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ABSTRACT 

    

   The present study describes methods for development and characterization of 

conducting electroactive polymer (CEP) fibre consisting of polyaniline (PAni) and single 

walled carbon nanotubes (SWNTs) which have potential applications as electronic devices 

to form building blocks of electronic textiles. The conducting composite fibres of PAni-

SWNT were developed respectively using two steps (acid doping after fibre spinning) and 

one step methods (doping during preparation of spinning solution). The effectiveness of 

nanotube inclusion for improvement of mechanical, electrical and electrochemical 

properties was studied in each method. During development of the fibres, techniques such 

as UV-Vis-NIR, Raman spectroscopy, Dynamic light scattering and viscometery were 

used to characterise the quality of dispersion and spinning solutions. It has been shown 

that the N,N'-dimethyl propylene urea (DMPU) and dichloro acetic acid (DCAA) as 

solvents respectively for PAni in base and salt form are able to effectively disperse the 

pristine SWNTs to reach percolation level. The addition of nanotubes changes the 

rheological behavior of neat PAni spinning solution from a Newtonian to non-Newtonian 

shear thinning fluid based on power law regime which reflects nanotube-nanotube and/or 

nanotube-polymer physical entanglement. Several techniques including DMA, DSC, 

SEM, TEM, FIB, Raman spectroscopy, CV and four point probe electrical conductivity 

measurement were employed to characterize the various properties of the solid fibre. In 

both, one step or two steps methods, fibres containing SWNTs have superior tensile 

strength and elastic modulus compared with neat PAni fibre. The inclusion of SWNTs to 

PAni, however, decreases the elongation at break. These outcomes directly can be 
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attributed to physical and/or chemical interfacial interaction between well distributed 

SWNTs bundles and the PAni matrix. The addition of nanotubes to the PAni matrix also 

increases the electrical conductivity and enhances the electrochemical redox process. 

However, the two step method was found to have some problem include low spinning 

rate, low flexibility and low conductivity and insufficient charge transfer along the fibre to 

be working electrode. These disadvantages were diminished by faster spinning of PAni-

ES/2-acrylamido-2 methyl -1-propane sulfonic acid (AMPSA)/SWNT using the one step 

process with more than 5 times stretching ratio. An electronic conductivity percolation 

threshold of ~ 0.35 % w/w SWNTs was determined with fibres possessing electronic 

conductivity up to ~ 750 Scm-1. The well defined electrochemical window for neat PAni-

ES/AMPSA fibre and its composite containing SWNT either in aqueous or ionic liquid 

electrolyte, with wider electrochemical window, confirms the ease of charge transport 

through a new conduction path for the fibre formed from salt structure, which was 

enhanced by addition of nanotubes. The ultimate tensile strength, elastic modulus and 

elongation at break of PAni-ES/AMPSA/SWNT fibres containing 0.76 % w/w nanotubes 

respectively were obtained 255 ± 32 Mpa, 7.3 ± 0.4 GPa and 4 ± 1 % compared with 170 

± 22 MPa, 3.4 ± 0.4 GPa and 9 ± 3 % for PAni-ES/AMPSA fibre. The quantitative 

analysis of nanotube orientation and detection of load transfer from matrix to nanotubes 

were investigated in PAni-ES/AMPSA/SWNT composite fibre using Raman 

spectroscopy. It has been found that thermal stretching of as spun fibre mostly orients the 

nanotubes in a range of about ± 30° versus fibre axis which extremely increase the 

Herman orientation factor from 0.02 for as spun fibre to 0.43 for the 5x drawn fibre. 

Moderate orientation and Raman shift about 90- 130 cm-1 in D* band of SWNT also can 
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be correlated to effective but not prefect load transfer between PAni matrix and 

nanotubes. The result of temperature dependent electrical conductivity data was shown 

that the higher conductivity of PAni-ES/AMPSA/SWNT composite fibre compared to 

neat PAni-ES/AMPSA fibre also can be described by improvement of the metallic 

property in the crystalline areas and boosting of the metallic disorder contribution in 

amorphous area. The consequence of improvement of mechanical, electrical and 

electrochemical properties were a benefit for applying of PAni/ES-AMPSA fibre and its 

composite having SWNT in applications as actuator, power source and sensor. While the 

fibres showed great promise as actuators, their response as batteries and temperature/ 

humidity sensors was limited.   The significant improvement was observed in actuator 

strength in excess of 100 MPa and work-per-cycle of over 300 kJ/m3 through the 

incorporation of small amounts of SWNTs as reinforcement in the PAni matrix. This 

performance is 3 times higher than previously produced conducting polymer actuators and 

exceeds skeletal muscle in terms of stress generation by 300 times. PAni-

ES/AMPSA/SWNT exhibited a higher charge/discharge capacity (12.4/11.2 mAhg-1) 

compared with the neat PAni-ES/AMPSA (4.5/4.1 mAhg-1). All the results show that 

solid polyaniline fibre can be used directly as electrode in ionic liquid of EMI.TFSI for 

wearable power source system. However its current performance is still well below 

conventional rechargeable battery systems. PAni fibre and its SWNT composite showed a 

nonlinear response with some delay to temperature signals. The PAni fibre incorporated 

with SWNTs showed lower sensitivity to change in humidity pulse compared with neat 

PAni fibre. This behavior has good opportunity for application in conducting yarn that 



 
 
 
 

 XII

needs the lowest variability in conductivity for transferring of electrical signal but clearly 

is not favored for sensing of humidity. 
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1.1. Introduction 
 
  This chapter provides an introduction to the content of this thesis and the research 

conducted for this study on the development and characterisation of composite conducting 

electroactive fibres using smart materials including polyaniline (PAni) and single walled 

carbon nanotubes (SWNTs). First, the motivation behind this research is given, along with 

a general description of the physical properties and chemical structure of key materials. 

Next, the overall objective of this study and selected approaches are described. The final 

section of the chapter is an outline of this entire document, with a brief summary of each 

chapter. 

1.2. Motivation 
 
  Smart materials are one of frontier technologies in engineering and manufacturing. A 

smart  material is capable of recognising appropriate environmental stimuli, processing  

the information arising from the stimuli, and responding to it in an appropriate manner and 

time frame [1].  Depending on changes in some external conditions such as temperature, 

pH, electric and magnetic field, their properties (mechanical, electrical, appearance), 

structure, composition and functions is altered within a specific regime and designed for 

specific performance. Examples of smart materials include piezoelectric, electro-strictive 

and magneto-strictive materials which are capable of changing their size in response to 

either an electric or magnetic field. Furthermore, the change in shape in response to heat 

or cold in shape of memory alloys or changing of optical properties when a voltage 

applies in electro chromic materials can be included as smart materials. In parallel with 

the recognition of these functionalities in a range of metallic and non metallic materials, 

the discovery of conducting electroactive polymers (CEPs) has revolutionised the concept 
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of a smart material because of their specific electrical property, electrochemical activity 

and wide range of forms in which they are available [2]. Conducting polymers are 

conjugated polymers with alternating single and double bonds in the backbone and a 

delocalised π-electron structure [1-3]. Numerous conducting polymers (Scheme  1.1) have 

been prepared and studied due to their potential use in wide range of applications. 

 

N
H

N

N

N

S N
H

H

Polyacetylene(PA) Poly thiophene(PT) Poly pyrrole(PPy)

Poly Para Phenylene(PPP)

n n n

n n

n

Poly (phenylene vinylene)

Polyaniline(PAni)  

Scheme  1.1. The chemical structures of a selection of conducting polymers 

 

  The evolution of the conducting polymers through delocalisation of π- electrons occurs 

through doping of localized structure. In completely conjugated system, the delocalisation 

makes the π electrons freely mobile over the entire length of the molecules. Despite the 

availability of a charge carrier, the conductivity of their pristine forms is not high. At this 
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hypothetical zero doping level, the polymer is neutral and its band structure is that of a 

standard semiconductor. Removal of one electron from the CPs chain produces a polaron. 

The polaron has a structure with a single positive charge delocalized over monomer units. 

Whenever the entire CP chain saturated with polaron, the bipolaron structure commence 

to form by removal of one additional electron and with further removal from 

valence/conduction band. At very high doping levels,( i.e. a maximum 50 % in PAni or 35 

% in polypyrrole), the individual biopolaron states coalesce into bipolaron bands. At high 

dopant concentrations, the bipolarons, which are spinless, can become mobile under 

application of the electric field, thus giving rise to the high conductivity observed in CEPs  

If  one were able to  achieve even higher doping, the two bipolaron bands would gradually 

broaden producing metal like conduction. [3, 4].  

  The electroactive  behavior of the conducting polymer  is unique because it is an 

example of a redox polymer reaction which is accompanied by a change in the electrical 

properties from an insulator to a conductor involving both electron and ion transport [5, 

6]. Oxidation yields a charged polymer with incorporated anions, however, during the 

reduction, electro-neutrality is maintained either by expulsion of these anions or by 

incorporation of cations [7].  When a sufficient negative potential is applied to the 

polymer, the anions are expelled (electrochemical undoping), thus reducing it to the 

neutral state. Conversely, when a positive potential is applied to oxidise the neutral form 

the anions are taken up (electrochemical doping).  

  Besides the conductivity and electroactivity of conducting polymers, the ability to 

produce them in different forms is critical for practical applications. Most CEPs are 

insoluble specifically in the conductive form due to inherent delocalised  π electronic 
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structures which induce high polarizability and a rigid polymer backbone [2]. High 

electronic polarizability leads to a large inter-chain π-π attraction (dispersive force) which 

favors aggregation rather than solvation. Different routes have been explored for 

rendering an intractable polymer soluble in certain solvents. A well established method is 

the inclusion of solubilising monomeric structure along the polymer chain. It may induce 

steric consequences that reduce the ability of the polymer to form delocalised π electron 

density over the chain. It is likely to produce interruption to charge carrying thus reducing 

the level of conductivity [8]. 

  Polyaniline (PAni), however, shows a very broad range of solubility in organic or non-

organic  solvents  which is desirable for film formation or fibre spinning process [9-13]. 

The conductivity in PAni is related to the specific planer head to tail chemical structure. 

The ability to directly spin conducting PAni fibres from its solution is of particular interest 

in the present study.   

  The chemical properties of PAni make it very useful for use in sensors. It has been 

widely employed as gas [14], pH [15], humidity [16] and temperature sensors [17-21]. 

 Sensor applications utilise the ability of PAni to change its electrical properties during 

reaction with various redox agents (dopants) or in response to moisture, heat, smell 

volatiles, taste soluble chemicals as well as applied strain or tension. The calibration of 

change in electrical conductivity to change in environmental stimulus is easily achieved 

when using conducting polymers as sensors. 

  The practical applications of PAni in electrochemical devices often requires 

electrochemical doping/undoping process, i.e. removal or addition of an electron to the 

polymer chain followed by the provision of a counter ion to balance the resulting charge 
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difference. For example, polymeric rechargeable batteries [19, 22-25] based on PAni 

powder as the cathodic electrode coupled with a Lithium electrode have been developed. 

The battery can be reversibly charged or discharged through the oxidation and reduction 

of PAni.  

  Another useful example of PAni electrochemistry is the application that involves 

conversion of electrical energy into mechanical energy (electrochemical actuators) [9, 26-

30]. The actuation process is associated with insertion and expulsion of ions causing 

reversible expansion and contraction in size during the doping and dedoping of PAni. 

  Single walled carbon nanotubes (SWNTs) are hexagonal graphene sheets of carbon 

atoms in an sp2 configuration rolled-up into a cylindrical form with diameters as small as 

1-4 nanometer and with a large aspect ratio [31, 32]. SWNTs have interesting  properties, 

such as high mechanical strength [33, 34], flexibility [35], high electrical conductivity 

[36] and very high charge storage capability [37-39].  

  These remarkable mechanical and electrical properties exhibited by SWNTs have 

encouraged researchers to study SWNTs– polymer composites [40-44]. In this regards, 

composites of π-conjugated polymers and SWNTs are of great interest in terms of the 

novel electronic interaction between these two elements and the mechanical reinforcement 

of the polymer by  SWNTs [40, 42, 45-47]. 

  Conducting and electroactive materials have special interest if they can form flexible 

fibres. Examples, include wet spinning of pristine conducting polymer [48-50], wet or 

melt spinning composites of conducting polymer and insulating polymers [49, 51-53], wet 

spinning of pristine SWNT fibres [54-56] and coating of synthetic yarns with conducting 

polymers [57]. The development of these material was mostly responsible for the 
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emergence of a new class of textiles that can interact with the environment and respond to 

external stimulus[58-61].  

 This new area of study has been called “electronic textiles” (E-textiles) and has 

introduced new applications in diverse areas including medicine [62-64], clothing for 

military use [63, 65], devices to help people with disabilities [66], rehabilitation or sports 

injuries (e.g. rehabilitation glove and smart knee sleeve) [67] and entertainments [68]. The 

E-textiles with synonym names such as smart and interactive textiles (SMITs), Smart 

Fabrics and interactive textiles (SFIT) or smart fabric, are a new segment in the global 

textile industry. To date, the U.S. military has been leader in developing E-textile 

technologies and applications for such areas as body armor, artificial muscles, 

biochemical hazard protection, physiological status monitoring, location and embedded 

communications and computing [69]. Many of these technologies also have potential 

civilian and commercial applications. Indeed, the commercial sector has been ahead of the 

military in commercialising E-textile technologies. Figure 1.1 demonstrates the 

distribution of values of shipment in different sections.  The U.S. market for smart and 

interactive textiles is valued at an estimated $64.4 million in 2003 and is expected to rise 

at an AAGR (average annual growth rate) of 36 % to $299.3 million in 2009. Most of the 

market comprises the consumer products that include low-tech items. Military, 

biomedical, and vehicle safety and comfort applications also are expected to grow rapidly. 
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Figure  1.1.  U.S.  Smart and Interactive Textile Market by application segment, 2003-

2009 ($ Millions) [69]. 

   

  The architecture of smart fabrics is fundamentally based on replacing threads with 

flexible conducting filament in a fabric to provide a platform for consolidation of 

electronic components including sensors, actuators, signal processors, fibrous power 

source and  data transfer elements (Fig 1.2). Integration of electronic components into 

textiles can be achieved by miniaturiszation of electronic components and attachment to 

textiles. Mostly the current E-textiles employ metallic based conducting fibre and micro 

electronic devices which are interconnected by soldering, gluing and encapsulation of 

joints. These current versions use integrated wiring and carrying devices that add bulk and 

weight to the garments making them uncomfortable for daily use. These items are also 

expensive with respect to maintenance and user safety [68]. 
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            Figure  1.2.  The architecture of electronic textile based on component, function  

 

   Incorporation of electronic devices into flexible textiles may be improved by 

development of organic based inherently conductive fibres with electronic functionalities.   

Such fibres would have physical properties similar to and/or compatible with more 

conventional textile fibres. The “smart” material characteristics of these fibres will allow 

for the development of textiles that will be able to measure and self-regulate, through 

active feedback, the environmental conditions of their immediate surroundings.   

  It has been proposed that the employment of PAni and SWNTs for fabrication of smart, 

conducting and electroactive composite fibres creates opportunities that could result in 

new applications in smart structures. These considerations provide the motivation for 

studying the electrical, mechanical and electrochemical properties of composites of 

PAni/SWNT alongside the investigation of their promising application as actuator, battery 

and sensor. 

1.3.   The aims of the project    
 

  The overall aim of the project is to examine means for developing composite fibres 

consisting of PAni reinforced with SWNTs and characterisation of the electrical, 
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mechanical and electrochemical properties of such fibres. In addition, the actuation 

performance, in particular, and preliminary evaluation of the performance of composite 

fibres as sensors or battery material will be introduced.   

The outline of project includes a literature review of background knowledge (Chapter 2), 

and a description of general experimental techniques (Chapter 3), applied for the 

manufacturing, characterisation and evaluation of PAni-SWNT composite fibres. The 

other chapters comprise the following topics:  

1) Two approaches to the production of composite fibres (i.e. one step and two step) have 

been applied in this work.  The spinning solution has been prepared using an ex-situ 

process in both one step and two step approaches. The disperseability of SWNT in 

solvents of PAni has been studied in term of homogeneity and particle size using 

dynamic light scattering technique. The composite fibres developed in one step and 

the two step approaches have been manufactured using wet spinning processes 

followed by several chemical and thermal steps (Chapters 4, 5). 

2)  Various experimental techniques such as dynamic mechanical analysis (DMA in three 

mode: Strain rate, creep, and viscoelastic), four probe electrical conductivity, 

differential scanning calirometry (DSC). Raman spectroscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and cyclic voltammetry 

(CV) have been employed for the characterisation of the fibres which will be 

described in chapters 4, 5, 6 and 7. In addition, chapter 6 more specifically 

concentrates on the mechanism of load transfer from matrix (PAni) to filler (SWNTs)  

using polarised Raman spectroscopy. Chapter 7 also mainly focused on charge 

transport regime via the measurement of electrical transport behavior of the 
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composites over a wide range of temperatures using physical property measurement 

system (PPMS).  

