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Abstract 

 

Polyaniline (PAni) is a conducting polymer that has shown promise in the field of 

composite sensors, including ion-selective and biomedical sensors. Sub-micron fibres of 

PAni/poly(vinyl chloride) (PVC) and PAni/poly(acrylonitrile) (PAN) have been 

electrospun from THF/DMF and DMSO/DMF respectively. Quaternary ammonium 

salts (QAS) were incorporated into these polymer blends in an attempt to produce 

electrospun solid-state conducting polymer ion-selective electrodes for the detection of 

nitrate in aqueous solutions.  

 

The electrospinning process relies on a number of different parameters for successful 

fibre production, including solution viscosity, solution surface tension and solution 

conductivity. The role of these parameters on the electrospinning of PVC from 

THF/DMF solution and PAN from DMSO/DMF solution, both with and without the 

addition of PAni and QAS, was studied. In addition to this study, the morphology of the 

resultant fibres was determined by Scanning Electron Microscopy (SEM). SEM 

morphology and fibre-sizing analysis revealed significant changes in the morphological 

properties of the electrospun fibres, including bead formation and alteration of the fibre 

diameters with varying solution viscosity, solution surface tension and solution 

conductivity. It is believed this is the first time that the influences of the conducting 

properties of PAni on these essential electrospinning parameters have been documented. 

 

Electrospun fibrous mats of conducting and non-conducting blends, in addition to 

blends incorporating QAS were analysed by Raman spectroscopy to determine the 

degree of doping of PAni, the influence of QAS on the chemical properties of the 

electrospun fibres and also the degree of dispersion of PAni throughout the electrospun 
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fibres. PAni was found to be relatively well dispersed throughout the underlying fibre 

mat. Raman spectra of PAni/PAN electrospun fibres indicated that PAN influenced the 

doping of PAni significantly. It produced characteristic peaks similar to those observed 

in the ‘secondary doping’ of PAni associated with increases in free-charge carriers and 

changes in the PAni chain conformation. This phenomenon also occurred for PAni/PVC 

electrospun fibres in the presence of the QAS, tetradodecylammonium bromide (TDAB) 

and triallylethylammonium bromide (TAEAB). It is believed that this is the first time 

that ‘secondary doping’ of PAni was induced by the normally electro-inactive species 

PAN or TDAB. If this is so, it indicates a strong interaction between PAni and these 

species which is not based on the use of dopant solvents for ‘secondary doping’.  

 

Mechanical strength measurements of electrospun fibres of these polymer blends were 

also carried out, indicating that the support polymer, the degree of orientation and also 

the components of the polymer blend significantly influence the tensile strength of these 

materials. However the overall tensile strength of these samples was relatively low 

compared with literature values for other electrospun fibres. 

 

Cyclic voltammetry (CV) analysis of electrospun composite PAni fibres showed that 

PAni retains its electroactivity and produced the characteristic oxidation/reduction 

responses expected of PAni.  It is believed that this is the first time electrochemical 

responses have been recorded for fibres electrospun from PAni/PVC and PAni/PAN 

blends. Amperometric responses for nitrate, chloride and tetrafluoroborate were 

observed, indicating that whilst these fibre mat electrodes were sensitive to changes in 

solution composition, they were not selective towards nitrate in solution, regardless of 

the QAS employed. 
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Glossary of Terms 

 

2-NPOE   2-Nitrophenyloctylether 

CSA    Camphorsulfonic Acid 

CV    Cyclic Voltammetry 

DBSA    Dodecylbenzenesulfonic Acid 

DMF    Dimethylformamide 

DMSO   Dimethylsulfoxide 

ICP    Inherently Conducting Polymer 

ISE    Ion Selective Electrode 

MWNT   Multi-wall Carbon Nanotube 

PAni    Polyaniline 

PAN    Polyacrylonitrile 

PEO    Poly(ethylene oxide) 

PVC    Poly(vinyl chloride) 

SEM    Scanning Electron Microscope 

SWNT    Single-wall Carbon Nanotube 

TAEAB   Triallylethylammonium Bromide 

TDAB    Tetradodecylammonium Bromide 

THF    Tetrahydrofuran 

TOAB    Tetraoctylammonium Bromide 
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“The most exciting phrase to hear in science, the one that heralds new 

discoveries, is not 'Eureka!' (I found it!) but 'That's funny ...' ” 

Isaac Asimov (1920 – 1992) 
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1.1 The Conducting Polymer Polyaniline 

1.1.1 Background of Polyaniline 

Inherently conducting polymers (ICPs), also termed synthetic metals, have attracted 

much interest since the discovery in 1977 of conducting polyacetylene by Alan 

MacDiarmid, Alan Heeger and Hideki Shirakawa, and the awarding of the Nobel Prize 

in Chemistry to these individuals in 2000 [1-3]. Since that time there has been a 

significant increase in the research of ICPs, initially in synthesis and characterisation, 

followed by the development of new materials and applications using these compounds 

[4].  

 

The first recording of conducting polyaniline (PAni) was in 1862 in the United States 

where a partially conductive compound was discovered by the oxidation of aniline with 

sulphuric acid. However it was not until 1980 that the true electrochemical properties of 

PAni was made clear by Diaz and Logan [5], three years after the discovery of 

polyacetylene [4]. Since that time PAni has been studied, and in some cases employed 

in rechargeable batteries [4, 6], capacitors [4, 7-10], textile coatings [6, 11], corrosion 

protection [6, 12-15], electromagnetic shielding [15], anti-static materials [15], light 

emitting diodes (LEDs) [6], chemical sensors [6, 16-24], electrochromic displays [6] 

and separation membranes [25, 26]. 

 

1.1.2 Polymerisation of Polyaniline 

Polyaniline can undergo both chemical and electrochemical polymerisation in an 

aqueous medium [6, 27].  
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The electrochemical synthesis of PAni requires that the polymerisation solution be 

strongly acidic to allow solubilisation of the aniline monomer, and is required to 

produce the conducting form of PAni. Generally the potential is held constant, or cycled 

within the potential range of -0.2 and +0.70 V vs. SCE to avoid overoxidising the 

resultant PAni film, which can lead to decreased conductivity [1, 28]. According to 

Yoneyama et al. and Stilwell and Park in Pud [29], this overoxidation leads to the 

hydrolysis of PAni due to nucleophilic attack by water in the aqueous solution, in turn 

converting the quinoid units to p-benzoquinone units. However, overoxidation also 

produces cross linking of PAni chains which leads to a decrease in the conductivity of 

PAni and reduces its solubility in aqueous solution [27, 29]. 

 

The sequence of events for PAni electrochemical polymerisation follows the scheme in 

Wallace et al. [1] presented in Figure 1.1. The initiation step is the rate-determining step 

of the process, followed by coupling of the radical cations, where a radical N or the 

radical in the para position are the most likely to couple. However, this is not always the 

case as -N=N- and para-para coupling occur with increases in pH. Furthermore, other 

mechanisms have been suggested that depend on the solvent, applied potential and pH 

[27].  
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Figure 1.1 Reaction steps in the electrochemical polymerisation of polyaniline [1] 

 

Oxidation of the oligomer form is necessary to induce chain propagation by 

reintroducing the radical, in turn leading to further coupling. Wallace et al. [1] note that 

this propagation of the chain is self-catalysing. Continued oxidation eventually produces 

the doped form of PAni with a positively charged nitrogen radical, also termed a 
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‘polaron’, which is delocalised over two aniline units per single charge. The 

introduction of a suitable counter-ion balances the positive charges along the backbone.  

According to MacDiarmid [30] the chemical synthesis of PAni is slightly different in 

that the pernigraniline form of PAni is first produced, followed by emeraldine. 

Pernigraniline (given in Figure 1.2) is formed due to the high oxidation potential of an 

ammonium peroxodisulphate/HCl mixture, which is sufficiently high to oxidise any 

emeraldine-state PAni. The pernigraniline product then actively oxidises any excess 

aniline to the emeraldine state, which is followed by the pernigraniline reducing to the 

emeraldine oxidation state [30-32]. Adams and Monkman [33] also observed this 

process and indicated that it was likely to be the result of the complete addition of the 

oxidant to solution in one step, as well as a low reaction temperature. It is also important 

to note that the type of oxidant employed and pH also affect the final properties of the 

PAni powder, including conductivity, yield, molecular weight and the production of 

other compounds [34-36].   

 

1.1.3 Doping, Protonation and Conductivity of Polyaniline 

PAni exists in one of three specific oxidation states; leucoemeraldine, emeraldine and 

pernigraniline, and these can exist as either a base form or a salt. The relationship 

between these states and structures is presented in Figure 1.2.  

 

PAni is unique amongst ICPs as the conductivity can be controlled both chemically and 

electrochemically [15]. In addition PAni has the unique ability to be doped by 

protonation simply by the addition of an aqueous acid, as well as p-doping and n-doping 

of the π-system of the polymer backbone observed for other ICPs [28, 30, 37]. The 

terms p-doping and n-doping are derived from the doping of inorganic semiconductors. 

However, in the case of ICPs they refer to the oxidation or reduction, respectively, of 



Chapter 1 – General Introduction 

6 

the insulating neutral polymer to form an ionic polymer, together with the inclusion of a 

suitable counter-ion to balance the charge [38]. These forms of doping change the 

number of π electrons along the polymer chain [39].  

 

 

Figure 1.2 Chemical formation and redox relationships between PAni [1] 

 

The conducting form of PAni is the emeraldine salt and requires p-doping or n-doping 

from the leucoemeraldine or pernigraniline states respectively, or protonation from the 

emeraldine base form [1]. Electrochemically, the conductive emeraldine salt form exists 

within a potential range of +0.20 to +0.60 V vs. Ag/AgCl, depending on pH. The non-

conducting forms of leucoemeraldine and pernigraniline exist below and above this 

range respectively [1]. However, the rates of doping are dependent on the size, 

concentration and charge of the anions in the supporting electrolyte, as well as the PAni 

film thickness [40]. Chemically the oxidation state of PAni can also be altered through 

the use of various oxidants. It is important to note that actual production of pure 

pernigraniline is difficult. According to Kang et al. [34] pernigraniline is too unstable to 
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be collected in the dry state, and instead reduces slightly to produce a compound 

between emeraldine and pernigraniline termed nigraniline. This is also true for 

electrochemical treatment of PAni where electrochemical p-doping does not produce 

pernigraniline, but only 75% of the polymer chain is oxidised, forming nigraniline. 

Further increases in the applied voltage leads to hydrolysis of PAni.  

 

The addition of a suitable acid leads to the protonation of the imine nitrogen groups on 

the emeraldine base, forming the conducting emeraldine salt [39, 41]. This protonation 

leads to the partial de-population of the π system, and the formation of a nitrogen base 

salt, rather than a carbonium ion seen for other ICPs. This structure is responsible for 

the relatively high stability of PAni [1, 37]. In the case of emeraldine, a pH greater than 

4 will inhibit the ability of PAni to form emeraldine salt [1]. Ping et al. [41] note that 

doping of the emeraldine base commences at a pH of 6, however the doping level 

increases significantly at pH 4 and remains relatively constant after pH 2. However, 

other studies have observed the redox activity of PAni and PAni derivatives at pH 

greater than 4 [22, 42], and in some cases up to pH 9 [43]. The maximum doping level 

has been reached where 50% of the nitrogen atoms along the chain have been 

protonated, consistent with the doping of the imine nitrogens that make up 50% of the 

emeraldine structure [1, 30, 39, 41]. According to Wallace et al. [1] and Epstein et al. 

[44], the protonation of these imine groups produces a bipolaron structure that 

dissociates to form a delocalised polaron lattice. This scheme is presented in Figure 1.3.  

 

The conductivity of PAni is due to the π delocalisation and conjugation along the 

polymer backbone in a form that produces an equivalent resonance structure along the 

chain, presented in Figure 1.4 [28].  

 



Chapter 1 – General Introduction 

8 

 

Figure 1.3 Protonation of PAni [1].  

 

 

Figure 1.4 Structure of delocalised PAni [28] 

 

Thus, alternate charged radical nitrogens are delocalised over the structure, imparting 

the equivalent of half a charge on each individual aniline group, and producing a 

polysemiquinone radical cation [28, 30]. This structure would be anticipated to impart 

extra stability within the polymer chain [28]. In terms of energy bands, the presence of 
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polarons leads to the reorganisation of the electronic structure and formation of 

overlapping polaron states, in turn forming half-filled polaron conduction bands that 

allow the promotion of electrons to unfilled bands [1, 30, 45].  

 

Wallace et al. [1] state that the presence of the polaron conduction bands are insufficient 

to account for the high conductivity observed in PAni, and that intrachain and interchain 

charge transport mechanisms also occur. Focke et al. [46] outline a mechanism for both 

of these processes, with the first presented in Figure 1.5. Here deprotonated emeraldine 

does not offer any intrachain charge transport as the quinoidal structures cannot alter in 

structure; however in the protonated form intrachain transport is possible by valence 

resonance. This transport occurs over a large number of rings, but is prevented by 

defects in the structure or any deprotonated imines or protonated amines [46].  

 

 

Figure 1.5 Schematic representation of intrachain transport in PAni [46] 

 

Interchain charge transport incorporates electron transfer between the chains in addition 

to protonation/deprotonation similar to the intrachain transport. Initially protonation is 

required to form the radical cations [46]. This can be seen in Figure 1.6. 
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Figure 1.6 Schematic representation of interchain transport in PAni [1] 

 

1.1.4 Factors Affecting the Conductivity of Polyaniline 

According to Wallace et al. [1] the conductivity of PAni is affected by a number of 

factors including temperature, water content, the counter-ion, functional groups, and the 

preparation conditions.  

 

Properties associated with conductivity are dependent on the granularity of the PAni 

where heterogeneous islands the controlling factor in the conductivity of PAni [47]. At 

lower temperatures there is insufficient energy to allow hopping between ‘islands’ of 
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crystalline PAni, whilst higher temperatures lead to scattering of the charge carriers by 

phonons [47-49]. 

 

Focke et al. [46] indicate that an increase in humidity, and hence water content, 

increases the conductivity of PAni. However, this is affected by the pH of the solution 

in that a lower pH will induce a lower resistance in the presence of moisture, whilst a 

higher pH will produce a higher resistance under the same conditions. However, in both 

cases the resistance decreases with increasing percentage of moisture. The interchain 

and intrachain transport mechanisms for conductivity rely on the presence of moisture 

for proton transport and also the presence of protic solvents for proton exchange.  

Focke et al. [46] also reported that the type of anion employed makes a difference to the 

conductivity of PAni. Using Cl- as a counter-ion, PAni had the lowest resistance at pH 2 

and at 0.28 V vs. SCE, whilst the resistance slightly increased for other anions. 

However, a Hydrion® buffer (tartaric, phosphoric and phthalic acid) did increase the 

resistance by 60% compared with the HCl/KCl solution [46]. Whilst the counter-ions 

employed appear to only slightly alter the conductivity of PAni, the mobility of the ions 

significantly influences the capacitance of PAni [50].  

 

The preparation conditions of PAni have also been identified as a major factor in the 

conductivity of PAni. Stejskal and Gilbert [51] observed a standard deviation of 40% 

for PAni conductivity based on a standard method and using 59 samples from various 

research groups. In addition, they state that this is comparable with 35 samples prepared 

by a single individual who observed a standard deviation of 39%.  
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1.1.5 Surfactant Counter-ions and Polyaniline Blends 

Cao et al. [52, 53] studied the use of different protonic acids to assist the dissolution of 

PAni in various solvents. They observed that some acids possessing an organic 

functional group actively assist dissolution of PAni in non-polar or weakly polar 

solvents, with the acid component protonating the PAni and the negatively-charged 

component acted as a counter-ion. In essence, the organic functional group acted as a 

surfactant within the solvent, increasing the ability of PAni to dissolve. The 

conductivity of the PAni was dependant on the choice of counter-ion and the solvents, 

and this conductivity could be increased beyond those of ordinary PAni powder. Such 

functionalised protonic acids include camphorsulfonic acid (CSA) and 

dodecylbenzenesulfonic acid (DBSA).  

 

The benefit of using these functionalised protonic acids is to enhance processing of 

PAni, with a particular view towards PAni blends with non-conducting polymers, such 

as poly(vinyl chloride) (PVC). Processing PAni in this way, PAni can be dissolved in 

previously unsuitable solvents. This in turn expands the blends of PAni/commodity 

polymer possible, and in turn increases the processability of these blends [53].  

 

Kaiser [48] studied the conductivity of PAni dispersed throughout non-conducting 

support polymers. The blended PAni was similar to non-blended PAni in terms of the 

metallic behaviour, however the overall conductivities were lower compared to non-

blended PAni, and they exhibited a trend towards zero conductivity at a temperature of 

absolute zero. One interesting observation was that the protonation of PAni in the 

poly(methyl methacrylate) (PMMA) blend using an organic acid led to conductivity 

higher than the unblended PAni. According to Subramaniam et al. and Wessling et al. in 

Kaiser [48], this was due to a reduction in the barriers surrounding PAni particles. 
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Another benefit that has been observed from the use of functionalised protonic acids to 

assist dissolution is the concept of ‘secondary doping’ of PAni. Avlyanov et al. [54] 

observed that the use of CSA in poor solvents, that is those that offer little 

polymer/solvent interaction, will lead to a compact coil conformation of PAni. 

Conversely, the use of a good solvent, that is those that offer a greater polymer/solvent 

interaction, will lead to an expanded coil formation by solvating both the positive 

charges on the PAni chain, and the negative charges from the CSA counter-ion. This 

expanded coil leads to an increase in the linearity of the PAni chain, and hence an 

increase in the conductivity through a reduction in chain defects associated with 

twisting [54, 55]. 

 

1.2 Electrospinning 

Electrospinning was first patented by Formhals in 1934 who electrospun cellulose 

acetate from acetone [56]. Initially he encountered difficulties in collecting dry fibres, 

but later developed the process further to overcome these problems [57]. With the re-

discovery of electrospinning there has been in increase in the research incorporating 

electrospinning as a technique in the last fifteen years [58]. The applications cover a 

wide array of fields and include chemical sensors [59-63], biosensors [64-66], tissue 

scaffolding [67-70], drug delivery systems [70-73], optical sensors [74-76], molecular 

electronics and other electronic devices [77-79]. 

 

The basic premise of electrospinning is the application of an electric potential between a 

polymer solution held within a capillary-type structure, such as a syringe or pipette, and 

a metallic ‘target’ (Figure 1.7). This applied potential overcomes the surface tension of 

the polymer blend by charging the surface of the fluid and ejecting a jet from the apex 

of the polymer droplet. As this jet traverses the air gap between the capillary and the 
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target, the solvent evaporates and a polymer fibre forms, eventually depositing on the 

electrically grounded target [57, 65, 80-82] 

 

Figure 1.7 Basic apparatus for electrospinning 

 

1.2.1 Jet Initiation and Stretching 

Sessile and pendant droplets of polymer will attain stable shapes with the application of 

a potential, provided that this potential does not exceed a critical value. According to 

Yarin et al. [83] the droplet will form these shapes due to the equilibrium of electrical 

forces and the surface tension of the solution. At the critical potential the droplet will 

form a conical shape with a critical half angle of 49.3o. This initial droplet at the end of 

a pipette or syringe in electrospinning is also often referred to as a Taylor cone [57]. 

However, Yarin et al. [83] state that in an elastic or unrelaxed viscoelastic fluids the 

critical half angle is closer to 33.5o due to both elastic forces and surface tension. After 

this critical potential, the equilibrium between the electrical forces and surface tension 

will cease as the charge overcomes the stabilising affect of the surface tension, and a 

Applied Potential Ground/Earth 

Polymer Solution 

Metal Target
Electrospinning Fibres 
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liquid jet will form corresponding to observations made by Raleigh over 100 years ago 

with regards to charged liquid droplets [65, 83, 84].  

 

Hayati [85] noted axisymmetric circulation of the solution inside the solution cone due 

to interfacial shear stresses. These shear stresses are observed in solutions where the 

surface can support charge, and are the result of an electric field tangential to the 

direction of flow for a fluid. The shear stresses attempt to stabilise the jet surface by 

evening out disturbances on the surface of the polymer droplet. The surface charge is a 

result of the electric field directing free charges in the solution to the surface of the 

cone, whilst the solution must possess semi-conductivity to produce a potential drop 

between the base of the cone at the edge of the pipette/syringe and the tip of the solution 

cone. This potential drop generates the tangential electric field, creating the shear 

stresses on the surface of the cone and in turn producing the axisymmetric circulation. 

Highly conducting solutions, such as water, do not exhibit these shear stresses as the 

potential drop is negligible, preventing conducting liquids from producing stable sprays. 

Jet formation in these semi-conducting solutions results in stripping the solution from 

the drop surface, rather than the ejection of a polymer stream that is often identified in 

literature [85]. It is this shearing of polymer from the cone that leads to more concave 

cone shapes rather than a Taylor cone [80].   

 

Scuador et al. [86] observed that the critical potential required for jet formation was 

dependant on the viscosity, surface tension, conductivity and dielectric constant of the 

fluid. Shin et al. [80] noted that altering the protrusion of the syringe in a uniform 

electric field can increase the effect of the electric field and lower the initial potential 

required for jet initiation. Fong and Reneker [65] also observed that the potential for jet 

initiation is higher than the potential required to maintain jet flow. Furthermore, they 
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also reported that the conical-shaped droplet will relax and convert to a spherical 

structure after jet initiation for poly(ethylene oxide) (PEO) dissolved in water.  

 

During stretching of the polymer jet, the transient extensional viscosity increases as the 

polymer chains uncoil, termed strain hardening. If a steady stretching rate is achieved 

the elongational viscosity can decrease or increase, leading to extension thinning or 

thickening, respectively. These processes affect the ultimate production of fibres due to 

the axial tensile strength of the jet resisting stretching. In addition the presence of strain 

hardening suppresses stretching further along the jet, in turn producing fibres with a 

larger diameter [81].  

 

It is important to note that whilst a single syringe or pipette is most often used as a 

container for jet formation, other approaches have been taken. Wang et al. [75] utilised 

two pipettes that enabled concurrent electrospinning of two separate solutions, allowing 

cross linking of the polymers and to overcome problems associated with jet initiation. 

Madhugiri et al. [77] used a dual syringe method to electrospin composite molecular 

sieve fibres to overcome mechanical strength issues encountered when spinning 

molecular sieves. Fibres have also been electrospun without the use of any capillary-

type structure. Yarin and Zussman [87] employed a magnetic fluid that was influenced 

by a magnetic field. This produced a number of vertical spikes of magnetic suspension 

that disturbed the surface of the polymer solution. In turn the application of a potential 

produced multiple jet filaments from the polymer, electrospinning towards a counter 

electrode. The benefit of this design was an increase in the production of nanofibres and 

a reduction in the problems associated with capillary blockage.   
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1.2.2 The Whipping Jet 

The second stage of electrospinning is the development of a non-axisymmetric bending 

instability, also referred to as the whipping instability that produces bending and 

stretching of the polymer jet after initiation [81]. 

 

Hohman et al. [82, 88] and Shin et al. [89] quantified this whipping instability. They 

stated there were three different types of instabilities affecting a polymer jet. The first 

was the Rayleigh mode where axisymmetric extension occurs based on the Rayleigh 

instability. This is the break-up of a liquid cylinder into droplets as a result of solution 

surface tension. This instability is suppressed when the applied electric field and the 

surface charge density exceeded a threshold value based on the surface tension and the 

dielectric constant of the jet. It is important to note that this instability develops faster 

for polymer jets; however extensional stresses stabilise and compete with this instability 

to prevent break-up of the jet. The second instability identified by Hohman et al. [82, 

88] and Shin et al. [89] was an axisymmetric conducting mode that is present in a high 

electric field, and the third was a non-axisymmetric whipping conducting mode. The 

axisymmetric conducting mode is a product of the finite conductivity of the solution, 

whilst the whipping mode is the product of the dipole charges within the jet that interact 

with the external electric field, in turn bending the jet by the application of a twisting 

force.  

 

Additionally, the repulsion of charges on the jet surface can also lead to bending of the 

jet [82, 88-90]. This charge repulsion affect has also been identified by Fridrikh et al. 

[91] who stated that this was the major contributor to the whipping instability, and that 

the wavelength and growth rate of the instability are controlled by the inertia of the jet, 
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the charge repulsion and the shear viscosity of the solution. The charge repulsion model 

is given in Figure 1.8. 

 

 

Figure 1.8 Whipping instability and the surface charge repulsion [91] 

 

The two conducting modes are independent of surface tension, but instead are enhanced 

with an increasing electrical field and surface charge density. The type of instability that 

occurs is dependent on the viscosity, dielectric constant and conductivity of the solution 

[82]. For example, a solution exhibiting high conductivity with no static charge density 

on the jet will exhibit the axisymmetric conducting mode, whilst a solution with a large 

static charge density will exhibit the whipping mode. The Rayleigh mode is suppressed 

in both cases due to the high surface charge [88]. Furthermore, Zuo et al. [92] note that 

a high applied potential suppresses both the Rayleigh and conducting axisymmetric 

modes whilst the whipping mode is enhanced.  

 

Reneker et al. [93] and Fong and Reneker [65] noted three stages of the bending 

instability in a PEO/water solution. The first stage was the uniform jet developing a 

number of bends in its structure. This was followed by the second stage where the jet 

elongates and develops spiralling, concentric loops. Lastly, as these loops increased in 

diameter the cross-sectional diameter of the jet decreased and the conditions for the first 

step recurred, producing a secondary instability on these large loops in which the jet 

again bends and loops. Thus, the elongation and decrease in the diameter of the jet 
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continued for as long as there was sufficient force from the applied potential to induce 

the whipping instability and to overcome the surface tension and viscoelastic forces [65, 

93].  

Both reports note a high area reduction ratio. For example, in a jet with 50 μm diameter 

and final fibre diameter of 500 nm, there was an area reduction ratio of 10,000 [65, 93]. 

According to Fong and Reneker [65] the evaporation of the solvent accounts for a factor 

of 16, the initial elongation of the straight jet accounts for a factor of 5 and the whipping 

jet accounts for a factor of 125. Furthermore, it was anticipated that the polymer chains 

were elongated and orientated axially during electrospinning.  

 

In addition, Fridrikh et al. [94] note that the fibre diameter produced from a whipping 

jet is determined by the surface tension and the surface charge repulsion, and can be 

controlled by flow rate, electric current and the surface tension of the solution.  

 

It has been widely reported that the jet splits into many smaller jets as it travels towards 

the target [69, 75, 95-98]. Other literature indicates that the fibre is a single jet that 

whips and rotates at a rate sufficiently fast to give the appearance of multiple filaments 

splitting from a main fibre [80, 99-101]. However the electrospinning jet can exhibit 

both this splitting of the jet (termed ‘splaying’) and whipping, whereby the secondary 

splaying fibres will eject from the main whipping jet [93, 102, 103].  

 

1.2.3 Fibre Collection 

The collection of electrospun fibres requires an earthed or grounded target to ensure 

completion of the electrical circuit. This target can consist of a sheet of metal or a metal 

mesh screen, both of which can be covered with a fabric to collect the fibres, a 

coagulation bath, or a rotating collection target [57, 99-101, 104].  
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Liu and Hsieh [96] indicated that the type of target used can affect the morphology and 

fibre density of the collected fibres. Specifically, electrically conducting targets will 

allow a greater density of fibres to be collected as the target will dissipate electrical 

charges, in turn reducing the repulsion of incoming charged fibres. However Reneker 

and Chun [104] note that dry fibres with low electrical conductivity may be slow to 

dissipate the electrical charge to the underlying target. Non-conductive targets will 

produce a lower density and greater porosity throughout the fibrous surface. In addition 

Liu and Hsieh [96] observed that fibres of cellulose acetate collected on paper 

connected to an electrically grounded target were smoother in appearance, offered more 

uniformity in the fibre diameter and fewer defects.   

 

Theron et al. [100] used a rotating disc to collect electrospun fibres; however the edge 

of the disc was the target and not the planar side. They observed the whipping jet 

expanded in a helical and concentric spiral in a similar manner to the observations other 

literature [65, 80, 88, 99, 101, 105], followed by a contraction in this concentric spiral. 

The edge of the disc affected the electric field set up in electrospinning process, such 

that this field converged towards the edge of the disc, in turn directing the whipping jet 

towards the edge of the disk. In addition, this rotation led to the alignment of the 

electrospun fibres in a uniform orientation [100].  

 

1.2.4 Electrospinning of Non-Conducting Polymers 

A significant number of commodity plastics have been shown to electrospin and 

produce fibres [71, 96-98, 105-127], or have been blended with other materials to 

produce composite electrospun fibres [59, 69, 72, 76-78, 84, 116, 122, 128-140].  
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Formhals [56] patent in 1934 is the first documented attempt at electrospinning polymer 

solutions, in this case the spinning of cellulose acetate solutions and cellulose 

derivatives. However, according to Norris et al [58] it is only during the last decade that 

the interest in electrospinning has grown, sparked by Doshi and Reneker’s paper in 

1995 on the electrospinning of poly(ethylene oxide) (PEO) [141]. A review by Subbiah 

et al. [57] outlined 24 different polymer or co-polymer solutions and five composite 

polymer solutions that had been successfully electrospun, including poly(vinyl chloride) 

(PVC) from tetrahydrofuran (THF)/dimethylformamide (DMF) [142], polyacrylonitrile 

(PAN) from DMF [143], polycaprolactone (PCL) from acetone [105], polyurethane 

(PU) from DMF [107], poly(methyl methacrylate) (PMMA) from DMF[119] and 

polystyrene (PS) from THF/DMF [144].  

 

Composites of electrospun fibres have also been successfully electrospun and include 

conducting polymers [16, 58, 78, 79, 129, 131, 140, 145-147], chitosan and PEO 

composites from acetic acid [69, 72], gelatine and PCL from 2,2,2-trifluoroethanol 

(TFE) [139], nylon and montmorillonite (MMT) from hexafluoroisopropanol and DMF 

[130], and a solution of PU and organically modified MMT from N,N-diemthyl 

acetamide (DMAc) and THF [134]. 

 

1.2.5 Electrospinning of Conducting Polymers 

There have been only limited studies on the electrospinning of neat PAni or of 

PAni/polymer blends. Reneker and Chun [104] successfully electrospun PAni fibres 

from concentrated H2SO4 without the need for a support polymer, and this was also 

emulated by MacDiarmid et al. [79] who reported an average fibre diameter of 139 nm. 

Other research centred on the electrospinning of PAni/PEO electrospun fibres by Norris 

et al. [58] and MacDiarmid et al. [79], although difficulties were encountered in 
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achieving true nanofibres with diameters below 100 nm for this blend. These fibres 

exhibited a lower electrical conductivity, measured by a four-point probe method, but 

according to MacDiarmid et al. [79] this was attributed to difficulties in the measuring 

process, and also the porous nature of the electrospun fibres compared with a film 

possessing the same composition. However, MacDiarmid et al. [79] did electrospin 

PAni/PS fibres with an average fibre diameter of 43 nm.  

 

Other PAni/polymer composites have also been electrospun since then, including 

sulfonated PAni and PU from DMF, and sulfonated PAni and PAN from DMF [78], 

PAni/PMMA fibres from various solvents [129, 148], PAni/polycarbonate (PC) from 

chloroform [146], PAni/nylon-6 from formic acid [149], superhydrophobic PAni/PS 

from DMF [150], PAni/gelatin from 1,1,1,3,3,3-hexafluoro-2-Propanol (HFP) [151], 

and PAni doped with 2-acrylamido-2-methyl-1-propanesulfonic acid and electrospun 

into an acetone bath [152].  

 

1.3 Nitrate 

1.3.1 Nitrate Contamination and Health 

The four main sources of nitrate in the environment are: human and animal waste, plant 

residues, fertilisers and the fixation of atmospheric nitrogen. In Australia these sources 

can include human waste water effluent, landfills, farm/feedlot animal wastes, influence 

of clearing/stocking, and degradation of natural vegetation [153]. Additionally, the 

concentration of free nitrate within the soil increases with respect to the application of 

fertiliser [154]. According to Eichler and Schulz [155] almost half of all nitrogen 

compounds in Germany were derived from agricultural sources, followed by transport, 

industrial processes and wastewater, with 59% of the nitrogen from these sources 

discharged into the atmosphere.  
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The processes that nitrate undergoes in the soil include mineralisation, nitrification and 

denitrification. Mineralisation is the conversion of organic nitrate forms, such as 

bacterial amino acids, to inorganic nitrate forms by aerobic bacteria. Nitrification is the 

conversion of the ammonium ion to nitrate via nitrite, which allows the nitrogen to 

become more mobile throughout the soil structure and can lead to nitrate migration 

through to groundwater. Denitrification is the removal of nitrogen from the soil and 

groundwater by the reduction of nitrate to gaseous nitrogen by anaerobic organisms 

[156].  

 

In terms of human health, nitrate is associated with the condition of 

methaemoglobinaemia whereby haemoglobin is oxidised to methaemoglobin, reducing 

the ability of blood to carry oxygen. This process is a result of the reduction of nitrate to 

nitrite in the gut, and nitrite then causes methaemoglobinaemia [156]. According to 

Nitrates: An Environmental Assessment prepared for the United States Environmental 

Protection Agency, it is the nitrite form that is toxic to humans rather than the nitrate 

form, however microbial activity produces the nitrite form in the gut [157]. 

 

There has also been an interest in nitrate as a precursor to the production of 

carcinogenic nitrosamine compounds with studies carried out on the relationship 

between these compounds and human cancer rates. However, at this point there is no 

conclusive evidence to indicate that ingested nitrate can cause cancer [157]. This is also 

the case for other conditions possibly induced by nitrate exposure, including type-1 

diabetes [158], hypertension, birth defects of the central nervous system and increased 

infant mortality [156, 157].  
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In conjunction with other nutrients, the addition of nitrate to river systems and 

watercourses can lead to eutrophication [156, 157]. In essence this is enrichment of 

water systems with nutrients, leading to the rapid growth of biota such as toxic algae 

blooms, a decrease in algae diversity, decreases in the diversity of flora and fauna, and a 

decrease in the dissolved oxygen within the system [157].  

 

1.3.2 Current Methods of Nitrate Analysis 

Nitrate can be analysed using various techniques, however there are problems 

associated with each technique that limits the accurate determination of nitrate 

concentration [157].  

 

Nitrate can be directly analysed by UV spectroscopy at 220 nm in aqueous samples 

without any prior treatment. However, samples for this analysis require that there is 

little organic material in the sample. Organic matter can also absorb at this wavelength, 

but can be corrected for by a second measurement at 275 nm where nitrate does not 

absorb. This correction is only suitable when the organic matter is constant in terms of 

properties and concentration. Other interferents include surfactants, nitrite, chromium 

(VI), and in some cases chlorite and chlorate. Furthermore, other processes can be 

incorporated with spectroscopy to determine nitrate, including the reduction of nitrate to 

nitrite by cadmium reduction or hydrazine reduction [159].  

 

Ion chromatography can also be used in the detection of nitrate in aqueous samples and 

is the most common method for the determination of nitrate in water. However, there 

are problems associated with co-eluting contaminants or high concentrations of other 

anions in solution that can limit the detection and resolution of the nitrate response [156, 

159].  
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Another popular technique is the use of nitrate-selective electrodes to determine nitrate 

concentration in solution by potentiometry. However, some interference occurs in the 

presence of other ions such as Cl-, as well as requiring the test solution to be buffered 

for pH and ionic strength. This is necessary as the activity of nitrate, rather than the 

direct concentration is analysed [156, 157, 159].  

 

1.3.3 Theory of Ion-Selective Electrodes 

According to Horvai et al. [160] the first ion-selective electrode (ISE) was the glass 

electrode used for pH measurement in the early 1900s. Work by Nicolsky on ion 

exchangers in the 1930s initiated the research into suitable membranes for ISEs, 

however it was not until the 1960s that this field began to expand [160, 161]. Since then 

further study into ISEs have looked at miniaturisation, development of electrode arrays 

and the production of biosensors [160].  

 

The type of electrode used for analysis can vary and include glass membranes for 

cations, homogeneous and heterogeneous solid state membranes and liquid membranes 

for cations and anions [162, 163].  In terms of operation, the glass electrode relies on the 

formation of a potential difference between the inner surface of the membrane in 

contact with an internal solution, and the outer surface of the membrane in contact with 

the test solution. The inner solution has a constant ion activity such that an ion-

exchange equilibrium between H+ ions in the internal solution and Na+ ions in the glass 

membrane at the internal boundary occurs. Such an equilibrium also occurs for the 

external test solution and the external boundary, however this varies according to the 

concentration of the analyte. It is this difference in association/dissociation between the 

two solutions that leads to the formation of a potential difference across the glass 

membrane, in turn allowing the measurement of the concentration of the analyte [163].   
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Solid state electrodes can sometimes vary in the mechanism of response towards the 

detection of a species in solution. For example, silver sulfide electrodes can detect both 

silver and a halide, depending on the composition of the electrode. The silver sulfide 

electrode dissolves slightly such that the film of liquid next to the electrode becomes 

saturated and forms an equilibrium with the external test solution. The solubility of the 

silver sulfide is dependent on the concentration of the silver or sulfide species in 

solution. Due to the insolubility of this material it is unlikely that both will be present in 

solution together. Again boundary potentials develop at the internal and external 

surfaces due to this equilibrium, in turn corresponding to the concentration of the 

analyte [163].  

 

Modern liquid membrane electrodes rely on the immobilization of ion exchangers in 

plastic membranes, such as PVC, that separates the test solution from an internal 

reference solution. The mechanism and response is analogous to a glass membrane 

electrode. In this case a potential difference exists across the polymeric membrane 

between  the internal surface in equilibrium with an internal reference solution and the 

external surface in equilibrium with the test solution [163]. These ion exchangers vary 

according to the specific analyte to be analysed and include quaternary ammonium salts 

(QAS), basic dyes, complex cations with 1,10-phenanthroline, quaternary phosphonium, 

quaternary arsonium, derivatives of tetraphenylborate, aromatic nitrocompounds, and 

aromatic sulfonates [164]. According to Johnson and Bachas [165], plasticisers are 

often employed in polymer ISEs to lower the glass transition temperature to below room 

temperature. This results in membranes that possess suitable conductivity and 

mechanical properties, and allow the diffusion of species through the membrane. In 

addition it has been reported that changes in the composition and concentration of the 

plasticiser alter the response to test species in solution [164]. For example, Akl et al. 
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[166] observed that incorporating the Cr3+ ionophore dibenzo-18-crown-6 (DB18C6) 

with 2-nitrophenyloctylether (2-NPOE) and bis(ethylhexyl)sebacate (DOS) produced 

PVC membranes with Nernstian responses. However, the responses for PVC 

membranes with blends of DB18C6 with dioctyl phthalate (DOP) and didecyl phthalate 

(DDP) were sub-Nernstian, indicating the type of plasticiser employed can affect the 

response of the ISE. According to Johnson and Bachas [165] these differences are a 

result of the polarity of the plasticisers, and there may be some relationship between the 

rigidity of the polymer membrane and the selectivity of the ISE.  

 

Current ISEs do have problems associated with the operation and determination of 

species in solution. Most potentiometric ISEs respond to the activity of the ion in 

solution, rather than the concentration. This activity is directly related to the 

concentration of the species of interest via the activity coefficient [167]. Interfering ions 

can lead to a deviation from the Nernstian response of an electrode giving a false 

increase in the activity of the test ion, while the presence of an ion with opposite charge 

can lead to a decrease in the Nernstian response of the ISE [160].  

 

1.3.4 Ionophores 

1.3.4.1 Quaternary Ammonium Salts (QAS) as Ionophores in ISEs 

According to Johnson and Bachas [165] quaternary ammonium salts (QAS) are 

generally employed in ISE membranes when a cationic site is required for anionic 

reception. These salts vary in structure, thermal stability, lipophilicity (to prevent 

solubility in the aqueous phase), compatibility with other components of the membrane 

and the selectivity towards species of interest. The ion-exchanging quaternary 

ammonium salts themselves are limited in selectivity and the response is based on the 

lipophilicities of the anions according to the Hofmeister selectivity series [164, 165]. 
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Feng [164] notes that ion exchangers that deviate from the Hofmeister selectivity series 

are termed second generation ion-exchangers. In addition, various factors influence the 

ion association with quaternary ammonium salts, including the ionic mobility in 

solution and in the membrane, and the hydration energy of the ions. Structural effects of 

the quaternary ammonium salts also contribute to the degree of association and are 

influenced by electrostatic interaction, hydrogen bonding and steric factors. As a result 

the selectivity towards species in solution can be altered through altering the structure of 

the salts [164].  

 

Braven et al. [168], and Ebdon and Braven [169, 170] observed selectivity towards 

nitrate for a number of triallylalkylammonium bromide salts within hot-pressed 

acrylonitrile-butadiene membranes. Braven et al. [168] reported that the limit of 

detection and the selectivity coefficient with respect to Cl- could be improved with 

increasing alkyl chain length up to 10 carbon atoms. This phenomenon was also 

observed by Nielsen and Hansen [171] for a range of tetraalkylammonium nitrate QAS, 

including tetraheptylammonium nitrate (THAN), tetraoctylammonium nitrate (TOAN), 

and tetradodecylammonium nitrate (TDDAN). In addition they state the selectivity 

coefficients remain relatively constant at longer chain lengths, such that alkyl chain 

lengths greater than 12-14 carbon atoms offer no major benefits, and that the synthesis 

of longer chain QAS is significantly more difficult.  

 

Quan et al. [172] observed changes in the selectivity of nitrate with changes in the 

composition of the polymeric membrane possessing a quaternary ammonium salt. These 

electrodes consisted of the conducting polymer polypyrrole (PPy), tetraoctylammonium 

bromide (TOAB), PVC and 2-nitrophenyloctylether (2-NPOE). Increasing the mass of 

TOAB and PVC, and keeping the mass of 2-NPOE constant, led to a decrease in the 
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sensitivity of the electrode towards nitrate, and also slightly changed the selectivity 

series of the membrane. Shishkanova et al. [20] also observed responses inconsistent 

with the Hofmeister series for a range of anions, including F-, Cl-, H2PO4
-, Br-, NO3

- and 

ClO4
-. These species were analysed by electrodes consisting of 

tridodecylmethylammonium chloride (TDDMACl), PVC and PAni. According to 

Shishkanova et al. [20], the presence of the conducting polymer PAni significantly 

influenced the potentiometric response towards these solution anions in the presence of 

the QAS, with the PAni facilitating the movement of anionic species through to the 

PVC matrix, and in the case of highly solvated ions such as F- and H2PO4
-, increasing 

the sensitivity of the sensor.  

 

1.3.4.2 2-Nitrophenyloctylether (2-NPOE) 

2-NPOE has been used as a plasticiser in PVC-based ISEs incorporating different ion 

exchange species [166, 169, 170, 172-175]. Arada Perez et al. [173] observed that the 

incorporation of 2-NPOE produced ISEs with lifetimes greater than 6 months, and in 

combination with membrane components, offered good selectivity towards nitrate. As 

mentioned in Section 1.3.3, Akl et al. [166] observed good Nernstian responses for PVC 

membranes incorporating the Cr3+-selective ionophore DB18C6, and 2-NPOE as the 

plasticising agent, compared with other plasticisers. The structure of 2-NPOE is 

presented in Figure 1.9. 

 

 

Figure 1.9 Chemical Structure of 2-nitrophenyloctylether (2-NPOE) 
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It is important to note that significant concentrations of 2-NPOE are used in devices 

reported in the literature, often in the order of 2:1 w/w ratio compared with PVC to 

induce the mechanical and chemical properties required [165]. For example Santos et al. 

[174] prepared electrodes containing 66% w/w 2-NPOE and 33% w/w PVC dry weight, 

whilst Quan et al. [172] utilised compositions of 91% w/w 2-NPOE and no lower than 

75% w/w dry weight.  

 

1.3.4.3 Tetraoctylammonium Bromide (TOAB) 

As mention in Section 1.3.4.1, Quan et al. [172] fabricated an amperometric nitrate 

selective electrode incorporating PPy, PVC, 2-NPOE and TOAB. The structure of 

TOAB is presented in Figure 1.10.  

 

 

Figure 1.10 Chemical structure of tetraoctylammonium bromide (TOAB) 

 

The use of TOAB was also reported by Santos et al. [174], however in this case TOAB 

was employed to alter the lipophilicity of the membrane, stabilise the ionophores of 

tin(IV)-porphyrins, influence the selectivity of the membrane, and prevent the formation 

of a negatively charged membrane due to binding of phthalate anions with the neutral 

tin porphyrins. It was observed that TOAB was necessary to achieve an optimal 

potentiometric response. In addition the selectivity profiles of the membranes tested 

showed that selectivity towards nitrate remained relatively constant throughout the 
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blends containing TOAB. However, the electrodes were more selective towards 

salicylate and thiocyanate than nitrate, but less selective towards NO2
-, Cl- and 

CH3COO-. 

 

1.3.4.4 Tetradodecylammonium Bromide (TDAB) 

TDAB has been previously utilised as an additive for the production of a potentiometric 

nitrate ISE by Lu et al. [176]. They prepared this membrane by dissolving PVC as the 

support structure, TDAB as the ion sensitive species, and dioctyl phthalate as the 

plasticiser in THF. They produced an ISE with a Nernstian response in the range of 5 x 

10-1 to 5 x 10-6, however ClO4
-, I-, Br- and NO2

- were interferents. The structure of 

TDAB is presented in Figure 1.11.  

 

Baro-Roma et al. [177] also employed TDAB in a PVC matrix with 2-NPOE as the 

plasticiser in the detection of sodium laurylsulfate and sodium 

dodecylbenzenesulfonate. Whilst this membrane was sensitive to these species, they did 

observe that nitrate and perchlorate were interfering species in the analysis, indicating 

some affinity for nitrate.  

 

 

Figure 1.11 Chemical structure of tetradodecylammonium bromide (TDAB) 

 



Chapter 1 – General Introduction 

32 

Wegmann et al. [178], referenced by Fluka [179], reported the use of membranes 

prepared from PVC and tetradodecylammonium chloride for the potentiometric analysis 

of chloride in solution. They noted that by incorporating the test ion as the counter-ion 

within the QAS (i.e. Cl- to produce TDACl, Br- to produce TDAB), the response is 

Nernstian, with variable responses to other ions in solution. They conclude that the 

sensitivities of these liquid-membrane electrodes were controlled by the Hofmeister 

series, but the selectivity can be influenced by utilising species that interact more 

directly with the test analyte.  

 

1.3.4.5 Triallylethylammonium Bromide (TAEAB) 

Ebdon and Braven [169, 170] synthesised TAEAB, as well as triallylbutylammonium 

bromide (TABAB), triallyloctylammonium bromide (TAOAB) and 

triallyldodecylammonium bromide (TADDAB), and prepared both solvent-cast and hot 

pressed acrylonitrile-butadiene membranes for the analysis of nitrate in solution. The 

structure of TAEAB and TAOAB are given in Figure 1.12.  

 

 (a)               (b) 

Figure 1.12 Chemical structure of (a) triallylethylammonium bromide (TAEAB) and (b) 

triallyloctylammonium bromide (TAOAB) 

 

These QAS were immobilised by covalent cross-linking to the polymer through free-

radical reaction. Ebdon and Braven reported that the selectivity coefficients, with 

respect to chloride, were significantly better than those offered by commercial nitrate-
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selective electrodes. Specifically a commercial PVC nitrate-selective electrode 

employed by Ebdon and Braven recorded a selectivity coefficient of 8.0 x 10-3 during 

testing. All TAEAB and TABAB sensors prepared recorded lower coefficients, with the 

lowest value of 1.1 x 10-3 recorded for TABAB plasticised with 2-NPOE, and 1.3 x 10-3 

in the case of a TAEAB sensor plasticised with 2-NPOE. Furthermore the limits of 

detection for these two membranes were 2 x 10-5 M and 6.3 x 10-5 M respectively. The 

TAOAB membrane produced a Nernstian response after more than 500 days and 

registered a limit of detection of 6.3 x 10-5 M after this time.  

 

1.4 Support Polymers 

1.4.1 Poly(vinyl chloride) (PVC) 

PVC is a thermoplastic amorphous polymer with a structure consisting of chlorine 

atoms on alternate carbon units along the length of the chain. The structure of PVC is 

given in Figure 1.13.  

 

 

Figure 1.13 Chemical structure of poly(vinyl chloride) (PVC) [180] 

 

The chlorine atoms influence the strength of PVC, creating strong dipole attractions that 

lead to strong cohesive forces throughout the chain. These forces make PVC resistant to 

acids and bases, as well as non-polar solvents, in addition to making it relatively flame 

resistant [180]. These properties make PVC particularly useful in chemical sensors, 
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specifically the compatibility of PVC with various solvent mediators, the entanglement 

of the PVC chains reducing the leaching of active components within the membrane or 

matrix, and the ease in fabricating ISEs based on PVC membranes [181].  

 

1.4.2 Polyacrylonitrile (PAN) 

PAN possesses the same ethylene backbone as PVC, however the chlorine atoms are 

replaced with cyano groups (-C≡N). The structure of PAN is presented in Figure 1.14.  

 

 

Figure 1.14 Chemical structure of polyacrylonitrile (PAN) [182] 

 

This structure leads to the presence of strong dipole attractions that allow PAN to 

behave as a thermosetting plastic rather than a thermoplastic. These interactions are so 

strong that the energy required to break these attractions are greater than the energy 

required to break apart the ethylene backbone. Thus PAN will not flow like other 

thermoplastics with the application of heat, but instead degrades [182]. Similar to PVC, 

PAN is also resistant to chemical attack, as well as degradation from exposure to 

sunlight and ageing. According to Miles and Briston [180], PAN can also be modified 

to change its tensile strength. Fibres produced by extrusion result in an amorphous 

structure, but by stretching these fibres the orientation of the chains shift in the direction 

of the fibre axis, resulting in an increase in the crystallinity of the polymer and the 

tensile strength.  
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1.5 Project Aims 

1.5.1 Electrospinning 

The technique of electrospinning is influenced by a number of factors including the 

viscosity, surface tension and conductivity of the electrospinning solution. These 

techniques will be investigated to determine the affect of these parameters on the 

morphology, chemical composition and tensile strength of electrospun fibres derived 

from solutions comprised of non-conducting support polymers and conducting 

PAni/support polymer blends.  

 

1.5.2 Nitrate Ion-Selective Electrode 

This work aims to fabricate a selective, sensitive nitrate electrode incorporating the 

conducting polymer polyaniline (PAni) as the conductive component, an inert support 

polymer and an ion-selective quaternary ammonium salt as an ionophore. This electrode 

will be prepared using the physico-electrical technique of electrospinning, and evaluated 

to determine its selectivity and sensitivity towards nitrate, compared to chloride and 

tetrafluoroborate as interferents in solution.  

 

 



 

Chapter 2 - Analysis of Polymer Solution 

Properties 

 

 

 

 

 

 

 

“If a man is offered a fact which goes against his instincts, he will 

scrutinize it closely, and unless the evidence is overwhelming, he will 

refuse to believe it. If, on the other hand, he is offered something which 

affords a reason for acting in accordance to his instincts, he will accept it 

even on the slightest evidence. The origin of myths is explained in this 

way.”  

Betrand Russell (1872 – 1970) 
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2.1 Introduction 

The electrospinning of polymer solutions and subsequent production of ultra-fine fibres 

has been found to be dependant on number of factors, including: viscosity [57, 65, 69, 

84, 88, 91, 107, 112], surface tension [65, 78, 84, 96, 141, 142, 183, 184], solution 

conductivity [65, 84, 102, 112, 141, 184, 185], distance between origin and collector 

[57, 141], applied potential [102, 107, 141, 142] and the solvents employed [96, 142, 

186].  

 

Due to the lack of specific detail in the literature focusing on the effects of solution 

properties and electrospinnability of polymer solutions, viscosity, surface tension, 

conductivity and the particle size of the spinning solution are reported. Additionally, the 

correlation between these parameters, electrospinnability and fibre morphology and 

PAni dispersion will be reported in this chapter, Chapter 3, and Chapter 4. Such changes 

to the solution properties will comprise the addition of salt, changes in solution 

composition and polymer concentration, and the addition of MWNT to commodity 

plastic solutions of PVC in THF/DMF, and PAN in DMSO/DMF. These polymers were 

chosen based on their proven ability to electrospin and produce sub-micron diameter 

fibres [126, 142], the ionophores were chosen due to literature indicating selectivity 

towards nitrate [168-170, 172], while the MWNT were employed as an alternative 

charge carrier for these electrospun fibres, in place of PAni [128].   

 

There is also very little information on changes in solution properties with the addition 

of PAni. It is anticipated this work will provide a starting point to show how the 

addition of PAni alters the viscosity, surface tension and conductivity with respect to 

PVC in THF/DMF and PAN in DMF/DMSO, leading to changes in the 

electrospinnability of these solutions, and the morphology of the electrospun fibre mats. 
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Furthermore, the addition of ionophores and the plasticiser 2-NPOE will also be 

analysed to determine the effect of these materials to the solution properties.  

 

2.1.1 Viscosity of Polymer Solutions 

A suitable concentration of a polymer in solution is required for the successful initiation 

and formation of electrospun fibres. As viscosity is a derivative of solution 

concentration with respect to the solvent, a suitable polymer concentration is required to 

achieve a desired viscosity [57]. If the viscosity of a polymer solution is too low, 

droplets are formed [57, 102, 144]. This is due to the capillary break-up of the initial 

solution jet due to surface tension and lack of molecular entanglements [65, 121, 183]. 

This process is also known as electrospraying and is used widely in other industries 

[102].   

 

Electrospinning is also inhibited by high viscosity due to limitations in initiation of the 

solution jet. Deitzal et al. [102] reported that a viscosity greater than 2000 centipoise 

(cP) for 10% blend of PEO in water could not be electrospun from a pressured syringe, 

and the flow rate was unstable. Lee et al.. [144] also supports this by stating that a high 

polymer concentration prohibits a continuous flow required for jet formation. Doshi and 

Reneker [141] found that a high-viscosity solution would dry at the tip of a glass 

capillary, blocking the flow of polymer solution. Thus both minimum and maximum 

viscosities exist (dependant on both the solvent and polymer properties) for 

electrospinning to be successful.  

 

The introduction of new components into a polymer solution will also affect the 

viscosity of the solution. For example Seoul et al. [122] added SWNT (single wall 

carbon nanotubes) to a blend of poly(vinylidene fluoride) (PVDF) in DMF. The 
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viscosity of the solution increased from 1200 to 1800 cP by increasing SWNT from 

0.002% to 0.004%, with the viscosity tapering after 0.004%. Though a direct 

rheological relationship between the addition of PAni to a polymer solution has not 

been reported, Jain and Gregory [187] report changes in the rheological nature of PAni 

in both N,N’-dimethylpropylene urea (DMPU) and N-methyl-2-pyrrolidinone (NMP). 

