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Abstract


An experimental investigation of the high pressure synthesis of water soluble, self 

doping conducting polymers is presented. 

2- And 3-aminobenzenesulfonic acid and the respective sodium sulfonates have 

been polymerised. Optimal polymerisation conditions have been determined with 

respect to yield, conductivity and molecular weight. Reaction parameters such as 

oxidant, pressure, catalysts, reaction time and temperature and the use of additives 

were investigated. The minimum pressure required for polymerisation was 7 kbar. 

An increase in pressure had a negligible effect on polymer characteristics. The 

polymers were generated in aqueous, non-acidic media, to ensure they were self-

doping when characterised. Conductivities of between 10-6 Scm-1 and 10-3 Scm-1 

were measured. The sulfonate salts reacted faster than the sulfonic acids and for 

both a longer reaction time resulted in higher yields and conductivities. These 

polymers were completely water soluble, of high molecular weight and able to be 

cast as thin films. 

The arylamines 5- and 8-aminonaphthalene-2-sulfonic acid and their respective 

sodium sulfonates were polymerised at elevated pressure. The naphthalene sulfonate 

salts polymerised at atmospheric pressure, but displayed a higher molecular weight 

when reacted under pressure. Generally the naphthalene monomers reacted similarly 

to the benzene monomers, although there were some differences. Conductivity and 

yield decreased with increased reaction times and the use of 0.1M equivalents of 

ferrous sulfate had an negligible effect on the polymers. The polynaphthalenes were 

highly water soluble, self doping and had conductivities in the order 10-5 to 10-3 

Scm-1. 

A measurement of the activation volume for the polymerisation of 2-methoxyaniline 

and sodium 8-aminonaphthalene-2-sulfonate was performed. These were determined 
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to be -44 ± 3 cm3mol-1 and -62 ± 10 cm3mol-1 respectively. These large negative 

values are consistent with rate limiting monomer oxidation. 
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1Chapter One 

Introduction and Literature Review 

1.1 Conducting Polymers 

Conducting polymers have been studied intensively since the 1970s. Initially it was 

the inorganic polysulfurnitrile (SN)x that was discovered to be highly conducting, 

but interest soon turned to organic polymers, in the hope of exploiting conventional 

plastics processing technology for the processing of the materials.  Polyacetylene 

was the first organic polymer to be shown to be conducting. It was synthesised in 

1958 by Natta et al ((5) in [1]) as a powder and as a film (by accident) by Shirakawa 

in 1974 [2]. It was in 1977 that Shirakawa et al ((6 in [1]) discovered that partial 

oxidation of the polyacetylene film by iodine or other such reagents made the film 

109 times more conducting than it was originally [2]. Following this breakthrough, a 

large range of polymers were investigated, including poly(p-phenylene), 

poly(phenylenevinylene), polyazulene, polyaniline, polypyrrole and polythiophene 

(Figure 1.1). In 1979, polypyrrole was prepared as a film via an electrochemical 

polymerisation - it had previously been prepared as a powder. Films of 

polythiophene were prepared in 1982 [2]. Synthetic methods for the production of 

conducting polymers were of two main types: polymerising monomeric species and 

chemical modification of preformed polymers [1]. 

In the early 1980s there was excitement about the potential of these new materials. 

Prototype devices such as rechargeable batteries and p-n junctions (a device which 

allows current to flow in only one direction) had been announced, and predictions of 

many new technologies were made [2]. Over the next few years however, problems 

became apparent. The early conducting polymers were not behaving as conventional 

(processable) plastics - they were insoluble, infusible and brittle, and some were 

unstable in air [2]. By the end of the 1980s, some of these problems were being 

overcome. Processability was improved as chemists made modified polymers, 

soluble in organic and aqueous solvents and progress was made on the other areas as 

well.  



21.1.1 Structure of Conducting Polymers 

All materials can be divided into three main groups: insulators, semiconductors and 

metals. These are differentiated by their ability to conduct electron flow (current). 

Conducting polymers are generally classified as semiconductors, although some 

highly conducting polymers, such as polyacetylene, fall into the metals range. Table 

1.1 compares some of the physical properties of insulators, semiconductors and 

metals. For simplicity, the thesis refers to ‘conducting’, rather than ‘semiconducting’ 

polymers. 

Property Conducting Polymers Metals Insulators 

Electrical 102 - 10-11 106 - 10-4 10-12 - 10-20 

conductivity (Scm-1) 

Carriers electrons of conjugated valence electrons -

double bonds of half filled band 

Concentration of 1012 - 1019 1022 - 1023 

carriers per cm3 

Effect of impurities impurities of 0.1 - 1% effect strong effect 

change conductivity by comparatively 

2 to 3 orders of slight 

magnitude 

Magnetic Properties paramagnets ferro- and diamagnets 

diamagnets 

Table 1.1 Comparison of some physical properties of conducting polymers, metals and insulators [3]. 

The polymers that display electron conduction all have a system of conjugated π 

bonds, sometimes interspersed with atoms such as nitrogen, sulfur and oxygen. 

Figure 1.1 provides structures of some common conducting polymers.  

It was originally believed that the mechanism of conduction in polymeric materials 

was electron transport through the system of conjugated multiple bonds. With the 

bonds in a single plane and the π orbitals parallel, the orbitals of the π electrons 

overlap to form a single delocalised cloud of π electrons over the entire molecule.  
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x 
x 

Polyacetylene 

Poly(phenylenevinylene) 

S 

x x 

Polythiophene 
Polyphenylene 

N 
H 

x 

x 

Polyaniline 

S 

x 

Polyazulene 

Poly(phenylene sulfide) 

Figure 1.1 Repeating units of some common conducting polymers. 

This theory was based on the observation that the bond lengths in conjugated 

systems were equal with a value of 1.42 - 1.47 nm, which is intermediate between 

the values of the single bond (1.54 nm) and the double bond (1.34 nm). This also 

resulted in the electron density of the π orbitals being equalised over the conjugated 



4system [3]. A more recent explanation of the mechanism of conduction in polymeric 

materials is presented in Section 1.1.2. 

1.1.2 The Mechanism of Conduction 

The conductivity of a material depends on its electronic energy level structure [4]. In 

a crystalline solid, the degenerate atomic energy levels of the atoms or molecules 

combine to form non - degenerate energy bands. The width of these bands is 

dependent upon the strength of interaction between the atoms or molecules, and the 

wave functions describing electrons in these band states extend over the solid [4]. 

The energy difference between the highest occupied band (valence band) and lowest 

unoccupied band (conduction band) is called the band gap. The electrical properties 

of conventional materials depends on how the bands are filled. Conduction occurs 

when an electron is promoted from the valence band to the conduction band, but this 

can not occur when the bands are empty or full [2]. If the band gap is small, then 

thermal excitation can be enough to give rise to conductivity. This is what happens 

in conventional semiconductors. Conducting polymers are different in that they 

conduct without having either a partially empty or partially filled band [2]. 

Polymer Dopants Conductivity (Scm-1) Reference 

Polyacetylene I2, Br2, Li, Na, AsF5 10,000 [2], [6] 

Polypyrrole OTos 10 [5] 

PF6 100 [5] 

BF4 
-, ClO4 

- 500 - 7,500 [2], [6] 

Polythiophene BF4 
-, ClO4 

-, OTos, 1,000 [6] 

Poly(phenylenesulfide) AsF5 500 [2] 

Polyazulene BF4 
-, ClO4 

- 1 [2] 

Polyaniline HCl 200 [6] 

Table 1.2 Common conducting polymers, their dopants and conductivities. 

The electronic ground state of conducting polymers is that of an insulator, with a 

forbidden energy gap between the valence and conducting bands. The conductivities 



5of these polymers is transformed through the process of doping [5]. The doping is 

usually quantitative, and can be carried out chemically by either direct exposure of 

the polymer to the dopant, or by electrochemical oxidation or reduction [6]. Dopants 

can be atomic or molecular species, and act as either electron donors (Li, Na, K) or 

electron acceptors (I2, Br2, AsF5, FeCl3, LiClO4) [8]. Table 1.2 displays some 

common conducting polymers, the dopants used and the conductivities attained. 

These dopants work by acting as charge transfer agents. They are positioned 

interstitially between the polymer chains and donate charges to, or accept charges 

from the polymer backbone [5]. The negative or positive charges being added to the 

polymer upon doping do not simply begin to fill the conduction or valence bands. 

In
cr

ea
si

ng
 E

ne
rg

y 

Polaron 
energy 
levels 

Bipolaron 
energy 
levels 

Undoped Slightly doped Heavily doped 
polymer polymer polymer 

Energy levels in conduction band 

Energy levels in valence band 

Figure 1.2 The effect of dopants on the conductivity of polymers. 

Instead, the strong coupling of the charges and polymer causes distortions of the 

bond lengths in the vicinity of the doped charges [5]. The energy level associated 

with this distortion represents a destabilised bonding orbital and thus has a higher 

energy level than the energies in the valence band  - its energy is in the band gap [2]. 

Figure 1.2 provides a schematic representation of the effect of dopants on the 

conductivity of materials, with reference to the band gap theory. 
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Terms from solid state physics have been borrowed to describe the types of 

distortions caused by doping. A radical cation (caused by a dopant acting as an 

electron acceptor) that is partially delocalised over some polymer segment is called a 

polaron, as it polarises the medium around it. If another electron is removed from the 

polymer, two things can happen. If it is removed from a distant section of the 

polymer, it forms another polaron, which is independent of the first. If it comes from 

the first polaron level (removing the unpaired 

NN 

N N 

H 

H 

H 

H 
Polaron spread over 4 pyrrole units 

NN 

N N 

H 

H 

H 

H 

Bipolaron spread over 4 pyrrole units 

Figure 1.3 Polaron and bipolaron in polypyrrole [2]. 

electron) it forms a dication, which is called a bipolaron. Figure 1.3 shows a polaron 

and bipolaron in polypyrrole. The charged fragment can travel along the polymer 

chain by rearrangement of double and single bonds, as illustrated in Figure 1.4. Low 

doping levels give rise to polarons, while high doping levels tend to give rise to 

bipolarons [2].  
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Figure 1.4 Propagation of a polaron through a conjugated polymer chain by rearrangement of double 

and single bonds [2]. 

In polymers that have degenerate ground states (two equivalent resonance forms), for 

example polyacetylene, or the perinigraniline form of polyaniline, bipolarons can 

split into two independent cations, called solitons [5]. Table 1.3 provides a summary 

of the features of solitons, polarons and bipolarons. 

Charge 

Soliton neutral 1/2 0 

Soliton 0 

Polaron 1/2 

Bipolaron 0 

Defect Spin 

charged  +e or -e 

charged  +e or -e 

charged  +2e or -2e 

Table 1.3 Typical properties of solitons, polarons and bipolarons [6]. 

Theoretical models that describe the effect of defects on the band gap of conducting 

polymers have been proposed [4]. These concepts also explain the observed optical 

absorption changes of the polymers with doping [2]. It is important to note that these 

models assume ideal structures. Most conducting polymers have regions of high 

disorder, and little is known of the actual structure of the polymers, the degree of 

polymerisation and the homogeneity of doping [2]. With better understanding of 

these properties will come a clearer picture of the electronic transport in these 

materials. 



81.1.3 Applications of Conducting Polymers 

Conducting polymers have been used in a range of electronic devices. One of the 

first applications of these materials was in rechargeable batteries. Bridgestone has 

produced a battery with a polyaniline cathode and a lithium-aluminium alloy anode 

[1]. A polypyrrole/lithium-aluminium battery was commercialised by Varta and 

BASF [2]. During cell discharge electrons flow from the anode to the cathode, 

reducing the polymer to its undoped state. The dopant anions are ejected into the 

electrolyte phase, while the lithium from the anode dissolves into the electrolyte as 

lithium ions. During recharging this process is reversed - the dopant anions flow 

from the electrolyte  phase into the polymer, oxidising it, while the lithium ions are 

deposited at the anode as lithium metal. Poor recycling of the lithium metal is the 

limiting factor in the lifetime of the batteries [2]. A schematic representation of a 

polymer-based rechargeable battery is given in Figure 1.5. 

Current collector 

Current collector 

Lithium anode 

Conductive polymer cathode 

Electrolyte separator 

Figure 1.5 Schematic representation of a rechargeable battery [1]. 

A potential use for conducting polymers such as polyaniline, polyfuran and 

polythiophene are as gas sensing devices. The conductivity, optical absorption and 

electrical capacitance of metal-polymer interfaces are strongly affected by the 

presence of certain gas molecules. Thin-film polyaniline-based gas sensing elements 

are inexpensive, and have been shown to be sensitive to gases such as CO, NH3, HCl 

and HCN. Polyfuran and polythiophene have been considered as humidity sensors, 

radiation detectors and gas sensors [6]. 
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           Figure 1.6 Schematic representation of an electrochromic device [1]. 

A device that was quite similar to the rechargeable batteries in design was an 

electrochromic device. Figure 1.6 gives a schematic representation of one of these 

devices. It comprises of a lithium anode, an electrolyte phase and a conductive 

polymer cathode. The polymer was supported on an optically transparent surface, 

usually indium-tin oxide glass. As a current was applied, the polymer was doped or 

dedoped, causing a colour change [2]. Table 1.4 gives the doped and dedoped 

colours of some of the polymers used for these type of devices. 

red blue 

blue 

Polymer Colour, undoped Colour, doped 

Polythiophene 

Polypyrrole yellow-green blue-black 

Polyaniline yellow green or blue 

Polyisothianaphthalene light yellow 

          Table 1.4 Colours of some conducting polymers, doped and undoped [2]. 



101.2 Polyaniline 

Polyaniline was first prepared in 1862, by H. Letheby of the Collage of London 

Hospital by anodically oxidising aniline in sulfuric acid [2]. ‘Aniline black’ as it was 

called, was used as a heat resistant paint, among other things. Its structure was not 

described until the turn of the 20th century, when it was noted that there were 

different forms, which had different colours. It was in 1968 that M. Jozefowicz 

discovered that the conductivity of the polymer increased by orders of magnitude as 

the pH of the dopant acid decreased [2]. From the 1980’s polyaniline has been 

studied intensively, as it is one of the most versatile of the conducting polymers 

known. It is stable to approximately 80°C, can be prepared by chemical or 

electrochemical oxidation, as a film or powder and has four known states, three of 

them insulating, and one conducting (see Figure 1.7). 
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Emeraldine salt    (conductor) 

N N N N 

n 

Pernigraniline   (insulator) 

Figure 1.7 The four states of polyaniline. 



11The following sections describe the structure and conductivity of polyaniline, the 

synthetic routes employed to prepare it and some of the structural variations studied 

to overcome processing, solubility and stability problems. 

1.2.1 Structure and Conductivity in Polyaniline. 

Polyaniline is different from all other conducting polymers in one important way - 

the manner in which it can be converted from insulator to conductor. Not only does 

ionic doping have this effect, but so too does protonic doping. In the protonation 

process there is no addition or removal of electrons to form the conducting state [5]. 

Figure 1.8 shows the acid doping of the emeraldine base insulator to the conducting 

form, as well as the doping of the leucoemeraldine base insulator.  

A wide range of dopant molecules have been used with polyaniline. Hydrochloric 

acid is one of the most common, but camphor sulfonic acid (CSA) has been shown 

to be a very  successful dopant. Li and Wan, [7], have reported that films of 

polyaniline doped with CSA can reach conductivities of 300 Scm-1. Unfortunately 

CSA is relatively expensive to use, and so the researchers have developed a method 

to maintain the high conductivity while minimising the use of CSA. Films of the 

polymer undergo a doping-dedoping-redoping process, where the initial doping is 

with CSA, and the redoping is with common acids such as HCl, HClO4, H2SO4 and 

H3PO4. 

As with the majority of conducting polymers discussed previously (section 1.1) the 

main conductivity carriers in polyaniline are polarons when the dopant level is low 

and bipolarons when the dopant level is high [5]. 

Molecular weights (number average) of polyaniline have been reported from 2.3 x 

104 for polymers prepared with (NH4)2S2O8 [9], 1.7 x 104 for polymers prepared 

with FeSO4 and H2O2 [10] and 3 x 104 - 5 x 105 for polyaniline aggregates as 

reported by Long et al [11]. All researchers report a multimodal molecular weight 

distribution, with a difference between high and low fractions of approximately an 

order of magnitude. 
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Figure 1.8 Oxidative and protonic acid doping of polyaniline, to form emeraldine salt conductive 

state. 

The significance of structural order on conductivity has become increasingly 

emphasised [8]. It has been found that drawing of polyaniline films nucleates 

additional crystallisation in the polymer. The conductivity has been found to be more 

directly dependant on the crystallinity or degree of alignment than on the molecular 

weight of the polymer. It is thought that the well coupled chains allow electron states 

a three dimensional extension [8]. 

1.2.2 Synthetic Routes to Polyaniline 

Polyaniline has been prepared by a number of different methods, the most common 

being chemical and electrochemical oxidation. Generally, chemical oxidation allows 

bulk preparation of the polymer in powder form, while electrochemical preparation 

is a convenient way to produce films in a controlled manner. Table 1.5 lists some of 

the chemical oxidants that have been reported for the oxidation of aniline. 



