information about these 

mechanical properties is given in 2.3.9. The Young’s modulus, tensile strength and 

elongation at the breaking point of POMA-EVA composites are shown in Figure 6-6. 

Generally, comparison of the absolute values between different composites can be difficult 

due to the difference in the grades of matrix materials (i.e., the different VA contents in case 

of EVA) and different testing parameters. Therefore, comparison of the percentage difference, 

usually the decrease of mechanical property caused by the addition of conducting polymer is 

more practical. 

It has been well known that conducting polymers generally have poor mechanical properties. 

This leads to the necessity for them to be blended with conventional polymers [94]. The 

purpose for developing such composites is to increase their technological potential by taking 

advantage of the superior mechanical properties of the matrix [95]. In general, the addition of 

conducting polymer has a negative influence on the mechanical properties of the matrix [255], 

and the conducting polymer (in most cases PANI) has been interpreted as a “defect” in the 

EVA matrix leading to lower mechanical properties [108]. 
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Figure 6-6 Mechanical Properties of POMA-EVA composites 
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The Young’s modulus of the composites (first row in Figure 6-6) was found to increase 

almost proportionally with the POMA loading. The same behavior has been reported for 

blends of PANI with PET [122]. The increase in Young’s modulus indicated an increase of 

stiffness of the polymer composites, which could be attributed to the filler-like behavior of 

POMA particles, as similar behavior has been reported for PANI when blended with 

polyethylene [26]. The different EVA matrix polarity did not show strong influence on the 

Young’s moduli. 

Unlike Young’s modulus, the ultimate tensile strength of the composites (second row in 

Figure 6-6) was affected by different matrix polarities. The ultimate tensile strength is almost 

constant in POMA-EVA8 composites in spite of up to 40 wt% of POMA loading. On the 

contrary, the ultimate tensile strength of the POMA-EVA33 composites increased from 4 MPa 

to 8 MPa with an incorporation of 20 wt% POMA. The increase in the tensile strength in 

POMA-EVA33 composites can also be related to the better polarity match as well as the 

closer solubility parameters as discussed above. Comparison between the changes of the 

tensile strength of POMA-EVA composites with that of PANI-EVA composites suggested 

that POMA had a smaller detrimental effect on mechanical properties when compared with 

PANI. It was reported that when PANI was doped with DBSA and then blended with EVA 

[267], the tensile strength decreased about 50% with a PANI loading of 20 wt%. When PANI 

was doped with sulfonic acid of 3-pentadecylphenoxyacetic acid (SPDPAA) and then 

solution blended with EVA [108], a decrease of about 50% of tensile strength was observed 

with the loading of PANI increased from 0 to 20 wt%. According to Fedors’ group 

contribution theory [281], the solubility parameter of PANI is calculated to be 24.5 MPa1/2 

while for POMA the value is 22.5 MPa1/2. The solubility parameter difference between PANI 

and EVA matrix is bigger than that between POMA and EVA matrix, and this leads to a 

lower tensile strength. The fact that POMA has flexible side methoxy groups on the rigid-rod 
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backbone would also enhance the miscibility and compatibility with the matrix which might 

help improve the tensile strength [108]. 

The elongation at break of POMA-EVA composites (bottom row in Figure 6-6) is found to be 

significantly affected by the polarity of the different EVA matrix. In the low polarity matrix 

(EVA8), the elongation at break decreased sharply from about 480% of pure EVA8 to about 

10% with 10 wt% of POMA loading. However, in the high polarity matrix (EVA33) 

composites, the elongation at break is not detrimentally affected by POMA loading: even 

with 40 wt% of POMA the elongation at break is still 820%, almost the same with pure 

EVA33. The better polarity match and closer solubility parameter between POMA and EVA33 

than between POMA and EVA8 led to a much less affected elongation at break and therefore 

better mechanical property. 

6.3.6. Oxygen Permeability 

The shelf-life of many foods is determined by the oxygen permeability of the flexible films 

and containers used in packaging, especially long-term storage [165]. Significant research has 

been devoted to producing composites with polymeric matrices in order to achieve improved 

oxygen barrier properties, including polymer – starch composites [283] and polymer – clay 

composites [284, 285]. However, there has been no report yet regarding the use of POMA as 

an oxygen barrier additive. Even studies of using PANI as an oxygen barrier additive are 

scares. In this chapter, it is reported that upon the addition of POMA, the oxygen barrier 

property of a thermoplastic matrix can be improved. 