3)  In chapter 8 the actuation performance of PAni and PAni/SWNT fibres will be 

compared. Moreover, some preliminary results will be presented for the PAni/SWNT 

fibre as an electrode in ionic liquid electrolyte or application in all polymer 

rechargeable battery. Then the response of the fibres to changes in humidity and 

temperature will be analyzed to introduce their capability as fibrous sensors.  

4) In the final section of the manuscript, the results obtained from different parts will be 

summarised. 
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2.1.  The chemical structure of Polyaniline 
 
  Polyaniline (PAni) in the emeraldine salt (ES) form can be synthesised by the oxidation 

of aniline monomer either by using an appropriate chemical oxidant (i.e ammonium per 

sulphate (APS)) or electrochemical oxidation in acidic media. In order to produce the 

emeraldine base form (EB) of the PAni, the process is followed by dedoping of the green 

ES form using a basic compound (i.e. NH4OH (aq)) [1-3]. (Scheme 2.1(a)) 

NH2
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N
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Scheme  2.1. (a)A general scheme for polymerisation of Aniline (b) different oxidation 

state of PAni 

  The structure of each repeating unit of PAni tetramer contains benzenoid diamine and/or 

quinoid diimine segments which are present based on the extent of reduction or oxidation. 

The extent of reduction of the repeating unit of PAni is represented by the Y index as 

indicated in the chemical structure (Scheme 2.1.b), where X is the degree of 

      Y=0.5    Emeraldine base (EB) 

  Y=1       Leucoemealdine base (LEB) 

       Y=0       Pernigraniline baseb (PGB) 

(b) 

(a) 
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polymerisation. Y varies between Y=1 for leucoemeraldine base (LEB) to Y=0 for 

pernegraniline base (PGB) while Y=0.5 corresponds to the emeraldine base (EB)  The 

conductivity of PAni depends both on the oxidation state of the polymer and the degree of 

protonation, which is characterised by the proton doping level [4]. The maximum 

conductivity occurs when PAni is protonated at a doping level of 50 %. During the 

chemical or electrochemical doping process, the PAni (EB) can be doped to the highly 

conducting PAni (ES) state which consists of amine (-NH-) and imine (=N-) sites in equal 

proportion. The imine sites are protonated in preference  to give the bipolaron (dication 

salt) form (Scheme 2.2). 

  

 

Scheme  2.2. Interconversions between different forms of polyaniline [5]. 
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PAni can be switched between different states by the addition of acids and bases that 

protonate and deprotonate the base sites in tandem with the gain or loss of electrons. 

These reactions lead to the complex relationship of states that is shown in Scheme 2.2          

The electrochemical oxidation or reduction results in a variety of switching paths 

depending on the pH of the solution. The very critical dependence of the polymer 

oxidation state to pH of the solution can be seen from Scheme 2.2. For example the LEB 

form of PAni can be changed to ES upon exposure to acidic solutions (1<pH <4).   

followed by further oxidation. In the mean time, doping process from LEB to ES can be 

directly conducted by exposing to a lower pH acidic solution (pH<1). 

   In solutions of pH greater than 4, PAni loses its electroactivity entirely because the ES 

form does not form in this PH range. These reversible switches between different 

oxidation states can be easily observed by cyclic voltammetry when the voltage is cycled 

in the range of -0.2 V to 1.0 V (vs. Ag/AgCl as reference electrode)[6, 7]. 

2.1.1. The solubility of polyaniline 
 
   Several methods have been reported to dissolve PAni in the doped (ES) or undoped (EB, 

LEB) states without changing the molecular structure. Angelopoulos and co-workers 

reported that the emeraldine base form of PAni is soluble in N- methyl pyrrolidinone 

(NMP) [5]. More efficient solubility in N,N'-dimethyl propylene urea (DMPU) [8] has 

been achieved for the EB and LEB oxidation states compared with NMP, according to 

higher solubility parameters and intrinsic viscosity [8-10]. NMP and DMPU (Scheme  2.3) 

are both polar solvents with a high dielectric constant and are classified as polar aprotic 

(dissolving power without hydrogen attached to oxygen or nitrogen) and a Lewis base 
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solvent.  They show a high degree of free electron availability (ß) without hydrogen 

donicity (Π *)  [11, 12].  

 

                           
NMP

N O
CH3
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N CH3H3C

DMPU        

                       Scheme  2.3.  The chemical structure of DMPU and NMP 

  Hydrogen bonding interaction between the amine group of the tetramer repeating unit in 

PAni (EB) and the carbonyl group of the polar aprotic solvent is responsible for the 

solubility of EB (Scheme  2.4).  
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Scheme  2.4.   Hydrogen bonding between PAni (EB) to DMPU. 

2.1.2. Aggregation and gel formation of PAni solution 
 
  Extrusion methods for fibre manufacturing based on solution processing of PAni in the 

EB form are loaded with difficulties associated with the instability of the solution at high 

concentrations. Rapid gelation occurs during a short period of time at both higher 
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concentration and/or molecular weight of EB in these polar solvents.  If the polymer 

solute concentration is less than 5 % w/w ( which is suitable for film processing), then the 

development of hydrogen bonding  through the interaction of amine and imine groups  

respectively, in  quinoid and benzenoid ring of EB  is less likely  to occur due to  the 

increased spacing  between chains (see Scheme  2.4). However, beyond 5 % w/w, the 

polymer chains  then become more closely spaced, which leads to aggregation  and 

development  of a strong, physically cross linked, three dimensional  gel network  in short 

periods of time. In this instance, the polymer amine nitrogens, which are not associated 

with solvent molecules, reform interchain hydrogen bonds with the nearest neighboring 

imine nitrogen. Gelation will thus develop very rapidly in the more concentrated EB 

solutions. Jain et.al. [10] have shown that the tendency for gel formation in NMP due to 

poorer polymer–solvent interaction and stronger polymer–polymer interaction is more 

than observed in DMPU. A 10 % w/w solution of PAni in NMP gels within 60 min 

whereas a 17.5 % w/w solution in DMPU did not show any change in viscosity over 400 

min. These observations suggest that DMPU is a better solvent compared to NMP for 

PAni (EB). 

 PAni fibres have been spun  from DMPU  with reasonable mechanical properties, but, the 

reproducibility in spinning solution  preparation (14 % w/w) and the instability of spininig 

solution during the spinning process created serious obstacles for the scaling up of the 

process [13]. Moreover, for high molecular weight polymers, the use of DMPU alone is 

not able to inhibit gel formation [14]. In this situation, to achieve a solution that does not 

gel two different methodologies have been reported. Both methods are based on the 

removing of the effect of the imine group by using a reducing agent [13] or blocking of 
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the nitrogen in the imine group by gel inhibitors [14]. The former method is explained 

since it has been used in the present study. 

   A reducing agent such as phenyl hydrazine has been employed to change the oxidation 

state of PAni from EB to LEB. As a result the imine nitrogens are converted to amines in 

the fully reduced form of PAni. The linkage between the carbonyl group of DMPU and 

the amine group of PAni (LEB) was illustrated in Scheme  2.5.  
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NH3C CH3
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N CH3H3C N
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Scheme  2.5. The interaction of LEB chain with carbonyl group of DMPU 

   

 The viscoelastic properties of a solution of 14 % w/w of PAni (EB) and PAni (LEB) in 

DMPU have been characterised by oscillatory shear rheometery [13]. For the solution of 

PAni (EB)/ DMPU the storage modulus increased significantly with time indicating a 

development of elastic interactions leading to the formation of a network structure. 

Meanwhile, with same PAni content, the LEB form shows a higher loss modulus versus 

storage modulus during the experiment indicating that formation of an elastic gel was 

prevented.  
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2.1.3. The solubility of PAni doped with sulfonic acid in organic acid  

   PAni (EB) can also be processed from solution if it is functionalised by sulfonic acid to 

render the resulting PAni complex soluble in organic acids. Cao and co-workers [15] 

studied the effect of different alkyl groups in dopants H+(M¯-R) on  the solubility of PAni 

in organic solvents. The counter ion species (M¯_R) contains a functional group R that was 

chosen to be compatible with nonpolar or moderately polar organic liquid, and M¯ 

represent the sulfate anion (SO3
-) group. Utilising functionalised protonic acids with a 

variety of R groups, results in different levels of solubility in organic solvents and also a 

range of conductivity values [16]. In addition, the molar ratio of counter ion to the PAni 

tetramer unit is a critical parameter. According to MacDiarmid [17], for fully protonated  

PAni a numerical amount of 0.5 should be chosen for  the mole ratio of H+/ PAni tetramer 

unit. Moreover, it was discovered that various combinations of counterions and solvents 

could significantly affect the polymer chain conformation and morphology through the 

specific molecular interactions, and this can drastically modify the electronic properties of 

PAni [18, 19].  

   Usually the charged polymer chains are polar in nature, and the polarity of the 

counterion and solvent play crucial roles in the chain conformation. For instance, in the 

presence of a combination of camphor sulfonic acid (CSA) in m-cresol or 2-acrylo-amido-

1-propane sulfonic acid (AMPSA) (See Scheme  2.6) in  dichloroacetic acid (DCAA), the 

PAni chains tend to form the extended chain conformation [18, 19]. In contrast, the PAni 

chain in EB and LEB form in solvents like DMPU and NMP tends to coil up [20]. 

Organic solvents that can dissolve  the fully protonated conducting PAni salt, can be 

divided  into two groups [16]. The first group includes substances with strong hydrogen 
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bonding group, such as cresols, dimethyl sulphoxide (DMSO), NMP, or dichloro acetic 

acid (DCAA). The second group comprises those solvent without or with weak hydrogen 

bonding ability such as toluene, xylene, chlorobenzene. 
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Scheme  2.6. Some of sulfonic acid dopants used for one step PAni fibre processing. 

 

   Fully protonated PAni can be dissolved in these solvents only by combination with   an 

excess of the same or a different functionalised protonic acid [15]. Table 2.1 demonstrates 

the performance of some of typical protonic acids and selected solvents on the solubility 

and conductivity of processed films. The selection of the proper acid and solvent for the 

acid processing route to fibre formation must first consider those that give a solution with 

appropriate rheological properties. 

 The performance of CSA and AMPSA is considerably better than DBSA with respect to 

higher solubility of PAni using formers dopants in organic acids. Moreover the extended 

chain in PAni induced by AMPSA or CSA counter ion is preferred in order to induce a 

highly oriented conducting fibre. 

 



CHAPTER TWO                                                              Literature Review     

 26

Table  2.1.  The solubility and conductivity of PAni cast from some typical protonic acids 

and solvents.  

 

2.2. Carbon Nanotubes  

2.2.1.   Discovery 

    A tubular form of Buckminster fullerence was discovered in 1990 [22]. These are 

capped at each end, for example, by the two hemispheres of C60, connected by a straight 

segment of tube, with only hexagonal units in its structure. Originally called 'buckytubes', 

they are now more commonly referred to as single wall carbon nanotubes (SWNTS) [23, 

24] ( Figure 2.1).  
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Figure  2.1. The tubular structure of graphene layer of SWNT. 

 
  Richard Smalley and his group at Rice University (TX) pioneered a laser ablation 

technique to produce SWNTs. In this process, a quartz tube is heated to approximately 

1200 °C in a furnace. Within the furnace, an argon flow at sub-atmospheric pressure is 

maintained. The tube contains a block of graphite compressed with small amounts of a 

transition metal catalyst. The laser is used to vaporise the graphite. The nanotubes 

nucleate in the vapor phase, coalesce, get carried away by the flowing argon and condense 

downstream on the cooler walls of the quartz tube. The felt-like material, when scraped 

off the wall, contains single wall nanotubes mixed with graphite and metal particles. 

Metals such as cobalt and iron are essential catalysts in the production of SWNTs. 

Smalley's group also developed a high-pressure carbon monoxide (HiPco) process to 

produce SWNT from gas-phase reactions of iron pent-acarbonyl in carbon monoxide at 

high pressures (10 - 100 atm). The HiPco process is a relatively clean process, i.e., SWNT 

is obtained with less graphitic deposits and amorphous carbon compared with other 

method. In the HiPco process, carbon monoxide mixed with a small amount of iron 

pentacarbonyl (Fe(CO)5) is heated to produce SWNT. The products of thermal 

decomposition of Fe(CO)5 react to produce iron clusters in gas phase. These metal clusters 

serve as nuclei upon which SWNT nucleate and grow.  Many purification steps, including 

acid treatment and thermal annealing under different atmosphere, are applied to raw 

SWNT to reduce the iron content and amorphous carbon [25].  
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2.2.2. Structure of carbon nanotubes 
 
   To understand the structure of nanotubes, we start from the structure of graphite which 

consists of a layer of carbon atoms arranged in a honeycomb structure (see Fig 2.2). These 

honeycomb layers are stacked on top of each other. During the formation of graphite, sp2 

hybridisation takes place where three hybrid sp2 orbitals are formed at 120° to each other 

within a plane. The in-plane bond, referred to as the σ-bond is a strong covalent bond that 

strongly binds the atoms in the plane. The remaining л-bond is out of- plane 

(perpendicular to the plane) and much weaker than the in-plane bond. A carbon nanotube 

is formed when one single layer of graphite is wrapped onto itself and the resulting edge 

joined. The structure of a nanotube can be defined using a chiral vector Ch and a chiral 

angle α as shown in Figure 2.2.  

 

 

 

 

 

 

 

 

 

Figure  2.2. Different arrangements of nanotubes (●) semiconducing (n,0) or (m,n) 

 (○) metallic (n,n) or ( m,n) [ n-m = 3q] , q  is integer  

  The chiral vector can be defined as a linear combination of base vectors a and b of the 

basic hexagon, Ch = na + mb, with m and n being integers. The roll-up vector is 
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perpendicular to the axis of the nanotube. Referring to Figure 2.2 and Table 2.2, three 

different types of nanotubes including armchair, zigzag and chiral are defined by the 

values of m and n. It has been shown that the (n,m) indices can be employed for 

measurement of  the nanotube diameter, the chiral angle, the electronic  energy bands and 

the density of  electronic states [26].  

Table  2.2. Different chirality based on chiral angle [26]. 

 

 

2.2.3.  The physical properties of SWNTs 

2.2.3.1.  Aspect ratio 

  According to different characterisation methods, it has been shown that SWNTs typically 

have a diameter in the range of 1- 4 nm and aspect ratio of 104-105 which can produce a 

very high surface area in the range of ≈1500 m2/kg [27].  The high aspect ratio of SWNT 

provides percolation (connected networks) at much lower loadings compared with other 

carbon fillers. According to literature the percolation level of SWNTs is one and two 

orders of magnitude  lower than  Multi wall carbon nanotubes (MWNT), and carbon fibres 

[28, 29] respectively. In principle, the reinforcement of a polymer matrix depends on the 

interaction between the filler and the host polymer. Therefore a higher interfacial surface 

area at lower loadings is an inherent advantage for SWNTs.             
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2.2.3.2.  Mechanical properties 

   The structure of SWNTs provides their unique mechanical properties. The fundamental 

atomic forces consist of strong σ-bonding and л-bonding forces of C=C bonds to produce 

their exceptional mechanical properties [26].  

 It has been shown theoretically and experimentally that SWNTs have the greatest 

stiffness, both in tension and in bending, of any known fibre [30, 31]. Experimental data 

on the stress-strain relationship is difficult for very thin SWNT. However, Treacy and co-

workers [32] obtained the Young’s Modulus of isolated SWNTs by measuring the 

amplitude of their intrinsic thermal vibrations using transmission electron microscopy. 

Moreover, the measurement of the elastic modulus of SWNTs has been achieved by 

atomic force microscopy [33]. Table 2.3 shows the typical mechanical properties of 

different type of nanotubes compared with other strong materials. The comparison 

between mechanical properties of SWNTs, carbon fibre and metals demonstrate the 

promising application of SWNTs in manufacturing of light and tough materials.  

Table  2.3. Typical mechanical properties of SWNTs compared with metals and carbon 

fibre  

 

                                           
1  density 
2 Young’s Modulus 
3 Strength 
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  The combination of stiffness and toughness make SWNTs the strongest known fibres in 

tension - around 100 times stronger than high-strength steel at one-sixth the weight. These 

are very important properties when considers the use of SWNT in composite material for 

reinforcement of the mechanical properties of the host matrix. 

2.2.3.3. Electrical properties 

  Carbon in a planar graphene sheet is bonded in such a way that one electron per carbon 

atom is liberated to move freely, rather than stay near its 'home' atom. This is the situation 

in metals, where some electrons are not bound to their donor atom, but can easily be 

pulled in different directions under the influence of an electric field [45].   The quantum 

mechanics of graphene results in a semi-metal, a situation where the in-plane conductivity 

is only moderate and similar to that of a poorly conducting metal, such as lead. However, 

when rolled into a perfect tube, carbon-carbon bonds that are perpendicular to the tube 

axis (as in the armachair tube shown in Figure 2.2) are formed. The resulting electronic 

structure becomes that of a true metal, like copper or gold. Other ways of rolling up the 

graphene sheet produce semi-conducting tubes with such a small gap that at a few degrees 

above absolute zero they have high conductivity; yet others are similar to silicon in their 

conductivity [46-48]. The metallic behavior occurs when the valence band intersects / 

touches the conduction band and in SWNTs this condition occurs when (n-m = 3q), 

where n and m are the integers which satisfy the tube structure and q is an integer.  