13Monomer Oxidant Solvent Reference 

Aniline (NH4)2S2O8 HCl (aq) [9] 

FeCl3  H2O [12] 

 Cu(BF4)2 CH3CN/HBF4 [13] 

FeOCl 

P2W18O62 
6 CH3CN 

[14] 

[15] 

Alkylaniline (NH4)2S2O8 HCl (aq) [16] 

Table 1.5. Some oxidising agents used to polymerise aniline. 

The best conductivities have been reported for polymers prepared with persulfate, 

iodate and dichromate oxidising agents. The electroactivity of the polymers was 

unaffected by whether the oxidation was chemical or electrochemical [9]. The 

polymerisation mechanism is generally believed to start with the formation of a 

radical cation, which then attacks a neutral aniline molecule. This radical cation is 

shown in Figure 1.9, which also gives the resonance stabilised forms of the species. 

A major difficulty in processing and working with polyaniline is the solubility of the 

polymer. Reports of polyanilines with differing solubilities have been published. 

Generally the solubility is controlled by the dopant ions and molecules, although 

synthetic conditions have some role, also. Polyaniline is insoluble in common 

organic and aqueous solvents, although it has been shown to dissolve sparingly in 

DMF and pyridine [17]. Abe et al [18] report a soluble, high molecular weight 

polyaniline from polymerisation at low temperature (-4 °C) using ammonium 

persulfate in acidic aqueous solution. 

A water soluble polyaniline has been reported by Rethi et al [19]. Protonation with 

surfactants with strong acid functionalities (dodecylsulfuric acid and dodecyl 

benzenesulfuric acid) leads to solutions of the conducting emeraldine salt, which can 

then be cast into films. Another way of altering the physical characteristics is to 

modify the polymer itself. Section 1.2.3 describes some of the structural variations 

of polyaniline that have been reported. 
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Resonance stabilisation of radical cation 

Figure 1.9 Generation and resonance stabilization of radical cation. 

1.2.3 Structural Variations of Polyaniline. 

Poly(m-nitroaniline) and poly(p-nitroaniline) have been prepared by Roy et al [20], 

from nitroaniline, with ammonium persulfate and a catalytic amount of aniline. The 

polymers were soluble in a range of solvents, including DMF, DMSO, DNP and 

H2SO4 (96%), although the conductivity was a disappointing 6 x 10-6 Scm-1. 

Wei et al [21] report the synthesis of alkyl ring-substituted polyanilines: poly(o-

toluidine), poly(m-toluidine) and poly(o-ethylaniline). They are prepared by 

oxidation of the monomer units with ammonium persulfate in the presence of ferrous 

sulfate, and display conductivities in the order of 5 x 10-2 Scm-1, as well as being 

soluble in CH2Cl2 and CHCl3 in their base forms. 



15Poly(o-chloroaniline) and poly(o-fluoroaniline) were prepared by Kang and Yun 

[22], using chromic acid as oxidant. Solubility was not greatly improved, and the 

conductivities measured were in the order of 10-6 Scm-1. One of the most studied 

substituted polyanilines is poly(anilinesulfonic acid). This has been investigated 

widely [23, 24, 2] as it is not only water soluble, but is capable of self doping. These 

and other substituted polyanilines are shown in Figure 1.10. 
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Figure 1.10 Repeat units of some substituted polyanilines. 



161.3 High Pressure Liquid Phase Synthesis 

Synthesis utilising high pressure has been performed with a wide range of reactions 

and solid, liquid and gas phase reactants. As can be expected, the pressure apparatus, 

suitable reaction types and synthetic outcomes vary considerably for the three phases 

of matter. Typical solid state reactions involved the preparation of gemstones [25] 

using anvil presses that can achieve pressures of 200 kbar. The apparatus for gas 

phase high pressure reactions is more widespread in synthetic laboratories, making 

this a more widely used synthetic technique. Reactions such as the Haber ammonia 

synthesis and the high pressure polymerisations of ethylene and propylene [26] are 

common industrial examples of gas phase synthesis. The following section presents 

a more detailed discussion of liquid phase high pressure synthesis, which is the high 

pressure technique applicable to the work presented in this thesis. 

1.3.1 Theory of High Pressure Liquid Phase Synthesis. 

There are three basic mechanisms by which the application of high pressure to a gas 

or liquid phase reaction affects the reaction outcome: (1) by compressing the 

reaction medium, the concentration of the reacting species is increased (2) pressure 

changes the rate of intermolecular diffusion and (3) the molecules themselves are 

compressed, deforming their electron clouds and affecting the collision rate [27]. In 

liquid phase reactions, the space available for the formation of the transition state is 

restricted, and the influence of pressure on the reaction rate overshadows all other 

effects [27]. 

It is the ‘activation volume’ of a reaction that determines its sensitivity to an applied 

pressure. The activation volume, denoted ∆V*, is the difference between the partial 

molar volumes of the reactants (ΣV) and the transition state (V*) [26].  Eqn 1 is 

taken from Even and Polanyi’s quasi-thermodynamic formula [25], and relates the 

activation volume to the reaction rate. Thus the application of pressure accelerates

 ∆V* = V* - ΣV (reagents)                                             



17δ ln k ∆V ∗ 
= − 


δp RT  (1)


reactions with a negative activation volume. In general, this includes reactions that 

involve formation of a bond, concentration of charge and ionisation during the 

transition state [28]. Figure 1.11 illustrates the relationship between maximum rate 

acceleration and pressure for different values of the activation volume [26]. 

Figure 1.11 Relationship between rate acceleration and pressure [26].  

A major factor that affects the activation volume of reaction is the solvation of the 

reacting species. An increase in the association of a species with a solvent causes a 

decrease in volume, which is particularly great when ionic species are created [26].  

Reactions with strongly dipolar transition states have a more negative activation 

volume, particularly so for the less polar solvents. This ‘electrostriction’ effect is a 

reflection of the less rapid fall off of electric field with distance from the ion in a 

solvent of low dielectric constant than in one of high [30]. Entry three (the 

Menshutkin reaction) in Table 1.6 provides an example of this effect - the activation 

volume for the same reaction is significantly different in solvents of varying polarity. 



18Reaction type Example ∆V* (cm3/mol) Reference 

Diels-Alder H2C=CHC(CH3)=CH2  + -35 [27] 

CH=CHCN 

H-abstraction n-C6H13SH + DPPH -17 [29] 

Menshutkin (C2H5)3N + C2H5Br -> (CH3CN) -30 [26] 

(C2H5)4N
+Br- (C2H5OH) -40 

(hexane) -60 

Solvolysis t-BuCl + H2O -15 [29] 

Table 1.6 Activation volumes of some common reactions. 

Apart from the increase in reaction rate, another potential benefit of synthesis under 

high pressure is the range of new products available. Some reactions, which do not 

proceed at atmospheric pressure, are achievable at elevated pressures [28]. In 

addition, product ratios (SN1 product/ SN2 product, ortho-substitution/ para-

substitution etc) and stereochemistry may be altered (Figure 1.12). 

t-C4H9Si(CH3)2Cl 

OH pyridine OSi(CH3)2C4H9-t 

H2C 

CH3

CH3 

CH3

H2C CH3 

Yield %  Conditions
 0                 9 kbar  45°C 44h

  98              15 kbar  20°C 36h 

C
H

O 

CHO OSi(CH3)3 

OSi(CH3 )3 

H 

Catalyst  Pressure   erythro: threo ratio 
TiCl3              1 bar                 25 : 75 
none 10 kbar               75 : 25 

Figure 1.12 Examples of reactions where product ratios are affected by pressure. 



191.3.2 Apparatus.

The press used for the high pressure reactions performed in this work was a PSIKA 

High Pressure Reactor, and a schematic is provided in Figure 1.13. The press 

consisted of two opposing hydraulic rams. The upper exerted a load of 10 tons and 

the lower a load of 14 tons. Pistons transmitted the load to the sample volume, which 

was contained in a double cylinder. The sample volume was 77 mL, and was filled 

with a pressure transmitting liquid, typically a mixture of 85% castor oil and 15% 

methanol (v/v). The reaction vessel was immersed in this liquid. As the load of the 

hydraulic rams was applied over progressively smaller surface areas (from ram to 

piston) the pressure on the reaction vessel could be set to a maximum of 20 kbars. 

Figure 1.13 High Pressure Apparatus 

Because the reaction vessel was made from a flexible material, usually HDPE or 

PTFE, and was pressurised evenly from all directions (via the castor oil/methanol 

mixture) the pressure is transmitted to the reaction solution without actually 



20damaging the vessel. Rubber o-rings on the pistons sealed the sample volume for 

pressures up to 7 kbar, after which the seal was provided by copper-berrylium o-

rings. 

A strip heater allowed the cylinder to be heated to a maximum of 150 °C, depending 

on the reaction pressure. 

1.4 Project Aims 

The aim of this project was to investigate the synthesis of water soluble, self doping 

conducting polymers. 

It was decided to test whether the addition of a sulfonic acid group to a polyaniline 

backbone would provide sufficient solubility in water, and successfully self-dope the 

polymer. The ASBA monomers were commercially available, but were not able to 

be polymerised at atmospheric conditions. Poly(aminobenzenesulfonic acid) had 

been prepared by the reaction of sulfuric acid with polyaniline, but the degree of 

sulfonation was not better than 75%. 

A high pressure reactor would be employed to attempt the polymerisation of 2- and 

3-aminobenzenesulfonic acid and their sodium salts. The polymerisation conditions 

were to be investigated to determine the effect of factors such as reaction time, 

temperature, solvent, oxidising agent and the use of catalysts. 

If successful, the investigation would be extended to 2- and 5-aminonaphthalene-8-

sulfonic acid and their sodium salts. Again, the effect of reaction conditions would 

be studied. 

Polymers would be characterised by standard techniques, including FT-IR, UV-Vis 

and fluorescence spectroscopy, gel permeation chromatography and XPS. The 

conductivity of the polymers would be measured using a 4-point probe. 



The activation volume for the polymerisation reactions of 2-methoxyaniline and 5-

aminonaphthalene-8-sulfonic acid would be estimated through use of a UV-visible 

spectrometer fitted with a high pressure chamber which contained sapphire windows 

allowing reactions to be monitored. 

21



22Chapter Two 


Polymerisation of Aminobenzenesulfonic Acid 


2.1 Introduction 

For a conducting polymer to be of industrial significance, it must have appropriate 

chemical and mechanical properties. Polyaniline has been used in a range of 

applications, from rechargable batteries to smart windows [2]. Although polyaniline 

is a useful conducting polymer, it is limited in its applications by a number of 

factors. Hydrochloric acid, the most widely used dopant for polyaniline, is released 

from the polymer at elevated temperatures and under humid conditions. Evolution of 

HCl from microelectronic devices fabricated from polyaniline is unacceptable. 

Additionally, the low solubility of polyaniline creates difficulties in processing. 

Melt-processing is not possible because the polymer decomposes before reaching a 

softening or melting temperature. To overcome these problems, a number of 

substituted polyanilines have been synthesised. These have included phosphonic and 

sulfonic acid group substituents [31, 32, 33, 34], aryl and alkyl groups [24, 21, 16, 

35] and combinations of these. With these substituted polyanilines, a balance must 

be struck between improved processability and reduced conductivity. 

One of the most widely studied structural variations to polyaniline has been the 

introduction of a sulfonic acid group. This has been incorporated both on the 

polymers backbone of aromatic rings and on side chains attached to either the 

nitrogen atoms or the ring system. The incorporation of the sulfonic acid group 

dramatically increases the polymers solubility in water, and allows the possibility of 

self-doping. 

Sulfonated polyanilines have been employed in a number of applications. Kuo et al 

[2] have used poly(aniline-co-N-propanesulfonic acid-aniline) and sulfonic acid ring 

substituted aniline (Figure 2.1) to fabricate Field Effect Transistors (FET). Thin 

films of the polymers act as the semiconducting layer. The FETs were found to be 



more environmentally stable than those of other polyaniline FETs. Narasimhan et al 

[36] also manufactured FETs from sulfonated polyaniline, as well as Schottky diodes 

and thin film  

23

Figure 2.1 A selection of sulfonated polyanilines[23, 24, 2] 



24transistors. The group concluded that there were many potential applications for 

devices based on sulfonated polyanilines in ‘cheaper electronics’. 

2.1.1 Synthetic Routes to Sulfonated Polyanilines 

The synthesis of sulfonated polyaniline has been undertaken using a variety of 

synthetic techniques, to produce the optimal chemical and physical properties in the 

final polymer. One of the first reports was by Yue and Epstein [37], in 1990. They 

treated emeraldine base (EB) polyaniline with fuming sulfuric acid to obtain a 50% 

sulfonated polyaniline, in its conductive form. A conductivity of ~0.1 Scm-1 was 

reported. It was suggested that 50% sulfonation was the optimum amount, as 

additional sulfonation and consequent protonation of the amine nitrogen atoms 

would convert some -(NH)- to -(NH2
+)- groups and hence destabilise the polymer by 

reducing the extent of the π conjugation. The polymer was soluble in aqueous base 

and DMSO, but was not water soluble. The conductivity was pH dependent, 

requiring a pH of 7 or below. 

N N 

H H 

N N 

x 

fuming 
H2SO4 

2 hrs 

N N 

H H 

N N 

SO3H SO3H 

x 

Figure 2.2 Synthesis of 50% sulfonated polyaniline. 

In 1992, a study of different sulfonation methods was reported [38] which compared 

the treatment of emeraldine base  

-with fuming sulfuric acid,  

-with and without additional oxidant ( (NH4)2S2O8), 



25-with chlorosulfonic acid, 


-and a mixture of sulfur trioxide and triethyl phosphate in 1,2 dichloroethane.  


Heating of an EB sulfate salt was also examined. It was concluded that the optimal 


preparation was the treatment of emeraldine base with fuming sulfuric acid, giving


both a better conductivity and a higher sulfur to nitrogen ratio.  


To still further improve the water solubility of the sulfonated polyanilines, 

alternatives to the basic polymer backbone were considered. In 1994 Chen and 

Whang [24] reported the synthesis of the ‘first water soluble self-acid-doped 

polyaniline’, poly(aniline-co-N-propanesulfonic acid-aniline) and its sodium salt. 

The polymer was produced by reacting emeraldine base with excess 1,3 

propanesultone. Elemental analysis gave a S/N ratio of ~ 0.5 and a conductivity of 

1.5 x 10-2 Scm-1 was obtained. 

A number of co-polymers have been prepared electrochemically [39], combining 

aniline and 2- and 3-aminobenzenesulfonic acid (2-, 3-ABSA). The copolymers 

retained their redox activity up to pH 12, 6 units higher than for pure polyaniline, 

and the copolymer formed from aniline and 3-ABSA was more thermally stable than 

pure polyaniline. 

A subsequent paper by Wei et al [40] reported the synthesis of highly sulfonated 

polyaniline. Treatment of leucoemeraldine base with fuming sulfuric acid resulted in 

a 75% sulfonated polyaniline. The conductivity of this polymer was independent of 

pH, and a factor of 10 higher than the EB-Spani, at approximately 1 Scm-1. 

Additionally, water solubility was improved, compared with EB-Spani. 

In 1997 Shimizu et al [41] reported the synthesis of fully sulfonated polyaniline. 

They polymerised 3-ABSA and 2-methoxy-aniline-5-sulfonic acid with ammonium 

persulfate ((NH4)2S2O8) under both basic and acidic conditions. They report a high 

conversion of m-ABSA monomer, but it appeared that mostly oligiomers were 

formed. The polymerisation of 2-methoxy-aniline-5-sulfonic acid in aqueous 

pyridine was more successful, yielding 96% polymer, with a molecular weight of 

10,000 and conductivity of 4  x 10-2 Scm-1. Shimizu found two main problems with 



26polymerising ABSA monomers. First was the low reactivity of the monomer due to 

the presence of the electron withdrawing sulfonic acid group and second, the low 

solubilities of the monomer under acidic conditions. 

2.1.2 Properties of sulfonated polyaniline 

The presence of the sulfonic acid group on the polymer backbone has a number of 

consequences for the chemical and physical properties of the polymer. As has been 

discussed above, the solubility and conductivity of polyaniline are significantly 

altered upon sulfonic acid substitution. Yue et al [42] reported that the 50% 

sulfonated EB-Spani was soluble in aqueous alkaline solutions (as opposed to the 

EB-Pani which is converted to the insoluble insulating form in basic aqueous 

solutions) and Wei et al [40] determined LEB-Spani to be twice as water soluble as 

the previously reported sulfonated polyanilines. This is a significant improvement 

over the parent polyaniline, whose general insolubility in common solvents made it 

difficult to process. Although fully sulfonated polyaniline has been reported [43], no 

mention was made of its solubility characteristics. Other substituted polyanilines, as 

reported by Chen and Hwang [24] and Nguyen et al [23] have a very high water 

solubilities. see Figure 2.1. 

The conductivity of the reported sulfonated polyanilines varies considerably with the 

degree and manner of sulfonation, but is universally lower than the unsubstituted 

polyaniline [24, 43, 23, 39]. Table 2.1 lists a range of polymers and their 

conductivities. It is interesting to note that although the conductivity of LEB-Spani is 

greater than that of EB-Spani, the conductivity of the fully sulfonated methoxy-spani 

is less than both. 