They observed non-Newtonian shear thinning at low shear rates and Newtonian 

characteristics at high shear rates for PAni/DMPU. The same was observed for PAni in 

NMP at a concentration of 7.5%, though when the concentration was increased the 

solution produced a pseudoplastic fluid at all shear rates studied. This may have been 

due to PAni forming a thixotropic gel for this solution whereby the increased shear rate 

disturbed the associations within the gel, thus lowering the viscosity [187].  

 

In ternary polymer blends (polymer/polymer/solvent), viscosity may alter due to 

interactions between the polymers. This may lead to an increase or decrease in viscosity 

depending on the interaction between the polymers. Changes in the polymer 

conformation by repulsive forces may lead to lower viscosities than anticipated, whilst 

attractive forces will increase polymer interaction, and hence viscosity [188]. This may 

apply to a PAni/polymer blend where the presence of a dopant, such as camphorsulfonic 

acid (CSA), a quaternary ammonium salt (QAS) plus a bi-solvent system would be 

expected to further alter these interactions.  

 

The charges on the doped PAni backbone may also affect the viscosity as a result of 

polymer-polymer interaction, and hence conformation of the polymer chains. That is, 

electrostatic repulsions between charged segments of the backbone may lead to 

straightening of the chains. This is dependent on the counter-ion employed and whether 

the counter-ion is sufficiently close to balance the localised charge on the chain. 
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According to Avlyanov et al. [54], solvation of the PAni chain and the counter-ion 

could lead to an increase in distance between the charged segment of the chain and the 

counter-ion. This in turn would lead to electrostatic repulsion on the PAni chain and a 

change in conformation to an expanded-coil structure, increasing the viscosity of the 

solution. Other inter- and intrachain effects within PAni also exists that can lead to 

changes in solution viscosity. Yang and Mattes [189] studied the use of 2-

methylaziridine (2MA) as an additive together with N-methyl-2-pyrrolidone (NMP) to 

inhibit gel formation in high concentration solutions of high-molecular weight PAni. 

They found that the PAni, in the form of emeraldine base, complexes with 2MA, 

providing a ‘dielectric shield’ that improved the solubility of PAni by inhibiting PAni 

aggregation, and hence lowering viscosity. The 2MA in essence, acts as a proton donor, 

forming hydrogen bonds with the imine nitrogens of PAni. This results in 2MA and 

NMP combining to overcome intra- and interchain hydrogen bonding in high 

concentrated solutions of PAni.  

 

2.1.2 Surface Tension of Polymer Solutions 

The surface tension of polymer solutions is also an important factor in fibre formation 

and morphology. Liu and Hsieh [96] state that the surface tension of polymer solutions 

is highly dependant on the solvent itself, and not the polymer concentration. They 

observed a doubling of cellulose acetate concentration from 10% to 20% in a 2:1 

acetone/dimethylacetamide blend produced only an increase of 0.5 mN m-1 (milli-

Newton/metre) change in surface tension. However changing the solvent composition 

from 2:1 to 1:2 substantially increased the surface tension from 26 to 30 mN m-1 [96].  

 

This is partially supported by Lee et al. [84] as they too reported the surface tension 

altered with differing solvent composition. It was also found that a change in the 
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polymer composition for a two-polymer, two-solvent system also significantly altered 

the solution surface tension. However, Lee et al. also state that that the surface tension is 

a product of the interaction between the polymer and solvent, or between polymers in 

the case of multiple-polymer blends [84]. Additionally Son et al. [185] noted that the 

polyelectrolyte poly(acrylic acid sodium salt) (PAA) slightly decreased the surface 

tension of a PEO solution, whilst Lin et al. [184] observed changes in the surface 

tension of polystyrene dissolved in THF/DMF after the addition of QAS, with these 

QAS acting as surfactants. 

 

Though there would appear to be no specific literature on the relationship between the 

addition of PAni and surface tension in a polymer solution, Lee et al. [84] report that 

changes in surface tension would be expected from altering the composition of a ternary 

polymer blend [84].  

 

The introduction of SWNT into a polymer solution also affects the surface tension. 

Seoul et al. [122] reported a significant decrease in the surface tension of a 

poly(vinylidene fluoride) (PVDF)/DMF solution with the addition of 0.1% SWNT. The 

surface tension of the solution decreased from approximately 35 mN m-1  to 

approximately 22 mN m-1 [122].  

 

2.1.3 Conductivity of Polymer Solutions 

Conductivity has been linked to the charge density on the polymer jet. This influences 

the elongation of the jet during the electrospinning process with a higher charge density 

leading to an increased elongation of the polymer jet [190]. This is significant in the 

electrospinning process as the dominant jet instability largely relies on this charge 

density. The ‘non-conducting’ axisymmetric instability competes with the conducting 
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instabilities during electrospinning. Furthermore the conducting axisymmetric 

instability competes with the whipping non-axisymmetric instability, dominating at a 

low static charge density, whilst the whipping instability dominates at high static charge 

density [82, 88, 89, 92].  

 

Li and Hseih [121] report that the higher dielectric constant of water leads to a higher 

solution conductivity compared with DMF solutions of the same composition. The 

addition of ionic salts such as NaCl to polymer solutions of poly(acrylic acid) and 

poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS), and the subsequent 

increase in conductivity has also been documented [121, 135]. Li and Hsieh [121] 

observed an eight-fold increase in conductivity of PAA in water with the addition of 8 

wt% NaCl whilst Kim et al. [135] reported a ten-fold increase in the conductivity of 

PAMPS with an increase in NaCl from 0.01 mol% to 0.1 mol%. The addition of these 

salts led to an increase in the free-ion concentration, in turn affecting the charge density 

of the solution [190, 191]. According to Son et al. [185] solvents with higher dielectric 

constants have a higher net charge density, in turn affecting the net charge density of the 

polymer solution, the subsequent electrospinning process and the morphology of the 

fibres. Furthermore, Fong et al. [183] presented data where the conductivity of a 

poly(ethylene oxide) (PEO) solution altered with the addition of ethanol to the blend, 

leading to a decrease in the solution conductivity and net charge density of the jet. 

Conversely, Zuo et al. [92] observed an increase in conductivity for a 

poly(hydroxybutyrate-co-valerate) (PHBV)/CHCl3 blend after the addition of ethanol. 

However a decrease in conductivity was observed with the addition of 

tetrachloromethane to the PHBV/CHCl3 blend.  
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Lee et al. [84] varied the composition of poly(vinyl chloride) (PVC)/polyurethane (PU) 

resulting in a decrease in the conductivity with decreasing PVC concentration. 

Furthermore Jun et al. [112] reported that the addition of pyridinium formate (PF) to 

poly-L-lactide (PLA) significantly increased the conductivity of the resultant solution. 

 

Addition of insoluble components have also been reported to increase overall solution 

conductivity. Seoul et al. [122] observed an increase in conductivity by orders of 

magnitude with the addition of small amounts of SWNT to a solution of PVDF in DMF 

[122].  

 

Composite solutions containing PAni would be expected to alter the conductivity of the 

solution depending on whether the PAni is present in the conducting emeraldine salt 

form or not. However, there has been very little data as to the affect that the introduction 

of conducting PAni has on polymer solutions. One way to view PAni is as a 

polyelectrolyte when in the doped form [54]. Son et al. [185] stated that the 

polyelectrolytes poly(allylamine hydrochloride) (PAH) and poly(acrylic acid sodium 

salt) (PAA) significantly increased the conductivity of PEO dissolved separately in 

chloroform, ethanol, DMF and water. The conductivity of PAni relates back to the 

conformation of the chain discussed by Avlyanov et al. [54] where the conductivity is 

enhanced by an expanded–coil conformation leading to a decrease in defects in the π-

region of the conjugation due to less ring-twisting along the PAni chain.  

 

2.1.4 Background on Particle Size Analysis 

PAni particles also exhibit a tendency to aggregate due to hydrogen bonding [192]. Xia 

and Wang [192] stated that decreasing the size of PAni particles can assist doping and 

support interchain and intrachain interaction.This aggregation may be reduced by the 
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introduction of plasticisers to overcome PAni-PAni adhesion or may be assisted by 

various dopants [193].  

 

The ability to use carbon nanotubes in materials is limited by the ability to produce 

suitable dispersions [194]. One of the most effective methods for dispersing particles or 

dissolving materials with low solubility is sonification. This is particularly pertinent to 

carbon nanotubes that are difficult to disperse predominantly due to the attractive forces 

between the nanotubes, termed van der Waals forces, but also due to entanglement of 

the nanotubes. This may be reduced by introducing surfactants or functionalising the 

nanotubes themselves [195]. Jin et al. [196] state that during sonification of multi-wall 

carbon nanotubes (MWNT) the solvent will interfere with the nanotubes and break them 

apart. This allows polymer molecules to interact with the MWNT and produce dispersed 

MWNT ‘micelles’. That is, the polymer acts to form a micelle solution and encloses the 

MWNT within it.  

 

2.2 Reagents and Materials 

2.2.1 Materials 

Polyacrylonitrile (PAN, MW 97 000), poly(vinyl chloride) (PVC, MW 62 000), 2-

nitrophenyl octyl ether (2-NPOE), tetraoctylammonium bromide (TOAB) and 

tetradodecylammonium bromide (TDAB) were obtained from Sigma-Aldrich. 

Tetrahydrofuran (THF, AR) and dimethylformamide (DMF, AR) were obtained from 

BDH Chemicals. Dimethylsulfoxide (DMSO,LR) was obtained from AJAX chemicals. 

D-camphor-10-sulfonic acid (CSA, LR), concentrated ammonia solution (AR), 

concentrated HCl (AR), ammonium peroxodisulphate (APS, AR) and aniline (AR) was 

obtained from BDH chemicals. Multi-wall carbon nanotubes (MWNT, 95%+, OD/ID 
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10-20/5-10 nm) were obtained from Nanostructure and Amorphous Materials.  All 

chemicals were used without further purification.  

Polyaniline (PAni) was synthesised from aniline distilled over the range of 182-183oC. 

Distilled aniline was sealed under nitrogen and stored in a freezer until use. 100 mL 0.2 

M APS in 2 M HCl was placed in an ice bath with stirring. Over the course of 1 hour 

100 mL 0.2 M aniline in 2 M HCl was added dropwise to the APS solution and left to 

stir for a further 12 hours. The resulting green, protonated PAni precipitate was filtered 

using No. 1 Whatman filter paper and then washed with distilled water until a consistent 

pH was obtained. The solid was mixed with 300 mL of concentrated ammonia solution 

to deprotonate it to emeraldine base. The mixture was allowed to stir for 1 hour after 

which the product was again filtered with No. 1 Whatman filter paper and then 

collected. The product was then freeze-dried, sealed and stored in a freezer until 

required. 

 

2.2.2 Synthesis of Ionophores 

2.2.2.1 Synthesis of triallylethylammonium bromide (TAEAB) 

This synthesis was based on King [197], and was altered slightly based on Ebdon et 

al..[169]  

 

Approximately 25 g (31.7 mL, 0.26 mol) of diallylamine was placed in a 3 neck flask 

with 25 mL of distilled water. To this 28 g (19.2 mL, 0.26 mol) of bromoethane was 

added dropwise followed by 40 mL of a 10 M NaOH solution. This mixture was stirred 

and heated at 70oC for 4 hours. The top oily layer was separated from the aqueous layer 

and dried over KOH pellets overnight. Employing a vigreux side arm and a 4-

connection vacuum receiver adapter, the oily layer was then purified by distillation. 

Two fractions were collected, with the first small fraction appearing between 60 – 80oC 
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and the second major fraction corresponding to diallylethylamine collected between 123 

– 125oC. 

 

Allylbromide (3.4 mL, 4.9 g, 0.04 mol) was added dropwise to a stirred solution of 7.9 

g diallylethylamine in 5 mL of acetone. This solution was allowed to stir for 3 hours and 

then placed in a dry, sealed container and stored in the freezer for one week. The liquid 

was decanted off and the resultant crystals were washed three times with 6 mL aliquots 

of dry THF. The crystals were then dissolved in, and recrystallised from 10 mL of hot 

acetone and absolute ethanol solution (9:1) by vacuum to remove any residual solvent 

or moisture. The crystals were subsequently stored under vacuum. 

 

2.3 Preparation of Samples 

2.3.1 Calculations 

To allow comparisons between various electrospinning solutions, the solutions were 

made up on a w/w basis according to the following equations: 

 

100
(w/w)Solvent   of %

 (g)eight Solvent  W (g)eight Solution W  Final ×⎥
⎦

⎤
⎢
⎣

⎡
=  

Equation 2.1 Final solution weight of polymer solutions 

 

(mL) VolumeSolvent      (g/mL)Density  Solvent     (g)eight Solvent  W ×=  

Equation 2.2 Solvent weight of an individual solvent within solvent blend 

 

(w/w) PercentageSolvent   Overall 
(g)ight Solvent We  Total

(g)eight Solvent  W  (w/w)Solvent  of Percentage ×⎥
⎦

⎤
⎢
⎣

⎡
=  

Equation 2.3 Percentage of solvent based on the overall solvent contribution 
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⎥⎦
⎤

⎢⎣
⎡ ×= (g)eight Solution W  Final 

100
(w/w)Polymer  %  (g)eight Polymer  W  

Equation 2.4 Weight of polymer based on percentage in solution 

 

⎥⎦
⎤

⎢⎣
⎡ ×= (g)Weight Solution    Final 

100
(w/w) PAni % (g)  Weight PAni  

Equation 2.5 Weight of polyaniline based on percentage in solution 

 

⎥⎦
⎤

⎢⎣
⎡ ×= (mL) Volume  Final 

100
(v/v)Solvent  %  (mL) VolumeSolvent   

Equation 2.6 Volume of solvent based on percentage in solvent blend. 

 

⎥⎦
⎤

⎢⎣
⎡ ×= (g)eight Solution W  Final 

100
(w/w) Ionophore %  (g)  Weight Ionophore  

Equation 2.7 Weight of ionophore based on percentage solution 

 

(g/mL)Density  Ionophore
(g) Weight Ionophore  (mL) Volume  Ionophore =  

Equation 2.8 Volume of ionophore based on ionophore weight 

 

100

2
(g/mol)CSA  ofWeight Molecular 

(g/mol) Aniline ofWeight Molecular 
1

 Factor  CSA Weight ×

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎠
⎞

⎜
⎝
⎛×

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=  

Equation 2.9 CSA weight factor required to dope polyaniline  

 

⎥⎦
⎤

⎢⎣
⎡ ×= (g)  Weight PAni

100
Ratiot  CSA  Weigh  (g)t CSA  Weigh  

Equation 2.10 Weight of CSA based on weight of polyaniline 
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⎥⎦
⎤

⎢⎣
⎡ ×= (g)eight Solution W  Final 

100
(w/w)  MWNT % (g)  Weight MWNT  

Equation 2.11 Weight of MWNT based on percentage in blend 

 

Equation 2.2, 2.3 and 2.4 were used to determine the final polymer solution weight 

based on the solvent weight and the percentage of solvent with respect to the total 

solvent contribution of the 100% w/w polymer blend. These were originally derived 

from the v/v composition of the solvents. Using the final solution weight, the polymer 

and PAni weight were determined by Equations 2.5 and 2.6 respectively. The solvent 

volume (Equation 2.6) was determined by the v/v relationship and by the amount of 

solution required for an adequate-sized sample as noted in Equation 2.4. 

 

The required weight or volume of the ionophore, or other additives such as 2-NPOE and 

the organic salt tetrabutylammonium perchlorate, were determined by Equations 2.8 and 

2.9, based on the final solution weight. 

 

The CSA weight factor in Equation 2.10 is necessary to ensure PAni is doped from the 

emeraldine base to emeraldine salt. PAni has been found [52, 53] to be more soluble in 

a number of solvents by utilising a functionalised protonic acid, such as CSA. In such a 

case the proton from the organic acid is reported to dope the PAni from the emeraldine 

form to the emeraldine salt form, while the deprotonated sulfonate group would be an 

ideal counter-ion. The organic functional group act as solvating groups, increasing the 

solubility of the PAni in organic solvents [52, 53]. Equation 2.11 determines the weight 

of CSA required for a given mass of PAni to ensure the full protonation of PAni. 
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As blends incorporating MWNT rather than PAni did not require CSA, Equations 2.10 

and 2.11 were removed from the calculations and the weight of MWNT determined by 

Equation 2.12.  

 

2.3.2 Dissolution of PVC 

The calculated amount of PVC was dissolved in THF/DMF by magnetic stirring and 

stirred overnight in a 20 mL scintillation vial.  

 

2.3.3 Dissolution of PAN 

The calculated amount of PAN was dissolved in DMSO/DMF by magnetic stirring and 

stirred overnight in a 20 mL scintillation vial.  

 

Previous work [78, 116, 126, 133] had relied on DMF as the sole solvating agent for 

PAN. However, it was found that a mixture of DMF and DMSO was a much better 

solvent for PAN and this mixture was used throughout this work. 

 

2.3.4 Dissolution of PAni / Polymer Blends 

Due to limitations of its solubility [52, 58, 78, 129, 145], all PAni solutions were made 

up to be 1% w/w PAni.  

 

The calculated mass of CSA was weighed into a 20 mL scintillation vial and suitable 

volumes of solvents were added. After dissolution of the CSA, PAni was added slowly. 

The PAni was allowed to dissolve with vigorous magnetic stirring for a period ranging 

between 8-24 hours, depending on visual determination of dissolution. The commodity 

plastic was then added and mechanically stirred until it had dissolved. 
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2.3.5 Dissolution of PAni/Polymer/Additive Blends 

If further materials were to be added (e.g. the quaternary ammonium salts (QAS) 

TOAB, TDAB, TAEAB), the correct mass or volume was added and competely 

dissolved in the solvent blend before the addition of PAni.  

 

2.3.6 Dissolution/Dispersion of MWNT/Polymer Blends 

MWNT (0.5% w/w) was weighed into a 5 mL or 20 mL scintillation vial and the 

volumes of solvents, calculated as discussed earlier, were added. MWNT were 

dispersed by sonicating for 1 hour in a Vibra Cell VC-505 sonicator (Amplitude: 35%, 

Pulse: 2s on / 2s off) in an ice bath during sonification to prevent solvent evaporation. 

The commodity plastic was then added and mechanically stirred until it had dissolved. 

 

2.3.7 Special Note on Naming Conventions of Spinning Solutions and 

Electrospun Samples 

Throughout this work reference will be made to the composition of the polymer 

solutions and electrospun fibres. The composition of solutions is in the form of % w/w 

in solvent. For simplicity, this convention will also be employed for the electrospun 

fibres, such that actual composition of the dry electrospun fibres will not be employed, 

but the original spinning solution composition. Additionally, and to avoid 

repetitiveness, the unit w/w will not be expressed for the remainder of the thesis. For 

example, the term PAni 1% PVC 5% will be used instead of PAni 1% PVC 5% w/w.  

 

Furthermore, in the case of solutions and electrospun fibres containing PAni, all 

reference is to PAni doped with camphorsulfonic acid (CSA) unless otherwise stated.  
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2.3.8 Analysis of Samples – Viscosity 

Samples were analysed on a Brookfield RVDV-II+ viscometer using a Din 85 type 

spindle with results collected on Rheocalc software Version 2.4. The temperature of the 

solutions was kept constant using a thermostatted water bath at 20 ± 0.3oC. Viscosity 

was calculated by the Rheocalc software (V 2.4) over the shear rate range.  

2.3.9 Analysis of Samples – Surface Tension 

Bulk densities of the solutions were estimated by the calculation of weight change after 

the removal of 1.00 mL of solution from blend, thus giving an estimate for bulk density 

in g mL-1. 

 

The surface tension of the polymer solutions were analysed by a Dataphysics OCA 20 

Contact Angle System (Goniometer) with single electronic syringe dosing attachment 

and Live Feed CCD video camera. Samples were analysed using the pendant drop 

method fitted with the Young-Laplace equation.  

 

Samples were mechanically withdrawn into a specialised syringe and ejected to form 

pendant drops at the end of the syringe. Snapshots of the pendant drop were taken and 

the Young-Laplace equation applied, providing a value for surface tension.  

 

2.3.10 Analysis of Samples – Solution Conductivity 

The blends were analysed using a Solartron SI 1260 Impedance / Gain-Phase Analyser 

interfaced through a Solartron SI 1287 Electrochemical Interface to a PC running 

ZView 2 and ZPlot 2 Software. The conductivity was estimated by using an [RS(CPE – 

RP)] model  fitted to a Z’ versus Z’’ plot, where RP is the polarisation resistance, and RS 
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is the solution resistance. Cell potential (V) and air temperature (oC) are noted in Tables 

2.6 and 2.7 for PAN and PVC blends, respectively. .  

 

2.3.11 Analysis of Samples – Particle Size Analysis 

Samples were prepared as previously described in Section 2.3. The solutions were 

added to a square glass cuvette and analysed by a Zetasizer Nano (Malvern Instruments) 

at 25oC. Data was analysed and recorded using Dispersion Technology Software (DTS, 

Version 4.10). The results for particle analysis of PAni/PAN and PAni/PVC solutions 

are given in Table 2.8 and 2.9, respectively.  

 

2.4 Results and Discussion - Viscosity 

It is generally accepted that polymer solutions exhibit non-Newtonian flow. This is due 

to the large polymer molecules transferring the energy from flow more so than 

Newtonian solutions [198]. However, it was necessary to confirm these observations for 

both PAN and PVC solutions. In addition it was also necessary to observe if changes 

take place with the addition of other components to the original solutions. The values 

for rheological analysis are given in Table 2.1 for PAN, and Table 2.2 for PVC 

solutions. 

 

2.4.1 PAN Solutions 

PAN has previously been identified as a pseudoplastic polymer in solutions of DMF 

[199, 200] and DMSO [200]. Figure 2.1 is a plot of shear stress vs. shear rate that 

displays the pseudoplastic nature of a solution of PAN 7% in DMSO/DMF, exhibited 

by the  shear stress deviating from linearity with increasing shear rate. It is important to 

note that this uniform deviation from linearity was not observed in lower concentrations 
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of PAN in DMSO/DMF as the determined shear stress values were relatively low for 

the given shear rate.  

 

That is, the flow graphs for PAN 1%, 3% and 5% were restricted due to the maximum 

shear rate possible with the viscometer and also the limits of accurate detection. This is 

typified by PAN 1% in Figure 2.2 which shows significant variation in response due to 

these limitations. As a result all viscosity data was determined with respect to the shear 

rate of 50 sec-1. This allowed the data to be correlated, accounting for the pseudoplastic 

properties of the solutions.  

 

PAN in DMSO/DMF 
[PAN] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
1 7.24 38.76 2.30 3.62 50.00 
3 44.26 38.76 4.70 2.21 50.00 
5 165.74 38.76 17.60 8.29 50.00 
7 619.64 38.76 65.80 30.98 50.00 
        

PAni 1% PAN in DMSO/DMF 
[PAN] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
1 7.87 38.76 2.50 3.93 50.00 
3 73.02 38.76 23.20 36.51 50.00 
5 262.88 38.76 8.40 131.44 50.00 
7 935.73 38.76 29.90 467.87 50.00 
        

MWNT 0.5% PAN in DMSO/DMF 
[PAN] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
3 98.88 38.76 10.50 4.94 50.00 
5 323.00 38.76 34.30 16.15 50.00 
7 947.35 38.76 100.60 47.37 50.00 

Table 2.1 Viscosity results for PAN solutions 
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Figure 2.1 Shear rate vs. shear stress for a solution of PAN 7% in DMSO/DMF 

 

It can be observed that there was a significant shift in the apparent viscosity of the 

solution above 5% PAN (Figure 2.3). This was also apparent in solutions containing 

PAni and MWNT. However, PAni appeared to impact much more on the underlying 

PAN solution than did MWNTs by the greater slope of the PAni/PAN line after 5% 

PAN. This may have been the result of intermolecular polymer chain associations, 

similar to observations by Abu-Sharkh et al. [201]. The deviation of the PAni/PAN and 

MWNT/PAN viscosity curves from the ‘baseline’ PAN curve, with increasing PAN 

concentration, indicates both MWNT and PAni contribute to the increased viscosity, 

possibly through further intermolecular interaction with the PAN. 
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Figure 2.2 Shear rate vs. shear stress for a solution of PAN 1% in DMSO/DMF 

 

It was previously discussed that the introduction of PAni would affect the overall 

viscosity of the solution, similar to other ternary polymer solutions. One possible 

explanation is that the viscosity alters with the addition of a further polymer to a 

polymer/solvent system, according to the degree of interaction between the second 

polymer and other components in the solution. A second possibility is that the solvation 

of the both counter-ion and PAni alters the conformation of the PAni chain. As 

postulated by Avlyanov et al. [54], an increase in solvation may lead to an increase in 

the distance between doped PAni and the counter-ion. As a result, electrostatic repulsion 

from the charged segments of the PAni chain unfold the chain and increase the overall 

viscosity of the solution. Either of these processes may contribute to the increase in 

viscosity for the PAni/PAN solutions.  
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Figure 2.3 Viscosity of PAN, PAni 1%/PAN and MWNT 0.5%/PAN solutions at a shear 

rate of 50 s-1 

 

A third possible contribution may be that the ethylene PAN backbone interacted with 

the camphor group of CSA, whilst the negative sulfonate ion counters the positive 

charge on the radical nitrogen of the PAni backbone, leading to an ionic ‘bond’ of sorts. 

This possible interaction is presented in Figure 2.4.  

 

 

Figure 2.4 Possible chemical arrangement of PAni/PAN in solution 
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One interesting observation was the significant increase in viscosity of the MWNT/PAN 

blend compared with the PAN solution. Seoul et al. [122] observed significant increases 

in the viscosity of a PVDF solution with the addition of only small amounts of SWNT, 

almost doubling after the addition of 0.014% SWNT [122]. It was surmised that the 

SWNT were ‘entangling’. Whilst an increased in viscosity was observed in the 

MWNT/PAN solution, it was not as great as that observed by Seoul et al.. This may be 

due to the inherent differences between SWNT and MWNT, the quality of the MWNT 

employed (Section 4.3.10) or perhaps the degree of dispersion of the MWNT within the 

polymer solution. Regardless, an interaction between the PAN and MWNT is observed 

due to the change in the slope of the line away from the original PAN solution.  

 

2.4.2 PVC Solutions 

PVC is also a polymer that has previously exhibited pseudoplastic properties in solution 

[202, 203]. Specifically Merrill in Fredrickson [202] classes PVC as a random-coiling 

non-electrolytic macromolecule in solution. Merrill also grouped PVC as an aggregate 

of macromolecules. These groups are two of the five different classes of polymeric non-

Newtonian materials outlined by Merrill that provide a basis for the correlation between 

molecular structure and rheological properties.  

To confirm this pseudoplastic nature, plots of shear stress vs. shear rate of PVC in 

THF/DMF were analysed at concentrations of 5%, 10%, 15% and 20% PVC, with 

results given in Table 2.2. Results quite similar to PAN were observed, specifically non-

Newtonian characteristics were not observed at lower PVC concentration, where a 

linear relationship existed between shear rate and shear stress, but pseudoplastic 

behaviour was observed at 20% PVC in THF/DMF, evident by the shear stress 

deviating from linearity with increasing shear rate. This can be seen in Figure 2.5 as can 

the comparison plot of PVC 5% shear stress vs. shear rate in Figure 2.6. Again the 
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limitations of the instrument and the relatively low shear rates employed made it 

difficult to determine the true characteristics of the PVC solution. Only at higher 

viscosities was the pseudoplastic trend observed.  

 

PVC in THF/DMF 
[PVC] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
5 7.53 38.76 0.80 0.38 50.00 

10 22.60 38.76 2.40 1.13 50.00 
15 94.17 38.76 10.00 4.71 50.00 
20 635.30 38.76 20.30 317.65 50.00 
        

PAni 1% PVC in THF/DMF 
[PVC] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
5 11.30 38.76 1.20 0.57 50.00 

10 45.01 38.76 14.30 22.51 50.00 
15 250.36 38.76 8.00 125.18 50.00 
20 605.51 38.76 64.30 302.76 50.00 
        

PAni 1% PVC 10% TDAB in THF/DMF 
[PVC] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
0 45.01 38.76 14.30 22.51 50.00 

0.5 121.17 46.51 46.20 72.70 60.00 
5 102.43 46.51 39.05 61.46 60.00 

10 233.83 46.51 89.15 140.30 60.00 
        

MWNT 0.5% PVC in THF/DMF 
[PVC] Viscosity Speed  % Torque Shear Stress Shear Rate 

(% w/w) (mPa.s) (RPM)   (mPa) (1 s-1) 
5 25.43 38.76 2.70 1.27 50.00 

10 202.47 38.76 21.50 10.12 50.00 
15 32.96 38.76 3.50 1.65 50.00 

Table 2.2 Viscosity results for PVC solutions 
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Figure 2.5 Shear rate vs. shear stress for a solution of PVC 20% in THF/DMF 
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Figure 2.6 Shear rate vs. shear stress for a solution of PVC 5% in THF/DMF 

 

PVC again had similar characteristics to PAN in terms of viscosity changes with 

increasing PVC concentration, and can be seen in Figure 2.7. There is a noticeable 
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increase in the solution viscosity between PVC 15% and PVC 20%. As discussed 

previously, this was most likely a result of intermolecular attractions of polymer chains 

within the solution as the concentration of PVC increased above a critical point. 

 

Again, the viscosity of PAni/PVC solutions deviated from the PVC trend, though in this 

instance the deviation begun as low as PAni 1% PVC 8%. Compare this with 

PAni/PAN blend that exhibited a far more gradual deviation, where this deviation first 

appeared at 5% PAN. Initially, it appears that PAni interacts far more strongly with the 

PVC solution than with PAN solution, increasing the viscosity even at lower 

concentrations of PVC. However, the interaction between the PAni and PVC appears to 

decrease with increasing PVC concentration to the point where the viscosity of the 

PAni/PVC solution was lower at PVC 20% compared with the corresponding PVC 

solution. This indicates that the either PVC was reducing interaction between charged 

PAni molecules at PVC 20%, through shielding or screening, or that PAni, or CSA, was 

actively lubricating or interfering with the PVC chains, in turn reducing their molecular 

entanglements. This is important for it may lead to a decrease in the ability of the PAni 

to carry charge throughout the polymer blend due to limitations in interaction with other 

PAni molecules. This screening effect was not observed in the PAN solutions and 

provides further evidence that the more polar nature of the PAN backbone significantly 

altered the PAni chain conformation, leading to a significantly larger increase in 

viscosity within the PAni/PAN solutions.  

 



Chapter 2 – Analysis of Polymer Solution Properties 

61 

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

0 5 10 15 20 25

Concentration PVC (% w/w)

Vi
sc

os
ity

 (m
Pa

.s
)

PVC PAni / PVC MWNT / PVC  

Figure 2.7 Viscosity of PVC, PAni 1%/PVC and MWNT 0.5%/PVC solutions at a shear 

rate of 50 s-1 

 

The addition of the nitrate ionophore tetradodecylammonium bromide (TDAB) to the 

solution of PAni 1% PVC 10% led to a significant increase in the viscosity. For a 0.5% 

addition of TDAB the viscosity increased from 45.01 mPa.s to 121.17 mPa.s. Further 

addition of TDAB to 5% in PAni 1% PVC 10% led to a decrease in the viscosity to 

102.43 mPa.s, whilst the final TDAB concentration of 10% increased the solution 

viscosity to 233.83 mPa.s. However, this final value is dubious as the TDAB solution 

became saturated and the ionophore recrystallised from the PAni/PVC solution.  

 

The graph of these points, presented in Figure 2.8 shows significant variation in the 

viscosity which may imply that the value for 10% TDAB was not in error. However 

there was some indication the viscosity for 0.5% TDAB was, and excluding this point 

presents a trend similar to increases in the polymer concentration observed for both 

PVC and PAN. Thus whilst there was some uncertainty in the results, a significant 
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increase in the viscosity did occur, indicating that a significant change took place within 

the solution. This change may have been due to the ionic structure of the ionophore 

interacting with ionic structure of PAni, or to some extent the PVC, leading to an 

increase in the viscosity of the polymer system by changes in the conformation of the 

polymer chains.  

 

According to Lin et al. [184] these QAS act as cationic surfactants. In aqueous solutions 

the non-ionic polymer chains expand as they interact and wrap around the ionic 

surfactants. Furthermore Benrraou [204] notes that electrostatic interactions between 

polyelectrolytes and surfactants are quite strong, and as a result determine as to whether 

a polymer/surfactant interaction occurs. Thus this interaction may also apply to organic 

solutions whereby these QAS may alter the nature of the polyelectrolyte PAni chains 

and the chain conformation.  
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Figure 2.8 Viscosity of PAni 1%  PVC 10%  TDAB solutions at a shear rate of 60 s-1 
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Figure 2.9 Possible chemical arrangement of PAni/PVC/TDAB in solution.  

 

Another possibility is that the large alkyl chains on TDAB interact with the camphor 

group of CSA and also the PVC. This possible arrangement is presented schematically 

in Figure 2.9. If this were the case it would be expected the combination of TDAB and 

PVC would provide some structural support, leading to an uncoiled PAni chain, and in 

turn a higher viscosity. 

 

MWNT/PVC solutions for 5% and 10% PVC highlighted an interesting point. There 

was a slight increase in the viscosity of MWNT 0.5% PVC 5% solution compared with 

the PVC 5% solution, followed by a significant increase for the MWNT 0.5% PVC 10% 

solution. This large increase in viscosity is similar to that observed by Seoul et al. [122] 

for SWNT in a solution of PVDF, though it would be expected that a similar increase 

would have been observed for both PAN and PVC solutions due to the same 

concentration of MWNT employed.  Considering that MWNT 0.5% PVC 10% solution 

produced a significantly higher increase in viscosity then that observed for the 
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MWNT/PAN blend, it appears that again the two polymers strongly, but differently, 

influenced the viscosity in the presence of other additives. This difference does not 

support the Seoul et al. [122] observation that the increase in viscosity is due to 

entanglement of nanotubes. Thus the MWNT have influenced the entanglement and/or 

interaction of the polymer chains within the solution, though this interaction was 

strongly dependent on the type of polymer employed.  

 

MWNT 0.5%/PVC 15% solutions were tested, but the results were discarded due to 

suspected water contamination.  

 

2.5 Results and Discussion – Surface Tension 

As surface tension of the electrospinning solution has been identified as an important 

parameter in electrospinning [84, 96, 185] it is necessary to study its effects with 

changes in polymer concentration, polymer and non-polymeric additives, and solvent 

composition. 

 

The surface tension results for PAN solutions are given in Table 2.3, whilst results for 

PVC solutions are given in Tables 2.4 and 2.5  

 

2.5.1 PAN Solutions 

The surface tension of PAN 3% in DMSO/DMF increased from 42.5 mN m-1 

(milliNewton per metre) to 44.6 mN m-1 as the level of PAN was increased to 5%. A 

further increase in polymer concentration to PAN 7% led to a decrease in surface 

tension to 43.1 mN m-1. These large shifts in surface tension were unexpected as Liu 

and Hsieh [96] reports that the surface tension of a solution of cellulose acetate (CA) in 
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acetone and dimethylacetate only increased by 0.5 mN m-1 when the concentration of 

CA was doubled from 10% to 20%.  

 

PAN 3% in DMSO/DMF PAN 5% in DMSO/DMF 
Run IFT Error Volume Run IFT Error Volume 

  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 42.4 0.5 5.9 1 44.5 0.3 5.8 
2 42.1 0.6 6.1 2 45.0 0.5 6.1 
3 43.0 0.7 6.2 3 44.6 0.2 5.7 
4 42.2 0.4 6.1 4 44.7 0.5 5.3 
5 42.9 0.7 6.3 5 44.4 0.3 5.6 

Average 42.5 0.6 6.1 Average 44.6 0.4 5.7 
St. Dev 0.4 0.1 0.1 St. Dev 0.2 0.1 0.3 

          
PAN 7% in DMSO/DMF PAni 1% PAN 1% in DMSO/DMF 

Run IFT Error Volume Run IFT Error Volume 
  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 43.5 0.2 4.9 1 44.7 0.8 5.8 
2 43.2 0.7 6.6 2 44.7 0.9 6.0 
3 43.0 0.2 5.2 3 45.4 0.8 6.2 
4 42.9 0.9 6.1 4 44.6 0.8 6.1 
5 43.2 0.7 6.5 5 44.6 0.8 6.1 

Average 43.1 0.5 5.8 Average 44.8 0.8 6.1 
St. Dev 0.2 0.3 0.8 St. Dev 0.3 0.0 0.1 

          
PAni 1% PAN 3% in DMSO/DMF PAni 1% PAN 5% in DMSO/DMF 

Run IFT Error Volume Run IFT Error Volume 
  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 43.6 0.9 6.0 1 47.2 1.0 7.0 
2 44.1 0.8 4.9 2 47.5 1.3 7.1 
3 43.8 0.9 6.2 3 47.0 2.5 8.3 
4 43.5 0.7 5.8 4 46.5 1.5 7.3 
5 42.9 0.6 5.7 5 47.8 1.5 6.8 

Average 43.6 0.8 5.7 Average 47.2 1.5 7.3 
St. Dev 0.4 0.1 0.5 St. Dev 0.5 0.6 0.6 

          
PAni 1% PAN 1% TBAClO4 1% in 

DMSO/DMF 
PAni 1% PAN 3% TBAClO4 1% in 

DMSO/DMF 
Run IFT Error Volume Run IFT Error Volume 

  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 42.4 0.4 5.7 1 43.6 1.5 7.3 
2 43.1 0.2 5.7 2 43.4 0.6 6.2 
3 42.3 0.2 5.7 3 43.5 0.5 6.3 
4 43.0 0.2 5.7 4 43.4 0.3 6.1 
5 42.2 0.2 5.6 5 43.2 0.3 6.1 

Average 42.6 0.3 5.7 Average 43.4 0.7 6.4 
St. Dev 0.4 0.1 0.1 St. Dev 0.2 0.5 0.5 

Table 2.3 Surface tension results for PAN solutions 
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One possible explanation is the evaporation of solvent from the pendant drop. These 

droplets were exposed to normal atmospheric conditions, thus the evaporation of solvent 

from the high surface area droplets would have occurred to some extent. This could 

possibly lead to the formation of a polymer skin over the droplet, altering the profile and 

thus altering the final results. In addition, it would be expected that the effect would be 

greater at higher solute concentrations where a small amount of evaporation would alter 

the polymer/solvent composition significantly, and this affect would be variable 

depending on the extent of evaporation and changes in the drop profile. However, this 

still does not account for the higher surface tension observed for PAN 5% compared to 

both 3% and 7% PAN solutions. The droplet profile error for all PAN solutions was 

relatively low and consistent between the samples. This error value provides a measure 

of the fit of the droplet profile to the Young-Laplace equation and indicates the accuracy 

of the results. This may indicate that the PAN 5% result was in error, possibly as a 

result of solution preparation.  

 

The introduction of PAni 1% into the PAN solution did not significantly affect the 

solution surface tension of the solution. The addition of PAni 1% to PAN 3% solution 

increased the surface tension from 42.5mN m-1 to 43.6 mN m-1. A much larger increase 

of 2.6 mN m-1 was recorded for PAni 1% PAN 5% compared to the PAN 5% solution, 

however this droplet profile error was relatively high, indicating a poor fit. Thus there 

appears to be little change in polymer/solvent or polymer/polymer interaction in the 

presence of PAni. The surface tension of the PAni 1% PAN 7% solution could not be 

determined due to the high solution viscosity preventing droplet formation and hence, 

analysis. 

 



Chapter 2 – Analysis of Polymer Solution Properties 

67 

The surface tension of solutions containing tetrabutylammonium perchlorate 

(TBAClO4), added to alter solution conductivity (see Section 2.6.5), were also 

determined. From these results it would appear that there was no shift in the surface 

tension, with the slight change observed well within experimental error. Thus it appears 

the organic salt makes little contribution to the surface tension at this concentration in 

these solutions.  

 

2.5.2 PVC Blends 

The increase in concentration of PVC did not appear to significantly alter the surface 

tension of the solution, however closer inspection of Tables 2.4 and 2.5 shows some 

uncertainty in the results. The standard deviation of the drop profile error for PVC 10% 

solution was extremely large, indicating that the analyses were of poor quality. The 

values for PVC 15% offered a better profile fit, however the standard deviation between 

the droplet profile errors was still quite large compared with both PVC 5% and the 

previous PAN solutions. PVC 20% in THF/DMF continued this trend in large droplet 

profile errors with a standard deviation of 3.57 for these values. Thus it is difficult to 

determine whether the surface tension of the solutions has altered with increasing PVC 

concentration. Assuming the surface tension values are correct, regardless of the drop 

profile errors it appears that the surface tension was reasonably consistent between PVC 

5%, PVC 10% and PVC 15% solutions. 

 

These large drop profile errors were a direct result of evaporation of the solvent, 

especially the volatile THF components, and formation of a polymer film on the 

droplets. This was consistently observed in these blends during ejection with the 

formation of non-uniform droplets, and the reduction in the size of the droplet over a 

short time. 
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With the addition of PAni 1% to PVC THF/DMF solutions the surface tension appears 

to have increased for all solutions. Again the standard deviation places these results with 

the values obtained for PVC-only solutions, indicating that any increases were not really 

significant. This can be clearly seen as the average for PAni 1% PVC 5% was 34.5 mN 

m-1 with a standard deviation of 0.6 mN m-1, whilst the average for PVC 5% was 33.5 

mN m-1 with a standard deviation of 0.9 mN m-1. Furthermore the PAni 1% PVC 10% 

solution recorded an average of 34.2 mN m-1 with a standard deviation of 2.6 mN m-1, 

compared with PVC 10% which recorded an average of 33.6 mN m-1 and standard 

deviation of 0.5 mN m-1.  

 

PVC 5% in THF/DMF PVC 10% in THF/DMF 
Run IFT Error Volume Run IFT Error Volume 

  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1.0 33.1 0.4 4.3 1.0 33.2 4.6 6.4 
2.0 34.4 0.5 5.2 2.0 33.8 4.4 5.9 
3.0 33.6 0.3 5.2 3.0 34.3 1.6 5.9 
4.0 34.0 0.4 5.4 4.0 33.3 0.4 4.8 
5.0 32.2 0.7 5.3 5.0 - - - 

Average 33.5 0.4 5.1 Average 33.6 2.8 5.8 
St. Dev 0.9 0.1 0.4 St. Dev 0.5 2.1 0.7 

          
PVC 15% in THF/DMF PVC 20% in THF/DMF 

Run IFT Error Volume Run IFT Error Volume 
  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 34.7 0.7 5.3 1 36.6 10.6 6.7 
2 32.8 0.3 5.1 2 41.0 5.4 6.9 
3 34.5 1.4 6.1 3 42.0 3.8 6.6 
4 33.4 1.2 5.9 4 37.8 3.6 6.5 
5 34.4 3.4 6.7 5 44.1 0.9 4.8 

Average 34.0 1.4 5.8 Average 40.3 4.9 6.3 
St. Dev 0.8 1.2 0.7 St. Dev 3.1 3.6 0.9 

          
PAni 1% PVC 5% in THF/DMF PAni 1% PVC 10% in THF/DMF 

Run IFT Error Volume Run IFT Error Volume 
  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 34.7 0.7 5.1 1 35.6 2.2 7.0 
2 33.6 0.5 4.7 2 36.2 0.9 6.3 
3 35.2 0.8 5.4 3 29.7 0.3 5.3 
4 34.2 0.4 5.2 4 34.7 4.7 7.0 
5 34.6 0.6 5.0 5 34.7 4.4 7.5 

Average 34.5 0.6 5.1 Average 34.2 2.5 6.6 
St. Dev 0.6 0.2 0.3 St. Dev 2.6 2.0 0.8 

Table 2.4 Surface tension results for PVC solutions 
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PAni 1% PVC 15% in THF/DMF 
PAni 1% PVC 10% TBAClO4 1% in 

THF/DMF 
Run IFT Error Volume Run IFT Error Volume 

  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 34.7 0.8 5.4 1 35.6 2.8 6.2 
2 36.7 0.8 5.9 2 35.1 2.3 6.0 
3 38.0 0.5 5.8 3 36.2 3.5 7.3 
4 37.1 0.8 5.2 4 33.3 2.3 5.1 
5 36.2 0.7 6.0 5 35.7 0.7 5.4 

Average 36.5 0.7 5.7 Average 35.2 2.3 6.0 
St. Dev 1.2 0.1 0.3 St. Dev 1.1 1.0 0.8 

          
PAni 1% PVC 10% TDAB 0.5% in THF/DMF PAni 1% PVC 10% TDAB 5% in THF/DMF 

Run IFT Error Volume Run IFT Error Volume 
  (mN m-1) (mN m-1)  (µl)   (mN m-1) (mN m-1)  (µl) 
1 40.1 0.5 5.8 1 39.7 0.4 5.1 
2 40.4 0.4 5.6 2 38.1 0.8 4.9 
3 40.3 0.3 5.6 3 38.8 0.3 5.4 
4 40.4 0.4 5.6 4 39.2 0.6 5.0 
5 40.2 0.3 5.7 5 38.8 0.7 5.2 

Average 40.3 0.4 5.7 Average 38.9 0.6 5.1 
St. Dev 0.1 0.1 0.1 St. Dev 0.6 0.2 0.2 

          
MWNT 0.5% PVC 10% in THF/DMF      

Run IFT Error Volume      
  (mN m-1) (mN m-1)  (µl)      
1 33.4 2.1 5.0      
2 34.9 2.2 4.8      
3 36.6 2.5 5.2      
4 36.8 0.9 4.5      
5 36.3 1.6 4.5      

Average 35.6 1.8 4.8      
St. Dev 1.4 0.6 0.3         

Table 2.5 Surface tension results for PVC solutions (continued) 

 

The addition of 0.5% tetradodecylammonium bromide (TDAB) to PAni 1% PVC 10% 

in THF/DMF increased the surface tension by approximately 6 mN m-1, from 34.2 mN 

m-1 for PAni 1% PVC 10% to 40.3 mN m-1 for PAni 1% PVC 10% TDAB 0.5%. This 

was a notable increase and would be expected to influence the morphology of the 

electrospun fibres to be discussed in Chapter 3. The surface tension of the PAni 1% 

PVC 10% TDAB 5% solution (38.9 mN m-1) though slightly lower than the 0.5% blend, 

was also notably higher than the corresponding PAni 1% PVC 10% solution. This 

decrease in the surface tension compared with the TDAB 0.5% blend is intriguing, 

especially considering the drop profile was good and the individual results from 
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analyses were consistent. Thus, changes in the solvent interactions with both the 

polymer and the increased amount of quaternary salt may have affected the surface 

tension of the solutions.  

 

Whilst the presence of TDAB altered the surface tension of the PAni/PVC solution, the 

introduction of TBAClO4 had little affect on the surface tension of the blends, taking 

into account the error of the measurements. It is possible the shorter alkyl chains of 

TBAClO4 may have interacted with the polymer chains to a lesser degree than the 

longer TDAB chains, thus producing little affect on the solution surface tension.  

 

Lin et al. [184] did observe a 2 mN m-1decrease in surface tension with an increase in 

concentration of dodecyltrimethylammonium bromide (DTAB) in a solution of 

polystyrene (PS) in THF/DMF, stating that this was due to a polymer/surfactant 

interaction. A solution of tetrabutylammonium chloride (TBAC) in PS initially 

increased 0.5 mN m-1 and subsequently decreased by 0.5 mN m-1 with an increase in the 

concentration of TBAC from 0.3 mmol to 3 mmol, indicating no polymer/surfactant 

interaction. As mentioned in Section 2.4.2 QAS can interact with, and wrap around 

polymer chains. This may change the interaction of the polymers with a solvent, which 

could possibly lead to a change in the solvation characteristics and in turn, surface 

tension. As the surface tension increased for PAni/PVC/TDAB, it may indicate the 

presence of both TDAB and PAni led to an increase in the solution surface tension. 

Consider that the solutions outlined by Lin et al. contained a non-ionic polymer and an 

ionic QAS, whilst these solutions contain a non-ionic polymer (PVC), QAS and an ionic 

polymer (PAni). The presence of PAni alone may have been sufficient to disrupt the 

solvation characteristics of the solution by interacting with the QAS, similar to Figure 

2.9, leading to an increase in the intermolecular attractions of the solvents with the ionic 
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species, and in turn increasing the surface tension of the solution. Furthermore, 

considering TBAClO4 is also a QAS, it appears that this interaction is directly 

influenced by the long alkyl chains of TDAB which would be expected to wrap around 

the polymer chains to a greater extent than TBAClO4. 

  

Finally, the addition of  0.5% MWNT to PVC solution slightly increased the surface 

tension of the polymer solution compared with PVC 10%. However, taking into account 

the error in the results, this increase was not significant. This observation is quite 

different to those reported by Seoul et al. [122] who observed a large decrease in the 

surface tension of a PVDF/DMF solution after the addition of 0.1% SWNT. This may 

imply that SWNT exert a different influence on the solution properties compared with 

MWNT, or that the SWNT could interact with PVDF far more than MWNT interacts 

with PVC, and in such a way as to reduce the solution surface tension.   

 

2.6 Results and Discussion - Conductivity 

2.6.1 PAN Solutions 

The solution conductivity of a number of PAN/DMSO/DMF solutions varied 

considerably, as can be seen in Table 2.6.  

 

From this table it can be seen that as the concentration of PAN increases, the 

conductivity of the solution also increases, covering the range of 0.11 mmhos for PAN 

1% in DMSO/DMF through to 0.23 mmhos for PAN 5%. A plot of solution 

conductivity vs. [PAN] is given in Figure 2.10. 
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PAN Polymer 
Cell 

Potential Air Temp Average Rs Conductivity
Solutions (V) (oC) (ohms) (mmhos) 

PAN 1% in DMSO/DMF -0.06 27 9380 0.11 
PAN 3% in DMSO/DMF -0.02 25 5790 0.17 
PAN 5% in DMSO/DMF 0.01 27 4295 0.23 

         
PAni 1% PAN 1% in DMSO/DMF 0.10 27 209 4.78 
PAni 1% PAN 3% in DMSO/DMF 0.02 26 239 4.19 
PAni 1% PAN 5% in DMSO/DMF -0.04 27 228 4.38 

         
PAni 1% PAN 1%         

TBAClO4 1% in DMSO/DMF -0.01 27 90 11.10 
PAni 1% PAN 3%        

TBAClO4 1% in DMSO/DMF 0.00 27 75 13.28 
Table 2.6 Conductivity results for PAN solutions 
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Figure 2.10 Conductivity of PAN in DMSO/DMF solutions with increasing PAN 

concentration 

 

Theron et al. [101] previously observed increases in conductivity of PEO in an 

ethanol/water solution with increasing polymer concentration. They indicate that the 

solution conductivity is mainly the result of impure solvents due to the low conductivity 

values recorded, but do not detail as to why the conductivity increases with increasing 
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PEO concentration. This increase in conductivity of PEO solutions has also been 

observed by other authors [69, 183] with neither offering an explanation for the increase 

in conductivity. The same observation was recorded by Jun et al. [120] using poly(vinyl 

alcohol) (PVA) solutions in water with increases in conductivity with an increase in 

PVA concentration.  However, Choe et al.. [205] observed that an increase in PAN 

concentration led to a significant decrease in conductivity in ethylene carbonate.  

 

It has been shown [205-207] that the PAN chain interacts with lithium salts for 

polymer-based electrolytes. Among these Croce [206] suggests that the interaction takes 

place on the polar polymer backbone, specifically the C≡N group. It was also noted by 

Choe et al. [205] that the composition of ethylene carbonate (EC), propylene carbonate 

(PC) blend in a PAN based-Li salt electrolyte can influence the conductivity of the 

electrolyte due to a number of factors including the dielectric constant of the solvents, 

suppression of polymer crystallisation, viscosity and the solvation ability of the 

solvents. Specifically higher conductivities were observed with higher concentrations of 

EC, due to the higher dielectric constant of EC (89.6) compared with PC (64.4) that 

produced higher concentrations of charge carriers in EC-rich electrolytes. The viscosity 

for EC was lower (1.91 cP @ 40.0oC) compared with PC (2.53 cP @ 40.0oC), which 

also allows greater ionic mobility. It is therefore possible that other ions could also 

interact with the PAN chain in other solvents, altering the overall conductivity of the 

polymer blend, provided that the properties of the solvents are suitable. 

 

It is also known that solvents contribute to conductivity of a solution due to polarity 

[121, 185]. Both DMSO and DMF have relatively high dielectric constants of 47 and 38 

respectively. However, if the solvents influenced the solution conductivity of a polymer 

solution, it would be expected the conductivity would decrease with increasing polymer 
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concentration as the solvent contribution to the blend decreases, and ionic mobility also 

decreases [205]. However, this was not the case (Table 2.6 and Figure 2.10), as an 

increasing PAN concentration led to increased solution conductivity.  

 

It is possible that the interaction between the solvents and PAN, along with the unique 

properties of PAN, affected the solution conductivity. Iovleva et al. [208] state that 

dilute solutions of PAN in DMF have low association; however PAN in DMSO shows 

strong association. This leads to differences in both the size and shape of the PAN coils 

in these solvents. However in concentrated solutions this association does not occur 

[208].  

 

It would be expected that a mixture of these solvents would impart both low and high 

association, with respect to the solvent contribution. This may possibly lead to a 

conformation change to allow any contaminating species in the original polymer to 

interact with the polymer backbone, with negligible effect from the increased viscosity 

of the solution. In essence the PAN would be acting as a polymer electrolyte, with an 

ionic impurity from the original polymer powder, or solvents. It is equally likely that the 

solvent interacts more closely with the PAN, in turn increasing the polarity and hence 

increasing overall solution conductivity, such that the higher the PAN concentration, the 

greater the ability of PAN to carry charge.  