  According to this, the armchair tube (m,m), mostly shows metallic behavior and zig-zag 

(m,0) or chiral SWNTs may show metallic or semi conducting behavior [26]. The latter 

behaves dominantly as a semiconductor, while, it will have metallic conduction if n-m 
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would be a multiple of 3 [26, 49]. The metallic chirality may result in an exceptional 

electrical conductivity (5000 S/cm) [50]. 

2.2.4. Properties and applications of self assembled SWNT material  
 
  The mechanical properties (stiffness, strength and toughness), electrical properties (semi 

conducting or metallic behavior), very high aspect ratio and surface area of SWNT 

materials as compared to other material allow many applications in the form of bucky 

paper or continues filament. Examples include the application of SWNTs in actuators [51, 

52], sensors [53-55], batteries or super capacitors [56-58] and electronic fibres [59-61].  

   Bucky paper is obtained by filtration of nanotube dispersions using positive or negative 

pressure [52]. Poulin and colleagues also reported the wet spinning of a SWNT (aq) 

dispersion into a PVA coagulation bath [62, 63] (Figure  2.3). Baughman and co-workers 

in a separate study produced mechanically the best ever known organic functional fibre 

[59].The mechanical and electrical properties of selected bucky papers and fibres are 

shown in Table  2.4.  

Table  2.4. The mechanical and electrical properties of SWNT in the form of bucky paper 

(mat) and fibres 

 
 

   It can be seen that the bucky papers shows very high conductivity but poor mechanical 

properties compared with SWNT fibres. PVA is essential for fibre formation but 
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adversely influences on the conductivity. In spite of reasonable mechanical and electrical 

properties of the nanotube fibre, the low solidification rate (slow counter diffusion of 

PVA and surfactant) resulted in a low spinning rate (100 cm/ min) which is a major 

challenge for commercial production.  

 

 

Figure  2.3. Schematic of the experimental setup used to make nanotube fibres [66]. 
 

2.2.5. SWNT-CEP composites 
 

   The combination of carbon nanotubes with polymers offers many advantages not only to 

reinforce the physical properties of the host polymer but also to introduce new electronic 

properties based on morphological modification or electronic interaction between the two 

components [67-69]. In particular, the combination of carbon nanotubes with л-

conjugated polymers (i.e. CEP polymers) is of interest because their л-conjugation enables 

the polymers to be used as an active material for application in a variety of electronic 

devices. In CEP/SWNT composites, it has been suggested that either the polymer 

functionalises the SWNTs [70], or the CEPs are doped with SWNTs [71], charge transfer 

occurs between the two constituents. For example, addition of SWNTs increases the 

strength and conductivity of  polypyrrole (PPy) [72] as well as the electrical capacitance 
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[73]. The addition of SWNTs to polyoctylthiophene (POT) has been shown to  enhance 

the conductivity by 5 orders of magnitude with an 11% percolation threshold  [74]. 

  Composites of PAni and SWNTs in the form of films [75]  or pellets [76] have been 

prepared by employing of both  MWNT [77-79] and SWNT [70, 75] through in-situ [70, 

75, 79-82] and ex-situ [70, 83] processes. The ex-situ process includes blending of PAni 

in a SWNT dispersion or dispersion of SWNT in a PAni solution. However, the 

polymerisation of  aniline in the presence of a SWNT dispersion either chemically [76] or 

electrochemically [81] is classified as an in-situ process. In another in-situ approach, it has 

been shown that aniline is capable of dispersing SWNT through formation of a donor–

acceptor complex [84] and the monomer can then be chemically [85] or electrochemically 

[75] polymerised to form PAni/SWNT composite. Cochet et. al. [78] have shown that the 

resistivity of PAni at room temperature is less than MWNTs. However, the transport 

properties of the highly filled (50 % w/w) composites obtained by bulk oxidative 

polymerisation exhibit a one order of magnitude decrease in resistivity as compared to 

neat PAni through site selective interaction between the quinoid ring of PAni and MWNT. 

In addition, a weaker temperature dependency of the resistivity was observed in the 

PAni/SWNT composite compared with neat PAni. Similarly, the composite produced by 

emulsion polymerisation resulted in a network including PAni and SWNTs that form a 

new conduction path [76]. As a consequence, a one order of magnitude increase in 

conductivity has been observed by the addition of 4 % w/w SWNTs.  The improvement of 

conductivity by addition of nanotubes has been also confirmed by other researchers.  

Huang and his colleagues [75, 85] claimed that the composites prepared from SWNT – 

aniline solution ( 8 % w/w versus weight of aniline )  via  chemical or electrochemical 
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polymerisation shows a one order of magnitude increase  in conductivity  compared with 

the reference polymer. In addition, the higher electroactivity observed over neat PAni 

films coincide with the promotion in protonation with a doping effect of SWNTs on PAni. 

The improvement of conductivity has also been observed in the composites generated by 

ex-situ processes. The measured electrical characteristics of the film processed from a 

solution of PAni-MWNT (1 % w/w) indicate that the conductivity of the PAni/SWNT 

composite are nearly an order of magnitude higher than those of the neat PAni. Moreover, 

the physical characterisation of these composites by thermo gravimetric analysis, tensile 

testing, dynamic thermal mechanical analysis measurements indicate that the PAni-

MWNT composite is more mechanically and thermally stable than neat PAni. 

  The published literature contains examples of different routes for synthesising and 

characterising of PAni/SWNTs composites. However, the selection of the optimised 

method for material preparation and the protocols used for manufacturing of composite 

fibres needs further attention and is addressed in this study.  

2.3.  Wet spinning of Polyaniline (PAni)  

2.3.1. General description of the wet spinning process  

  Spinning from solutions is applied in the case of those polymers which do not form a 

viscose melt but can be dissolved in high enough concentration in suitable solvents. When a 

polymer is soluble in a volatile solvent (e.g. ether, acetone, tetrahydrofuran ) a dry spinning 

procedure is applied. The other fundamental method of spinning from solution, wet 

spinning is applied to polymers which do not melt and dissolve only in non volatile solvents 

[86]. The set up for a commercial wet spinning process is shown in Figure 2.4.  
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Figure  2.4. Schematic showing the set up used for wet spinning of fibres 

 

 Wet spinning consists of the extrusion of polymer solution into a liquid bath containing 

low molecular weight substances miscible with the solvent but that do not dissolve the 

polymer. In this coagulation bath, the polymer is precipitated from the solution, and a solid 

‘gel filament’ containing considerable amounts of solvent and coagulating agent is formed. 

Solidification occurs because of the exchange of solvent and non-solvent.  The solvent 

diffuses out of the extrudate into the bath, and a non-solvent diffuses from the bath into the 

extrudate. The polymer precipitates as a gel initially at the extrudate-coagulant interface but 

progressively throughout the extrudate. The final structure of the fibres arises through 

counter diffusion processes involving solvent and non solvent  occurring during membrane 

formation [87]. The coagulated filaments pass over a guide toward driven rollers.  The steps 

after coagulation vary according to the product but typically include washing, stretching 

and drying. The optimisation of process variables such as solvent/ non solvent pairs, 
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polymer concentration and molecular weight composition of polymer solution (i.e. fillers 

and additives) , residence time  in the  coagulation bath, dimension of spinneret , take up 

and wind up velocity  or stretch applied during spinning must all be considered. Extensive 

research has been conducted with the goal of producing high tenacity, conductive, electro-

active, homogenous and reproducible PAni fibres using the wet spinning process [87-102].  

2.3.2. A literature review for PAni fibre formation 

  PAni fibres has been produced using  either a two step [13, 88, 93, 99, 103-105] or one 

step process [98, 101]. In the two step process concentrated PAni solutions in the form of 

EB [93] or LEB [13] have been prepared  by using gel inhibitors such as 2-methyl aziridine 

(2-MA) [103], 4-methyl piperidine, (4-MP) [106] and pyrrolidine [93] or reducing agents 

such as  phenyl hydrazine [13] in N-methyl pyrolidinone (NMP) or dimethyl propylene 

urea (DMPU) respectively. Fibres have subsequently been spun from these solutions. 

Table  2.5. The mechanical and electrical properties of neat PAni fibre produced by the 

two step process. 

 
  

                                           
4 Fibre process is designated as: polyaniline form/solvent, post process 
5 Phenyl hydrazine has been used as reducing agent 
6 Methane Sulphonic acid 
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  The fibres were successively doped with acid to render them conductive. The best results 

reported in the literatures are represented in Table 2.5. This data reveals the following 

facts that can be used in the optimisation of processes: 

1) The increasing in mechanical strength of the fibres processed from LEB/DMPU is 

accompanied with a decrease in conductivity. Electrical conductivities for the 

LEB/DMPU fibres after oxidation and doping gave values of 150 S/Cm which is lower 

than that observed for EB/DMPU fibres (350 S/cm). 

  Gregory. et al. [88]  stated that this inverse relationship is due to the presence of micro 

voids  in  the fibres with the density of the LEB/DMPU fibre is being twice that of the 

EB/DMPU materials. It has been claimed that the presence of microvoids in EB fibres 

causes weaker mechanical properties and facilitates diffusion of dopants resulting in 

higher conductivities. Less voids generate lower conductivity for LEB fibre and higher 

mechanical properties. It is worth noting that the dopants that have been used for the two 

samples are different.  However, in reference [88] the role of dopant has been ignored and 

the higher conductivity was attributed solely to micro voids. Micro voids also cause facile 

dedoping through removing of volatile dopant. Wang et.al. [103] reported that Benzene 

Phosphinic acid (BPA) is a more efficient dopant than HCl and achieves higher 

conductivity due to reduced volatility.  In addition, results of other studies [107, 108] 

emphasised that doping the fibre with inorganic acids (HCl) embrittles the fibre as a result 

of reduced cohesion force between polymer chains. In contrast doping with organic acid 

                                                                                                                               
7 Solution also contained a 2- MA as Gel inhibitor 
8 Benzene Phosphinic acid 
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(acetic acid, benzene phosphinic acid, MeSO3H) may produce better mechanical and 

electrical properties [88].  

2) Acid doping raises conductivity but is detrimental to mechanical properties. The tensile 

strength of both LEB/DMPU and EB/DMPU fibres decreased more than 50% after acid 

doping.  

 3) The processing of PAni fibres from EB/NMP/2-MA significantly decrease the 

conductivity compared with fibres produced from EB/DMPU without any gel inhibitor 

present. By contrast, the conductivity of PAni fibre doped with HCl processed from 

EB/NMP without gel inhibitor shows a conductivity in the range of 20 S/cm. Therefore 

the low conductivity obtained in the presence of the gel inhibitor can be attributed to a 

decrease in the degree of delocalisation along the polymer backbone. 

The main problem in the fibre spinning process involves post doping. If the doping acid 

can diffuse into the fibre, to be effective as a dopant, then it is also possible for it to 

diffuse out again during storage or use. Secondly, in most cases a higher mechanical 

strength is associated with a denser fibre, so that, only doping of the fibre skin is achieved 

and dedoping readily occurs. In spite of these problems with the two step process, it has 

some advantages. These include the high stability of the spinning solution, ease of 

processing.  

  The doping of PAni before fibre formation (i.e. in solution form) should result in fibres 

with more ideal properties. Anderatta et.al. [90] employed concentrated sulfuric acid to 

produce conductive PAni fibre from protonated PAni solution. The PAni fibres obtained 

from these acidic processing systems exhibited very poor mechanical properties and 

moderate electrical conductivity (about 50 S/cm). Another alternative was borrowed from 
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the discovery by Cao et.al [109] by processing of PAni (ES), using sulfonic acids (see 

section 2.1.3). Using functionalised sulfonic acids such as CSA, PAni rendered to the 

doped PAni soluble in many new solvents such as m- cresol (refer to Table 2.1). It has 

been shown previously that [110] the use of functionalised sulfonic acids gives rise to 

high levels of crystalinity in the PAni, which directly correlates to a metallic electrical 

conductivity contribution in the material [111]. The as spun fibre obtained from 

anisotropic liquid crystalline PAni/ CSA/ m-Cresol solution has a brittle structure and 

weak mechanical properties but good electrical conductivity. 

  PAni fibre have also been fabricated directly in the emeraldine salt (ES) conductive form 

using dichloroacetic acid (DCAA) as solvent and 2- acrylamido-2-methyl-1-propane 

sulfonic acid (AMPSA) as dopant. Table 2.6 summarises the result obtained from 

mechanical and electrical conductivity tests.    

 Table  2.6. The mechanical and electrical properties of PAni fibre processed from one  

                  step method 
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However the AMPSA/ DCAA is a desirable dopant/ solvent alternative compared to the 

CSA/m-cresol system with both lower toxicity and greater processability.  It has been 

observed that the as spun fibre of PAni/AMPSA/DCAA is highly flexible and can be 

drawn five times versus initial length due to the plasticising effect of AMPSA. That 

enables high orientation of the polymeric chain to obtain  conductivity in  the range of 

metallic material  in the stretched form .These values are higher than can be obtained with 

the PAni/CSA/m-cresol formulation [21]. It has been shown that the ultimate tensile 

strength and elastic modulus of 5x drawn fibres of PAni/ AMPSA/DCAA fibre can be 

improved respectively to 97 MPa and 2 GPa by thermal stretching.  

   Despite having excellent conductivity, fibres spun from the PAni/AMPSA/DCAA, the 

mechanical properties are inferior to fibres obtained from EB/DMPU and LEB/DMPU 

fibres. Moreover, the mechanical properties of all these PAni fibres are inferior to natural 

or synthetic fibres applicable in the textile industry (See Table 2.5, 2.6 and 2.7). 

Table  2.7. The mechanical properties data of some synthetic and natural fibre[113] 
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 In this regard several studies have been conducted to produce composite fibres of  PAni  

and common thermoplastic polymers  such as  poly –ω-aminoundecanoyle (Nylon 11) 

[114, 115], poly-phenylene therphetalamide ( Kevlar) [99, 116] using wet spinning 

process. In both group of studies, concentrated H2SO4 has been used as both solvent and 

dopant, however, the former requires post doping using dilute HCl to be conductive. The 

tensile strength and modulus of the PAni/Kevlar composite fibre are very high due to the 

presence of Kevlar, with highly oriented polymer chains, compared to PAni/nylon 11, 

with low compatibility of PAni as host polymer. These fibres may have promising 

applications in electrostatic charge dissipation or EMI shielding. However the 

conductivity is lower than that required for different applications in electronic devices 

(Table 2.8).            

 Table  2.8. The electrical and mechanical properties of composite of PAni and 

thermoplastic polymer 

 

   

 

 

 

 

There is a need to introduce reinforcing filler that enhances the mechanical properties of 

PAni fibres while having a positive impact on their electronic properties. In this regard, 

the use of carbon nanotubes as a conductive reinforcement for PAni has been investigated 

here. The examples for reinforcement of mechanical and electrical property of matrices 

 

 

 



CHAPTER TWO                                                              Literature Review     

 43

using carbon nanotubes comprise PMMA/SWNT[117], PVA/SWNT[118], Epoxy/SWNT 

[119] composites as a film or PBO/SWNT [120] and PAN/SWNT as fibre [34]. The 

superposition of electrical, electrochemical and mechanical properties of neat PAni and 

SWNT potentially introduce this composite as multifunctional material for diverse 

applications.  
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3.1. Introduction 
 
     This chapter describes the general preparation and characterisation techniques that 

were employed in this thesis.  The general steps utilised for preparation of composite 

fibres include: 

A. Preparation of  spinning solution using ex-situ blending of  Single walled 

carbon nanotubes (SWNTs) and polyaniline (PAni) 

B. Fibre formation of  spinning solution to produce as spun fibre 

C. Thermal stretching and chemical treatment 

The various techniques used to characterise the materials before and after fibre 

processing includes: 

I. Techniques used in preparation of spinning solution 

a. Elemental analysis 

b. Dynamic light scattering 

c.  Shear viscometery 

d. UV-Vis -NIR spectroscopy 

II. Techniques used for characterisation of solid fibre 

a. The measurement of fibre diameter using optical microscopy. 

b.  Determination of density and denier of produced fibres. 

c. Determination of electrical conductivity by four-probe method. 

d. Measurement of tensile mechanical properties.  

e. Cyclic voltammetry (CV). 

f. Identification of thermal transitions using differential scanning 

calorimetery (DSC). 
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g. Dynamic mechanical analysis (DMA) to identify viscoelastic properties 

of composite fibres  

h. Raman spectroscopy for study of interaction between constituents, 

distribution of SWNT and load transfer mechanism using two modes 

including spot and mapping 

i. Scanning Electron Microscopy (SEM) 

j. Transmission electron Microscopy (TEM) 

k. Focused Ion beam milling for sectioning of composite fibre (FIB) 

3.2. Preparation of spinning solution using ex-situ approach 
 

This step involved ultrasonication of SWNTs in the appropriate solvent followed by 

blending of the dispersion with the PAni.  SWNTs in various forms (i.e. powder, 

pellet, bucky paper) in purified formulation were dispersed in different solvents for 

various times, depending on the procedure (i.e. one step or two step). It was shown that 

the time of sonication and transmitted ultrasonic energy to nanotubes are extremely 

effective on changing the geometry of nanotube and consequently reduce the 

effectiveness of nanotubes for reinforcing purpose[1].  A high power horn ultra-

sonicator (Sonics & Material Inc, 500 W) with adjustable time, power and pulsing 

program was employed to properly exfoliate and homogenously distribute the SWNTs 

in the solvent. A default power and pulsing program was used and the sonication time 

was optimised using dynamic light scattering and viscometery techniques. The glass 

vial containing SWNTs and solvent was maintained in the water bath to control the 

temperature rise which can be produced by ultrasonic energy. Figure 3.1 schematically 

shows the sonication unit used to obtain SWNT-solvent dispersion.  The appropriate 
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amount of SWNTs was sonicated to prepare homogenous dispersions which were then 

transferred to a pressure vessel which includes a blade blender connected to overhead 

stirrer (Figure  3.2).  