It has been suggested by Yue et al [42] that the lower conductivity and greater 

electron localisation of the sulfonated polyanilines compared to the parent polymer 

is due to the following:  

-the presence of the side groups increases the separations of the polymer 

chains and lowers the crystallographic order of the chains. This induces a decrease in 

the interchain diffusion of charge carriers, hence lowering the conductivity. 
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Monomer Conductivity(Scm-1) Conditions Reference 

PANI 100 pH ≤ 3 [23] 

EB-Spani 0.1 pH ≤ 7.5 [42, 40] 

LEB-Spani 1 0 ≤ pH ≤ 14 [40] 

N-Spani 2 x 10-2 [43] 

2-Methoxyaniline-5-sulfonic acid 4 x 10-2 [41] 

N 

OCH3 

H 
x 

SO3H 

Poly(aniline-co-N-propanesulfonic 1.5 x 10-2 [24] 

acid-aniline)  

NNH 

(CH2)3 

SO3H 

x 

LEB-PAPSA 

“ 

Poly(N-(4-sulfophenyl)aniline) 

N 

10-5 

10-9 

3.5 x 10-3 

[23] 

[23] 

[23] 

SO3H 

x 

Table 2.1. Conductivities of some sulfonated polyanilines. 

-the bulk of the sulfonic acid group is likely to lower the overlap of orbitals 

along the conjugated system, by twisting the phenyl rings relative to one another, 

and forcing the chain out of planarity. As a result, the conduction electron wave 

functions are expected to be more localised in the substituted polyaniline than in 

EB-Pani, leading to a lower mobility of the charge carriers both along and between 

the polymer chains (‘charge pinning’). 



28-there is a possibility of strong electrostatic interactions between the sulfonic 

acid groups and cationic radical nitrogen atoms or H bonding through pace to form 

five- or six-member rings, which are in energetically favoured configurations (Figure 

2.3a). Such conformations can effectively localise the positive charge around the 

nitrogen atoms.  

-finally, interchain interactions of this type may also occur, between adjacent 

polymer chains (Figure 2.3b). 
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Figure 2.3 Energetically favourable configurations for electrostatic interactions between SO3
- groups 

and cationic radical nitrogen atoms or H-bonding through space [42]. 

2.1.3 Model of Conduction

In 1997 Lee et al [43] studied the charge transport properties of fully sulfonated 

polyaniline and concluded that the model of conduction that best fit the experimental 



29data (charge transport and magnetic properties, dc conductivity and thermopower 

measurements) was the quasi-1D Variable Range Hopping model. This is an 

interesting result, as when the model had been applied to EB-Pani [44] (see below) 

the researchers predicted that the addition of side chains to the polymer backbone 

would adversely affect the microscopic polymer structure, and thus the mechanism 

of conduction within the polymer.  

In its simplest form, the hopping mechanism describes the current passing through 

the particular material by means of activated jumps of the carriers (electrons) from 

one region of good conductivity to another [3]. The carriers must overcome poorly 

conducting dielectric barriers of disordered or non-conjugated structure. In general, 

the jumps may be in any direction (3-dimensional). Increasing the temperature of the 

material does not affect the number of carriers formed in the conducting regions, but 

increases the probability of the jumps [3]. 

It was originally thought [45] that the carrier electrons would jump to the nearest 

neighbouring conduction region. Mott [44] was the first to point out that the most 

frequent hopping process would not be to the nearest neighbour, and his model 

became known as the variable range hopping model. 

Mott [44] showed that the activation energy for the jump was actually inversely 

proportional to the hopping distance. Then the further the electron hops, the smaller 

the energy difference would be. This process must involve tunnelling, and so an 

equation for the probability of hopping must contain a factor to account for this, 

which involves the decay length of the localised wave function (1/α). The 

probability of hopping, and thus the conductivity is of the form 

σ = Aexp(-B/T1/4) (2.1) 

where A is a constant 

and B = 2(3/2π)1/4 (α3/kBN(Ef))
1/4  (2.2) 



30where kB is the Boltzmann constant, N(Ef) is the density of states near the Fermi 

energy and α is as previously defined. 

Experimentally it has been observed that 

σ = Aexp(-B/Tn) (2.3) 

where n varies depending on the material studied, and can be difficult to determine 

[44].  

In most polymeric materials, conduction is thought to be 1-dimensional variable 

range hopping, where the electrons travel along the polymer chains. Wang et al [46] 

made a study of HCl-doped emeraldine salt polyaniline, and came to the following 

conclusions, based on data from studies of the temperature dependence of the dc 

conductivity, thermoelectric power, complex microwave dielectric constant, electron 

paramagnetic resonance and electric field dependence of conductivity.  

The polymer was determined to consist of regions of crystalline order, surrounded by 

amorphous regions which occupied 50% or more of the polymer. Within the 

crystalline regions the polymer chains are well coupled, and can be thought of as 

‘metallic bundles’. The electrons in these bundles are 3-dimensionally delocalised, 

but due to the wire-like nature of the bundles conduction along the chains is quasi

1D. In the amorphous regions the disorder of the chains reduces the interchain 

transfer rate and the electrons are localised to single chains. The macroscopic 

conductivity is dominated by the most difficult transport component, the interchain 

hopping. They predict that the addition of side groups on the polymer chain would 

suppress the interchain coupling and coherence and hence reduce the conductivity of 

the polymer [44]. 



312.2 Synthesis of Poly(aminobenzenesulfonic acid) 

The polymerisation of aminobenzenesulfonic acid would be an ideal, direct synthetic 

route to fully sulfonated polyaniline. Unfortunately it has not been successfully 

achieved, apparently due to the strongly electron withdrawing nature of the sulfonic 

acid group hindering the oxidation. To date the group at Nitto Chemical Industry 

[41] are the only group to come close. They reported conversion of the 

aminobenzenesulfonic acid monomer, but were unable to isolate any significant 

yield, and estimate molecular weights of less than 2000 daltons. 

Another possible explanation for the poor polymerisation of the 

aminobenzenesulfonic acid monomers is steric hindrance from the bulky sulfonic 

acid group, restricting the head-to-tail coupling required for formation of the 

polymer chain. 

The application of high pressure to polymerisation reactions is generally beneficial, 

both in terms of increasing yields and promoting otherwise difficult to achieve 

reactions. 

Viton o-ring 

PTFE plug 

extraction screw hole 

PTFE reaction vessel 

reactant (volume = 3 ml - 20 ml) 

Figure 2.4 Teflon reaction vessel for high pressure reactions. 



32The work reported in this chapter involves the study of direct polymerisation of 

aminobenzenesulfonic acid monomers under the influence of high pressure. 

Reaction conditions are varied to determine optimal reaction conditions for high 

yield, high conductivity and water solubility of the resultant polymers. The following 

sections detail the reaction conditions investigated, and provide background for the 

experimental procedures used. 

The apparatus used was a PSIKA 20 kbar high pressure reactor, comprised of two 

opposing hydraulic rams. A diagram of the apparatus was presented in Figure 1.13. 

The reaction vessel was made from teflon tube, with a teflon cap and gas tight seal 

(Figure 2.4). Pressure is applied evenly from all directions. Vessels are available in a 

range of sizes, the largest comfortably held approximately 20 mLs. 

2.2.1 Choice of Monomer 

Four monomers were studied: 2- and 3-aminobenzenesulfonic acid and their sodium 

salts. The polymer produced from each monomer should be identical. 

-

SO3H 3 
-Na+SO

SO3H  SO3 Na+ 

NH2 NH2 NH2 
NH2 

1 2 3 4 

Figure 2.5 Monomers polymerised with high pressure. 

Unlike other oxidative polymerisations of substituted anilines, water was the solvent 

instead of HCl or other acids to allow observation of the self-doping nature of the 

polymers produced. Both isomers of the aminobenzenesulfonic acids are poorly 

soluble in any solvent other that water, and even then the solubility is only around 

0.02 g/ml. As the volume of the reaction vessels is limited to approximately 20 mls, 

this restricted the amount of monomer that may be used in any one reaction. Yields 



33varied considerably from reaction to reaction, depending on the reaction conditions 

employed, and so it could be difficult to obtain enough polymer to allow complete 

characterisation in every case. In one case an inhomogeneous reaction mixture was 

reacted, to see if further monomer would dissolve as the reaction occurred, but it was 

observed that only the initially dissolved monomer reacted. It was also observed that 

the sodium salts of the aminobenzenesulfonic acids were considerably more soluble 

than the acids, by at least a factor of 10. Accordingly, a series of experiments were 

carried out on the sodium sulfonates, which were subsequently treated with dilute 

HCl to restore the acid functionality before characterisation of the polymers. 

2.2.2 Choice of Oxidant 

The most commonly used oxidant for chemical oxidative polymerisation of anilines 

is ammonium persulfate. This is usually used as 1.1 or 1.25 molar equivalents of the 

aniline monomer. To eliminate any possibility of impurities contaminating 

microanalysis results for nitrogen, we choose to use sodium persulfate as oxidant. 

The emeraldine state requires 1.25 equivalents. 

An alternate oxidation system is reported by Moon et al [10]. Hydrogen peroxide, in 

the presence of an iron (II) catalyst is used to polymerise aniline. This gave good 

yields of high molecular weight polymers, and was also used to polymerise poly(2-

ethylaniline) and poly(2-propylaniline). We also used this oxidative system in our 

investigation of the polymerisation of the aminobenzenesulfonic acids. 

2.2.3 Choice of Additives

In order to improve yields of polymerisation reactions, a number of additives have 

been used by various research groups. These included the use of aniline (as initiator), 

ferrous sulfate and alkali metal salts. 

Park et al [47] have studied the electropolymerisation of aniline, and suggested that 

once polymerisation of aniline starts, an autocatalytic reaction takes place. This 



34would mean that co-polymerisation of aniline and aminobenzenesulfonic acids can 

be achieved. In their case it lead to a 50% sulfonated polymer, with a conductivity of 

~10-4 Scm-1. Roy et al [20] reported the use of aniline to catalyse the polymerisation 

of nitroaniline, which is otherwise unreactive, using 15 mol% aniline. We used 10 

mol% aniline, to assist initiation, but without significantly compromising our aim of 

100% sulfonation. 

The use of ferrous sulfate and cobalt sulfate as catalysts has been described by 

Gazotti and De Paoli [48]. They reported increased yields in the chemical 

polymerisation of poly(2-methoxyaniline) with the use of these additives. We used 

5% or 10% molar equivalent of FeSO4 in some reactions to explore the possible 

benefits of this catalyst. 

In the same paper, these authors also report the synergistic effect of alkali metal salts 

such as lithium chloride and sodium chloride with the ferrous sulfate. Optimal 

results were obtained by conducting the experiments in a 5M solution of the 

inorganic salt.  

2.2.4 Purification of Polymers 

Most substituted anilines are soluble in a small range of solvents, if any, and 

therefore purification of the reaction mixtures involves filtration of the polymer and 

washing it with aqueous solvents to remove unreacted monomer and any reaction 

byproducts. In the present work, however, the polymer was very water soluble, and 

so separating it from the other reaction components (also water soluble) was more of 

a problem. 

After investigating a range of work-up procedures for the purification of these 

polymers the best procedure proved to be dialysis. Cellulose tubing, with 

microscopic pores would hold the reaction solution, suspended in a large container 

of doubly deionised water. All water soluble molecules of molecular weight less 

than 1000 daltons could pass through the pores, and be removed with a water 

change. Ion diffusion drives all ions and molecules out of the tubing, leaving the 



35purified polymer. Generally 4 washes of 2 litres of water was used, for each 20 ml 

reaction. For reactions that contained lithium chloride, the final water washes were 

tested with silver nitrate to determine if any chloride residues remained. 

2.3 Experimental 

2- and 3-Aminobenzenesulfonic acids were purchased from Aldrich Chemical 

Company and recrystallised from water before use. Sodium persulfate was used as 

supplied by BDH. Iron(II) sulfate heptahydrate and lithium chloride were used as 

supplied by Aldrich. Aniline and pyridine were distilled before use, and stored over 

KOH. Water was doubly deionised (MilliQ). High pressure reactions were 

performed in a PSIKA 20 kbar reactor, in teflon reaction vessels. The polymers were 

purified using Spectra/Por dialysis tubing with a MW cut-off of 1000 Daltons. 

Conductivity measurements were performed with a Signatone 4-point probe on 

pressed pellets of the purified polymer. Number- and weight-averaged molecular 

weights of polymers were determined by gel permeation chromatography (GPC) in 

water using a Waters 410 differential refractometer detector, with a Waters 

Ultrahydrogel 500 column and polyethylene oxide and polyethylene glycol 

standards. Molecular weight data were processed using Millennium 32 software. 

Microchemical data and XPS analysis performed at Chemistry Department, National 

University of Singapore. IR spectra were collected on a Perkin Elmer FT-IR 

spectrometer and UV-Vis spectra on a GBC and Biochrom UV spectrometer. 

The sodium salts of the aminobenzenesulfonic acids were prepared by titration of the 

acid against sodium hydroxide, to a phenolthelien end point. These solutions were 

evaporated under vacuum to leave a pale pink powder. 

Aniline hydrochloride was  prepared by treating aniline with one equivalent of HCl, 

and evaporating the solvent to leave a white powder. 



362.3.1 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 17 kbar and 

23°C with Ferrous Sulfate and Hydrogen Peroxide 

2-Aminobenzenesulfonic acid (1)(0.336 g, 1.94 mmol) was dissolved in water (15 

mL) at room temperature. Powdered FeSO4.7H2O (0.01 eq,5.39 mg) was added with 

stirring, and the solution transferred to a teflon high pressure vessel. A solution of 

31% H2O2 (0.5 eq) was added, the vessel sealed and the reaction pressurised to 17 

kbar at room temperature for 16 h. The reaction mixture was dialysed for 20 hrs (4 x 

2L H2O), and the solvent removed under vacuum to leave 77 mg of an insoluble, 

nonconducting, black powder. 

2.3.2 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 17 kbar and 

50°C with Ferrous Sulfate and Hydrogen Peroxide 

The above procedure was repeated at 50°C, to give 27 mg of an insoluble, 

nonconducting, black powder. 

2.3.3 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 18 kbar with 

Sodium Persulfate, Aniline Hydrochloride, Ferrous Sulfate and Lithium 

Chloride 

2-Aminobenzenesulfonic acid (1) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at room temperature. To this was added a solution of aniline 

hydrochloride (10%, 25.2 mg) in water (0.5 mL), a solution of ferrous sulfate (10%, 

53.9 mg) in water (1.0 mL) and a concentrated solution of lithium chloride (4.24 g, 

0.10 mol) to give a final concentration of 5.0M. This solution was transferred to a 

teflon reaction vessel, and a solution of sodium persulfate (1.25 eq, 0.577 g) in water 

(4 mL) was added in one portion. The reaction was pressurised to 18 kbar at 23°C 

for 16 h. The reaction mixture was dialysed for 20 h (4 x 2L H2O), and the solvent 

removed under vacuum to leave a shiny black powder (yield = 98%) with a 

conductivity of 3 x 10-3 Scm-1. 



372.3.4 Polymerisation of 3-Aminobenzenesulfonic acid (2) at 18 kbar with 

Sodium Persulfate, Aniline Hydrochloride, Ferrous Sulfate and Lithium 

Chloride 

3-Aminobenzenesulfonic acid (2) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at room temperature. To this was added a solution of aniline 

hydrochloride (10%, 25.1 mg) in water (0.5 mL), a solution of ferrous sulfate (10%, 

53.9 mg) in water (1.0 mL) and a concentrated solution of lithium chloride (4.24 g, 

0.10 mol) to give a final concentration of 5.0M. This solution was transferred to a 

teflon reaction vessel, and a solution of sodium persulfate (1.25 eq, 0.577 g) in water 

(4 mL) was added in one portion. The reaction was pressurised to 18 kbar at 23°C 

for 16 h. The reaction mixture was dialysed for 20 h (4 x 2L H2O), and the solvent 

removed under vacuum to leave a shiny black powder (yield = 100%) with a 

conductivity of 3 x 10-3 Scm-1. 

2.3.5 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 18 kbar with 

Aniline Hydrochloride, Ferrous Sulfate and Lithium Chloride and 

stepwise addition of Sodium Persulfate 

2-Aminobenzenesulfonic acid (1) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at room temperature. To this was added a solution of aniline 

hydrochloride (10%, 25.1 mg) in water (0.5 mL), a solution of ferrous sulfate (1%, 

5.39 mg) in water (1.0 mL) and a concentrated solution of lithium chloride ( 4.92 g, 

0.116 mol) to give a final concentration of 5.8M. The resultant solution was 

transferred to a teflon reaction vessel, and a solution of sodium persulfate (0.25 eq, 

0.115 g) in water (1 mL) was added in one portion. The reaction was pressurised to 

18 kbar at 23°C for 1 h. A further solution of sodium persulfate (0.25 eq, 0.115 g) in 

water (1 mL) was added, and the reaction repressurised to the initial conditions. this 

was repeated another 3 times, until the usual quantity of sodium persulfate had been 

added. the reaction was then left for 12 h at 18 kbar and 23°C. The reaction mixture 

was dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum to leave 

a shiny black powder (yield = 91%) with a conductivity of 5 x 10-5 Scm-1. 