 

2.6.2 PVC Solutions 

As opposed to the case of PAN, it was found the conductivity of a PVC solution 

decreases with increasing concentration in THF/DMF, and this is presented in a plot of 

solution conductivity vs. [PVC] in Figure 2.11. 
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PVC Polymer 
Cell 

Potential Air Temp Average Rs Conductivity
Solutions (V) (oC) (ohms) (mmhos) 

PVC 5% in THF/DMF 0.03 27 12498 0.08 
PVC 10% in THF/DMF 0.07 27 19490 0.05 
PVC 15% in THF/DMF -0.01 26 29400 0.03 

         
PAni 1% PVC 5% in THF/DMF 0.03 27 1054 0.95 
PAni 1% PVC 10% in THF/DMF 0.01 27 1052 0.95 
PAni 1% PVC 15% in THF/DMF 0.03 26 1006 0.99 

         
PAni 1% PVC 10%         

TDAB 0.5% in THF/DMF 0.05 26 244 4.10 
PAni 1% PVC 10%        

TDAB 5% in THF/DMF -0.07 26 75 13.28 
         

PAni 1% PVC 10%         
TBAClO4 1% in THF/DMF 0.00 27 105 9.50 

MWNT 0.5% PVC 10%         
w/w in THF/DMF 0.03 26 14520 0.07 

Table 2.7 Conductivity results for PVC solutions 

 

From both Table 2.7 and Figure 2.13 it can be seen that the increase in the concentration 

of PVC from 5% to 15% produced a decrease in the conductivity from 0.08 mmhos to 

0.03 mmhos. This is consistent with other researchers who have observed decreases in 

the conductivity in a solution with increasing polymer concentration [101, 112, 209]. 

Pornsopone et al. [209] showed changes in conductivity for three different 

methacrylate-based copolymers (E-RLPO, E-L100 and E-EPO) dissolved in ethanol. 

The conductivity of E-RLPO increased followed by a plateau, E-L100 increased 

significantly and then began to decrease whilst E-EPO increased conductivity slightly 

followed by a large decrease. Again no inference was made as to the reasons for the 

changes in conductivity with changing polymer concentration. However it is most likely 

due the reduction in solvent contribution, with an increase in the resistive polymer 

component. 

 

Another observation from both Table 2.7, and Figures 2.10 and 2.11, was that the 

conductivity of the PAN/DMSO/DMF solutions were an order of magnitude greater 
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than with PVC/THF/DMF solutions. The solvents may have contributed to some of the 

variation in conductivity of the solutions, but it is also likely that the significant 

difference in conductivity was a result of the different electrical properties of the two 

polymers. This is to be expected due to the ionic interaction of PAN discussed 

previously. This significant difference in conductivity may lead to significant 

differences in the morphology of electrospun fibres that will be discussed in Chapter 3. 
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Figure 2.11 Conductivity of PVC in THF/DMF solutions with increasing PVC 

concentration 

 

There is little data on the conductivity of PVC in organic solutions, making comparison 

of conductivity difficult. Lee et al. [84] reported changes in conductivity in a PVC/PU 

solution with altering polymer composition based on a 13% total polymer content. For 

100% PVC polymer component at 13% concentration in a solvent blend of THF/DMF, 

they give a conductivity of approximately 0.10 mS m-1. In comparison, a matching PVC 

concentration based on Figure 2.11 would produce a conductivity value of 0.04 mmhos. 
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This is less than half the conductivity compared with Lee et al. [84] indicating that the 

conductivity may vary significantly between blends depending on the purity, 

composition, type and brand of polymer and solvents.  

 

2.6.3 PAni/PAN Solutions 

Surprisingly, there is little information on the conductivity of organic polymer solutions 

containing PAni as a conductive component as mentioned previously. As anticipated, 

there was a significant change in the conductivity of a polymer solution with the 

introduction of CSA-doped PAni into the blend. Both PAni/PAN solutions and 

PAni/PVC solutions gave significant increases in the conductivity of the solutions, 

consistent with an increase in the number of charge-carriers within solution, comprising 

both PAni and the dopant, CSA.  

 

From Table 2.6 it can be seen that the introduction of PAni 1% into the PAN 1% 

solution in DMSO/DMF increased the conductivity by more than an order of 

magnitude, from 0.11 mmhos to 4.79 mmhos. This also occurred for PAni 1% PAN 3% 

and PAni 1% PAN 5% solutions with the addition of 1% PAni (4.19 and 4.38 mmhos 

respectively) compared with PAN 3% and PAN 5% (0.17 and 0.23 mmhos).  

 

The PAni 1% PAN 1% solution gave a noticeably higher conductivity than both PAni 

1% PAN 3% and PAni 1% PAN 5% solutions while the conductivity for PAni 1 % 

PAN 3% was lower than the PAni 1% PAN 5% blend. These trends can be observed in 

a plot of conductivity vs. PAN concentration presented in Figure 2.12. 
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Figure 2.12 Conductivity of PAni/PAN in DMSO/DMF solutions with increasing PAN 

concentration 

 

This indicates at least two things. Firstly the solution conductivity recorded after the 

addition of PAni was not significantly dependant on the conductivity of the original 

PAN solutions. Secondly, the conductivity of PAni 1% PAN solutions appear to have 

altered significantly with only slight changes in PAni addition. It has been noted [53] 

that conductivity of a PAni/poly(methyl methacrylate) (PMMA) blend increases 

logarithmically with linearly increasing PAni levels at low concentrations. Thus any 

error in the solutions in terms of PAni concentration may be magnified, leading to 

significant discrepancies in the results. Furthermore, increasing the concentration of 

PAN in a PAni blend may possibly reduce the mobility of the charge carriers, 

decreasing the conductivity of the solutions. Another issue with regards to the treatment 

of the PAni-polymer solutions was identified in solution dispersion, and will be 

discussed later in Section 2.7. 
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2.6.4 PAni/PVC Solutions 

In contrast, the introduction of PAni into the PVC solutions increased the conductivity 

of all PVC solutions. As recorded in Table 2.7 and Figure 2.13, the addition of 1% PAni 

to PVC in THF/DMF solution increased the conductivity by at least an order of 

magnitude. For example, 1% PAni added to PVC 5% in THF/DMF increased the 

conductivity from 0.08 to 0.95 mmhos.  
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Figure 2.13 Conductivity of PAni/PVC in THF/DMF solutions with increasing PVC 

concentration 

 

This increase in conductivity for PAni 1% PVC 5% may be a result of the influence of 

the addition of PAni to conductivity postulated in the PAni/PAN discussion: slight 

differences in the PAni concentration within the solution produced a significant change 

in the conductivity response of the solutions. Additionally, it would be expected that 

with increasing PVC concentration, the mobility of the charge carriers would decrease. 

Thus it is likely the experimental error in preparing 1% PAni solutions may have 
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contributed to these differences in conductivity, and they were not the result of an 

inherent change in the solution properties.  

 

2.6.5 PAni/Polymer/TBAClO4 Solutions 

The addition of 1% TBAClO4 to PAni/PAN and PAni/PVC solutions produced some 

interesting data. For PAni 1% PAN 1% in DMSO/DMF a significant increase in the 

conductivity of the solution was observed, from 4.79 mmhos to 11.10 mmhos. PAni 1% 

PAN 3% and PAni 1% PVC 10% also increased conductivity by factors of over 3 and 

nearly 10 respectively. Obviously the introduction of TBAClO4 increased the 

concentration of conducting species in solution, especially considering that only 1% 

TBAClO4 was added to the solution. This supports other observations about the affect 

of salts on the conductivity of polymer solutions [112, 121, 183, 185]. Again the lower 

overall conductivity of the PAni/PVC solution compared with PAni/PAN may have 

been a result of the higher PVC content in the solution. However, the increase in 

conductivity between the two solutions after the addition of 1% TBAClO4 was 

disproportionate with PVC increasing by an order of magnitude, but PAN only doubling 

in conductivity, indicating that the solution conductivity in the presence of TBAClO4 

was dependent on the polymer solution composition.  

 

2.6.6 Addition of an Ionophore to PAni/PVC Blend 

TDAB has been identified as a possible nitrate-selective ionophore for the use in nitrate-

selective electrodes [210, 211].  

 

From Table 2.7, the addition of 0.5% TDAB to a solution of PAni 1% PVC 10% in 

THF/DMF led to a four-fold increase in the conductivity of the solution from 0.95 

mmhos for PAni 1% PVC 10% to 4.10 mmhos for PAni 1 PVC 10% TDAB 0.5%, and 
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to 13.28 mmhos for PAni 1% PVC 10% TDAB 5%. Further addition of TDAB led to 

saturation of the solution and it was unsuitable for analysis. However, from Figure 2.14 

it is clear that the conductivity increased linearly with increasing TDAB up to the 

solubility limits of the QAS in solution. 
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Figure 2.14 Conductivity of PAni/PVC/TDAB in THF/DMF solution with increasing 

TDAB concentration 

 

According to House, Feng and Peet [212] tetraalkylammonium halide salts have been 

previously used in THF and DMF as supporting electrolytes. Thus, the change in 

conductivity follows the same reasoning as for the addition of TBAClO4 to 

PAni/Polymer solutions, namely free ionic species in the solution acting as charge 

carriers. Though comparable with TDAB, it appears TBAClO4 induced a greater change 

in conductivity with respect to the percentage added. A 1% addition of TDAB, 

according to Figure 2.14 would have a conductivity of approximately 5 mmhos, whilst 

the addition of 1% TBAClO4 would lead to a value of 9.50 mmhos. Thus different 
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tetraalkylammonium halide salts influence the solution conductivity to a different 

extent. 

 

2.6.7 MWNT/PVC  

The addition of MWNT to PVC 10% in THF/DMF produced only a slight increase in 

the conductivity of the solution, from 0.05 mmhos for a PVC 10% solution to 0.07 

mmhos for MWNT 0.5% PVC 10% solution. However, even though nanotubes are 

recognised as having high electrical conductivity [213], and have been used as 

electrically conductive fillers in polymer composites [214], ionic conductivity was 

being measured here. As MWNT are non-ionic, the conductivity will be dependent on 

the charge carriers within solution and their mobility.  

 

Seoul et al. [122] observed an increase in solution conductivity by more than three 

orders of magnitude, from 5 x 10-6 S cm-1 to  approximately 4 x 10-3 S cm-1, for an 

increase in SWNT from 0.000 to 0.014 wt % in a solution of poly(vinylidene fluoride) 

(PVDF) in DMF. This concentration is significantly lower than the concentration of 

MWNT employed in the PVC blend. It is possible the charge mobility throughout the 

solution was limited due to the polymer matrix, however this was not reported by Seoul 

et al. [122]. Though it is also possible aggregations of MWNT may have persisted, 

limiting the overall conductivity of the composite. This will be discussed further in 

Section 2.7. Another possibility is that the quality of the MWNT was low, with a large 

proportion of impurities and other products which would not contribute to an increase in 

solution conductivity.  

 

MWNT/PAN solutions were not analysed for conductivity due to the volume required, 

the cost of raw MWNT and access to instrumentation.  
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2.7 Results and Discussion – Particle Size Analysis 

2.7.1 PAni/PAN Solutions 

The PAni/PAN solutions presented a wide array of particle sizes, given in Table 2.8. 

Most notable is the high Z-Average for PAni 1% PAN 1% TBAClO4 1% in 

DMSO/DMF, having a value of 1900 nm. Compare this with the solution containing 

PAni 1% PAN 3% TBAClO4 1% in DMSO/DMF with a value of 461 nm. It would be 

expected that the results would be similar as the only factor that has changed is the 

concentration of PAN. It is possible the support polymer is actively influencing the 

particle size.  

 

PAN Polymer Solution 
Z-Average 

(d.nm) Size Quality Report 
PAni 1% PAN 1% 437 Presence of large and segmenting particles 

w/w in DMSO/DMF   Sample fluorescence 
    Sample absorbance (coloured samples) 
    Sample is very polydisperse 

    
Sample contains large 

particles/aggregates/dust 
PAni 1% PAN 3% 223 Presence of large and segmenting particles 

w/w in DMSO/DMF   Sample fluorescence 
    Sample absorbance (coloured samples) 

PAni 1% PAN 5% 119 Presence of large and segmenting particles 
w/w in DMSO/DMF   Sample fluorescence 

    Sample absorbance (coloured samples) 
      

PAni 1% PAN 1% 1900 Presence of large and segmenting particles 
TBAClO4 1% in    Sample fluorescence 

 DMSO/DMF   Sample absorbance (coloured samples) 
PAni 1% PAN 3% 461 Presence of large and segmenting particles 
TBAClO4 1% in    Sample fluorescence 

 DMSO/DMF   Sample absorbance (coloured samples) 
Table 2.8 Particle size results for PAni/PAN solutions 

 

This also appears to follow for all the PAni/PAN solutions. The particle size decreased 

from 437nm for PAni 1% PAN 1% to 223 nm for PAni 1% PAN 3%, followed by a 

particle size of 119 nm for the PAni 1% PAN 5% solution. Thus, the higher the 

concentration of PAN the lower the particle size, indicating PAN actively reduces the 
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average particle size in the PAni/PAN solutions. This would support the hypothesis that 

there is a strong interaction between PAni and PAN. As the concentration of PAN 

increases it helps solubilise PAni, breaking down the particle size. 

Again MWNT/PAN solutions were not analysed due to cost and access to 

instrumentation.  

 

2.7.2 PAni/PVC Solutions 

The values for PAni/PVC are less consistent (Table 2.9). For example the solution of 

PAni 1% PVC 5% had a smaller particle size (119 nm), compared with the remaining 

PAni/PVC blends and the MWNT 0.5% PVC 15% solution. All these remaining PVC 

solutions had particle sizes around 600-700 nm, which indicates that neither the 

concentration of PVC nor QAS made appreciable difference to the particle size.  

 

However, the support polymer concentration had some influence on particle size, 

similar to observations for PAni/PAN, except in this case an increase in the support 

polymer led to an increase the particle size. This may be due to PAni or MWNT 

aggregations within the PVC solution due to the higher support polymer content, and 

further evidence that the interaction between PAni and PVC was not particularly strong. 

Nonetheless, the average diameters are extremely large considering that electrospun 

fibres will produce widths below 100nm, which will be discussed in Section 3.4. 

Whilst there appears to be some relationship, all Z-Average values should be treated 

carefully. Consistently there were large particles within the solutions along with sample 

fluorescence and absorbance. Whilst the values may not be absolute and offer little in 

definitive results, the quality report indicates that the solutions are not well dispersed 

and aggregations have either existed or formed since preparation. This is significant for 

the production of electrospun fibres that are homogenous. The morphology of the 
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electrospun fibres will be examined in Chapter 3 and the particle size analysis will be 

related to the quality of PAni and MWNT fibres produced.  

 

PVC Polymer Solution 
Z-Average 

(d.nm) Size Quality Report 
PAni 1% PVC 5% 119 Presence of large and segmenting particles 
w/w in THF/DMF   Sample fluorescence 

    Sample absorbance (coloured samples) 
PAni 1% PVC 10% 744 Presence of large and segmenting particles 
w/w in THF/DMF 656 (Rpt) Sample fluorescence 

    Sample absorbance (coloured samples) 
    Sample is very polydisperse 

    
Sample contains large 

particles/aggregates/dust 
      

PAni 1% PVC 10% 696 Presence of large and segmenting particles 
TDAB 0.5% in    Sample fluorescence 

 THF/DMF   Sample absorbance (coloured samples) 
    Sample is very polydisperse 

    
Sample contains large 

particles/aggregates/dust 
PAni 1% PVC 10% 690 Presence of large and segmenting particles 

TDAB 5% in    Sample fluorescence 
 THF/DMF   Sample absorbance (coloured samples) 

    Sample is very polydisperse 

    
Sample contains large 

particles/aggregates/dust 
      

PAni 1% PVC 10% 647 Presence of large and segmenting particles 
TBAClO4 1% in    Sample fluorescence 

 THF/DMF   Sample absorbance (coloured samples) 
    Sample is very polydisperse 

    
Sample contains large 

particles/aggregates/dust 
      

MWNT 0.5% PVC 10% 565 Presence of large and segmenting particles 
w/w in THF/DMF   Sample fluorescence 

    Sample absorbance (coloured samples) 
Table 2.9 Particle size results for PAni/PVC solutions 
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2.8 Conclusions 

 

Both PAN and PVC solutions exhibited a pseudoplastic trend, as well as comparable 

increases in viscosity with increased polymer concentration.  It was found that the 

presence of PAni in solutions of PAN in DMSO/DMF and PVC in THF/DMF exhibited 

significantly different solution properties. The presence of PAni altered the rheological 

response of both PAN and PVC solutions, providing evidence that these two support 

polymers interact with PAni, and by different means. It was postulated that the strong 

dipole interactions of the cyano-groups on PAN may interact more directly with PAni in 

solution or provide a strong support structure, whereas this did not appear to be the case 

with PVC, which appears to screen or lubricate the PAni chains. The presence of TDAB 

in PAni 1% PVC 10% significantly increased the viscosity of the solution, indicating 

that the solution properties had altered. It was surmised that TDAB had produced a 

support structure, similar to PAN, which had led to the uncoiling of polymer chains 

within solution, and a subsequent increase in viscosity.  

 

The addition of MWNT to both PAN and PVC provides further evidence that these two 

polymers are inherently different in solution. The presence of MWNT in a PVC solution 

increased the viscosity significantly, whilst this also occurred with MWNT in PAN, it 

did so to a lesser extent. Thus these two polymers interact with solution additives to a 

different extent, in turn directly influencing the rheological properties of the solution.  

 

Surface tension values of PAN and PVC solutions were markedly different. However, 

the higher surface tension for PAN solutions compared with PVC solutions appears to 

be a result of the solvent composition more so than the polymer composition. The 

addition of PAni or TBAClO4 to these solutions did not alter the surface tension 
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significantly and was accounted for by error within the analyses. The only major change 

in surface tension arose from the addition of TDAB to PAni/PVC. It is believed these 

changes arose from TDAB directly interacting with polymer chains, in turn altering the 

solvation characteristics of the chains, and hence the surface tension of the solution. 

Furthermore this response appears to be directly related to the length of the alkyl chains 

on TDAB, as TBAClO4 recorded no change in surface tension.  

 

The addition of MWNT did not significantly increase the surface tension of a PVC 

solution. Other literature has observed a decrease in surface tension in a SWNT/PVDF 

solution, implying MWNT interacts with polymers differently, or not at all, or that the 

other solution components predominately determine the degree of interaction with the 

MWNT. 

 

It was found that PAN was far more conductive in solution than PVC, and this solution 

conductivity increased with increasing concentration of PAN. It was postulated that 

contaminants within the solution were interacting with the cyano-groups of PAN and 

leading to PAN acting as a polymer electrolyte, similar to PAN-Li+ blends, or that the 

overall solution conductivity was a product of solution polarity. The addition of PAni to 

these polymer solutions significantly increased the conductivity by an order of 

magnitude for both polymers. The solution conductivities indicated that only small 

changes in PAni composition can lead to a significant change in the conductivity of the 

solution. The addition of both TDAB and TBAClO4 led to further increases in solution 

conductivity, such that these species were acting as free-charge carriers.  

 

The presence of MWNT only slightly increased the solution conductivity of a PVC 

solution. Considering nanotubes have been recognised as having good electrical 
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properties this was a surprising result, and indicates that the MWNT were not 

sufficiently separated, or there was a large amount of non-conductive impurities within 

the MWNT powder.  

 

Particle size analysis indicated that large particles of undispersed or undissolved matter 

were present in the solution, but more importantly the size of these particles was 

dependent on the concentration of the support polymer. An increase in the PVC 

concentration led to an increase in the size of the particulate matter, indicating that this 

support polymer assists in the formation of aggregate material within solution. 

Conversely, when PAN was employed as a support polymer, increasing its 

concentration decreased the size of the particulate matter, indicating that this support 

polymer either helps solubilise PAni or disperse PAni and/or MWNT. 

 

 



 

 

 

Chapter 3 - Fibre Morphology 

 

 

 

 

 

 

 

 

 

'To the complaint, 'There are no people in these photographs,' I respond, 

'There are always two people: the photographer and the viewer.'  

Ansel Adams (1902 – 1984) 
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3.1 Introduction 

Viscosity has been identified as affecting not only the spinning of electrospun polymer 

fibres, but also the resultant fibre morphology including diameter and structure. A 

number of studies indicate that generally an increase in the viscosity of the spinning 

solution will lead to an increase in the fibre diameter [67, 68, 84, 96, 97, 107, 112, 119, 

120, 190]. It has also been noted that fibre morphology alters significantly with changes 

in surface tension, both directly and indirectly, whilst fibre diameter has been shown to 

decrease with an increase in the conductivity of the spinning solution [84, 104, 183-

185]. 

 

However, contradictions arise as to the effect that these parameters contribute to 

electrospinning and fibre morphology. There is also limited information in the literature 

where conducting polymers are included in combination with these commodity plastics. 

This chapter will provide an analysis of the commodity plastics PVC and PAN, and the 

inclusion of both the conducting polymer PAni, and ionophores, and identify the 

relationship between these parameters and fibre morphology, including fibre diameter 

and the visual appearance.  

 

3.1.1 Viscosity & Fibre Morphology 

It was reported by Fong et al. [183] that significant changes in the fibre diameter as a 

function of viscosity occurs for poly(ethylene oxide) (PEO) fibres electrospun from 

water. The diameters ranged from <80 nm to 250 nm as the viscosity increased from 13 

cP to over 1800 cP [183].  

 

In contrast, Fong and Reneker [65] reported in a later study that fibre diameter was not 

affected significantly by altering the viscosity of the PEO solution. This is also 
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supported by Lee et al. [142] who studied the electrospinning of 15% w/w poly(vinyl 

chloride) (PVC) in various compositions of a tetrahydrofuran (THF) and 

dimethylformamide (DMF) solution to alter the viscosity of the solution. Though the 

resultant fibre diameter varied, increased viscosity did not necessarily correspond to 

increased fibre diameters. In fact, the highest viscosity was observed for a solution of 

PVC in 100% DMF, which in turn produced the lowest fibre diameter. On the other 

hand, the solution exhibiting the lowest viscosity produced fibre diameters that were 

similar to blends with four different solvent compositions of THF/DMF [142].  

 

The relationship between the fibre diameter and solution viscosity can be unpredictable 

as the viscosity of the solution is not always directly related to the extensional viscosity, 

a parameter used to provide a measure of the elasticity of the electrospinning jet [215]. 

According to Yu et al. [216], it is this elasticity that influences jet formation during 

electrospinning, and hence, the resultant fibre morphology. In some cases this 

extensional viscosity can be an order of magnitude higher than the shear viscosity used 

to determine solution viscosity [215].  

 

In general, it is expected that lower viscosity solutions will stretch to a greater degree 

due to the reduced cohesive forces and less chain entanglement associated with lower 

polymer concentration, in turn leading to thinner electrospun fibres [209]. Conversely, 

the greater the viscosity the greater the cohesive forces and chain entanglement, which 

in turn leads to fibres with a greater diameter. Whilst this may not be always the case, 

the fibre morphology is dependent on the polymer concentration of the solution [98, 

119].  
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3.1.2 Surface Tension and Fibre Morphology 

There has been much debate about the formation of spherical structures along fibres and 

how these relate to surface tension. Fong and Reneker [65] and Fong et al. [130] state 

that these spherical structures, or ‘beads’, are a result of the partial collapse of fibres due 

to the surface tension of the polymer solution. The surface tension leads to the capillary 

break-up of the jet, forming droplets, with the remaining jet forming fibres. The solvent 

then evaporates leaving behind the corresponding beads and fibres. Lee et al. [144] 

indicated that bead formation was, in fact, a result of viscosity more so than surface 

tension, whilst Entov and Shmaryan [217] indicated that beads were a result of the jet 

instability. Shawon and Sung [98] partially support Lee et al. [144] by stating that the 

viscoelastic forces from polymer solutions overcome the affect of surface tension as the 

viscosity of the polymer solution increases [98].  

 

Thus an increase in polymer concentration leads to a decrease in bead formation as the 

viscoelastic properties cancel out the effects of the surface tension [65, 183]. 

Alternatively, a decrease in the surface tension of a polymer solution can also lead to a 

reduction in the occurrence of beads [183]. According to Zuo et al. [92] this is also 

related back to the jet instabilities, discussed in Section 1.2.2, whereby enhancement of 

the axisymmetric instabilities leads to bead formation, whilst the whipping instability 

suppresses bead formation. The applied potential, surface tension and the surface charge 

density play key roles in the generation of these instabilities [92].   

 

However, Jaeger et al. [103] offered two alternate explanations for the ‘beads-on-string’ 

morphology that do not mention surface tension. The first is that the solution flows 

along the jet, or liquid cylinder, into evenly spaced droplets along the main fibre 

backbone. The second rationale is that these beads are a result of the draw-resonance 
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phenomenon. That is the jet becomes unstable when the ratio of stretching exceeds 

some critical point leading to the production of beads. This instability occurs more 

slowly for solutions exhibiting a higher viscosity [103, 218].  

 

3.1.3 Conductivity and Fibre Morphology 

A significant decrease in fibre diameter was reported by Tan et al. [190] in the 

electrospun fibre diameter of poly(L-lactid acid-co-caprolactone) (PLLA-CL) by adding 

pyridine to dichloromethane (DCM) in a 50/50 wt% ratio. They indicated that this 

decrease in fibre diameter was a direct result of an increase in the conductivity of the 

solution from 0 to 13.1 μS cm-1, leading to a diameter decrease from approximately 310 

to 110 nm. According to Tan et al. [190] this was due to an increase in the charge 

density of the solution and polymer jet, such that this extra charge density led to 

increased elongation of the jet during electrospinning. Lin et al. [184] observed 

significant decreases in the fibre diameter of solutions of polystyrene 

(PS)/dodecyltrimethylammonium bromide (DTAB) and tetrabutylammonium chloride 

(TBAC) electrospun from THF/DMF. These cationic surfactants led to an increase in 

conductivity of the solution. The increase in conductivity, and hence charge density, led 

to an increase in the whipping instability observed during electrospinning which 

elongated the jet [184].  

 

On the other hand, Li and Hseih [121] observed an increase in the conductivity of 

poly(acrylic acid) (PAA) solution with the addition of NaCl, however there was no 

discernable decrease in the diameter of the fibres. This was due to the increased 

entanglement of PAA molecules in the solution which negated the anticipated fibre 

diameter decrease [121]. 
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In terms of bead production, Jun et al. [112] reports that the addition of an organic salt 

(which increased the conductivity of the solution but did not significantly alter the 

viscosity or surface tension) reduced the presence of beads in electrospun fibres. This 

supports the statements from Tan et al. [190] that bead production may be a symptom of 

low conductivity solutions, leading to the formation of beads due to reduced jet 

elongation and uniform fibre production. This relationship is also supported by Frenot 

and Chronakis [99] who state that bead production is directly related to the charge 

density, surface tension and viscosity of a solution [99]. Furthermore Son et al. [185] 

report that the dielectric properties of the solvents also affect the conductivity of the 

polymer solutions, leading to the production of beads-on-string morphology from 

solutions comprised of solvents having low dielectric constants.  

 

3.2 Preparation of Samples 

3.2.1 Polymer Solution Preparation 

The appropriate amount of PVC or PAN was dissolved in THF/DMF or DMSO/DMF 

respectively and magnetically stirred overnight to prepare a homogeneous polymer 

solution.  

 

3.2.2 PAni/Polymer Solution Preparation 

All PAni/polymer solutions utilised 1% PAni due to previously recognised limitations 

in its solubility [52, 58, 78, 129, 145]. Camphorsulfonic acid (CSA) was weighed into a 

scintillation vial, and suitable volumes of solvent were added. After CSA had dissolved, 

PAni was added slowly and stirred on a magnetic stirrer until dissolved. Following this 

the commodity plastic was added and mechanically stirred until dissolved.  
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3.2.3 Other Polymer Solutions 

If other additives were required, such as quaternary ammonium salts (QAS), this 

material was weighed and added to the solutions prior to the addition of PAni. It is 

important to note that a small amount of THF was added to assist in the dissolution of 

the TDAB in PAni/PAN blends prior to the addition of PAni due to insolubility of 

TDAB in DMSO/DMF. In the case of MWNT solutions, MWNT (0.5%) was weighed 

and added to a scintillation vial, following the addition of the solvents. The MWNT 

were dispersed by sonification, after which the support polymers were added to the 

solution and left to dissolve by magnetic stirring.  

 

Further details of solution preparation can be found in Section 2.3 Preparation of 

Samples. 

 

3.2.4 Electrospun Fibres 

A Gamma High Voltage Power Supply (ES50P-10W/DAM) was employed for all 

electrospinning. The polymer solutions were drawn into a 100 μL Eppendorf 

micropipette tip which was then removed and placed on a 50 mm length of platinum 

wire attached to the end of the high voltage coaxial cable. This was tilted at an angle 

from horizontal to obtain a steady droplet at the end of the pipette tip. A potential was 

applied to obtain a constant production of electrospun fibres. These electrospun fibres 

were collected on 45 mm x 10 mm gold-coated Mylar® targets (see Figure 3.1) rotated 

at 400 rpm for PAN solutions and 600 rpm for PVC solutions on a Janke & Kunkel, 

Eurostar Digital overhead stirrer. The electrospinning was carried out at suitable 

potentials for steady fibre formation (8-9 kV for PAN, 12-13 kV for PVC) at a distance 

of approximately 12 cm from the target. Three separate aliquots of 100 μL of polymer 

solution were used for each electrospinning sample.  
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Figure 3.1 Electrospinning Apparatus 

 

3.2.5 Analysis of samples 

Samples were attached to metallic stubs before being gold-coated on a Bal-Tech Sputter 

Coater (Model 050) and then analysed on an ElectroScan ESEM (Model 2020) scanning 

electron microscope, a Leica Stereoscan SEM (Model 440) or an FEI ESEM (Quanta 

600). Fibre size analysis was carried out using the University of Texas Health Science 

Center at San Antonio ImageTool (Version 3). 

 

3.3 Results and Discussion – Scanning Electron Microscopy 

3.3.1 PVC Electrospun Fibres 

It was not possible to electrospin fibres from PVC 5% in THF/DMF as the viscosity was 

too low to enable jet initiation, instead the solution electrosprayed fine polymer 

droplets. Fibres were successfully electrospun from PVC 10% in THF/DMF and studied 

by scanning electron microscopy (SEM). These fibres exhibited a significant number of 

Applied Potential Ground/Earth 

Polymer Solution 

Mylar Targets 

Electrospinning Fibres 

Overhead Stirrer 
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beads and globules throughout the fibrous mat, and can be observed in Figures 3.2 (a) 

and (b).  

 

(a) (b)

Figure 3.2 SEM micrographs of fibres electrospun from PVC 10% in THF/DMF (a) 

Mag: 1,500X, (b) Mag: 8,388X 

 

These beads and globules differed throughout the blend showing both spherical and 

ellipsoidal shaped beads, as well as large globules that appear to be the result of 

electrospraying of the PVC solution. This indicates that the viscosity of the solution, 

and hence the concentration of the polymer may have been too low, or the surface 

tension may have been too high to electrospin the solution adequately. There was also 

no significant orientation of the electrospun fibres which may indicate the rotation speed 

of the target was lower than required to produce orientated fibres.   

 

As can be seen in Figures 3.3 (a) and (b), the number of beads and globules decreased 

dramatically for fibres electrospun from PVC 15% in THF/DMF compared with the 

PVC 10% fibres. Thus an increase in PVC concentration has led to a decrease in the 

number of non-fibre structures throughout the sample. This was not due to a change in 

the surface tension of the polymer solution as the surface tension did not change 
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significantly with increases in the polymer concentration (Section 2.5.2). However, the 

solution conductivity did decrease (as noted in Section 2.6.2), but this would be 

expected to increase the number of beads [190]. Consequently, it appears that the 

increased concentration of PVC directly reduced bead production and electrospraying. 

This is supported by Shawon and Sung [98] who state that the increased viscoelastic 

properties from increasing polymer concentrations overcame the influence of the 

surface tension on bead production, thus reducing bead numbers. 

 

(a) (b) 

Figure 3.3 SEM micrographs of fibres electrospun from PVC 15% in THF/DMF (a) 

Mag: 5,000X, (b) Mag: 16,000X; arrows indicate underlying fibre 

 

Figure 3.3 (b) presents a closer look at one of the beads/globules present in the fibres. 

This image is interesting in that the feature is consistent with the ‘beads-on-string’ 

morphology. However, it appears that the bead/globule is attached to the surface of the 

electrospun fibre (indicated by the arrows), rather than being an expanded part of the 

fibre. Furthermore, it appears that the beads are not solid polymer as the dimples on the 

surface indicate that there was some evaporation of solvent.  
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Increasing the concentration further led to a decrease in the overall uniformity of the 

electrospun fibres. Figure 3.4 (a) provides an overview of the fibrous mat showing that 

the electrospun fibres were not orientated in any one direction, but instead electrospun 

in the form of a non-woven mat. Again this indicates that the rotation speed of the target 

was insufficient to produce orientated fibres. This lack of orientation may decrease the 

tensile strength of the electrospun fibres if the fibres are not stretched in the direction of 

their individual orientation, instead relying only on fibres that are orientated in the 

direction of stretching.  

 

(a) (b) 

Figure 3.4 SEM micrographs of fibres electrospun from PVC 20% in THF/DMF (a) 

Mag: 250X, (b) Mag: 4,000X 

 

Figure 3.4 (b) shows significant differences in the size of the fibres from this blend. The 

actual fibre diameters of a representative sample of each mat were determined and will 

be discussed later in this chapter (Section 3.4). These larger fibres exhibit grooves in the 

surface which may be indicative of evaporation of the solvent either during or after 

electrospinning. It is also possible that these large fibres were originally smaller fibres 

that twisted and bundled together during electrospinning to form large diameter fibres 

before complete evaporation of the solvent.  
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3.3.2 PAN Electrospun Fibres 

It was not possible to electrospin fibres from PAN 1% in DMSO/DMF, again due to the 

low viscosity of the solution limiting jet formation. Electrospinning of PAN 3% from 

DMSO/DMF produced quite different fibres in comparison to PVC. Whilst there 

appears to be the presence of globules in Figure 3.5 (a), these are actually bundles of 

fibres that coalesced, as detailed in Figure 3.5 (b), indicating solvent was retained in 

these fibres after electrospinning. The fibres also appear to have very little uniformity 

throughout the fibrous mat with the presence of small, large and broad fibres. 

Furthermore there was no indication of beads along the fibres.  

 

(a) (b) 

Figure 3.5 SEM micrographs of fibres electrospun from PAN 3% in DMSO/DMF (a) 

Mag: 4,000X, (b) Mag: 19,011X 

 

This lack of bead formation is interesting. In previous work [219] PAN was electrospun 

from both DMSO and DMF individually, and both exhibited spherical and ellipsoidal 

bead structures at 3%. The combination of the two solvents appears to have had a 

significant affect on the morphological properties of the fibres, and most likely an affect 

on the properties of the spinning solution. This is of even more importance considering 
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that the surface tension results from the solution of PAN 3% in DMSO/DMF in Section 

2.5.1 was significantly higher compared with that of the PVC solutions. It was 

previously noted that surface tension plays a major role in the ‘bead-on-string’ 

morphology [65, 98, 183].  

 

(a) 
 

(b) 

Figure 3.6 SEM micrographs of fibres electrospun from PAN 5% in DMSO/DMF (a) 

Mag: 7,000X (b) Mag: 28,288X 

 

Increasing the concentration of PAN produced far more uniform fibres, and the 

presence of some beads as can be seen in Figures 3.6 (a) and (b). Along with an increase 

in the uniformity of structure, Figure 3.6 (a) shows fewer intersections where the fibres 

‘point-bonded’ or coalesced into other fibres during, and/or after, electrospinning in 

comparison to PAN 3%. This further supports the statement that the fibres from the 

PAN 3% solution still contained solvent after electrospinning, possibly due to the higher 

solvent contribution in the PAN 3% blend, or that the fibres intertwined and bonded 

during the electrospinning process rather than during electrospinning.  
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Figure 3.6 (b) shows one of the few beads present in this electrospun mat while Figures 

3.7 (a) and (b), which show that there are no beads present in fibres spun from PAN 7% 

DMSO/DMF. This indicates that the increase in polymer concentration led to an 

increase in the viscoelastic effects in the blend, in turn reducing the occurrence of beads.  

 

(a) (b) 

Figure 3.7 SEM micrographs of fibres electrospun from PAN 7% in DMSO/DMF (a) 

Mag: 7,000X, (b) Mag: 9,043X 

 

In addition, Figure 3.7 (b) presents a bundle of intertwined electrospun fibres. There is 

no indication that the fibres have coalesced and point-bonded as was observed from 

PAN 3%, and to some extent, PAN 5%. Thus it appears the higher concentration of 

polymer, and in turn the lower amount of solvent has reduced the ability of fibres to 

overtly bond together.  

 

3.3.3 PAni/PVC Electrospun Fibres 

Having studied the morphology of neat PVC and PAN electrospun fibres, the effects of 

adding the intrinsically conducting polymer (ICP) PAni and its dopant, CSA, to the 

blend were studied using SEM. Fibres could not be electrospun from a solution of PVC 
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5% in THF/DMF as it electrosprayed onto the gold-coated Mylar® target. The 

introduction of PAni into the PVC 5% solution allowed the successful production of 

electrospun fibres [Figures 3.8 (a) and (b)]. Thus the presence of PAni offered some 

improvement in the viscoelastic properties of the polymer blend. This is also supported 

by the viscosity results covered in detail in Section 2.4 where it was observed that the 

PAni/polymer solutions produced an increase in the shear viscosity compared with the 

polymer solutions not containing PAni. Whilst the increase in viscosity of PVC 5% 

solution compared with the PAni 1% PVC 5% solution was relatively small, this 

indicates that the minimum shear viscosity for successful electrospinning this blend 

occurs within this range of 7.53 mPa.s to 11.30 mPa.s detailed in Table 2.2 in Chapter 

2.   

 

(a) (b) 

Figure 3.8 SEM micrographs of fibres electrospun from PAni 1% PVC 5% in 

THF/DMF (a) Mag: 4,000X, (b) Mag: 30,000X 

 

From Figure 3.8 (a) it can be seen that a significant amount of electrospraying occurred 

in conjunction to electrospinning, further evidence that the minimum shear viscosity for 

successful electrospinning for this blend is close to the viscosity of this solution. There 

was also the presence of the ‘beads-on-string’ morphology, but more importantly, the 
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beads and globules occurred far more in the PVC 10% electrospun fibres [Figure 3.2 

(a)] than this sample, and that the size of the particles were much larger in the PVC 10% 

fibres.  

 

This possibly indicates two things. The first is that the PAni provided a large 

contribution to the viscoelastic properties of the polymer blend, in turn reducing the 

presence of beads and globules throughout the mat. The second is the contribution from 

conductivity. The presence of PAni decreased the electrical resistance of all the polymer 

solutions by an order of magnitude, as outlined in Section 2.6. Both Jun et al. [112] and 

Tan et al. [190] reported that the presence of beads in an electrospun fibre can be 

attributed to the conductivity of the polymer solution whereby a lower conductivity 

reduces the jet elongation during electrospinning . Thus the presence of PAni will 

increase the conductivity, and also contribute to the viscoelastic properties of the 

polymer solution.  

 

Increasing the concentration of PVC to 10% in the spinning solution led to the 

production of more uniform fibres consisting of less beads and globules. This can be 

observed in Figures 3.9 (a) and (b). Whilst there were a number of large globules 

present in the electrospun mat, these were slightly less in magnitude and number 

compared with PAni 1% PVC 5% fibres, however the structure was consistent between 

the two. It is possible that these globules were the same large particles identified in 

Section 2.7.2, rather than electrosprayed polymer solution. Furthermore the number of 

beads along the fibres decreased substantially compared to the electrospun fibres from 

PVC 10% solution, a result of the increased viscoelastic properties of the polymer blend 

due to the increased concentration of PVC. However, it is important to note that the 

conductivity of the PAni 1% PVC 10% blend was 0.95 mmhos compared with the 0.05 
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mmhos for the PVC 10% solution, and also 0.95 mmhos for the PAni 1% PVC 5% 

blend (Table 2.7). Thus whilst the conductivity of the solution may have played a role in 

producing uniform and beadless fibres, it appears the main contributor was the increase 

in concentration of PVC from 5% to 10%.  

 

(a) (b) 

Figure 3.9 SEM micrographs of fibres electrospun from PAni 1% PVC 10% in 

THF/DMF (a) Mag: 7,000X, (b) Mag: 40,000X 

 

A further increase in the concentration of PVC to 15% in the PAni/PVC spinning 

solution did decrease the presence of particles appreciably throughout the fibrous mat 

[Figure 3.10 (a) and (b)]. From Figure 3.10 (a), the increased concentration of PVC to 

15% reduced the presence of globules significantly compared with the PAni 1% PVC 

10% solution, indicating that the increase polymer concentration has reduced the 

electrospray from the solution. It also indicates that the particulate matter, identified in 

Section 2.7.2, does not appear to have had a major affect on the final fibre morphology. 

According to the detail in that chapter, increased PVC concentration led to an increase 

in particulate size in PAni/PVC solutions. Furthermore, this increased PVC 

concentration appears to have slightly increased point-bonding of fibres, as in Figure 
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3.10 (b) it appears two of the fibres combined to form one large fibre, as indicated by 

the arrows.  

 

(a) (b) 

Figure 3.10 SEM micrographs of fibres electrospun from PAni 1% PVC 15% in 

THF/DMF (a) Mag: 5,000X, (b) Mag: 20,000X; arrows indicate point-bonding 

 

Electrospinning of PAni 1% PVC 20% was by far the most difficult PAni/PVC blend to 

electrospin. This sample required a significantly higher potential to initiate 

electrospinning and overcome the higher viscoelastic forces. As a result the fibres 

produced [Figures 3.11 (a) and (b)] were not uniform in diameter, consisting of a wide 

array of fibre diameters, which will be discussed later in Section 3.4. The fibres have 

electrospun in a loop-type orientation. This may have been a result of the increased 

viscoelastic forces associated with the increased PVC concentration reducing the ability 

of the polymer jet to whip in a large circular motion and instead whipping in smaller 

concentric circles. It is also possible that the higher potential required for 

electrospinning has contributed to this by increasing the whipping rotation of the 

polymer jet. One interesting aspect of this is that there were no globules of 

electrosprayed polymer throughout the blend, but only fibres, further supporting the 
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statement that the particle size (Section 2.7.2) did not affect the final fibrous mat 

morphology. 

 

(a) (b) 

Figure 3.11 SEM micrographs of fibres electrospun from PAni 1% PVC 20% in 

THF/DMF (a) Mag: 600X, (b) Mag: 6,348X 

 

Figure 3.11 (b) presents a fibre electrospun from PAni 1% PVC 20% in THF/DMF. The 

size of this fibre is extremely large compared with previous blends. In addition the 

morphology of the fibre itself is not uniform. The surface of the fibre consists of 

grooves and pits, indicative of solvent evaporation. Thus this fibre was not a product of 

individual smaller fibres bundling to form a larger one. From this, the viscoelastic 

forces of the polymer blend would appear to be too high to prepare uniform electrospun 

fibres. Therefore, the upper viscosity limit for the production of such fibres lies between 

250 and 600 mPa.s (Table 2.2) corresponding to the viscosity values for PAni 1% PVC 

15% and PAni 1% PVC 20% solutions, respectively. 
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3.3.4 PAni/PAN Electrospun Fibres 

Blending PAni with PAN produced significantly different fibres compared with 

PAni/PVC and also with the original PAN electrospun fibres. Again, it was found that 

PAni made some contribution to the viscoelastic forces of the polymer blend similar to 

the observations for PAni/PVC. 

 

From the micrographs of fibres electrospun from PAni 1% PAN 1% in DMSO/DMF 

[Figure 3.12 (a) and (b)] it can be seen that the fibres produced were of poor quality, 

bundling together instead of coating the Mylar®. Furthermore, the fibres intertwined on 

the surface of large particles, indicating that whilst some electrospinning occurred, there 

was also the presence of electrosprayed products, possibly the particulate matter 

identified in Section 2.7.1.  

 

(a) (b)

Figure 3.12 SEM micrographs of fibres electrospun from PAni 1% PAN 1% in 

DMSO/DMF (a) Mag: 2,500X, (b) Mag: 16,000X; arrows indicate beads 

 

The ‘beads-on-string’ morphology was also observed for this blend. Figure 3.12 (b) 

shows that these beads were not uniform. Instead both ellipsoidal and spherical type 
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structures formed, similar to observations for PAN 3% in DMF or DMSO noted 

previously [219]. It is important to mention that this blend of PAni 1% PAN 1% 

possessed a relatively high conductivity of 4.8x10-4 mhos compared with 1.1x10-5 mhos 

for PAN 1% (Table 2.6). Thus this may have also contributed to fibre formation, 

however in this case the higher conductivity did not prevent the formation of beads and 

other particles. The surface tension of the solution was comparable to neat PAN blends 

indicating that there was no significant affect on the surface tension due to the presence 

of PAni, however at this low PAN concentration the surface tension most likely 

contributed the most to the formation of beaded fibres.  

 

Increasing the concentration of PAN produced far more uniform fibres, with noticeably 

different morphology to straight PAN 3% fibres. SEM micrographs of fibres 

electrospun from PAni 1% PAN 3% in DMSO/DMF [Figures 3.13 (a) and (b)] show the 

presence of electrosprayed droplets of polymer amongst the fibrous mat. These particles 

are significantly less in number than those found in PAni 1% PAN 1% fibres, indicating 

the higher concentration of PAN increased the viscoelastic properties of the polymer 

solution, in turn reducing the propensity for the solution to electrospray. As mentioned 

for the PAni/PVC blends, the presence of larger particulate matter (Section 2.7.1) in the 

PAni/PAN blend did not led to the formation of a number of large beads and globules 

throughout the sample. The viscosity of the PAN 3% blend was 44.26 mPa.s whilst the 

PAni 1% PAN 3% blend had a viscosity of 73.02 mPa.s at a shear rate of 50.00 s-1 for 

both solutions (Table 2.1). 

 

Whilst this significant difference in viscosity would have contributed to the difference 

in appearance of the fibre mats, the increase in PAN viscosity did not translate to a 

decrease in the number of beads along the fibres. Figure 3.13 (b) shows that these beads 
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were largely elliptical in appearance, although the degree of this ellipsoidal structure 

varies, and had quite rough textures, a result of the evaporation of solvent. In addition 

there was no significant agglomeration of fibres on beads or beads on beads, indicating 

that this evaporation occurred during electrospinning and not after coating the Mylar® 

target.  

 

(a) (a) 

Figure 3.13 SEM micrographs of fibres electrospun from PAni 1% PAN 3% in 

DMSO/DMF (a) Mag: 3,000X, (b) Mag: 40,000X 

 

The fibres did not coalesce or bond together to the same extent as observed for straight 

PAN 3% fibres. In fact, there is very little point-bonding of fibres at crossover points 

and minimal entanglement. It was previously postulated that the PAN 3% solution 

produced fibres that contained residual solvent after electrospinning, leading to bonding 

and coalescence of fibres due to the ability of the polymer fibre to flow. As this 

PAni/PAN blend had more polymer and less solvent contribution, it may be that there 

was insufficient solvent retained to allow the bonding and coalescence of fibres. Thus 

the structure of these electrospun fibres differ quite markedly compared with neat PAN 

3% fibres. 
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Further increasing the concentration of PAN in the PAni/PAN blends altered the 

electrospinning process and also the microscopic properties of the fibres. Figures 3.14 

(a) and (b) are images of PAni 1% PAN 5% fibres electrospun from DMSO/DMF. 

Figure 3.14 (a) shows that the majority of PAni 1% PAN 5% electrospun fibres were no 

longer orientated randomly, but instead coated the Mylar® in one general direction, as 

expected with a rotating target. This had not occurred for any previous PAN or 

PAni/PAN blends and may indicate that the presence of PAni, in conjunction with the 

higher PAN concentration, slowed the rate of fibres coating the Mylar surface such that 

the rotation of the target was the dominant parameter in fibre orientation.  

 

(a) (b) 

Figure 3.14 SEM micrographs of fibres electrospun from PAni 1% PAN 5% in 

DMSO/DMF (a) Mag: 250X, (b) Mag: 20,000X 

 

From Figure 3.14 (b), these fibres did not exhibit beads-on-string morphology due to 

greater amounts of PAN in the blend, implying the large particles or globules were due 

to electrospraying of the polymer solution. These may possibly be the solution particles 

reported in Section 2.7.1, though their effects were not seen in lower concentrations of 

PAN and the PAni/PVC solutions. From Table 2.1, the shear viscosity of the PAni 1% 

PAN 5% solution was approximately 100 mPa.s higher than the PAN 5% blend, while 
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the conductivity of the former was an order of magnitude higher than that of the latter, 

and their surface tensions averaged 47.19 mN m-1 and 43.14 mN m-1, respectively. 

Thus, considering both higher solution viscosity and conductivity produce more 

uniform fibre mats, the increase in surface tension may have been responsible for the 

solution electrospraying.  

 

If the surface tension was responsible for the electrospray then it appears the increased 

viscoelastic properties of the solution limited the production of beads along the fibres. 

The cause of the increased surface tension remains unclear, considering it was relatively 

constant for other blends of PAni/PAN. Possibly the higher PAN concentration led to 

changes in the polymer/solvent interaction, in turn increasing the surface tension of the 

polymer solution. Regardless, the observation that the fibres intertwined linearly, 

bonded and bundled together, and orientated indicates that a change in the 

electrospinning process occurred, brought about by a change in solution viscosity and/or 

surface tension, and that the fibres interacted significantly during flight.  

 

Increasing the concentration of PAN to 7% in DMSO/DMF in the PAni/PAN blend led 

to the production of smaller secondary fibres presented in Figures 3.15 (a) and (b). It is 

possible that the smaller fibres in the PAni 1% PAN 7% sample were a result of 

splaying of the main jet, or evidence of the main electrospinning jet undergoing a 

secondary instability to produce secondary fibres. As discussed in Section 1.2.2, 

splaying involves the splitting of the main whipping jet during electrospinning, 

producing individual polymer filaments. These secondary fibres also possessed hook 

type structures along the length of the fibre at various intervals. The cause of these hook 

structures is unclear, however it may have been the beginning of a tertiary fibre splaying 

off from these secondary fibres.  
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(a) (b) 

Figure 3.15 SEM micrographs of fibres electrospun from PAni 1% PAN 7% in 

DMSO/DMF (a) Mag: 8,000X, (b) Mag: 44,143X 

 

Thus, at this concentration the fibres, whilst smooth, did not possess uniform diameters. 

Furthermore, large globule like structures were present throughout the fibrous mat, 

indicating that again there has been some electrospraying of the polymer blend or that 

the particles identified in Section 2.7.1 were also electrospinning. Neither of these were 

observed in the fibres electrospun from PAN 7% solution, indicating that that presence 

of PAni and/or CSA has altered the solution properties, consistent with the other 

PAni/PAN blends.  

 

These differences between the PAni/PAN fibres and those produced for PAN alone may 

have been a result of changes in the conductivity, surface tension and/or viscosity. It 

was noted previously that an increase in the conductivity will generally lower the bead 

numbers through a fibrous mat [190]. Increases in the viscosity would indicate that the 

viscoelastic forces would have also increased, affecting the morphology, however this is 

not always the case [98, 119, 209]. As the surface tension did not appreciably change 

from one solution to the next, apart from the PAni 1% PAN 5% blend, this would not 

have influenced these differences in morphology.  
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3.3.5 PAni/PVC/2-NPOE Electrospun Fibres 

Electrospinning of PAni 1% PVC 10% 2-NPOE 5% (2-nitrophenoloctylether, a 

commercial plasticiser and solvent mediator) from THF/DMF produced fibres 

possessing a greater degree of intertwining [Figures 3.16 (a) and (b)] than those of any 

other blend. The fibres bundled together more closely, and point-bonding of fibres with 

one another (indicated by the arrows in Figure 3.16 (b)) also occurred. There were no 

beads produced along the fibres, however the mat itself was slightly different to fibres 

produced from PAni 1% PVC 10% solution.  

 

(a) (b) 

Figure 3.16 SEM micrographs of fibres electrospun from PAni 1% PVC 10% 2-NPOE 

5% in THF/DMF (a) Mag: 1,600X, (b) Mag: 9,500X; arrows indicate point-bonding 

 

The presence of 2-NPOE possibly led to retention of solvent within the fibres, or 

decreased the glass-transition temperature (Tg) of the blend, such that when the fibres 

coated the target they point-bonded with underlying fibres to a large degree. However, 

this bonding was not as significant as the case of fibres from PAN 3% solution [Figure 

3.5 (b)]. Thus whilst bonding between fibres did occur, it did not have an adverse effect 

on the overall structure of the electrospun fibres. In fact this bonding may have been 
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useful in terms of creating greater pathways for PAni to conduct throughout the sample. 

However, a further increase in the concentration of 2-NPOE to 20% in solution led to 

the formation of a film as opposed to a filament [Figures 3.17 (a) and (b)]. 

 

It would appear that the fibre structure collapsed as the polymer had sufficient mobility 

to flow, either through solvent retention or a decrease in Tg, or a combination of both, 

leading to the formation of a film. The resultant pores throughout the sample occurred 

where the flowing polymer solution had not covered gaps between the fibres. This 

creates a problem as the majority of PVC-based ISEs possess a plasticiser to aid ionic 

mobility, solvent mediation and structural properties. From these results it is apparent 

the use of a plasticiser to alter the properties of PVC negated the process of 

electrospinning, leading to the collapse in fibre structure and instead, the formation of a 

polymer film. 

 

(a) (b) 

Figure 3.17 SEM micrographs of fibres electrospun from PAni 1% PVC 10% 2-NPOE 

20% in THF/DMF (a) Mag: 1,300X (b) Mag: 6,500X 

 



Chapter 3 – Fibre Morphology 

116 

3.3.6 PAni/PAN/2-NPOE Electrospun Fibres 

The introduction of 2-NPOE 5% into a PAni 1% PAN 3% blend led to the formation of 

electrospun fibres [Figures 3.18 (a) and (b)] similar to those observed for PAN 3% 

[Figure 3.5 (b)], although the fibres were less densely packed. This similarity indicates 

that the presence of 5% 2-NPOE overcame the viscoelastic and electrical influences of 

PAni in this blend.  

 

(a) (b) 

Figure 3.18 SEM micrographs of fibres electrospun from PAni 1% PAN 3% 2-NPOE 

5% in DMSO/DMF (a) Mag: 1,350X, (b) Mag: 9,500X; arrows indicate point-bonding 

 

It was previously observed [Figure 3.13 (b)] that the presence of PAni changed the 

structure of the electrospun fibres compared with PAN 3%. Thus, the similar 

morphology of this blend and the PAN 3% fibres appears to be the result of the 

influence of 2-NPOE. Previously it was discussed that the differences between the PAni 

1% PVC 10% 2-NPOE 5% fibres and fibres from the PAni 1% PVC 10% solution came 

about due to the retention of the solvent in the former blend. This also appears to be the 

case for PAni/PAN/2-NPOE 5% fibres. The benefit was the reduction in the number of 

beads along the electrospun fibres, but again there was a significant intertwining and 
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point-bonding of electrospun fibres due to this solvent retention, noted by the arrows in 

Figure 3.18 (b), as well as the presence of electrospraying. 