                  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.1. Schematic of sonication unit for dispersion of CNTs in the solvent. 

 
Polyaniline (EB), (MW = 280000-300000, Santa Fe Science & Technology Inc.) was 

added to the SWNTs dispersion gradually to prohibit any agglomeration and the 

composite spinning solution was stirred for a specific period of time under N2 

pressure. There are several parameters such as temperature of mixing, stirring rate and 

duration that should be controlled to produce highly spinnable solution. The 

experimental set up used for preparation of the PAni-SWNT solution is shown in 

Figure 3.2. Stirring of the solution produces thermal energy due to shear which 

amplifies the possibility of hydrogen bonding and gel formation. The shear rate can be 

controlled by rotation rate and the effect of shear build up on heat propagation is 
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controlled by a water bath. Finally, after obtaining a homogenous solution, deareation 

under a dynamic vacuum ensured a bubble free solution that is necessary to prevent 

fibre breakage during spinning. The solution is filtered prior to spinning to remove any 

agglomeration.    

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.2. The schematic of blending unit for mixing of PAni and SWNT dispersion.   

3.3.  Characterisation of spinning solution 
 

3.3.1. Elemental analysis 
 
  SWNT samples were sent to Australian National University (ANU) for elemental 

analysis. The data presented are based on weight percent of each element.              

3.3.2. Dynamic Light Scattering (DLS) 
 

3.3.2.1. Theoretical background 
 

  Dynamic light scattering (DLS) is a routine method used for particle size 

measurements. DLS provides many advantages as a particle size analysis method that 

measures a large population of particles in a very short time period, with no 
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manipulation of the surrounding medium. Modern DLS instruments, notably the 

Zetasizer Nano System (Malvern Instruments, Southborough, MA), can measure 

particle sizes by detection and analysis of scattered light when a 632 nm He /Ne laser 

beam incidents the dispersed particle. Furthermore the system uses the NIBS (non-

invasive back scatter) technology where the optic system is not in contact with the 

sample. Back scatter is detected in this system and the measurement position can be 

changed automatically by software based on the concentration of the sample. NIBS 

technology reduces multiple scattering effects, because the laser beam does not have to 

travel through the entire sample. This means that higher concentrations of sample can 

be measured. Figure 3.3 shows a general schematic of the NIBS system. Contaminants 

such as dust particles within the dispersant scatter light mainly in the forward 

direction. Therefore, backscatter detection reduces the effects of dust.  

 

 

 

 

 

 

Figure  3.3. Schematic diagram showing the measurement position for (a) small, 

weakly scattering samples and for (b) concentrated, opaque samples.[2] 

3.3.2.2. Sample preparation 
 
 
 The tubes and the caps are first soaked for at least one hour in hot soap. Then they are 

rinsed thoroughly in water followed by acetone.  In order to completely dry the tubes, 
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they are placed in an oven (T > 50 oC) over-night. The dispersion after long enough 

sonication was poured into the cube glass cuvette and placed in the sample holder and 

examined under the red laser beam of 632 nm (He/Ne). No further dilution and 

filtration has been carried out on the sample to achieve real condition of aggregates 

after sonication. For each experiment 10 measurements with 10 min delay were 

performed in order to study the stability and interaction of particles. 

3.3.2.3. The measurement description 
 
As a consequence of the particle motion, light scattered from the particle group will 

fluctuate with time. These intensity fluctuations are measured across a very short time 

interval and used to calculate correlation data as shown in equation 3.1( where t is start 

time, and τ is delay time) [3, 4]. This delay is used to produce a correlation curve. 

From the correlation curve the particle diffusion coefficient is extracted based on the 

standard algorithm. The correlation curve can be fitted to a single exponential form as 

given in Equation. 3.1 where B is the baseline, A is the amplitude, and D is the 

translational diffusion coefficient. The scattering vector (q) is defined by equation 3.2, 

where n is the solvent refractive index, λo is the vacuum wavelength of the laser, and θ 

is the scattering angle.  

                                                                                                              

                                                                                                               Equation  3-1                            

                                                                                                               

                                                                                                                Equation  3-2 

 

The particle radius obtained from curve fitting is defined as the hydrodynamic radius 

and is calculated using the Stokes-Einstein equation (Equation 3.3).   
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Equation  3-3 

 
 

D (H) = Hydrodynamic diameter (nm) 

D =Translational diffusion coefficient (m2/s) 

k=  Boltzmann’s constant (1.3806503 × 10-23 m2 kg s-2 K-1) 

T= Absolute temperature (K) 

η= Viscosity ( mPa.s) 

  The radius derived from the translational diffusion coefficient is that of a hypothetical 

hard sphere that diffuses with the same speed as the particle under experiment. 

SWNTs are rod shape, so the size given by DLS is not meant to be an accurate 

dimension (i.e. length and diameter) but rather a relative measure of the degree of 

SWNT dispersion in the solvents used. 

3.3.3. Viscometery 
 
  After preparation of the spinning solutions and before fibre spinning, viscometery 

was used to determine rheological properties. The break-up of a fluid jet is influenced 

by the ratio of the surface tension to the viscosity of the solutions. The higher the ratio, 

the more probable is the break up. The surface tension of organic polymers varies over 

a very short range (i.e. 20-80 dyn/cm) while viscosity changes over several order of 

magnitude depending on composition, molecular weight and the preparation condition 

used [5]. The magnitude of the zero shear viscosity, ηo, determines the ability to 

extrude a solution through spinneret channels to ensure production of long threads 

without breakage. 

Viscometery in the shear mode has been measured in two formats, versus time in 

constant shear rate (γ =1 s-1) and versus shear rate with a short time duration between 

D3
kT)H(D
πη

=
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each shear rate step. The viscosity of the polymer solution was measured using a 

Brookfield viscometer (RV-DV II+) using spindle DIN 85-87. The DIN Adapter 

Accessory (DAA) is a cylindrical spindle geometry that conforms to the DIN 53019 

specification. Three spindles and three chambers are provided. The DIN chambers fits 

into a flow jacket so that precise temperature control can be achieved when a 

circulating temperature bath is used. The stirring action of the rotating spindle, plus the 

small sample volume helps to keep the temperature gradient across the sample to a 

minimum value. The viscometer was equipped with software (Rheocalc 2.4) to collect, 

store data and allow it to be plotted or analyzed. The DV-II+ PRO with variable speed 

capability from 0.01 to 200 rpm can continuously display viscosity (cP or mPa·s), 

temperature (°C or °F), shear rate, shear stress, % torque. The data is reliable when % 

torque is in the range of 10-100%. 

Table  3.1. Viscosity ranges and spindles. 

 

 

3.3.4. UV-Vis and UV-Vis- NIR spectroscopy 
 

  Ultra violet Shimadzu 1601 and Cary 5000 spectrophotometers were employed to 

cover the wavelength range of 190-1100 and 175 to 3000 respectively. The scanning 

speed varies between 60 nm/min -3200 nm/min. The photometric range in absorbance 

mode can be changed between 0.5 to 3.99 ABS (arbitrary unit). Before starting the 

experiment pure solvent is placed in the sample compartment and the base line 

Viscosity Range (cP) 

Spindle 85 
Minimum - Maximum 

Spindle 86 
Minimum - Maximum 

Spindle 87 
Minimum – Maximum 

 
6  -   5000 

 
36.5  -   10,000 

 
121.3    - 150,000 
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correction automatically is carried out by the instrument. Each sample was filtered 

using a syringe filter 0.45 um pore size (Milipore) before spectra were obtained. 

3.4. General description of spinning process 

3.4.1. Spinning apparatus 

 
  The fibre spinning apparatus is illustrated in Figure 3.4.  In order to simplify the ease 

of operation, the spinning solution is pressurised in the same pressure vessel which 

was used for its preparation. The inner surface of the pressure vessel was smoothly 

polished to be used as a cylinder for moving of a piston to drive the material. The 

spinning solution contained in the pressure vessel is pushed through two stages of 

stainless steel filter (400um and then 200 µm, Millipore) using N2 pressure and then 

passed through an in-line tube with diameter 1mm to deliver the solution to the 

spinneret head. The filtered spinning solution then passes through a single hole 

spinneret (with L/D = 4 and D = 250 µm) and finally to the coagulation baths. 

According to  the literature the lower the diameter of  the spinneret and  the higher 

number of hole in spinneret, better the mechanical property obtained [5]. However, 

here a diameter of 250 µm and a one hole spinneret was selected for ease of usual 

maintenance. For homogenous and steady state flow in the spinneret, the aspect ratio ( 

the ratio of length and diameter of spinneret) of 1-5 has been recommended for fibre 

spinning based on boundary layer theory [6]. In this study the flow rate has been fixed 

in each experimental setup using the control of N2 pressure. The length of the first and 

second bath is 2m and 1m respectively. In the first coagulation bath solution solidifies 

and the emerging fibre was taken up on the first bobbin (D = 2.5 cm). Then the semi-
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solid fibre was passed through the second bath guided by smoothly rotating PVC 

rollers and collected using a linear velocity that was twice that used as the first bobbin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure  3.4. The picture of spinning line apparatus has been used in this study (a) 

whole apparatus (b) pressure vessel (c) take up and drawing roller (d) spinneret  

(a) 

(b) 

(c) 

(d) 
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3.4.2. Drawing  
 
  As-spun fibres normally exhibit low tensile strength, high irreversible deformability, 

low elastic modulus and low electrical conductivity. The stretching of as spun fibres is 

accompanied with extension and orientation of polymer chains along the fibre axis 

with a concomitant improvement in electrical and mechanical properties. In this work 

drawing was performed in three steps: 

1. Taking up of the as spun fibre on first bobbin  

2. Cold (one step)or hot( two step) drawing between first  and second bobbin  

3. Thermal drawing of fibre collected on second bobbin in higher temperature.  

  The first and second step was accomplished continuously; however, the final step was 

carried out in a separate operation. The adjustment of injection rate (Vi), take up 

velocity (Vt), drawing velocity (Vd ) or spin draw ratio (φs=Vd /Vt ) and thermal draw 

ratio (φth) determine the  fineness and  diameter of as spun fibre. The fineness of the 

fibre is characterised by the denier value which shows the mass of 9000 meter of yarn 

in gram. If a steady state flow of polymer with density of ρs (g/cm3), weight fraction of 

ωp, volumetric flow rate of Q (cm3/min) would be injected from a spinneret with 

diameter of D (mm), then following formula demonstrate the denier of the fibre.   

9000
thstV
pQ

Denier ×
××

××
=

ϕϕ

ωρ
                                      Equation  3-4 

   

 The maximum take up velocity of threads attaining the lowest porosity is a critical 

parameter which varies as a function of coagulation rate. A higher coagulation rate 

means shorter solidification path or shorter time required for the solidification 

boundary to reach the centre of the forming fibre (tR). This time is a function of 
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spinneret diameter, concentration of solvent in phases, diffusion coefficients and the 

length of the coagulation bath. For a definite formulation of spinning solution, the 

maximum concentration of solvent in the coagulation bath can be experimentally 

found based on skin formation of a long and continuous thread without breakage.  

Then, a range of take up speeds should be examined to find the proper take up velocity 

to obtain proper tR and produce a non porous solid. 

  The fibre collected on the first bobbin has plenty of solvent that acts as a plasticiser 

producing a semisolid fibre. The fibre readily stretches between the first and second 

bobbins to a specific spin draw ratio. The higher the spin draw ratio, the more oriented 

and the thinner the fibre that can be obtained. The final step of stretching is a critical 

step, because the final morphology will be determined during a thermal stretching 

process. Heating the fibres above the glass transition temperature (Tg) allows drawing 

without plastic fracture or neck type deformation. Tg is measured by thermal analysis 

using either differential scanning calorimetery or dynamic mechanical analysis. The 

thermal drawing process involves stretching of the as-spun fibre to different extents 

across a soldering iron wrapped with Teflon tape. The temperature of the soldering 

iron was adjusted based on the glass transition temperature of as spun fibre. The Tg 

can be reduced by the presence of residual solvent in the un-drawn fibre. The physical 

and structural properties of drawn fibre extremely depend on the draw ratios (φs and 

φth). Tensile strength (δb), Young’s Modulus (E), and yield stress (δy=0.2) increase 

monotonically with draw ratio; however breaking elongation (εb) decrease 

monotonically with increased draw ratio. In addition, a higher draw ratio decreases the 

porosity through collapsing of voids formed in solidification of the solution spun fibres 

and changes the sorptional properties. 
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3.5.    Techniques for characterisation of solid fibre 

3.5.1. Four probe electrical conductivity 

 The conductivity of the conductive fibres was measured using the four point-probe 

technique. A homemade four probe electrical conductivity cell operated at constant 

humidity and temperature has been employed. The electrodes were circular pins with 

separation distance of 0.33 cm and fibres were connected to pins by silver paint (SPI).  

Between the two outer electrodes a constant DC current was applied by 

Potentiostat/Galvanostat model 363 (Princeton Applied Research). The generated 

potential difference between the inner electrodes along the current flow direction was 

recorded by digital multimeter 34401A(Agilent). The conductivity of the solid fibre 

with circular cross section can then be calculated according to the cross-sectional area 

of the fibre, DC current applied and the potential drop across the two inner electrodes.            

SV

LI

×
×

=σ
                                        Equation  3.5 

σ = Conductivity (S/cm) 

I= Current (mA) 

V= Potential drop (mV) 

L= The distance between inner electrode (cm) 

S=Cross-sectional area (cm2) 

The cross sectional area of the fibres can be calculated from following formula: 

 

ρ×
=
900900

D
S

                                    Equation  3.6 

        D= denier (grams of 9000 m filament) 

         ρ= density (g/cm3) 
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  Denier of fibre filaments has been obtained by measurement of weight of different 

sample with specified length.  The density has been measured by floating of samples in 

different liquid with a range of density from 0.7 and 1.6. Two miscible liquid such as 

hexane and carbon tetra chloride was selected because they have not any swelling 

effect on the fibre. The denier and diameter of fibre can also be employed to calculate 

the numerical amount of density from Equation 3.7 [7].    

)(
37.141)/(

2
3

umD
deniercmg ×=ρ

                                    Equation  3.7 

 

3.5.2. Cyclic voltammetery 

   Cyclic voltammetry is one of the most common electrochemical techniques, and is 

extensively used for electrochemical characterisation of conducting polymers. In 

general, CV involves the measurement of current at the working electrode as a 

function of applied potential. The resulting current-potential plot is the cyclic 

voltammogram. CV is the most effective and versatile electrochemical technique 

available for the study of redox systems. In this work, CV was used for 

characterisation of the conductive polymer fibres. A three electrode electrochemical 

cylindrical cell (15mm×50mm) equipped with a stopper was used for cyclic 

voltammetry tests. The fibre was the working electrode, an Ag/AgCl or Ag/Ag+ 

reference electrode, respectively, was used for aqueous and ionic liquid electrolytes, 

and a Pt mesh counter electrode was employed. The sample fibre was connected to one 

end of a Pt wire using silver paint. When the silver paint had dried, the resistivity was 

checked to ensure efficient connection. After testing the connection point was covered 

by super glue or epoxy resin. The other end of the fibre was glued with super glue to a 

nonconductive wire. The Pt wire was passed through the stopper and mounted on the 
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bottom of the cell for connection to the potentiostat. The other end of the fibre, which 

was connected to the insulated wire, was attached to the lever arm for applying a 10 

mN load to the fibre to keep it straight.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.5. The experimental set up used for cyclic voltammtetry (a) cell set up (b) 

instrumental set up 

 Constant force conditions were applied using a force/length controller (Aurora 

Scientific, Dual Mode Mode l300B). The MacLab/4e ADI unit (signal acquisition box) 

has four analogue input channels that were used to record the voltage and current 
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generated by the voltamograms (CV27), and the force and position, which was 

measured by the lever-arm system. The input signals were then digitised and can be 

sampled at very high rates (up to 200 000Hz). The unit can also filter the signals if 

necessary, before passing them on to the computer. The resulting data was recorded on 

a personal computer using a software package known as Chart. Chart provides various 

options for processing and presenting the data; for example it allows the user to change 

the scaling or the sampling rate of the signal.  