382.3.6 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 14 kbar with 

Sodium Persulfate, Aniline Hydrochloride, Ferrous Sulfate and Lithium 

Chloride 

2-Aminobenzenesulfonic acid (1) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at room temperature. To this was added a solution of aniline 

hydrochloride (10%, 25.1 mg) in water (0.5 mL), a solution of ferrous sulfate (10%, 

53.9 mg) in water (1.0 mL) and a concentrated solution of lithium chloride ( 4.24 g, 

0.10 mol) to give a final concentration of 5.0M. This solution was transferred to a 

teflon reaction vessel, and a solution of sodium persulfate (1.25 eq, 0.577 g) in water 

(4 mL) was added in one portion. The reaction was pressurised to 14 kbar at 23°C. 

Immediately on reaching 14 kbar, the pressure was released, and the reaction was 

worked up in the usual manner to leave a shiny black powder (yield = 51%) with a 

conductivity of 4.4 x 10-4 Scm-1. 

2.3.7 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 18 kbar with 

Sodium Persulfate, Aniline Hydrochloride and Lithium Chloride 

2-Aminobenzenesulfonic acid (1) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at room temperature. To this was added a solution of aniline 

hydrochloride (10%, 23.1 mg) in water (0.5 mL) and a concentrated solution of 

lithium chloride ( 4.92 g, 0.115 mol) to give a final concentration of 5.8M. This 

solution was transferred to a teflon reaction vessel, and a solution of sodium 

persulfate (1.25 eq, 0.577 g) in water (4 mL) was added in one portion. The reaction 

was pressurised to 19 kbar at 23°C for 16 h. The reaction mixture was dialysed for 

20 h (4 x 2L H2O), and the solvent removed under vacuum to leave a shiny black 

powder (yield = 30%) with a conductivity of 2.6 x 10-4 Scm-1. 



392.3.8 Polymerisation of 3-Aminobenzenesulfonic acid (2) at 18 kbar for 1 

h with Sodium Persulfate, Aniline Hydrochloride and Lithium Chloride 

3-Aminobenzenesulfonic acid (2) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at room temperature. To this was added a solution of aniline 

hydrochloride (10%, 23.1 mg) in water (0.5 mL) and a concentrated solution of 

lithium chloride ( 4.92 g, 0.115 mol) to give a final concentration of 5.8M. This 

solution was transferred to a teflon reaction vessel, and a solution of sodium 

persulfate (1.25 eq, 0.577 g) in water (4 mL) was added in one portion. The reaction 

was pressurised to 19 kbar at 23°C for 16 h. The reaction mixture was dialysed for 

20 h (4 x 2L H2O), and the solvent removed under vacuum to leave a shiny black 

powder (yield = 100%) with a conductivity of 1 x 10-5 Scm-1. 

2.3.9 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 17 kbar with 

Sodium Persulfate, Aniline Hydrochloride and Ferrous Sulfate 

2-Aminobenzenesulfonic acid (1) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at 40°C. To this was added a solution of aniline hydrochloride 

(10%, 23.1 mg) in water (0.5 mL) and a solution of ferrous sulfate (10%, 53.9 mg) in 

water (1 mL). This solution was transferred to a teflon reaction vessel, and a solution 

of sodium persulfate (1.25 eq, 0.577 g) in water (4 mL) was added in one portion. 

The reaction was pressurised to 17 kbar at 23°C for 1 h. The reaction mixture was 

dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum to leave a 

shiny black powder (yield = 18%) with a conductivity of 8 x 10-6 Scm-1 (after 

treatment with acid). 

2.3.10 Polymerisation of 2-Aminobenzenesulfonic acid (1) at 7 kbar with 

Sodium Persulfate, Aniline Hydrochloride and Ferrous Sulfate 

2-Aminobenzenesulfonic acid (1) (0.336 g, 1.94 mmol) was dissolved, with stirring, 

in water (15 mL) at 40°C. To this was added a solution of aniline hydrochloride 

(10%, 23.1 mg) in water (0.5 mL) and a solution of ferrous sulfate (10%, 53.9 mg) in 



40water (1 mL). This solution was transferred to a teflon reaction vessel, and a solution 

of sodium persulfate (1.25 eq, 0.577 g) in water (4 mL) was added in one portion. 

The reaction was pressurised to 7 kbar at 23°C for 16 h. The reaction mixture was 

dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum to leave a 

shiny black powder (yield = 24%) with a conductivity of 9 x 10-6 Scm-1. 

2.3.11 Polymerisation of Sodium 2-aminobenzenesulfonate (3) at 18 kbar 

with Sodium Persulfate and Ferrous Sulfate 

Sodium 2-aminobenzenesulfonate (3) (2.00 g, 12.5 mmol) was dissolved, with 

stirring, in water (15 mL) at 23°C. To this was added a solution of ferrous sulfate 

(10%, 0.342 g) in water (1 mL). This solution was transferred to a teflon reaction 

vessel, and a solution of sodium persulfate (1.25 eq, 3.71 g) in water (4 mL) was 

added in one portion. The reaction was pressurised to 18 kbar at 23°C for 16 h. The 

reaction mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed under 

vacuum to leave a shiny black powder (yield = 18%) with a conductivity of 6.6 x 10

4 Scm-1 (after treatment with acid). 

2.3.12 Polymerisation of Sodium 2-aminobenzenesulfonate (3) at 18 kbar 

with Sodium Persulfate, Aniline Hydrochloride and Ferrous Sulfate 

Sodium 2-aminobenzenesulfonate (3) (2.00 g, 12.5 mmol) was dissolved, with 

stirring, in water (15 mL) at 23°C. To this was added a solution of aniline 

hydrochloride (5%, 81 mg) in water (0.5 mL) and a solution of ferrous sulfate (10%, 

0.342 g) in water (1 mL). This solution was transferred to a teflon reaction vessel, 

and a solution of sodium persulfate (1.25 eq, 3.71 g) in water (4 mL) was added in 

one portion. The reaction was pressurised to 18 kbar at 23°C for 16 h. The reaction 

mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum 

to leave a shiny black powder (yield = 23%) with a conductivity of 1.1 x 10-3 Scm-1 

(after treatment with acid). 



412.3.13 Polymerisation of Sodium 3-aminobenzenesulfonate (4) at 18 kbar 

with Sodium Persulfate and Ferrous Sulfate. 

Sodium 3-aminobenzenesulfonate (4) (2.00 g, 12.5 mmol) was dissolved, with 

stirring, in water (15 mL) at 23°C. To this was added a solution of ferrous sulfate 

(10%, 0.342 g) in water (1 mL). This solution was transferred to a teflon reaction 

vessel, and a solution of sodium persulfate (1.25 eq, 3.71 g) in water (4 mL) was 

added in one portion. The reaction was pressurised to 18 kbar at 23°C for 16 h. The 

reaction mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed under 

vacuum to leave a shiny black powder (yield = 26%) with a conductivity of 8.9 x 10

5 Scm-1 (after treatment with acid). 

2.3.14 Polymerisation of Sodium 3-aminobenzenesulfonate (4) at 18 kbar 

with Sodium Persulfate, Aniline Hydrochloride and Ferrous Sulfate 

Sodium 3-aminobenzenesulfonate (4) (2.00 g, 12.5 mmol) was dissolved, with 

stirring, in water (15 mL) at 23°C. To this was added a solution of aniline 

hydrochloride (5%, 81 mg) in water (0.5 mL) and a solution of ferrous sulfate (10%, 

0.342 g) in water (1 mL). This solution was transferred to a teflon reaction vessel, 

and a solution of sodium persulfate (1.25 eq, 3.71 g) in water (4 mL) was added in 

one portion. The reaction was pressurised to 18 kbar at 23°C for 16 h. The reaction 

mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum 

to leave a shiny black powder (yield = 100%). 

2.3.15 Polymerisation of Sodium 2-aminobenzenesulfonate (3) at 18 kbar 

for 1 h with Sodium Persulfate, Aniline Hydrochloride and Ferrous 

Sulfate 

Sodium 2-aminobenzenesulfonate (3) (2.00 g, 12.5 mmol) was dissolved, with 

stirring, in water (15 mL) at 23°C. To this was added a solution of aniline 

hydrochloride (5%, 81 mg) in water (0.5 mL) and a solution of ferrous sulfate (10%, 

0.342 g) in water (1 mL). This solution was transferred to a teflon reaction vessel, 



42and a solution of sodium persulfate (1.25 eq, 3.71 g) in water (4 mL) was added in 

one portion. The reaction was pressurised to 18 kbar at 23°C for 1 h. The reaction 

mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum 

to leave a shiny black powder (yield = 78%) with a conductivity of 5 x 10-6 Scm-1 

(after treatment with acid). 

2.3.16 Polymerisation of Sodium 2-aminobenzenesulfonate (3) at 7 kbar 

with Sodium Persulfate, Aniline Hydrochloride and Ferrous Sulfate 

Sodium 2-aminobenzenesulfonate (3) (2.00 g, 12.5 mmol) was dissolved, with 

stirring, in water (15 mL) at 23°C. To this was added a solution of aniline 

hydrochloride (5%, 81 mg) in water (0.5 mL) and a solution of ferrous sulfate (10%, 

0.342 g) in water (1 mL). This solution was transferred to a teflon reaction vessel, 

and a solution of sodium persulfate (1.25 eq, 3.71 g) in water (4 mL) was added in 

one portion. The reaction was pressurised to 7 kbar at 23°C for 16 h. The reaction 

mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum 

to leave a shiny black powder yield = 5%) with a conductivity of 2 x 10-4 Scm-1 

(after treatment with acid). 

2.3.17 Doping and Dedoping of Polymers 

Polymers (2.0 g) were dissolved in 1M ammonium hydroxide (20 mL), and stirred 

for 1 hr at room temperature, changing from dark purple to dark blue in colour. The 

solution was dialysed (4 x 2L water) to remove any excess ammonium hydroxide, 

and the solvent removed under vacuum, leaving a shiny black powder. 

Doping of polymers was carried out in the same manner, but using 1M HCl as 

dopant. 



432.4 Characterisation of Polymers 

Standard characterisation techniques were applied to the polymers, and are discussed 

below. 

2.4.1 FT-IR Spectroscopy

The FT-IR spectra of the poly(aminobenzenesulfonic acids) all displayed the 

characteristic absorption features common to polyanilines. Quinoidal and benzenoid 

stretching bands were at 1620 and 1510 cm-1 respectively and the equivalence of the 

size of the bands indicated the polymer was in the emeraldine form. Absorption 

bands due to the asymmetric and symmetric stretching of the sulfonic acid group 

were at 1200 and 1020 cm-1. The region between 800 and 600 cm-1 showed bands 

due to C-S and S-O stretching modes. 

Figure 2.6 shows the FT-IR spectra for poly(sodium aminobenzenesulfonate), both 

as made and after treatment with acid. It can be seen that the dedoped polymer has a 

much reduced benzenoid stretching band. 

Figure 2.6 IR spectra of poly(sodium aminobenzenesulfonate), before (A) and after (B) acid doping. 



442.4.2 UV-Vis Spectroscopy

The UV-Vis spectra of the polymers gave three absorption bands. The first band at 

300 - 310 nm was due to πB to π * and low lying πB to πQ transitions. The second 

band, at 450 nm, was due to low lying πB to πS excitation to the polaron band, and 

the third band, at 565 nm was due to πB to πQ transitions. Upon dedoping the band at 

450 nm was greatly diminished, showing the decreased contribution of the low-lying 

πB to πS transitions with the decreased number of semiquinoid structures in the 

polymer. 

Figure 2.7 Overlay of UV-Vis spectra for poly(aminobenzenesulfonic acid) (a) and poly(sodium 

aminobenzenesulfonate) (b). 

Yue et al [42] observed a hypsochromic shift of the π - π* transition when 

comparing 50% sulfonated EB- and 75% sulfonated LEB-Spani. This was attributed 

to a decrease in the extent of conjugation and an increase in the band gap. It infers 

that there was a higher torsional angle between adjacent phenyl rings (with respect to 

the nitrogen atoms plane) due to possible steric repulsion between sulfonic acid 

groups and hydrogens on adjacent rings. Our polymers, at 100% sulfonation, fit this 



observed trend, with the absorption band at 300 nm, compared with 320 nm for EB-

Spani and 310 nm for LEB-Spani. 
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Figure 2.8 Overlay of UV-Vis spectra following HCl doping of poly(sodium aminobenzenesulfonate) 

film. 

Figure 2.8 provides UV spectra of a sample of poly(sodium aminobenzenesulfonate) 

that was cast onto a glass slide. The film was exposed to HCl vapour which caused a 

colour change from blue to purple and a strong increase in the π - π* transition. The 

band gap for this transition can be calculated from the spectrum to be 2.56 eV. 

Subsequent exposure of the film to HCl vapour caused a small red shift in the π - π* 

transition. 

2.4.3 Gel Permeation Chromatography 

Molecular weights of the poly(aminobenzenesulfonic acids) were determined by gel 

permeation chromatography using poly(ethylene glycol) and poly(ethylene oxide) 

standards. Solutions of 0.1 - 0.5% polymer in water were used. 

A consistent feature of these polymers was their multimodal distribution. A typical 

chromatogram is presented in Figure 2.9, where three separate peaks are clearly 



observed. The molecular weight distribution and polydispersity of the peaks is given 

in Table 2.2. The poly(aminobenzenesulfonic acids) displayed a wide 
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Figure 2.9 Gel Permeation Chromatography trace for poly(aminobenzenesulfonic acid). Values on 

peaks are Mp, as determined by analysis software. 

Peak No. Mn Mw Polydispersity % area 

1 <570 000 43% 

2 372 100 391 900 1.05 30% 

3 38 000 43 000 1.13 27% 

Table 2.2 Gel Permeation Chromatography data for poly(aminobenzenesulfonic acid) 

molecular weight range, averaging from 500,000 Daltons to 14,000 Daltons. There is 

a dearth of published MW data on polyanilines, due mostly to the poor solubility of 

the polymers. Shimizu et al [41] synthesised poly(2-methoxyaniline-5-sulfonic acid) 

and attempted the synthesis of poly(aminobenzene-3-sulfonic acid). They measured 

MW data using poly(ethylene oxide) standards, and determined molecular weights of 

10,000 and 3,000 respectively. These were significantly lower than those measured 

for our polymers, and this could be due to various factors. Polymerisations using 

high pressure have, in the past, resulted in high molecular weight polymers, as 

described in Section 2.2. 



47Alternatively, Long et al [11] reported MW data for EB-Pani (using NMP as solvent, 

and polystyrene standards) and observed chain aggregation leading to molecular 

weights of 500,000 Daltons, with single chains giving MW’s of 30,000 Daltons. The 

aggregation is attributed to interchain hydrogen bonding, in the poorly solvating 

NMP, and can be disrupted by the addition of lithium chloride, a pseudodopant 

which interrupts the interchain hydrogen bonding. 

To test if this were the case for our polymers, doped and undoped samples were 

measured and compared. Differences of <5% were observed in each case. 

2.4.4 Combustion Analysis 

The results of combustion analyses performed on the polymers were disappointing 

(Table 2.3). They indicated large amounts of included water in the crystals of 

polymer, as evidenced by the increased hydrogen quantity. This was in agreement 

with results of XPS analysis of the polymers. 

Atom Calculated (%) Found (%) 

C 42.10 24.93 

H 2.94 3.45 

N 8.14 4.50 

S 18.73 8.23 

Table 2.3 Microchemical data for Poly(aminobenzenesulfonic acid). 

2.4.5 X-ray Photoelectron Spectroscopy 

The XPS spectra of these polymers exhibited a high inclusion of water, due to the 

hygroscopic nature of the material. Baking the polymer under vacuum reduced this 

inclusion, but it was still very apparent. Analysis found C5.1N1O17.4S1.03 instead of 

the calculated C6NO3S. It is worth noting that in both the XPS and combustion 

analyses the ratio of nitrogen to sulfur is approximately one to one. This suggests 

that no sulfonic acid groups were lost in the polymerisation process. 



482.5 Results Summary 

2.5.1 Monomers 

Although Ranger and LeClerc [110] report differences between 2- and 3-

poly(cyanoanilines), ascribed to the relative effect of the electron withdrawing group 

on the spin densities at the N and C4 atoms of the oxidised monomer, there is no 

discernible difference in the data collected in this project. Comparing the main 

characteristics of 4 polymers, two of which are from ortho monomers and two of 

which are from meta, it can be seen that the polymers properties are very similar. In 

Table 2.4, below, samples 1 and 2 are 2- and 3-poly(aminobenzenesulfonic acids), 

polymerised under the same experimental conditions (Sections 2.3.3 and 2.3.4 

respectively). Samples 3 and 4 are 2- and 3-poly(sodium aminobenzenesulfonates), 

that were characterised after treatment with HCl, and were also polymerised under 

the same conditions (Sections 2.3.10 and 2.3.12). Yields, conductivities and 

molecular weight distributions exhibit no trends, and it is only in the UV data that a 

difference is clear. The band at approximately 570 nm, due to  πB to πQ transitions is 

consistently stronger for polymers formed from meta isomers than the other. 