 

Again, after increasing the concentration of 2-NPOE to 10% complete collapse of the 

fibre structure occurred, similar to that observed for PAni 1% PVC 10% 2-NPOE 20%. 

This can be observed in Figures 3.19 (a) and (b). However, whilst solvent retention or a 

decrease in Tg is likely, another contributor may have been a decrease in the surface 

tension of the polymer solutions. The reduction in the occurrence of beads in moving 

from PAni 1% PAN 3% to PAni 1% PAN 3% 2-NPOE 5% supports this.. 

 

(a) (b) 

Figure 3.19 SEM micrographs of fibres electrospun from PAni 1% PAN 3% 2-NPOE 

20% in DMSO/DMF (a) Mag: 1,600X (b), Mag: 8,500X 

 

Thus, it is possible that 2-NPOE altered the surface tension of both PAni/PVC and 

PAni/PAN blends. It is important to note that the surface tension of 2-NPOE polymer 

solutions was not measured due to availability of instrumentation and cessation of 

consideration of this ionophore. From the point of view of fabrication of a nitrate 

selective electrode, to be discussed in Chapter 5, 2-NPOE was deemed unsuitable, thus 
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solution analyses of this blend did not proceed. As a result, literature-based information 

and results in this thesis based on other blends have been used to identify reasons for the 

collapse of the fibre structure and other fibre properties.  

 

3.3.7 PAni/PVC/TOAB Electrospun Fibres 

The inclusion of tetraoctylammonium bromide (TOAB), a commercial ionophore, led to 

the production of a fibrous mat similar to that observed for fibres electrospun from a 

PAni 1% PVC 10% 2-NPOE 5% solution, however the orientation of the electrospun 

fibres changed [Figures 3.20 (a) and (b)]. This blend produced tighter looping of the 

whipping jet as the fibres themselves form tight loops with substantial point-bonding. 

On closer inspection in Figure 3.20 (b), these fibres were less uniform in structure and 

diameter than those of PAni 1% PVC 10% 2-NPOE 5%, and possessed a greater 

tendency to point-bond and bundle into groups of fibres.   

 

(a) (b) 

Figure 3.20 SEM micrographs of fibres electrospun from PAni 1% PVC 10% TOAB 5% 

in THF/DMF (a) Mag: 1,500X, (b) Mag: 8,500X; arrows indicate bead-like structures 
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Furthermore, there appeared to be bead-like structures on the surface of these fibres, 

outlined by arrows in Figure 3.20 (b), but not along the fibre. It is unclear how these 

structures formed. It may be that these are small droplets of electrosprayed material that 

attached to the jet/fibres during electrospinning and bonded together, however it would 

be expected that this would have been observed in previous samples. It is also possible 

that these bead-like structures were made up of ionophore, or ionophore packets that 

were held within the fibre. If this is true, then the ionophore did not disperse throughout 

the blend, possibly due to their solubility in THF/DMF, their interaction with the other 

polymers or perhaps even the charging effect from the applied potential.  

 

Increasing the concentration of the ionophore to 20% led partial coalescing of the fibre, 

however this was not as significant as that observed in the PAni 1% PVC 10% 2-NPOE 

20% electrode [Figures 3.21 (a) and (b)]. 

 

(a) (b) 

Figure 3.21 SEM micrographs of fibres electrospun from PAni 1% PVC 10% TOAB 

20% in THF/DMF (a) Mag: 1,150X, (b) Mag: 7,500X; arrows indicate bundling and 

point-bonding 
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Whilst the fibre structure was retained, they were not uniform, exhibiting an irregular 

form, consistent with the fibres partially collapsing [Figure 3.21 (b)], and an increase in 

the bundling and point-bonding of the fibres compared to the PAni 1% PVC 10% 

TOAB 5% fibrous mat. Whilst the skeleton fibre structure remained, the extent of 

bonding and intertwining of the fibres would limit the surface area of the fibrous mat, in 

essence producing a highly porous film rather than a fibrous mat. However these greater 

connections throughout the fibres may have led to an increase in the conducting PAni 

network.  

 

Similar to the postulation put forward for the 2-NPOE blends, the ionophore may have 

increased the solvent retention of the fibres leading to an increase in polymer flow and 

subsequent collapse of the fibre structure, or a decrease in the surface tension of the 

solution. Due to instrument access and unsuitability of the ionophore for use in a sensor, 

the surface tension of TOAB blends was also not analysed. Thus postulations are based 

on other blends and literature values.   

 

3.3.8 PAni/PAN/TOAB Electrospun Fibres 

The addition of TOAB to the PAni/PAN spinning solution slightly altered the structure 

of fibres electrospun from PAni 1% PAN 3% TOAB 5% in DMSO/DMF compared 

with PAni 1% PAN 3% electrospun fibres. This can be observed in Figures 3.22 (a) and 

(b).  

 

The number and shape of beads appears consistent in comparison to the PAni 1% PAN 

3% fibrous mat, and while the beads were still ellipsoidal, they often exhibited a rough 

surface. In addition, there was the presence of the globules on the fibres similar to those 

observed for the PAni 1% PVC 10% TOAB 5% fibres. Both the beads and globules can 
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be seen in Figure 3.22 (b) with the bead the lower structure and the smooth globule the 

top structure. Considering that both of these samples possessed smooth globules, it 

would seem reasonable to conclude that these are due to the ionophore. They may have 

been either globules of ionophore or small electrosprayed droplets that have attached to 

the fibres during electrospinning, as postulated in Section 3.3.7.  

 

(a) (b) 

Figure 3.22 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TOAB 5% 

in DMSO/DMF (a) Mag: 1,400X, (b) Mag: 16,000X 

 

Increasing the concentration of TOAB increased the number of globules significantly. 

This is clearly seen in Figures 3.23 (a) and (b). The increase in the number of, and 

variation in the size of, globules along the fibres indicates that the surface tension of the 

polymer solution had been affected. In some cases these globules appear to be situated 

on top of the electrospun fibre, as indicated in Figure 3.23 (b), indicating some degree 

of electrospraying had occurred. In turn this increase in the number of globules led to an 

increase in the agglomeration of fibres into bundles rather than free-standing fibres. 

This differs significantly from the morphology of PAni 1% PVC 10% TOAB 20% 

fibres indicating that the blend was not suitable for this ionophore.  
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(a) (b) 

Figure 3.23 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TOAB 20% 

in DMSO/DMF (a) Mag: 2,70X, (b) Mag: 2,800X; arrow indicates bead 

 

3.3.9 PAni/PVC/TDAB Electrospun Fibres 

Replacing TOAB with TDAB 0.5% (tetradodecylammonium bromide, a commercial 

nitrate ionophore) in a PAni/PVC blend produced fibres that possessed very similar 

properties as straight PAni 1% PVC 10% electrospun fibres [Figures 3.24 (a) and (b)]. 

 

(a) (b) 

Figure 3.24 SEM micrographs of fibres electrospun from PAni 1% PVC 10% TDAB 

0.5% in THF/DMF (a) Mag: 14,470X, (b) Mag: 30,000X 
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The fibre structure was similar to the PAni 1% PVC 10% electrode in terms of 

orientation, and the appearance of the fibres, and the presence of particles from 

electrosprayed polymer. Whilst there was no change in fibre morphology compared 

with PAni 1% PVC 10% fibres, this does not necessarily mean that the ionophore is 

suitable for this blend. The concentration of the ionophore was much lower compared to 

previous PAni/PVC/ionophore blends, and its contribution may only be insignificant or 

inconsequential at this low concentration.  

 

Increasing the TDAB composition from 0.5% to 5% did lead to a change in the 

morphology of the electrospun fibres. These changes can be observed in Figures 3.25 

(a) and (b). 

 

(a) (b) 

Figure 3.25 SEM micrographs of fibres electrospun from PAni 1% PVC 10% TDAB 5% 

in THF/DMF (a) Mag: 10,000X, (b) Mag: 36,465X; arrows indicate spherical 

structures 

 

The fibres point-bonded together during or after electrospinning, in a similar manner, 

but to a lesser extent, than both 2-NPOE 5% and TOAB 5% blends with PAni/PVC. A 

closer inspection of these fibres in Figure 3.25 (b) revealed the presence of spherical 
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structures on the fibres and areas where the polymer formed a film connecting fibres. 

The formation of film between the fibres supports the idea that the surface tension has 

decreased, allowing droplets of polymer to merge into films. However, according to 

results in Section 2.5.2 the surface tension of this solution increased significantly in the 

presence of TDAB compared with PAni/PVC solutions. Thus, the ionophore instead 

may have assisted in solvent retention leading to an increase in the mobility of the 

polymer, in turn leading to the formation of film-segments.  

 

The spherical structures along the fibres were previously observed on fibres of 

PAni/PVC/TOAB as well as PAni/PAN/TOAB. Again, these may have been the result 

of surface tension changes caused by the addition of ionophore leading to 

electrospraying of smaller droplets. On the other hand they may have been regions of 

concentrated ionophore bound in polymer.  

 

The significant increase in conductivity of the polymer solution in the presence of 

TDAB by two orders of magnitude over the original PAni/PVC blends, detailed in 

Section 2.6, did not affect bead production. Firstly, there were few if any beads in fibres 

electrospun from either the original PAni 1% PVC 10% fibres or PAni 1% PVC 10% 

TDAB 0.5%. Secondly, if the few structures which are present along the fibres are 

droplets of electrosprayed polymer then the increased conductivity has decreased the 

droplet size compared to those globules present in PAni 1% PVC 10% electrospun 

fibres [Figure 3.9 (a)]. This latter observation was similar to those of Chen et al. [220] 

and Kaufman et al. [221] who observed decreases in the size of electrosprayed droplets 

with an increase in the conductivity of the solution.  
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Increasing the concentration of TDAB further to 10% produced some similarities in 

morphology compared to PAni 1% PVC 10% TOAB 20% fibres in Section 3.3.7 

[Figure 3.21 (a) and (b)]. Micrographs of fibres electrospun from PAni 1% PVC 10% 

TDAB 10% in THF/DMF are given in Figures 3.26 (a) and (b). 

 

The fibres exhibited a little electrospraying in the form of particles on the fibrous mat, 

in addition there appears to be wide variation in fibre diameters as can be seen in Figure 

3.26 (a). Closer inspection of the sample in Figure 3.26 (b) shows the fibres point-

bonded with underlying fibres and appeared to possess characteristics of broadening, 

although not to the same extent as fibres from PAni 1% PVC 10% TOAB 20% 

THF/DMF.  

 

(a) (b) 

Figure 3.26 SEM micrographs of fibres electrospun from PAni 1% PVC 10% TDAB 

10% in THF/DMF (a) Mag: 4,000X, (b) Mag: 30,000X; arrows indicate point-bonding 

 

This property of point-bonding appears to be due to the presence of the ionophore 

within the polymer blend as it was consistently observed in previous blends of 

PAni/polymer/ionophore containing higher concentrations of ionophore. Again this 
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appears to be a result of solvent retention of the fibres leading to the partially dissolved 

polymer point-bonding with other fibres. 

 

The presence of fibres with much smaller diameters throughout the mat can also be 

clearly seen in Figure 3.26 (b). These may be a result of splaying of the whipping jet 

mentioned for PAni 1% PAN 7% fibres and previously discussed in Section 1.2.2. It is 

also possible the increased solution conductivity, also noted in Section 2.6.6, produced a 

secondary charge-repulsion on the whipping jet, leading to secondary jet ejection.  

 

3.3.10 PAni/PAN/TDAB Electrospun Fibres 

As was observed for PAni 1% PVC 10% fibres, the addition of low concentrations of 

TDAB did not alter the morphology of PAni 1% PAN 3% electrospun fibres 

significantly [Figures 3.27 (a) and (b)]. It is important to note that a small amount of 

THF was added to assist in the dissolution of the TDAB in PAni/PAN blends prior to 

the addition of PAni due to insolubility of TDAB in DMSO/DMF.  

 

It is also important to note that the solution conductivity, surface tension and viscosity 

for PAni/PAN/TDAB solutions were not measured due to the high cost and low 

availability of TDAB required to produce suitable volumes of solutions for analysis. 

However, considering that a substantial increase in the solution conductivity was 

observed for the PAni/PVC/TDAB 0.5% solution compared with the PAni/PVC 

solution in Section 2.6.6, it would be expected that the conductivity of the 

PAni/PAN/TDAB 0.5% solution would also have increased in comparison with the 

PAni/PAN solution. Though the conductivity almost certainly would increase, this 

increase did not translate into a decrease in the presence of beads throughout the fibrous 
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mat as anticipated, based on literature [112, 190]. Thus this increase in the number of 

beads is likely the result of an increase in the surface tension of the solution.  

 

As discussed in Section 3.3.9, PAni/PVC/TDAB solutions exhibited a significant 

increase in surface tension compared to PAni/PVC solutions, however this increase did 

not lead to bead formation in the PAni/PVC/TDAB blends. Assuming this change in 

surface tension was also true for PAni/PAN/TDAB blends, the increase in the 

conductivity associated with the addition of TDAB may have been countered by an 

increase in the surface tension of the solution. Considering the relatively high initial 

surface tension of the PAni/PAN solutions it was likely that this was this case, leading 

to no significant change in fibre morphology. 

 

(a) (b) 

Figure 3.27 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TDAB 

0.5% in DMSO/DMF/THF (a) Mag: 5,000X, (b) Mag: 30,000X 

 

A further increase in the concentration of TDAB to 5% slightly altered the morphology 

of the electrospun fibres, changing the shape of the beads slightly to less ellipsoidal 

while increasing the presence of globules throughout the mat, given in Figures 3.28 (a) 

and (b). These globules appear to have interacted with the electrospun fibres during 
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electrospinning due to the diverse shapes ranging from spherical to cylindrical. The 

increase in globule numbers can be clearly observed by comparing Figure 3.13 (a) from 

electrospun PAni 1% PAN 3% fibres and Figure 3.28 (a). Again this indicates that the 

properties of the solutions changed dramatically with the introduction of 5% TDAB, 

reducing the ability of the electrospinning process to produce uniform fibres. 

Furthermore, the fibres appear to have bonded to the globules, with a small degree of 

intertwining during electrospinning.  

 

(a) (b) 

Figure 3.28 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TDAB 5% 

in DMSO/DMF/THF (a) Mag: 2,000X, (b) Mag: 30,000X 

 

Increasing the concentration of TDAB further to 10% in PAni 1% PAN 3% produced 

far more globules and beads throughout the blend. This can be clearly observed in 

Figures 3.29 (a) and (b). Again, based on PAni 1% PVC 10% TDAB 5% results which 

recorded a negligible change in the surface tension of the solution with in increase in 

TDAB concentration, reported in Section 2.5.2, it could be assumed that any change in 

the surface tension of the PAni/PAN/TDAB solution was also negligible at 

concentrations of TDAB greater than 0.5%. However, PAni/PAN blends differ 

appreciably from PAni/PVC in that PAni and PAN are both highly polar. In this case 
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the ionophore, being an ionic species, may disturb the relationship between the solvents 

and the polymers far more in this blend than that surmised for PAni/PVC/TDAB 

(Chapter 2). Based on these observations, the influence of TDAB may have been 

greater, significantly increasing the surface tension of PAni/PAN/TDAB blends more so 

than PAni/PVC/TDAB blends with increasing concentration, in turn leading to the 

electrospraying of globules.  

 

(a) (b) 

Figure 3.29 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TDAB 10% 

in DMSO/DMF/THF (a) Mag: 2,500X, (b) Mag: 40,000X 

 

Closer inspection of the Figure 3.29 (b) reveals some degree of binding between 

globules with increasing TDAB concentration. It was also revealed that the globules and 

beads were becoming smoother and more spherical in appearance and secondary fibres 

also existed. These characteristics indicate that the properties of the polymer solution 

did change significantly after TDAB was added to the blend. This is further supported 

with the significant increase in viscosity for PAni/PVC solutions after the addition of 

TDAB, as noted in Section 2.4.2. It is important to note that Lin et al. [184] did not 

observe any significant increase in viscosity with the addition of TBAC and DTAB to 

PS in THF/DMF. From this it is reasonable to assume an overall increase in the 



Chapter 3 – Fibre Morphology 

130 

viscosity of the PAni/polymer solutions with the addition of TDAB indicates that there 

was a significant change in the PAni/polymer/solvent/ionophore interactions, not 

previously reported.  

 

3.3.11 PAni/PVC/TAEAB Electrospun Fibres 

Blending triallylethylammonium bromide (TAEAB), a documented nitrate ionophore, 

with PAni/PVC did not produce any significant change in the fibre morphology 

compared with PAni 1% PVC 10% electrospun fibres. Micrographs of PAni 1% PVC 

10% TAEAB 0.5% fibres electrospun from THF/DMF are presented in Figures 3.30 (a) 

and (b). 

 

(a) (b) 

Figure 3.30 SEM micrographs of fibres electrospun from PAni 1% PVC 10% TAEAB 

10% in THF/DMF (a) Mag: 10,000X, (b) Mag: 40,000X 

 

Whilst the morphology of the electrospun fibres themselves are identical to PAni 1% 

PVC 10%, there appears to have been a decrease in the presence of large globules from 

electrospraying. This may indicate that TAEAB increased the viscoelastic properties of 

the polymer solution, in turn decreasing the degree of electrospraying. However, this 
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was difficult to quantify as higher concentrations of the ionophore would not dissolve in 

the THF/DMF solvent, most likely due to the relatively low polarity of this solvent 

blend. This decrease in globule numbers may also have been a product of an increase in 

the conductivity after the addition of TAEAB to the polymer solution, similar to 

previous observations. The solution characteristics of viscosity, surface tension and 

conductivity of polymer/TAEAB solutions were not determined due to the insufficient 

quantities of ionophore synthesised, the time of synthesis, and due to the significant 

volumes of solution required for analysis. 

 

3.3.12 PAni/PAN/TAEAB Electrospun Fibres 

The addition of TAEAB 0.5% to PAni 1% PAN 3% spinning solution resulted in less 

beads when compared with PAni 1% PAN 3% fibres, as can be seen in Figures 3.31 (a) 

and (b). 

 

(a) (b) 

Figure 3.31 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TAEAB 

0.5% in DMSO/DMF (a) Mag: 8,000X, (b) Mag: 30,000X 
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The beads along the fibres appeared ellipsoidal and the surfaces of these beads appeared 

quite rough compared with the PAni/PAN micrograph. It is clear the addition of 

TAEAB has led to a change in fibre properties, and hence solution properties. As noted 

in Section 3.3.11, the solution characteristics of viscosity, surface tension and 

conductivity of polymer/TAEAB solutions were not determined. 

 

Increasing the concentration of TAEAB to 5% in the spinning solution changed the 

morphology of the fibrous mat substantially such that there was an increase in 

electrosprayed particles and changes in fibre point-bonding [Figures 3.32 (a) and (b)]. 

Whilst the blend produced particles over the entire fibrous mat there was also the 

presence of orientated and agglomerated particles, possibly indicating that the 

electrospinning jet interacted with electrosprayed droplets during flight, or that these 

agglomerated particles are electrosprayed material. 

 

(a) (b) 

Figure 3.32 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TAEAB 5% 

in DMSO/DMF (a) Mag: 2,000X, (b) Mag: 30,000X 

 

Closer inspection of Figure 3.32 (b) reveals similarities to both PAN 3% and PAni 1% 

PAN 3% electrospun fibres in Figures 3.5 (b) and 3.13 (b). The major similarity with 
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PAni 1% PAN 3% fibres was the structure of the beads along the fibres retaining the 

characteristic ellipsoidal structure and the rough surface texture. However, the fibres 

intertwined and bonded to other fibres in a manner similar of PAN 3%, albeit to a lesser 

degree. Thus, unlike the addition of TDAB 5% to PAni/PAN fibres, where there was a 

change in the bead structure as well as the fibre properties, it appears that the addition of 

TAEAB has led to retention of solvent within the fibres.  

 

(a) (b) 

Figure 3.33 SEM micrographs of fibres electrospun from PAni 1% PAN 3% TAEAB 

10% in DMSO/DMF (a) Mag: 1,200X, (b) Mag: 20,000X 

 

Increasing the TAEAB composition to 10% produced notable changes in the orientation 

of the electrospun fibres. Micrographs of fibres electrospun from PAni 1% PAN 3% 

TAEAB 10% in DMSO/DMF are given in Figures 3.33 (a) and (b). This change in 

orientation is similar to the observations for PAni 1% PAN 5% electrospun fibres 

[Figures 3.14 (a) and (b)] which are also orientated in one direction. This may indicate 

that the higher concentration of TAEAB led to a change in the solution properties, such 

as solution conductivity, solution surface tension and viscosity of the sample, in turn 

altering the electrospinning process and the resultant fibre morphology. Furthermore 

individual fibres possessed a tendency to bond together linearly. Again this may 



Chapter 3 – Fibre Morphology 

134 

indicate that in combination, the fibres and ionophore retained solvent more so than 

previously. This is further supported from the section of film-like surface in Figure 3.33 

(a) in the upper right hand corner, which may be a product of electrosprayed polymer 

solution coating the previously electrospun fibres. Thus, TAEAB influences the 

morphological properties of the PAni/PAN electrospun fibres by influencing the 

solution properties of the blends, and in turn the electrospinning process.  

 

3.3.13 MWNT/PVC Electrospun Fibres 

Incorporating MWNT into PVC produced significantly different fibres compared to 

PVC 10%, with far less globules and beads present, with more similar characteristics to 

PAni 1% PVC 10% electrospun fibres. Micrographs of fibres of MWNT 0.5% PVC 

10% are given in Figures 3.34 (a) and (b). 

 

This result indicates that MWNT induces some structural support for the formation of 

electrospun fibres. Previously in Figures 3.2 (a) and (b) for PVC 10%, it was observed 

that the concentration of PVC was not sufficiently high to produce a uniform fibrous 

mat, instead producing a significant number of globules from electrospraying. It was 

also detailed in Section 2.6.7 that the presence of MWNT did not significantly increase 

the conductivity, or alter the surface tension of a PVC 10% solution (Section 2.5.2). 

However, the viscosity did increase notably compared to PVC 10%, which has led to 

the formation of relatively uniform nanofibres here. Previously Seoul et al. [122] 

indicated that these increases in viscosity were a result of nanotube entanglement. 

However, it was concluded in Chapter 2 that this was not the case as indicated by 

differences in viscosity of MWNT/PVC and MWNT/PAN solutions showing that the 

MWNT caused the entanglement and/or interaction of the polymer chains within the 

solution.  
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(a) (b) 

Figure 3.34 SEM micrographs of fibres electrospun from MWNT 0.5% PVC 10% in 

THF/DMF (a) Mag: 1,750X, (b) Mag: 15,000X 

 

The addition of 1% dodecylbenzenesulfonic acid (DBSA) to assist in dispersion, and 

subsequently electrospinning of the MWNT/polymer blends, altered the structure of 

these MWNT/PVC fibres further in comparison to those of neat PVC [Figures 3.35 (a) 

and (b)]. 

 

(a) (b) 

Figure 3.35 SEM micrographs of fibres electrospun from MWNT 0.5% PVC 10% DBSA 

1%  in THF/DMF (a) Mag: 8,000X, (b) Mag: 70,000X 
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The fibres have lost their uniformity, instead exhibiting a variety of different structures 

and textures. Furthermore the beads and globules increased slightly in number 

compared with MWNT 0.5% PVC 10% fibres. The presence of DBSA may have 

assisted in the dispersion of MWNT, but produced fibres of lower quality and diverse 

morphologies.  

 

3.3.14 MWNT/PAN Electrospun Fibres 

The addition of MWNT to PAN produced significantly different fibres compared to 

PAN 3% and also PAni 1% PAN 3% fibres. These fibres can be observed in Figures 

3.36 (a) and (b).  

 

Whilst the fibres of PAN 3% were relatively smooth [Figures 3.5 (a) and (b)] those in 

Figure 3.36 are extremely rough. There are some similarities to PAni 1% PAN 3% 

electrospun fibres [Figures 3.13 (a) and (b)] particularly in the location and number of 

bead-type structures along the fibres. Closer inspection in Figure 3.36 (b) reveals that 

these fibres appear somewhat porous and possess a significant number of small 

protrusions on the surface, possibly aggregates of MWNT. It was noted in Section 2.4.1 

that the viscosity of the MWNT/PAN solutions were slightly higher than straight PAN 

solutions, however this small increase would not be expected to induce these significant 

morphological changes. As also noted in Chapter 2, measurements of surface tension 

and conductivity of MWNT/PAN blends were not undertaken. Thus assuming 

comparable affects on PAN solution surface tension and conductivity as reported for 

PVC, it appears that the morphology is directly a result of the MWNT aggregations, and 

not changes in overall solution characteristics.  
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(a) (b) 

Figure 3.36 SEM micrographs of fibres electrospun from MWNT 0.5% PAN 3%  in 

DMSO/DMF (a) Mag: 16,000X, (b) Mag: 87,615X 

 

The presence of DBSA, again to assist in dispersion and electrospinning, radically 

changed the fibre mat, increasing the number of globules and beads, similar to 

observations for MWNT 0.5% PVC 10%. SEMs of these fibres are given in Figures 

3.37 (a) and (b).  

 

(a) (b) 

Figure 3.37 SEM micrographs of fibres electrospun from MWNT 0.5% PAN 3%  in 

DMSO/DMF (a) and (b) 
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Whilst the DBSA may have assisted in dispersion of the MWNT, the overall fibre 

structure and morphology has deteriorated significantly. The arrows in Figure 3.37 (b) 

indicate areas where the fibre structure has completely collapsed and started to form a 

film-like surface. Thus, the presence of DBSA has a detrimental affect on the formation 

of electrospun fibres from blends of MWNT/PVC and MWNT/PAN.  

 

3.4 Results and Discussion – Fibre Diameter Determination 

3.4.1 PVC Electrospun Fibres 

Whilst the electrospinning of PVC 5% from THF/DMF did not produce any fibres, 

increasing the concentration by 5% increments up to 20% led to the formation of fibres, 

with increasing diameter (Table 3.1). 

 

PVC 5% PVC 10% PVC 15% PVC 20% 

  
Diameter 

(nm)   
Diameter 

(nm)   
Diameter 

(nm)   
Diameter 

(nm) 
Mean No Fibres Mean 206 Mean 477 Mean 1020 
Std. 
Dev. No Fibres 

Std. 
Dev. 94 

Std. 
Dev. 196 

Std. 
Dev. 650 

Table 3.1 Fibre diameters for fibres electrospun from PVC in THF/DMF 

 

This increase in fibre diameter with increasing PVC concentration in the electrospinning 

solution supports the statement that an increase in viscosity is related to an increase in 

the chain entanglement and cohesive forces within the polymer, and in turn leads to an 

increase in the fibre diameter [98, 119, 209]. It is also possible that these increases in 

diameter were a result of inhibition of electrospinning with increasing viscosity, leading 

to less whipping of the polymer jet. Overall, the increase in fibre diameters exhibited a 

direct relationship to increases in the viscosity of the solution. 
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From the standard deviation values, approximately half that of the fibre diameters for all 

concentrations of PVC, it is clear that there was significant variation in the diameters of 

the fibres.  

 

3.4.2 PAN Electrospun Fibres 

The PAN fibres exhibited diameters significantly lower than the PVC electrospun fibres 

for all concentrations of PAN, presented in Table 3.2. 

 

This is interesting considering the viscosity of the PAN solutions were not too 

dissimilar to those of PVC, as detailed in Section 2.4. This was most likely a result of 

the conductivity of the PAN solutions, detailed in Section 2.6.1. The high solution 

conductivity has increased the whipping of the polymer jet or limited other forms of 

electrospinning instabilities, leading to a decrease in overall fibre diameter, similar to 

observations by Tan et al. [190] for poly(L-lactid-co-caprolactone) (PLLA-CL) 

dissolved in dichloromethane (DCM), DCM/DMF and DCM/pyridine.   

 

PAN 1% PAN 3% PAN 5% PAN 7% 

  
Diameter 

(nm)   
Diameter 

(nm)  
Diameter 

(nm)   
Diameter 

(nm) 
Mean No Fibres Mean 112 Mean 215 Mean 266 
Std. 
Dev. No Fibres 

Std. 
Dev. 23 

Std. 
Dev. 30 

Std. 
Dev. 27 

Table 3.2 Fibre diameters for fibres electrospun from PAN in DMSO/DMF 

 

The diameters of the electrospun fibres were quite uniform across the concentration 

range. Whilst the deviation as a percentage of the mean decreased with increasing 

polymer concentration, the standard deviation was relatively constant over all three 

compositions. This indicates that the increase in viscosity did not significantly increase 

variation in the fibre diameter unlike the PVC solutions.  
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3.4.3 PAni/PVC Electrospun Fibres 

The addition of PAni led to a considerable reduction in the fibre diameter compared 

with the PVC-only solutions, as can be observed in Table 3.3. 

 

PAni 1% PVC 5% PAni 1% PVC 10% PAni 1% PVC 15% PAni 1% PVC 20% 

  
Diameter 

(nm)   
Diameter 

(nm)  
Diameter 

(nm)   
Diameter 

(nm) 
Mean 63 Mean 129 Mean 214 Mean 452 
Std. 
Dev. 18 

Std. 
Dev. 58 

Std. 
Dev. 85 

Std. 
Dev. 246 

Table 3.3 Fibre diameters of fibres electrospun from PAni/PVC in THF/DMF 

 

The addition of PAni to PVC 5% produced true nanofibres i.e. fibres with a diameter 

below 100nm, however the morphology was not uniform, as reported in Section 3.3.3. 

Further increases in the PVC concentration increased the fibre diameter, however these 

were well below the values observed for the fibres electrospun from the PVC-only 

solutions. These decreases may have been a result of the increase in conductivity 

observed in the presence of PAni (Section 2.6.4), leading to an increase in the whipping 

of the jet, and hence lower fibre diameters. This is quite plausible as the viscosity of the 

polymer solution increased with the addition of PAni and the surface tension did not 

change significantly, as detailed in Chapter 2.  

 

Similar to the PVC-only fibres the diameters varied widely with respect to the average 

fibre diameter. Again the standard deviation was approximately half that of the average 

fibre diameter, except for the PAni 1% PVC 5% fibrous mat. As this was consistent 

across both PAni and non-PAni PVC solutions, it appears that the result was due to the 

combination of viscosity, solution surface tension and solution conductivity of the PVC 

solution. These properties, in conjunction with variability in the electrospinning process 

such as ‘pulsation’ of the whipping jet, may have produced varied fibre diameters. This 

pulsation has been reported previously by Hayati [85], and is a cycle of jet formation 
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followed by relaxation of the solution, up until a suitable electric field is reached to 

overcome this. The pulsation, observed only in the PVC solutions, developed on the 

solution cone. The jet would form, spin for a brief period and then dissipate as the 

volume of the droplet at the end of the pipette decreased. Increasing the potential of the 

power supply resolved this issue, but it is possible that some form of pulsation may 

have remained at higher potentials. Thus, in this context, the viscosity and surface 

tension of the PVC solution may have limited a constant single jet forming, whilst the 

conductivity of the solution, in tandem with the applied voltage, would assist in 

producing a stable jet.  

 

3.4.4 PAni/PAN Electrospun Fibres 

The PAni/PAN fibres electrospun from DMSO/DMF showed both differences and 

similarities to the PAN fibres analysed previously. The average fibres diameters are 

given in Table 3.4. 

 

PAni 1% PAN 1% PAni 1% PAN 3% PAni 1% PAN 5% PAni 1% PAN 7% 

  
Diameter 

(nm)   
Diameter 

(nm)  
Diameter 

(nm)   
Diameter 

(nm) 
Mean 68 Mean 69 Mean 317 Mean 349 
Std. 
Dev. 15 

Std. 
Dev. 15 

Std. 
Dev. 75 

Std. 
Dev. 108 

Table 3.4 Fibre diameters of fibres electrospun from PAni/PAN in DMSO/DMF 

 

Similar to the PAni/PVC fibres the introduction of PAni to PAN 1% allowed the 

formation of true nanofibres. PAni 1% PAN 3% electrospun fibres decreased in 

diameter significantly compared with PAN 3%. The mean diameters for the PAni 1% 

PAN 5% and PAni 1% PAN 7% fibres were larger than those for the corresponding neat 

PAN solutions, unlike the PAN 3% case where the addition of 1% PAni decreased the 

average fibre diameter. This was related to the increase in viscosity of the electrospun 
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solutions (Section 2.4.1), and possibly the decrease in the bead presence (Section 3.3.4). 

A more viscous solution would resist thinning during the electrospinning process, and 

the failure of beads to form may have resulted in a greater polymer volume within the 

fibres. The increase in conductivity, detailed in Section 2.6.3 for these blends, was 

insufficient to produce fibre diameters as low as those from the corresponding straight 

PAN solutions for PAni 1% PAN 5% and PAni 1% PAN 7% blends. In addition, the 

standard deviation of the fibre diameters also increased, but remained proportional 

across the different PAN concentrations. Considering the standard deviation did not 

change significantly for the neat PAN mats, it appears the PAni not only increased the 

fibre diameter, it also increased the variability of the diameters.  

 

3.4.5 PAni/PVC/NPOE and PAni/PVC/TOAB Electrospun Fibres 

Due to the failure to electrospin fibres from PAni/PVC and PAni/PAN solutions with 

higher concentrations of 2-NPOE, this ionophore will be grouped with TOAB for fibre 

size analysis (Table 3.5). 

 

The addition of 2-NPOE 5% to PAni 1% PVC 10% solution almost doubled the average 

diameter of the electrospun fibres compared with the PAni 1% PVC 10% fibres. This 

increase in fibre diameter could be based in the viscosity of the solution, assuming that 

the addition of 2-NPOE increased the viscosity of the solutions, similar to other 

additives such as PAni and TDAB. 

 

On the other hand, the diameter of fibres spun from PAni 1% PVC 10% TOAB 5% 

solution increased only slightly relative to the PAni/PVC fibres, whilst the PAni 1% 

PVC 10% TOAB 20% fibre mat had a significantly higher average diameter.  
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PAni 1% PVC 10% 2-NPOE 5% PAni 1% PVC 10% TOAB 5% PAni 1% PVC 10% TOAB 20%
  Diameter (nm)   Diameter (nm)   Diameter (nm) 

Mean 201 Mean 140 Mean 268 
Std. Dev. 71 Std. Dev. 61 Std. Dev. 140 

Table 3.5 Fibre diameters for fibres electrospun from PAni/PVC/2-NPOE and 

PAni/PVC/TOAB in THF/DMF 

 

According to Section 3.3.7, the fibre orientation of the PAni/PVC/TOAB 5% fibres 

[Figure 3.20 (a)] was significantly different to those observed for PAni/PVC/2-NPOE 

5% [Figure 3.16 (a)], indicating that the different ionophores had imparted different 

properties on the electrospinning of the solutions. It appears that this difference also 

resulted in changes in the fibre diameters. The increased looping of the 

PAni/PVC/TOAB 5% fibres may indicate that the jet was whipping to a larger extent, 

possibly as a result of an increase in the conductivity due to the presence of TOAB. A 

further increase in TOAB concentration to 20% would have possibly increased the 

viscosity of the solution, which in turn, would have negated an increase in conductivity, 

leading to the significant, but not exceptional increase in fibre diameter. This is based 

on the viscosity of the PAni 1% PVC 10% TDAB 20% solution increasing by over 

400% compared with the PAni 1% PVC 10% solution.  

 

3.4.6 PAni/PAN/2-NPOE and PAni/PAN/TOAB Electrospun Fibres 

The addition of 2-NPOE and TOAB to PAni/PAN increased the average fibre diameter 

significantly, as can be observed in Table 3.6. 

 

PAni 1% PAN 3% 2-NPOE 5% PAni 1% PAN 3% TOAB 5% PAni 1% PAN 3% TOAB 20%
  Diameter (nm)   Diameter (nm)   Diameter (nm) 

Mean 468 Mean 351 Mean 443 
Std. Dev. 99 Std. Dev. 90 Std. Dev. 118 

Table 3.6 Fibre diameters for fibres electrospun from PAni/PAN/2-NPOE and 

PAni/PAN TOAB in DMSO/DMF 
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The diameter of fibres electrospun from PAni 1% PAN 3% 2-NPOE 5% were almost 

seven times the diameter of PAni 1% PAN 3% fibres. The addition of TOAB also 

increased the fibre diameter substantially, in comparison to PAni/PAN. These increases 

were far greater than those observed for additions to PVC blends. This indicates that 

whilst viscosity may have played some role in the higher fibre diameters of the 

PAni/PAN/2-NPOE and PAni/PAN/TOAB blends, the actual interaction of the 

ionophores with the polymer solution appears to have contributed significantly more to 

these changes. This is further supported by the significant morphological changes of 

PAni/PAN/2-NPOE and PAni/PAN/TOAB fibres observed in Sections 3.3.6 and 3.3.8 

compared with the PAni/PAN fibres in Section 3.3.4, where changes in the bead 

structures and fibre network were observed.  

 

Thus the presence of these two additives produced poor fibre properties due to the 

influence of these groups on the overall solution properties, including viscosity, solution 

surface tension and solution conductivity. Combined, these parameters may have been 

the cause of such large fibre diameters, but together with the significant morphological 

changes it appears the introduction of 2-NPOE or TOAB disrupts the polymer/polymer 

and polymer/solvent chemical interactions.  

 

3.4.7 PAni/PVC/TDAB Electrospun Fibres 

The addition of TDAB did not change the average fibre diameter significantly, and the 

values for all three concentrations of TDAB are well within the error for the average 

diameter observed for the PAni 1% PVC 10% fibrous mat (Table 3.7).  

 

In comparison with observations from Section 3.3.9, the morphological properties of 

these fibres only changed slightly with the addition of TDAB, however the properties of 
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the PAni/PVC/TDAB solutions changed substantially with significant increases in the 

conductivity, viscosity and surface tension. Thus it appears a balance of these variables 

was retained after the addition of TDAB, such that the viscosity was sufficiently high to 

counter the increased surface tension, and the higher conductivity overcame the higher 

viscoelastic properties to ensure polymer jet elongation.  

 

PAni 1% PVC 10% TDAB 
0.5% 

PAni 1% PVC 10% TDAB 
5% 

PAni 1% PVC 10% TDAB 
10% 

  Diameter (nm)   Diameter (nm)   Diameter (nm) 
Mean 116 Mean 169 Mean 125 

Std. Dev. 44 Std. Dev. 75 Std. Dev. 52 
Table 3.7 Fibre diameters of fibres electrospun from PAni/PVC/TDAB in THF/DMF 

 

3.4.8 PAni/PAN/TDAB Electrospun Fibres 

The PAni/PAN/TDAB fibres recorded a larger diameter after the addition of TDAB in 

comparison to PAni 1% PAN 3% electrospun fibres. The average fibre diameters are 

given in Table 3.8.  

 

PAni 1% PAN 3% TDAB 
0.5% 

PAni 1% PAN 3% TDAB 
5% 

PAni 1% PAN 3% TDAB 
10% 

  Diameter (nm)  Diameter (nm)   Diameter (nm) 
Mean 105 Mean 127 Mean 155 

Std. Dev. 28 Std. Dev. 29 Std. Dev. 43 
Table 3.8 Fibre diameters of fibres electrospun from PAni/PAN/TDAB in 

DMSO/DMF/THF  

 

With respect to the standard deviation, the diameters of the electrospun fibres remained 

constant with increasing concentration of TDAB. This would indicate that TDAB had 

little influence on the solution interactions, however from Section 3.3.10 it is clear this 

is not the case with the overall fibre morphology changing notably with increasing 

TDAB concentration. Thus, whilst fibre morphology altered, a consequence of changes 
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in the solution properties, such as viscosity, surface tension and conductivity, the net 

affect was no change in the average fibre diameter.  

 

3.4.9 PAni/PVC/TAEAB Electrospun Fibres 

It was noted previously that higher concentrations of TAEAB were unable to be 

adequately dissolved and electrospun from solution due to incompatibilities with the 

solvent blend. Only the PAni 1% PVC 10% TAEAB 0.5% solution was successfully 

electrospun. These fibres exhibited a mean fibre diameter of 99 nm ± 30, lower than that 

observed for PAni 1% PVC 10%. However, the standard deviation was well within the 

limits, indicating that TAEAB had very little effect on the fibre diameter at this 

concentration. This is supported by the fibre morphology observed in Section 3.3.11.  

 

3.4.10 PAni/PAN/TAEAB Electrospun Fibres 

The addition of TAEAB to PAni/PAN produced mean fibre diameters similar to those 

observed for the PAni/PAN/TDAB apart from TAEAB 10%. These diameters are 

recorded in Table 3.9.  

 

PAni 1% PAN 3% TAEAB 
0.5% 

PAni 1% PAN 3% TAEAB 
5% 

PAni 1% PAN 3% TAEAB 
10% 

  Diameter (nm)   Diameter (nm)   Diameter (nm) 
Mean 109 Mean 132 Mean 379 

Std. Dev. 32 Std. Dev. 31 Std. Dev. 92 
Table 3.9 Fibre diameters of fibres electrospun from PAni/PAN/TAEAB in DMSO/DMF  

 

From SEM analysis in Section 3.3.12 the bead structure and texture remained relatively 

uniform for PAni 1% PAN 3% TAEAB 0.5% and 5% fibres, but not PAni 1% PAN 3% 

TAEAB 10%. In addition, there was a change in the overall fibre morphology, including 

a change in the orientation of the fibres and the presence of globules. From Table 3.9, a 
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disproportionate increase in the average fibre diameter with the increase in TDAB from 

5% to 10% can also be observed. These differences imply that viscosity was responsible 

for increases in the mean fibre diameter. That is, the increase in TAEAB concentration 

increased the viscosity of the polymer solution, especially at high concentrations, in turn 

increasing the fibre diameter whilst the increase in conductivity had no major effect.  

 

3.4.11 MWNT/PVC and MWNT/PAN Electrospun Fibres 

The introduction of MWNT to PVC and PAN solutions produced very similar fibre 

diameters (Table 3.10). This was unexpected considering the differences in the 

viscosities detailed in Section 2.4. The viscosity of the MWNT/PVC blend was 

approximately ten times that of PVC alone, changing from 22 mPa.s to 202 mPa.s for 

the addition of 0.5% MWNT to PVC 10% in THF/DMF, whilst the addition of 0.5% 

MWNT to PAN 3% in DMSO/DMF resulted in a doubling of viscosity to 98 mPa.s.  

 

MWNT 0.5% PVC 10% MWNT 0.5% PVC 10% DBSA 1% 
  Diameter (nm)   Diameter (nm) 

Mean 226 Mean 260 
Std. Dev. 51 Std. Dev. 83 

      
MWNT 0.5% PAN 3% MWNT 0.5% PAN 3% DBSA 1% 

  Diameter (nm)   Diameter (nm) 
Mean 252 Mean 163 

Std. Dev. 77 Std. Dev. 48 
Table 3.10 Fibre diameters of fibres electrospun from MWNT/PVC in THF/DMF and 

MWNT/PAN in DMSO/DMF 

 

The MWNT/PAN mean fibre diameter was twice that of the PAN solution, as was the 

viscosity, while the MWNT/PVC mean fibre diameter remained relatively constant. 

Thus, it was possible that in this case viscosity alone was responsible for the increase in 

fibre diameter.  
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If this is the case there must be some other variable that influenced the fibre diameter to 

account for the observations of MWNT/PVC. Possibly the interaction between the 

MWNT, polymer and solvent blends was much higher than compared with 

MWNT/PAN and previous PAni/PVC blends. This would account for the extremely 

large viscosity, but not the fibre diameter. Thus, the MWNT has imparted some 

property to the blend that ensured the increased viscosity had no bearing on the fibre 

diameter, either by chemical interaction or through some physical contribution, although 

it is unclear as what this may be.   

 

The addition of DBSA to ensure dispersion of MWNT appeared to have had little 

influence on the electrospun MWNT/PVC fibres with the mean diameters comparable 

to that of MWNT/PVC. However, in the case of MWNT/PAN, the fibre diameter 

decreased by nearly 40% with the addition of DBSA. This is despite 

MWNT/PVC/DBSA and MWNT/PAN/DBSA fibres having comparable morphology, 

though MWNT 0.5% PAN 3% DBSA 1% did posses a greater number of beads 

throughout the sample. It was surmised in Section 3.4.4 that bead formation may have 

led to a decrease in the diameter of the fibres. Thus, DBSA impacted only on the 

diameters of MWNT/PAN fibres, indicating changes to PAN, either through 

interactions between PAN and DBSA, or through PAN and the solvents in the presence 

of DBSA.   
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3.5 Conclusions 

 

Both PVC and PAN solutions produced electrospun fibres from concentrations above a 

certain minimum level of 10% for PVC and 3% for PAN, becoming smoother and more 

uniform with increasing concentration of the relevant polymer. In addition the PAN 

fibres were consistently smaller in diameter compared with PVC electrospun fibres, and 

were not as variable, indicative of the higher conductivity of PAN solutions.  

 

The addition of 1% PAni to the lower concentrations of PVC and PAN (5% and 1%/ 

respectively) allowed the electrospinning of polymer blends. Furthermore, the addition 

of PAni led to marked improvement in fibre quality for PAni 1% PVC 10% and PAni 

1% PAN 3% compared to PVC and PAN fibres. Unfortunately, the quality declined 

with higher support polymer concentrations. Thus the addition of PAni led to an 

increase in the viscoelastic properties of the solutions that was sufficient to both 

produce electrospun fibres, and to alter the solution properties of viscosity, solution 

surface tension and solution conductivity, to make these uniform. This is also supported 

by the fibre diameter analysis which showed marked decreases in the fibre diameters 

after the addition of PAni for all solutions, apart from PAni 1% PAN 5% and PAni 1% 

PAN 7%, as well as a decrease in the standard deviation of these diameters. 

 

The addition of the plasticiser 2-NPOE to PAni/polymer solutions led to the production 

of ‘point-bonded’ fibres at low 2-NPOE concentrations, and porous films at higher 

concentrations. As plasticisers are often employed in polymer solutions for their ability 

to assist processability, this creates a problem for the technique of electrospinning. 

Specifically ISEs often use high concentrations of plasticiser, but in this case, 

combining 2-NPOE with electrospinning led to a collapse in the fibre structure, and an 
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increase in fibre diameter, negating the process of electrospinning and rendering the 

resultant electrodes as useless.  

 

The addition of quaternary ammonium salt ionophores in the spinning solutions led to 

fibres exhibiting similar morphologies to the PAni/polymer/2-NPOE samples, 

indicating that these components can have a detrimental affect on the quality of the 

electrospun fibres. It was found that the quality of the fibre mat was related to the 

concentration of the QAS added, such that higher concentrations of QAS produced 

fibres with a greater amount of point-bonding throughout the mat. This is not 

necessarily detrimental to the overall electrode operation as this morphology would 

most likely lead to a greater conducting PAni network. However, this point-bonding 

also coincided with the formation of film-like characteristics, such as broadening and 

irregularity in the fibre structure, at high concentrations for PAni/PVC solutions, which 

would lead to a decrease in surface area.   

 

In the PAni/PAN blends these additives also produced a great increase in the number of 

beads and globules in most blends with QAS. The morphologies in the cases of TOAB, 

TDAB and 10% TAEAB PAni/PAN samples were not uniform, and the beads were 

found to actively bond with individual fibres. Thus, the interaction of QAS with the 

solution components, and affect on the solution properties of viscosity, surface tension 

and conductivity have, in many cases, produced fibres lower in quality in comparison to 

PAni/polymer and polymer-only electrospun fibres. The fibre diameters of 

PAni/PVC/ionophore were comparable to PAni/PVC samples, however one trend that 

appeared was that the fibre diameter would increase with increasing QAS concentration 

for the majority of samples. This was also the case for PAni/PAN/ionophore, except for 

samples of PAni/PAN/2-NPOE and PAni/PAN/TOAB which exhibited significant 
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increases in mean fibre diameter. It was postulated that this was a result of the direct 

influence of 2-NPOE and TDAB on the polymer-polymer and polymer-solvent 

interactions. 

 

The replacement of PAni with MWNT in the PVC solution led to fibres that exhibited 

little difference to PAni/PVC electrospun fibres. This signifies that MWNT interact with 

PVC in a similar manner to PAni, leading to an increase in viscosity, an increase in the 

diameter of the fibres, and an improvement in the quality of the fibres compared with 

PVC 10%. This was not the case for MWNT/PAN fibres which were far rougher 

compared with both PAni/PAN and PAN electrospun fibres, indicating that 

aggregations of MWNT persisted in this solution. However, the fibre diameter with the 

addition of MWNT to PAN also increased, whilst the mean fibre diameter for 

MWNT/PVC decreased. This indicates that the MWNT imparted some property to 

reduce the influence of viscosity for MWNT/PVC, but not MWNT/PAN. The addition 

of DBSA to assist MWNT dispersion led to a severe decline in the quality of the 

electrospun fibres, leading to a high number of beads and globules throughout both 

MWNT/polymer blends, as well as an overall change in morphology. Whilst DBSA 

may have assisted dispersion, and in the case of MWNT/PAN, decreased the average 

fibre diameter, it had a detrimental impact on the fibrous structure, and would be 

classified as an unsuitable additive to the solution.  

 



 

Chapter 4 - Fibre Properties 

 

 

 

 

 

 

 

 

 

 

 

"Sir, you have seen the Raman effect on alcohol; please do not try to see 

the alcohol effect on Raman." 

Chandrasekhara Venkata Raman (1888 – 1970)  

after being offered a toast for his Nobel Prize in Physics in 1930 
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4.1 Introduction 

A number of groups have utilised Raman spectroscopy for characterisation of 

polyaniline (PAni) in reactions, solutions and powders. Specifically Raman can be used 

to determine the chemical form of PAni i.e. leucoemeraldine, emeraldine or 

pernigraniline, and whether it is in the base state or protonated [222-231] . The spectra 

obtained from Raman is dependent on both the oxidation state and the degree of 

protonation of the PAni, and also the laser excitation wavelength [223, 224]. This 

chapter will provide an analysis of the degree of protonation of the electrospun fibres, 

differences in the chemical properties between the blends of PAni/PVC and PAni/PAN, 

the dispersion of PAni within these fibre mats, and the affect of the ionophores on the 

chemical properties of PAni.  

 

According to Lee et al. [84], electrospun fibre mats have poor mechanical properties, 

however this is dependent on fibre structure, make up of the blend and the interaction of 

the components in the blend. In addition, the mechanical strength is also dependent on 

the fibre size and the adherence of fibres to each other, as well as the geometrical lie of 

the fibres [142]. This chapter will also provide a measure of the physical strength these 

properties have, and show the variability in strenght inherent between the samples.  

 

4.1.1 Raman Analysis of Polyaniline 

According to Liu et al. [224] Raman intensity bands below 1000 cm-1 are lower for a 

633 nm laser compared with a 735 nm laser. This can be correlated with UV/Vis 

absorption. Strong UV/Vis absorption occurs for the quinoid structure in undoped PAni 

at a wavelength of 630nm. Conversely the polarons in doped PAni present significant, 

broad UV/Vis absorption in the region of 950 nm. Thus the Raman intensity can be 
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controlled by exciting the PAni sample using a suitable wavelength to allow a uniform 

response of these doped and undoped components.  

 

Raman spectroscopy has also been used to study changes in the doping of PAni. Pereira 

de Silva et al. [232] presented changes in the spectra of PAni after secondary doping. 

They observed a decrease in bands corresponding to quinoid units after PAni was 

exposed to m-cresol. They also observed merging of the two radical cation bands and 

evolution of a shoulder at ~1370 cm-1 which corresponded to an increase in the free-

charge carriers along the polymer backbone. Further to this, Lindfors and Ivaska [233] 

studied PAni using laser excitation wavelengths of 514, 633 and 780 nm whilst 

increasing and decreasing the pH between 2 and 9. They were able to measure the pH of 

buffer solutions by observing changes in the Raman band corresponding to C=N stretch 

at 1439 cm-1. In addition Crochet et al. [228] observed decreases in the intensity of C=N 

stretch at 1480 cm-1 and C-N stretch at 1220 cm-1. They also reported the appearance of 

a band at 1332 cm-1 corresponding to the presence of the radical cation species during 

doping of emeraldine base.  

 

Job et al. [225] observed chemical interaction between PAni and latex whereby the latex 

was assisting the doping of PAni films. This doping was reported to be both primary 

and secondary. The primary doping was evident by the presence of the radical cation 

band at 1332 cm-1, whilst the intensity of the band at 1602 cm-1 increased significantly, 

similar to the observations of Pereira de Silva et al. [232]. No hypothesis was offered as 

to why the latex assists the primary and secondary doping of the PAni due to a lack of 

detail of the structure of the latex [225]. 
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4.1.2 Tensile Testing 

Tensile testing provides a measure of the resistance of a material to applied stress [234], 

and this can provide information on the ability of that material to withstand breakage or 

deformation. The application of stress leads to the elongation or compression of the 

material, and the deformation per unit length is termed strain [234, 235].  

 

Figure 4.1 Stress and strain in tensile testing [235] 

 

According to Gordon [235], Augustin Cauchy defined stress as ‘the load per unit area of 

the cross section at a particular point in a material’. That is, stress is the applied load 

distributed over an area within a segment of a sample, at any cross-sectional area within 

that sample. This provides a direct measure of stress provided that the load distributed 

through this cross-sectional area is uniform [236]. This is presented in Figure 4.1. Stress 

(σ) here is the load (P) on a cross-sectional area (A) where stress can be tensile or 

compressive, and is defined as.  

 

 A 

P 
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σ = P/A 

Equation 4.1 Stress of a material [235, 236] 

 

This assumes that the force applied is uniform over the sample and the sample itself is 

uniform in its cross-sectional area. If this is not the case then a stress concentration 

factor can be used to determine the maximum stress [237].  

 

The strain (ε), often expressed as a percentage, is the ratio between the change in the 

length of a sample when exposed to stress, compared with the original length.  

 

ε = δL/L 

Equation 4.2 Strain of a material [235] 

 

From Figure 4.1 the original length (L) alters with the application of stress (σ), leading 

to the change in length (δL). As the stress can be tensile or compressive, strain can 

increase with elongation or decrease with contraction. In addition the strain of an object 

can change with temperature, and is referred to as thermal stress [235-237].  

 

Under elastic deformation, stress is proportional to strain with the constant of 

proportionality known as the elastic modulus (E), also referred to as Young’s modulus 

or the tensile modulus [236, 237]. This relationship is presented in Figure 4.2. 

 

The limit of proportionality is the limit of the elastic response, and leads on to a plastic 

response where the material remains deformed and does not revert to its original state. 