3.5.3. Dynamic mechanical analysis 
 
    The dynamic mechanical analysis instrument model Q-800 (TA series) was   

employed to perform mechanical analysis in different modes. Before doing any tests 

the system was calibrated using a standard procedure: 

1-Clamp mass calibration is performed to allow the instrument to compensate for the 

mass of a specific clamp. 

2- Clamp Zero calibration is needed to determine the point of zero of the sample 

length. 

3-Compliance calibration is used to measure the flexibility of a clamp and calibrates 

the instrument to that flexibility.   

 If calibration results are in the range defined by instrument, the system is ready to test 

the samples. 

3.5.3.1. Stress-strain (Mechanical test) in strain rate mode  
 
  The strain rate mode was used to collect stress vs. strain data equivalent to that 

obtained from a universal testing machine (Instron).  In this mode a sample is stretched 

at a specified strain or displacement rate until the sample breaks. The cross section of 

10 samples of 10 mm gauge length has been measured using an optical microscope.       
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Both ends of fibre samples clamped using soft wood (Balsa) and super glue. The 

sample is stretched at a strain rate of 500 µm /min until the sample breaks at 25 °C in a 

closed furnace. The test fails if the sample breaks from both ends.    

  In fibre technology to define stress/strain behavior units of N/tex or gpd based on 

density or denier of fibre are used. The specific tensile stress or elastic modulus based 

on N/tex  or gpd ( gram per denier) can be defined using the following equations [7]: 

               )3cmdensity(g/
)Stress(GPa

tex
N =











                             Equation  3-8 

                    )(3.11
tex
Ngpd ×=                                        Equation  3-9 

    The slope of the portion of the curve where stress is linearly proportional to strain 

(elastic portion) is referred to Young's Modulus (E). The yield point is identified by 

crossing of a line with stress-strain curve, which is parallel to elastic portion at strain 

0.2 % (δy=0.2). The highest stress the material can tolerate is characterised by ultimate 

tensile stress (δb) and the ultimate elongation at fracture is recognised as εb (%). 

 

3.5.3.2. Creep mode 
 

  In a creep experiment, a constant force (stress) is rapidly applied to the material and 

the resulting deformation (strain) is measured as a function of time.  Creep compliance 

is calculated by dividing the time-dependent strain by the applied stress.  After creep 

has occurred for a specified period of time, the stress is removed and the strain 

recovery of the sample is measured. A preliminary preload force is available for creep 

measurements ( 0.01 mN).  This preload force ensures that the sample material is fully 

elongated (no slack). In all cases, the preload force should be limited to the minimum 
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force required to achieve the desired starting condition. Otherwise, it may affect the 

creep results. The stress applied during creep measurements can be a nominal value 

sufficiently large to ensure good deformation. Most creep experiments are carried out 

either at ambient temperature or at a temperature where sufficient creep occurs to 

enable comparisons between materials.  The creep time is the time that the stress is 

applied to the material.  The recovery time is the time after the applied stress is 

removed and the material is allowed to recover from the strain resulting during creep. 

Respectively a 10 and 20 minutes have been selected for creep time and recovery time. 

3.5.3.3. Viscoelasticity test 
 

  Most real-world materials exhibit mechanical responses that are a mixture of viscous 

and elastic behavior known as viscoelastic.  For a viscoelastic material, the complex 

modulus is defined as a function of loss modulus, E″ (viscous portion) and storage 

modulus, E′ (elastic portion). The tangent of the phase angle (The phase shift between 

stress and strain) is the ratio of the loss modulus to storage modulus (Tan δ = E″/E′). 

 This ratio is a measure of the damping ability of a material. 

  In this mode, a constant frequency of 1 Hz with amplitude 20-50 µm using a 

temperature ramp of 5 °c/min has been used to evaluate the viscoelastic response of a 

material by the observed changes in the storage and loss modulus. Determination of 

the Tg and other transitions of materials also is possible by recording of temperatures 

corresponds to sudden drop in storage modulus or peak points of the curves of loss 

modulus or Tan δ.  
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3.5.4. Differential scanning calorimetery 

   Differential scanning calorimetery (DSC) was carried out using a Q-100 (TA series) 

instrument. DSC is a thermal analysis technique that measures the heat flow associated 

with transitions in materials as a function of time and temperature. Such measurements 

provide qualitative and quantitative information about physical and chemical 

transitions that involve endothermic or exothermic processes or changes in heat 

capacity. Typical measurements include, glass transition temperature (Tg) in 

amorphous/semi-crystalline materials, melting point (Tm), crystallisation temperature, 

cross linking or degradation temperature. Also the degree of crystalinity can be 

deduced from the enthalpy of fusion. 

   In a "heat flux" DSC, the sample material, encapsulated in a pan, and an empty 

reference pan sit on a thermoelectric disk surrounded by a furnace. As the temperature 

of the furnace is changed (usually by heating at a linear rate, 5-10 °c/min), heat is 

transferred to the sample and reference through the thermoelectric disk. The 

differential heat flow to the sample and reference is measured by thermocouples. 

Nonhermetic aluminum pans were used for all experiments in temperature range of 25-

450 °C. The TA Instruments blue sample encapsulating press was used to seal samples 

in the DSC sample nonhermetic pan. 

3.5.5. Raman spectroscopy 

  Raman spectroscopy has become an important analytical and research tool. It can be 

used for analysis and identification of molecular structures, effects of bonding, 

environment and stress on a sample in a broad range of materials including polymers 

and carbon nanomaterial. Raman spectroscopy is a light scattering technique and can 

be described as a process where a photon of light interacts with a sample to produce 
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scattered radiation of different wavelengths. Raman spectra were obtained with the 

JOBIN Yvon Horiba micro Raman spectrometer model HR800 which offers the very 

high optical efficiency necessary to detect signals of carbon nanotubes and conducting 

polymers. The spectra were collected with a spectral resolution of 1.5 cm-1 in the 

backscattering mode, using the 632.8 nm excitation line of a Helium/Neon laser. The 

nominal power of the laser polarised 500:1, was 20 mW. A Gaussian/ Lorentzian-

fitting function was used to obtain band position and intensity. The incident laser beam 

was focused onto the specimen surface through a 100 × microscopic objective lens, 

forming a laser spot of approximately 5 µm in diameter, using a capture time of 50 s. 

The Raman signals were obtained with the half wave plate rotated at 170 ° with a 

confocal hole set at 1100 µm and the slit set at 300 µm. 

  In the present study Raman spectroscopy was also employed to determine degree of 

orientation of SWNTs in the composite fibres. Moreover, Raman spectroscopy is a 

powerful tool for the analysis of load transfer from matrix to nanotubes due to high 

sensitivity of Raman bands of SWNTs to applied load. The detail of these techniques 

will be described in Chapter 6.    

3.5.6. Scanning Electron Microscopy 
 
  The morphology and microstructure of the sample fibres prepared in this work have 

been investigated using SEM. The images obtained were recorded using a fully digital 

LEO Cambridge/Leica Stereoscan 440 scanning electron microscope with tungsten 

filament using 20 kV beam energy at the Department of Materials Engineering, 

University of Wollongong (Australia) In addition the Hitachi S-900 “in line” field 

emission scanning electron microscope has been employed at the Electron 

Microscopic unit of University of New South Wales (Australia) to be capable for 
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imaging at very high resolutions (~0.5 nm). The field emission gun provides a fine, but 

intense beam of electrons which can be used to obtain a meaningful signal of very fine 

detail on the specimen surface.  

    

Figure  3.6. The SEM pictures obtained using (a) Hitach- S900 from internal 

microstroucture (b) Leica 440 from circular cross section  

  SEM samples were sputter coated (35 mA for 20 Seconds under 200 mbar vacuum 

(Dynavac) with a thin layer of gold to make them sufficiently conductive. For side 

wall imaging, a small piece was cut from the fibre and mounted on a stub or small 

brass plate (11×5 mm) using conductive carbon tape or silver paint. To obtain a clear 

picture from a cross section, the fibre samples were broken using liquid N2 to obtain a 

circular undamaged cross section 

  Alternatively, The XT Nova NanoLab 200 combines a dual beam high resolution 

focussed ion beam (Ga FIB) and a high resolution scanning electron microscope for  

nanomilling to prepare thin film (~100nm) and imagining of internal structure of 

fibres. The FIB uses a fine, energetic beam of gallium ions that scan over the surface 

of a specimen. A sample picture obtained using XT –Nova after sectioning is given 

below.  
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Figure  3.7. The images obtained from a sample of polyaniline fibre from different 

angle using FIB 

3.5.7. Transmission electron Microscopy 
 

 The high resolution transmission electron microscopy (TEM) was conducted using  

Philips CM200. The Philips CM200 field emission gun transmission electron 

microscope (accelerating voltage of 200 KV) allows very high resolution images to be 

obtained from thin, electron transparent sections of materials. In addition, it has a SIS 

CCD camera for direct recording of digital images. The samples for TEM imaging are 

thin films which were prepared by FIB. The detail of preparation of thin film using 

FIB will be described in Chapter 5. 
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4.1. Introduction 
 
The complementary mechanical and electrical properties of carbon nanotubes can be 

expected to enhance the properties of polyaniline (PAni) fibres. This chapter reports on 

the preparation and characterisation of PAni/ single walled carbon nanotubes (SWNT) 

composite fibres produced from PAni- leucoemeraldine base (LEB) solutions.    

  A key factor in developing of a polymer reinforced with carbon nanotube (CNTs) is the 

homogenous dispersion of the nanotubes in the polymer matrix. It is therefore essential   

to develop methods for effectively dispersing nanotubes in the spinning solution and to 

prevent their agglomeration through van der waals forces [1]. In other words, the 

formation of a homogenous fibre needs a homogenous and viscose solution. This requires 

the selection of a solvent suitable for both dissolution and dispersion of the nanotubes.  

The tendency of PAni in the LEB state to dissolve in polar aprotic solvents such as NMP 

and DMPU was described in detail in chapter two. Dispersion of CNTs in the viscose 

PAni solutions by either shear mixing or ultrasonication using a horn sonicator was 

investigated here. According to the literature, the minimum concentration of PAni 

required for fibre spinning using a take up mechanism is at least 10 % w/w and this 

produces a viscosity in the order of 1000 cP [2]. Ultrasonicators produce mechanical 

vibration using sound waves above 19 kHz. As the viscosity of material increases, the 

ability of an ultrasonicator to transmit the vibration decreases and consequently dispersion 

cannot be properly achieved. Therefore, the dispersion of CNTs in the solvent using 

ultrasonication followed by the addition of PAni in order to obtain a viscous solution was 

the protocol adapted in this work. This chapter focuses on the manufacturing of PAni 

(LEB)-SWNTs composite fibres from a spinning solution prepared through mixing of 
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SWNT dispersions with polyaniline in the reduced (LEB) form. In addition the 

mechanical, electrical and electrochemical properties of PAni (LEB)-SWNT composite 

fibres have been determined.  

4.2.     Experimental  

4.2.1. Materials and reagents 

 
  Purified SWNTs prepared using the Hipco approach [3] were obtained from Carbon 

Nanotechnology Incorporated (CNI) in powder form (batch number PO257). Elemental 

analysis was used to determine the level of impurities including Fe particles.  

  PAni in the emeraldine base (EB) form with molecular weight of 280000-

300000(g/mole) (trade name EB-300) was purchased from Santa Fe Science and 

Technology. 

  The 1,3-Dimethyl-3,4,5,6-Tetrahydro-2(1H)-Pyrimmidinone (DMPU, 98 % ), N-methyl-

2-pyrrolidinone (NMP, 99 %), Polyethylene glycol tert-octylphenyl ether known as 

TritonX-100 or TX-100 and phenyl hydrazine (99%) were supplied by Sigma Aldrich and 

used as received. Methane sulfonic acid (Sigma Aldrich, 99%) was used as acid dopant 

after dilution with Milli-Q water. 

4.2.2.  Instrumentation   

  A Shimadzu 1601 and a Cary 5000 were employed for UV-Vis and UV-Vis-NIR 

spectroscopy respectively. Viscometry was carried out using a Brookfield viscometer 

(RV-DV II+) using spindle of Din 85-87. Size distribution was determined using a 

dynamic light scattering (zeta sizer model ZS (Malvern, UK)) with red laser 632 nm 
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(He/Ne). An optical microscope (Olympus) was used to find the average diameter of as 

spun and drawn fibres. A Leica scanning electron microscope (SEM) Lecia was employed 

to obtain cross sectional view of composite fibers based on the procedure described in 

section 3.5.6. Raman spectra were obtained using a JOBIN Yvon Horiba Raman 

spectrometer model HR800 in spot mode (λexc= 632.8). 

  Mechanical tests were carried out using a dynamic mechanical analysis (DMA) 

instrument Q-800 (TA series) in strain rate mode to record the force -displacement data 

generated at constant temperature. Thermal studies were conducted using a differential 

scanning calorimeter (DSC) Q-100 (TA series).  

   The electrical conductivity of composite fibres was measured using the four point probe 

method. EChem software (ADI instruments) coupled with a potentiostat (Bioanalytical 

system CV27) and a Maclab (ADI instruments) were employed for cyclic voltammetry 

using the PAni fibre and its composite containing SWNT as working electrode.  

Electron paramagnetic resonance (EPR) spectroscopy of solid PAni fibres was carried out 

using a Bruker EMX spectrometer. Equal masses of different samples were placed into a 

quartz tube and spectra recorded at room temperature at X wavebands (9.75 GHz).  

4.2.3. Comparison of the ability of NMP and DMPU to disperse SWNTs  

 In this part SWNT bucky paper was used rather than raw powder because it was observed 

that [4] the bucky-paper made  specifically  from the Triton X-100 solution when 

redispersed in other dispersant and imaged by contact-mode atomic force microscopy 

(AFM) is very clean. A free standing SWNT paper was prepared from a purified SWNTs 

dispersion using methods published previously [4]. This involved sonication of purified 
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SWNTs (0.01 % w/w) in water with 0.5 % w/w TX-100 present as a nonionic surfactant. 

The bucky paper was then obtained by filtration of the dispersion through a 0.2 µm 

Polytetrafluoro ethylene (PTFE) membrane filter (Millipore) followed by washing with 

water and methanol to drive off the surfactant and  drying at 130 °C for 30 min. To 

investigate the effectiveness of the solvents under investigation, a 5 mg sample of the 

SWNT bucky paper was redispersed by sonication in 50 mL DMPU or  NMP for 2 hrs.  

4.2.4. Influence of polyaniline addition on the degree of SWNT aggregation  
 
  EB powder (5 mg) was added to SWNT-DMPU dispersion after 2hr sonication (prepared 

in section 4.2.3) while sonicating for a few seconds. The dispersions with and without 

PAni present were characterised by dynamic light scattering to show the influence of 

polyaniline on the stability of the dispersion. 

4.2.5.   Use of DMPU for dispersing SWNTs at higher concentrations 
 
   Appropriate amounts of SWNT paper were sonicated in 20 g of DMPU for 2 hrs to 

produce dispersions contains 0.05, 0.1, 0.2 or 0.25 % w/w SWNTs with respect to the 

weight of solvent. Dynamic light scattering and viscometery were employed to 

characterise these SWNT dispersions. 

4.2.6. Preparation of spinning solutions 
 
   The procedure used for  the preparation of the spinning solution was based on the 

method and formulation described in the literature for the LEB form of PAni [5] with 

some modifications. Table 4.1 shows the amount of materials used for preparation of 

various spinning solutions. The appropriate amounts of SWNT bucky paper were 
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sonicated in DMPU for different period of time at 60 °C to drive the SWNTs into 

solution. PAni (EB) powder was then added to the SWNT dispersion with a weight ratio 

of 1:1 with respect to SWNT while sonicating for a few seconds. In this time scale the 

sonication has not any harmful effect on structure and properties of PAni.  PAni (EB) and 

phenyl hydrazine (30 % w/w vs EB) as reducing agent were added gradually over a 2 hrs 

period to SWNT–DMPU-PAni dispersions while mixing using an overhead stirrer at 40 

R.P.M. in a water bath held at 0-5 °C. The spinning solution was stirred for another 2 hrs 

under the same conditions.  

 Finally, dynamic vacuum was applied to the pressure vessel to ensure a bubble free 

solution. This solution was then passed through a 400 µm filter and kept in the pressure 

vessel under very low N2 pressure prior to fiber spinning.  

Table  4.1. Formulation of PAni (LEB)-SWNT-DMPU composite spinning solutions 

4.2.7. The fibre spinning process 
 
The spinning solution was transferred to a N2 pressure vessel, driven through a second 

filter (100 µm, Millipore), followed by a single hole spinneret (with L/D = 4 and D = 250 

µm) and finally into the coagulation bath. The lengths of the first and second baths were 2 

m and 1 m, respectively.  