Sample 1 Sample 2 Sample 3 Sample 4 

Monomer 1  2  3  4 

Yield 98% 100% 18% 26% 

Conductivity 3 x 10-3 Scm-1 3 x 10-3 Scm-1 6.6 x 10-4 Scm-1 9 x 10-5 Scm-1 

Molecular 570,000 (43%) 570,000 (18%) 389,500 (82%) 374,300 (89%) 

Weight 372 000 (30%) 74,500 (65%) 92,700 (18%) 70,400 (11%) 

Distribution 38,200 (27%) 15,300 (17%) 

λmax 320 nm ε 2,400 305 nm ε 2,090 296 nm ε 4,330 296 nm ε 3,030 

435 nm ε 1,570 445 nm ε 1,060 450 nm ε 1,740 447 nm ε 1,560 

570 nm ε 820 495 nm ε 1,680 575 nm ε 1,390 

Table 2.4 Comparison of ortho and meta isomers 



49In comparing the other monomer variation studied, that of the sulfonic acid and the 

sodium sulfonate salt, a similar process was carried out. Table 2.5 displays data from 

four polymers, and compares two sets of experiments on each type of monomer. 

Sample 1 and Sample 2 are acid and sodium salt respectively, produced under 

similar experimental conditions (Sections 2.3.9 and 2.3.15), as are Samples 3 and 4 

(Sections 2.3.8 and 2.3.14). Once again, the data for the sodium salts is taken after 

acid treatment. 

Sample 1 Sample 2 Sample 3 Sample 4 

Monomer 1  3  1  3 

Yield 24% 5% 18% 78% 

Conductivity 9 x 10-6 Scm-1 2 x 10-4 Scm-1 9 x 10-6 Scm-1 5 x 10-6 Scm-1 

Molecular 500,000 (100%) 500,000 (100%) 499,000 (100%) 518,000 (100%) 

Weights 

λmax 296 nm ε 4,090 300 nm ε 2,870 297 nm ε 3,990 293 nm ε 4,680 

501 nm ε 1,720 565 nm ε 1,140 552 nm ε 1,580 508 nm ε 1,740 

Table 2.5 Comparison of acid and sodium salt isomers 

In this instance there were some clear differences between the acid and sodium salt 

monomers. Samples 3 and 4 were polymerised for one hour at 17 kbar. The greatly 

differing yields indicate the sodium salt needs less time than the acid to be converted 

to polymer, presumably because the free amine was more easily oxidised than the 

protonated form. The other data for these samples was very similar, apart from a 40 

nm blue shift of the πB to πQ transition in the UV spectra. It was interesting to note 

that the yields and molecular weights are similar for samples 1 and 2. These were 

polymerised at 7 kbar pressure, which has been shown to be a minimum useful 

pressure for polymerisation of the acid [50] and this was perhaps indicated by the 

yields. 



502.5.2 Oxidant 

The polymerisation of aminobenzenesulfonic acids using FeSO4/H2O2 as oxidant 

was unsuccessful. Some black powdery material was isolated, but due to its 

insolubility it was unable to be characterised. A FT-IR spectrum was obtained, but it 

did not provide sufficient information to elucidate the structure of the material. 

Sodium persulfate was the most successful oxidant. The experiment that involved a 

stepwise addition procedure for reacting the oxidant and monomer (Section 2.3.5) 

gave an inferior polymer, with reduced conductivity and smaller MW although the 

yield did not appear to be affected. Table 2.6 provided a comparison of the polymer 

from the stepwise addition experiment with a polymer produced under otherwise 

identical experimental conditions. 

Sample 1 Sample 2 

1 step addn of ox. 

Yield 91% 98% 

5 x 10-5 Scm-1 3 x 10-3 Scm-1 

Molecular 

Distribution 

64,000 (63%) 

14,000 (37%) 

570,000 (43%) 

372 000 (30%) 

38,200 (27%) 

λ 310 nm ε 1,340 

440 nm ε 550 

320 nm ε 2,400 

435 nm ε 1,570 

Monomer stepwise addn of ox. 

Conductivity 

Weight 

max 

Table 2.6 Comparison of methods of addition of oxidant. 

2.5.3 Additives/catalysts 

The use of anilinium hydrochloride and ferrous sulfate increased the yield and 

conductivity of the polymers, and generally gave higher molecular weights. Table 

2.7 compared two sets of data, for experiments with and without anilinium 

hydrochloride (Samples 2 and 1), with and without ferrous sulfate (Samples 4 and 

3). These samples come from Sections 2.3.10, 2.3.11, 2.3.7 and 2.3.4 respectively. 



51Sample 1 Sample 2 Sample 3 Sample 4 

Additives FeSO4  C6H5NH3 
+Cl C6H5NH3 

+Cl C6H5NH3 
+Cl

FeSO4 FeSO4 

Yield 18% 23% 30% 100% 

Conductivity 6.6 x 10-4 Scm-1 1 x 10-3 Scm-1 2.6 x 10-4 Scm-1 3 x 10-3 Scm-1 

Molecular 

Weight 

Distribution 

390,000 (82%) 

92,000 (18%) 

520,000 (92%) 

190,000 (8%) 

243,000 (33%) 

45,700 (67%) 

570,000 (18%) 

74,000 (65%) 

15,000 (17%) 

λmax 296 nm ε 4,330 289 nm ε 3,440 310 nm ε 1,660 305 nm ε 2,090 

450 nm ε 1,740 498 nm ε 1,330 430 nm ε 630 445 nm ε 1,060 

495 nm ε 1,680 570 nm ε 820 

Table 2.7 Comparison of additives. 

2.5.4 Pressure

Table 2.8 compares six sets of data: two different monomers, each at three pressures. 

Samples 1, 2 and 3 are from aminobenzenesulfonic acid monomers, and samples 4, 5 

and 6 are from sodium aminobenzenesulfonate monomers.  

For acid samples, going from 17 kbar to 7 kbar pressure made little difference, 

although 1 atm polymerisation gave no reaction. This was fortunate in terms of 

industrial scale-up, as most high volume reactors were limited to < 10 kbar in the 

pressures they can achieve. The sodium salt polymers showed small variations in 

going from 17 to 7 kbar pressure. Conductivity and yield decreased, while there was 

some increase in molecular weight. 

2.5.5 Time 

A comparison of three samples, each polymerised for different times, has been 

presented in Table 2.9. Sample 1 was from Section 2.3.3, Sample 2 was from 

Section 2.3.8 and Sample 3 was from Section 2.3.6.  



5217 kbar 7 kbar 1 bar 

Yield 

Conductivity 

Molecular Weight 

λmax

Sample 1 

18% 

9 x 10-6 Scm-1 

500,000 (100%) 

297nm ε 3,970 

552nm ε 1,580 

Sample 2 

24% 

9 x 10-6 Scm-1 

500,000 (100%) 

296nm ε 4,090 

501nm ε 1,720 

Sample 3 

0% 

Yield 

Conductivity 

Molecular Weight 

λmax

Sample 4 

23% 

1 x 10-3 Scm-1 

378,000 (87%) 

84,700 (13%) 

293nm ε 2,210 

437nm ε 876 

495nm ε 857 

Sample 5 

5% 

2 x 10-4 Scm-1 

472,000 (100%) 

300nm ε 2,870 

565nm ε 1,140 

Table 2.8 Comparison of polymers produced under different pressures. Samples 1, 2 and 3 are from 

aminobenzenesulfonic acid monomers, and samples 4 and 5 are from the corrosponding sodium salt. 

Sample 1 Sample 2 Sample 3 

Time 16 hrs 1 hr 1 min 

Yield 98% 18% 51% 

Conductivity 3 x 10-3 Scm-1 9 x 10-6 Scm-1 4 x 10-4 Scm-1 

Molecular 570,000 (43%) 500,000 (100%) 567,000 (48%) 

Weight  372,000 (30%) 22,900 (52%) 

Distribution 38,200 (27%) 

λmax 320 nm ε 2,400 297 nm ε 3,990 310 nm ε 1,930 

435 nm ε 1,570 552 nm ε 1,580 435 nm ε 980 

Table 2.9 A comparison of reaction time. 



53Any differences in the experimental conditions has been shown to have negligible 

effect. Shorter reaction times seem to decrease yield and conductivity, although 

molecular weight did not seem to differ between the samples. 

2.6 Conclusions 

The aim of this study was to investigate the effect of pressure on the polymerisation 

of aminobenzenesulfonic acids. This has been achieved using 4 different monomers, 

all of which were successfully polymerised.  

The amount of pressure was shown to have negligible affect on the final 

characteristics of the polymers. 

Reaction conditions were varied, and it was observed that the use of 0.10 molar 

equivalents of both ferrous sulfate and aniline hydrochloride resulted in higher yields 

and better conductivities. The use of other additives had little or no effect. 

The reaction yields are variable. Instances of low yield are presumed due to low 

molecular weight polymer being produced in the reaction – this polymer is then lost 

during dialysis. 

The conductivities of the polymers ranged from the disappointing (~ 10-6 Scm-1) to 

an encouraging ~ 10-3 Scm-1. This is still orders of magnitude lower than the parent 

polyaniline, but substantially better than reported conductivities of externally doped 

alkyl- and aryl- substituted polyanilines [24, 35] and comparable to poly(methoxy-

anilinesulfonic acid) [43, 41]. These polymers were completely water-soluble, of 

high molecular weight and able to be cast as films. 



54Chapter Three 

Polymerisation of Aminonaphthalenesulfonic Acid 

3.1 Introduction 

Polyaniline was one of the more widely studied conducting polymers (as was 

discussed in Chapters 1 and 2), and many of its structural derivatives have also been 

of great interest. One of the lesser studied polyarylamines was poly(1-

aminonaphthalene). The structure of this polymer has been discussed more fully later 

in this section, but was generally believed to be analogous to polyaniline, linked 

through the 1,4 positions [51, 52]. The additional phenyl ring fused to the 

polyaniline backbone was predicted to spread the π-conjugation, lowering the band 

gap, and could even have resulted in a polymer that didn’t require dopants to be 

conducting [53, 54].  

3.1.1 Synthetic routes to Poly(aminonaphalenesulfonic acids) 

The synthesis of polynaphthalene and some of its structural variants has been mostly 

performed using electrochemical polymerisation. Huang et al [55] used acetonitrile 

with hydrochloride and sodium perchlorate as the reaction media, while other groups 

have used aqueous solutions: 0.5 M sulfuric acid [52], aqueous acid, methanol 

organic media [56] and aqueous acid with potassium iodide [53].  Schmitz and Euler 

[53] were able to prepare the polymer in a range of different oxidation states, each 

characterised by a different colour film. 

In one instance, a copolymer of aniline and aminonaphthalenesulfonic acid was 

prepared electrochemically, and then treated with a chemical oxidant to investigate 

the oxidation states of the polymer [57].  

Moon et al [54], who had previously used a ferrous sulfate/hydrogen peroxide to 

study the polymerisation of polyaniline also applied this oxidant system to 



55polynaphthalene. They measured a conductivity of 10-6 Scm-1 for the undoped 

polymer, and for polymer doped with HCl or I2 a conductivity two to three orders of 

magnitude higher. Simionescu et al [51] have polymerised a range of polyaromatic 

polyaniline analogues (1-aminonaphthalene and 1- and 2-aminoanthracene) using 

potassium persulfate and hydrochloric acid. They compared both acetone and 

acetonitrile solvent systems, and observed no significant difference between the two. 

NH2 
NH2 

SO3H
HO3S 

1-aminonaphthalene 2-aminonaphthalene-3,6-disulfonic acid 

NH2 NH2 

NH2 OH 

1,5-diaminonaphthalene 5-amino-1-naphthol 

Fig 3.1. Arylamines that have been polymerised. 

3.1.2 The Properties of Polyaminonaphthalenes 

The structure of the poly(animonaphthalenes) has been studied by a number of 

groups, and it was generally believed that the bonding arrangement was analogous to 

that of polyaniline, that was: bonding through the 1, 4 positions of one ring, as 

illustrated in Figure 3.2 [54]. This appeared to be the predominant bonding pattern 

for the monomers mentioned in Section 3.1.1 [51, 57, 54], although the poly(1-

aminoanthracene) prepared by Simionescu et al [51] did appear to have a significant 

proportion of 1, 5 bonds. This was determined using both proton NMR and IR 

spectroscopy. 
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Figure 3.2 Structure of poly(1-aminonaphthalene). 

Huang et al [55] performed an analysis of poly(1-aminonaphthalene) derived from 

electropolymerisation, using spectroscopy and quantum chemical calculations, and 

concluded the most probable dimer formed is the 1, 4 coupled species (Figure 3.3). 

Cl 

N
H 

NH 

Figure 3.3 Structure of dimer [55]. 

Schmitz and Euler [53] electropolymerised 1-aminonaphthalene with an iodide 

mediator, and obtained a polymer film that could be tuned through a range of 

different oxidation states. In all, 5 different states were described, and these were 

ascribed to a series of states ranging from fully protonated-fully oxidised to 

nonprotonated-reduced units. Each state had a characteristic colour, and the diagram 

in Figure 3.4 shows the possible interconversions. 

There was only a small amount of data available on the conductivity and molecular 

weights of the naphthalene based polymers. Table 3.1 contains a brief summary of 

some of the physical characteristics of the polymers discussed above. 
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Figure 3.4 Interconversions of poly(1-aminonaphthalene). 

Monomer Conductivity* Soluble in Mn Ref. 

1-naphthylamine 1.9 x 10-6 Scm-1 N/A N/A 55 

“ 1.2 x 10-9 Scm-1 polar organic 6800 51 

“ 3.8 x 10-4 Scm-1 polar organic and 4300 54 

H2SO4 

1-animonaphthalene-5- 8.5 x 107 Ω/n aqueous media and 50,000 58 

sulfonic acid inorganic solvents 

* when doped. 

Table 3.1 Physical properties of poly(aminonaphthalenes).


It is clear there is a great deal of variation between the different polymers. The 

conductivities were not as great as for polyaniline, but fell within the range of other 

polyaniline derivatives. The naphthalene polymers were soluble in a number of 

organic solvents, such as DMSO, DMF and NMP, as well as some aqueous acids. 

Number average molecular weights were quite low, except in the case of the 

animonaphthalenesulfonic acid. This was presumably due to the steric hindrance 

associated with the larger monomer (compared with aniline). 



583.2 Synthesis of Poly(aminonaphthalenesulfonic acid) 

Two isomers of aminonaphthalenesulfonic acid were chosen for this study (Figure 

3.5). Both the sulfonic acids and the sodium sulfonates were polymerised, and this 

was carried out by chemical oxidation under a range of reaction conditions. The 

following section explains the choices made in selecting the conditions for the study 

of the polymerisation reactions. 

SO3X

X = H 5 

NH2 

SO3X 

NH2 
X = H 6 

X = Na 7 X = Na 8 

8-Aminonaphthalene-2-sulfonic acid 5-Aminonaphthalene-2-sulfonic acid 

Figure 3.5 Monomers studied in this work. 

3.2.1 Choice of Monomer        

Two isomers of aminonaphthalenesulfonic acid were used in these experiments: 5- 

and 8-aminonaphthalene-2-sulfonic acid, both of which are commercially available. 

It was expected that the sulfonic acid group would not deactivate the amine or cause 

charge pinning, due to its distance from the group. If the polymerisation reaction 

gave the same polymer as had been reported from the electropolymerisation of 

similar monomers [53, 55, 59, 52] then the polymer from these isomers should be 

identical. 

Once again, the sulfonates were significantly more soluble than the free acids, and 

reactions were scaled up. 



593.2.2 Choice of Oxidant 

Sodium persulfate was used as oxidant for these polymerisation experiments, as the 

monomers were seen to be analogous to the aminobenzenesulfonic acid monomers 

for which it proved an effective oxidant. In addition, potassium persulfate was used 

by Simionescu et al [51] to polymerise 1-naphthylamine. 

Moon et al [54] used FeSO4/H2O2 to polymerise 1-naphthylamine, but the polymer 

did not exhibit the expected characteristics of a polyaniline analogue [51]. This 

oxidation system was tried in our investigation of the oxidative polymerisation of the 

aminobenzenesulfonic acids. Although it proved unsuccessful in that instance, we 

decided to test its effectiveness on the polymerisation of the 

aminonaphthalenesulfonic acids. 

3.2.3 Choice of Additives

In the investigation of the oxidative polymerisation of the aminobenzenesulfonic 

acids, a number of additives were used in the reaction mixtures. These additives 

included anilinium hydrochloride and ferrous sulfate, and were generally used in 

10% ratio to the monomer. They were shown to increase the conductivity and yield 

of the polymers, and usually increased the molecular weight of the polymers as well. 

For these reasons, a series of experiments were carried out using these additives. 

3.2.4 Choice of Solvents

Unlike the electropolymerisation of various substituted naphthalene monomers for 

which organic solvents such as acetonitrile [53,56], methylene chloride and dimethyl 

sulfoxide [53] have been used, the reactions in this chapter were carried out 

predominantly in water. Although the monomer was only moderately soluble in 

water (around 0.02 g/mL), the polymer was very water-soluble. Experiments using 

solvent mixtures of DMF/water and pyridine/water were performed, as the solubility 

of the monomers was increased in these media. 