After this is a small yield point section where the strain increases without any increase 

in load, followed by increases in strain with applied stress until the maximum tensile 
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strength is reached. Once the maximum tensile strength has been determined the 

material begins to fail and eventually fractures at the breaking point [237].  

 

 
Figure 4.2 Stress-strain graph of mild steel[237] 

 

E = σ/ε  

Equation 4.3 Young’s Modulus [235-237] 

 

From a stress/strain diagram Young’s Modulus is directly determined by the slope of 

the linear segment of the graph. This modulus provides an indication of the stiffness, or 

rigidity, of the material. The greater the value of E the stiffer the material, whilst a 

lower value of E indicates a flexible material [235]. It is important to note that the 

strength of a material is the force required to fracture that material [236], and depends 

on the bonding of the atoms [238]. Covalent bonding of diamond leads to an elastic 

modulus of 1200 GPa. whilst metallic materials have a modulus between 80-250 GPa. 

Steel for example has a modulus of 207 GPa. Polymers possess covalent bonding and 

van der Waals attractions, with the modulus dependent on both the original material and 

their treatment [236]. Processing of materials to form different structures can yield 
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increases in the strength of the material. For example, the tensile strength of bulk glass 

is roughly 170 MPa; however glass in fibrous formation is as much as 17 times that of 

the bulk form and this can be increased further with additional processing [236].  

 

Thermoplastics often exhibit relatively low tensile strength, however the observed 

breaking strain can be quite high, whilst thermosetting plastics are relatively strong but 

brittle [236]. Again these properties depend on the method of manufacture and also the 

reinforcement of the material, along with the properties of the polymer itself. For 

example, many polymers exhibit changes when exposed to extreme temperatures. Low 

temperatures may lead to the glass transition where the material becomes brittle. 

Alternatively, higher temperatures may lead to the deformation of the polymer to 

become a viscous liquid [234]. 

 

The crystallinity of polymers also plays a role in their mechanical properties. Polymers 

may possess crystalline structures, termed crystallites, where the polymer chains may be 

organised into highly regular geometric forms. However, this depends on the structure 

of the polymer chains and the interaction of these chains with one another. For example 

polyethylene (PE) possesses linear polymer chains that can organise to form a lattice 

type structure and achieve up to 80% crystallinity. PVC possesses less crystallinity as 

the chain has large Cl groups along its length, whilst polymethylmethacrylate (PMMA) 

consists of lumpy side chains that inhibit crystallisation. In general, the more complex 

the chain structure of the polymer, the less chance that it will possess crystalline areas. 

These crystalline areas reduce the viscoelastic effects in the polymer, thus producing a 

more brittle material with higher strength [234].  
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In addition to the crystallinity of polymers, amorphous regions of polymer contribute to 

their mechanical properties. Felbeck and Atkins [234] offered an analogy for 

mechanical behaviour for long chain polymers based on tangled ‘string’ and ‘spaghetti’ 

with no specific orientation. For the string analogy, the mechanical behaviour of the 

polymer depends on the viscoelastic behaviour where the polymer may be stretched 

until the material becomes stiff. After this point it is necessary to break some string to 

continue extension of the sample. The spaghetti analogy accounts for the friction 

between the entangled polymer chains which leads to an increase in the mechanical 

strength. The longer the polymer chain length, the greater the friction. In the presence of 

cross-linking of the polymer chains the spaghetti reverts to the string analogy [234].  

 

This is not too dissimilar to the theories reviewed by Nissan and Battern [239]. They 

reviewed the molecular and structural theories as they apply to paper. In terms of the 

molecular theory, Young’s modulus is derived from the number density and hydrogen 

bond characteristics of the paper, while the structural theory suggest Young’s modulus 

is derived from both the modulus of the fibres, and their spatial distribution. Nissan and 

Battern suggest that the two theories converge on an ‘ideal’ value for paper; however, 

both theories have their limitation under different conditions.  

 

4.1.3 Tensile Testing of Electrospun Fibres 

Kim and Reneker [113] studied the use of polybenzimidazole (PBI) electrospun fibres 

as a support network in both an epoxy matrix and in a styrene-butadiene rubber (SBR) 

matrix. Sheets of electrospun PBI fibres were prepared and placed into a compression 

mould to which epoxy resin was added and the film cured. In the case of the SBR film 

the fibres were added as chopped segments and then mixed throughout the matrix 

followed by curing. The fracture toughness and fracture energy of the PBI and epoxy 
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films increased significantly with increasing fibre content. For 3% w/w fibre content the 

modulus increased from 4.25 GPa to 5.27 GPa in comparison with the epoxy compound 

without fibres, while the SBR composite produced a ten-fold increase in Young’s 

Modulus from 1.8 MPa to 19.6 MPa with the addition of the fibres.  

 

 

Figure 4.3 Definition of the fibre orientation angle [142] 

 

Lee et al. [142] observed changes in the stress-strain characteristics with changes in the 

electrospinning procedure. They electrospun samples of PVC using a rotating collector, 

but also with a collector that moved left and right relative to the fibre jet. This allowed 

the tensile strength to be determined for different fibre orientations based on the 

transverse direction (TD) and mechanical direction (MD). The fibre orientation angle 

was determined with respect to the TD, and is presented in Figure 4.3. They observed a 

slight increase in the tensile strength of the fibres orientated towards the TD with 

increasing movement of the target left to right compared with rotation. The opposite 

was observed with an increase in the rotation of the collection target with the fibres 

exhibiting a higher tensile strength for the machine direction. The strain of the fibres 

also differed for the two fibre directions and alterations to the fibre collection. The 
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strain for the MD was marginally higher than the TD with increased left-right 

movement, however again this was reversed when the rotation of the collection target 

was increased. Thus simple changes in the collection of a sample can yield increases in 

the mechanical strength of the fibre samples which may be useful to specific 

applications [142].  

 

In a later study, Lee et al. [84] analysed tensile strength with changes in the composition 

of the fibres. Polyurethane (PU) fibres exhibited significant elongation during testing, 

up to 1,210% whilst PVC fibres gave only 153%. The combination of PVC and PU on 

the other hand produced fibres with greater strength but less elongation. Young’s 

modulus of electrospun PVC fibres recorded a value of 3.75 MPa, compared to the PVC 

(25%) / PU (75%) modulus of 8.94 MPa and the PVC (50%) / PU (50%) modulus of 

11.80 MPa. Further increases in PU composition led to a significant decrease in strength 

of the fibres.  

 

This initial increase in strength was a result of the connections between the fibres. PU 

had a larger degree of point-bonded fibre connections compared with PVC. These 

connections increase the elasticity of the mat as a whole up to breaking point. As PVC 

does not have these inter-fibre connections the strength came from friction and 

entanglement of the fibres. By combing the two polymers the properties combined 

whereby the PU offered elasticity and structural integrity through the point-bonded 

connections and the PVC utilised these connections as physical support structures to 

increase the entanglement of PVC [84].  
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4.2 Preparation of Samples 

4.2.1 Polymer Solution Preparation 

The appropriate amount of PVC or PAN was dissolved in THF/DMF or DMSO/DMF, 

respectively, and magnetically stirred overnight to prepare a homogeneous polymer 

solution.  

 

4.2.2 PAni/Polymer Solution Preparation 

All PAni/polymer solutions utilised 1% PAni due to previously recognised limitations 

in its solubility [52, 58, 78, 129, 145]. Camphorsulfonic acid (CSA) was weighed into a 

scintillation vial, and suitable volumes of solvent were added. After CSA had dissolved, 

PAni was added slowly and stirred on a magnetic stirrer until dissolved. Following this 

the commodity plastic was added and mechanically stirred until dissolved.  

 

4.2.3 Other Polymer Solutions 

If other additives were required, such as quaternary ammonium salts (QAS), this 

material was weighed and added to the solutions prior to the addition of PAni. It is 

important to note that a small amount of THF was added to assist in the dissolution of 

the TDAB in PAni/PAN blends prior to the addition of PAni due to insolubility of 

TDAB in DMSO/DMF.  

 

In the case of MWNT solutions, MWNT (0.5%) was weighed and added to a 

scintillation vial, followed by the addition of the solvents. The MWNT were dispersed 

by sonification, after which the support polymers were added to the solution and left to 

dissolve by magnetic stirring.  
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Further details of solution preparation can be found in Section 2.3 Preparation of 

Samples. 

 

4.2.4 Electrospun Fibres 

Electrospun fibres were manufactured by withdrawing 100 uL of the pre-prepared 

polymer solutions by Eppendorf® pipette, and placing the pipette tip on a length of 

platinum wire attached to a coaxial cable. High potential was applied, leading to the 

fabrication of electrospun fibres that were collected on rotating gold-coated Mylar® 

targets. This process was repeated twice more for a total volume of 300 uL of polymer 

solution.  

 

Further details of electrospinning can be found in Section 3.2 Preparation of Samples 

 

4.2.5 Analysis of Samples – Raman Spectroscopy 

Electrospun fibre samples were analysed by a Jobin Yvon Horiba HR800 Raman 

spectrometer with an integrated microscope using a 785 nm laser utilising a 300-

line/mm grating, 1100 μm hole, 400 μm slit, a laser focus point of ~2µm in diameter 

and calibrated with SiO2 prior to sample analysis. Analysis time was 10 seconds 

repeated 10 times at 50X magnification.  Raman mapping of select samples was also 

carried out by analysing a segment of electrospun mat at 2 μm x 2 μm steps over the 

electrospun samples utilising the same settings.  

 

All assignments are based on Raman spectroscopy results from literature unless 

otherwise state. In the case that IR assignments are employed, the notation of (IR) in the 

assignment tables will be present.  
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4.2.6 Analysis of Samples – Tensile Testing 

Electrospun fibres were prepared as noted above, carefully removed from the Au/Mylar 

backing and were analysed on a Q800 Dynamic Mechanical Analysis (DMA, TA 

Instruments) utilising the film tension clamp. It is important to note that the samples 

were not fashioned into dumbbell shapes due to their size and fragility, and that they 

were roughly rectangular with dimensions of ~8 mm x ~5 mm. The thicknesses of the 

samples were measured using a digital micrometer calliper.  

 

4.3 Results and Discussion – Raman Spectroscopy 

4.3.1 PVC Powder 

The Raman spectrum of untreated PVC powder (MW = 63 000, Sigma-Aldrich) is 

presented in Figure 4.4 with peak assignments given in Table 4.1. The two peaks 

obtained at 640 cm-1 and 699 cm-1 were characteristic of C-Cl stretch associated with 

PVC, but according to Voyiatzis et al. [240], these two peaks, in total, consist of eight to 

ten Lorentzian peaks in the range of 600-700 cm-1, corresponding to different 

conformations of the PVC molecule.  

 

Wavenumber (cm-1) Assignments References 
640 C-Cl Stretch [240-246] 
699 C-Cl Stretch [240-246] 
1111 C-C Stretch [240, 243, 244, 247-250] 
1184 Unassigned [243, 244] 
1265 Unassigned [243] 
1328 CH2 twist –CH2 wag [240, 243] 
1386 Unassigned [251] 
1434 C-H Bend [240, 243] 
1659 Possible Plasticiser [249] 
1701 Possible Plasticiser [249] 
1765 Possible Plasticiser [249] 

Table 4.1 Peak assignments for PVC powder 
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Peaks at 1184 cm-1, 1265 cm-1  and 1386 cm-1 are all unassigned, but the first two bands 

were observed in spectra from Ellahi and Hester [243], and the second band was also 

observed in Liebman et al. [244], whilst the 1386 cm-1 peak was noted by Koenig and 

Druesedow [251].  
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Figure 4.4 Raman spectrum of untreated PVC powder 

 

The peak observed at 1434 cm-1 is a result of C-H bend [240, 243], whilst ambiguity 

exists for the three bands at 1659 cm-1, 1701 cm-1 and 1765 cm-1. These last three peaks 

have not been identified, but may correspond to C=C vibrations, depending on the 

structure of the alkyl groups [252]. Williams and Gerrard [249] indicate that these peaks 

may be a result of plasticiser in the sample. They analysed a reference sample not 

exhibiting these peaks, whilst a PVC resin did exhibit peaks in the 1500 cm-1 to 1700 

cm-1 range. As the certificate of analysis from Sigma-Aldrich for the PVC used in the 

current work did not indicate any plasticiser in the sample, and an IR spectrum from 
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Sigma-Aldrich did contain these peaks, it is unlikely that these bands correspond to 

plasticiser.  

 

4.3.2 PAN Powder 

The Raman spectrum of PAN is shown in Figure 4.5 and peak assignments presented in 

Table 4.2. As few Raman spectroscopy studies have been reported, some assignments 

are based on IR studies whilst some bands are not assigned. 

 

Wavenumber (cm-1) Assignments References 
431 C=N Bend (IR) [253] 

709 C-CN Wag + C=N Bend 
(IR) [253] 

834 CH2 Rock (IR) [254, 255] 

1088 Possible C-CN Bend (IR) 
or CH2 Twist (IR) [253, 256] 

1106 CH3 Rock (IR) [256] 
1124 CH3 Rock (IR) [256] 

1261 C-H Wag (IR) or C-H 
Rock + CH2 Wag (IR) [253, 256] 

1324 CH2 Wag + CH Rock [256] 
1386 CH2 Wag or CH Bend (IR) [256, 257] 
1456 CH3 + CH2 Bend [255, 256] 
1663 C=N (IR) [258, 259] 

1702 C=O From Polymerisation 
(IR) or C=N [258, 259] 

1765 Possible Impurities [253] 
Table 4.2 Peak assignments for PAN powder 

 

Whilst the band observed at 709 cm-1 has been as assigned to C-CN wag plus C=N  

bend, Mathieu et al. [256] stated that peaks between 1050 – 650 cm-1 may correspond to 

C-C stretch. The band observed at 1088 cm-1 may be a product of CH2 twist in line with 

the observations of Mathieu et al. [256], however Liang and Kimm [253] indicates that 

this is a result of C-CN bend . The band observed at 1261 cm-1 is assigned to CH2 wag 

and C-H rock, but may possibly be C-H wag [253, 256].  
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The peaks observed at 1663 cm-1 and 1702 cm-1 respectively are reported to correspond 

to C=N [259] and C=O absorption. This C=O presence has been reported as the result of 

the polymerisation of PAN, specifically the polymerisation initiator [258]. The last peak 

at 1765 cm-1 is not identified in literature and can not be assigned; however, Beevers 

[255] states the all polyacrylonitriles have several IR absorption peaks within the 1500-

1800cm-1 range that vary in intensity depending on the initial polymerisation and 

thermal treatment.  
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Figure 4.5 Raman spectrum of untreated PAN powder 

 

4.3.3 Un-doped PAni Powder 

It is necessary to confirm the synthesis of emeraldine base for use in preparation of 

electrospun fibres containing PAni. Thus Raman spectroscopy of PAni powder in the 

form of emeraldine base is presented in Figure 4.6 and assignments given in Table 4.3.  
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According to Cochet et al. [227] and Liu et al. [224] the first band observed at 416 cm-1 

corresponds to an out-of-plane deformation for the benzenoid and quinoid rings. 

However Job et al. [225] adds that this may be also due to C-H wag.  

The band at 1220 cm-1 corresponds to C-N stretch vibrations of the benzenoid groups, 

but it is also possible that there is some contribution from C-N+• semi-quinone radicals 

as the shift lies between those observed by Lindfors and Ivaska for C-N and C-N+• 

bands [233]. Thus it is possible the PAni has not been fully de-doped after synthesis and 

may consist of some doped components.  

 

Wavenumber (cm-1) Assignments References 

416 Ring Deformation or C-H 
Wag (Q) [224, 225, 227] 

532 Ring Deformation (Q) [225, 227] 
752 Ring Deformation (Q) [223-225, 227, 233] 
781 Ring Deformation (Q) [223, 225, 227, 233, 260] 
844 C-H Wag [227] 
1166 C-H Bend (Q) [223-225, 233, 260] 
1220 C-N Stretch (B) [223, 225, 228, 233, 260] 

1482 C=N Stretch (Q) and C=C 
Stretch (Q) [223-225, 228, 233, 260] 

1591 C=C Stretch [223-225, 233] 
Table 4.3 Peak assignments of undoped PAni powder; (B) - Benzenoid; (Q) - Quinoid 
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Figure 4.6 Raman spectrum of undoped PAni powder 

4.3.4 PAni/PVC Electrospun Fibres 

It is necessary to identify and characterise the components of doped PAni to ensure that 

doping of the emeraldine base has occurred and that electrospinning has no noticeable 

effect on the doped state of the fibres.  

 

An overlay of Raman spectra of electrospun PAni 1% PVC 10% is given in Figure 4.7 

with assignments provided in Table 4.4. It was expected that combining both PAni and 

PVC would lead to a superimposition of the spectra with characteristics of both 

compounds evident. However, the intensity of the unprocessed PVC powder was 

significantly lower than PAni, and PAni exhibited some degree of fluorescence during 

analysis. This lower intensity can be seen more clearly in Figure 4.8 which is the 

overlay of undoped, unprocessed PAni, and unprocessed PVC from Figures 4.6 and 4.4 

respectively.  
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Wavenumber (cm-1) Assignments References 

400 Ring Deformation (B) or 
C-H Wag (Q) [224, 225, 228] 

517 C-N-C Torsion [224, 228] 
586 Amine Deformation (B) [224, 228] 
659 Ring Deformation (B) [224, 225, 228] 
710 C-C Ring Deformation (B) [224, 225, 228, 260] 
812 C-H Deformation (Q) [224, 225, 228] 
876 Ring Deformation (B) [224, 225, 228, 233, 260] 
1171 C-H Bend (B) [224, 225, 228, 260, 261] 

1252 C-N Stretch (B) or C-H 
Bend (B) [224, 228, 260, 261] 

1320 C-N+• Stretch [225, 232, 233, 260-262] 
1342 C-N+• Stretch [224, 228, 232, 260, 261] 

1488 C=C Stretch (Q) + C=N 
Stretch (Q) [224, 225, 232, 233] 

1512 N-H Bend [224, 225] 
1582 C=C Stretch (Q) [224, 228, 232, 233, 260] 

Table 4.4 Peak assignments for fibres electrospun from PAni 1% PVC 10% in 

THF/DMF; (B) - Benzenoid; (Q) - Quinoid 

 

 

Figure 4.7 Overlay of 456 Raman spectra of a 48 µm x 38 µm segment of fibres 

electrospun from PAni 1% PVC 10% in THF/DMF 
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Figure 4.8 Overlay of undoped/unprocessed PAni and unprocessed PVC 

 

 

The most significant peak observed in the spectra occurs at 1171 cm-1 and is a product 

of in-plane C-H bend on the benzenoid units [261]. Undoped PAni also exhibited this 

peak, however it was assigned to C-H bend of the quinoid units. Pereira da Silva et al. 

[261] associates this shift with the secondary doping of PAni. As mentioned in Section 

4.1.2, secondary doping is associated with a change in conformation of PAni, and in 

turn an increase in free-charge carriers, leading to a significant increase in PAni 

conductivity.  

 

In-plane stretch of C-N on the benzenoid group is responsible for the small, broad band 

observed at 1252 cm-1, however there may be an overlap with the peak assigned by 

Baibarac et al. [260] at ~1260 cm-1 assigned to C-H bend in the benzenoid group. 

The two peaks observed at 1320 cm-1 and 1342 cm-1 both correspond to characteristic 

stretch of the nitrogen radical cation associated with primary doped PAni [232]. In the 
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case of secondary doping of PAni these two separate peaks would be expected to unite 

into a single band and for a shoulder to evolve at ~1380 cm-1 [232]. It follows from this 

that it is likely that PAni was only primary doped in these fibres.  
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Figure 4.9 PAni dispersion map of fibres electrospun from PAni 1% PVC 10% in 

THF/DM; bands 1100-1400 cm-1 

 

Based on Lindfors and Ivaska [233] the peak at 1488 cm-1 has been assigned to C=C 

and C=N stretch, and this peak should decrease with doping [228], as has been the case 

compared to the Raman spectrum of emeraldine base in Figure 4.6. The last peak 

observed at 1582 cm-1 was also assigned to C=C stretch of the quinoid group [233]. It 

has shifted to a lower wavenumber noticeably compared with the undoped PAni and has 

also decreased in intensity relative to other peaks, similar to the 1488 cm-1 band.  

By overlaying Raman spectra a segment of electrospun fibre samples, the uniformity of 

the chemical composition can be estimated. From Figure 4.7 the overlay of spectra 

shows that doped PAni is consistently present in the sample with good agreement in the 
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peaks. Using these spectra a dispersion map can be created to provide a more accurate 

measure of the dispersion of PAni throughout the fibre mat, this is given in Figure 4.9. 

The areas of high PAni concentration correspond to areas where there are large green-

yellow patches while low concentrations are denoted by blue-purple areas.  

 

 

Figure 4.10 Optical micrograph of fibres electrospun from PAni1% PVC 10% in 

THF/DMF 

 

The variation in colour in Figure 4.9 corresponds to electrospraying of large PAni 

particles onto the target substrate, also evident in Figure 4.10, and thus producing 

concentration discrepancies within the sampled area. This is supported from the particle 

analysis of PAni solutions in Section 2.7.2 where large particles were observed within 

the spinning solution. SEM analysis presented in Section 3.3.3 also indicated that 

electrospraying of the polymer solution occurred. However, these globules were smaller 

in size compared with the areas affected in the micrograph of PAni 1% PVC 10% fibres 

(Figure 4.10). As the samples used in SEM analysis and Raman sampling were 
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different, it indicates that the actual electrospinning process differed, either due to 

changes in the solution properties such as viscosity, surface tension and conductivity, or 

the process itself. If the solution composition did change it would be expected that this 

would have been slight and not have produced significantly different samples, based on 

the evidence from SEM analysis. Thus it appears that the electrospinning process itself 

has inconsistencies that could lead to significant variability in sample morphology, and 

hence chemistry.  

 

Whilst there were particles of PAni present, the areas possessing only PAni/PVC fibres 

were relatively uniform in terms of PAni concentration. For example, the top of Figure 

4.10 presents an area consisting of predominantly of electrospun PAni/PVC fibres. The 

corresponding Raman map in Figure 4.9 indicates that whilst there were areas of 

differing concentration of PAni, these were small. Thus, even though there were large 

particles PAni on the target, the PAni within the electrospun fibres was relatively evenly 

dispersed.  

 

4.3.5 PAni/PAN Electrospun Fibres 

The spectra of PAni 1% PAN 3% electrospun fibres were similar to PAni 1% PVC 

10%, though it contained some obvious differences. Firstly it is important to note that a 

Raman map of PAni 1% PAN 3% electrospun fibres was not undertaken, however a 

spot analysis was carried out on two visibly different regions of the electrospun mat. 

The Raman spectra for these two spots are provided in Figure 4.11 with corresponding 

assignments in Table 4.5. The assignments in general were similar to those for the PAni 

1% PVC 10% analysis. This was to be expected due to the significant influence of PAni 

and the small contribution of PAN to the Raman spectrum, similar to observations for 
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PAni and PVC. However, there were some notable differences, particularly 

wavenumber shifts for the majority of bands.  
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Figure 4.11 Overlayed Raman spectra of fibres electrospun from PAni 1% PAN 3% in 

DMSO/DMF 

 

There is some ambiguity as to the assignments for the peaks at ~1240 cm-1 and ~1260 

cm-1. Baibarac et al. [260] assigns the 1240 cm-1 peak to C-N stretch whilst the 1260 

cm-1 peak is assigned to C-H bend. However, other literature assigns the 1260 cm-1 peak 

as C-N stretch [223, 228].  

 

A shoulder appears at 1373 cm-1 whilst the peaks associated with the radical cation 

between 1300 and 1350 cm-1 have coalesced into a single band at 1346 cm-1. This 

shoulder was noted by Pereira da Silva et al. [232, 261] as being associated with the 

vibration of free charge carriers in the conducting form of PAni and conformational 

changes in PAni, that is, secondary doped PAni. This may be a result of the interaction 
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of PAni with the PAN backbone, due to the polarity of the nitrogen group located on the 

PAN chain as discussed in Section 2.4.1. These interactions may have altered the 

orientation of the PAni chain with respect to the support polymer, changed the PAni 

conformation, or possibly influenced the nitrogen cation. The CSA dopant would not be 

sufficient to secondary dope the PAni as other literature indicates that further treatment 

is required to induce secondary doping [225, 232, 261].  

 

Wavenumber (cm-1) Assignments References 

417 Ring Deformation or C-H 
Wag (Q) [224, 225, 228] 

521 C-N-C Torsion [224, 228] 
576 Amine Deformation (B) [224, 228] 
646 Ring Deformation  (B) [224, 225, 228] 
812 C-H Deformation (Q) [224, 225, 228] 
873 Ring Deformation (B) [224, 225, 228, 233, 260] 
1171 C-H Bend (B) [224, 225, 228, 260, 261] 

1240 (S1) /1239 (S2) C-N Stretch (B) [222, 225, 233, 260, 263] 

1260 (S1) /1259 (S2) C-N Stretch (B) or C-H 
Bend (B) [228, 260] 

1346 C-N+• Stretch [224, 228, 232, 260, 261] 
1373 Conformational Change [225, 232, 261] 
1514 N-H Bend [224, 225] 
1593 C=C Stretch (Q) [224, 228, 232, 233, 260] 

1637 (S2) C-C Stretch (Q) [228, 261] 
Table 4.5 Peak assignments for fibres electrospun from PAni 1% PAN 3% in 

DMSO/DMF; (B) - Benzenoid; (Q) - Quinoid; (S1) - Spot 1; (S2) - Spot 2 

 

 

The band observed at 1514 cm-1, not observed in PAni/PVC, was assigned to N-H bend 

based on observations by Liu et al. [224], and is indicative of deprotonated quinoid 

units. The peak observed at 1593 cm-1, and the shoulder at 1637 cm-1  for Spot 1 appears 

to correspond to C=C and C-C stretch respectively. According to Cochet et al. [228] 

there are two bands associated with C-C stretch between 1550-1650 cm-1 for primary 

doped PAni, but these becomes a single broad band after secondary doping. Once again 

there is a noticeable shift in the peak wavenumbers, most likely due to the effects of 
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PAN. This shoulder was also noted by Pereira da Silva et al. [261] and decreases in 

magnitude with the conversion of quinoid species to benzenoid species during 

secondary doping. Thus, this shoulder is evidence of primary doping in the electrospun 

fibres, but there was also evidence to suggest that there was some conformational 

change or secondary doping of PAni in the presence of PAN. It is quite possible as the 

area analysed by Raman is quite large (the laser is ~2um in diameter), and could contain 

a mixture of primary doped and secondary doped PAni.  

 

4.3.6 PAni/PVC/TDAB Electrospun Fibres 

The Raman spectra obtained for PAni 1% PVC 10% TDAB 0.5% 

(tetradodecylammonium bromide, a commercial nitrate ionophore) fibres were different 

to those obtained from PAni 1% PVC 10% sample. Although there are some significant 

similarities the peak assignments, the present of other peaks and shoulders, and shifts in 

peak show that they are different. Figure 4.12 presents the spot analysis of electrospun 

fibres of the former, with the assignments for the analysis given in Table 4.6.  

 

As the spectra from the original PAni 1 % PVC 10% electrospun fibres were limited to 

1600cm-1, a band at 1622 cm-1 appears for the first time in PAni 1% PVC 10% TDAB 

0.5% fibres, corresponding to C-C stretch of the quinoid units that was also reported for 

PAni 1% PAN 3% fibres at 1637 cm-1. Otherwise the assignments compare well with 

those observed in the spectra of PAni 1% PAN 3% electrospun fibres. 
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Figure 4.12 Overlayed Raman spectra of fibres electrospun from PAni 1% PVC 10% 

TDAB 0.5% in THF/DMF 

 

Wavenumber (cm-1) Assignments References 

422 / 423 Ring Deformation or C-H 
Wag (Q) [224, 225, 228] 

519 C-N-C Torsion [224, 228] 
578 / 586 Amine Deformation (B) [224, 228] 

651 Ring Deformation  (B) [224, 225, 228] 
734 / 715 Ring Deformation  (B) [224, 225, 228] 

810 C-H Deformation (Q) [224, 225, 228] 
869 Ring Deformation (B) [224, 225, 228, 233, 260] 
1170 C-H Bend (B) [224, 225, 228, 260, 261] 

1238 (S1) / 1241 (S2) C-N Stretch (B) [222, 225, 233, 260, 263] 

1255 (S1) / 1261 (S2) C-N Stretch (B) or C-H 
Bend [228, 260] 

1344 (S1) / 1345 (S2) C-N+• Stretch [224, 228, 232, 260, 261] 
1378 (S1) Conformational Change [225, 232, 261] 

1491 (S2) C=C Stretch (Q) + C=N 
Stretch (Q) [224, 225, 232, 233] 

1510 (S1) / 1514 (S2) N-H Bend [224, 225] 
1596 (S1) / 1592 (S2) C=C Stretch (Q) [224, 228, 232, 233, 260] 

1622 (S2) C-C Stretch (Q) [228, 261] 
Table 4.6 Peak assignments for fibres electrospun from PAni 1% PVC 10% TDAB 0.5% 

in THF/DMF; (B) - Benzenoid; (Q) - Quinoid; (S1) - Spot 1; (S2) - Spot 2 
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An optical micrograph of the sample surface and the location of the sample points used 

for analysis are given in Figure 4.13. Whilst there was the electrospray of PAni, the 

resultant Raman spectra indicated relatively high concentrations of PAni within the 

fibrous mat, and not just in the particulate matter, indicating the PAni was dispersed 

through the electrospun fibres.  

 

The relative difference between the two spots is small with both exhibiting the same 

bands and similar peak sizes apart from the 1378 cm-1 and 1510 cm-1 peaks and the 

evolution of a shoulder at 1622 cm-1 for Spot 2. It is possible that the filtering of the 

Raman response reduced the definition of these peaks, leading to the coalescence of 

these peaks, or that the large bands at 1345 cm-1 and 1510 cm-1 overlapped the bands 

associated with conformational change and C=N stretch of the quinoid groups, 

respectively. However, increasing the ionophore concentration shows this to be 

unlikely.  

 

Changes in the ionophore concentration produced some similarities and differences in 

comparison with spectra and peak assignments for the PAni 1% PVC 10% TDAB 0.5% 

analysis. The spectra for PAni 1% PVC 10% TDAB 5% and PAni 1% PVC 10% TDAB 

10% electrospun fibres are presented in Figure 4.14 and Figure 4.15, respectively. 
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Figure 4.13 Optical micrograph of fibres electrospun from PAni 1% PVC 10% TDAB 

0.5% in THF/DMF 
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Figure 4.14 Overlayed Raman spectra of fibres electrospun from PAni 1% PVC 10% 

TDAB 5% in THF/DMF 
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The analysis of Spot 2 in Figure 4.14 indicated changes between 1300 cm-1 and 1380 

cm-1 where the two peaks corresponding to the nitrogen radical cation could be clearly 

observed at 1326 and 1345 cm-1. The peak associated with conformational changes and 

secondary doping of PAni at ~1370 cm-1, observed in the PAni/PAN electrospun fibres, 

was not present in the PAni 1% PVC 10% TDAB 5% spectra of Spot 2. However, in 

Figure 4.15 there was some indication of a shoulder at 1372 cm-1, and both 

PAni/PVC/TDAB 5% and 10% Raman spectra displayed a peak at ~1622 cm-1, 

consistent with primary doped samples, but again the Spot 1 analyses for both samples 

did not.  

 

It is unlikely electrospinning was responsible for the evolution of these bands. Fong and 

Reneker [65] stated that polymer chains are expected to be elongated and orientated 

axially during electrospinning as a change from random coil structure to uncoiled state 

occurs due to the strain from the electrospinning process, which may affect the PAni 

orientation. However, if the process of electrospinning were responsible for these new 

peaks it would be expected that the original PAni/PVC fibres would have exhibited 

similarities to this PAni/PVC/TDAB sample, and that the spectra would be consistent 

for all concentrations of TDAB.  

 

It is, in fact, more likely that the ionophore interacted with, and had a direct influence 

on, individual properties of groups along the PAni chain, leading to the appearance of 

secondary doping, and that this influence increased with increasing TDAB 

concentration in the PAni/PVC fibres. If this is true it would indicate that the actual 

QAS was not dispersed through the electrospin fibres for it would be expected that both 

regions would exhibit the shoulder at ~1370 cm-1.  
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Figure 4.15 Overlayed Raman spectra of fibres electrospun from PAni 1% PVC 10% 

TDAB 10% in THF/DMF 

 

As noted in Section 2.4.2, the viscosity of the PAni/PVC solutions increased 

significantly after the addition of TDAB. It was proposed that TDAB interacted with 

one or more of the components of the solution, leading to a change in the conformation 

of the polymer components. Thus it appears this was the case with TDAB uncoiling the 

PAni chain within the electrosprayed droplets, leading to the presence of the peak at 

~1375 cm-1 associated with secondary doping, but not for the electrospun fibres. Instead 

the fibres exhibited characteristics of primary doping, indicating the electrospinning, 

whilst not assisting doping, instead restricted the degree of doping of PAni and its 

conformation within the electrospun fibres. 

 

The morphology of the fibres appeared to change only slightly when compared to the 

PAni/PVC micrograph, producing a fibrous mat that exhibited less particulate PAni on 

the mat. This was supported by SEM observations in Section 3.3.9. This may indicate 
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that the TDAB actively assisted the dispersion of PAni throughout the solution and 

limited the electrospraying of the blend, possibly a result of the cationic charges 

influencing the surface tension and conductivity of the solution outlined in Chapter 2.  

 

4.3.7 PAni/PAN/TDAB Electrospun Fibres 

PAni/PAN/TDAB 0.5%, 5% and 10% electrospun fibres were analysed by Raman 

spectroscopy with the fibrous mat PAni 1% PAN 3% TDAB 10% mapped to observe 

the dispersion of PAni. Figure 4.16 is the Raman spectra of two distinct spots on the 

electrospun fibres of PAni 1% PAN 3% TDAB 0.5%, with the corresponding band 

assignments noted in Table 4.7.  
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Figure 4.16 Overlayed Raman spectra of fibres electrospun from PAni 1% PAN 3% 

TDAB 0.5% in DMSO/DMF/THF 

 

The spectra of PAni 1% PAN 3% TDAB 0.5% were quite similar to the PAni 1% PAN 

3%, however one noticeable change was the absence of the shoulder at ~1370 cm-1 for 
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the Spot 2 analysis in this sample. This may have been due to this band coalescing with 

the 1347 cm-1 peak. However, this response was similar those for PAni/PVC/TDAB 

0.5% and 5% samples, in that the particulate PAni exhibited this peak whilst the 

underlying fibres did not. Again, it is unlikely that the electrospinning limited the ability 

of PAni to alter its conformation in the fibre as the shoulder at ~1370 cm-1 was observed 

in the original PAni/PAN Raman spectra for both particulate matter and electrospun 

fibres. Thus, it would appear that the ionophore contributed to this conformational 

change. Furthermore, the small band at 1494 cm-1 associated with C=C and C=N stretch 

of quinoid units, and the small shoulder at 1623 cm-1 associated with C-C stretch of the 

quinoid group was far more prominent in the Spot 2 sample, evidence that the 

electrospun fibres exhibited both primary doped and secondary doped characteristics, 

possibly due to the influence and poor dispersion of TDAB. 

 

 Wavenumber (cm-1) Assignments References 

426 / 424 Ring Deformation or C-H 
Wag (Q) [224, 225, 228] 

520 C-N-C Torsion [224, 228] 
587 Amine Deformation (B) [224, 228] 
654 Ring Deformation  (B) [224, 225, 228] 
715 Ring Deformation  (B) [224, 225, 228] 
811 C-H Deformation (Q) [224, 225, 228, 233, 260] 
870 Ring Deformation (B) [224, 225, 228, 260, 261] 
1171 C-H Bend (B) [222, 225, 233, 260, 263] 

~1246 C-N Stretch (B) or C-H 
Bend (B) [228, 260] 

1347 C-N+• Stretch [224, 228, 232, 260, 261] 
1373 Conformational Change [225, 232, 261] 

1494 C=C Stretch (Q) + C=N 
Stretch (Q) [224, 225, 232, 233] 

1510 (S1) / 1510 (S2) N-H Bend [224, 225] 
1596 (S1) / 1591(S2) C=C Stretch (Q) [224, 228, 232, 233, 260] 

1623 (S2) C-C Stretch (Q) [228, 261] 
Table 4.7 Peak assignments for fibres electrospun from PAni 1% PAN 3% TDAB 0.5% 

in DMSO/DMF/THF; (B) - Benzenoid; (Q) - Quinoid; (S1) - Spot 1; (S2) - Spot 2 
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Another difference between the TDAB blend and the original PAni/PAN blend is the 

appearance of the peak at ~715 cm-1. It is likely that the presence of this band was due 

to the baseline correction of the original PAni/PAN as this peak was present in the 

original PAni/PVC fibres (Figure 4.7) corresponding to PAni benzenoid ring 

deformation, or alternatively, due to some minor interaction between the PAni and the 

ionophore.  

 

 

Figure 4.17 Optical micrograph of fibres electrospun from PAni 1% PAN 3% TDAB 

0.5% in DMSO/DMF/THF 

 

From visual inspection of the micrograph in Figure 4.17, the fibrous mat contained a 

large number of PAni particles, however there was also evidence of individual particles 

not consistent with PAni, present as white speckles on the electrode surface indicated by 

the arrows. SEM morphology in Section 3.3.10 also showed electrosprayed particulate 

matter was present, indicating that these particles were other components of the 

spinning solution, such as PAN or TDAB. It was noted in Section 4.2.3 that 
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PAni/PAN/TDAB solutions required the addition of THF to assist the dissolution of 

TDAB, thus perhaps the TDAB was not fully dissolved and crystallised out during 

electrospinning. 

Changes in the concentration of the TDAB appear to have had some effect on the 

Raman spectra. Figure 4.18 gives a spot analysis of PAni 1% PAN 3% TDAB 5% 

electrospun fibres. From these spectra it can be seen that the shoulder at 1370 cm-1, 

associated with conformational change of PAni, previously evident in the PAni particle 

(Spot 1, Figure 4.17) is now present and more pronounced in both the particle and the 

background fibres (Spots 1 and 2, respectively, Figure 4.18).  
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Figure 4.18 Overlayed Raman spectra of fibres electrospun from PAni 1% PAN 3% 

TDAB 5% DMSO/DMF/THF 

 

In Section 4.3.5 it was noted that the shoulder at ~ 1620 cm-1 was observed for original 

PAni/PAN electrospun fibres, and that at 0.5% TDAB, this peak was present for the 

electrospun fibres, but not prominent in the particulate PAni. This may indicate that at 
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low concentrations TDAB significantly disrupts the doping of PAni. However, as the 

concentration increased to 5% TDAB, it would appear that TDAB influenced the blend, 

with both shoulders (~1370 cm-1 and ~1620 cm-1) more prominent as a result. 

Considering that the shoulder at ~1370 cm-1 is indicative of secondary doping, and 

hence conformational change, and the shoulder at ~1620 cm-1 is characteristic of 

primary doped PAni may   indicate that TDAB was insufficiently dispersed throughout 

the sample. This is consistent with the appearance of possible TDAB particles in the 

micrograph (Figure 4.17), resulting in different degrees of doping of PAni throughout 

the fibres 

 

Visual inspection from the optical micrograph of PAni 1% PAN 3% TDAB 10% 

electrospun fibres (Figure 4.19) indicated that the dispersion of PAni was again poor. A 

segment of this sample was mapped by Raman to provide a detailed PAni concentration 

analysis. The overlay of the Raman spectra is presented in Figure 4.20.  

 

The spectra overlay each other quite well, indicating that PAni was consistently present 

throughout the sample, however the concentration does vary as evident by the differing 

layers in the Raman spectra. The bands are also in relatively good agreement with the 

previous spectra (Figure 4.16 and 4.18), though there were some differences such as 

shifts to a lower wavenumber for the peaks at 1157 cm-1 and 1215 cm-1. There was a 

significant increase in the peak at ~1465 cm-1 corresponding to C=C stretch and C=N 

stretch, and also at ~1501 cm-1 corresponding to N-H bend for some regions of the fibre 

sample. This indicates the doping of the sample in these regions was lower compared to 

other areas of the sample.  
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Figure 4.19 Optical micrograph of fibres electrospun from PAni 1% PAN 3% TDAB 

10% in DMSO/DMF/THF 

 

It is unclear as to why these peaks were so intense, especially considering they were far 

less significant in the PAni/PAN, PAni/PAN/TDAB 0.5% and PAni/PAN/TDAB 5% 

samples. It is possible the higher concentration of TDAB de-doped the PAni to some 

extent, or reduced the ability of PAni to dope prior to electrospinning. However, the 

presence of the peak at 1339 cm-1 and at 1379 cm-1 corresponding to the radical cation 

indicate that the PAni was doped to some degree. This ‘peak’ at 1379 cm-1, previously 

noted as corresponding to conformational change, usually appears as a shoulder on the 

band at ~1340 cm-1. If TDAB were de-doping the PAni, it would be anticipated this 

‘peak’ at 1379 cm-1 would have decreased significantly due to the relatively high 

concentration of TDAB, however this was not the case. The layering of fibres with areas 

indicative of both primary doped, secondary doped and low-doped PAni suggests that if 

the TDAB was actively doping or de-doping the PAni, then it was not dispersed 

throughout the blend, leading to this variability in degree of doping. 
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Figure 4.20 Overlay of 300 Raman spectra of a 40 µm x 30 µm segment of fibres 

electrospun from PAni 1% PAN 3% TDAB 10% in DMSO/DMF/THF 

 

The dispersion map is given in Figure 4.21, taken from the fibre sample identified in 

Figure 4.19. Clearly there were areas of high PAni concentration within the sample, 

evident by the light green features in Figure 4.21, however these areas correspond with 

electrosprayed matter rather than electrospun fibres, based on visual inspection of 

Figure 4.19. Furthermore, the presence of PAni in the underlying electrospun fibres 

represented by the darker blue areas was relatively consistent, although there were areas 

of high PAni concentration. The small purple areas correspond to the low doped PAni.  
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Figure 4.21 PAni dispersion map of fibres electrospun from PAni 1% PAN 3% TDAB 

10% in DMSO/DMF/THF; bands 1100-1400 cm-1 

 

4.3.8 PAni/PVC/TAEAB Electrospun Fibres 

As stated previously it appears the introduction of the QAS led to a change in the 

interaction between PAni and PVC, in turn leading to a change in the conformational 

properties of the PAni within the fibres. This is repeated for Raman spot spectra of PAni 

1% PVC 10% TAEAB 0.5% (triallylethylammonium bromide, a documented nitrate 

ionophore) electrospun fibres, presented in Figure 4.22 with the assignments given in 

Table 4.8. 

 

The assignments are consistent with the literature and generally agree with the bands 

observed in PAni 1% PVC 10% electrospun fibres. However, there were some 

discrepancies, notably small shifts in the bands observed at ~1300 – 1400 cm-1, and the 

presence of bands at 1495 cm-1 and 1625 cm-1 for Spot 2 compared to Spot 1.  
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Figure 4.22 Overlayed Raman spectra of fibres electrospun from PAni 1% PVC 10% 

TAEAB 0.5% in THF/DMF 

 

Wavenumber (cm-1) Assignments References 

416 (S1) / 422 (S2) Ring Deformation or C-H 
Wag (Q) [224, 225, 228] 

518 C-N-C Torsion [224, 228] 
575(S1) / 586(S2) Amine Deformation (B) [224, 228] 
647(S1) / 652(S2) Ring Deformation  (B) [224, 225, 228] 
724(S1) / 710(S2) Ring Deformation  (B) [224, 225, 228] 

808 C-H Deformation (Q) [224, 225, 228, 233, 260] 
866 Ring Deformation (B) [224, 225, 228, 260, 261] 

1171(S1) /1169 (S2) C-H Bend (B) [222, 225, 233, 260, 263] 

1241/1249 C-N Stretch (B) or C-H 
Bend (B) [228, 260] 

1345 (S1) /1316 + 1344 
(S2) C-N+• Stretch [224, 228, 232, 260, 261] 

1374(S1) Conformational Change [225, 232, 261] 

1495 C=C Stretch (Q) + C=N 
Stretch (Q) [224, 225, 232, 233] 

1510(S1) / 1523(S2) N-H Bend [224, 225] 
1597(S1) / 1589(S2) C=C Stretch (Q) [224, 228, 232, 233, 260] 

1625 C-C Stretch (Q) [228, 261] 
Table 4.8 Peak assignments for fibres electrospun from PAni 1% PVC 10% TAEAB 

0.5% in THF/DMF; (B) - Benzenoid; (Q) - Quinoid; (S1) - Spot 1; (S2) - Spot 2 
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The addition of this ionophore produced characteristic peaks observed in the 

PAni/PVC/TDAB spectra, such as the peak associated with conformation change and 

free charge carriers at 1374 cm-1, but only for Spot 1, the particulate PAni, for this 

sample. This was similar to observations reported for PAni/PVC/TDAB 0.5% (Figure 

4.12) where Spot 1 and Spot 2 differed, both chemically and physically. Observation of 

the micrograph in Figure 4.23 showed that these conformational changes associated 

with Spot 1 were in electrosprayed particles of PAni/PVC/TAEAB and not within the 

actual electrospun fibres. Thus the PAni appears to have variable conformation 

depending on its morphology. 

 

 

Figure 4.23 Optical micrograph of fibres electrospun from PAni 1% PVC 10% TAEAB 

0.5% in THF/DMF 

 

Spot 2 however, did not exhibit this shoulder at 1374 cm-1, but instead retained the two 

peaks at 1316 cm-1 and 1344 cm-1 indicative of the radical cation for primary doped 

PAni, and a peak at 1625 cm-1 associated with C-C stretch in primary doped PAni. As 

0

20

40

60

80

100

0 20 40 60 80 100 120 140

Length X (μm)

Le
ng

th
 X

 (μ
m

) 



Chapter 4 – Fibre Properties 

193 

postulated for the PAni/PVC/TDAB and PAni/PAN/TDAB samples, the QAS may not 

be adequately dispersed throughout the sample, or the electrospinning of PAni/polymer 

solutions limits the extent of PAni to alter its conformation within the fibres. If the PVC 

was directing the conformation of PAni within the electrospun fibres, or electrically 

screening PAni and leading to a coiled PAni conformation, it would be expected that 

this response would differ between the samples sites, if the particulate matter were PAni 

or PAni/QAS only. Thus, it is possible that both a lack of TDAB and the presence of 

PVC resulted in inconsistencies between the two sample sites. This is pertinent 

considering 10% TDAB in PAni/PVC produced Raman spectra exhibiting this shoulder 

at ~1370cm-1 for both spot analyses. This may also hold for TAEAB where a higher 

concentration may alter the conformation of PAni in PVC. 

 

It is apparent in Figure 4.23 that there were again two discrete regions associated with 

PAni, specifically lighter green regions associated with electrospun fibres, and darker 

green spatter that would appear was electrosprayed PAni. In conjunction with the high 

intensity of the Raman spectra of Spot 1 compared with Spot 2 in Figure 4.22, it was 

evident there was a lack of PAni dispersion through the sample due to the larger 

particles of PAni. Overall the actual micrograph indicated a uniform mat of 

PAni/PVC/TAEAB electrospun fibres. Thus whilst there was some electrospraying and 

possibly some undispersed particles of PAni, there is evidence that the underlying 

fibrous mat offers electrospun fibres containing dispersed and protonated PAni, albeit 

primary doped. 

 

No spectra were recorded for blends of PAni1% PVC 10% TAEAB 5% and 10% as 

TAEAB failed to dissolve adequately in these blends.  
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4.3.9 PAni/PAN/TAEAB Electrospun Fibres 

The Raman spectra of PAni 1% PAN 3% TAEAB 0.5% electrospun fibres were 

consistent with both the spectra observed for PAni 1% PAN 3% and for PAni 1% PVC 

10% TAEAB 0.5% electrospun fibres. The Raman spot analysis is presented in Figure 

4.24 with the assignments provided in Table 4.9. 
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Figure 4.24 Overlayed Raman spectra of fibres electrospun from PAni 1% PAN 3% 

TAEAB 0.5% in DMSO/DMF 

 

The spectra are similar to the Raman spectra of PAni 1% PAN 3% electrospun fibres 

except for the presence of a band at 709 cm-1, a lower intensity of the shoulder at 1383 

cm-1, the presence of a small peak for Spot 2 at 1495 cm-1, and the presence of a 

shoulder at 1623 cm-1 for Spot 2. The peak at 709 cm-1, due to ring deformation, was not 

observed in the original PAni 1% PAN 3% fibres, but was present in the 

PAni/PAN/TDAB fibres, and it was surmised that an error in the baseline correction of 



Chapter 4 – Fibre Properties 

195 

the original PAni/PAN blend was responsible for this observation, as this peak was 

previously observed in spectra of PAni/PVC electrospun fibres.  

 

Wavenumber (cm-1) Assignments References 

419 Ring Deformation or C-H 
Wag (Q) [224, 225, 228] 

517 C-N-C Torsion [224, 228] 
574 Amine Deformation (B) [224, 228] 
646 Ring Deformation  (B) [224, 225, 228] 
709 Ring Deformation  (B) [224, 225, 228] 

812 C-H Deformation (Q) / 
Ring Deformation (Q) [224, 225, 228, 260] 

872 Ring Deformation (B) [224, 225, 228, 260] 
1172(S1) / 1169(S2) C-H Bend (B) [224, 225, 228, 260] 

1245(S1) / 1252(S2) C-N Stretch (B) / C-C 
Stretch / C-H Bend (B) [225, 228, 260, 262] 

1342(S1) / 1344(S1) C-N+• Stretch [225, 232, 233, 260, 262] 
1375(S1) / 1389(S2) Free Charge Carriers [225, 232, 261] 

1495 C-C Stretch / C-H 
Deformation / C=N [224, 228, 262] 

1510(S1) / ~1519(S2) N-H Bend / C=N Stretch [228, 262] 

1596(S1) / 1597(S2) C-C Stretch (B)/ C=C 
Stretch (Q) 

[224, 228, 232, 233, 260, 
262] 

1635(S1) / 1623(S2) C-C Stretch (Q) [228, 261] 
Table 4.9 Peak assignments for fibres electrospun from PAni 1% PAN 3% TAEAB 0.5% 

in DMSO/DMF; (B) - Benzenoid; (Q) - Quinoid; (S1) - Spot 1; (S2) - Spot 2 

 

The peak at ~1343 cm-1 for both spot analyses is evidence that the PAni within the 

fibres was protonated, even though the peak associated with deprotonated quinoid units 

at ~1514 cm-1 was present. There was evidence of some degree of secondary 

doping/conformation change as evident by the shoulder at ~1380cm-1 for both spectra, 

which combined would indicate that PAni was doped, although this shoulder at 1380 

cm-1 was smaller for the background electrospun fibres. Similar to the spectra for PAni 

1% PVC 10% TDAB 0.5% fibres (Figure 4.16), there was the presence of a weak band 

at 1495 cm-1 for  Spot 2, and in conjunction with the assignments above, it is again 

likely that this the PAni in the fibres exhibited both doped and secondary doped 

characteristics.  
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As the introduction of the ionophore produced only a slight change in the Raman bands 

compared with the spectra of PAni 1% PAN 3% fibrous mat (Figure 4.11), it is evident 

the properties of the electrospun PAni/PAN fibres were much more dependent on the 

relationship between PAni and PAN rather than the presence of QAS. This is supported 

by evidence of conformational changes in the PAni due to the presence of the shoulder 

at ~1380 cm-1 for both spots, as was found in the original PAni/PAN sample, only small 

changes in the Raman spectra of PAni/PAN/TDAB samples with increasing TDAB 

(Figures 4.16, 4.18 and 4.20), and by the fact that PAni/PVC fibres exhibited significant 

differences compared with PAni/PVC/ionophore fibres. From this, it could be inferred 

that the properties of PAni/PVC fibres were less dependent on their PAni-PVC 

interaction compared to PAni/PAN fibres. If this is true it could be generalised that the 

interaction between PAni and a support polymer determines the degree of doping and 

the affect from electrospinning and the presence of QAS. 

 

The electrospun sample of PAni 1% PAN 3% TAEAB 0.5% (Figure 4.25) exhibited 

almost identical morphologically in comparison to PAni 1% PVC 10% TAEAB 0.5% 

fibres from the optical micrograph in Figure 4.23. It is important to note that it was 

observed in Section 3.3.10 and Section 3.3.12 these morphological characteristics were 

much more significant at a higher magnification. Again there were indications that 

electrospraying occurred with the presence of large green particles consistent with PAni, 

spread throughout the fibre mat.  

 

As with other spot analyses the Raman spectra indicated that whilst present as large 

particles on the fibres, PAni was also present within the fibrous mat. This indicates that 

whilst there may have been some suspended particles, there was also dispersion of PAni 

throughout the original solution to produce composite PAni/PAN electrospun mats.  



Chapter 4 – Fibre Properties 

197 

 

Figure 4.25 Optical micrograph of fibres electrospun from PAni 1% PAN 3% TAEAB 

0.5% in DMSO/DMF 

 

Increasing the concentration of the ionophore produced only slight changes in the 

Raman spectra of the PAni/PAN/TAEAB samples. Figure 4.26 is the Raman spot 

analyses of a sample of electrospun PAni 1% PAN 3% TAEAB 5% fibres whilst Figure 

4.27 is the Raman spot analyses of a sample of electrospun PAni 1% PAN 3% TAEAB 

10% fibres.  

 

Both spectra are consistent with the previous PAni 1% PAN 3% TAEAB 0.5% spectra 

and assignments. The differences observed between the three different samples are the 

presence of a shoulder at 1489 cm-1 in Spot 1 for the PAni/PAN/TAEAB 10% spectrum, 

the presence of a shoulder at 1621 and 1623 cm-1 for both analyses of this sample, 

indicative of primary doped PAni, and another shoulder at 1643 cm-1 corresponding to a 

cyclised structure containing nitrogen [224, 225]. The spectra of PAni/PAN/TAEAB 
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5% are practically identical to the PAni/PAN/TDAB spectra, apart from some minor 

shifts in the shoulders at ~1620 cm-1 for both Spot analyses. 