Test PAni(EB) 

(g) 

DMPU 

(g) 

SWNT 

(mg) 

SWNT/DMPU 

(% w/w ) 

Phenyl 

hydrazine(g) 

1 2 20 0 0 0.66 

2 2 20 10 0.05 0.66 

3 2 20 20 0.1 0.66 

4 2 20 40 0.2 0.66 
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4.2.7.1.   Effect of coagulation bath composition 
 
   10 % w/w PAni (LEB) spinning solution with and without SWNTs (0.2 % w/w) present 

were used. Different amounts of NMP namely 30, 20 and 10 % w/w, were mixed with 

water in order to find the appropriate amount of solvent for the coagulation bath to obtain 

the proper skin formation rate. The N2 pressure was adjusted ~20 psi to fix the injection 

rate for the spinning process. In the first coagulation bath the spinning solution solidified 

and the emerging fibre was taken up to the first bobbin (D = 2.5 cm) at a linear velocity of 

2 m/min. This semi-solid fibre was then passed through a second bath and collected using 

a linear velocity of 4 m/min on to the second bobbin (D =5 cm) rotating in a water bath. 

4.2.7.2. Eeffect of take up velocity 
 
  10 % w/w PAni (LEB) spinning solution with and without SWNTs (0.2 % w/w) present 

and a 10 % w/w NMP/Water coagulation bath were used to investigate the effect of take 

up velocity. Different take up velocities were used to find the optimum residence time in 

order to minimise the porosity of the fibres. The N2 pressure was adjusted to ~ 20 psi to 

fix the injection rate for the spinning process. In the first coagulation bath the solution 

solidified and the emerging fibre was taken up on the first bobbin (D = 2.5 cm) at a linear 

velocity of 2 or 6 m/min. A second coagulation bath was not used for such experiment. 

4.2.8. Effect of CNT content  

  Fibres with different SWNT contents, namely 0, 0.5, 1 and 2 % w/w (with respect to 

mass of PAni) were produced using a 10 % w/w NMP/water coagulation bath, an injection 

rate of 1.35-1.40 cm3/min (by applying an N2 pressure of 20-80 Psi), a take up velocity of 

2m/min on the first bobbin (D = 2.5 cm), and a spin draw ratio of 2 using a second bobbin. 
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Fibres were then kept for 2 hrs in a water bath at room temperature to reduce the solvent 

content and then for an additional 12 hr at room temperature in preparation for the hot 

drawing process. Before thermal stretching, the density, denier and diameter of fibres 

were measured using the methods described in Chapter 3.  

4.2.9. Post spinning treatments  
 
   The drawing process involved stretching of the as-spun fibre 2-3 times across a 

soldering iron wrapped with Teflon tape. The appropriate temperature for the drawing was 

based on data obtained using by the DSC of composite fibres. 

  Complete removal of the residual solvent was carried out by extraction in a water bath 

for 24 hrs followed by drying in a vacuum oven at 50 ºC for 12 hrs before doping.  After 

complete drying, the stretched fibres were doped in MSA (1M) for 24 hrs as described 

previously [1, 6]. Treatment of LEB with acid converted the PAni to the ES form due to 

natural oxidation of the unstable LEB. After doping, fibres were dried at room 

temperature for at least 48 hrs before further characterisation to ensure water removal.  To 

explore the effect of drying procedure on conductivity, fibers also were imposed to higher 

temperature (100 °C) in atmospheric pressure. 

4.3.    Results and discussions  

4.3.1. The characterisation of SWNTs 

4.3.1.1.     Elemental analysis 

   Even with purification, SWNTs were still shown to have some impurities primarily 

related to iron particles remaining from the metallic catalyst used during the growth 
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process.  Table  4.2 shows the weight percent of elements within SWNTs as detected by 

elemental analysis. No attempts were made to further purify the SWNTs. 

Table  4.2. Elemental analysis of purified SWNTs prepared by Hipco@CNI (PO257) 

 

 
 

4.3.1.2. Raman spectroscopy of the bulk SWNTs   

   Raman spectra of bulk SWNTs were obtained, using a 632.8 nm excitation wavelength 

(Figure  4.1). Four prominent sets of peaks were observed in the low- (~200 cm-1, RBM  

[radial breathing mode]), moderate frequency (1600 cm-1, G band, and 1300 cm-1 , D 

band) and   high-frequency (2600 cm-1 , D* band) regions. These peaks are typical of 

SWNTs and their assignments are summarised in Table 4.3. 

 

 

 

 

 

 

 

 

 

Figure  4.1. Raman spectrum of bulk SWNTs (λ exc=632.8 nm) 

element C H N Fe 

%w/w 90.44 0.43 0.10 8.59 
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Table  4.3. Vibrational modes observed for Raman scattering in SWNTs [7-11]. 

 

4.3.2.  Characterisation of SWNT dispersions 

4.3.2.1.  UV-visible – NIR spectroscopy  
 
 Previous studies [4, 12] have shown that strong absorption bands appear when methanol, 

dimethyl formamide (DMF) and NMP were used for dispersion of pristine SWNTs (refer 

to Table  4.4). As described in chapter two, NMP is a good solvent for PAni (EB), 

however, the solutions gel after a short time, making NMP unsuitable for fibre spinning. 

However, a more stable solution can be obtained from DMPU which has a high dielectric 

constant and is similar to NMP in term of its classification as a polar aprotic, Lewis base 

solvent. Compared to NMP, DMPU shows a higher degree of free electron availability (ß) 
                                           
§ Raman shift is independent of laser excitation energy 
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without hydrogen donicity (Π *) [13, 14]. Since (ß) and (Π *)  are  key properties when 

determining the solvation of SWNTs [4], DMPU was tested for dispersing SWNTs . 

Figure 4.2 shows the more pronounced absorption bands obtained after dispersion of 

SWNT in DMPU compared to when NMP was used. A comparison of the peaks observed 

in this study with those reported in the literature is given in Table  4.4. 
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Figure  4.2. UV-Vis NIR spectra of SWNT (0.01% w/w) in (a) DMPU and (b) NMP after 

2hrs sonication (A, B, C: refer to table 4.4)    

SWNT dispersed in NMP and DMPU demonstrate several peaks between 0.8 and 2.5 eV 

related to the interband transitions between the van Hove singularities in the electronic 

density of states (DOS) of metallic and semiconducting tubes of a bulk sample of SWNTs 

[15]. The pronounced absorption bands observed in the UV-Vis-NIR are indicative of well 

C A B 

(a) 

(b) 
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dispersed SWNTs.  The bands observed at higher wavelength (1. 40, 1.07, 0.95 and 0.87 

eV) are attributed to transitions between DOS singularities in semi conducting tubes and 

bands observed at lower wavelength (2.25, 1.90 and 1.7 eV) can be attributed to the Fermi 

level transitions observed in metallic SWNTs. The bands observed at other wavelengths 

are attributed to the heterogeneity of the samples in terms of tube diameters and helicity 

[12, 15, 16]. The UV-Vis- NIR of SWNTs dispersed in DMPU shows all the same peaks 

as for SWNTs dispersed in NMP which has previously been shown to be a good 

dispersant for SWNTs. Slight differences in absorbance may be related to differences in 

the degree of exfoliation of SWNTs bundles that occur in the two solvents. 

Table  4.4.  Electronic transitions reported for dispersed SWNTs and their occurrence in 

different solvents. 

 

* Results obtained in this study  
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4.3.2.2.  Dynamic Light Scattering 
 
In general, the utilisation of SWNT initially requires their homogenous dispersion in a 

solvent or polymer matrix. Dynamic light scattering of SWNTs dispersions indicate that 

the hydrodynamic diameter of the nanotube bundles is between 150 and 400 nm after 30 

min of sonication. After 60 min and 120 min sonication, the diameter was reduced to 100-

200 nm and 20-80 nm, respectively (Figure  4.3).  
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Figure  4.3. Hydrodynamic diameter distribution of SWNT bundles in DMPU for different 

sonication times (triangle) 30 min (square) 60 min (circle) 120 min. 

The optimal mechanical reinforcement provided by SWNTs and any enhancement in 

charge transfer characteristics would be favored by the presence of long and thin bundles 

homogenously exfoliated throughout the matrix [17]. Therefore, the selection of 

sonication time is based on a balance between the size of nanotubes and the homogeneity 

of the dispersion. The results presented in Figure  4.3 indicate that ultrasonication was an 

effective method for dispersing SWNTs in DMPU. However, SWNT bundles were found 
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to re-agglomerate upon standing after sonication, as shown in Figure 4.4 where large 

agglomerate particles are indicated by arrows. As shown in Figure  4.5, the size 

distribution of SWNT/DMPU dispersions show a considerable increase in hydrodynamic 

diameter when measured 60 minutes after sonication, compared with the sample measured 

immediately following sonication.   

 

 

 

 

 

 

 

 

Figure  4.4. Affect of standing time on the stability of SWNT dispersions and influence of 

PAni on stability of SWNT dispersion in (a) SWNT- DMPU (0.01 % w/w) 

(b) SWNT (0.01 % w/w)-PAni (0.01 % w/w) in DMPU. Photograph was 

taken 6 hr after sonication. Arrows indicate large agglomerates. 

   The addition of PAni to the SWNT-DMPU dispersions was found to stabilise the 

exfoliated nanotubes and limit re-agglomeration. Figure  4.5 shows that the hydrodynamic 

diameter of the SWNTs immediately after sonication and in the presence of PAni was ~ 

20 nm compared with ~ 30 nm when PAni was not added. When the size distributions 

were measured again 60 minutes after sonication, the hydrodynamic diameter with PAni 

(a) (a) (b)  



 
CHAPTER FOUR                                      PAni(LEB)/ SWNT  composite fibre 

 90

present had increased slightly to ~ 50nm, but had increased significantly to 100-800 nm 

when no PAni was present. 
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Figure  4.5. Hydrodynamic diameter distribution of SWNTs in DMPU (0.01 % w/w) with 

(square) and without (inverted triangle) PAni. The distribution immediately 

after sonication is represented by filled symbols while the distribution 

measured 60 min after sonication was stopped is shown by unfilled symbols. 

  The size distribution of SWNTs was found to depend on their concentration (Figure 4.6). 

Result showed that the range of the hydrodynamic diameter was between 20 nm and 50 

nm for the dispersion containing 0.05 % w/w  SWNT, while for dispersions containing  

0.1 or 0.2 % w/w SWNT,  higher ranges of hydrodynamic diameter between 40-100 nm 

and 100-200 nm were observed respectively. The maximum concentration of SWNTs that 

could be dispersed in the PAni containing DMPU solution was 0.2 % w/w. At 0.25 % w/w 

large agglomerates were observed visually, even after 2 hrs sonication.  
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Figure  4.6. The size distribution of SWNTs bundle in DMPU for different concentrations 

of (∆) 0.05 % w/w, ( ) 0.10 % w/w and ( ) 0.20 % w/w. 

4.3.2.3.    Viscosity of SWNT/DMPU dispersions 
 

   The viscosity of the SWNT/DMPU dispersions as a function of shear rate was 

determined after different sonication times (Figure 4.7). The fluctuations in viscosity 

observed after 30 or 60 min sonication times were indicative of heterogeneity in the 

dispersion. The smooth curve observed after 120 min of sonication indicated homogeneity 

of dispersion. Note also that this dispersion had the lowest viscosity, which can be 

attributed to the smaller size of SWNTs bundles after longer sonication. 
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Figure  4.7. Viscometry of SWNT (0.2 % w/w) in DMPU dispersions after different 

sonication times (a) 30 min, (b) 60 min and (c) 120 min 

4.3.3. Viscometery of PAni-(LEB)-SWNT-DMPU spinning solution 
 
 The minimum concentration of PAni required to give the minimum viscosity for spinning 

is ~ 10 % w/w [6] and so this concentration was used in this study as with varying SWNT 

concentration. Figure  4.8 shows the viscosity profile over time for PAni/SWNT solutions. 

The viscosity profile of samples with SWNTs has three distinct rheological regions 

labeled I, II and III. In contrast, solution without SWNTs showed little change in region I 

and exhibited only two rheological regions. The following will describe and identify the 

significance of the rheological regions I, II and III with respect to fiber spinning.  



 
CHAPTER FOUR                                      PAni(LEB)/ SWNT  composite fibre 

 93

 Region I was characterised by a decrease in viscosity with time. This region was not 

clearly identifiable in the neat PAni solution. The higher the SWNT content, the more 

pronounced the decrease in viscosity and the longer was the time to reach a stable 

viscosity.  
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Figure  4.8 . Variation of viscosity of spinning solution of PAni (LEB) 10%  w/w  in 

DMPU containing (a) 0.00 % (b) 0.05 % (c) 0.10 % or (d) 0.20 % (w/w) of 

SWNT  with regard to solvent. Shear rate = 1 s-1. 

  Mattes and co-workers [18] observed  a decreasing trend of viscosity over time (as in 

region I) for PAni (EB) (17-25 % w/w) in NMP. The authors claimed that a specific time 

was required for the formation of a complex between the EB and added gel inhibitor 

molecules (2- methyl aziridine). Due to the formation of such a complex, the interaction 

between EB molecules decreased and therefore, the solution viscosity decreased.  It was 
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noted that, for higher concentrations of EB, more time needed to reach the plateau zone 

corresponding to region II and complete complex formation. In the present study, similar 

behavior was observed Figure  4.8 with the mixing of SWNTs with PAni. The higher the 

SWNT content, the higher the viscosity obtained and the longer the time required reaching 

the plateau zone. This behavior may be considered analogous to the behavior of highly 

concentrated PAni (EB)/2-methyl aziridin(2-MA) solution complex[18]. For all samples, 

it was observed that the viscosity reached a low value plateau after a certain time (region 

II).  This region is the preferred window of time for wet spinning since the viscosity is 

stable. The time window of reach region II decreased from 4000 min for the neat PAni 

solution to 1500 min for the composite solution containing 0.20 % w/w SWNTs. In regard 

to the time width of region I, higher concentrations of SWNTs in PAni solutions led to an 

increase in region I since there is a greater probability to form entangled structures, so that 

longer time periods are needed to break up such structure.  

 The very sharp change in the slope of viscosity versus time in Figure  4.8  (region III) can 

be used to identify the gelation time [19]. Gelation is characterised by both a large 

increase in viscosity and by the development of an elastic network. Once gelation begins, 

the solutions are unsuitable for wet spinning. Gelation in PAni solutions is known to be 

caused by hydrogen bonding interactions between polymer chains that produce a 3D 

network [18]. The presence of SWNTs in the solution assists in the formation of such 

networks through strong interactions between the SWNT and the polymer chains. In fact, 

SWNTs have been previously shown to produce gels in polymer solutions that do not 

form gels in the absence of CNTs (e.g. polycarbonate  with and without CNTs for same 

polymer concentrations [20]).   
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Figure  4.9  shows the viscosity of PAni/ SWNTs solutions taken from region II in Figure 

 4.8 versus shear rate.  The viscosity at low shear rate is a meaningful criterion for 

processes such as film casting, however, for continuous fibre spinning, the effect of high 

shear at the orifice of the spinneret should be taken into account. As the SWNT content 

increases in this composite system, nanotube –nanotube interaction and nanotube-polymer 

interactions begin to dominate producing a higher viscosity, particularly at low shear rate. 

In addition solutions containing SWNTs showed a non-Newtonian shear thinning 

behaviour, where as, the neat PAni solution shows only a very small dependence on the 

shear rate 
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Figure  4.9. Variation in viscosity of spinning solution based on PAni (LEB) 10 % w/w in 

DMPU containing (a) 0.00 % (b) 0.05 % (c) 0.10 % (d) 0.20 % (w/w) SWNT 

with  regards to solvent, at  different shear rates.  
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Table 4.5 demonstrates the power law exponent and power law coefficient of the spinning 

solutions having different SWNT contents. The power law equation is: 

1n. −

γκ=η           Equation  4-1 

Where 

 
η = Viscosity (cP) 

=γ
.

 Shear rate (1/s) 

K = Consistency index (cP) 

 n = Flow index (power law exponent) 

 

Table  4.5. Power law coefficients and exponents for PAni solution with different SWNT 

content in DMPU 

 

 

 

 

 

   

 

The presence of SWNTs in the PAni solutions facilitated a greater entanglement of 

polymer chains through the strong interactions that form between the SWNTs and the 

PAni. Consequently, the viscosity at low shear rates was higher for solutions containing 

% w/w 

SWNT/DMPU 

 

0.00 % 

 

0.05% 

 

0.10% 

 

0.20% 

K 780 1838 4814 11935 

n 0.99 0.78 0.61 0.52 

% of confidence 95 95 96 98 
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more SWNTs (Figure  4.9). High shear mixing likely disrupt SWNT /polymer interactions, 

therefore reducing the viscosity. It was interesting to note that the viscosity of the PAni 

containing 0.05 % w/w or 0.10 % w/w SWNTs solutions was essentially the same as that 

of the neat PAni solution at high shear rates. For example, the PAni solution containing 

0.20 % w/w SWNTs showed a viscosity similar to neat PAni at 100 s-1 shear rate. (Figure 

 4.10). Thus, the high shear rates used in the wet spinning process can virtually eliminate 

the effect of the SWNT-polymer interaction so that the viscosity becomes equivalent to 

the neat PAni solution.  
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Figure  4.10. Viscosity versus SWNTs content at different shear rate 

 

During fibre formation, the shear rate in the spinneret channel through unsteady Poiseuille 

flow  can reach a range of 104 – 106 s-1 [21] depending on the dimensions of the spinneret, 
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the flow rate and the power law exponent. For shear thinning fluids, the effective viscosity  

at the spinneret  can be many times less than the initial value and  it may drop in the 

spinneret flow to even 1/10 to 1/30 of the initial zero shear viscosity [22]. This clearly 

indicated that the wet spinning conditions used in this study, the viscosity of PAni/SWNT 

solutions in the spinneret was essentially independent of SWNT content. This is an 

important observation, since the flow rate of each of the composite solution should be 

similar for a given injection rates.  The plot of PAni/ SWNT solution viscosity against 

SWNTs content for various shear rates in Figure  4.10 illustrates this point. 