603.2.5 Purification of Polymers 

Most of the substituted polynaphthyamines reported in the literature were only 

sparingly soluble, in a limited range of solvents. The poly(aminonaphthalenesulfonic 

acids) were however very water soluble, and purification of the polymers was 

enabled through the use of dialysis tubing with a molecular weight cut-off of 1000 

daltons (Section 2.2.4). 

3.3 Experimental 

Aminonaphthalenesulfonic acids were used as supplied, from Aldrich chemical 

company. Sodium persulfate used as supplied by BDH. Iron(II) sulfate heptahydrate 

and lithium chloride used as supplied by Aldrich. Aniline and pyridine were distilled 

before use. Water was doubly deionised (MilliQ). High pressure reactions were 

performed in a PSIKA 20 kbar reactor. Conductivity measurements were performed 

with a Signatone 4-point probe. The polymers were purified using Spectra/Por 

dialysis tubing with a MW cut-off of 1000 Daltons. Number- and weight-averaged 

molecular weights of polymers were determined by gel permeation chromatography 

(GPC) in water using a Waters 410 differential refractometer detector, with a Waters 

Ultrahydrogel 500 column and polyethylene oxide and poylethylene glycol 

standards. Molecular weight data were processed using Millenium 32 software. 

Microchemical data and XPS analysis performed at Chemistry Department, National 

University of Singapore. IR spectra were collected on a Perkin Elmer FT-IR 

spectrometer and UV-Vis spectra on a GBC and Biochrom UV spectrometer. 

The sodium salts of the aminonaphthalenesulfonic acids were prepared by titration 

of the acid against sodium hydroxide to a phenolthelien endpoint. These solutions 

were evaporated under vacuum to leave a pale pink powder.  

Anilinium hydrochloride was prepared by treating aniline with one equivalent of 

HCl, and evaporating the solvent to leave a white powder. 



613.3.1 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) at 17 

kbar with Ferrous Sulfate 

8-Aminonaphthalene-2-sulfonic acid (5) (0.340 g, 1.52 mmol) was dissolved in 

water (15 mL) at room temperature. Powdered ferrous sulfate (0.1 eq, 42.3 mg) was 

added with stirring, and the solution transferred to a teflon reaction vessel. A 

solution of Na2S2O8 (1.25 eq, 0.452 g) in water (2 mL) was added in one portion and 

the reaction was pressurised to 17 kbar at 23°C for 16 h. The reaction mix was 

dialysed for 20 h (4 x 2L H2O), and the solvent removed under vacuum to provide 

0.304 g of a shiny black powder (yield = 90%) which was non-conducting. 

3.3.2 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) at 1 bar 

with Ferrous Sulfate and Lithium Chloride 

8-Aminonaphthalene-2-sulfonic acid (5) (0.500 g, 2.24 mmol) was dissolved in 

water (50 mL) at 23°C. Powdered ferrous sulfate (0.1 eq, 62.3 mg) was added with 

stirring followed by a concentrated solution of lithium chloride (12.3 g, 0.29 mol) in 

water to give a final concentration of 5.8M. Sodium persulfate (1.25 eq, 0.667 g) in 

water (5 mL) was added dropwise, with stirring, over 1 h. The reaction was stirred 

for 16 h at 23°C, dialysed for 20 h (4 x 2L H2O) and the solvent removed under 

vacuum to provide 0.44 g of a shiny black powder (yield = 89%) which was non

conducting. 

3.3.3 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) at 18 

kbar with Aniline Hydrochloride, Ferrous Sulfate and Lithium Chloride 

8-Aminonaphthalene-2-sulfonic acid (5) (0.340 g, 1.52 mmol) was dissolved in 

water (15 mL) at room temperature. Powdered ferrous sulfate (0.1 eq, 42.3 mg) and 

aniline hydrochloride (0.1 eq, 19.7 mg) were added with stirring, followed by a 

solution of lithium chloride (4.92 g, 0.116 mol) in water to give a final solution of 

5.8 M, and the solution transferred to a teflon reaction vessel. A solution of Na2S2O8 

(1.25 eq, 0.452 g) in water (2 mL) was added in one portion and the reaction was 



62pressurised to 18 kbar at 23°C for 16 h. The reaction mix was dialysed for 20 h (4 x 

2L H2O), and the solvent removed under vacuum to provide 0.285 g of a shiny black 

powder (yield = 84%) which was non-conducting. 

3.3.4 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) with 

Lithium Chloride at 1 bar and 0°C 

8-Aminonaphthalene-2-sulfonic acid (5) (0.500 g, 2.24 mmol) was dissolved in 

water (50 mL) at 23°C. A concentrated solution of lithium chloride (10.6 g, 0.25 

mol) in water was added, to give a final concentration of 5.0M. This solution was 

cooled to 0°C , and sodium persulfate (1.25 eq, 0.667 g) in water (2 mL) was added 

dropwise, with stirring, over 1 h. The reaction was stirred for 16 h at 23°C, dialysed 

for 20 h (4 x 2L H2O) and the solvent removed under vacuum to provide 24 mg of a 

shiny black powder (yield = 4.7%), with a conductivity of 4.5 x 10-4 Scm-1. 

3.3.5 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) at 1 bar 

and 40°C 

8-Aminonaphthalene-2-sulfonic acid (5) (0.500 g, 2.24 mmol) was dissolved in 

water (50 mL) at 40°C. A solution of sodium persulfate (1.25 eq, 0.667 g) in water 

(2 mL) was added dropwise, with stirring, over 1 h. The reaction was stirred for 16 h 

at 23°C, dialysed for 20 h (4 x 2L H2O) and the solvent removed under vacuum to 

provide 0.37 g of a shiny black powder (yield = 74%). 

3.3.6 Polymerisation of 5-Aminonaphthalene-2-sulfonic acid (6) at 1 bar 

and 23°C 

5-Aminonaphthalene-2-sulfonic acid (6) (0.500 g, 2.24 mmol) was dissolved in 

water (50 mL) at 23°C. A solution of sodium persulfate (1.25 eq, 0.667 g) in water 

(2 mL) was added dropwise, with stirring, over 1 h. The reaction was stirred for 16 h 

at 23°C, dialysed for 20 h (4 x 2L H2O) and the solvent removed under vacuum to 

provide 55 mg of a shiny black powder (yield = 11%). 



633.3.7 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) at 1 bar 

and 23°C 

The procedure from Section 3.3.6 was repeated for 8-aminonaphthalene-2-sulfonic 

acid (5), to give 45 mg of a shiny black powder (yield = 9%). 

3.3.8 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) at 1 bar 

and 0°C 

8-Aminonaphthalene-2-sulfonic acid (5) (0.500 g, 2.24 mmol) was dissolved in 

water (50 mL) at 23°C. This solution was cooled to 0°C , and sodium persulfate 

(1.25 eq, 0.667 g) in water (2 mL) was added dropwise, with stirring, over 1 h. The 

reaction was stirred for 16 h at 23°C, dialysed for 20 h (4 x 2L H2O) and the solvent 

removed under vacuum to provide 55 mg of a shiny black powder (yield = 11%). 

3.3.9 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) with 50% 

DMF/water, at 1 bar and 0°C 

8-Aminonaphthalene-2-sulfonic acid (5) (0.500 g, 2.24 mmol) was dissolved in 50 

mL DMF/water (50% v/v) at 23°C. This solution was cooled to 0°C , and sodium 

persulfate (1.25 eq, 0.667 g) in water (2 mL) was added dropwise, with stirring, over 

1 h. The reaction was stirred for 16 h at 23°C, dialysed for 20 h (4 x 2L H2O) and the 

solvent removed under vacuum to provide <1 mg of a shiny black powder. 

3.3.10 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) with 

75% DMF/water, at 1 bar and 0°C 

The procedure in Section 3.3.9 was repeated with a solution of 75% DMF in water 

(v/v), to give 2 mg of a shiny black powder (yield = 0.4%). 



643.3.11 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) with 

50% DMF/water, at 15 bar 

8-Aminonaphthalene-2-sulfonic acid (5) (0.340 g, 1.52 mmol) was dissolved in 50% 

(v/v) DMF in water (15 mL) at room temperature, the solution was cooled to 0°C 

and transferred to a teflon reaction vessel. A solution of Na2S2O8 (1.25 eq, 0.452 g) 

in water (2 mL) was added in one portion and the reaction was pressurised to 15 kbar 

at 23°C for 16 h. The reaction mix was dialysed for 20 h (4 x 2L H2O), and the 

solvent removed under vacuum to provide <1 mg of a shiny black powder. 

3.3.12 Polymerisation of 8-Aminonaphthalene-2-sulfonic acid (5) with 

33% pyridine/water, at 1 bar 

Sodium 8-aminonaphthalene-2-sulfonic acid (5) (2.00 g, 8.16 mmol) was dissolved, 

with stirring, in 50mL of a pyridine/water solution (1:2 v/v) at 23°C. This was 

cooled to 0°C and a solution of sodium persulfate (1.25 eq, 2.43 g) in water (10 mL) 

was added dropwise, with stirring, over 1 h. The reaction was stirred for 16 h at 

23°C and then dialysed for 20 h (4 x 2L H2O), and the solvent removed under 

vacuum to give 0.009 g of a shiny black powder (yield = 0.45%). 

3.3.13 Polymerisation of Sodium 5-aminonaphthalene-2-sulfonate (8) at 1 

bar and 23°C 

Sodium 5-aminonaphthalene-2-sulfonate (8) (2.00 g, 8.16 mmol) was dissolved, 

with stirring, in water (50 mL) at 23°C. A solution of sodium persulfate (1.25 eq, 

2.43 g) in water (10 mL) was added dropwise, with stirring, over 1 h. The reaction 

was stirred for 16 h at 23°C and then dialysed for 20 h (4 x 2L H2O), and the solvent 

removed under vacuum to give 0.50 g of a shiny black powder (yield = 25%) with a 

conductivity of 1.8 x 10-4 Scm-1 (after treatment with acid). 



653.3.14 Polymerisation of Sodium 8-aminonaphthalene-2-sulfonate (7) at 1 

bar and 23°C 

The reaction in Section 3.3.13 was repeated using Sodium 8-aminonaphthalene-2-

sulfonate (7) (2.00 g, 8.16 mmol) to give 0.38 g of a shiny black powder (yield = 

19%) with a conductivity of 3.2 x 10-5 Scm-1. 

3.3.15 Polymerisation of Sodium 8-aminonaphthalene-2-sulfonate (7) at 1 

bar and 40°C 

Sodium 8-aminonaphthalene-2-sulfonate (7) (2.00 g, 8.16 mmol) was dissolved, 

with stirring, in water (50 mL) at 40°C. A solution of sodium persulfate (1.25 eq, 

2.43 g) in water (10 mL) was added dropwise, with stirring, over 1 h. The reaction 

was stirred for 16 h at 23°C and then dialysed for 20 h (4 x 2L H2O), and the solvent 

removed under vacuum to give 0.60 g of a shiny black powder (yield = 31%) with a 

conductivity of 5.1 x 10-3 Scm-1 (after treatment with acid). 

3.3.16 Polymerisation of Sodium 8-aminonaphthalene-2-sulfonate (8) at 1 

bar and 40°C 

The reaction in Section 3.3.15 was repeated using Sodium 5-aminonaphthalene-2-

sulfonate (8) (2.00 g, 8.16 mmol) to give 0.99 g of a shiny black powder (yield = 

49%) with a conductivity of 3.5 x 10-5 Scm-1. 

3.3.17 Polymerisation of Sodium 8-aminonaphthalene-2-sulfonate (7) at 1 

bar and 23°C with Anilinium Hydrochloride          

Sodium 8-aminonaphthalene-2-sulfonate (7) (2.00 g, 8.16 mmol) was dissolved, 

with stirring, in water (50 mL) at 23°C. Anilinium hydrochloride (0.05 eq, 52.9 mg) 

in water (1 mL) was added. A solution of sodium persulfate (1.25 eq, 2.43 g) in 

water (10 mL) was added dropwise, with stirring, over 1 h. The reaction was stirred 

for 16 h at 23°C and then dialysed for 20 h (4 x 2L H2O), and the solvent removed 



66under vacuum to give 0.67 g of a shiny black powder (yield = 34%) with a 

conductivity of 3.2 x 10-5 Scm-1 (after treatment with acid). 

3.3.18 Polymerisation of Sodium 5-aminonaphthalene-2-sulfonate (8) at 1 

bar and 23°C with Anilinium Hydrochloride             

The reaction in Section 3.3.17 was repeated using Sodium 5-aminonaphthalene-2-

sulfonate (8) (2.00 g, 8.16 mmol) to give 1.45 g of a shiny black powder (yield = 

73%) with a conductivity of 1.9 x 10-5 Scm-1. 

3.3.19 Polymerisation of Sodium 8-Aminonaphthalene-2-sulfonate (7) at 1 

bar and 23°C with Ferrous Sulfate and Hydrogen Peroxide 

Sodium 8-Aminonaphthalene-2-sulfonate (7) (2.00g, 8.16 mmol) was dissolved in 

water (50 mL) at room temperature. Powdered FeSO4.7H2O (0.01 eq, 22.7 mg) was 

added with stirring, and a solution of 31% H2O2 (0.5 eq) was added dropwise over 1 

hr. The reaction was allowed to stir at room temperature for 16 h. The reaction 

mixture was dialysed for 20 hrs (4 x 2L H2O), and the solvent removed under 

vacuum to leave 0.02 g of a shiny black powder (yield = 1%). 

3.3.20 Polymerisation of Sodium 5-aminonaphthalene-2-sulfonate (8) at 

15 kbar and 23°C for 16 h 

Sodium 5-aminonaphthalene-2-sulfonate (8) (2.00 g, 8.16 mmol) was dissolved, 

with stirring, in water (15 mL) at 23°C. This solution was transferred to a teflon 

reaction vessel, and a solution of sodium persulfate (1.25 eq, 2.43 g) in water (4 mL) 

was added in one portion. The reaction was pressurised to 15 kbar at 23°C for 16 h. 

The reaction mixture was dialysed for 20 h (4 x 2L H2O), and the solvent removed 

under vacuum to leave a shiny black powder (yield = 22%) with a conductivity of 

1.1 x 10-5 Scm-1 (after treatment with acid). 



673.3.21 Polymerisation of Sodium 5-aminonaphthalene-2-sulfonate (8) at 

15 kbar and 23°C for 4 h 

The procedure in Section 3.3.20 was repeated with Sodium 5-aminonaphthalene-2-

sulfonate (8), but for 4 h, to give 0.80 g of a shiny black powder (yield = 39%) with 

a conductivity of 4.6 x 10-5 Scm-1 (after treatment with acid). 

3.3.22 Doping and Dedoping of Polymers 

Polymers (2.0 g) were dissolved in 1M ammonium hydroxide (20 mL), and stirred 

for 1 hr at room temperature, changing from dark purple to dark blue in colour. The 

solution was dialysed (4 x 2L water) to remove any excess ammonium hydroxide, 

and the solvent removed under vacuum, leaving a shiny black powder. 

Doping of polymers was carried out in the same manner, but using 1M HCl as 

dopant. 

3.4 Characterisation of Polymers 

Standard characterisation techniques were applied to the polymers, and have been 

discussed below. 

3.4.1 FT-IR Spectroscopy

The FT-IR spectra for the poly(aminonaphthalenesulfonic acids) all displayed the 

characteristic absorption features of the polyaminonaphthalenes. Aromatic amine 

stretching bands were at 3390 and 3140 cm-1, with a strong band at 1600 cm-1 due to 

C=C stretching. Unfortunately this overlaid any C=N stretching bands, which were 

expected at that frequency. 

Absorbtion bands due to the asymmetric and symmetric stretching of the sulfonic 

acid group were at 1200 and 1130 cm-1. The region between 800 and 590 cm-1 



showed bands due to C-S and S-O stretching modes. Figure 3.6 showed the FT-IR 

spectrum for poly(8-aminonaphthalene -2-sulfonic acid) and its sodium sulfonate. 
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Figure 3.6 IR spectra of poly(aminonaphthalenesulfonic acid) (a) and sodium sulfonate (b). 

3.4.2 UV-Vis Spectroscopy

The UV-Vis spectra of the polymers typically contained three absorption bands, at 

220, 290 and 520 nm. Figure 3.7 showed a typical spectrum of poly(8-

aminonaphthalene-2-sulfonic acid). 

Schmitz and Euler [53] have prepared poly(1-naphthylamine) in 5 different 

oxidation states, all of which have a different colour, and distinctive UV-Vis 



absorption spectra. Their ‘purple’ polymer has an absorption band at 510 nm, which 69

they assign to the below structure (Figure 3.8): 

Figure 3.7 UV-Vis spectra of poly(8-aminonaphthalene-2-sulfonic acid). 
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 Figure 3.8 Poly(1-naphthylamine) [53] 

This is clearly analogous to the conducting emeralidine salt state of polyaniline, and 

we can tentatively assign this structure to our polymers. 