 

The peak at ~1380 cm-1 for the Spot 2 analysis of PAni/PAN/TAEAB 10% was quite 

small, implying similar observations to the PAni 1% PAN 3% TDAB 0.5% spectra 

where one spot possessed the ~1380 cm-1 band whilst the other did not. Again, this may 

have been a result of the influence of the ionophore on the properties of PAni within the 

fibre. There was also a noticeable increase in the area for the band located at ~411 cm-1 

due to baseline correction of the spectra.   
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Figure 4.26 Overlayed Raman spectra of fibres electrospun from PAni 1% PAN 3% 

TAEAB 5% in DMSO/DMF 
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Figure 4.27 Overlayed Raman spectra of fibres electrospun from PAni 1% PAN 3% 

TAEAB 10% in DMSO/DMF 

 

 

Figure 4.28 Optical micrograph of fibres electrospun from PAni 1% PAN 3% TAEAB 

10% in DMSO/DMF 
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The high concentration of TAEAB in the sample may have influenced the solution 

properties, such as viscosity, solution conductivity and surface tension, in PAni/PAN 

solutions as the optical micrograph in Figure 4.28 presents significant morphological 

changes compared to other electrospun samples. There were no longer large particles or 

droplets through the mat, but rather film-like areas of PAni were present, along with 

areas that appear to have no, or much lower concentrations of PAni. This was partially 

supported by evidence in Section 3.3.12 where areas of film were also observed, 

although the majority of the sample was fibrous. Regardless of this change in 

morphology there still appears to be the presence of doped PAni within the non-woven 

mat, although this should be treated with caution at this high concentration of TAEAB 

due to the significant morphological change observed in Figure 4.28.  

 

4.3.10 MWNT 

Raman analysis of raw MWNT and MWNT/polymer electrospun fibres were also 

performed to determine the distribution of MWNT, and also to determine the quality of 

MWNT employed.  

 

The Raman spectra of raw MWNT powder consisted of two dominant peaks 

corresponding to two different properties of nanotubes (Figure 4.29). 

 

The D-band at ~1350 cm-1, also referred to as the disorder-induced peak, occurs due to 

the double-resonance effect in the sp2 carbons [264]. Double resonance occurs when the 

energy of the incoming scattered photon from the laser source matches the transition 

energy of an allowed electronic transition and leads not to a virtual transition, but a real 

and observed one [265].  
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Figure 4.29 Raman spectra of raw MWNT powder 

 

It is also suggested that this peak is a product of defects in the nanotube structure and 

decreases in purified samples [264, 266, 267].  As the sample utilised here was used ‘as 

received’ it may well be relatively impure, which would contribute to the large D-band, 

most likely as a result of amorphous carbon by-products and defects in the nanotubes. 

 

The G-band at 1605 cm-1 is named due to the relationship of nanotubes with graphite. 

Raman spectra of graphite produce a peak at 1582 cm-1 due to tangential vibrations of 

the carbon atoms. These vibrations are also observed in carbon nanotubes but the 

Raman band may shift due to the curvature of the nanotubes in comparison to graphite 

sheets [266, 268]. These vibrations in nanotubes are presented diagrammatically in 

Figure 4.30. 
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Figure 4.30 Tangential vibrations of carbon atoms in carbon nanotubes [268] 

 

4.3.11 MWNT/PEO Electrospun Fibres 

Figure 4.31 is the Raman spectrum of MWNT 0.5% PEO 3% electrospun fibres. There 

were two major peaks observed in both spectra and assigned in Table 4.10. Two peaks 

should be prominent in Raman spectra of MWNT, specifically the D-band observed in 

the range of 1320-1400 cm-1 and the G-band between 1530 – 1640 cm-1 [267-270]. 

 

There are three other notable peaks in the spectra (See Table 4.10) and these were 

assigned to the CH3 rocking and bend from PEO [271]. However, the areas of these 

bands indicate that the contribution from the MWNT is far more intense than that from 

PEO.  

 

Wavenumber (cm-1) Assignments References 
805 CH3 Rocking [271] 
840 CH3 Rocking [271] 
1333 D-band [267-270] 
1466 CH3 Bend [271] 
1603 G-band [267-270] 

Table 4.10 Peak assignments for fibres electrospun from MWNT 0.5% PEO 3% in 

CHCl3 
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Figure 4.31 Raman spectrum of fibres electrospun from MWNT 0.5% PEO 3% in 

CHCl3 

 

4.3.12 MWNT/PVC Electrospun Fibres 

By mapping a sample of MWNT 0.5% PVC 10% fibres the relative dispersion of 

MWNT throughout the fibres can be determined. Figure 4.32 provides an overlay of a 

sample of MWNT 0.5% PVC 10% that was mapped.  

 

Again there are two major peaks that occur in the overlay of MWNT 0.5% PVC 10% 

corresponding to the D-band and G-band. The assignments for these peaks are provided 

in Table 4.11. Similar to the MWNT 0.5% PEO 3% fibres, there was no significant 

contribution from PVC and it is difficult to confirm the presence of PVC in these 

samples.  
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Figure 4.32 Overlay of 552 Raman spectra of a 48 µm x 46 µm segment of fibres 

electrospun from MWNT 0.5% PVC 10% in THF/DMF 

 

Wavenumber (cm-1) Assignments References 
1332/1337 D-Band [267-270] 

1603 G-Band [267-270] 
Table 4.11 Peak assignments for fibres electrospun from MWNT 0.5% PVC 10% in 

THF/DMF 

 

The dispersion map in Figure 4.33 was prepared by selecting only the D-band and G-

band MWNT peaks in the overlay of MWNT/PVC electrospun fibres.  

By selecting only these peaks the changes in the concentration of MWNT can be 

observed as indicated by changes in the colour. As there are no extreme colour changes 

in the map there was little change in the concentration of the MWNT present throughout 

the sample.  
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Figure 4.33 MWNT dispersion map of fibres electrospun from MWNT 0.5% PVC 10% 

in THF/DMF 

 

4.3.13 MWNT/PAN Electrospun Fibres 

MWNT/PAN blends give similar results to MWNT/PVC and MWNT/PEO spectra, 

with the presence of the two significant MWNT peaks (1312 and 1604 cm-1) in good 

agreement with observations made by Li et al. [269]. The Raman spot spectra are given 

in Figure 4.34, the assignments provided in Table 4.12, and the optical micrograph of 

the analysis region given in Figure 4.35. 

 

The individual spot spectra are in agreement, presenting similar intensity characteristics 

indicating that the MWNT were dispersed throughout the electrospun fibres. Again, the 

Raman response for the MWNT is significantly more intense than the PAN, and again 

the two major peaks present are assigned to the MWNT D-band and G-band. 
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Figure 4.34 Overlayed Raman spectra of fibres electrospun from MWNT 0.5% PAN 3% 

in DMSO/DMF 

 

Wavenumber (cm-1) Assignments References 
1312 D-Band [267-270] 
1604 G-Band [267-270] 

Table 4.12 Peak assignments for fibres electrospun from MWNT 0.5% PAN 3% in 

DMSO/DMF 

 

The surface of the sample indicates that there has been the electrospraying of droplets or 

that agglomeration of MWNT occurred, indicative of inadequate dispersion of 

nanotubes. However, the Raman overlay indicates that MWNT has been dispersed 

through the sample with both spots offering similar spectra. This is pertinent due to the 

different appearance of the analyses regions in Figure 4.35, with Spot 1 appearing to be 

high in MWNT concentration and Spot 2 appearing to be relatively low. 
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Figure 4.35 Optical micrograph of fibres electrospun from MWNT 0.5% PAN 3%  in 

DMSO/DMF 

 

4.4 Results and Discussion – Tensile Testing 

4.4.1 PVC Electrospun Fibres 

The electrospun samples of PVC were not particularly rigid, requiring very little force 

to extend the samples. According to Hannah and Hillier [236] un-reinforced plastics 

have a Young’s modulus in the area of 1.4 GPa, depending on the processing and the 

properties of the polymer. Lee et al. [84] reported a modulus of 3.75 MPa for a pure 

PVC fibre mat electrospun from THF/DMF. In addition they also observed elongations 

of the electrospun PVC fibre mat up to 153 % at maximum yield. 

 

In this the present work, two PVC samples electrospun from THF/DMF gave values of 

144 kPa and 119 kPa for Young’s modulus, given in Figure 4.36 and Table 4.13. It is 
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obvious that these values were much lower than those suggested by Hannah and Hillier 

[236], and also significantly lower than those by Lee et al. [84]. 
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Figure 4.36 Stress-strain graph of fibres electrospun from PVC 10% and PVC 10% 

CSA 1% in THF/DMF 

 

Sample Young's Yield Elongation Sample 
  Modulus (kPa) Strength (kPa) at Yield (%) Thickness (mm)

PVC 10 % (1) 144 910 25.48 0.037 
PVC 10 % (2) 119 713 18.79 0.037 

Average 132 811 22.14   
St. Dev 17 139 4.73   

         
Sample Young's Yield Elongation Sample 

  Modulus (kPa) Strength (kPa) at Yield (%) Thickness (mm)
PVC 10% CSA 1% (1)  25 611 35.95 0.100 
PVC 10% CSA 1% (2) 37 1101 39.38 0.100 

Average 31 856 37.67   
St. Dev 8 346 2.43   

Table 4.13 Young’s modulus, yield strength and elongation of fibres electrospun from 

PVC 10% and PVC 10% CSA 1% in THF/DMF 

 



Chapter 4 – Fibre Properties 

209 

The PVC 10% replicates in the current work also gave different moduli and yield 

strengths, though the actual stress/strain characteristics were similar. These may be a 

product of the preparation of the samples for testing, whereby segments of sample had 

to be cut from a larger component, resulting in some fibre linkages being removed, and 

possibly decreasing the structural stability of the fibres. It is also likely that these 

differences were derived from some variability in the electrospinning process, resulting 

in slight differences in the electrospun fibre mats. It was previously stated that the PVC 

fibres electrospun by Lee et al. [84] did not possess many point-bonded connections, 

and that the rigidity of the sample came from friction and entanglement of the fibres 

[84]. This is a significant issue as it would indicate the elastic modulus would change 

with changes in density of fibres.  

 

As stated in Section 4.2.4 the electrospun fibre mats in the current work were prepared 

by electrospinning approximately 300 μL of solution. If the thickness of the mats 

electrospun from this volume were relatively low it could be assumed that the sample 

possessed a high fibre density and that the electrospun fibres were tightly packed. 

Conversely, a thicker sample may imply that the fibre density was relatively low as the 

electrospun fibres were not packed as closely. However, this assumes that the portion of 

the 300μL electrospun onto the Mylar® was consistent for all polymer blends. This may 

or may not have been the case, and it was not determined if the ‘efficiency’ of 

electrospinning differs.  

 

A mat possessing a high fibre density would possess relatively high levels of hydrogen 

bonding and van der Waals forces between fibres, in turn increasing the modulus of 

elasticity during stretching, similar to suggestions by Nissan and Battern [239]. A 

greater fibre density would also imply a greater degree of physical entanglement 
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between the fibres, leading to an increase in the modulus. Whilst the physical 

dimensions of the sample were taken into account, the entanglement of the electrospun 

fibres would be difficult to determine, as would the mechanical contribution this 

entanglement would produce.  

 

The contribution of point-bonding throughout the mat would also be difficult to 

quantify. It would be expected that a fibre mat with a greater density, and possessing a 

point-bonded configuration, would have a greater modulus than one with low density 

and little point-bonding, similar to observations from Lee et al. [84]. Similarly, a mat 

that exhibits long, straight fibres, devoid of curls, kinks and crimps would also be 

expected to have a larger modulus compared with a mat possessing these properties 

[239]. Again, these parameters would be difficult to measure in these mats, and also 

difficult to accurately quantify.   

 

Furthermore, the overlap of individual polymer chains at any point within an 

electrospun fibre may vary. That is, in any one cross-sectional area of an electrospun 

fibre the number of polymer chains may vary, thus leading to a difference in the 

strength of the individual fibre. Overall these properties make it difficult to analyse the 

mechanical strength of bundled electrospun fibres using this method and that there is 

inherent difficulty in comparing these results and those by other researchers.  

 

As Lee et al. [84] pointed out, polyurethane (PU) and PVC exhibit different rigidities 

due to differences in the point-bonded structure of the fibres as PVC is less tangled than 

PU. Both of these points are supported by Felbeck and Atkins [234] with respect to the 

string-spaghetti analogy. Furthermore, at room temperature PU is above its glass 
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transition temperature (Tg) [272] whilst PVC is below its Tg [238]. Thus it would be 

expected that PU would exhibit flexibility, while PVC would be stiffer, but more brittle.  

 

Though they did not directly give the MW of the PVC used in their study, Lee et al. [84] 

gave the degree of polymerisation as being 800. The degree of polymerisation is a 

measure of the molecular weight of the polymer, with respect to the number of repeat 

units in an average chain [238]. Assuming this is the weight-average degree of 

polymerisation then the Mw of the PVC in Lee et al. [84] study was 50,000. This is 

slightly less than the PVC employed in this work and indicates that minor differences in 

molecular weight were not enough to significantly alter the tensile properties of the 

electrospun fibres, especially considering the MW of the PVC used in this study was 

above the entanglement molecular weight of PVC. (The entanglement molecular weight 

is the minimum molecular weight required for interaction with neighbouring polymer 

chains. In the case of PVC this value is 5,560 g mol-1 [238]).  

 

The presence of 1% CSA in PVC 10% fibres led to some interesting results, noted 

previously in Table 4.13 and Figure 4.36. Young’s modulus decreased by an average 

factor of 4.5 from 144 and 119 kPa to 25 and 37 kPa respectively, while the strain of the 

samples almost doubled in comparison to the PVC 10% electrospun fibres. As noted 

previously, there appears to be some variability in the electrospinning, and hence the 

results, however it appears the CSA imparts some property that reduces stiffness, but 

consistently allows the stretching of the nanofibres. It may be that the CSA was 

plasticising the PVC, reducing the friction between the polymer chains and in turn, the 

fibres. This is similar to the observations made by Shah and Shertukde [273] who 

observed a decrease in the tensile strength and increase in the elongation of PVC sheets 

with the addition of butyl benzyl phthalate. It is important to note that butyl benzyl 
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phthalate is a recognised plasticiser for PVC, softening the polymer and reducing the 

mechanical strength. CSA has been noted before as a plasticiser for nitrocellulose by 

Matsubara & Wakabayashi [274], however there is no literature indicating its effects on 

the mechanical strength of PVC. From the data here it appears that CSA had an affect 

on the properties of the electrospun PVC fibres, possibly as a plasticiser, or in the 

capacity as a lubricant by allowing the electrospun fibres to be pulled out from 

entangled mat with greater ease.  

The thickness of the PVC/CSA electrospun fibrous mat for both samples was 0.100 

mm, and for electrospun PVC it was 0.037 mm. As expected, this increased mat 

thickness, and hence decreased fibre density, did not translate into an increase in the 

elastic modulus. Overall, it would appear that CSA decreased fibre density, decreased 

fibre entanglement, reduced the chemical interaction between the fibres and/or actively 

lubricated the fibres and decreased the friction between them.  

 

4.4.2 PAni/PVC Electrospun Fibres 

Young’s moduli of PAni 1% PVC 10% electrospun fibres were notably higher than the 

PVC fibres; however they were still lower than the values observed by Lee et al. [84]. 

The two samples recorded moduli of 216 kPa and 368 kPa for PAni 1% PVC 10% (1) 

and PAni 1% PVC 10% (2) respectively. These values plus the elongation at yield are 

given in Table 4.14, along with the stress-strain graph in Figure 4.37. 

 

The slope in Figure 4.37 was similar for both samples after the yield points, indicating 

the samples were relatively uniform and the testing regime was not appreciably different 

between the two tests during this secondary increase in strength. This also indicates that 

the possibility of physical faults in the samples is unlikely. As the samples were 

prepared from the same solution and during the same process, it is likely that any 
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chemical faults in the fibres would be present in both samples, and would be present in 

both stress/strain plots. Thus, it is likely that variability in electrospinning process itself 

was responsible for these differences. 

 

Sample Young's Yield Elongation Sample 
  Modulus (kPa) Strength (kPa) at Yield (%) Thickness (mm)

PAni 1% PVC 10% (1) 216 2608 31.24 0.030 
PAni 1% PVC 10% (2) 368 2964 36.11 0.030 

Average 292 2786 33.68   
St. Dev 108 252 3.44   

Table 4.14 Young’s modulus, yield strength and elongation of fibres electrospun from 

PAni 1% PVC 10% in THF/DMF 
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Figure 4.37 Stress-strain graph of fibres electrospun from PAni 1% PVC 10% in 

THF/DMF 

 

Comparison of PVC and PVC/CSA fibres with the electrospun fibres PAni/PVC in 

Table 4.13 and 4.14, respectively, indicated the inclusion of PAni increased both the 

strength and stiffness of the fibres substantially. Young’s moduli of PAni/PVC 

electrospun fibres, 216 kPa and 368 kPa respectively, were approximately twice that for 
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PVC (144 kPa and 119 kPa), and up to ten times that of PVC/CSA electrospun fibres 

(25 kPa and 37 kPa). This provides further evidence that PAni interacted with PVC to 

some extent, increasing the rigidity of the fibrous mat, perhaps a result of the PAni 

imparting structural strength. The PAni 1% PVC 10% fibre mats were also thinner, and 

hence had a higher fibre density than PVC electrospun fibres, leading to an increase in 

Young’s modulus. Taking into account the decreased fibre density and elastic modulus 

for the PVC/CSA fibres, evident by the larger sample thickness for these samples, PAni 

actively contributed to the mechanical strength of the fibre mat of PAni/PVC.  

 

Pron et al. [275] observed decreases in the elastic modulus of PAni films with 

increasing plasticiser. They produced pressed films of PAni containing dialky ester 

bis(2-ethylhexyl) hydrogen phosphate (DiOHP) with elastic moduli of 0.23 GPa and 

0.14 GPa for PAni:DiOPH molar ratios of 0.33 and 0.36, respectively. Thus a small 

change in percentage of the dopant led to a significant decrease in the elastic modulus of 

the film. This may have occurred in the PAni/PVC fibres containing CSA. Whilst CSA 

is not noted as an effective plasticiser, there was evidence that it was either acting as a 

plasticiser or a lubricant in the PVC/CSA fibres. If this affect can be carried to the 

PAni/PVC fibres, then it is likely that CSA was also reducing the stiffness or lubricating 

the PAni/PVC fibres. However, from the mechanical testing of the PAni/PVC fibres it 

appears that PAni contributed more to the increased rigidity of the fibres than the 

negative effect of CSA. It is also important to note that the doping of PAni by exposure 

to CSA may have led to this increase, and that un-doped PAni/PVC fibres may exhibit a 

lower mechanical strength due to differences in the chemical nature of PAni in the 

doped and un-doped states.  
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4.4.3 PAni/PVC/TOAB Electrospun Fibres 

The inclusion of the ionophore tetraoctylammonium bromide (TOAB) into the blend led 

to significant changes in the mechanical properties of the electrospun fibres. These 

results are presented in Table 4.15 and Figure 4.38.  

 

Sample Young's Yield Elongation Sample 
  Modulus (kPa) Strength (kPa) at Yield (%) Thickness (mm)

PAni 1% PVC 10% TOAB 5% (1) 81 1221 20.91 0.100 
PAni 1% PVC 10% TOAB 5% (2) 34 1103 28.26 0.100 
PAni 1% PVC 10% TOAB 5% (3) 76 716 16.21 0.100 

Average 64 1014 21.79   
St. Dev 26 264 6.07   

Table 4.15 Young’s modulus, yield strength and elongation of fibres electrospun from 

PAni 1% PVC 10% TOAB 5% in THF/DMF 

 

Young’s moduli were notably lower than the PAni/PVC (292 kPa) and PVC fibres (132 

kPa), with PAni/PVC/TOAB 5% recording values of 81, 34 and 76 kPa for the three 

replicates. However, Young’s moduli for these TOAB samples were higher than the 

PVC/CSA fibres, which recorded an average modulus of 31 kPa. The maximum yield 

strength, where maximum stress was achieved, was on average higher for 

PAni/PVC/TOAB than the PVC and PVC/CSA fibres, but significantly lower than the 

PAni/PVC electrospun fibres. This indicates the inclusion of TOAB had a detrimental 

effect on the mechanical properties of the electrospun fibres of PAni/PVC. 

 

There was appreciable variation between the tensile strength of the three replicate 

electrodes of PAni 1% PVC 10% TOAB 5% (Table 4.15 and Figure 4.38). Though 

samples (1) and (3) exhibited similar moduli, the maximum yield strength was slightly 

lower for sample (3), and the strain compared well between samples (1) and (2). This 

may indicate that some breakage of fibres within the mat occurred for sample (2), 

reducing the physical properties of entanglement, and in turn reducing the rigidity but 
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retaining the ability to stretch. If this is the case then it is likely the ionophore affected 

the chemical properties of the electrospun fibres for samples (1) and (3).  
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Figure 4.38 Stress-strain graph of fibres electrospun from PAni 1% PVC 10% TOAB 

5% in THF/DMF 

 

Whilst quaternary ammonium salts (QAS) are recognised for their ion-selectivity 

properties, there is also an indication that they extend a plasticisation effect on other 

materials [276, 277]. Thus TOAB in this case may have been plasticising the PAni/PVC 

fibres, leading to a decrease in Young’s modulus whilst the maximum tensile yield 

remained comparable to PVC and PVC/CSA fibres. However, Jacobsen and Fritz [278] 

observed the maximum tensile strength of polylactide (PLA) film decreased with 

increasing concentration of plasticiser. Matuana et al. [279] and Pita et al. [280] both 

observed decreases in Young’s modulus and the maximum tensile yield of the PVC 

films when blended with plasticisers. Shah and Shertukde [273] also observed a 
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decrease in Young’s modulus, but an increase in the maximum tensile yield of a PVC 

film; however they indicated that this was due to the polar nature of the plasticiser.  

TOAB is a relatively polar molecule due to the large charge discrepancy brought about 

by the positive nitrogen and the negative bromide, and by the surfactant nature of QAS 

[184]. It is probable that the ionophore disrupted the interaction between the PAni and 

PVC, leading to a decrease in the rigidity of the fibres, but not altering the PVC support 

structure, and thus the maximum yield strength of the fibrous mat. This is supported 

with previous results (Chapter 2 and Chapter 3) where the presence of ionophores 

altered the properties of the spinning solution and also produced changes in the 

morphology of the electrospun fibres. 

 

Another factor that may have influenced the mechanical properties is the fibre density 

of the samples. The thickness of the all PAni 1% PVC 10% TOAB 5% samples was 

0.10 mm. The fibre density is significantly lower than the PAni 1% PVC 10% fibrous 

mats, indicating that the presence of the ionophore reduced the physical and chemical 

interaction of the electrospun fibres., or altered the electrospinning efficiency. 

 

4.4.4 PAni/PVC/TDAB Electrospun Fibres 

The addition of 5% TDAB produced the strongest fibrous mat of those containing PAni. 

From Table 4.16 and Figure 4.39, replicate samples produced elastic moduli of 382 kPa 

and 509 kPa, and a maximum yield strength 3790 kPa and 4492 kPa, respectively. Not 

only is the modulus comparable with PAni 1% PVC 10% fibres, but the yield strength is 

noticeably higher. It appears that TDAB imparts far more benefits to the mechanical 

properties of a PAni/PVC fibre mat than TOAB. It is unknown as to why the stiffness of 

the PAni/PVC fibres has increased in the presence of this ionophore and not TOAB. 

The point-bonding of electrospun fibres, reported in Section 3.3.7 and 3.3.9, was 
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significantly greater for TOAB samples than TDAB samples, and this was not the cause 

for improvement. However, the longer alkyl chains on TDAB may enhance the 

interaction between the PVC and PAni, as well as the interaction between the fibres.  

 

Sample Young's Yield Elongation Sample 
  Modulus (kPa) Strength (kPa) at Yield (%) Thickness (mm)

PAni 1% PVC 10% TDAB 5% (1) 382 3790 20.48 0.051 
PAni 1% PVC 10% TDAB 5% (2) 509 4492 29.38 0.051 

Average 446 4141 24.93   
St. Dev 90 496 6.29   

Table 4.16 Young’s modulus, yield strength and elongation of fibres electrospun from 

PAni 1% PVC 10% TDAB 5% in THF/DMF 
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Figure 4.39 Stress-strain graph of fibres electrospun from PAni 1% PVC 10% TDAB 

5% in THF/DMF 

 

If TOAB was plasticising the PAni/PVC fibres as previously hypothesised, than TDAB 

had the opposite effect, altering the conformation of PVC or PAni, increasing the 

interactions between PAni and PVC, or both. It was noted in Section 4.3.6 that PAni 

exhibited a change in conformation in the presence of TDAB, leading to a Raman 
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response that differed to PAni/PVC. It is also possible this effect was a result of anti-

plasticisation of the fibrous mat instead of plasticisation.  

 

Anti-plasticisation is the phenomenon whereby a polymer mixed with a small amount of 

plasticiser will exhibit an increase in the elastic modulus and maximum tensile yield, in 

conjunction with a decrease in the elongation and disappearance of the secondary 

transition point [281-283].  

Lourdin et al. [282] stated that two hypotheses account for these changes in the polymer 

properties. In the first hypothesis the plasticiser increases the mobility of the polymer 

chains, allowing the chains to orientate and reorganize to produce a highly crystalline 

structure. This increases the polymer strength but reduces its yield at break due to a 

physical cross-linking effect. According to Guerrero [281] this process occurs in PVC, 

though there is uncertainty in the role of the solvent, and its influence on the mechanical 

properties of PVC has not been determined. 

 

Lourdin’s second hypothesis is that, instead of mobility, strong interactions occur 

between the plasticiser and the polymer, also leading to a cross-linking effect as well as 

crystallisation [282]. In addition Tiemblo et al. [283] state that a decrease in the free 

volume between the polymer chains leads to a decrease in chain motion, thus increasing 

the strength.  

 

The increase in the elastic modulus and maximum yield strength indicated that anti-

plasticisation may have occurred in the PAni 1% PVC 10% TDAB 5% fibres; however 

only one sample recorded a reduced elongation. This is problematic especially given the 

fact that the elongation of sample (2) was comparable to the PAni 1% PVC 10% fibres 

and Guerrero [281] reports that the anti-plasticisation of PVC leads to a reduction in the 
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stretching of the sample. In addition, the modulus between the two samples was quite 

different again with sample (1) having a lower stiffness. Thus it is difficult to conclude 

whether TDAB produced an anti-plasticisation effect or not, however it is clear that the 

introduction of TDAB altered the properties of the PAni/PVC blend significantly.  

 

The electrospun fibres observed in Section 3.3.7 for PAni/PVC/TOAB and Section 

3.3.9 for PAni/PVC/TDAB showed a comparable morphology with no significant 

differences. Furthermore the fibre diameters of these two samples in Chapter 3 were 

effectively identical. The only major difference between the two samples was the 

thickness of the material used for tensile testing. The PAni/PVC/TOAB sample was 

twice as thick as the PAni/PVC/TDAB sample, indicating the TDAB fibres were much 

denser than the TOAB fibres. 

 

Based on the assumption that less dense samples are weaker, it is likely that the density 

was responsible for the differences in the mechanical strength of the electrospun fibres. 

Thus it appears the ionophore has significantly altered the solution properties (i.e. 

viscosity, conductivity and surface tension) of the spinning solution, leading to an 

increase in fibre density by altering the electrospinning process.  

 

4.4.5 MWNT/PVC Electrospun Fibres 

Though it was expected that the introduction of MWNT into a PVC blend would 

increase the structural integrity, leading to an increase in both Young’s modulus and the 

maximum yield strength, this was not observed. Table 4.17 and Figure 4.40 present the 

tensile test results of three replicate MWNT 0.5% PVC 10% electrospun mats.  
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The uniformity in the mechanical aspects of the samples compared with previous PVC 

blends is quite good. Young’s modulus for the three samples were 102 kPa, 105 kPa and 

103 kPa, and the maximum tensile yields were 1303 kPa, 1473 kPa and 1356 kPa, 

respectively. These values were not dissimilar to those for PVC 10% electrospun fibres. 

This indicates that the addition of MWNT did not significantly alter the structural 

strength of the fibrous mat.  

 

Sample Young's Yield Elongation Sample 
  Modulus (kPa) Strength (kPa) at Yield (%) Thickness (mm)

MWNT 0.5% PVC 10% (1) 102 1303 31.46 0.080 
MWNT 0.5% PVC 10% (2) 105 1437 29.85 0.080 
MWNT 0.5% PVC 10% (3) 103 1356 31.70 0.080 

Average 103 1365 31.00   
St. Dev 1 67 1.01   

Table 4.17 Young’s modulus, yield strength and elongation of fibres electrospun from 

MWNT 0.5% PVC 10%  in THF/DMF 
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Figure 4.40 Stress-strain graph of fibres electrospun from MWNT 0.5% PVC 10%  in 

THF/DMF 
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The increased thickness of the electrospun MWNT/PVC fibrous mats compared with 

both PVC 10% and PAni 1% PVC 10% electrospun mats indicated that the presence of 

MWNT altered the electrospinning process, and in turn decreased the fibre density. 

Previous data and discussion suggests that if the fibre density is high an increase in the 

mechanical strength occurs. Thus the presence of MWNTs are actually detrimental to 

the morphological and mechanical properties of the MWNT/PVC fibre mats, and do not 

provide any structural support.  

Literature has reported the introduction of MWNT can lead to an increase in the 

strength of polymer composites [214, 284-288]. This increase may be the result of 

different properties imparted by the MWNT. Ruan et al. [287] observed MWNT acting 

as nucleating centres allowing secondary polyethylene (PE) crystallites to form, leading 

to an increase in the ductility of the material. In addition an increase in the strength of 

the composite material was also observed due to the load-bearing effect of the MWNT, 

whereby the MWNT would embed and intertwine with polymer chains. Jung et al. [284] 

chemically bonded the carbon nanotubes to polyurethane (PU), cross-linking the PU to 

MWNT which in turn led to an increase in both the tensile strength and the elastic 

modulus. Gong et al. [286] reports that the addition of MWNT to epoxy increased the 

elastic modulus by more than 30% in the presence of a surfactant, even though the 

MWNT were not homogenously dispersed through the sample. They indicated that the 

surfactant may interact with both the MWNT and the epoxy resin through hydrophobic 

and hydrophilic interaction. They also note the blend of MWNT and epoxy without the 

surfactant produced only moderate gains in the mechanical properties of the blend.  

 

According to Breuer and Sundararaj [285] there are two variables that control the 

strength of nanotube (NT) composites. Firstly, the interfacial interaction between the 

nanotubes and the matrix must be strong. Weak interaction leads to the nanotubes 
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behaving as defects or gaps within the composite rather than contributing to the 

mechanical strength. Secondly, the dispersion of the nanotubes also influences the 

mechanical strength of polymer composites. If the nanotubes are not dispersed they 

possess less interaction with the composite material and the applied force will instead 

pull the aggregates apart rather than individual nanotubes, leading to significantly 

reduced strength. In addition Andrews and Weisenberger [214] state the degradation of 

nanotubes due to processing will also lead to decreased strength.  

It is unlikely that the dispersion of MWNT in PVC electrospun fibres contributed to the 

poor mechanical strength. It was detailed in Section 4.3.12 that the MWNT appear to be 

dispersed throughout the PVC fibres when examined using Raman spectroscopy. 

However, it is possible that the quality of the MWNT may have had a significant 

bearing on the tensile strength of the electrospun fibres. As noted by Andrews and 

Weisenberger [214] the degradation of nanotubes due to processing can lead to a 

decrease in their mechanical properties. The MWNT quality was previously noted to be 

relatively low by Raman analysis in Section 4.3.10. Thus, if there were amorphous 

carbon or poor quality nanotubes then the strength of these components would have 

compromised the strength of the electrospun fibres. The interaction between the MWNT 

and the PVC may also have contributed to the weakness in these fibres. Taking into 

account the low fibre density for MWNT/PVC, comparison of the elastic moduli 

between PVC fibres and the MWNT/PVC fibres indicate the MWNT contributed to the 

overall rigidity and strength of the mat, albeit to a small extent. As these nanotubes were 

approximately 1-2μm in length, the interaction would have been only over a very short 

length.  

 

The addition of the anionic surfactant dodecylbenzenesulfonic acid (DBSA) to a 

MWNT/PVC blend in THF/DMF did not increase the mechanical properties of the mat, 
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but instead produced wide variation in both Young’s modulus and the maximum tensile 

yield.  These values for the five replicate samples are reported in Table 4.18, and the 

stress-strain graphs are given in Figure 4.41.  

 

Sample Young's Yield Elongation Sample 
  Modulus (kPa) Strength (MPa) at Yield (%) Thickness (mm)

MWNT 0.5% PVC 10% 23 554 40.87 0.040 
 DBSA 1% (1)        

MWNT 0.5% PVC 10% 25 503 44.40 0.040 
 DBSA 1% (2)        

MWNT 0.5% PVC 10% 65 914 23.43 0.040 
 DBSA 1% (3)        

MWNT 0.5% PVC 10% 108 2070 32.79 0.040 
 DBSA 1% (4)        

MWNT 0.5% PVC 10% 168 1024 12.92 0.040 
 DBSA 1% (5)        

Average 78 1013 30.88   
St. Dev 61 632 12.89   

Table 4.18 Young’s modulus, yield strength and elongation of fibres electrospun from 

MWNT 0.5% PVC 10% DBSA 1%  THF/DMF 
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Figure 4.41 Stress-strain graph of fibres electrospun from MWNT 0.5% PVC 10% 

DBSA 1%  in THF/DMF 
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Samples (1)-(3) had significantly low values for Young’s modulus, and also lower 

values for the maximum tensile yield compared with MWNT/PVC fibres. Only samples 

(4) and (5) recorded values comparable to the previous MWNT/PVC analyses, with 

sample (4) recording a modulus value of 108 kPa and a maximum tensile yield of 2070 

kPa, whilst sample (5) recorded 169 kPa and 1024 kPa, respectively. These two samples 

presented quite different values to all other samples of MWNT/PVC/DBSA and 

MWNT/PVC with sample (5) recording a modulus 60% higher than sample (4). 

 

On the other hand the maximum tensile yield of sample (4) was over twice that of 

sample (5). These variations are extremely large and may be a result of the introduction 

of DBSA. Previously it was observed that PVC solution containing CSA produced 

electrospun fibres that varied greatly in their properties. As postulated earlier with 

regards to CSA, the DBSA may have been acting as a plasticiser, thus altering the 

nature of the electrospun fibres. It is important to note that the thicknesses of the 

analysed samples were notably higher than the MWNT/PVC without DBSA, indicating 

the presence of DBSA does alter the electrospinning process. It is also possible that in 

all five samples the preparation resulted in some fibre linkages being removed, and 

possibly decreasing the structural stability of the fibres, or the DBSA produced defects 

in the electrospun fibres.  
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4.5 Conclusions 

Raman spectroscopy of PVC and PAN powder were consistent with literature, but more 

importantly the intensity of these polymers compared with PAni was significantly 

lower. This excluded assignments corresponding to either PVC or PAN in fibrous mats 

containing PAni. This was also the case for quaternary ammonium salts, and was a 

result of fluorescence of the PAni within the samples.  

 

The Raman spectroscopy of electrospun fibres provided strong evidence that PAni was 

significantly affected by other constituents of the spinning solution. It was observed that 

electrospun PAni/PVC fibres exhibited characteristics of primary doping, whilst 

electrospun PAni/PAN fibres exhibited evidence of secondary doping and 

conformational change of the PAni chain. It was postulated that the greater polarity of 

the PAN chain, due to the significant dipole on the cyano-groups, was responsible for 

this change in conformation, providing a support structure for the PAni chains. 

However, there was also evidence that the PAni was not completely doped, which 

indicated that the degree of doping differed throughout the electrospun fibres.  

 

The addition of TDAB and TAEAB to PAni/PVC samples led to further evolution of a 

Raman band corresponding to secondary doping/conformation change of PAni, 

previously observed in the PAni/PAN electrospun fibres. However, this shoulder was 

present only in electrosprayed particles for all PAni/PVC/ionophore samples, and within 

the electrospun fibres of PAni 1% PVC 10% TDAB 10%. This shoulder was not present 

in the spectra of electrospun PAni/PVC fibres for lower concentrations of TDAB or 

TAEAB. Thus from this it was concluded that TDAB and TAEAB actively assisted the 

uncoiling of PAni within the PAni/PVC spinning solution. 
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These characteristics were also observed for PAni 1% PAN 3% TDAB 0.5%, in that the 

Raman spectra for electrospun fibres did not exhibit the band at ~1370 cm-1 

corresponding to changes in conformation of PAni, though the particulate PAni did. 

However, this shoulder did evolve for higher concentrations of TDAB in the spectra of 

electrospun fibres, further evidence that QAS alter the degree of doping of PAni within 

the electrospun fibres.  

 

Additionally, these differences for PAni/PAN and PAni/PVC samples in the presence or 

absence of an ionophore indicated that the properties of the electrospun PAni/PAN 

fibres were greatly dependent on the relationship between PAni and PAN, but this was 

less so for PAni/PVC fibres. Thus the interaction between PAni and the support 

polymer ultimately dictates the chemical properties of the electrospun fibres in the 

presence of an ionophore. 

 

Spot analyses and dispersion maps of PAni/polymer indicated that whilst particulate 

PAni was electrosprayed onto the fibre mat, the underlying fibres possessed relatively 

uniform PAni dispersion for all samples. This was also the case for MWNT/polymer 

samples with good dispersion observed in the electrospun fibres, but it was also noted 

that the MWNT employed in these samples were relatively impure, and contained other 

carbonaceous material besides MWNT.  

 

Tensile testing of electrospun fibres indicated that the introduction of PAni to PVC 

increased the mechanical strength of these fibres, possibly due to PAni imparting its 

own mechanical properties, and due to an increase in fibre density in the electrospun 

samples, leading to greater fibre entanglement. The tensile testing of samples of 

PVC/CSA indicated CSA acts a plasticiser or lubricant, reducing the mechanical 
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stiffness of the electrospun fibres or allowing individual fibres to pull-out from the 

entangled mat, unlike PVC samples. The properties of PAni overcame these negative 

affects of CSA.  

 

The addition of TOAB led to a significant decrease in the mechanical strength of 

PAni/PVC electrospun fibres, by possibly disrupting the PAni/PVC interaction and 

hence individual fibre strength. This result may also have been due to the lower fibre 

density of the electrospun samples leading to a decrease in fibre entanglement, and in 

turn the physical interaction of the fibres.  

 

Fibre samples of PAni 1% PVC 10% TDAB 5% were not affected in the same manner 

as PAni/PVC/TOAB samples. Instead Young’s modulus increased, as did the maximum 

yield strength. It was postulated that this may have been a result of anti-plasticisation, 

where crystallisation takes place within the polymer structure, leading to an increase in 

the strength of individual fibres, or that there was some cross-linking between the 

polymer chains. It was also suggested that this response was due to an increase in the 

fibre density of the samples, however it was clear that TDAB contributed positively to 

the strength of the electrospun fibres.  

 

The mechanical strength of MWNT/PVC and MWNT/PVC/DBSA fibre samples was 

less than expected. It was anticipated that presence of MWNT would have imparted the 

structural properties associated with this material, and would have led to an increase in 

the mechanical strength of the electrospun fibres. Instead Young’s moduli and the 

maximum yield strength were much lower than the corresponding PVC electrospun 

fibres. It was suggested that the low quality of the MWNT, observed in Raman 
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spectroscopy, or a lack of interaction with PVC may have resulted in fibres with poor 

mechanical properties.  
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"For a smart material to be able to send out a more complex signal it needs 

to be nonlinear. If you hit a tuning fork twice as hard it will ring twice as 

loud but still at the same frequency. That's a linear response. If you hit a 

person twice as hard they're unlikely just to shout twice as loud. That 

property lets you learn more about the person than the tuning fork." 

Neil Gershenfeld, from When Things Start to Think (1999) 
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5.1 Introduction 

For any conducting polymer to act as a useful component of an electrospun fibre, it 

must be either electroactive and/or conductive. Cyclic voltammetry is a useful way of 

studying the redox mechanism of PAni, in combination with changes in the cycling 

solution composition [46, 263, 289]. This section will present an electrochemical 

analysis of electrospun PAni/PVC and PAni/PAN fibre electrodes, both with and 

without ionophores, and evaluate these electrodes for use as sensor for NO3
- in aqueous 

solutions.  

 

5.1.1 Cyclic Voltammetry of Polyaniline 

PAni can be both synthesised, as noted in Section 1.1.2, and characterised by cyclic 

voltammetry to produce a characteristic oxidation/reduction response. A typical 

voltammogram of PAni is presented in Figure 5.1 with the peaks correlating to the 

transformation of PAni to different oxidation states, as indicated in the voltammogram.  

 

 

Figure 5.1 Cyclic voltammogram of PAni in 1.0M HCl(aq) [27] 
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According to Huang et al. [28] PAni synthesised chemically or electrochemically is 

identical in electrochemical response, however the shape of PAni voltammograms can 

alter according to film thickness [5], scan rate [290], degradation of PAni [290], the 

dopant acid [291-294], the counter-ion in solution [22, 289, 295, 296], the concentration 

of PAni within a composite [297] and the type of composite [298], and the pH of the 

electrolyte solution [28, 46].  

 

During electrochemical polymerisation of aniline, the oxidation and reduction peak 

currents will increase, indicating growth of the polymer and increasing thickness of 

PAni, and the peak potentials may shift. In addition, a higher scan rate will lead to a 

proportional increase in the redox currents which is dependent on the electroactivity of 

the PAni [297], and the kinetic electron-limited transfer between the underlying 

electrode and the attached PAni [5, 299, 300]. Evidence of this electron dependent 

transfer was reported by Andrieux et al. [299] using an PAni ultra-microelectrode that 

showed the initial oxidation peak associated with the oxidation of leucoemeraldine to 

emeraldine did not shift in potential with an increasing scan rate up to 10,000 V/s.  

 

The degradation of PAni can lead to the production of other peaks within its cyclic 

voltammogram. Genies et al. [301] reported the evolution of a third peak between the 

redox peak corresponding to emeraldine formation and that corresponding to 

pernigraniline formation. It was suggested that this peak is associated with the cross-

linking of PAni chains, however Pruneanu et al. [292] note that this peak was the result 

of degradation products of benzoquinone and hydroquinone. Genies et al. [301] reported 

that washing a PAni film with acetone or dimethylsulfoxide did not change the 

electrochemical characteristics of the film, indicating that the product was not soluble 
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oligomers. In contrast Trivedi [302] also reported a third peak between the emeraldine 

and pernigraniline peaks related to the adsorption of quinone and hydroquinone created 

during electrochemical deposition of PAni. Trevedi also states the intensity of this peak 

increases with a spike of quinone and hydroquinone added to the supporting electrolyte. 

This third peak was also reported by Motheo et al. [293] as a degradation peak, and they 

noted that the type of dopant acid employed during growth can alter the presence of this 

peak. Specifically dopant acids with a high-molecular weight had a smaller degradation 

peak compared to HCl, and this may have been due to a decrease in the polymerisation 

rate of PAni for these high molecular weight dopants. 

 

Additionally, Pruneanu et al. [292] reported a change in the electrochemistry of PAni 

during electrochemical synthesis in the presence of different dopant acids. Specifically 

PAni films were prepared in either 1 M perchloric acid (HClO4), trichloroacetic acid 

(CCl3COOH) or chloroacetic acid (CClH2COOH). The peak potential for the first redox 

pair (leucoemeraldine to emeraldine) for the PAni film prepared in the presence of 

HClO4 did not shift with increasing scan rate, but both peaks of the second redox pair 

(emeraldine to pernigraniline) did shift towards negative potentials. The PAni film 

grown in the presence of CCl3COOH exhibited positive potential shifts for the first 

redox pair whilst the oxidation peak for the second redox pair became broader. 

Pruneanu et al. state that this was the result of a more difficult charge-transfer step. The 

last film of PAni synthesised in the presence of CClH2COOH produced a single broad 

redox pair, with a positive potential shift for the oxidation process and a negative 

potential shift for the reduction process. They surmised that the changes in the shapes of 

the voltammograms were a result of differences in the electrostatic interaction of the 

dopant acid with the ‘chemically flexible -NH- groups’ of PAni, and that these are due 

to the different structure and molecular weight of the anions [292].  
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Grzeszczuk and Szostak [303] also reported a change in the electrochemical response of 

an electrochemically grown PAni film after replacing HCl with tribromoacetate 

(CBr3COOH) as the supporting electrolyte. Both the oxidation and the reduction peaks 

altered in response to the change in the solution electrolyte. This can be clearly seen in 

Figure 5.2. 

 

 

Figure 5.2 The response of a PAni-HCl electrodeposited film with a change in the 

supporting electrolyte anion [303]. 

 

The voltammogram shows two oxidation peaks corresponding to Cl- (voltammogram 1) 

and CBr3COO- (voltammograms 2 to 4). The peak current associated with Cl- at ~0.20 

V decreases with an increasing number of scans in the presence of CBr3COO-, until 

eventually it disappears. The second peak associated with CBr3COO- appears at ~0.10 V 

in voltammogram 2 and subsequently increases in current and shifts slight to ~0.15 V in 

voltammogram 4, indicating ion exchange of the CBr3COO- for Cl-. Grzeszczuk and 

Szostak also reported the redox hysteresis of the redox peaks of PAni. Hysteresis is the 

‘delay’ in a response behind its cause and, in this context, refers to the delay in charge-
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transfer of PAni. The separation of the redox peak potentials between the oxidation peak 

and the reduction peak of the cyclic voltammogram of PAni is a measure of this. 

According to Grzeszczuk and Szostak, the hysteresis of a PAni electrode is dependent 

on the thickness of the film, the concentration of the supporting electrolyte and the 

electrolyte temperature. In an earlier study [304] they suggested that the hysteresis of 

PAni differed with different counter-ions, and this was a result of molecular interactions 

with the ions and different redox forms of PAni. In this later study [303] incorporating 

trihalogenoacetate counter-ions (i.e. trifluroacetate, trichloracetate and tribromoacetate) 

they concluded the type of counter-ion employed significantly affected the hysteresis of 

the PAni electrode, and the degree of hysteresis decreased with decreasing size of the 

trihalogenoacetate ion.  

 

The composition of a PAni/polymer blend has also been reported to affect the 

electrochemical characteristics of PAni. Namazi et al. [297] reported an electroactive 

PAni/PVC blend with a percolation threshold of 0.007% w/w PAni. The electroactivity 

of this blend was low compared with PAni/PVC blends containing a higher PAni 

content, as the voltammogram exhibited two oxidation peaks and only a single, broad 

reduction peak. Hosseini and Entezami [298] also observed changes in the 

electrochemical response of PAni in three different composites. Voltammograms of 

PAni/PVC, PAni/polystyrene (PS) and PAni/poly(vinyl acetate) (PVAc) were all 

markedly different. PAni/PVC produced two redox pairs characteristic of PAni, 

however both PAni/PS and PAni/PVAc exhibited only one redox couple. Hosseini and 

Entezami state that this was a result of the composites quickly transferring ions, and low 

levels of doping. Yang et al. [305] reported the electrochemical properties of blends of 

PAni/poly(vinyl phenylmethylamine) (PVBMA) and PAni/poly(vinyl 

benzylmethylamine) during growth of the films. These composites exhibited different 
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electroactivity when electrochemically grown in DMF/water solutions containing 0.1 M 

aniline and 0.1 M H2SO4, and it was suggested that these differences were a result of 

bulky groups on PVBMA decreasing the interaction between PVBMA chains. This 

decreased interaction allowed PAni to create a conducting network.  

 

The pH of the supporting electrolyte solution has been identified as a significant factor 

in the electrochemical response of PAni. According to Ping et al. [41] PAni will 

undergo oxidation from leucoemeraldine to pernigraniline when cycled at any pH 

greater than 4. They conclude in a pH range of 4-6 the non-protonated leucoemeraldine 

oxidises to a partially protonated pernigraniline state via a partially protonated 

emeraldine state. Above pH 6 PAni oxidises from a non-protonated leucoemeraldine 

state to a non-protonated pernigraniline state via a non-protonated emeraldine state [41]. 

The oxidation of leucoemeraldine to emeraldine is pH independent above pH 1; 

however, this is not the case for the emeraldine to pernigraniline oxidation, which is pH 

dependent in the pH range of 1-3. As a result the peak potential of the second redox 

couple decreases with increasing pH, until eventually the two redox couples overlap at 

~pH 5 [28, 46]. This new single redox couple is also pH dependent, and according to 

Lukachova et al. [43], the sum of the area of the individual redox peaks at low pH are 

equal to the area of the single peak at high pH, assuming no loss of electroactivity. Ye 

and Baldwin [22] reported increases in the current response of PAni films in an acetate 

buffer with the addition of anions at pH 5.45. They postulate that the PAni response at 

this pH may be a result of employing the correct electrolyte anion, and that the anion 

offsets the build-up of positive charges within the oxidised film. The influence of the 

counter-ion has also been implicated in the response in terms of pKa [295], such that the 

presence of different counter-ions could lead to different pKa values for the protonation 

of PAni in acetate solutions.  
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5.1.2 Cyclic Voltammetry & Sensors 

Cyclic voltammetry has been used as a signal generator in conjunction with a number of 

specific working electrodes. Aussawasathien et al. [16] utilised cyclic voltammetry in 

the detection of glucose and hydrogen peroxide where redox currents from PAni/PS 

electrodes were found to be proportional to glucose and hydrogen peroxide 

concentrations. These currents were plotted, with respect to the weight of the deposited 

polymeric material to account for differences between the electrospun fibre electrode 

and the polymer film electrode, to produce a linear electrochemical response with 

increasing concentration of these species.  

 

Nguyen et al. [306] studied different PPy electrodes using cyclic voltammetry with 

different counter-ions to produce a polymer sensor array. This array was used to 

evaluate detection and discrimination between potassium and methylamine electrolyte 

solutions using the pattern recognition method of principal component analysis (PCA).  

 

Thompson et al. [307] produced a PPy electrode that detected the hybridisation process 

of DNA. DNA oligomer molecules were immobilised on the surface of the PPy by 

forming a bidentate complex between Mg2+ and an alky phosphonic acid group on the 

PPy, and the phosphate group on the DNA. The hybridisation produced a decrease in 

the current response in PPy. This current decrease was the result of the negatively 

charged complementary 27-unit oligonucleotide preventing the passage of chloride at 

the PPy/solution interface. Non-complementary oligonucleotides did not lead to a 

change in current as the oligonucleotide did not hybridise with the immobilized DNA 

oligomer and thus allowed the exchange of chloride.  
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5.1.3 Electrospun Sensors 

There are a limited number of studies on electrospun fibres for sensor applications, 

although these ultrafine fibres have been touted as possibly useful in such applications 

as optical, gas and biomaterial sensing [16, 59, 60, 62, 64, 74-76, 308-310]. 

 

Wang et al. [60, 76] developed an electrospun membrane based on the synthesis of a 

fluorescent polymer from pyrene methanol and poly(methyl methacrylate) (PMMA). 

This membrane utilised fluorescence as a detector for 2,4-dinitrotoluene (DNT) in 

which the DNT would quench the fluorescing pyrene chromophores in proportion to its 

concentration. They observed that the electrospun membrane was far more sensitive to 

DNT than a continuous film, and that this was a direct result of the higher surface area 

of the electrospun fibres. They also prepared electrospun electrodes for metallic ions 

and DNT detection using poly(acrylic acid) (PAA) and poly(pyrene methanol) and 

again observed increased sensitivity compared to continuous thin films [310].  

 

Wang et al. [64] also prepared an electrospun biochemical sensor for the detection of 

the herbicide methyl viologen. This sensor also utilised fluorescence whereby methyl 

viologen would quench the fluorescence of hydrolysed poly[2-3(3-thienyl)ethanol 

butoxy carbonyl-methyl urethane] (H-PURET). The sensor itself was produced by 

electrospinning cellulose acetate (CA) onto a target and then H-PURET was 

electrostatically assembled onto the surface of the CA fibres. This sensor was sensitive 

to methyl viologen at levels as low as 10-8 mol L-1. They attributed this sensitivity to the 

high surface area to volume ratio of the electrospun fibres in addition to the localisation 

of the quenching group on the surface of the electrospun CA fibre. 
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An ammonia sensor was prepared by Ding et al. [309] by the electrospinning of a 

poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) solution onto a quartz crystal 

microbalance (QCM). The PAA could not be electrospun from water due to strong 

hydrogen bonds between the water and carboxyl groups of PAA. Thus PVA was used as 

a support polymer for the electrospinning. These electrospun samples were compared to 

continuous film samples coated onto QCMs. They reported that the PAA interacts with 

basic gases such as NH3, and that the nanofibres produced faster response times for the 

detection of NH3 with better sensitivity. Further work by Ding et al. [62] led to the 

production of an electrospun sensor for NH3 based only on PAA and not a composite 

blend. This sensor also employed QCM for detection and they observed a notable 

increase in the sensitivity towards NH3 in the order of ppb, as well as a higher 

sensitivity compared with continuous films of PAA.  

 

Aussawasathien et al. [311] studied the use of electrospun LiClO4 doped PEO for use as 

a humidity sensor. They observed a decrease in the resistance of electrospun fibrous 

mats with increasing humidity. However, the electrospun fibres would deform and 

collapse in the presence of moisture. They also observed that the initial resistance of the 

electrospun fibre mat was far more than that of a film. They suggested that this was a 

result of the porous nature of the electrospun sample and also the testing regime where 

the analysis was based on volume resistivity rather than the individual fibres.  

 

One of the first conducting polymer electrospun sensors was prepared by Wannatong et 

al. [140] for the determination of gaseous acetone. They blended chemically synthesised 

polypyrrole (PPy) and polystyrene (PS) in NMP and electrospun the resultant solution. 

They observed an increased sensitivity to acetone vapour for the electrospun mat 

compared with a continuous film of the PPy/PS. They also observed that the electrospun 
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samples required a greater time to equilibrate compared to the film. They suggested that 

this was a result of the high surface area of the electrospun samples, as the PPy in the 

electrospun samples has a greater number of exposed active sites. They hypothesised 

that the response time of the electrode would be improved if the fibrous mat were more 

porous. 

 

Possibly the first electrospun polymer sensor containing the conducting polymer 

polyaniline (PAni) was constructed by Liu et al. [312]. In this work they electrospun 

single nanofibres of PAni/PEO across four-terminal gold electrodes to study the 

detection of NH3 by changes in the conductivity of PAni. This produced a sensor that 

was sensitive to NH3 gas down to 0.5 ppm. They also observed that the diameter of the 

individual fibres contributed to the response times of the sensors where a smaller 

diameter fibre would produce a faster response time.  