The oxygen permeability values of the samples were calculated using Equation 6-2 [166]: 

𝑃 = 𝑂𝑇𝑅
∆𝑝

× 𝑡      (6-2) 
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where P is the oxygen permeability (cm3∙mm/ m2∙day∙atm), OTR is the oxygen transmission 

rate (cm3 / m2∙day) measured by the Mocon® system, and Δp is the partial pressure (atm) 

difference across the film barrier and t is the film thickness (mm). 

 

Figure 6-7 Oxygen permeability of POMA-EVA composites 

 

The oxygen permeability results of the EVA matrix and the POMA-EVA composites are 

presented in Figure 6-7. Each sample was measured by 10 cycles, and the standard deviations 

are extremely small, indicating a very precise measurement. The oxygen permeability 

steadily declined with the increase of POMA loading in both high polarity matrix EVA33 and 

low polarity matrix EVA8. The oxygen permeability of EVA33 decreased from about 389.3 to 

183.5 cm3∙mm/ m2∙day∙atm with 40 wt% of POMA loading; while the oxygen permeability of 
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EVA8 decreased from 160.2 to 85.6 cm3∙mm/ m2∙day∙atm with the same amount of POMA 

loading. Therefore, it is evident that POMA acted as the barrier agent and improved the 

oxygen barrier property upon blending with EVA, irrelevant of the polarity difference 

between the two matrices of EVA8 and EVA33. Based on these results, it is reasonable to 

propose that POMA has the potential to be used as an oxygen barrier agent in functional 

packaging to be blended with other materials to improve its oxygen barrier property. 

6.3.7. Functional Properties 

As discussed in Chapter 3, POMA showed DPPH scavenging capacity and also anti-

microbial activity against Gram-positive bacteria of Staphylococcus aureus. These activities 

could also be observed in POMA-LGS composites (Chapter 4) and PANI-POMA composites 

(Chapter 5). Therefore, the characterization of these functional properties of the POMA-EVA 

composites was also attempted. Both the two EVA control samples (EVA8 and EVA33) 

showed strong anti-microbial activities against Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus): all the bacteria of E. coli and S. aureus were almost completely killed by 

EVA8 and EVA33 control samples. Also very strong DPPH scavenging capacity in both 

control samples are observed: almost all the DPPH free radicals are quenched by EVA33 

within 1 h. Due to the strong DPPH scavenging capacity and anti-microbial activity exhibited 

by the control EVA matrices, no further examination were undertaken as it is difficult to 

determine the efficacy introduced by the conducting polymer component of POMA-TSA. 

6.4. Conclusion 

In this chapter para-toluene sulfonic acid doped poly(o-methoxyaniline) (POMA–TSA) was 

melt blended with two grades of ethylene vinyl acetate copolymers (EVA) containing 8% 

vinyl acetate (VA) (EVA8, low polarity) and 33% VA (EVA33, high polarity), respectively. 
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The effects of the matrix polarity and the conducting polymer component loading on the 

properties of the composites were investigated. It was found that higher matrix polarity of 

EVA led to a superior polarity and solubility parameter match with POMA-TSA, which in 

turn favoured a higher level of POMA dispersion in EVA and better mechanical properties of 

the composites. However, lower surface resistivity occurred in the lower polarity matrix due 

to the presence of more POMA on the surface of the composites resulted from larger polarity 

and solubility parameter difference. In addition, the oxygen barrier property of POMA-EVA 

composites was evaluated and found to be greatly improved with an increase of POMA 

loading, suggesting that POMA is a potential oxygen barrier agent for packaging applications. 
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Chapter 7. Conclusions and Future Work 

7.1. Conclusions 

The aim of this study was to develop novel composite materials comprising an intrinsically 

conducting polymer (ICP) and thermoplastic matrix. The first step of the research work was 

the chemical oxidative synthesis of poly(o-methoxyaniline) (POMA), followed by the 

preparation and characterization of POMA-lignosulfonate (POMA-LGS) composites and 

polyaniline-poly(o-methoxyaniline) (PANI-POMA) composites. As the last step, the novel 

composite materials composing POMA and ethylene vinyl acetate copolymer (EVA) were 

obtained through melt processing. 