4.3.4. The effect of fibre spinning parameters on PAni/SWNT morphology 

   For improved mechanical and electrical properties, it is desirable to reduce fibre 

porosity and to maximise alignment of SWNTs along the fibre axis. Several researchers 

have investigated the effect of polymer concentration, polymer molecular weight  and 

temperature and formulation of the coagulation bath on the mechanical properties of wet 

spun fibres [19, 23]. The higher the molecular weight and the concentration of the 

polymer in the spinning solution, the lower the porosity in the resultant  fibre [19]. It also 

has been shown that, the use of a higher coagulation bath temperature results in  

macrovoids that degrade the mechanical properties [19, 22]. In addition, it has been 

observed that addition of solvent into the coagulation bath decreases porosity through 

decreasing of the solvent –nonsolvent counter diffusion rate [19]. Finally,  drawing of 

fibres can improve the mechanical properties through polymer chain alignment [24]. 

The following sections consider the effect of coagulation bath formulation and take up 

velocity on the morphology of PAni/SWNTs fibres. 
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4.3.4.1.  Influence of solvent in the coagulation bath on morphology of as spun fibre 

   The addition of solvent into the coagulation bath is a common technique used to 

minimise macrovoid formation during the wet spinning of fibres. More dense fibres are 

produced because of the slower diffusion rate of the solvent out of the fibre into the non 

solvent,  and also due to delays in the demixing of solvent and non solvent [25]. Different 

NMP/Water mixture compositions were prepared to find which formulation produced the 

minimum porosity in composite fibres prepared from 10 % w/w PAni (LEB) with or 

without SWNTs solutions. It was observed that for 30 % w/w NMP in water, the spinning 

line actually absorbs solvent from the coagulation bath and the fibre skin does not form at 

all. Decreasing the solvent content to 20 % w/w NMP in water increased the possibility of 

fibre formation; however the slow diffusion rate of solvent caused a very slow 

solidification rate so that a higher residence time was needed to produce cohesion high 

enough for proper handling of the fibres. In this case a very long coagulation bath or a 

very slow take up velocity would be required to remove the majority of the solvent from 

the nascent fibre. Such operating conditions were not feasible using our setup. Fibre 

solidification in a water based coagulation bath containing 10 % w/w NMP occurred at a  

faster rate and yielded fibers that could be readily handled. The cross sectional SEM of 

these fibres are shown in Fig 4.11-a, c. A coagulation bath of pure water resulted in very 

rapid skin formation and smooth surface fibres (Figure  4.11-b,d). However, these fibres 

showed much higher porosity after taking up from the first coagulation bath compared to 

fibres produced from the 10 % w/w NMP in water coagulation bath. Based on these 

observations, a 10 % w/w NMP in water solution was used in subsequent experiment. 
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Figure  4.11. Cross sectional SEMs of PAni (a, b) and PAni/SWNTs (2.0 % w/w SWNTs 

(c, d) into a coagulation baths containing (a,c) 10 % w/w NMP in water or ( b, 

d) water using take up velocity of 2 m/min. Scale bar 30 µm.  

4.3.4.2. The influence of take up velocity on morphology 
 
  Using a 10 % w/w NMP in water coagulation bath, different take up velocities were 

examined using the same spinneret and the same spinning solution. The cross sectional 

SEMs in Figure 4.12 demonstrate the porosity of as spun fibres using take up velocities of 

3 or 6 m/min. These take up velocities corresponded to residence time of 40 sec and 20 

sec in coagulation bath respectively. It can be seen from Figure 4.12 that increasing the 

take up velocity resulted in higher porosity as a consequence of an incomplete 

(a) (b) 

(c) (d) 
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solidification process for residence times 1 min. Although the increased take up velocity 

resulted in smaller diameter, the prescribed residence time utilised did not seem to be 

sufficient for fibre skin formation and complete growth towards the core region. Based on 

these results, a take up velocity 2m/min was adjusted for fibre spinning to reach the 

minimum porosity in the given range of spinning solution viscosities.  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure  4.12.  Cross sectional SEMs of PAni/SWNT fibers spun using  different take up 

velocities for PAni(a, b) PAni/SWNTs containing 2 % w/w SWNT( c, d). Take 

up velocities were 3 m/min (a, c) or 6 m/min (b, d). Scale bar is 30 µm (a,c) 

and 10 µm (b, d) 

(c) 

(a) (b) 

(d) 
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4.3.5. Thermal transition temperatures in as spun fibre 

   The as-spun fibre after drawing may retain the capability to be further stretched at 

higher temperatures. The extent of stretching and the choice of thermal drawing 

temperature of as-spun fibres depend on the solvent /nonsolvent residual in the structure 

of the fibres [26].  The DSC thermogram of neat PAni (LEB) for two consecutive heat-

cool cycles was recorded using a scan rate of 5 °C/min and is illustrated in Figure  4.13. 
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Figure  4.13. DSC thermal analysis curve of neat as spun polyaniline (LEB) fibre under a 

N2 atmosphere first cycle (thick line); second (reheat) cycle (thin line)  

   In the first cycle, the DSC curve shows two endotherms in  temperature ranges of 50-

100 °C (A)  and 160 -240 °C (B) most likely corresponding to the vaporisation of  water 

and solvent (DMPU). Another endothermic peak was observed at ~ 400 ° C (C). This peak 

is a consequence of thermal melting, since it also appeared in the second cycle at a similar 
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intensity, although it shifted slightly to 385 °C [27].  Crystallisation exotherms during the 

cooling cycles on the first and second cycles were observed in Figure  4.13  which can be 

attributed to the thermoplastic property of PAni in LEB oxidation state. These 

observations are in good agreement with previous studies for the LEB form of polyaniline 

[5]. Between the first (A) and second (B) endothermic peaks, a sudden drop in heat flow 

was clearly observed. The temperature corresponding to halfway between the onset (110.9 

°C) and end (117°C) of the step/glass transition region represents the glass transition 

temperature (Tg) which is ~ 110 °C. This value is less than the reported Tg for annealed 

PAni (LEB) of 220 ° C [27], presumably due to solvent/nonsolvent remaining in the fibre 

after the drying process used in this study. The solvent/nonsolvent mixture acts as a 

plasticiser during the stretching process and reduces the Tg of the polymer compared with 

the completely dry polymer [5].   

  In general, SWNTs increase Tg [28-30]. However, the effect of SWNTs on PAni/SWNT 

fibres was dominated by the influence of residual solvent/nonsolvent. As a result, the 

composite fibres containing different amounts of SWNTs were thermally stretched in a 

range of temperature similar to that used for neat PAni fibres. 

4.3.6.  Thermal stretching 

  The SEM micrographs presented in Figure 4.14 show the cross sectional morphology of 

the PAni/SWNT s with varying SWNT content following thermal stretching process. For 

solid fibres the nanotube content is described with respect to the weight of initial PAni (2 

g). Thermal stretching created a considerable plastic flow in the PAni/SWNT composite 

fibres which reduced fibre diameter and porosity compared to when thermal stretching of 

fibres was not used (Figure  4.12.)  



 
CHAPTER FOUR                                      PAni(LEB)/ SWNT  composite fibre 

 104

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure  4.14. SEM micrographs of PAni/SWNTs fibres after thermal stretching containing 

(a) 0.0 %, (b) 0.5 %, (c) 1.0 % and (d) 2.0 % (w/w) SWNTs with respect to 

PAni 

  Table 4.6 shows that fibre diameters were reduced to between 85 -100 µm (compared to 

~ 210 µm in spun fibres) and the bulk densities were increased to between ~ 0.9-1.1 g/cm3 

(compared to ~ 0.7-1.0 g/cm3 for as spun fibre) 

 

(d) 

(a) (b) 

(c) 
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Table  4.6. The typical diameters, deniers and densities of thermally stretched 2x drawn 

PAni/SWNT fibre containing different amounts of SWNTs 

 

4.3.7. Mechanical properties of thermally stretched PAni/SWNT fibres 

  The effect of SWNTs loading on the mechanical properties of composite PAni/SWNT 

fibres (2 X drawn) was investigated. Results of tensile stress-strain testing are shown in 

Figure 4.15. For undoped PAni, the addition of 2 % w/w SWNTs increased the yield 

stress by 100 %, tensile stress (δb) by 50 %, and Young’s Modulus (E) by more than 200 

%. A 30 % decrease in elongation at break (εb) was also observed. The data from the 

tensile testing of undoped PAni/SWNT fibres with varying SWNTs content summaraised 

in Table 4.7. A common unit for reporting mechanical properties is the “gram per denier” 

(gpd) as defined in Chapter 3. The data in Table 4.7 has been converted to gpd using 

formula 3.15. After acid doping of PAni/SWNTs fibers with MSA (1 M) solution for a 24 

hrs a 40 % decrease in the Young’s modulus and a 25% decrease in tensile strength were 

observed for the fibre containing 2% w/w SWNTs. In comparison much higher decrease 

of 50% in Young’s modulus and a 70 % in tensile strength occurred upon acid doping of 

neat PAni fibres.  

% w/w  

SWNT 

Denier 

 

Diameter(µm) ρ(g/cm3) 

0 65 ± 10 100 ± 10 0.91 ± 0.15 

0.5 55 ± 15 85 ± 5 1.0  ± 0.10 

1 70 ± 10 95 ± 5 1.1 ±0.10 

2 60 ± 10 100 ± 5 1.0 ± 0.10 
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Figure  4.15. Stress strain curves of PAni/SWNTs composite fibres with varying SWNTs 

content, before doping ( thick lines) and after doping for 24 hrs in MSA(thin 

lines). (a,a')Neat PAni, (b,b') PAni/SWNT (0.5 % w/w) (c,c') PAni/SWNT 

(1.0 % w/w) (d,d') PAni/SWNT( 2.0 % w/w). 

  Presumably, the reduction in modulus and strength of fibres after acid doping was related 

to the introduction of charge and counter ions on the polymer in addition to the swelling 

that occurs during doping where by the swelling reduces the effective weight or volume 

fraction of the nanotubes. The smaller decreases in modulus and strength for composite 

PAni/SWNT fibres compared to neat PAni fibre further illustrates the efficient 

reinforcement produced by the SWNTs. Table 4.8 summarises the tensile testing data of 

PAni/SWNT fibres with varying SWNTs content after acid doping using MSA solution 

for 24 hrs.  
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Table  4.7. Influence of SWNTs loading on mechanical properties of PAni/SWNTs fibres 

before  acid doping 

 

 
Table  4.8. Influence of SWNTs loading on mechanical properties of PAni/SWNT fibres 

after doping with MSA for 24 hr 

  

   As described above, thermal stretching improves the properties of PAni/SWNT fibres by 

collapsing the voids, producing lower porosity and alignment of polymer chain. The SEM 

images of the fracture surface of neat PAni fibre and PAni/SWNT (2 % w/w) further 

confirms the low porosity of the thermally stretched fibres (Figure 4.16). Since the 

porosity of PAni/SWNT fibres appears to be independent of SWNT content, other factors 

σy=0.2  δb  E  % w/w 
SWNTs  (MPa) gpd (MPa) gpd GPa gpd 

 
εb (%) 

0 120 ± 27 1.5 168 ± 45 2.1 6.6 ± 0.4 82 
 

3.1 ± 1.5 

0.5 195 ± 5 2.1 198 ± 20 2.4 10.5 ± 1.8 111 2.1 ± 0.3 

1.0 230 ± 15 2.4 236 ± 25 2.4 13.8 ± 2.7 142 
 

2.1 ± 0.6 

2.0 250 ± 38 2.6 260 ± 33 2.75 17.2 ± 1.3 183 
 

2.2 ± 0.5 

σy=0.2  δb  E  % w/w  

SWNTs  (MPa) gpd (MPa) gpd (GPa) gpd 
 

εb (%) 

0 35 ±  8 0.434 45 ± 10 0.56 3.5 ± 0.5 25 4.6 ± 1.0 

0.5 110 ±  7 1.155 138 ± 17 1.7 7.0 ±1.8 93 3.1 ± 0.3 

1.0 145 ± 15 1.4935 145 ± 20 1.6 9.4 ± 2.5 97 2.7 ± 0.5 

2.0 165 ± 25 1.749 197 ± 30 2.1 10.5 ±1.7 112 2.8 ± 0.5 
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must explain the significant improvement in mechanical properties when SWNT are 

added to the PAni matrix. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure  4.16. SEM images showing a typical cross sectional surface of (a) neat PAni (b) 

PAni/ SWNT (2.0 % w/w).  

  Improvement in the mechanical properties of polymers reinforced with SWNTs has been 

observed previously in several studies. Cadek and colleagues [29, 31] found that Young’s 

Modulus increased by a factor of 1.8 at 1 % w/w SWNTs in poly vinyl alcohol (PVA). 

Such behavior has also been observed in the case of composite fibres such as the 50%  

improvement in elastic modulus of poly(p-phenylene benzobisoxazole)(PBO) reinforced 

with SWNT  (10 % w/w)  when compared to neat PBO [32], and increases in the tensile 

strength and elastic modulus by factors of 1.5 and 1.7 respectively by addition of 5 % w/w 

SWNTs to polyacrylonitrile (PAN) [33]. In the present study, the modulus of PAni fibres 

was observed to increase by a factor of ~ 2.5 with he addition of 2 .0 % w/w SWNTs 

which is significant when compared to previous studies of polymer composites with low 

(a) (b)
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SWNT content [29, 31].Theoretical basis for the improved mechanical properties of 

SWNT-reinforced PAni fibres is discussed below. 

 According to the Krenchel’s rule of mixture, the elastic modulus of composites 

containing short length fillers can be represented as a function of the elastic modulus and 

volume fraction of constituents  [34]: 

 

PNTNTeffNTC EEE )1( νν −+=  

 

  Where, EC and Ep are the elastic modulus of composite and polymer matrix respectively. 

EeffNT is the effective modulus of elasticity of nanotubes and υNT is the volume fraction of 

nanotubes. The value of υNT can be obtained from the weight fraction of nanotubes (ωNT) 

and densities of the nanotube and polyaniline fibres. These values are 1.3 [35] and ~0.9-

1.0 (the calculated amount in previous section), respectively. According to the data given 

in Table 4.9 for the elastic modulus of the composite fibres and the volume fraction of 

nanotubes in the composite, the effective elastic modulus of nanotubes can be calculated 

based on equation (4.2). The effective elastic modulus of SWNTs (EeffNTs) decreases from 

970 GPa in the composite containing 0.5 % w/w to 641GPa in the composite with 2 % 

w/w SWNT loading before doping. The EeffNT similarly decreases in nearly a similar 

fashion after doping. The weight and volume fraction after doping were calculated based 

on the weight of polymer and dopant (assuming 2 units of MSA- dopant for every 4  

aniline units within PAni). 

Equation  4-2 
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Table  4.9. The effective elastic modulus of SWNT bundles embedded in undoped and 

doped PAni matrix  

 

   

 

 

 

 

 

The Young’s modulus of an individual SWNT varies in the range of 1.5  to  ~5 TPa [36-

38]. The effective SWNT modulus is lower than the ideal value because of the non-perfect 

orientation and bundling of the nanotubes along the fibre axis, which allows for inter-tube 

slippage[39].  The decreased effective modulus of SWNTs (Table  4.9) observed at higher 

SWNT content in the PAni/SWNT composite fibres suggests that the bundle size of 

SWNTs  increases. 

   The mechanical properties of PAni/SWNT composite fibres reported in this study 

exceed those reported previously for neat PAni fibres[25].  The tensile strength of fibres 

produced from PAni (LEB) after doping [27] or PAni/AMPSA [25] are in the range of 95-

169 MPa.  For the PAni/SWNT fibres containing 2 % w/w SWNTs prepared in this study, 

,the tensile strengths were 260 MPa (before doping) and 197 MPa (after doping). 

Moreover, the Young’s Modulus of PAni/SWNT fibres was 17 GPa, much higher than 

PAni fibres produced in previous studies (2-7 GPa) [25, 27]. 

ωNT υNT EC (GPa) E eff NTs (GPa) 

before 

doping 

after 

doping 

before 

doping

after 

doping

before 

doping

after 

doping 

before 

doping 

after 

doping

0.0 0.0 0 0 6.6 3.5 -------- -------- 

0.5 0.4 0.004 0.003 10.5 7 970 1000 

1.0 0.8 0.008 0.007 13.8 9.5 880 860 

2.0 1.7 0.016 0.014 17 10.5 640 520 
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4.3.8. Flexibility of PAni/SWNT composite fibres 

  Flexibility is a prerequisite for the practical applications of fibres in the textile industry. 