 

Aussawasathien et al. [16] also produced a hydrogen peroxide sensor by electrospinning 

solutions of PAni/PS, and a glucose sensor by immobilising glucose oxidase (GOX) 

onto the surface on the electrospun PAni/PS. The electrospun devices produced a higher 

sensitivity to the H2O2 compared with a continuous film of PAni/PS, and also produced 

linear redox current responses to H2O2. The GOX-immobilised electrospun fibres also 

exhibited a greater sensitivity to glucose compared with a continuous film. Again this 

was due to the higher surface area of the fibres which allowed a greater amount of GOX 

to be immobilised on the surface of the fibres compared with the surface of a continuous 

film.  
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5.2 Preparation of Samples 

5.2.1 PAni/Polymer Solution Preparation 

PAni (1%) was weighed and added slowly to a scintillation vial containing suitable 

volumes of solvent and the appropriate amount of dissolved CSA to dope the polymer 

to emeraldine salt, and allowed to dissolve. The commodity plastic was then added and 

the mixture was stirred overnight prior to electrospinning. If required, other additives 

such as quaternary ammonium salts (QAS) were added to the CSA/solvent solution 

prior to the addition of PAni and allowed to dissolve. Further details of solution 

preparation can be found in Section 2.3 Preparation of Samples. 

 

5.2.2 Electrospun Fibres 

Electrospun fibres were manufactured by withdrawing 100 µL of the pre-prepared 

polymer solutions by Eppendorf® pipette, and placing the pipette on a length of 

platinum wire attached to a coaxial cable. A high potential was applied, leading to the 

fabrication of electrospun fibres that were collected on grounded rotating gold-coated 

Mylar® targets. Further details of electrospinning can be found in Section 3.2 

Preparation of Samples. 

 

5.2.3 Analysis of Samples 

Cyclic voltammetry was carried out in a three electrode cell controlled by a MacLab 

potentiostat connected to a PowerLab interface (Model 400, ADInstruments). The three 

electrode system was comprised of an Ag/AgCl reference electrode, stainless steel mesh 

auxillary electrode and a working electrode consisting of polymer samples electrospun 

on gold-coated Mylar®. All cyclic voltammetry data was managed by EChem software 
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(Version 1.5.2).The instrument was calibrated monthly using a solution of 0.006 M 

K2Fe(CN)6 in 1.0 M KNO3.   

 

A stock buffer solution of 0.1M CH3COOH and 0.1M CH3COONa (pH 4.62) was 

prepared. A HCl/KCl solution of 0.1M HCl and 0.1M KCl was also prepared. Changes 

in solution concentration and concentrations of anion species are noted in the individual 

voltammograms. Samples were analysed under different voltammetric conditions 

outlined in Table 5.1 below.  

 

Initial Potential (V, vs. 
Ag/AgCl) -0.30 Upper Potential (V, vs. 

Ag/AgCl)* 0.60 and 0.75 

Lower Potential (V, vs. 
Ag/AgCl) -0.30 Rate (mV/s) 50 

Step Width (ms) 40 Cycles Per Run 10 
Current Range (mA)* 1   

Table 5.1 Experimental conditions for cyclic voltammetric analysis 

 

*Note the upper potential limit was increased to 0.75 V after the first 10 cycles of 

testing all electrodes. This lower limit was to initially test the response of the electrode 

without risk of overoxidation. The remaining analysis was carried out to an upper limit 

of 0.75 V. The current range was also altered after the first 10 cycles depending on the 

maximum peak currents from the voltammograms.  

**A single electrode was used for the concentration range (0, 10-4, 10-3, 10-2 and 10-1 M) 

of analyte anion (NO3
-, Cl- or BF4

-) in a constant ionic strength acetate buffer. 
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5.3 Results and Discussion 

5.3.1 PAni/PVC Electrospun Fibres 

Figure 5.3 is a cyclic voltammogram of fibres electrospun from a solution of PAni 1% 

PVC 10% in THF/DMF. The voltammogram clearly shows the two oxidation and two 

reduction peaks normally associated with PAni. These appear at 0.16 V and 0.64 V for 

the oxidation peaks with the corresponding reduction peaks at 0.02 V and 0.57 V, 

respectively.  

 

This voltammogram compared well with those observed by Wallace et al. [1], Fock et 

al. [46], and Genies and Lapkowski [313] for PAni films, as well as Figure 5.1. The 

overlay indicated that the PAni in the fibres was electroactive, quite stable and that a 

steady-state response was achieved quickly, with only slight alteration to the first 

oxidation peak after the initial scan.  
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Figure 5.3 Cyclic voltammogram (10 cycles) of an electrode electrospun from PAni 1% 

PVC 10% in THF/DMF and scanned at 50 mV/s in 0.1 M HCl/KCl.  
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The redox properties of PAni were described in Section 1.1.3 where PAni undergoes 

oxidation or reduction, depending on the applied potential, to produce different 

conducting and non-conducting forms. The initial state observed prior to the first 

oxidation peak corresponded to the leucoemeraldine form of PAni where all the aniline 

repeat units are reduced.  The PAni was oxidised to the emeraldine form during the first 

oxidation peak at 0.16 V. The second oxidation peak at 0.64 V was consistent with  

further oxidation to the pernigraniline form [1, 30, 46]. The scan direction was reversed 

at 0.75 V and reduction of pernigraniline to emeraldine occurred at 0.57 V followed by 

the reduction of emeraldine to leucoemeraldine at 0.02 V. Thus, though the solid 

electrospun fibres were only ~8% PAni, these fibres exhibited the full electroactivity of 

PAni in the range -0.30 V to 0.75V.  

 

5.3.2 PAni/PAN Electrospun Fibres 

The cyclic voltammogram of fibres electrospun from PAni 1% PAN 3% in 

DMSO/DMF in Figure 5.4 was somewhat different in shape to the voltammogram of 

the PAni/PVC fibres, though it still exhibited characteristic oxidation and reduction 

peaks, with slight shifts in the peak potentials. 

 

The first oxidation peak, corresponding to the oxidation of leucoemeraldine to 

emeraldine occurred at 0.14V, and the second peak, the oxidation of emeraldine to 

pernigraniline appeared at 0.67 V. The corresponding reduction peak of pernigraniline 

to emeraldine occurred at 0.59 V whilst the emeraldine to leucoemeraldine reduction 

appeared at 0.00 V. Estimates of the oxidation and reduction peak potentials for both 

PAni/PVC and PAni/PAN electrodes are given in Table 5.2. 
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Figure 5.4 Cyclic voltammogram (10 cycles) of an electrode electrospun from PAni 1% 

PAN 3% in DMSO/DMF and scanned at 50 mV/s in 0.1 M HCl/KCl.  

 

  Oxidation Peak 1 Reduction Peak 1 Oxidation Peak 2 Reduction Peak 2 
  V, Current V, Current V, Current V, Current

  
vs. 

Ag/AgCl (mA) 
vs. 

Ag/AgCl (mA) 
vs. 

Ag/AgCl (mA) 
vs. 

Ag/AgCl (mA) 
(a) 0.16 0.30 0.02 -0.20 0.64 0.27 0.57 -0.28 
(b) 0.14 0.55 0.00 -0.67 0.67 1.10 0.59 -0.39 
Table 5.2 Redox peak potentials and currents for (a) PAni 1% PVC 10%; (b) PAni 1% 

PAN 3% electrospun electrodes cycled in 0.1 M HCl/KCl. 

 

The peak currents for PAni/PAN fibres were notably higher compared with PAni/PVC, 

however this is most likely the result of the relatively higher content of PAni within the 

PAni/PAN fibres compared with PAni/PVC. Assuming complete evaporation of the 

solvent and taking into account the contribution of camphorsulfonic acid (CSA) and the 

support polymer, the PAni/PAN fibres would contain ~20% PAni whilst the PAni/PVC 

fibres would contain only ~8%. In addition the voltammogram from PAni/PAN initially 

appears tilted, but this declines with an increasing number of scans. This may indicate a 
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greater degree of difficulty for ion exchange through these fibres compared to the 

PAni/PVC electrodes, requiring more time to achieve a steady-state response. 

 

Hosseini and Entezami [298] prepared and characterised films of PAni blended with 

PVC, PS and polyvinylacetate (PVAc). They observed three different voltammograms 

from each of the three different blends. These differences included the presence or 

absence of the oxidation and reduction peaks, the oxidation and reduction potentials, as 

well as the redox peak currents. They stated that the presence of the oxidation peaks was 

a result of the transfer of ions through the PAni as well as the degree of doping.  

 

Park and Yang [314] observed higher currents for the cyclic voltammetry of films of 

PAni/poly(vinyl methylaniline) (PVMA) compared to a PAni/PVC composite 

indicating that the PAni/PVMA blend was more electrochemically active than the 

PAni/PVC composite. In addition they also observed shifts in the redox peak potentials 

of PAni with increasing cycle number. Yang and Go [305] also reported changes in the 

electrochemical properties of composites of PAni/poly(vinyl phenylmethylamine 

(PVPMA) and PAni/poly(vinyl benzyl methylamine) (PVBMA). However, these 

changes were most significant when the composition of the water/DMF solution for the 

electropolymerisation of PAni was altered. In addition different voltammograms were 

produced from both composites.  

 

Jones and Kalaji [315] observed different electrochemical characteristics for a PAni 

film array depending on the contact area between the PAni film and the substrate 

electrode. They noted that the contact area was responsible for changes in the oxidation 

peak potential, concluding that the contact area influences the percolation threshold 
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potential by delaying the onset of oxidation of PAni until a higher potential was 

reached, which in turn increased the extent of oxidation and the peak current.  

 

Thus, there may be a number of factors affecting the electrochemical properties of the 

PAni/PVC fibres and the PAni/PAN fibres, including morphology (fibre thickness, 

density and homogeneity) and the influence of the blend composition (permeability, 

hydrophobicity/hydrophilicity and homogeneity), but the individual contributions of 

these could not be determine. 

 

5.3.3 PAni/PVC/2-NPOE Electrospun Fibres 

Cyclic voltammograms of PAni 1% PVC 10% 2-NPOE 5% (2-nitrophenoloctylether, a 

commercial plasticiser and solvent mediator) in THF/DMF electrospun fibres with 

increasing [NO3
-] is given in Figure 5.5. This voltammogram is indicative of the 

electrochemical response of both these fibres and fibres electrospun with a higher 2-

NPOE loading from PAni 1% PVC 10% 2-NPOE 20% THF/DMF. As a result data for 

voltammograms based on PAni/PVC/2-NPOE have been tabulated and are presented in 

Table 5.3. The comments column provides a comparison with Figure 5.5 of the visual 

aspects of the voltammograms. 

 

The electrospun fibres for all samples exhibited electroactivity as indicated by the 

presence of a single oxidation peak and single reduction peak. Compared to the previous 

electrospun PAni/PVC blend there was an absence of a second oxidation and reduction 

peak corresponding to the emeraldine/pernigraniline couple, however this most likely 

resulted from the pH (4.62) of the acetate buffer [1, 22, 41]. According to Ping et al. 

[41] this single redox couple is attributed to the oxidation of leucoemeraldine directly to 

pernigraniline, however it is important to note Ye and Baldwin [22] previously reported 
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a PAni based chemically modified electrode (CME) that detected anions in an acetate 

buffer that also exhibited only a single couple peak during cyclic voltammetry.  
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Figure 5.5 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PVC 10% 2-NPOE 5% in THF/DMF and scanned at 50 mV/s in NO3
-/acetate 

buffer. 

 

To test this electrode for use as a nitrate sensor, the sample was cycled in increasing 

concentrations of NO3
- in acetate buffer as indicated in Figure 5.5 and noted in Table 

5.3. Though the oxidation response appeared to increase with increasing NO3
- 

concentration, further investigation revealed that this was not the case. The PAni 1% 

PVC 10% 2-NPOE 5% sample in 10-4 M NO3
- in acetate buffer gave 

oxidation/reduction peak currents of 0.20/-0.32 mA, smaller than the 

oxidation/reduction peak currents from the neat acetate buffer with values of 0.24/-0.33 

mA. Increasing the [NO3
-] to 10-3 M produced peak currents equal to those for the 

acetate buffer, with further increases in the concentration leading to further increases in 
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the peak currents. This was also the case for the PAni 1% PVC 10% 2-NPOE 20% 

electrode cycled in acetate/NO3
- in acetate buffer where the peak current decreased 

initially after cycling in 10-4 M NO3
- compared with the acetate buffer, followed by 

increases in the peak currents with increasing nitrate concentration. However, the peak 

current values, when cycled in 10-3 M NO3
-, were lower than the peak currents in 

acetate buffer cycle. Subsequent increases in concentration of NO3
- in acetate buffer to 

10-2 M and 10-1 M increased the peak currents, though these changes in peak currents 

for all solutions were small for this electrode. 

 

[2-NPOE ] [NO3] Oxidation Peak 1 Reduction Peak 1 Comparison 
(%) (M) Potential (V) Current Potential (V) Current of  

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms
5 0 0.24 0.21 0.09 -0.33 Voltammogram  
  0.0001 0.25 0.20 0.09 -0.32  in Figure 5.5 
  0.001 0.25 0.21 0.09 -0.33   
  0.01 0.27 0.30 0.10 -0.38   
  0.1 0.28 0.42 0.14 -0.47   

20 0 0.32 0.09 0.02 -0.10 Similar peak 
  0.0001 0.30 0.07 0.00 -0.09  current 
  0.001 0.33 0.08 0.00 -0.09 response, albeit 
  0.01 0.36 0.10 0.01 -0.11 with a smaller   
  0.1 0.36 0.11 0.03 -0.11 overall response. 

2-NPOE  [Cl-] Oxidation Peak 1 Reduction Peak 1 Comparison 
(%) (M) Potential (V) Current Potential (V) Current of 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms
5 0 0.27 0.20 0.04 -0.30  Slightly broader 
  0.0001 0.28 0.20 0.06 -0.31  redox peaks 
  0.001 0.25 0.20 0.06 -0.32  Reduction  
  0.01 0.27 0.26 0.05 -0.37 tail also broader, 
  0.1 0.30 0.37 0.08 -0.44  indicating some 
  0.001 NO3

- 0.30 0.33 0.09 -0.39  capacitance 
20 0 0.28 0.04 0.10 -0.05  Decrease in  
  0.0001 0.30 0.04 0.09 -0.05  overall response 
  0.001 0.31 0.04 0.09 -0.04  to addition of Cl- 
  0.01 0.30 0.05 0.08 -0.05  Appearance of 
  0.1 0.30 0.06 0.11 -0.06  reduction tail 

Table 5.3 Redox potentials of PAni/PVC/2-NPOE electrospun fibres cycled in acetate 

buffer/NO3
- and acetate buffer/Cl-.  

 

It is unclear why the response of the electrospun electrodes initially decreased slightly 

with the initial addition of NO3
- for both the 5% and 20% 2-NPOE samples. This was 
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not the case for fresh electrodes of PAni/PVC/2-NPOE 5% and 20% cycled in [Cl-] and 

acetate buffer, and used to determine the selectivity of the electrodes towards NO3
-. 

From Table 5.3 it can be seen the PAni/PVC/2-NPOE 5% electrospun fibres cycled in 

10-4 M Cl- in acetate buffer did not exhibit a decrease in the peak currents. Instead the 

oxidation and reduction peak currents increased uniformly when this electrode was 

cycled in increasing concentrations of Cl- in acetate buffer. As was the case with 

increasing [NO3
-], the PAni/PVC/2-NPOE 20% electrode showed little response to 

change in [Cl-]. 

 

For the PAni/PVC/2-NPOE 5% electrode, cycled in Cl-/acetate buffer, the last cycle was 

generated after spiking the solution to 10-3 M NO3
-. If the electrode were selective 

towards NO3
- it would be anticipated that the current would increased significantly after 

this addition. However, the peak current decreased after this spike, indicating that 

electrode did not respond preferentially to NO3
-, or that the presence of Cl- may have 

substantially inhibited the response of PAni/PVC/2-NPOE 5%.  

 

Both the lack of specifity towards NO3
- and the peak current trend is presented more 

clearly in Figure 5.6. This plot shows the increase in oxidation peak current with 

increasing NO3
- and Cl- concentration for both PAni/PVC/2-NPOE electrodes. The 

PAni/PVC/2-NPOE 5% electrodes exhibit some measure of proportionality in oxidation 

peak current with increasing NO3
- and Cl- concentration at anion concentrations higher 

than 10-3 M. However, this was not the case for 20% 2-NPOE in PAni/PVC, possibly 

due to the morphology of the electrodes at this 2-NPOE concentration. From Section 

3.3.5 the morphology of these electrodes were film-like rather than fibrous, which 

would have altered the diffusion characteristics of the electrode, leading to a decreased 

response. In addition, the basis of employing acetate was so the larger CH3COO- ions 
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would have been limited in their ability to exchange with the PAni during 

oxidation/reduction whilst the smaller NO3
- ions would be expected to interact with 

PAni to a greater degree. Thus these varied responses to NO3
- and Cl- indicate non-

specific interaction with the PAni. 
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Figure 5.6 Oxidation peak currents for PAni 1% PVC 10% 2-NPOE 5% and PAni 1% 

PVC 10% 2-NPOE 20% for NO3
- and Cl- analyses.  

 

Similar to the peak current response with increasing anion concentration, the hysteresis 

of the electrode appeared to vary depending on both the fibre composition and 

supporting electrolyte. From Table 5.3 the separation between the oxidation and 

reduction peaks for the PAni/PVC/2-NPOE 5% samples cycled in 10-1 M NO3
- in 

acetate buffer was ~0.14 V, whilst there was a peak separation of ~0.33 V in 10-1 M Cl-

/acetate buffer. When these two electrodes were cycled in straight acetate buffer these 

differences were 0.15 V and 0.30 V respectively, indicating that the redox peak 

separation was electrode and not anion dependent. This implies significant variations in 
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morphology or properties of individual electrodes, such as fibre density and the 

dispersion of PAni and/or 2-NPOE. Similar results were also recorded for the 

PAni/PVC/2-NPOE 20% electrodes, again indicating appreciable variation between 

individual electrodes electrospun from the same solution. 

 

5.3.4 PAni/PAN/2-NPOE Electrospun Fibres 

Cyclic voltammetry of fibres electrospun from PAni 1% PAN 3% 2-NPOE 0.5% in 

DMSO/DMF with increasing [NO3
-] in acetate buffer is presented in Figure 5.7. This 

voltammogram is indicative of the typical response for PAni/PAN/2-NPOE samples and 

similar to PAni/PVC/2-NPOE peak currents and potentials. Comments on the structure 

of the voltammograms have been tabulated and are given in Table 5.4. 
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Figure 5.7 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% 2-NPOE 5% in DMSO/DMF and scanned at 50 mV/s in NO3
-/acetate 

buffer. 
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Similar characteristics were observed for the PAni/PAN/2-NPOE electrodes compared 

with those of PAni/PVC/2-NPOE. Electroactivity was indicated by a single oxidation 

peak at approximately 0.27 V and reduction peak within the range of 0.5 V and 0.12 V, 

depending on the solution composition. Again there was no indication of a second 

oxidation and reduction couple due to the pH (~4.62) of the solution [41].  

 

[2-NPOE ] [NO3] Oxidation Peak 1 Reduction Peak 1 Comparisons 
(%) (M) Potential (V) Current Potential (V) Current of 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms 
5 0 0.27 0.27 0.07 -0.41  Voltammogram 
  0.0001 0.27 0.25 0.05 -0.37  in Figure 5.7 
  0.001 0.27 0.27 0.05 -0.38   
  0.01 0.27 0.40 0.08 -0.53   
  0.1 0.27 0.72 0.13 -0.88   

20 0 0.25 0.83 0.06 -0.96 Broadening of  
  0.0001 0.25 0.75 0.04 -0.89  redox peaks 
  0.001 0.26 0.75 0.04 -0.87  Increase in the 
  0.01 0.27 1.44 0.04 -1.54  redox  currents at 
  0.1 0.30 2.50 0.02 -2.51  upper & lower limits

2-NPOE  [Cl-] Oxidation Peak 1 Reduction Peak 1 Comparison 
(%) (M) Potential (V) Current Potential (V) Current of 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms 
5 0 0.23 0.37 0.10 -0.53 Very similar   
  0.0001 0.23 0.33 0.09 -0.48  structure to Figure 
  0.001 0.23 0.31 0.08 -0.44  5.7, but a decrease 
  0.01 0.24 0.45 0.09 -0.62  in the hysteresis 
  0.1 0.26 0.75 0.10 -0.88  between the redox 
  0.001 NO3

- 0.26 0.78 0.10 -0.90  peaks 
20 0 0.26 1.18 0.04 -1.41  Slightly broader 
  0.0001 0.26 1.02 0.03 -1.22  redox peaks and  
  0.001 0.26 0.98 0.03 -1.16  increases in the  
  0.01 0.28 1.52 0.02 -1.78  redox currents at 
  0.1 0.31 3.16 0.02 -3.61  upper & lower limits

Table 5.4 Redox potentials of PAni/PAN/2-NPOE electrospun fibres cycled in acetate 

buffer/NO3
- and acetate buffer/Cl-.  

 

The oxidation/reduction peak currents of PAni/PAN/2-NPOE 5% decreased slightly 

after the addition of 10-4 M NO3
- to the acetate buffer, from 0.27/-0.41 mA to 0.25/-0.37 

mA. An increase in [NO3
-] to 10-3 M increased the oxidation peak current to 0.27 mA 

and the reduction peak to -0.38 mA. Further increases in nitrate concentration led to 

further increases in the peak currents. These increases in the peak currents did appear to 
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be proportional to nitrate concentration at concentrations of 10-3 M and higher (Figure 

5.8).  

 

For Cl- this was also the case where the oxidation/reduction peak currents decreased 

initially after the addition of 10-4 M Cl- from 0.37/-0.53 mA to 0.33/-0.48 mA. 

However, the peak currents decreased further after cycling in the 10-3 M Cl- in acetate 

buffer to 0.31/-0.44 mA, followed by current increases with further increases in [Cl-]. 

This analysis also exhibited a proportional response at concentrations of 10-3 M Cl- and 

greater. These observations are detailed in Figure 5.8. 
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Figure 5.8 Oxidation peak currents for PAni 1% PAN 3% 2-NPOE 5% and PAni 1% 

PAN 3% 2-NPOE 20% for NO3
- and Cl- analyses.  

 

This peak current trend (decrease with the addition of 10-4 M NO3
- to the acetate buffer 

followed by increasing currents for higher concentration) was also observed for PAni 

1% PAN 3% 2-NPOE 20% cycled in increasing nitrate concentration, as well as for 
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chloride. For these analyses the peak currents after the addition of the either NO3
- or Cl- 

were lower than the corresponding peak currents for the samples cycled in the acetate 

buffer solution, until the concentration of the ionic species reached 10-3 M. Again at 

concentrations greater than 10-3 M there was some proportionality between peak current 

response and anion concentration (see Figure 5.8). 

 

As this decrease-increase trend was noted for PAni/PVC/2-NPOE and PAni/PAN/2-

NPOE electrodes, it was also apparent that the support polymer (PVC or PAN) did not 

contribute to this effect. Previously in Chapters 2 and Chapter 4 it was suggested that 

PVC and PAN interact with PAni to different degrees, leading to differences in the 

physical and chemical properties of the spinning solutions and resultant fibres. Thus 

these decreases in peak current after the addition of 10-4 M NO3
- or Cl- to the acetate 

buffer may have been due to the presence of 2-NPOE. It is possible that 2-NPOE 

initially inhibits the interaction of these ions with PAni as it is oxidised or reduced, 

leading to an observed decrease in its electrochemical response when these ions are 

present at very low concentration. Higher concentrations of NO3
- or Cl- will overcome 

this inhibition and the response will increase with concentration. In essence, the PAni 

appears to have been ‘de-doped’, or decreased in electroactivity to some extent after 

these anions are added to solution, indicating an intrinsic change in the chemical 

properties of PAni, however it appears to be‘re-doped’, or increased in electroactivity at 

higher concentrations.  

 

Spiking the 10-1 M Cl- in acetate buffer solution to 10-3 M NO3
- for the PAni 1% PAN 

3% 2-NPOE 5% electrode did lead to a slight increase in the oxidation peak current 

from 0.75 mA to 0.78 mA, and that of the reduction peak from -0.88 mA to -0.99 mA. 

As stated previously for the PAni/PVC/2-NPOE 5%, if the electrode were selective to 
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NO3
- it would be expected that the current would have significantly increased. 

Conversely, if these fibres were selective to Cl- it would be expected that no increase in 

the peak current would have occurred. Thus this small increase in peak current appears 

to be a direct result of the small increase in the overall ionic strength of the solution, and 

not any specificity towards NO3
- nor Cl-.  

 

In comparing the structures of the cyclic voltammograms, the peaks for the 

PAni/PAN/2-NPOE 5% electrode were relatively sharp, while the peaks for 

PAni/PAN/2-NPOE 20% were much broader, indicating the fibrous electrodes offered a 

faster response than the film-like electrodes of 20% 2-NPOE (see Section 3.3.6). 

Furthermore the hysteresis of the voltammogram of Cl- analysis for the PAni/PAN/2-

NPOE 5% electrode was noticeably less than that observed for the NO3
- analysis. 

Again, this is likely due to the original electrochemical properties of the fibre electrodes 

as the hysteresis was quite different for these electrodes when cycled in neat acetate 

buffer.  It is doubtful that the variation in the shape of the cyclic voltammograms was 

due to the affects of ion size on ion-exchange processes (reported by Grzeszczuk and 

Szostak [303] as affecting the electrochemical response of PAni) as the radii of hydrated 

Cl- ion (0.340 nm) is not too dissimilar to that of NO3
- (0.332 nm) [316].  

 

In comparison with the PAni/PVC/2-NPOE samples, the peak currents were 

significantly higher overall, indicating the higher content of PAni within the electrospun 

fibres produced a higher electrochemical response, similar to observations in Section 

5.3.1 and 5.3.2 for PAni/PVC and PAni/PAN electrospun fibres, respectively. It is also 

important to reiterate that these differences in the structure of the voltammograms could 

also be a product of the overall fibre morphology or the affect from the support 

polymers, including electrospun fibre density, the permeability and hydrophobicity of 
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the electrodes, and contact with the underlying substrate, derived from the different 

composition of the samples, specifically the different support polymers.  

 

5.3.5 PAni/PVC/TOAB Electrospun Fibres 

Typical cyclic voltammograms of PAni 1% PVC 10% TOAB 5% (tetraoctylammonium 

bromide, a commercial ionophore) electrospun fibres with increasing [NO3
-] in acetate 

buffer is given in Figure 5.9, with peak potentials, peak currents and comments on the 

voltammograms given in Table 5.5. 

 

The cyclic voltammograms are similar to those observed for the PAni/PVC/2-NPOE 

electrodes, with a single redox pair associated with PAni at high pH (~4.62 for the 

acetate buffer) and the continuing trend of decreased redox peak currents after the 

addition of low concentrations of NO3
- and Cl-.  
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Figure 5.9 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PVC 10% TOAB 5% in THF/DMF and scanned at 50mV/s in NO3
-/acetate buffer. 
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In the presence of NO3
-, the peak currents for cyclic voltammograms of both 

PAni/PVC/TOAB 5% and 20% initially decreased with the addition of 10-4 M NO3
- to 

the acetate buffer: from 0.20/-0.32 mA to 0.18/-0.29 mA for the oxidation/reduction 

peaks of PAni/PVC/TOAB 5%, and from 0.08/-0.12 mA to 0.06/-0.10 mA for 

PAni/PVC/TOAB 20%. The peak currents then slightly increased when [NO3
-] was 

increased to 10-3 M, but still remained below the values obtained when cycled in the 

straight acetate buffer. The current response further increased for 10-2 M NO3
- in a 

manner similar to PAni/PVC/2-NPOE electrospun fibres.  

 

[TOAB] [NO3] Oxidation Peak 1 Reduction Peak 1 Comparison 
(%) (M) Potential (V) Current Potential (V) Current of 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms
5 0 0.29 0.20 0.04 -0.32 Voltammogram  
  0.0001 0.31 0.18 0.03 -0.29  in 
  0.001 0.30 0.18 0.03 -0.30  Figure 5.9 
  0.01 0.30 0.32 0.06 -0.44   
  0.1 0.28 0.56 0.09 -0.61   

20 0 0.27 0.08 0.10 -0.12  Evolution of 
  0.0001 0.27 0.06 0.09 -0.10  reduction tail at 
  0.001 0.29 0.07 0.08 -0.11  lower potential 
  0.01 0.31 0.12 0.09 -0.15  limit 
  0.1 0.29 0.14 0.13 -0.16   

[TOAB] [Cl-] Oxidation Peak 1 Reduction Peak 1 Comparison 
(%) (M) Potential (V) Current Potential (V) Current of 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms
5 0 0.35 0.20 -0.01 -0.28  Broadening 
  0.0001 0.38 0.17 -0.01 -0.22  of redox peaks 
  0.001 0.40 0.15 -0.07 -0.20  at high Cl- 
  0.01 0.39 0.18 -0.04 -0.24  concentrations 
  0.1 0.38 0.29 0.05 -0.32  Increase in  
  0.001 NO3

- 0.38 0.30 0.05 -0.32  hysteresis 
20 0 0.35 0.08 0.04 -0.10  Broadening 
  0.0001 0.37 0.07 0.05 -0.09  of redox peaks 
  0.001 0.37 0.08 0.04 -0.10  at high Cl- 
  0.01 0.38 0.09 0.02 -0.11  concentrations 
  0.1 0.34 0.14 0.06 -0.15  Hysteresis 

Table 5.5 Redox potentials of PAni/PVC/TOAB electrospun electrodes cycled in acetate 

buffer/NO3
- and acetate buffer/Cl-.  

 

This decrease-increase response was mirrored for both PAni/PVC/TOAB electrodes 

cycled in increasing [Cl-], and again peak currents remained below those of neat acetate 
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buffer until 10-2 M Cl- for PAni/PVC/TOAB 5% and 10-3 M for PAni/PVC/TOAB 20%. 

Spiking the PAni /PVC/TOAB 5% sample cycled in Cl-/acetate buffer to 10-3 M NO3
- in 

acetate buffer led to only a slight increase in the oxidation current, but no significant 

increase in the reduction current (see Figure 5.10 and Table 5.5). From this it appears 

that the inclusion of TOAB in the PAni/PVC blend failed to induce selectivity towards 

NO3
-. 
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Figure 5.10 Oxidation peak currents for PAni 1% PVC 10% TOAB 5% and PAni 1% 

PVC 10% TOAB 20% for NO3
- and Cl- analyses.  

 

In addition to the lack of specificity towards nitrate, the relationship between oxidation 

peak currents and ion concentration for all PAni/PVC/TOAB electrodes varied 

significantly. Figure 5.10 displays this relationship, and it can be seen that 

PAni/PVC/TOAB 5% cycled in NO3
- exhibits a degree of linearity at nitrate 

concentrations of 10-3 M and greater, whilst an electrode of the same composition 

cycled in [Cl-] exhibited a less linear increase with concentration.  
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As expected, a degree of variability was seen between the electrodes even when they 

were cycled in acetate buffer. Figure 5.11 is the cyclic voltammograms of two 

PAni/PVC/TOAB 5% electrodes cycled in acetate buffer, whilst Figure 5.12 is that of 

two PAni/PVC/TOAB 20% electrodes cycled under the same conditions (prior to NO3
- 

or Cl- analysis in all cases).  
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Figure 5.11 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PVC 10% TOAB 5% in THF/DMF and scanned at 50 mV/s in acetate buffer. 

 

Both PAni/PVC/TOAB (1) electrodes from Figures 5.11 and 5.12 exhibit similarities, 

such as similar hysteresis, as do PAni/PVC/TOAB (2) electrodes. However, the redox 

peaks of the replicates of the same blend are notably different, occurring at different 

potentials, whilst the reduction peak currents also differ, but less so for the oxidation 

peak currents. These results indicate that the electrochemical response varies between 

individual electrodes, most likely caused by variability in the electrospinning process 

and a lack of uniformity in the electrospun electrodes. Clearly a ‘baseline’ 
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voltammogram would be required, or the electrode would require calibration, for each 

individual electrode before use due to this inherent variability. Furthermore, the cyclic 

voltammograms also differ significantly in terms of their maximum currents with 

PAni/PVC/TOAB 5% exhibiting an overall greater cycle current. However, this was 

expected as the relative composition of PAni in the electrospun fibres decreased with 

increasing ionophore content.  
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Figure 5.12 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PVC 10% TOAB 20% in THF/DMF and scanned at 50 mV/s in acetate buffer. 

 

Lastly, the onset of a reduction ‘tail’ from -0.20 V was observed for the 

PAni/PVC/TOAB 20% electrodes. Other electrodes had not exhibited the onset of a 

reduction tail for the previous analyses. Whilst the tail was observed for this sample 

when cycled in the acetate buffer, it became more pronounced with increasing [NO3
-], 

indicating that water was being reduced at a more positive potential. It is unlikely that 

these tails were a product of overoxidation of the sample as both PAni/PVC/TOAB 5% 
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and TOAB 20% electrodes for Cl- analysis exhibited a slight decline in electroactivity, 

surmised to be overoxidation, yet only the PAni/PVC/TOAB 20% electrode exhibited 

this tail. As these tails were not previously observed for other electrodes it appears that 

these discrepancies may have possibly been derived from the ionophore altering the 

hydrophobicity of the electrode.  

 

5.3.6 PAni/PAN/TOAB Electrospun Fibres 

Typical cyclic voltammograms of fibre electrodes electrospun from PAni 1% PAN 3% 

TOAB 5% in DMSO/DMF and PAni 1% PAN 3% TOAB 20% in DMSO/DMF, and 

cycled in increasing [NO3
-] in acetate buffer are presented in Figures 5.13 and 5.14. 

Tabulated redox potentials and currents, as well as comments on the voltammograms 

are given in Table 5.6 (NO3
- analyses) and Table 5.7 (Cl- analyses). 
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Figure 5.13 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TOAB 5% in THF/DMF and scanned at 50 mV/s in NO3
-/acetate buffer. 
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Figure 5.14 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TOAB 20% in THF/DMF and scanned at 50 mV/s in NO3
-/acetate buffer. 

 

[TOAB] [NO3] Oxidation Peak 1 Reduction Peak 1 Comparison 
(%) (M) Potential (V) Current Potential (V) Current of 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms 
5 0 0.45 0.23 -0.09 -0.28 Voltammogram in  
  0.0001 0.45 0.21 -0.08 -0.26  Figure 5.13 
  0.001 0.45 0.20 -0.08 -0.26   
  0.01 0.48 0.36 -0.02 -0.37   
  0.1 0.39 0.50 0.03 -0.52   

20 0 0.40 0.06 0.06 -0.07 Sharper redox peaks 
  0.0001 0.40 0.06 0.08 -0.07  at 10-1 M [Cl-] 
  0.001 0.40 0.06 0.07 -0.07 Small oxidation tails 
  0.01 0.35 0.08 0.13 -0.09  at upper potential 
  0.1 0.34 0.10 0.16 -0.09  limit 

Table 5.6 Redox potentials of PAni/PAN/TOAB electrospun electrodes cycled in acetate 

buffer/NO3
-.  

 

Similar to observations for PAni/PVC/TOAB electrodes, peak currents again decreased 

after the addition of 10-4 M NO3
- to the acetate buffer, from 0.23/-0.28 mA to 0.21/-0.26 

mA for the oxidation/reduction peaks, for the PAni/PAN/TOAB 5% electrode Though, 

in this case the oxidation peak current decreased further when cycled in 10-3 M NO3
-
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/acetate buffer to 0.20 mA, however the reduction peak remained stable. Further 

increases in the concentration then led to approximately linear increases in the peak 

currents with [NO3
-] greater than 10-3 M. 

 

[TOAB] [Cl-] Oxidation Peak 1 Reduction Peak 1 
(%) (M) Potential (V) Current Potential (V) Current 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) 
5 0 0.35 0.10 -0.05 -0.15 
  0.0001 0.35 0.09 -0.05 -0.13 
  0.001 0.35 0.10 -0.04 -0.14 
  0.01 0.34 0.12 -0.05 -0.14 
  0.1 0.32 0.32 -0.03 -0.29 
  0.001 NO3

- 0.32 0.34 0.00 -0.32 
20 0 0.35 0.07 0.04 -0.10 
  0.0001 0.35 0.07 0.06 -0.09 
  0.001 0.35 0.08 0.15 -0.09 
  0.01 0.34 0.08 0.13 -0.10 
  0.1 0.30 0.12 0.13 -0.14 

[TOAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) Potential (V) Current Potential (V) Current of 

  (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms 
5 No Peak No Peak No Peak No Peak  Voltammogram in 
  No Peak No Peak No Peak No Peak  Figure 5.14 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   

20 0.55 0.06 0.12 -0.09  Evolution of two redox
  0.55 0.07 0.14 -0.09  couples 
  0.54 0.07 0.14 -0.09  Larger reduction tails 
  0.54 0.08 0.14 -0.10  at lower potential 
  - - 0.13 -0.14  limit 

Table 5.7 Redox potentials of PAni/PAN/TOAB electrospun electrodes cycled in acetate 

buffer/Cl-.  

 

Cycling the PAni/PAN/TOAB 5% electrode in increasing chloride concentration 

produced relatively constant peak currents with some decrease-increase response for the 

redox peaks. However, cycling in 10-1 M Cl- increased the peak currents significantly 

compared with the previous cycles in Cl-/acetate buffer, from an average of 0.10/-0.14 

mA for the oxidation/reduction peaks of the previous cycles, to 0.32/-0.29 mA for 10-1 
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M Cl-/acetate buffer. Spiking this solution to 10-3 M NO3
- led to only a slight increase in 

the cycle current to 0.34/-0.32 mA, indicating little selectivity for NO3
-.  

 

Decreases in peak currents after the initial addition of NO3
- or Cl- were not observed for 

the PAni/PAN/TOAB 20% electrodes, though the peak currents were relatively small, 

as were any changes in peak currents with analyte concentration. Overall responses for 

both NO3
- and Cl- analyses for PAni/PAN/TOAB 20% were similar, indicating a higher 

concentration of TOAB had little affect on the specificity of the electrode towards NO3
-. 

 

It was stated previously that this decrease-increase response with the initial addition of 

NO3
- or Cl- to the acetate buffer was similar to a de-dope/dope process for PAni, in that 

the sample was de-doping with the addition of low anion concentrations, leading to a 

decreased electrochemical response followed by an increased response indicative of 

greater doping at higher NO3
- or Cl- concentrations. The differences in Figures 5.13 and 

5.14 indicate that the extent of the actual doping of PAni may have been significantly 

affected by this process. From Figure 5.13 there is the presence of a single redox pair 

indicative of the oxidation of PAni at high pH (~4.62). However, in Figure 5.14 there 

may be two redox pairs similar to the electrochemical response of PAni at lower pH, 

such as that shown in Figure 5.1. It is difficult to determine if two oxidation/reduction 

peaks are real, or whether only a single broad redox pair is present, however 

PAni/PAN/TOAB 20% cycled in Cl- did exhibit two separate redox peaks indicative of 

PAni at lower pH (Figure 5.15). 

 

This may indicate the presence of this ionophore, at concentrations of 20% in 

PAni/PAN spinning solution, has resulted in an increase in the protonation of PAni. 

Considering that the PAni/PVC/TOAB 20% samples did not exhibit these observations, 
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it is possible the combination of PAN and TOAB had a direct influence on the redox 

properties of PAni within the electrospun fibres. It was previously discussed in Chapter 

4 that the presence of these quaternary ammonium salts influenced the chemical nature 

of the PAni within the electrospun fibres, thus this has possibly carried over into the 

electrochemical response.  
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Figure 5.15 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TOAB 20% in THF/DMF and scanned at 50 mV/s in Cl-/acetate buffer. 

 

This affect of TOAB, in conjunction with the blend composition, also appears to have 

influenced the shape of the cyclic voltammograms. Compared with the 

PAni/PVC/TOAB electrodes the redox peaks for these samples were far broader, and 

the peak potentials were generally higher. In addition the hysteresis was also much 

larger. Compared with the 2-NPOE electrodes, and considering that 2-NPOE has 

previously been used as a solvent mediator [168-170], it is likely that TOAB in the 

PAni/PAN fibres limited the diffusion of ions and interaction of ions and fibres by 
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altering the permeability or hydrophobicity of the electrospun fibres. It is possible the 

physical morphological properties of the electrospun fibres contributed to these 

differences, as these fibres were slightly different to PAni/PAN/2-NPOE fibres as noted 

in Section 3.3.6. Furthermore, the intrinsic properties of the fibres, specifically the 

degree of dispersion of PAni or TOAB within the electrospun fibre, may have also 

contributed to these responses.  
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Figure 5.16 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PAN 3% TOAB 20% in THF/DMF and scanned at 50 mV/s in acetate buffer. 

 

5.3.7 PAni/PVC/TDAB Electrospun Fibres 

Cyclic voltammograms of fibres electrospun from PAni 1% PVC 10% TDAB 0.5% 

(tetradodecylammonium bromide, a commercial nitrate ionophore) in THF/DMF, in 

increasing [NO3
-] in acetate buffer are provided in Figure 5.17. These cyclic 

voltammograms were representative of the electrochemical response for this electrode 

composition. The electrochemical response for PAni 1% PVC 10% TDAB 0.5% 
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exhibited similar characteristics to both the PAni/PVC/TDAB 5% electrode, and the 

PAni 1% PVC 10% TDAB 20% electrode. Figure 5.18 is a characteristic response for a 

PAni/PVC/TDAB 20% electrospun electrode. Tabulated data of redox peak potentials 

and peak currents are also given in Table 5.8 (NO3
- analyses), 5.9 (Cl- analyses) and 

5.10 (BF4
- analyses). The tetrafluoroborate ion (BF4

-) was included in tests as it was felt 

that the ionophore may respond to Cl- (a known interferent for many commercial 

ionophore based nitrate electrodes), as well as NO3
-. It was assumed that any responses 

with BF4
- would be due to non-specific interactions, probably with PAni.  
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Figure 5.17 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PVC 10% TDAB 0.5% in THF/DMF and scanned at 50 mV/s in NO3
-/acetate buffer. 

 

In what was a consistent trend for the majority of the electrodes analysed, the peak 

current of the electrospun fibres decreased when cycled in 10-4 M NO3
-/acetate buffer 

compared with the acetate buffer alone. In the case of PAni/PVC/TDAB 0.5% the peak 

current initially decreased from 0.15/-0.22 mA to 0.14/-0.20 mA for the 
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oxidation/reduction peaks. This was followed by an increase in the peak currents to 

values greater than those of the acetate buffer after the addition of NO3
- to 10-3 M. This 

trend was the same for PAni/PVC/TDAB 5% with an initial decrease in oxidation 

/reduction peak currents from 0.22/-0.30 mA to 0.20/-0.28 mA after the addition of 10-4 

M NO3
-. Again this was followed by a subsequent increase in peak current with 

increasing [NO3
-]. However, the peak currents for PAni/PVC/TDAB 10% electrode 

consistently increased with increasing [NO3
-], albeit by only small values. 

 

-0.40

-0.30

-0.20

-0.10

0.00

0.10

0.20

-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

Potential (V) vs. Ag/AgCl

C
ur

re
nt

 (m
A

)

0M KNO3/0.1M CH3COONa/0.1M CH3COOH 0.0001M KNO3/0.09995M CH3COONa/0.09995M CH3COOH
0.001M KNO3/0.0995M CH3COONa/0.0995M CH3COOH 0.01M KNO3/0.095M CH3COONa/0.095M CH3COOH
0.1M KNO3/0.05M CH3COONa/0.05M CH3COOH  

Figure 5.18 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PVC 10% TDAB 10% in THF/DMF and scanned at 50mV/s in NO3
-/acetate buffer. 

 

At 10-1 M NO3
- the PAni redox pairs broadened, their peak currents decreased, and a 

second redox pair appeared for both PAni/PVC/TDAB 0.5% (Figure 5.17) and 

PAni/PVC/TDAB 5% electrodes. This did not appear to be a result of pH changes. The 

pH of the acetate buffer was 4.62, whilst for the acetate buffer/10-1 M NO3
- it was 4.56. 

It would be expected that a pH change of only 0.06 would not have been sufficient to 
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affect the electrochemical response of PAni to such an extent that the evolution of two 

oxidation and reduction peaks would occur.  

 

[TDAB] [NO3] Oxidation Peak 1 Reduction Peak 1 
(%) (M) V, Current V, Current 

    vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) 
0.5 0 0.24 0.15 0.09 -0.22 

  0.0001 0.24 0.14 0.10 -0.20 
  0.001 0.24 0.17 0.11 -0.23 
  0.01 0.26 0.22 0.15 -0.25 
  0.1 0.17 0.16 0.16 -0.20 
5 0 0.30 0.22 0.02 -0.30 
  0.0001 0.30 0.20 0.02 -0.28 
  0.001 0.31 0.25 0.04 -0.31 
  0.01 0.32 0.36 0.07 -0.42 
  0.1 0.36 0.39 0.10 -0.41 

10 0 0.47 0.08 -0.03 -0.11 
  0.0001 0.47 0.08 -0.05 -0.11 
  0.001 0.36 0.09 -0.02 -0.10 
  0.01 0.35 0.13 0.01 -0.12 
  0.1 0.40 0.14 0.04 -0.14 

[TDAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) V, Current V, Current of 

  vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) Voltammograms 
0.5 No Peak No Peak No Peak No Peak Voltammogram in 

  No Peak No Peak No Peak No Peak Figure 5.17 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  0.30 0.17 -0.05 -0.17   
5 No Peak No Peak No Peak No Peak Broadening of redox 
  No Peak No Peak No Peak No Peak peaks at 10-1 M NO3

- 
  No Peak No Peak No Peak No Peak Significantly smaller  
  No Peak No Peak No Peak No Peak reduction tail than Figure 
  0.52 0.39 0.52 -0.03 5.13, comparable to 5.18

10 No Peak No Peak No Peak No Peak Voltammogram in 
  No Peak No Peak No Peak No Peak Figure 5.18 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   

Table 5.8 Redox potentials of PAni/PVC/TDAB electrospun electrodes cycled in acetate 

buffer/NO3
-.  

 

It was previously suggested for PAni/PAN/TOAB that the ionophore may have had 

some bearing on the electrochemical response, particularly as a second redox pair was 

observed in the presence of Cl- at higher concentrations of TOAB. This may also be the 
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case here, in that the TDAB and PAni interact to increase the protonation of PAni at 

high concentrations of nitrate. Additionally, this would imply that at low concentrations 

of analyte, the PAni would be deprotonated to some extent. This may be responsible for 

the decrease-increase response in peak current, such that the presence of low 

concentrations of test analyte deprotonates the PAni, initially leading to a decrease in 

the peak current response, followed by an increase at increasing analyte concentration. 

 

[TDAB] [Cl-] Oxidation Peak 1 Reduction Peak 1 
(%) (M) V, Current V, Current 

    vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) 
0.5 0 0.24 0.07 0.14 -0.11 

  0.0001 0.25 0.06 0.12 -0.11 
  0.001 0.24 0.07 0.13 -0.12 
  0.01 0.25 0.10 0.20 -0.14 
  0.1 0.26 0.10 0.16 -0.13 
5 0 0.29 0.05 0.08 -0.08 
  0.0001 0.29 0.05 0.08 -0.08 
  0.001 0.29 0.07 0.09 -0.09 
  0.01 0.30 0.09 0.11 -0.10 
  0.1 0.33 0.10 0.13 -0.11 

10 0 0.50 0.08 -0.03 -0.08 
  0.0001 0.50 0.04 -0.02 -0.05 
  0.001 0.49 0.04 -0.02 -0.05 
  0.01 0.44 0.04 -0.04 -0.06 
  0.1 0.23 0.04 0.06 -0.06 

[TDAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) V, Current V, Current of 

  vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) Voltammograms 
0.5 No Peak No Peak No Peak No Peak Increase in magnitude 

  No Peak No Peak No Peak No Peak of the reduction tail 
  No Peak No Peak No Peak No Peak compared with Figure  
  No Peak No Peak No Peak No Peak 5.17 
  No Peak No Peak No Peak No Peak   
5 No Peak No Peak No Peak No Peak Broadening of peaks and 
  No Peak No Peak No Peak No Peak larger reduction tail  
  No Peak No Peak No Peak No Peak compared with Figure  
  No Peak No Peak No Peak No Peak 5.17 
  No Peak No Peak No Peak No Peak   

10 No Peak No Peak No Peak No Peak Very broad peaks, similar
  No Peak No Peak No Peak No Peak to Figure 5.14, smaller 
  No Peak No Peak No Peak No Peak reduction tail than Figure 
  No Peak No Peak No Peak No Peak 5.18, plus more  
  0.37 0.05 -0.08 -0.06 capacitive 

Table 5.9 Redox potentials of PAni/PVC/TDAB electrospun electrodes cycled in acetate 

buffer/Cl-.  
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[TDAB] [BF4
-] Oxidation Peak 1 Reduction Peak 1 

(%) (M) V, Current V, Current 
    vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) 

0.5 0 0.22 0.05 0.13 -0.08 
  0.0001 0.21 0.05 0.13 -0.08 
  0.001 0.21 0.05 0.13 -0.08 
  0.01 0.24 0.06 0.18 -0.09 
  0.1 0.17 0.04 - - 
5 0 0.49 0.04 0.00 -0.07 
  0.0001 0.39 0.04 0.08 -0.06 
  0.001 0.30 0.05 0.08 -0.06 
  0.01 0.34 0.06 0.09 -0.07 
  0.1 0.65 0.06 0.05 -0.06 

10 0 0.48 0.04 0.00 -0.07 
  0.0001 0.32 0.04 0.06 -0.05 
  0.001 0.31 0.04 0.06 -0.05 
  0.01 0.32 0.05 0.12 -0.06 
  0.1 0.37 0.06 0.23 -0.06 

[TDAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) V, Current V, Current of 

  vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) Voltammograms 
0.5 No Peak No Peak No Peak No Peak Increase in magnitude 

  No Peak No Peak No Peak No Peak of the reduction tail 
  No Peak No Peak No Peak No Peak compared with Figure  
  No Peak No Peak No Peak No Peak 5.17 
  0.35 0.05 0.28 -0.07 Shift in peak potentials 
5 No Peak No Peak No Peak No Peak Characteristics of 
  No Peak No Peak No Peak No Peak reduction tails from 
  No Peak No Peak No Peak No Peak both Figure 5.17 and 
  No Peak No Peak No Peak No Peak 5.18, specifically grows
  No Peak No Peak No Peak No Peak then decreases 

10 No Peak No Peak No Peak No Peak Broad redox peaks  
  No Peak No Peak No Peak No Peak increased reduction tail
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
Table 5.10 Redox potentials of PAni/PVC/TDAB electrospun electrodes cycled in 

acetate buffer/BF4
-.  

 

Alternatively, at a concentration of 10-2 M, it is possible that the active sites within the 

ionophore or electrospun fibres were saturated with nitrate. It is possible that at low 

concentrations the ionophore may have irreversibly ‘bound’ the analyte, limiting its 

release. Assuming the ionophore has no selectivity towards acetate buffer in the absence 

of NO3
-, any current is due to PAni/acetate response. With the introduction of NO3

-, 

which interacts with the ionophore, this response is decrease. At 10-1 M NO3
- the 
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ionophore is saturated, in turn limiting any subsequent increase in the peak current with 

increased [NO3
-]. This would lead to shifts in peak potentials in the cyclic 

voltammogram indicative of ion exchange between PAni and the analyte rather than 

TDAB and the analyte. This is particularly relevant considering these decrease-increase 

characteristics were observed for nitrate at low TDAB concentrations for this polymer 

composition, possibly indicating higher ionophore concentrations provide more sites for 

exchange. 

 

There was a slight decrease in the oxidation peak current with the addition of 10-4 M 

[Cl-] to acetate buffer for PAni/PVC/TDAB 0.5%, but no change was seen for the 

reduction peak. This was followed by increases in the peak currents with increasing  

[Cl-], up to 10-2 M Cl-. The oxidation/reduction currents for PAni/PVC/TDAB 5% were 

initially stable at 0.05/-0.08 mA after the addition of 10-4 M Cl-, followed by small 

increases up to a maximum of 0.10/-0.11 mA for 10-1 M Cl-.  

 

The PAni/PVC/TDAB 10% voltammogram had relatively high oxidation/reduction 

peak currents for the acetate buffer (0.08/-0.08 mA), compared with 0.5% and 5% 

TDAB electrodes, taking into account the relative decrease in PAni concentration with 

increased ionophore. This was followed by a significant decrease to 0.04/-0.05 mA for 

10-4 M Cl- and the currents remained relatively stable thereafter, in addition to 

indications of a second redox process. This indicates that TDAB was not particularly 

sensitive to Cl- in solution as these current responses were much lower than those 

reported for NO3
-, though this may also have been a result of the electroactivity of the 

electrodes, and the change in the electrochemistry of PAni for 10-1 M Cl- indicates the 

evolution of the secondary redox pair is independent of the analyte employed.  
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To check electrode stability and reversibility of the process the PAni 1% PVC 10% 

TDAB 10% electrode was then cycled in decreasing chloride concentration, with the 

peak currents and potentials presented in Table 5.11.  

 

[TDAB] [Cl-] Oxidation Peak 1 Reduction Peak 1 
(%) (M) Potential (V) Current Potential (V) Current 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) 
10 0.1 0.23 0.04 0.06 -0.06 
  0.01 0.37 0.05 -0.05 -0.06 
  0.001 0.50 0.05 -0.01 -0.06 
  0.0001 0.38 0.05 -0.01 -0.06 
  0 0.38 0.05 -0.01 -0.06 

Table 5.11 Redox potentials of PAni/PVC/TDAB 10% electrospun electrode cycled in 

acetate buffer/Cl- with decreasing [Cl-] 

 

Decreasing [Cl-] from 10-1 M through 10-2, 10-3 and 10-4 M to 0 M led to no significant 

change in the peak currents for this electrode. However, the electroactivity of the PAni 

appeared to decrease as indicated by the broadening of the redox peaks, resulting in a 

change in peak potentials, loss of the second redox pair observed for the 10-1 M 

solution, and tilting of the voltammograms. This indicates the electrode was becoming 

more resistive, and was most likely degrading through overoxidation. This also possibly 

indicates a lack of reversibility in the response of the electrode due to binding of ions 

within the electrode, in turn reducing movement and diffusion of ions between the fibres 

and the external solution, or potential affects of the ionophore on the electrochemical 

properties of PAni over time.  