Figure 3.9 presented UV-Vis spectra of a sample of poly(sodium aminonaphthalene 

sulfonic sulfonate) which was cast on a glass slide from a methanol solution. The 

film was exposed to HCl vapour and spectra collected over a period of 30 minutes. 

The colour of the film changed from rosé to brown and the π − π∗ transition at 277 

x



nm is slightly blue shifted to 290 nm. The band gap for this transition can be 

calculated from this spectrum to be 2.8 eV. 
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3.9 of  ofFigure Overlay  UV-Vis spectra following HCl doping  poly(sodium 

aminonaphthalenesulfonate) film. 

3.4.3 Gel Permeation Chromatography 

Molecular weights of the poly(aminonaphthalenesulfonic acids) were determined by 

gel permeation chromatography using poly(ethylene glycol) and poly(ethylene oxide) 

standards. Solutions of 0.1 - 0.5% polymer in water were used. 

As with the poly(aminobenzenesulfonic acids), the GPC traces showed a 

multimodal distribution. A typical chromatogram is presented in Figure 3.10, where 

three distinct peaks were observed. The molecular weights range from ca 400,000 to 

33,000 Daltons, and were displayed in Table 3.2. These very large numbers may be 

due to some aggregation. 
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Figure 3.10 Gel Permeation Chromatography trace of poly(aminonaphthalenesulfonic acid) 

Peak No. Mn Mw Polydispersity % area 

1 397,400 431,300 1.08 75 

2 122,500 124,800 1.02 12 

3 33,200 38,300 1.15 13 

Table 3.2 Gel Permeation Chromatography Data 

3.4.4 Combustion Analysis 

The results of combustion analyses performed on the polymers were disappointing 

(Table 3.3). As with the poly(aminobenzenesulfonic acids), these polymers indicated 

large amounts of included water in the crystals of polymer, as evidenced by the 

increased hydrogen quantity. This was in agreement with results of XPS analysis of 

the polymers. Despite repeated drying of the samples, these results were unable to be 

improved. 

Atom Calculated (%) Found (%) 

C 54.29 41.07 

H 3.19 3.98 

N 6.33 3.34 

S 14.49 10.75 

Table 3.3 Microchemical data for Poly(aminonaphthalenesulfonic acid). 



723.4.5 X-ray Photoelectron Spectroscopy 

The XPS spectra of these polymers exhibited a high inclusion of water, due to the 

hygroscopic nature of the material. Baking the polymer under vacuum reduced this 

inclusion, but it was still very apparent. Analysis found a formula of C10.2H11.8N0.7S1 

instead of the calculated C10H7NO3S. It is worth noting that unlike the combustion 

analyses, the XPS indicates a ratio of nitrogen to sulfur is less than one to one. This 

may suggest that the nitrogen groups were arranged more towards the bulk of the 

material than the surface. 

3.4.6 Fluorescence Studies 

The polymers exhibit fluorescence, with 7 emitting at λmax = 478 nm and a quantum 

efficiency, ϕ = 0.08 and 8 emitting at λmax = 440 nm and a quantum efficiency, ϕ = 

0.002. 

Figure 3.11 Absorption (a) and emission (b) spectra of a 7.36 x 10-5 M solution of poly(sodium 

aminonaphthalenesulfonate) in water [62]. 



733.5 Results Summary 

3.5.1 Monomers 

The chief differences between polymers of the 8,2 and 5,2 monomers are highlighted 

in Table 3.4. It was expected that the polymers would be practically identical (see 

Section 3.2.1), but significant differences were apparent. The 5,2 monomers gave 

consistently higher yields, and molecular weights. In addition, the benzenoid 

absorption in the UV-Vis spectra were shifted to approximately 520 nm, from the 

505 nm of the 8,2 polymers, and the monomers fluoresced at different wavelengths 

(see Section 3.4.7). There did not seem to be any noticeable trend in the conductivity 

data. 

Although the final polymers should be of the same structure, the monomers are 

structurally different, and the resultant polymer may be influenced by the (non

identical) polymerisation behaviour of the monomers. 

Sample 1 Sample 2 

8 7 

Yield 73% 34% 

1.9 x 10-5 Scm-1 3.2 x 10-5 Scm-1 

Molecular 520, 000 (52%) 323, 000 (93%) 

274, 000 (24%) 122, 000 (7%) 

Distribution 143, 000 (19%) 

70, 000 (5%) 

λ  221nm ε32,000 221nm ε22,000 

520nm ε2,400 505nm ε1,800 

Monomer 

Conductivity 

Weight 

max

Table 3.4 Comparison of 8,2 and 5,2 monomers. 

There were no discernible trends apparent when comparing polymers synthesised 

from the sulfonic acids and sodium sulfonates. The most significant difference 

between the species was the greatly increased solubility of the sodium salts, allowing 



74greater reaction concentrations, and mass of product. In order to be conducting, these 

polymers must be externally doped with HCl. 

3.5.2 Oxidants 

The polymerisation of the aminonaphthalenesulfonic acids with hydrogen 

peroxide/ferrous sulfate gave a low yield of polymer, which was insufficient for 

conductivity measurement. The polymer was rather insoluble, however a solution of 

sufficient concentration for GPC analysis was obtained. The polymer was of lower 

molecular weight than those from persulfate oxidations, and displayed a monomodal 

distribution. This effect was also observed for the aminobenzenesulfonic acids 

(Section 2.5.2). 

Table 3.5 provides data on polymers synthesised with both oxidants, for comparison 

of their properties. Sample 1 is from Section 3.3.19 and Sample 2 is from Section 

3.3.14. 

Sample 1 Sample 2 

H2O2 4 Na2S2O8 

Yield 1.2% 19% 

N/A 3.2 x 10-5 Scm-1 

74, 400 (100%) 467, 700 (73%) 

Distribution 155, 200 (27%) 

Oxidant /FeSO

Conductivity 

Molecular Weight 

Table 3.5 Comparison of two oxidant systems. 

3.5.3 Additives/catalysts 

The use of lithium chloride and ferrous sulfate in the polymerisation reactions did 

not seem to have any effect of the properties of the resultant polymers. The addition 

of 5 mol% anilinium hydrochloride had a noticeable effect, increasing the yield of 

the reaction, but did not appear to influence the conductivity or molecular weight of 

the polymers.  
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With Anilinium Hydrochloride Without Anilinium Hydrochloride 

Sample 1 Sample 2 Sample 3 Sample 4 

Yield 34% 73% 19% 21% 

Conductivity 3.2 x 10-5 Scm-1 1.9 x 10-5 Scm-1 3.2 x 10-5 Scm-1 1.1 x 10-5 Scm-1 

Molecular 323,000 (93%) 520,000 (50%) 470,000 (53%) 326,000 (72%) 

Weight 122,000 (7%) 273,000 (24%) 155,000 (27%) 90,000 (28%) 

Distribution  143,000 (19%)  

 70,000 (5%)  

Table 3.6 Comparison of samples with and without anilinium hydrochloride. 

Table 3.6 compares four samples, two of which used anilinium hydrochloride, and 

two of which did not. The samples are taken from Sections 3.3.17, 3.3.18, 3.3.14 and 

3.3.20 respectively. 

3.5.4 Pressure 

In comparing samples of polymers produced under similar reaction conditions but at 

different pressures (Table 3.7), it is apparent that there is little advantage in using 

high pressure for these polymerisations. Yield and conductivity is in fact higher for 

the 1 bar sample (from Section 3.3.13) than the 15 kbar sample (from Section 

3.3.20). In addition, the molar absorbtivities are also distinctly higher for Sample 2 - 

almost double the value for Sample 1. 

The only characteristic of the polymers that seems to be increased by the application 

of pressure is in the molecular weight distribution. In these reactions, and all bar one 

of the other comparable reactions (where the reaction pressure is the only difference 

between the polymers ie as per Sections 3.3.9 and 3.3.11) the majority of the peak 

area is at the higher molecular weight end of the distribution. It appears the pressure 

increased the chain length of the polymers, although this has no direct bearing on 

conductivity, or the other physical or chemical properties. 



Sample 1 Sample 2 

Pressure 1 bar 

Yield 22% 25% 

1.1 x 10-5 Scm-1 1.8 x 10-4 Scm-1 

Molecular 383, 700 (58%) 508, 300 (7%) 

54, 700 (42%) 211, 900 (17%) 

Distribution 123, 500 (22%) 

51, 500 (54%) 

λ  221nm ε17,500 221nm ε30,800 

515nm ε1,100 520nm ε2,400 

76

15 kbar 

Conductivity 

Weight 

max

Table 3.7 Comparison of polymers produced under different reaction pressures. 

3.5.5 Solvent 

A series of experiments were performed using similar reaction conditions but 

varying the solvent. These experiments are detailed in Sections 3.3.8, 3.3.9, 3.3.10 

and 3.3.12 respectively. It is immediately apparent that although monomer solubility 

was increased by use of the organic solvent / water combination, the yields were 

significantly lower, in most cases not providing sufficient material for further 

analysis. 

Solvent Yield 

water 11% 

50% DMF in water < 0.002 % 

75% DMF in water 0.4% 

0.5%33% pyridine in water 

Table 3.8 Comparison of solvent mixtures, used for polymerisation of monomer 6. 

Clearly the solubility problem with the monomers was better addressed by 

converting the sulfonic acid group to a sodium sulfonate group, than by altering the 

reaction media. 



773.5.6 Temperature 

To determine the optimal reaction temperature for polymerisation, a comparison was 

made of four reactions, whose procedures are detailed in Sections 3.3.7 and 3.3.3 

(Samples 1 and 2) and 3.3.14 and 3.3.15 (samples 3 and 4). Where two reaction 

temperatures are given the first temperature given is that of the reaction solutions 

when they were mixed. The reactions were then allowed to heat or cool to room 

temperature. (Some data not available due to small yields not giving sufficient 

material for full characterisation).  

Sample 1 Sample 2 

23°C 0° °C 

Yield 9.4% 11% 

Molecular 220, 200 (76%) 553, 900 (38%) 

12, 400 (12%) 211, 700 (29%) 

Distribution 3,100 (12%) 98, 300 (33%) 

λ 218nm ε23,900 

288nm ε13,200 

508nm ε1,400 

Temperature C /23

Weight 

max N/A 

Table 3.9(a) Comparison of reaction temperatures. 

There were only small differences between the samples reacted at 0°C and 23°C, in 

that sample 2 has a slightly higher yield and molecular weight. Unfortunately, no 

conductivity data was available. In comparing samples 3 and 4, there are more 

apparent differences. The yield of sample 4 is significantly greater than that of 

sample 3, and the conductivity is 2 orders of magnitude higher. The molecular 

weight distribution and UV-Vis absorbitivity are very similar. The trend in yield, 

molecular weight and spectral data is consistent over the range of monomers studied, 

but conductivity varies. For monomers 5 and 7, higher reaction temperatures seem to 

increase conductivity, but this was not apparent for monomer 8. 



Sample 3 Sample 4 

23°C 40° °C 

Yield 19% 31% 

3.2 x 10-5 Scm-1 5.1 x 10-3 Scm-1 

Molecular 467, 600 (73%) 473, 000 (67%) 

140, 300 (33%) 

λ  218nm ε22,100 221nm ε22,200 

503nm ε1,600 505nm ε1,900 
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Temperature C /23

Coductivity 

Weight Distribution 155, 200 (27%) 

max

Table 3.9(b) Comparison of reaction temperatures. 

3.5.7 Time 

Polymerisation reactions were performed under similar conditions but for different 

reaction times, to determine the effect this has on the polymers. Table 3.10 compares 

polymers from reactions lasting 4 h and 16 h (Sections 3.3.21 and 3.3.20). Both 

yields and conductivity were better for the 4 h reaction, while the molecular weight 

data is comparable.  

Sample 1 Sample 2 

4 h 16 h 

Yield 39% 22% 

4.6 x 10-5 Scm-1 1.1 x 10-5 Scm-1 

383, 700 (58%) 326, 600 (72%) 

Distribution 54, 700 (42%) 97, 200 (28%) 

λ  221nm ε17,500 221nm ε26,900 

515nm ε1,100 510nm ε1,800 

Reaction Time 

Conductivity 

Molecular Weight 

max

Table 3.10 Comparison of reaction times for polymerisation of monomer 8. 



793.6 Conclusions 

The aim of this study was to investigate the effect of pressure on the polymerisation 

of aminonaphthalenesulfonic acids. This has been achieved using four different 

monomers, all of which were successfully polymerised.  

The amount of pressure was shown to have negligible affect on the final 

characteristics of the polymers, except the molecular weight, which was increased. 

The monomers polymerised as well at atmospheric as at elevated pressures. 

Reaction conditions were varied, and it was observed that the use of 0.10 molar 

equivalents of aniline hydrochloride resulted in higher yields. The use of other 

additives had little or no effect. 

The conductivities of the polymers ranged from the disappointing (~ 10-5 Scm-1) to 

an encouraging ~ 10-3 Scm-1. This was comparable to the aminobenzenesulfonic 

acids from the previous chapter. These polymers were completely water-soluble, of 

high molecular weight, were easily synthesised at atmospheric pressure and were 

able to be cast as films. 



80Chapter Four 

Activation Volume Determination 

4.1 Introduction

The purpose of this body of work was to determine the activation volume of the high 

pressure polymerisation of 2-methoxyaniline and sodium 2-aminonaphthalene-5-

sulfonate. This is a commonly reported property for reactions affected by the 

application of high pressure. 2-Methoxyaniline was used as a model of 

aminobenzenesulfonic acid as it reacts at ambient pressure. 

4.1.1 High Pressure Reactions

For a liquid phase reaction to be affected by the application of pressure, it must have 

a negative volume of activation (∆V≠). This is the difference between the volume of 

the transition state (V≠) and the partial molar volumes of the reagents (ΣV) (I). 

∆V≠ = V≠ - ΣV (I) 

The activation volume of a reaction is related to the reaction rate by the Evans-

Polanyi principle 

∆V≠ = -RT 
⎛
⎜
⎝

δ ln k 

δp 

⎞
⎟
⎠ T 

(ii) 

This logarithmic relationship between the applied pressure and the reaction rate 

could lead to some very large rate effects, which were determined by mechanism 

rather than stoichiometry [61]. Typical values of ∆V≠ lie in the range +20 to -60 

cm3mol-1 (Table 4.1). 

In general, the two most significant contributions to a negative activation volume 

are: 



• formation of a bond. Association of two reactant molecules to form an adduct was 

accompanied by a reduction in volume, and is thus accelerated by pressure [26]. 
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Reaction Type ∆V≠  (cm3mol-1) 

radical decomposition 0 to +15 

rearrangement reactions (Cope, Claisen) -8 to -15 

radical polymerisations -10 to -25 

ionisation reactions -15 to -45 

Diels-Alder reactions -25 to -50 

Table 4.1 Typical values of ∆V≠ for some common reactions. 

• 	 electrostriction. The creation of an ionic species in a dipolar medium generally 

resulted in a volume reduction, as the solvent molecules are pulled around the 

charge by strong electrostatic forces. This is referred to as electrostriction [60], 

and is solvent and temperature dependent. The effect of different solvents on 

reaction rates has been investigated by many researchers [26, 30, 28]. The less 

polar the solvent, the more negative the activation energy. This is due to the 

electric field of the charged species extending a greater distance in media with 

smaller dielectric constants. 

Table 4.2 presents some data on the effect of solvent choice on the activation volume 

of a simple Menshutkin reaction.

 Et3N + EtI →  Et4N
+I-

solvent ∆V≠  (cm3mol-1) 

aq. dioxan -13 

MeOH -38 

PhNO2 -30 

PhH -50 

hexane -58 

Table 4.2 Effect of solvent on activation volume for a Menshutkin reaction [30]. 



824.1.2 The Determination of ∆V≠ 

Typical plots of ln k against p show a curvature (tendency) toward the pressure axis. 

This is attributed to the difference in compressibility between the reagents and the 

transition state [30]. Activation volumes are normally taken as the slope of the graph 

as p → 0, but this may not fully represent the reaction properties at elevated 

pressures. Studies of the most appropriate analytical functions to fit the data over a 

wide pressure range, for example that of Jenner [27], have shown a quadratic to be 

simple and effective: 

ln k = A + Bp + Cp2  whence ∆V≠ = BRT  (iii) 

The use of activation volume data to elucidate reaction mechanisms has proven 

invaluable. It has generally only been of use in cases where two or more possible 

mechanisms have been proposed, and other thermodynamic data is unable to 

differentiate between the possibilities. Additionally, the competing mechanisms 

must predict quite different activation volumes. An example of this was discussed by 

Hamann [25]: the acid catalysed hydrolysis of formals and acetals were retarded by 

pressure. This was taken as evidence for the slow step in these reactions being a 

unimolecular decomposition of the conjugate acid (formed in a pre-equilibrium 

between solvated protons and the substrate) and not a bimolecular reaction between 

the conjugate acid and a solvent molecule. 

4.1.3 Polymerisation under Pressure 

The common benefit of performing free radical polymerisations under pressure is 

that of increased chain length, rather than new products [26]. It is the propagation 

step in the polymerisation process that was most affected by the application of 

pressure, although Hamann [25] reported that further effects were (a) compression 

slightly retarded the unimolecular formation of initiating radicals, (b) chain transfer 

reactions were slightly accelerated and (c) it had a small effect, possibly retarding, 

on chain terminations. 