In summary, the current research project investigated the synthesis and the doping process of 

POMA. In addition, several POMA composites were successfully developed. The reaction 

mechanisms of POMA synthesis, POMA-LGS composite formation and PANI-POMA 

composite formation were successfully elucidated. A POMA-EVA composite was melt 

processed, with the novel composite material exhibiting improved oxygen barrier properties 

and could also be suitable for anti-static applications. The effect of the EVA matrix polarity 

on the properties of the composites was also evaluated. The main contributions made 

throughout this research are documented as follows: 

1. POMA was chemically polymerized in the absence of an acidic dopant as well as being 

polymerized from a highly acidic reaction medium where POMA was protonated with p-

toluene sulfonic acid (TSA), hydrochloric acid (HCl) and methane sulfonic acid (MSA), 

respectively. Dopants showed effective control over the structure, morphology and 

properties of POMA. TSA as a dopant provides POMA with the highest electrical 
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conductivity and thermal stability. Therefore TSA was selected as the dopant for the next-

step work of the melt blending with thermoplastic matrix. 

2. The reaction mechanism of POMA chemical oxidative polymerization in acidic media 

and the polaron conduction mechanism were proposed and supported by characterization 

results. It was found that an internal redox reaction would occur during the protonation 

process: some quinonoid rings in the aromatic backbones of POMA were reduced to 

benzenoid rings, followed by bipolarons separated into single polarons due to coulombic 

repulsion.  

3. POMA was chemically synthesized in the presence of lignosulfonate (LGS), with the first 

and foremost objective being to understand the reaction mechanism and distinguish the 

roles played by LGS during POMA polymerization. Results indicated that contrary to 

behaving as a dopant as reported in previous literature, LGS served as a particulate 

adsorbent with POMA as the attached adsorbate. The sulfate groups produced during the 

dissociation of the oxidant ammonium persulfate, instead of LGS, acted as the main 

dopant. After the polymerization, POMA-LGS composites, rather than a LGS doped 

POMA material, were obtained.  

4. The effects of LGS contents on the structure and properties of POMA-LGS composites 

were investigated. POMA-LGS composites with varied LGS/POMA weight ratios were 

synthesized. Higher LGS contents were found to result in a lower degree of oxidation of 

POMA in the POMA-LGS composites. In addition, higher LGS contents led to reduced 

particle size of POMA, which is observed under SEM and supported by the obtained 

surface area data. 

5. In order to distinguish the formation of copolymer or composite structures, different 

ratios of aniline and o-methoxyaniline were dissolved in TSA solutions and chemically 
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polymerized using APS as the oxidant. The formation of composite structures (PANI-

POMA composite) was directly proven by the binary morphologies observed using SEM: 

PANI-TSA nanofibers were obtained through chemical polymerization while POMA 

formed micro-plate structures. The formation of a composite over a copolymer was 

explained by the reactivity difference between the corresponding monomers of aniline 

and o-methoxyaniline under the synthesis conditions. FTIR spectra suggested that no 

strong interaction between aniline and o-methoxyaniline can be detected, indicating that 

composite instead of copolymer structures were mainly obtained during the 

polymerization.  

6. In addition to the verification of the formation of PANI-POMA composite over 

copolymer, the effect of POMA contents on the properties of PANI-POMA composites 

was investigated. The higher contents of POMA in the composites were found to decrease 

the doping level of the composite by TSA as evidenced by the decrease in sulfur content 

in the elemental analysis. The decreased doping level is consistent with lower electrical 

conductivity. The doping level difference between these samples is associated with the 

steric effects caused by the methoxy substituent groups on the aromatic rings of POMA. 

7. All the synthesized POMA samples, POMA-LGS composites and PANI-POMA 

composites showed DPPH radical scavenging capacities, which can be used as an 

indicator of anti-oxidant property. In all three cases the DPPH radical scavenging 

capacity of the samples was found to be enhanced by an increase in the surface area of the 

particles. In the case of POMA-LGS composites the increase of LGS contents was found 

to improve the DPPH radical scavenging capacity of the composites. The radical 

scavenging capacity of PANI-POMA composites was found to be improved with 

increasing surface area and as well as with increasing the POMA content. 
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8. Different acidic dopants protonated and unprotonated POMA, POMA-LGS composites 

and PANI-POMA composites exhibited anti-microbial activity against the gram-positive 

bacterium Staphylococcus aureus (S. aureus). Similar to the DPPH radical scavenging 

capacity, the anti-microbial activities against S. aureus of these samples were also 

enhanced by the surface area. No anti-microbial activity of these samples against the 

gram-negative bacterium Escherichia coli (E. coli) was shown at the tested concentrations. 