 

Cycling electrospun fibres of PAni/PVC/TDAB in BF4
- led to relatively stable 

electrochemical responses. From Table 5.10 the peak currents increased by a maximum 

of only 0.02 mA for any electrode analysed, indicating little sensitivity for BF4
-. In the 

case of PAni/PVC/TDAB 0.5% the oxidation/reduction peak currents increased only 

from 0.05/-0.08 mA in acetate buffer to 0.06/-0.09 mA in 10-2 M BF4
-/acetate buffer. 
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This was followed by what appeared to be the evolution of two oxidation peaks at 10-1 

M BF4
-, but only a single reduction peak. This may have possibly indicated some 

degradation of the electrode, but it is likely the major reduction peak overlapped the 

second reduction peak as the reduction peak potentials shifted to more positive values 

with increasing concentration. The oxidation peak that evolved at 0.17 V appeared to be 

new, and as such was assigned as oxidation peak 1, whilst the oxidation peak previously 

observed at 0.24 V for the 10-2 M solution shifted to 0.35V for 10-1 M. The 

corresponding reduction peak also shifted from 0.18 V for 10-2 M to 0.28 V for 10-1 M. 

Thus it appears, similar to observations for PAni/PVC/TDAB 0.5% cycled in NO3
-, the 

response of PAni changed leading to two redox couples in BF4
-/acetate buffer. 

 

There was also some indication that two redox couples existed for PAni/PVC/TDAB 

5%, however the redox peaks associated with cycling this electrode in 10-1 M BF4
- were 

extremely broad and the voltammogram was largely capacitive. The peak currents for 

both PAni/PVC/TDAB 5% and PAni/PVC/TDAB 10% only increased slightly for the 

entire range of [BF4
-], initially with oxidation/reduction peak currents of 0.04/-0.07 mA 

in the neat acetate buffer, and culminating in 0.06/-0.06 mA for the 10-1 M BF4
-/acetate 

buffer. There may again have been some indication of a second redox process at this 

concentration due to the significant shift in redox peaks, similar to PAni/PVC/TDAB 

0.5%. Again this was difficult to quantify and may instead have been a lack of 

specificity for BF4
-, or slow diffusion and interaction of BF4

- with the electrospun fibres.  
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Figure 5.19 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PVC 10% TDAB 0.5% in THF/DMF and scanned at 50mV/s in acetate buffer. 
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Figure 5.20 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PVC 10% TDAB 5% in THF/DMF and scanned at 50mV/s in acetate buffer. 
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Figure 5.21 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PVC 10% TDAB 10% in THF/DMF and scanned at 50mV/s in acetate buffer. 

 

Figure 5.19 presents cyclic voltammograms of replicate PAni/PVC/TDAB 0.5% 

electrodes cycled in acetate buffer, whilst Figures 5.20 and 5.21 are replicates of 

PAni/PVC/TDAB 5% and 10% electrodes, respectively, under the same conditions. The 

first observation from these three figures is that there is considerable variation between, 

and within, the electrospun electrodes. This is particularly so for electrode (2) 

electrospun from PAni 1% PVC 10% TDAB 5% in THF/DMF, but all three replicates 

exhibit variability.  

 

In addition, the hysteresis also changed significantly with increasing TDAB 

concentration. The separation between the oxidation and reduction peak potentials 

increased significantly across the three different electrode sets with increasing TDAB 

concentration. This indicates that TDAB was participating in the interaction of ions with 

PAni and altering the overall electrochemical response of the electrospun fibres. 
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Fibre morphology from Section 3.3.9 indicated increasing point-bonding at fibre cross-

over junctions with increasing TDAB concentration, but no other major differences in 

the morphology of the fibres. It would be expected that this point-bonding would have 

resulted in a more interconnected PAni network, though this did not lead to an increase 

in electroactivity. Instead the fibre electrodes became less electroactive with increasing 

TDAB concentration. This decrease in electroactivity may have been arisen from an 

overall decrease in the relative amount of PAni within the blends, or possibly by 

changes in the hydrophobicity brought about by the presence of TDAB.  

 

Regardless, this data indicates that TDAB possessed little selectivity towards NO3
- in 

this PAni/PVC blend, with the larger increases in peak current during cycling in NO3
- 

from the significantly greater electroactivity of this individual electrode compared with 

the electrodes used for the Cl- and BF4
- analyses. However, at higher concentrations of 

NO3
- and BF4

- for PAni/PVC/TDAB 0.5%, NO3
- and Cl- for PAni/PVC/TDAB 5%, and 

BF4
- for PAni/PVC/TDAB 10% the electrochemical response of PAni changed 

significantly, indicating changes in its degree of doping. Increasing the concentration of 

TDAB in the samples led to a reduction in the electroactivity of PAni, in turn affecting 

the response of the electrodes with the addition of specific anions in solution.  

 

5.3.8 PAni/PAN/TDAB Electrospun Fibres 

Figures 5.22 and 5.23 are the cyclic voltammograms of electrodes electrospun from 

PAni 1% PAN 3% TDAB 0.5% and PAni 1% PAN 3% TDAB 10% in 

DMSO/DMF/THF, respectively, both cycled in NO3
- in acetate buffer. Tables 5.12 

(NO3
- analyses), 5.13 (Cl- analyses) and 5.14 (BF4

- analyses) give the peak currents and 

potentials for the various PAni/PAN/TDAB electrodes. 
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It is important to note that a small amount of THF was added to DMSO/DMF solvents 

to assist in the dissolution of the ionophore prior to the addition of PAni. This was 

carried out in a trial-and-error approach to determine the minimum volume of THF 

required to dissolve the ionophore. This accounted for 0.8 mL per 2 mL of total solvent 

volume for subsequent blends of TDAB. 
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Figure 5.22 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TDAB 0.5% in DMSO/DMF/THF and scanned at 50 mV/s in NO3
-/acetate 

buffer. 

 

From Figure 5.22, the oxidation/reduction peak currents for the PAni/PAN/TDAB 0.5% 

electrode decreased from 0.27/-0.44 mA when cycled in the acetate buffer to 0.25/-0.38 

mA for the 10-4 M [NO3
-] in acetate buffer. This was followed by increasing peak 

currents with further additions of nitrate, though these were not proportional to 

concentration, as well as significant shifts in the peak potentials. This may indicate 
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some difficulty in the diffusion and interaction of NO3
- ions with this blend, in turn 

delaying the oxidation of PAni. 
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Figure 5.23 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TDAB 10% in DMSO/DMF/THF and scanned at 50 mV/s in NO3
-/acetate 

buffer. 

 

PAni/PAN/TDAB 5% and PAni/PAN/TDAB 10% electrodes did not exhibit the peak 

current decrease-increase phenomenon, and instead the peak currents increased with all 

additions of nitrate. Again these increases were not proportional to [NO3
-]. Thus the 

ionophore displayed little selectivity towards NO3
-, or this anion may have been limited 

in its diffusion to, and interaction, with the ionophore and/or PAni. At 10-1 M NO3
- the 

PAni/PAN/TDAB 10% electrode began to evolve a second redox process similar to 

observations for PAni/PVC/TDAB, however this only occurred for the oxidation 

process. This observed ‘split’ in the major oxidation peak to form two separate 

oxidation processes corresponded to a decrease in the peak current, indicating that two 
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separate processes were occurring. It is likely that the reduction peak corresponding to 

the new oxidation peak had not fully evolved and still remained coalesced with the 

major reduction peak.  

 

[TDAB] [NO3] Oxidation Peak 1 Reduction Peak 1 
(%) (M) V, Current V, Current 

    vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) 
0.5 0 0.22 0.27 0.15 -0.44 

  0.0001 0.28 0.25 0.20 -0.38 
  0.001 0.24 0.31 0.15 -0.50 
  0.01 0.29 0.36 0.19 -0.56 
  0.1 0.34 0.39 0.24 -0.48 
5 0 0.23 0.05 0.09 -0.09 
  0.0001 0.23 0.05 0.13 -0.10 
  0.001 0.26 0.07 0.14 -0.10 
  0.01 0.25 0.08 0.17 -0.14 
  0.1 0.28 0.10 0.21 -0.16 

10 0 0.40 0.05 -0.01 -0.08 
  0.0001 0.43 0.05 -0.02 -0.07 
  0.001 0.33 0.06 0.02 -0.07 
  0.01 0.31 0.08 0.08 -0.09 
  0.1 0.25 0.07 0.11 -0.08 

[TDAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) V, Current V, Current of 

  vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) Voltammograms 
0.5 No Peak No Peak No Peak No Peak Voltammogram in  

  No Peak No Peak No Peak No Peak  Figure 5.22 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
5 No Peak No Peak No Peak No Peak  Broader redox peaks 
  No Peak No Peak No Peak No Peak  Growth of reduction tail
  No Peak No Peak No Peak No Peak  with increasing  
  No Peak No Peak No Peak No Peak  [NO3

-] and change in 
  No Peak No Peak No Peak No Peak  structure 

10 No Peak No Peak No Peak No Peak Voltammogram in 
  No Peak No Peak No Peak No Peak Figure 5.23 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  0.40 0.07 No Peak No Peak   
Table 5.12 Redox potentials of PAni/PAN/TDAB electrospun electrodes cycled in 

acetate buffer/NO3
-  
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[TDAB] [Cl-] Oxidation Peak 1 Reduction Peak 1 
(%) (M) V, Current V, Current 

    vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) 
0.5 0 0.30 0.04 -0.01 -0.06 

  0.0001 0.30 0.04 0.00 -0.05 
  0.001 0.44 0.07 -0.01 -0.08 
  0.01 0.28 0.05 -0.03 -0.06 
  0.1 0.18 0.05 -0.10 -0.07 
5 0 0.34 0.09 -0.02 -0.13 
  0.0001 0.35 0.09 -0.02 -0.14 
  0.001 0.40 0.07 -0.01 -0.11 
  0.01 0.34 0.14 -0.03 -0.17 
  0.1 0.34 0.18 0.09 -0.23 

10 0 0.38 0.09 -0.01 -0.14 
  0.0001 0.41 0.08 0.00 -0.14 
  0.001 0.39 0.09 -0.01 -0.15 
  0.01 0.34 0.18 -0.03 -0.21 
  0.1 0.33 0.20 0.09 -0.26 

[TDAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) V, Current V, Current of 

  vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) Voltammograms 
0.5 0.57 0.04 0.14 -0.05 Broad redox peaks  

  0.57 0.04 0.14 -0.04  Tilting of voltammogram
  No Peak No Peak 0.16 -0.05  Presence of  
  0.44 0.05 0.10 -0.05  second redox pair 
  0.37 0.07 0.15 -0.08  Smaller reduction tail 
5 No Peak No Peak No Peak No Peak  Broad redox peaks that 
  No Peak No Peak No Peak No Peak  sharpened with 
  No Peak No Peak No Peak No Peak  increasing [Cl-] 
  No Peak No Peak No Peak No Peak  No significant reduction 
  No Peak No Peak No Peak No Peak  tail 

10 No Peak No Peak No Peak No Peak  Extremely similar to 
  No Peak No Peak No Peak No Peak  PAni/PAN/TDAB 5  
  No Peak No Peak No Peak No Peak  cycled in [Cl-] 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
Table 5.13 Redox potentials of PAni/PAN/TDAB electrospun electrodes cycled in 

acetate buffer/Cl- 

 

According to Lukachova et al. [43] the sum of the area of the two PAni redox peaks at 

low pH is equal to the area of the single redox peak at high pH. It was previously 

mentioned that the pH of the 10-1 M/acetate buffer was only 0.06 pH units lower than 

the acetate buffer alone. This is a very small change in pH and it would not be expected 

to significantly alter the electrochemical response of PAni, however these decreases in 

peak current with the evolution of a second redox peak are consistent with a change in 
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solution pH. As this was not consistent for all three compositions, again it appears the 

presence of TDAB has altered the electrochemical response of PAni. These responses 

were also observed for PAni/PVC/TDAB electrodes, and there it was suggested that the 

protonation of the PAni had increased due to interactions between the ionophore and 

PAni.  

 

[TDAB] [BF4
-] Oxidation Peak 1 Reduction Peak 1 

(%) (M) V, Current V, Current 
    vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) 

0.5 0 0.22 0.09 0.14 -0.15 
  0.0001 0.22 0.10 0.13 -0.17 
  0.001 0.24 0.15 0.13 -0.24 
  0.01 0.27 0.16 0.16 -0.26 
  0.1 0.07 0.08 0.28 -0.25 
5 0 0.40 0.07 0.00 -0.10 
  0.0001 0.37 0.07 0.01 -0.10 
  0.001 0.32 0.09 0.05 -0.11 
  0.01 0.30 0.15 0.11 -0.18 
  0.1 0.21 0.12 0.23 -0.15 

10 0 0.34 0.03 0.04 -0.05 
  0.0001 0.30 0.03 0.05 -0.04 
  0.001 0.30 0.04 0.07 -0.05 
  0.01 0.30 0.05 0.11 -0.06 
  0.1 0.22 0.05 0.24 -0.05 

[TDAB] Oxidation Peak 2 Reduction Peak 2 Comparison 
(%) V, Current V, Current of 

  vs. Ag/AgCl (mA) vs. Ag/AgCl (mA) Voltammograms 
0.5 No Peak No Peak No Peak No Peak Growth in reduction tail  

  No Peak No Peak No Peak No Peak  with increasing 
  No Peak No Peak No Peak No Peak  [BF4

-] 
  No Peak No Peak No Peak No Peak  Structurally similar to 
  0.37 0.15 No Peak No Peak  Figure 5.22 
5 No Peak No Peak No Peak No Peak  Broad redox peaks that 
  No Peak No Peak No Peak No Peak  sharpened with 
  No Peak No Peak No Peak No Peak  increasing [BF4

-] 
  No Peak No Peak No Peak No Peak  Increase in reduction tail
  0.35 0.13 0.02 -0.11  with increased [BF4

-] 
10 No Peak No Peak No Peak No Peak  Similar structure to 
  No Peak No Peak No Peak No Peak  Figure 5.23 
  No Peak No Peak No Peak No Peak  Sharper redox peaks 
  No Peak No Peak No Peak No Peak   
  0.34 0.05 -0.02 -0.04   
Table 5.14 Redox potentials of PAni/PAN/TDAB electrospun electrodes cycled in 

acetate buffer/BF4
- 
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For analysis of one PAni/PAN/TDAB 0.5% electrode, replacing NO3
- with Cl- produced 

a stable response in that the oxidation/reduction peak currents only changed from 0.07/-

0.11 mA when cycled in the acetate solution to 0.06/-0.11 mA in 10-4 M Cl-. The current 

then varied only slightly with increasing concentration of chloride.  

 

On increasing the TDAB level to 5% in the PAni/PAN/TDAB electrode, the 

oxidation/reduction peak currents remained constant at 0.09/-0.02 mA for 10-4 M Cl- in 

acetate buffer, and subsequently decreased to 0.07/-0.01 mA when cycled in 10-3 M Cl- 

in acetate buffer. Further increases in Cl- increased the peak currents, however these 

increases were not proportional to [Cl-]. The third electrode in this group, 

PAni/PAN/TDAB 10%, exhibited relatively unchanged oxidation/reduction peak 

currents of 0.09/-0.15 mA until it was cycled in 10-2 M Cl-/acetate buffer where the peak 

currents increased significantly to 0.18/-0.21 mA, and further increased to 0.20/-0.26 

mA with the addition of 10-1 M Cl-. At this concentration the oxidation peak current 

plateaued, and the peak possibly exhibited initial signs of two redox processes. This is 

also supported by the significant shift in the reduction peak potential to 0.09 V 

compared with the previous peak at -0.03 V for the 10-2 M Cl- solution.  

 

Cycling PAni/PAN/TDAB 0.5% in BF4
-/acetate buffer produced cyclic voltammograms 

similar to those obtained when the sample was cycled in NO3
-. In this case, the 

oxidation/reduction peak currents increased after the addition of 10-4 M BF4
- in 

comparison to the acetate buffer, from 0.09/-0.15 mA to 0.10/-0.17 mA, with further 

increases in the concentration producing increases in the peak currents until 10-1 M  

BF4
-. Cycling of the fibres in the 10-1 M BF4

-/acetate buffer solution produced what 

appeared to be two individual oxidation peaks and a significant positive shift in the peak 

potentials. However, there was only one clear reduction peak, although the large 
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reduction tail may have overlapped any secondary reduction peak with shifts in the peak 

potentials supporting this.  

 

An increase in the concentration of TDAB to 5% in PAni/PAN produced fibre 

electrodes that exhibited cyclic voltammograms similar to the PAni/PAN/TDAB 0.5% 

electrode analysed in BF4
-/acetate buffer, including increasing peak currents with 

increasing [BF4
-].  This was also the case for PAni/PAN/TDAB 10%, however neither 

electrode displayed peak current increases proportional to BF4
- concentration. The 

PAni/PAN/TDAB 5% and 10% electrodes also exhibited growth of two oxidation 

peaks, decline in overall peak currents and shifts in the peak potentials when cycled in 

10-1 M BF4
-/acetate buffer, similar to the PAni/PAN/TDAB 0.5% cyclic 

voltammograms. If these decreases in the peak current were solely related to ion 

diffusion then it would have been expected the oxidation peak would have simply 

broadened not exhibit a second oxidation peak. Considering that the evolution of 

secondary redox peaks were not observed for other analyses, except PAni/PAN/TDAB 

0.5% cycled in Cl- and PAni/PAN/TDAB 10% cycled in NO3
-, it is likely that these 

electrodes lacked uniformity.  

 

In terms of other electrochemical characteristics, the hysteresis of the electrodes also 

differed with the PAni/PAN/TDAB 0.5% exhibiting less peak separation than both 

PAni/PAN/TDAB 5% and 10%. 
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Figure 5.24 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PAN 3% TDAB 0.5% in DMSO/DMF/THF and scanned at 50 mV/s in acetate 

buffer. 

 

The cyclic voltammograms of three replicate PAni/PAN/TDAB 0.5% electrodes cycled 

in acetate buffer (Figure 5.24) show the electrochemical responses were very different 

for the three electrodes, again indicating that the electrospun electrodes were quite 

variable. This may have been a result of the morphology of the electrospun fibres, the 

degree of contact with the underlying substrate electrode, or the chemical properties of 

the electrospun electrodes. From Section 3.3.10 it was observed that the fibre 

morphology of PAni/PAN/TDAB electrodes exhibited beads and globules throughout 

the mat, possibly leading to these inconsistent electrochemical responses. An increase in 

the degree of contact with the underlying gold-coated Mylar® electrode would also 

expected to increase the overall redox response. Similarly, the degree of dispersion of 

PAni or TDAB throughout the fibre mats could affect conductivity and electroactivity 

of these electrodes.  
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Figure 5.25 and Figure 5.26 present the cyclic voltammograms of replicate electrodes of 

PAni/PAN/TDAB 5% and 10%, respectively. The overall current responses of both sets 

of electrodes were again quite variable with one PAni/PAN/TDAB 10% electrode 

revealing a particularly flat cyclic voltammogram. This was most likely a result of the 

higher concentration of TDAB in the sample, in essence decreasing the electroactive 

contribution of PAni within the fibres. From Figures 5.24 it can be observed that the 

overall peak currents were higher for PAni/PAN/TDAB 0.5% than both the 5% and 

10% samples, indicating further that the higher concentration of TDAB led to decrease 

in the electroactivity of these samples. Thus it appears that the ionophore influence was 

quite unpredictable due to variability between the electrospun electrodes, the 

hydrophobicity of the electrodes and the intrinsic properties of the fibres, such as 

dispersion of PAni and the ionophore. 
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Figure 5.25 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PAN 3% TDAB 5% in DMSO/DMF/THF and scanned at 50 mV/s in acetate 

buffer. 
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Figure 5.26 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PAN 3% TDAB 10% in DMSO/DMF/THF and scanned at 50 mV/s in acetate 

buffer. 

 

Overall the electrospun electrodes of PAni/PAN/TDAB exhibited little specificity for 

NO3
- even though increases in the peak currents were larger than those reported for BF4

- 

and Cl-, but this can be related to the original electroactivity of the electrospun fibres. In 

terms of response, the evolution of secondary redox couples for electrodes cycled in 10-1 

M BF4
-, as well as a consistent increase in peak currents with concentration indicates 

that BF4
- interacted with PAni and TDAB in a reliable fashion, unlike NO3

-, and that an 

inherent variability existed between, and within the electrospun electrodes. 

 

5.3.9 PAni/PVC/TAEAB Electrospun Fibres 

Cyclic voltammetry of an electrode electrospun from PAni 1% PVC 10% TAEAB 0.5% 

(triallylethylammonium bromide, a documented nitrate ionophore) THF/DMF cycled in 

increasing concentration of nitrate and spiked with BF4
- is given in Figure 5.27. Due to 
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the limited dissolution of TAEAB in the solvent blend of THF/DMF no other blends of 

PAni/PVC/TAEAB could be prepared for analysis. Table 5.15 provides the peak 

currents and peak potentials for this blend cycled in NO3
-, 10-1 M NO3

- spiked with BF4
- 

and BF4
-. 
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Figure 5.27 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PVC 10% TAEAB 0.5% in THF/DMF and scanned at 50 mV/s in NO3
-/acetate 

buffer and spiked with 10-1 M BF4
-. 

 

Cycling the electrospun electrode in the acetate buffer resulted in relatively small 

oxidation/reduction peak currents of 0.02/-0.04 mA with a broad oxidation peak at 0.33 

V and a corresponding reduction peak located at 0.02 V. The addition of 10-4 M NO3
- to 

the acetate buffer resulted in no change to the redox peak currents, but the addition of 

10-3 M led to an increase in the oxidation peak current to 0.03 mA, whilst the reduction 

peak current remained constant. A further increase in [NO3
-] to 10-2 M increased the 

reduction peak current to -0.05 mA, but in this case the oxidation peak current remained 
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constant, and an increase to 10-1 M produced no change to either peak currents. The 

spike to 10-1 M BF4
- increased the oxidation peak current to 0.04 mA, but did not alter 

the reduction peak. Overall all analyses showed increases in the peak current with 

increasing concentration of either NO3
- or BF4

-, however these were small, indicating 

that there was little if any selectivity towards NO3
-. 

 

[TAEAB
] [NO3] Oxidation Peak 1 Reduction Peak 1 Comparison 

(%) (M) 
Potential 

(V) 
Curren

t 
Potential 

(V) Current of 

    
(vs. 

Ag/AgCl) (mA) 
(vs. 

Ag/AgCl) (mA) 
Voltammogram

s 
0.5 0 0.33 0.02 0.02 -0.04 Voltammogram 

  0.0001 0.31 0.02 0.00 -0.04 In Figure 5.27 
  0.001 0.31 0.03 0.00 -0.04   
  0.01 0.31 0.03 0.00 -0.05   
  0.1 0.29 0.03 0.03 -0.05   
  0.1 BF4

- 0.29 0.04 0.04 -0.05   
[TAEAB

] [BF4
-] Oxidation Peak 1 Reduction Peak 1 Comparison 

(%) (M) 
Potential 

(V) 
Curren

t 
Potential 

(V) Current of 

    
(vs. 

Ag/AgCl) (mA) 
(vs. 

Ag/AgCl) (mA) 
Voltammogram

s 
0.5 0 0.33 0.02 0.00 -0.04 Tilting of 

  0.0001 0.33 0.04 No Peak No Peak voltammogram 
  0.001 0.33 0.04 No Peak No Peak with increasing 
  0.01 0.37 0.05 No Peak No Peak concentration 
  0.1 0.42 0.07 No Peak No Peak   

Table 5.15 Redox potentials of PAni/PVC/TAEAB electrospun electrodes cycled in 

acetate buffer/NO3
- and acetate buffer/BF4

- 

 

Figure 5.28 presents an overlay of replicate electrospun electrodes prior to analysis. 

Clearly the electrodes electrospun from this blend were much more uniform, at least 

from an electrochemical point of view, than those electrospun from most other blends.  
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Figure 5.28 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PVC 10% TAEAB 10% in THF/DMF and scanned at 50 mV/s in acetate 

buffer. 

 

5.3.10 PAni/PAN/TAEAB Electrospun Fibres 

Cyclic voltammograms of PAni/PAN fibres incorporating TAEAB also exhibited 

relatively poor responses and electroactivity. Figure 5.29 presents cyclic 

voltammograms of an electrode electrospun from PAni 1% PAN 3% TAEAB 0.5% and 

cycled in increasing [NO3
-] in acetate buffer, and then spiked to 10-1 M BF4

-. These 

cyclic voltammograms will be used as a typical electrochemical response for 

comparison of PAni/PAN/TAEAB samples with peak currents and peak potentials 

given in Table 5.16 and 5.17. 

 



Chapter 5 – Electrochemical Characterisation 

292 

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

Potential (V) vs. Ag/AgCl

C
ur

re
nt

 (m
A

)

0M KNO3/0.1M CH3COONa/0.1M CH3COOH 0.0001M KNO3/0.09995M CH3COONa/0.09995M CH3COOH
0.001M KNO3/0.0995M CH3COONa/0.0995M CH3COOH 0.01M KNO3/0.095M CH3COONa/0.095M CH3COOH
0.1M KNO3/0.05M CH3COONa/0.05M CH3COOH 0.1M NaBF4/0.1M KNO3/0.05M CH3COONa/0.05M CH3COOH  

Figure 5.29 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TAEAB 0.5% in DMSO/DMF and scanned at 50 mV/s in a NO3
-/acetate 

buffer and spiked with 10-1 M BF4
-. 

 

The first cycle of PAni/PAN/TAEAB 0.5% in the acetate buffer produced a broad 

oxidation peak at ~ 0.38V and a large reduction peak at 0 V with oxidation/reduction 

peak currents of 0.03/-0.04 mA. After the addition of 10-4 M NO3
- the oxidation peak 

current remained stable whilst the reduction peak current decreased to -0.03 mA. An 

increase in [NO3
-] to 10-3 M produced the same oxidation peak current but a further 

decrease in the reduction peak current to -0.02 mA. Subsequent increases in the 

concentration of NO3
- increased the reduction peak current to -0.03 mA with no change 

to the oxidation peak current. After this solution the peaks barely changed on spiking to 

10-1 M BF4
- to produce 0.04/-0.03 mA oxidation/reduction peak currents. The electrode 

appeared to become far more resistive with increasing [NO3
-] and cycle numbers, tilting 

as a result.  
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[TAEAB] [NO3] Oxidation Peak 1 Reduction Peak 1 
(%) (M) Potential (V) Current Potential (V) Current 

    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) 
0.5 0 0.38 0.03 0.00 -0.04 

  0.0001 0.36 0.03 0.04 -0.03 
  0.001 0.36 0.03 0.03 -0.02 
  0.01 0.36 0.03 0.03 -0.03 
  0.1 0.34 0.03 0.03 -0.03 
  0.1 BF4

- 0.33 0.04 0.05 -0.03 
5 0 0.30 0.02 0.24 -0.01 
  0.0001 0.29 0.02 0.24 -0.01 
  0.001 0.31 0.03 0.26 -0.01 
  0.01 0.29 0.03 0.19 -0.02 
  0.1 0.27 0.03 0.27 -0.01 
  0.1 BF4

- 0.34 0.05 0.25 -0.01 
10 0 0.24 0.03 0.31 -0.03 
  0.0001 0.24 0.03 0.29 -0.04 
  0.001 0.24 0.03 0.29 -0.04 
  0.01 0.24 0.03 0.29 -0.03 
  0.1 0.27 0.03 0.31 -0.03 
  0.1 BF4

- 0.27 0.03 0.22 -0.03 
[TAEAB] Oxidation Peak 2 Reduction Peak 2 Comparison 

(%) Potential (V) Current Potential (V) Current of 
  (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms 

0.5 No Peak No Peak No Peak No Peak Voltammogram in 
  No Peak No Peak No Peak No Peak Figure 5.29 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   
5 No Peak No Peak No Peak No Peak Similar to Figure 
  No Peak No Peak No Peak No Peak 5.29, although 
  No Peak No Peak No Peak No Peak further broadening of 
  No Peak No Peak No Peak No Peak the reduction peak 
  No Peak No Peak No Peak No Peak   
  No Peak No Peak No Peak No Peak   

10 0.45 0.04 0.65 -0.01 Indication of 
  0.44 0.04 0.64 -0.01 capacitance in sample
  0.43 0.04 0.64 -0.01 Presence of  
  0.44 0.03 0.63 -0.01 secondary redox pair 
  0.51 0.03 0.68 0.00 not consistent 
  0.50 0.03 0.67 0.00 with PAni 

Table 5.16 Redox potentials of PAni/PAN//TAEAB electrospun electrodes cycled in 

acetate buffer/NO3
-  vs. Ag/AgC land spiked with BF4

-. 

 

Cycling an electrode of the same composition in increasing concentrations of BF4
- again 

led to only slight increases in peak current, though the voltammogram indicated that this 

electrode was somewhat more electroactive. In this case the oxidation/reduction peak 
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currents recorded from cycling in the acetate buffer decreased from 0.06/-0.14 to 0.05/-

0.12 mA for the 10-4 M solution and did not increase until cycled in the 10-2 M BF4
- 

solution. From Figure 5.30 the cyclic voltammograms of replicate electrodes of 

PAni/PAN/TAEAB 0.5% again show appreciable variability between electrodes, 

particularly in the size of the reduction peaks. 

 

[TAEAB] [BF4
-] Oxidation Peak 1 Reduction Peak 1 Comparison 

(%) (M) Potential (V) Current Potential (V) Current of 
    (vs. Ag/AgCl) (mA) (vs. Ag/AgCl) (mA) Voltammograms 

0.5 0 0.39 0.06 0.02 -0.14 Sharper oxidation and
  0.0001 0.37 0.05 0.01 -0.12 reduction peaks. 
  0.001 0.35 0.05 0.02 -0.12   
  0.01 0.34 0.07 0.04 -0.12   
  0.1 0.43 0.08 0.12 -0.11   
5 0 0.38 0.03 0.22 -0.02 Similar to Figure  
  0.0001 0.38 0.03 0.22 -0.03 5.29, but growth 
  0.001 0.38 0.03 0.22 -0.03 in reduction tail 
  0.01 0.38 0.03 0.22 -0.02 at 10-1 M 
  0.1 0.37 0.03 0.29 -0.02   

10 0 0.48 0.06 0.22 -0.02 Similar to Figure  
  0.0001 0.47 0.05 0.22 -0.03 5.29, but growth 
  0.001 0.47 0.55 0.29 -0.03 in reduction tail 
  0.01 0.48 0.05 0.29 -0.03 at 10-1 M 
  0.1 0.40 0.07 0.40 -0.01   

Table 5.17 Redox potentials of PAni/PAN//TAEAB electrospun electrodes cycled in 

acetate buffer/BF4
- 

 

The increased ionophore content in PAni 1% PAN 3% TAEAB 5% in DMSO/DMF 

reduced the electrochemical response of the electrode as its cyclic voltammogram in 

acetate buffer had very little in the form of PAni redox peaks. A small broad oxidation 

peak occurred at ~0.30 V, with the corresponding small broad reduction peak at 0.24 V. 

Subsequent increases in [NO3
-] for this electrode increased the peak currents only 

slightly, from 0.02/-0.01 mA for the oxidation/reduction peak currents in the acetate 

buffer to 0.03/-0.01 mA for 10-1 M NO3
-. Spiking the solution to 10-1 M [BF4

-] produced 

an increase in the peak currents to 0.05/-0.01mA, however the voltammogram tilted 

indicating a loss of electroactivity. Thus the presence of TAEAB produced an electrode 
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that was not selective towards NO3
-, and also possessed only a small measure of 

electroactivity related to PAni. This was also evident in the voltammogram for BF4
- 

analysis with no significant increase in the peak currents with increasing [BF4
-].  
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Figure 5.30 Cyclic voltammograms (10th cycle) of replicate electrodes electrospun from 

PAni 1% PAN 3% TAEAB 0.5% in THF/DMF and scanned at 50 mV/s in acetate buffer. 

 

Increasing the ionophore concentration further to TAEAB 10% produced an electrode 

possessing electrochemical responses consistent with degradation, and is given in 

Figure 5.31. Initially, it appeared that two oxidation peaks occurred at ~0.24 V and 

~0.45 V (vs Ag/AgCl) and two corresponding reduction peaks at ~0.31 V and ~0.65 V 

respectively. Clearly the reduction peak at 0.65 V could not be part of this process as it 

is a more positive than both oxidation peaks, indicating the normal oxidation and 

reduction processes of PAni were only partially responsible for these peaks, and that 

redox peaks corresponding to the degradation productions were responsible [292]. 
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Furthermore, the response of the electrode is decreasing with increasing cycle numbers, 

indicative of degrading PAni [317].  
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Figure 5.31 Cyclic voltammograms (10th cycle) of an electrode electrospun from PAni 

1% PAN 3% TAEAB 10% in DMSO/DMF and scanned at 50 mV/s in a NO3
-/acetate 

buffer and spiked with 10-1 M BF4
-. 

 

Cyclic voltammetry of the sample in BF4
- led to a response quite similar to 

PAni/PAN/TAEAB 5% in BF4
-. Overall the presence of TAEAB in PAni/PAN led to 

low PAni electroactivity and no specificity for NO3
- in solution.   

 

5.3.11 MWNT/PVC Electrospun Fibres 

Electrospun electrodes containing MWNT were also analysed by cyclic voltammetry to 

study their electrochemical characteristics. Figure 5.32 is an overlay of cyclic 

voltammograms of an electrode electrospun from MWNT 0.5% PVC 10% THF/DMF 

and cycled in 0.05 M HCl/0.15 M KCl solution. 
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Figure 5.32 Cyclic voltammograms (10 cycles) of an electrode electrospun from MWNT 

0.5% PVC 10% in THF/DMF and scanned at 50 mV/s in a 0.05M HCl/0.15M KCl 

solution.  

 

The overlay indicates that the MWNT formed a conductive network throughout the 

PVC by the relatively horizontal aspect of the voltammogram, which is surprising 

considering that the low conductivity of the MWNT blends discussed in Section 2.6.7 

and poor quality of the MWNTs in Section 4.3.10. In addition the voltammogram 

changed very little over the course of these cycles indicating that the electrochemical 

properties of the electrospun fibres were quite stable. The rectangular aspect of the 

voltammogram, indicated some degree of capacitance similar to observations by Xiao 

and Zhou [318]. The cyclic voltammogram in Figure 5.32 also exhibited oxidation and 

reduction peaks, at 0.41 V and 0.28 V (vs. Ag/AgCl) with peak currents of 0.03 mA and 

-0.03 mA respectively, similar to that observed by Barisci et al. [319] for SWNT cycled 

in 1.0M H2SO4. Barisci et al. concluded that these peaks were due to surface redox 

reactions by oxygen-containing functional groups generated during NT purification, and 
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that changes in pH led to shifts in the response. It is also possible that these peaks were 

from the oxidation and reduction of metallic impurities present in the MWNT product 

from the catalytic chemical vapour deposition used to produce nanotubes [320, 321]. 

The MWNT samples used in the current work were not purified before use and it is 

unknown what purification methods they were subjected to prior to delivery. However, 

the certificate of analysis shows the presence of amphorous carbon, as well as nickel 

and lithium impurities. 
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Figure 5.33 Cyclic voltammograms (10th cycle) of an electrode electrospun from MWNT 

0.5% PVC 10% in THF/DMF and scanned at 50 mV/s in a 0.05M HCl/0.15M KCl 

solution with increasing [NO3
-].  

 

Furthermore, the oxidation of water appears to have been taking place at ~0.8V and a 

significant reduction tail commenced at approximately -0.07V. These two ‘tails’ 

occurred at potentials less positive for the oxidation response, and more positive for the 

reduction response in comparison to Barisci et al. [319], who report these peaks at 
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varied potentials depending on the supporting electrolyte. Considering these tails were 

previously observed in some of the PAni/polymer/ionophore electrodes it that these 

were due to the oxidation and reduction of water. 

 

The addition of NO3
- to the HCl/KCl supporting electrolyte produced very little change 

in the voltammogram apart from an increase in the size of the reduction tail with 

increasing [NO3
-]. This can be observed in Figure 5.33. Again, this is consistent with 

the observations of Barisci et al. [319] who studied the voltammetry of the SWNT in 

solutions with various anions. They observed little change in the current response and 

overall shape of the voltammograms with increasing cycles.  

 

5.3.12 MWNT/PAN Electrospun Fibres 

An overlay of 10 cycles of an electrode electrospun from MWNT 0.5% PAN 3% 

DMSO/DMF and cycled in 0.05M HCl/0.15M KCl are presented in Figure 5.34. 
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Figure 5.34 Cyclic voltammograms (10 cycles) of an electrode electrospun from MWNT 

0.5% PAN 3% in DMSO/DMF and scanned 50 mV/s in 0.05M HCl/0.15M KCl solution.  
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The cyclic voltammograms were similar to that observed for MWNT/PVC electrospun 

fibres in that they also possessed oxidation and reduction peaks at 0.33 V and 0.26 V 

with peak currents of 0.02 mA and -0.03 mA, respectively. The lower redox potentials 

may indicate easier oxidation of a species within the fibres, possibly due to differences 

in the support polymers leading to differences in the hydrophobicity of the electrospun 

fibres. In addition the electrochemical response of the fibrous electrode was slightly 

unstable as the overlay shows tilting of the voltammograms with increasing cycles.  
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Figure 5.35 Cyclic voltammograms (10th cycle) of an electrode electrospun from MWNT 

0.5% PAN 3% in DMSO/DMF and scanned at 50 mV/s in a 0.05M HCl/0.15M KCl 

solution with increasing [NO3
-].  

 

This electrode was also somewhat more resistive than MWNT/PVC as it was slightly 

tilted with respect to the horizontal axis. In real terms the content of MWNT present 

within the MWNT/PAN fibres was much larger than the MWNT/PVC blend, though 
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this did not translate into a greater current capacity overall. As indicated by Raman 

spectra in Section 4.3.13, the MWNT were reasonably dispersed throughout the mat. 

 

Cycling in increasing [NO3
-] in HCl/KCl produced tilting of the electrode away from 

the horizontal with increasing concentration and cycle number. The drift in the electrode 

towards resistance indicates that the conducting network within the fibres is becoming 

less stable, possibly due to the presence of PAN, changes in the physical properties of 

the fibres with increasing number of cycles, or the electrode not achieving a steady-state 

during the analysis. However, overall there is no major change in the electrochemical 

response in the increased concentration that indicates any specifity towards NO3
-, or a 

response proportional to its increased concentration.  
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5.4 Conclusions 

 

Fibre electrodes electrospun from PAni 1% PVC 10% THF/DMF and PAni 1% PAN 

3% DMSO/DMF solutions were electroactive during cyclic voltammetry, exhibiting the 

characteristic redox response of the three forms of PAni at low pH.  

 

Regardless of the ionophore employed, selectivity towards nitrate ion in an acetate 

buffer proved minimal. In the case of PAni/PVC/2-NPOE 5% and PAni/PAN/2-NPOE 

5% electrodes there was some proportionality between current and increasing NO3
- 

concentration. This was only at relatively high concentrations of 10-3 M NO3
- and 

greater, and a similar proportionality was exhibited with Cl- acetate buffer. The 

quaternary ammonium salts of TOAB, TDAB and TAEAB also exhibited little, if any, 

selectivity towards NO3
-, and TAEAB was also detrimental to the electrochemical 

characteristics of the electrodes.  

 

More significantly, the electrochemical responses of the electrospun electrodes varied 

significantly between compositions. For example, electrodes electrospun from 

PAni/polymer/2-NPOE solutions exhibited very consistent cyclic voltammograms, 

however PAni/PVC/TOAB electrodes exhibited very different profiles to 

PAni/PAN/TOAB. Within each concentration of TDAB (0.5%, 5%, 10%) the 

electrochemical response of the PAni/polymer/TDAB electrodes were similar. 

However, the cyclic voltammograms changed with increasing TDAB concentration, 

indicting changes in the electrochemical properties of the electrodes. 

 

These differences in electrochemical responses between the various electrode 

compositions appear to be a product of the inherent properties of the electrodes, such as 
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hydrophobicity, degree of dispersion and homogeneity of PAni and/or the ionophore, 

and the permeability of the fibres, as well as the physical properties of the electrospun 

electrodes such as fibre morphology, contact with the underlying electrode and 

uniformity in the electrospun coating. 

 

Overall, replicate electrospun electrodes of PAni/polymer/ionophore blends showed that 

not only is electrospinning highly variable, but that this variability translates into a lack 

of consistency in the background electrochemical response of the electrodes. 

Consistently, the background cyclic voltammogram peak currents of electrodes cycled 

in acetate buffer differed between electrodes, including electrodes with the same 

composition. In addition, increasing the concentration of ionophore within the 

electrospinning solution produced fibre electrodes that exhibit a decrease in 

electroactivity, in affect reducing the concentration of the electroactive component 

(PAni), while increasing the hydrophobicity of the fibres. 

 

One recurring issue throughout this work was the decrease in cyclic voltammogram 

peak current after the addition of 10-4 M NO3
-, Cl- or BF4

- to the supporting electrolyte 

(acetate buffer), followed by an increase in peak current after cycling in higher test ion 

concentrations. It was postulated that this decrease-increase response was a product of 

changes in the degree of doping of PAni, or the result of the ionophore binding the with 

the test ion, changing the ion-exchange processes. Furthermore, the evolution of two 

redox couples for some samples when cycled in 10-1 M test ion concentrations was also 

observed, indicating that the degree of protonation of PAni had changed. The pH of the 

original acetate buffer was recorded as 4.62, and in the case of a 10-1 M NO3
-/acetate 

buffer solution the pH was 4.56. Thus, either this small change in pH affected the 

electrochemical properties of PAni, or the presence of high ion concentrations in 
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conjunction with the ionophore, PAni and support polymer, interacted to increase the 

protonation of PAni.  

 

Electrospun electrodes containing MWNT produced capacitive cyclic voltammograms 

that also possessed a small, broad redox couple, possibly derived from metallic 

impurities from the MWNT or redox reactions of oxygen-containing functional groups.  
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“A conclusion is the place where you got tired of thinking” 

Harold Fricklestein 

 

 

 

 

 



Chapter 6 – General Conclusions 

306 

The process of electrospinning commodity polymer (PVC or PAN) was found to be 

dependant on a number of parameters, such as solution viscosity, surface tension and 

conductivity. These parameters were significantly influenced by the polymer employed, 

the composition of the polymer solution and addition of non-polymer additives, such as 

QAS. Addition of the conducting polymer PAni to these polymer solutions also led to 

noticeable changes in these parameters.  

 

Specifically a change in the viscoelastic properties was observed with the addition of 

PAni to a solution, in turn allowing solutions with much lower concentrations of 

support polymer to be electrospun successfully. It was postulated that the interaction 

between PAni and PVC differed to that between PAni and PAN, with PAN providing a 

supporting scaffold-type structure due to the molecular dipole on the cyano-groups. This 

was supported by Raman spectra of the electrospun PAni/PAN fibres that suggested 

PAni had undergone some degree of ‘secondary doping’, where the PAN support 

structure had initiated a change in the conformation of PAni to an uncoiled state. In the 

case of PVC it would appear that PAni was actively lubricating the PVC chains, or that 

PVC was shielding the PAni chains from each other. This was supported by rheological 

analysis that showed the PAni/PVC solution possessed a higher viscosity than the PVC-

only solution at PVC concentrations less than 15%. Conversely, at a PVC concentration  

of 20% w/w, the PVC-only solution had a higher viscosity than the PAni/PVC solution. 

Additionally, Raman analysis also showed that the PAni/PVC electrospun fibres did not 

exhibit any ‘secondary doping’, indicating less interaction between PAni and PVC 

compared with PAni and PAN.  

 

The addition of a quaternary ammonium salt (TDAB) to the PAni/PVC solution led to a 

significant increase in viscosity, indicating that TDAB actively participates in the 
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interaction between the solution components. This was also supported by a significant 

increase in the surface tension of a PAni/PVC/TDAB solution, and differences 

consistent with conformation changes of PAni in the Raman spectra for 

PAni/PVC/TDAB compared with PAni/PVC.  

 

Replacing PAni with MWNT also provided evidence that PVC and PAN were 

inherently different in their interaction with other solution components. Though PAN 

3% w/w in DMSO/DMF originally possessed a higher viscosity than PVC 10% w/w in 

THF/DMF, there was a significant increase in viscosity with the addition of MWNT to 

PVC 10%, but less so for their addition to PAN 3%. This indicated that it was not 

simply MWNT entanglement with the polymer in both instances. However, it was 

discovered by Raman spectroscopy that the MWNT were of poor quality, containing a 

significant amount of contaminant, and this may have reduced any MWNT/PVC 

interactions. Conversely, cyclic voltammetry of MWNT/polymer electrospun electrodes 

showed the MWNT did impart a capacitive response, indicating that whilst the quality 

of the MWNT was poor, they did retain their characteristic electrochemical properties.  

 

Scanning electron microscopy (SEM) of a wide range of electrospun mats showed that 

PVC or PVC blend fibres were consistently smoother in appearance than PAN or PAN 

blend fibres. This was due to the high surface tension of these PAN-based solutions 

which led to the formation of beads-on-string morphology and larger amounts of 

electrosprayed polymer. In comparison, the lower surface tension of PAni/PVC 

solutions produced fibres that did not exhibit this extent of beads and electrospray.  

 

The variation in morphology between PAni/PVC and PAni/PAN blends was unexpected 

as according to particle size analysis, there were large aggregates throughout all 
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PAni/polymer solutions. Though these aggregates were not evident in the fibre 

morphology from SEM, Raman dispersion maps of the electrospun fibres showed areas 

of high PAni concentration, consistent with electrospray, but the underlying fibres were 

a uniform dispersion of PAni throughout the fibrous mats of both blends. 

 

SEM also revealed that PVC fibres electrospun from THF/DMF were significantly 

larger in diameter than fibres of PAN electrospun from DMSO/DMF. Taking into 

account that the viscosities of the PAN solutions were notably higher than those of PVC 

solutions, which would be expected to lead to PAN fibres having a greater diameter 

than PVC fibres, these differences in fibre diameter could only be a result of the higher 

conductivity of the PAN solutions compared with PVC. It was also determined that the 

surface tension of the spinning solution had little, if any, influence on fibre diameters. 

This higher conductivity led to an increase in the extension of the whipping jet, and the 

consistent production of true electrospun nanofibres, i.e. those below 100 nm for PAni 

1% PAN 1% and PAni 1% PAN 3% w/w solutions, as well as extremely low diameters 

for a number of other PAN based samples. Increasing the concentration of the support 

polymer led to an increase in the average fibre diameter, a product of the reduced 

stretching ability of the whipping polymer jet and greater polymer chain entanglement, 

in addition to an increase in the uniformity of the electrospun fibres and a decrease in 

the presence of beads and electrospray. This trend was also observed for the 

PAni/polymer fibres, except those containing 2-NPOE or QAS. 

 

More generally, the addition of plasticisers or ionophores to the electrospinning solution 

led to changes in the morphology compared with simple blends of PAni/PVC and 

PAni/PAN. The use of 2-NPOE as a plasticiser prevented the production of electrospun 

fibres, leading to a complete collapse in the fibre structure at concentrations of 20% 
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w/w 2-NPOE in solution. Considering plasticiser concentrations of up to 60% w/w are 

used in ion-selective electrodes (ISEs), this creates difficulty in producing an 

electrospun ISE with the necessary physical and chemical properties.  

 

At low concentrations of ionophore, PAni/PVC/ionophore fibre morphology was not 

significantly affected, suggesting that the ionophore, whilst significantly altering 

solution viscosity, surface tension and conductivity, leads to a balance of these 

properties such that there was no net change to the electrospinning process and the 

resultant fibres. At higher ionophore concentrations, notable changes which 

detrimentally affected the morphology of the electrospun fibres did occur. These led to 

electrospraying and, in some cases, to a partial collapse of fibre structure, and an 

increase in the point-bonding of fibres. This point-bonding suggested solvent was 

retained in the fibres after electrospinning, allowing the polymer fibres to ‘flow’ and 

bind with underlying fibres.  

 

Contrary to expectations, point-bonding did not increase the mechanical strength of the 

samples, although other studies have shown it to significantly contribute to the 

mechanical strength of fibrous mats. Both PAni/PVC/TDAB and PAni/PVC/TOAB 

electrospun fibres showed extensive point-bonding, however PAni/PVC/TOAB 

exhibited significantly lower tensile strength than either PAni/PVC/TDAB or a simple 

PAni/PVC blend. Thus the presence of TOAB negated the mechanical contribution of 

PAni to the strength of the electrospun fibres. Furthermore, there was evidence to 

suggest the higher mechanical strength of PAni/PVC/TDAB fibres was a result of anti-

plasticisation. Also contrary to expectations, the point-bonding of the electrospun fibres 

did not lead to a more electroactive PAni network. Even though more point-bonding 

was evident, cyclic voltammetry of electrodes with higher concentrations of ionophore 
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indicated less electroactivity of the fibre electrodes. This was directly related to the 

relative decrease in PAni levels in the fibres with increasing ionophore concentration.  

 

In the case of PAni/PAN/ionophore solutions, the resultant fibres were quite poor 

compared with PAni/PAN fibres, as they exhibited significantly more beads and 

electrosprayed polymer globules. It was postulated that these beads and globules were 

derived from a higher solution surface tension, and any increase in solution conductivity 

from the presence of ionophore was negated by this surface tension increase. It was also 

suggested that droplets on the surface of some fibres may have been aggregates of 

undissolved ionophore, or possibly undissolved PAni, supported by observations from 

particle size analysis, however the size of these droplets was not consistent with the 

diameters produced from particle size analysis. Raman micrographs of the fibre samples 

did show the presence of large particles throughout the fibre structure, as expected from 

particle size analysis, but the PAni was well dispersed throughout the underlying fibrous 

mat.  

 

The addition of MWNT to PVC or PAN solutions led to a decrease in globule and bead 

formation in the fibre morphology for MWNT/PVC samples, and a degree of porosity in 

addition to a rough texture for MWNT/PAN fibres. It was postulated that these 

differences were a result of aggregations of MWNT within the fibres rather than a 

physico-chemical contribution, again supported by observations from particle size 

analysis. However, Raman analysis indicated that the MWNT was well dispersed 

through both MWNT/PVC and MWNT/PAN.  

 

Whilst SEM analysis indicated that the morphology of the electrospun fibres was 

relatively uniform, cyclic voltammetry of replicate electrodes of 
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PAni/polymer/ionophore blends showed that the electrochemical responses were quite 

variable. It was found the electrospun fibres of PAni/PVC and PAni/PAN exhibited 

electroactivity typical of low and high pH regimes. In 0.1 M HCl/KCl the fibres 

exhibited two redox pairs indicative of the electrochemical response of PAni: the 

oxidation of leucoemeraldine to emeraldine, followed by the oxidation of emeraldine to 

pernigraniline and the corresponding reverse processes. In an acetate buffer solution 

(pH of ~4.62) the electrochemical properties changed significantly such that the two 

redox couples coalesced into a single couple. Whilst some studies have indicated that 

PAni at this pH should exhibit no electroactivity this was not the case as the single 

redox couple was retained throughout cycling. 

 

Whilst the fabrication of a nitrate selective electrode proved difficult, the 

electrochemical characterisation and evaluation of electrospun fibre electrodes provided 

further evidence on the affect of plasticisers and ionophores on PAni/PVC and 

PAni/PAN fibre electrodes. Different additives resulted in different degrees of 

electroactivity and responses to anion concentration, with electrodes incorporating the 

solvent mediator/plasticiser 2-NPOE recording the largest peak currents of any 

electrospun fibre electrode when cycled in acetate buffer. Additionally, the response to 

NO3
- for electrodes containing 2-NPOE indicated some degree of proportional response 

at concentrations greater than 10-3 M NO3
-, though this also occurred with increasing 

chloride concentration. The presence of a QAS such as TOAB or TDAB led to a 

decrease in the electrochemical response, and in the case of some solutions, an increase 

in the resistivity and change in the electrochemical characteristics. Spiking an acetate 

buffer/Cl- solution with NO3
- to 10-3 M NO3

- did not lead to a significant increase in 

current response for electrodes containing 5% TOAB. Differences in the peak currents 

when electrodes containing TDAB were cycled in different test ions was a direct result 
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of the electroactivity of the electrode, rather than any selectivity to nitrate. Furthermore, 

TAEAB was found to be severely detrimental to the electrochemical response of the 

electrodes regardless of the test solution they were cycled in, leading to relatively 

constant responses with increasing test ion concentration and an increase in resistivity of 

the electrode. Thus it appears that fibre homogeneity and contact with the underlying 

electrode, and the influence of the blend composition, through its impact on 

permeability and hydrophobicity, were responsible for these differences. 

 

One perplexing aspect exhibited by the majority of electrospun fibre mats when cycled 

in the presence of various test ions (NO3
-, Cl-, BF4

-) was the initial reduction in peak 

current when cycled in 10-4 M anion compared with the peak current recorded for the 

same electrode cycled in the acetate buffer alone. In some cases peak current decreased 

further when the electrode was cycled at 10-3 M test ion concentration in acetate buffer, 

before increasing when cycled in 10-2 M. Furthermore at 10-1 M test ion concentration, 

some fibre electrodes exhibited the evolution of two oxidation peaks, a feature often 

associated with cycling PAni at a lower pH. It was postulated that these observations 

were a result of changes in the degree of protonation of PAni due to the fibre electrode 

composition and affect of the ionophore on the chemical properties of PAni. An 

alternative theory for the decrease-increase phenomenon was that the ionophore 

preferentially ‘bound’ the test ion, leading to changes in the ion-exchange process. As 

the concentration of test ion increased, ion-exchange between the PAni and test ion 

were able to take place, leading to a change in the electrochemical properties of the 

electrode.  

 

A number of electrospun PAni/polymer/ionophore electrodes exhibited large reduction 

tails at the lower potential limit, indicative of the reduction of water or, less likely, some 
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other species. These tails were also present in electrospun MWNT/polymer electrodes, 

and appear to be a result of the chemical composition and possibly the physical 

morphology of the fibres.  

 

Morphologically reproducible fibre mats electrospun from solutions containing 

electroactive PAni/dopant/commodity polymer/ionophore blends or MWNT/commodity 

polymer blends were successfully fabricated. These fibres were shown to contain well 

dispersed PAni (and MWNT in separate experiments) and an electrochemical response 

characteristic of doped PAni. However, the electrochemical properties of these fibre 

mats remained extremely variable. Unfortunately, electrospun fibre mats produced by 

simple blending of any ionophore with PAni and a commodity plastic is very unlikely to 

work as a selective NO3
- sensor. 

 

 

 

 

 

 

 

 

“You gain strength, courage and confidence by every experience in which 

you really stop to look fear in the face. You are able to say to yourself, 'I 

have lived through this horror. I can take the next thing that comes along.' 

You must do the thing you think you cannot do.” 

Eleanor Roosevelt (1884 - 1962) 
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