83For radical copolymerisation, Jenner [27] reported the more pronounced pressure 

effect was observed for that monomer whose radical exhibits the greater resonance 

stabilisation energy, although steric effects also played a role. 

4.14 Oxidative Polymerisation of 2-Methoxyaniline 

Gazotti and DePaoli [48] investigated the polymerisation of 2-methoxyaniline, and 

compared the reaction with the study of polyaniline published by Tzou and Gregory 

[63].  Equation 4.1 described the reaction kinetics, where A was the measured 

absorbance, ε was the molar absorpivity, n was the number of monomeric units in 

the polymer chain and 0.8 is the ratio of anisidine (2-methoxyaniline) to oxidant 

consumed in the reaction [48]. Gazotti and DePaoli reported k2>>k1, particularly 

when the dopant acid was HCl. 

dA/dt = {(0.8nk1-k2')/ε}A2 + (k2' [Anis]0/n-0.8k1[Anis]0 - k1[Ox]0)A + 
k1ε[Anis]0[Ox]0/n

 (4.1) 

This kinetic scheme agreed with the mechanism of 2-methoxyaniline polymerisation 

suggested by Tzou and Gregory [63], a slow oxidation of the aniline species, 

followed by a fast auto acceleration: 

φ-NH2 + Ox → φ-NH2 
⋅+ + Red (slow) 

-(φ-NH-φ-NH)x-(-φ-N=Q=N-)y + 2φ-NH2 + 2H+ → 

-(φ-NH-φ-NH)x+1-(-φ-N=Q=N-)y-1 + 2 φ-NH2 
⋅+ (fast) 

The rate of oligiomer generation was observed to increase with increased oxidant 

concentration. The polymers had a Mp of ca 2200 [48]. 



844.2 Methodology 

Aminobenzenesulfonic acid does not polymerise under the conditions used in the 

activation volume determination (P < 1000 bar). Consequently, 2-methoxyaniline 

was used as a model for aminobenzenesulfonic acid. It polymerised at atmospheric 

and elevated pressures, and was soluble in a wide range of solvents. In addition, a 

kinetic study of the polymerisation of methoxyaniline had been reported by Gazotti 

and DePaoli [48]. 

Sodium 2-aminonaphthalene-5-sulfonate was polymerised, and the activation 

volume for the reaction was determined. 

4.2.1 Apparatus

The high pressure apparatus used for the polymerisation reactions as discussed in 

Chapters Two and Three did not have the capability to allow monitoring of reactions 

in progress. In order to follow a high pressure reaction with spectroscopy, for 

instance, a light path through the apparatus walls and reaction vessel was required. 

A separate system was thus employed, which was comprised of a stainless steel high 

pressure cell with sapphire windows connected to a hand pump. The apparatus could 

be pressurised to 1000 bar. A schematic representation of the apparatus was 

presented in Figure 4.1. The pump arrangement was such that hydraulic fluid 

transferred the applied pressure to a reservoir of ethanol, which filled the high 

pressure cell and provided a transparent medium for spectroscopic measurements 

(above its spectral cut-off of 230 nm). 

Strip heaters around the high pressure cell allowed a constant temperature to be 

maintained. 

Reaction mixtures to be studied were contained within quartz UV cuvettes. When 

the cuvettes were sealed with a rubber septum and all air excluded from the cuvette, 

pressure applied to the cuvette was transferred to the contents via the flexible 

septum. 
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Figure 4.1 Apparatus for UV-Vis measurement of high pressure reaction. 
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Figure 4.2 UV cuvette and septum for high pressure reactions. 

4.2.2 Experimental procedure 

The experimental determination of the activation volume for the polymerisation of 

2-methoxyaniline and sodium 2-aminonaphthalene-5-sulfonate employed the 

following procedure: 

The polymers exhibited a strong absorption at λ = 500 nm in the visible spectrum. 

The polymerisation was followed by monitoring the absorption of the reaction media 

at this wavelength using a UV-Vis spectrometer. Reactions were performed in a 

quartz cuvette, inserted in a temperature controlled, high pressure cell with 

transparent sapphire windows. Absorption readings were taken at regular time 



86intervals, with the first reading taken immediately the pressure was obtained. This 

incorporated a time lag of approximately 10 seconds from the mixing of the 

reactants. 

Stock solutions of the monomer and the oxidant were prepared, to give consistency 

between experiments. The concentration of the solutions were chosen to optimise the 

range of absorptivity between the most and least absorbing reactions. The ferrous 

sulfate solution was unstable over time, so a fresh solution was prepared daily. 

Reactions were performed in triplicate at a range of pressures: 1, 200, 400, 600 and 

800 bar. 

Data analysis followed standard kinetic techniques. Plots of absorption against time 

were prepared to determine the reaction order, and then an observed rate constant (k) 

was calculated. As the reaction were performed in triplicate, these values were 

averaged, and kav was plotted against pressure (bar). The gradient of this final graph 

was used to determine ∆V≠ . 

4.3 Results 

4.3.1 2-Methoxyaniline 

The effect of pressure on the oxidative polymerisation of 2-methoxyaniline is 

illustrated in Figure 4.3. The reaction rate is strongly affected by the increase in 

pressure. Each curve is an average of three experiments at each applied pressure. The 

data matched the previously reported reaction [48], in that it indicated an initial lag 

time, followed by an autoaccelerated period. 

As the reaction progressed, the polymer coated the walls of the cuvette, blocking the 

transmission of light. Consequently, the data analysed in this calculation was from 

the initial period of the reaction (approximately 2.5 hrs), covering the initial lag time 

and the strong polymer growth periods. 
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Figure 4.3 Polymerisation of methoxyaniline at range of pressures. 

The gradient of these curves was calculated for the region 1 to 4000 s. These were 

plotted according to eq (ii), as illustrated in Figure 4.4.  The values of k determined 

for each pressure curve are given in Table 4.3. 

A weighted fit of the plot of ln k against pressure (Figure 4.4) was linear with a 

correlation coefficient of 0.7. The activation volume was calculated to be -44 ±  3 

cm3mol-1. 

Pressure (bar) k 

1 1.097 x 10-5 

200 1.154 x 10-5 

400 1.202 x 10-5 

600 1.275 x 10-5 

800 1.301 x 10-5 

Table 4.3 Observed reaction rates for methoxyaniline polymerisation at different pressures. 
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Figure 4.4 Final data for methoxyaniline polymerisation. 

4.3.2 Sodium 2-aminonaphthalene-5-sulfonate 

The polymerisation reaction of sodium 2-aminonaphthalene-5-sulfonate was much 

faster than that of 2-methoxyaniline. Figure 4.5 shows the absorption of the reaction 

at 1 bar. The reaction is almost complete after 15 minutes. 

Clearly visible in the data was a very short induction period, followed by a strong 

autoacceleration. As the polymer grew, the reaction mixture became very darkly 

coloured, and transmission of the incident light was obstructed. As a consequence, 

the region used to compare the varying reactions was the initial period of strong 

polymer/oligiomer growth. A comparison of the spectra of the reaction conducted at 

different pressures is presented in Figure 4.6. Each curve was an average of the data 

at each pressure. 
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Figure 4.5 One bar polymerisation of sodium 2-aminonaphthalene-5-sulfonate. 

The time interval used for the data analysis was quite short, as the reaction was swift 

and oligiomer generation and polymer growth soon swamped the absorption spectra. 

It was unrealistic to start these curves from the reaction origin, as the time lag in 

starting the reaction was not consistent, and a small difference at that point has a 

strong influence on the final data. 

When the gradients of these curves was determined (Table 4.4) and plotted as per 

eqn (ii), the graph in Figure 4.7 was obtained. 

The plot of ln k against pressure (Figure 4.7) was linear with a correlation coefficient 

of 0.7. The activation volume was calculated to be -62  ±  10 cm3mol-1. 

This value was greater than that expected from the literature [26] for the activation 

volume for an electrostriction. This was attributed to uncertainty in the data arising 
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Pressure k 

1 3.250 x 10-3 

200 3.610 x 10-3 

400 3.610 x 10-3 

600 3.921 x 10-3 

800 4.010 x 10-3 

Table 4.4 Observed reaction rate for sodium aminonaphthalenesulfonate polymerisation. 

90  
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Figure 4.7 Final data for sodium aminonaphthalenesulfonate polymerisation. 

from the time lag between mixing the reactants and starting the data collection (due 

to the assembly time for the high pressure cell). As the naphthalene polymerisation 

occurred at atmospheric pressure, it was already underway before the data 

acquisition started. The polymerisation was rapid, and important initial data was lost 

to the time lag. It was possible that a more accurate activation volume may be 

calculated if the reaction procedure could be adjusted to capture the initial moments 

of the reaction. This might be achieved by designing a chamber to pressurise the 

reactants before mixing, so that data could be acquired from the instant of the 

solutions mixing. 

4.4 Experimental 

The polymerisation reactions of both 2-methoxyaniline and sodium 2-

aminonaphthalene-5-sulfonate performed for this study were identical, except in the 

-5.50  

-5 .55  

-5 .60  

ln
 k

 



92amount of applied pressure. As a consequence, one representative experimental 

procedure had been provided for each monomer. 

4.4.1 Polymerisation of 2-methoxyaniline at 400 bar 

A solution of ferric chloride in water (0.100 mL, 3.99 mM) was added to 2.50 mL of 

a 0.026 M solution of 2-methoxyaniline (6.5x10-5 mol) in 2.0 M HCl. To this was 

added in one portion 2.50 mL of a solution of sodium persulfate (1.3x10-4 mol, 

0.052 M). The mixture was transferred via syringe to a quartz UV cuvette which was 

sealed with a rubber septum to ensure no air remained inside the vessel. The reaction 

was pressurised in the apparatus described above to a pressure of 400 bar for 3 h at 

23°C, and absorption measurements at 500 nm were taken at 20 second intervals. 

This procedure was repeated in triplicate under pressures of 1, 200, 400, 600 and 800 

bar. 

4.4.2 Sodium 2-aminonaphthalene-5-sulfonate polymerisation at 400 atm. 

A solution of sodium persulfate in water (5x10-5 mol, 20 mM) was added to 2.50 mL 

of a 16 mM solution of sodium 2-aminonaphthalene-5-sulfonate (4x10-5 mol). The 

mixture was transferred via syringe to a quartz UV cuvette, and sealed with a rubber 

septum to ensure no air remained inside the vessel. The reaction was pressurised in 

the apparatus described above to a pressure of 400 bar for 15 min at 23°C, and 

absorption measurements at 500 nm were taken at 6 second intervals. 

This procedure was repeated in triplicate under pressures of 1, 200, 400, 600 and 800 

bar. 

4.5 Conclusion 

2-Methoxyaniline and sodium 2-aminonaphthalene-5-sulfonate were polymerised in 

aqueous acidic media, with ferrous sulfate catalyst under pressures of 1, 200, 400, 

600 and 800 bar. Absorption data was collected at 500 nm, and the observed rate 



93constants were used to determine the activation volume of the reactions. The 

activation volume for the oxidative polymerisation of 2-methoxyaniline was 

determined to be -44 ± 3 cm3/mol, and the activation volume for the sodium 2-

aminonaphthalene-5-sulfonate polymerisation was determined to be -62 ± 3 

cm3/mol. 

These activation volumes are large and negative, and consistent with the rate 

limiting oxidation of aniline (Figure 4.8). 

Figure 4.8 Rate limiting oxidation of aniline. 

Gazotti and DePaoli [48] and Tzou and Gregory [63] have determined that this 

initial oxidation is slow. A large, negative value for ∆V# would be expected for this 

oxidation in which charge is developed and would be associated with electrostriction 

of solvent. It is clear from proceeding chapters that an otherwise impractically slow 

polymerisation is accelerated by pressure and the present study quantifies this effect, 

although the second value is somewhat imprecise. 

Modifications to the experimental apparatus could provide more accurate data.  The 

time required to mix the reactant solutions and assemble the pressurising apparatus 

could be saved by pressurising the  solutions prior to mixing. The pressurised 

solutions could be mixed and the reaction monitored immediately. Automated 

dispensing of the reagent solutions would ensure accurate and reproducible volume 

measurement, eliminating another potential source of error. 



94Chapter Five 


Conclusions and Future Work


The aim of this study was to investigate the effect of pressure on the polymerisation 

of aminobenzenesulfonic acids and aminonaphthalenesulfonic acids. This has been 

achieved using eight different monomers, all of which were successfully 

polymerised.  

All of the monomers were commercially available. Monomers were purified by 

recrystallisation before use. 

A high pressure reactor was employed to polymerise 2- and 3-aminobenzenesulfonic 

acids, and 5- and 8-aminonaphthalene-2-sulfonic acids, and their sodium salts. The 

polymerisation conditions were investigated to determine the effect of factors such 

as reaction time, temperature, solvent, oxidising agent and the use of catalysts. 

The amount of pressure used in the polymerisation was shown to have negligible 

affect on the final characteristics of the benzene polymers, provided a critical 

pressure was reached. In the case of the aminobenzenesulfonic acids the 

polymerisation reaction did not procede if the pressure was below 7 kbar. There was 

no significant difference in the characteristics of polymers produced at 7 kbar and 17 

kbar, which is beneficial for potential industrial scale-up, as large volume high 

pressure reactors typically reach 10 kbar maximum. 

The naphthalene polymers displayed an increased molecular weight when elevated 

pressures were applied. The naphthalenesulfonate salts polymerised at atmospheric 

pressure. This property was utilised for the activation volume determination. 

It was observed that the use of 0.10 molar equivalents of both ferrous sulfate and 

anilinium hydrochloride resulted in higher yields and better conductivities for all 

aminobenzenesulfonic/sulfonate monomers. Naphthalene polymers exhibited higher 



95yields with the use of 5% anilinium hydrochloride but other additives had little or no 

effect. 

Sodium persulfate was the most successful oxidant for all eight monomers. The 

stepwise addition of oxidant appeared to hinder the reaction and resulted in a lower 

yield and reduced conductivity. 

The reaction time had a different effect on the benzene and naphthalene polymers. 

Yields and conductivities increased with time for the former, and decreased for the 

latter. The benzenesulfonate salt appeared to react faster than the acid - in equivalent 

experiments at 17 kbar for 1 hour, the salt yielded 78% polymer compared to 18% 

for the acid, with similar conductivities and molecular weights. 

A series of experiments investigated the effect of reaction temperature on the 

polymerisation of aminonaphthalenesulfonic and sulfonate monomers. Cooling the 

reactants before mixing appeared to give a poorer result, while warming them to 

40°C gave increased conductivity and yield.  

The effect of solvent on the polymerisation of the naphthalene acid monomers was 

investigated, and it was concluded that the solubility of the monomers was best 

addressed by converting them to the sulfonate salts than by adjusting the solvent 

mixture. 

The conductivities of the benzene polymers ranged from the disappointing (~ 10-6 

Scm-1) to an encouraging ~ 10-3 Scm-1. This was still orders of magnitude lower than 

the parent polyaniline, but substantially better than reported conductivities of 

externally doped alkyl- and aryl- substituted polyanilines [24, 35] and comparable to 

poly(methoxy- anilinesulfonic acid) [43, 41]. These polymers were completely 

water-soluble, of high molecular weight and able to be cast as films. 

The conductivities of the naphthalene polymers ranged from approximately 10-5 

Scm-1 to an encouraging ~ 10-3 Scm-1. This is comparable to the 

aminobenzenesulfonic acids from the previous chapter. These polymers were 



96completely water-soluble, of high molecular weight, are easily synthesised at 

atmospheric pressure and able to be cast as films. 

2-Methoxyaniline and sodium 2-aminonaphthalene-5-sulfonate were polymerised in 

aqueous acidic media, with ferrous sulfate catalyst under pressures of 1, 200, 400, 

600 and 800 bar. Absorption data was collected at 500 nm, and the observed rate 

constants were used to determine the activation volume of the reactions. The 

activation volume for the oxidative polymerisation of 2-methoxyaniline was 

determined to be -44 ± 3 cm3/mol, and the activation volume for the sodium 2-

aminonaphthalene-5-sulfonate polymerisation was determined to be -62 ± 10 

cm3/mol. 

Large, negative activation volumes are consistent with rate limiting aniline oxidation 

and associated electrostriction of solvent. 

The use of high pressure has made possible previously unavailable polymers, and 

has proven to be a very valuable tool. Potential future work arising from this 

investigation includes broadening the selection of monomers to other electron rich 

aromatic amines and investigating the effect of other solubilising groups on the 

polymer backbone, such as phosphonic acids. 

Modifications to the experimental apparatus could provide more accurate data. The 

time required to mix the reactant solutions and assemble the pressurising apparatus 

could be saved by pressurising the  solutions prior to mixing. The pressurised 

solutions could be mixed and the reaction monitored immediately. Automated 

dispensing of the reagent solutions would ensure accurate and reproducable volume 

measurement, eliminating another potential source of error. 

It would be of interest to investigate the effect of different solubilising groups on the 

polymer backbone. Phosphonic acid has been used by other groups [61] as a 

solubilising group, and it would no doubt be effective in this case. The respective 

monomers are not commercially available, and some synthetic steps would be 

required. 
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