9. TSA doped POMA (POMA-TSA) was for the first time melt blended with thermoplastic 

matrix, ethylene vinyl acetate copolymers (EVA) to prepare the novel POMA-EVA 

composites. The composite material exhibited relatively low surface resistivity which 

could be utilized as anti-static materials. In addition, the oxygen barrier property of the 

POMA-EVA composite material was also evaluated and the conducting polymer POMA 

was for the first time found to improve oxygen barrier property of its composites, 

suggesting its potential application as an oxygen barrier agent for packaging industries. 

10. In addition to the POMA loadings, the effect of the matrix polarity on the properties of 

the POMA-EVA composites was also investigated by preparation and characterization of 

the composites using two grades of EVA with different vinyl acetate (VA) contents (8% 

and 33%, respectively). The polarity of EVA was assumed to increase with polar VA 

contents, i.e., EVA with 8% of VA (EVA8) was regarded as low polarity while EVA with 

33% of VA (EVA33) was regarded as high polarity. The solubility parameters of all the 

components in the composite were calculated using group contribution theories. It was 

found that the higher matrix polarity of EVA led to a superior polarity and solubility 

parameter match with POMA-TSA, which in turn favored a more uniform POMA 

dispersion in EVA and better mechanical properties of the composites. Lower surface 
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resistivity occurred in the lower polarity matrix due to the presence of more POMA on 

the composite surface resulted from larger polarity and solubility parameter difference. 

7.2. Future Work 

Several major contributions made by this project to the research field of intrinsically 

conducting polymers (ICPs) are listed above, yet various research projects can be undertaken 

to complement or extend the current work. 

This project focuses on POMA, as processability and compatibility are the main 

considerations at the expense of electrical conductivity to some degree. A direct extension of 

the current research work is the synthesis of novel composite materials based on other PANI 

derivatives. Such work could start with the chemical modification of the monomers. New 

functional groups such as fluoro, hydroxyl or carboxyl groups can be introduced onto the 

aromatic side groups; followed by optimized polymerization. After the polymer is obtained, 

new functionality might be induced, or the already existing anti-microbial or anti-oxidant 

properties may be significantly improved because of these functional groups. Since the 

commercially supplied EVA samples used in Chapter 6 possessed strong anti-oxidant and 

anti-microbial activities, another direct extension of the current work will be selection of 

another thermoplastic matrix to synthesize novel POMA-based composite materials, so that 

the anti-oxidant and anti-microbial activities of POMA could be incorporated into the new 

composites. 

As described in 3.1.1, PANI and its derivatives have been generally treated as complete linear 

structures, however it is later realized that some disordered structures in the form of 

branching or phenazine structures also exist [179]. These disordered structures in PANI (as 

well as POMA) limited the electrical conductivity due to restrictions on charge carrier 
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mobility. A comprehensive spectroscopic study of the nature and extent of disordering 

processes would provide a benchmark for future optimized synthetic approaches. 

Spectroscopic methods such as solid state NMR, FTIR, Raman, Auger, XRD and other 

methods could be employed in this disorder benchmarking process.  

The extent of disorder can be overcome by electrochemical polymerization which provides a 

much more controlled synthetic environment; however conventional electrochemical routes 

usually restrict large-scale production and applications. New scaled up electrochemical 

synthesis methodologies should be considered. Other new synthesis approaches of PANI and 

its derivatives (including POMA) which lead to ordered chemical structures and uniform 

particles can be a challenging and rewarding experience. Dispersion polymerization [175] 

and microemulsion synthesis [286, 287] may be useful approaches to generate uniform 

particles sizes.  

Another potentially rewarding research direction is the development of fundamental theories 

in the area of ICP investigations. Compared with the experimental work, much less attention 

has been devoted to the theory and scientific model development. For example in the case of 

polymerization of PANI and its derivatives, many reaction parameters, such as the 

mechanical stirring [37], monomer concentration [84], reaction temperature [57, 83] and 

reaction time [83] could affect the structure, morphology and properties of the product. It has 

been even stated that “there are as many different types of polyaniline as there are people 

who make it” [288]. So far attempts to develop theories and methodologies to optimize such 

systems are scarce. The same situation applies for the processing of other ICPs including 

POMA. 

In Chapter 6 the effect of the polarity of the matrices on the properties of POMA-EVA 

composite was demonstrated. Based on the results it could be worthwhile investigating 
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applicable approaches to chemically modify monomers and tune the polarity or 

hydrophobicity of ICPs directly; as new processing methods can be developed from ICPs 

with well controlled polarity or hydrophobicity so as to overcome the processability issue. 

The development and utilization of novel substituents (including non-ionic surfactants) and 

dopants (ionic surfactants) could be another valuable achievement. 
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