The previous section showd that PAni/SWNTs composite fibres show improved tensile 

strength and elastic modulus, however also show low strain and little plastic deformation. 

Pure flexibility is a major obstacle in preparing twisted fibres and fibre bundles. The 

SEMs of PAni/SWNTs fibres with varying SWNT content in  Figure  4.17 demonstrate the 

limited tolerance of composite fibres compared with neat PAni fibre under the flexural 

load applied by a simple knot.  

                                     
 
 
 
 
 

 

 

 

 

 

 

 

Figure  4.17. SEMs of PAni/SWNTs  composite fibres under flexural load with SWNTs of  

(a) 0.0 % w/w (b) 0.5 % w/w(c) 1.0 % w/w (d) 2.0 % w/w 

(a) 

(d) (c) 

(b) 



 
CHAPTER FOUR                                      PAni(LEB)/ SWNT  composite fibre 

 112

4.3.9.    Raman spectroscopy of PAni/SWNTs composite fibres 

The interaction between PAni and SWNTs within PAni/SWNTs composite fibres before 

doping was investigated using Raman Spectroscopy (Figure 4.18).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.18. Enhanced Raman Spectra (before doping) of (a) neat SWNTs, (e) neat PAni 

and PAni/SWNTs fibres with varying SWNT content (b) 0.5 %w/w (c) 1.0% 

w/w, (d) 2.0% w/w  (λexc=632.8). 

  PAni Raman bands attributed to the quinoid ring (refer to Chapter 2) in the LEB state is 

fully reduced and should not be observed. However, LEB is a very unstable oxidation 

state and tends to switch to the emeraldine base (EB) form when the spinning solution is 

exposed to the atmosphere as evidenced visually by the appearance of the blue color. This 
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was confirmed in the Raman spectrum of neat PAni (Figure 4.18-e) which showed peak at 

1162 cm-1 and 1472 cm-1 due to quinoid ring. Raman bands that may be observed for PAni 

are summarised in Table 4.10. The bands observed at 1162 cm-1and 1472 cm-1 are 

attributed to  C-H stretching and  C=N stretching of the quinoid ring, respectively. The 

presence of the benzoid ring results in bands at 1592 cm-1 corresponding to C=C 

stretching and 1218 cm-1 attributed to C-N stretching [40-42].  

Table  4.10. Assignment of enhanced Raman spectra bands  

 

 

 

 

 

 

 

 

 

 

 

 

  When SWNTs were introduced into the PAni matrix the Raman spectra changed 

significantly. A decrease in intensity of the 1472 cm-1 band (C=N stretching of quinoid 

ring) and an shift of the 1162 cm-1 band (C-H stretching of quinoid ring)  to 1172 cm-1 

band (C-H stretching of benzoid ring) were obvious(Figure 4.18(b-d)). It has been shown 

 
 Raman shift(cm-1 ) 
 

 
Assignment 

 
  
1654, 1397 

  1592 

 1512 

 1472 

 1337 

 1218 

 1162 

 1173 

 
Ooxidised or deprotonated PAni segment  

C-C stretching of Benzoid ring  

N-H bending of bipolaronic structure 

C=N stretching of quinod ring 

C-N.+ stretching of bipolaron structure 

C-N  stretching of Benzoid ring  

C-H stretching of  quinoid ring 

C-H stretching of  benzoid ring 



 
CHAPTER FOUR                                      PAni(LEB)/ SWNT  composite fibre 

 114

that a decrease in the intensity of peaks assigned to the quinoid ring provides strong 

evidence for site selective interaction between the quinoid ring of PAni and SWNTs [43].  

In fact, the л-bonded surface of SWNTs might interact strongly with conjugated structure 

of PAni especially through the quinoid ring.  In fact, aromatic structures tend to interact 

with the plane of graphite surface via л- л* interaction [44] and such a π stacking 

interaction between PAni and SWNTs may likely be here. Schematic in Figure  4.19 

illustrates the likely interaction between PAni and SWNTs, although the exact mechanism 

of doping isnot flly understood. It is possible that functionliztion of nanotubes during 

sonication provides the counter ion for the partially doped PAni 
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Figure  4.19. The schematic illustrating the interaction of SWNTs with PAni through the 

quinoid rings of latter.   

   It is worth noting that the up shift of the 1162 cm-1 band to 1172 cm-1  with increasing 

amounts of SWNTs  indicated a transition towards the salt structure in the polymer [40-

42]. In addition, the band at 1334 cm-1 corresponding to C-N.+ stretching of the radical 
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cation,  is a Raman signature attributed to the of salt structure [41, 45] that was observed 

to grow in intensity  with increasing SWNT content. Therefore, in the case of PAni/ 

SWNT fibres before doping, SWNTs play the role of a doping agent [44, 46], partially 

changing the base form of  PAni to the salt form. The SWNTs appear to act as radical 

anion fragments interacting with positive charges induced on the PAni chain [44]. The 

emergence of bands at 1397 cm-1 and 1665 cm-1 in Figure  4.18  have not been reported in 

previous work on PAni/SWNT composites, presumably due to differences in the methods 

used for the processing of fibres ( e.g. coagulation, thermal stretching).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.20. Enhanced Raman Spectra(after doping in MSA solution for 24 hrs following 

by drying at 100 °C) of (a) neat SWNTs (e) neat PAni and PAni/SWNTs 

with varying SWNTs content (b) 0.5 % w/w,  (c) 1.0 % w/w, (d) 2.0 % w/w  
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   In regards to chemically doped PAni Colomban and coworkers [47] found that fibres of 

PAni Emeraldine salt (ES)-camphor sulphonic acid (CSA) and ES PAni doped with HCl 

have bands at 1390 cm-1and 1650 cm-1  upon red light (647.1nm) excitation. 

   The 1650 cm-1 band was assigned to the C=C stretching mode of the quinoid ring of a 

deprotonated PAni chain segment. In other studies [48, 49],  the bands at 1397 cm-1, and 

1654 cm-1  appeared  in the Raman spectra of doped PAni that had been heated in air. 

However, these bands  were not observed  in the spectrum  of the PAni that had been 

sealed in  a vacuum  and heated, suggesting that  these features came from a structure 

produced  through oxidation  of the polymer matrix resulted in  a cross linked network 

[49]. The enhancement of peaks at 1397 cm-1 and 1654 cm-1 in PAni/SWNT fibres before 

doping Figure  4.18, therefore, can be firstly considered as evidence for the doping of  

PAni by SWNTs (similar spectra to those observed for ES form of PAni). Secondly, it 

suggests that SWNT to increase the possibility for the formation of a cross linked 

structure. The Raman spectra of PAni (ES) with and without SWNTs (Figure  4.20) are 

very similar except in the bands related to the interaction of PAni and SWNTs namely the 

decrease in intensity of the band at 1475 cm-1 and the shift of the peak at 1168 cm-1 to 

1173 cm-1). The prescribed peaks for PAni/SWNT fibre before doping increased in 

intensity after acid doping. 

4.3.10.   Electrical properties of PAni/SWNTs fibres 

  The potential interaction between highly delocalised π-electrons of SWNTs and the π-

electrons of the polymer backbone of PAni increases the effective electron delocalisation 

and as a consequence may improve the conductivity of the host polymer. Specifically the 

enhancement of the 1337 cm-1 band before doping of PAni (Figure 4.18) corresponded to 
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the C-N.+ stretching of the bipolaron structure, thereby forming a conductive way.  

Therefore the doping and interconnectivity of SWNTs may contribute to the formation of 

a conductive pathway in the PAni/SWNT composite before acid doping. The following 

section consider the electrical properties of the PAni/SWNTs composite fibres before and 

after acid doping. 

4.3.10.1. Electrical properties of PAni/SWNTs fibres before acid doping  

  One of the great advantages of SWNTs over other conducting fillers is low critical 

concentration (known as percolation threshold [50]) required to achieve interconnection 

between filler particles. For instance, for carbon black a loading level of ~ 25 % w/w is 

required to achieve sufficient electrical conductivity in typical solution or melt-based 

system [51, 52]. Replacing carbon black with SWNTs leads to a significant lowering of 

the  percolation threshold so that loading level of only  0.5 % w/w  or less is sufficient for 

percolation to occur [53]. 

  Four point probe electrical conductivities of 2x thermally stretched PAni fibres 

containing varying SWNTs contents before doping are shown in Figure  4.22. The fibre 

containing 2 % w/w SWNTs showed a 4 orders of magnitude increase in conductivity 

over undoped neat PAni fibre. The percolation behavior of a conductive filler can be used 

to correlate the conductivity of a composite to the critical concentration of filler at 

percolation threshold based on a power law regime[54].  

( )S
c0 ωωσσ −=                                                               Equation  4-3 

Where σ is the electrical conductivity, ω is the SWNTs mass fraction, ωc is the critical 

weight percentage at percolation threshold of the electrical conductivity and S is the 
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critical exponent.  Data given in Figure  4.21 was fitted on Equation 4.3 and result was 

presented in Figure  4.22. It has been found that mass fraction of around 0.4 % w/w 

SWNTs was required to reach the percolation threshold for PAni/SWNTs composite 

fibres. This comparatively low amount is in good agreement with other polymer-

conductive filler system that have shown a percolation threshold of 0.5 % w/w [55]. 
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Figure  4.21. The percolative behavior of SWNTs as filler in PAni matrix  before doping 
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Figure  4.22.  The Log-Log plot of conductivity vs reduced weight fraction of SWNTs. 
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 The percolation threshold calculation above was confirmed by the enhancement of the 

Raman band at 1336 cm-1 for PAni containing SWNTs before doping (Figure  4.18), which 

was assigned to the bipolaronic electronic structure. In addition to Raman spectroscopy 

evidence, electron paramagnetic resonance (EPR) spectroscopy revealed that the addition 

of SWNT to PAni increased the concentration of free radicals responsible for charge 

transport. Figure  4.23 shows the ESP spectra of PAni (LEB)/SWNT fibres containing 

varying amounts of SWNTs before doping. The ESR signal increased from zero for neat 

PAni fibres to higher levels with the addition of more SWNTs. 
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Figure  4.23.The EPR spectra of PAni/SWNTs composite fibres before doping containing 

varying amounts of SWNTs. (a) 0.0 % w/w (b)0.5 % w/w, (c) 1.0 % w/w and 

(d) 2.0 % w/w 
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4.3.10.2. Electrical properties of PAni/SWNTs fibres after acid doping  

  Electrical conductivity of the PAni/SWNT composite fibres was measured after acid 

doping and following two different drying procedures (Table  4.11). After acid doping, 

fibre samples were dried initially at room temperature and at 100 °C. After drying at room 

temperature, the conductivity of PAni/SWNT fibres containing 2.0 w/w % SWNTs 

showed a 30 % increase relative to neat PAni fibres. In samples dried at room temperature 

the conductivity was probably dominated by the host doped PAni matrix. However, after 

drying at 100 °C, It was likely that the low molecular weight dopant MSA was removed 

by evaporation and that conductivity was mostly dominated by the presence of SWNTs. 

After drying at 100 °C, the conductivity of neat PAni was quite low (~1 S/cm) while the 

conductivity was increased 30 times upon addition of 2.0 % w/w SWNT.  The low 

conductivity of neat PAni fibre after drying at 100 C can be attributed to deprotonation of 

the PAni segments through evaporation of the small dopants. The improvement of 

conductivity in PAni composites containing SWNTs could be attributed to the formation 

of a percolating network of SWNTs. 

Table  4.11. Influence of drying temperature on four point probe conductivity of 2x 

PAni/SWNTs fibres (2X) with varying SWNT content after acid doping 

 

 

 

 

 

     Conductivity (S/cm)  % w/w 

SWNTs/PAni Dried  at 25°C Dried at 100°C 

0 96 ± 18 1.2 ± 0.4 

0.5 120 ± 20 6.2 ±1.4 

1.0 122 ±17.5 24.7 ± 6.3 

2.0 128 ± 25 32.4 ± 3.7 
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Reported conductivities for 2x thermally stretched PAni (LEB) fibre [27] are ~150 S/cm 

after doping with HCl(1M) which is comparable to data obtained in this study. 

The details of fibre processing are not completely clear in previous study [28], however, 

differences observed may be related to differences in the spinning process, measurement 

technique and /or treatment of the fibres after doping. Although the PAni (LEB)/ SWNT  

fibres produced in this study do not show appreciable advantage in conductivity compared 

with PAni(LEB) fibres reported in the literature, but they do show higher mechanical 

strength ( δb=200 MPa vs 160 MPa in [28] and E=10.5 GPa compared with 7 GPa in [28]) 

due to mainly to the inclusion of SWNTs. 

4.3.11.  Cyclic voltammetry of PAni/SWNTs composite fibres 
 

  Cyclic voltammetry (CV) was carried out on PAni/SWNTs composite fibres as part of 

the mechanical actuator testing (refer Chapter 8). The resistive nature of the fibres meant 

that poorly resolved CVs were obtained (not shown) since the applied potential decreased 

with distance from the point electrical contact. To improve the conductivity of fibres, very 

thin Pt layer was coated onto the fibres. Much improved CVs were obtained with the Pt 

covered fibres. Degradation and over oxidation of PAni occurs beyond 0.6 V after several 

cycle. However it is possible to observe the influence of nanotubes during first few cycles  

in the potential range of (-0.2)-(+1) V. In this range of the potential redox process  cycles  

the PAni between the LEB ES PB oxidation states. 

    The influence of SWNTs on the electroactivity of Pt covered PAni fibres in 1M HCl 

aqueous solution is illustrated in Figure  4.24. It can be clearly seen that the addition of 

SWNTs enhanced the amplitude of the redox peaks, indicating a higher electroactivity 
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compared to neat PAni fibres. Peak potentials also shifted with the addition of SWNTs 

which can be attributed to interaction between PAni and SWNTs. According to the 

literature [56] the ratio between the amine and imine content can be determined by the 

applied electrochemical potential. At low potential (~ + 0.1 volt) the imine concentration 

is low (Leucoemeraldine) and gradually increases to 50 % (emeraldine) at medium 

potential (~ +0.4 V) and then approach to 100% (nigraniline) at higher potential (~ +0.7 

V) . Three oxidation peaks at +0.10 V, +0.42 V and 0.70 V were observed for samples 

containing SWNTs. Reduction peaks corresponding to the oxidation peaks at +0.42 V and 

+0.70 V were incorporated in a broad peak that composed of two unresolved peaks at 

+0.54 V and +0.22 V. The  oxidation peak at +0.10 V showed no obvious reverse cathodic 

peak. In contrast, two non resolved oxidation peaks at +0.06 V and +0.64 V and one broad 

reduction peak at 0.46 V were observed in the CV of neat PAni fibre. Upon comparison of 

the peak potentials in Figure  4.24 it was revealed that addition of SWNTs to PAni results 

in easier electrochemical switching between leucoemeraldine, emeraldine and 

pernegraniline oxidation states compared to neat PAni.  The more facile  switching 

between oxidation states may be attributed to the interaction of the large π bonded  surface 

of  SWNTs  with the conjugated structure of PAni via π stacking [57, 58] (see Figure 

 4.19). This increases the extent of electron delocalisation and results in improved charge 

transfer along the fibre axis. In addition the sharper electrochemical redox peaks in 

polyaniline fiber containing SWNT may be attributed to faster diffusion of ions through 

the fiber electrode. Ion diffusion in solid electrode is a complicated mass transfer process 

through porous media. Regarding to this, fiber density, skin quality and porosity should 

influence the ion diffusion rates. At the sub-micron scale the SEM observation from skin 
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and cross section ( Fig 4.16) did not show any significant difference between porosity of 

PAni fibers with and without nanotubes. Therefore, sharper redox peak in polyaniline 

fiber containing SWNT may be due to difference in porosity at the nanoscale. 

  

Figure  4.24.  Cyclic voltametry of (a) neat PAni fibre (b) PAni/ SWNTs (2 % w/w) 

composite fibre. Scan rate= 50 mVs-1, electrolyte: 1.0 M HCl (aq) 

4.4. Conclusions 
 

  PAni (LEB)/SWNTs composite fibres were produced using a wet spinning process. 

From a processing point of view, it was shown that the use of DMPU as solvent for PAni 

enables effective dispersion of the pristine SWNTs. This property was used to prepare a 

highly stable spinning solution containing PAni and SWNTs in concentration of 0.5, 1.0, 
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2.0 % w/w. Viscometery measurements results demonstrated a near 4 times increase in the 

viscosity with the addition of SWNTs, which reflected the physical entanglement between 

PAni chains and SWNTs bundles. Spinning solutions containing SWNTs did not show 

any tendency toward gel formation for at least 30 hrs. The rheological characteristics of 

solutions containing 10 % w/w PAni-LEB with up to 2 %w/w SWNTs in DMPU were 

found to be suitable for wet spinning. The fabrication of fibres with low porosities 

required the take up velocity to be limited to 2 m/min, which is quite low compared to 

commercial fibre spinning.  Thermal stretching of the PAni/SWNT composite fibres gave 

fibres without macrovoids.      

   Fibres containing SWNTs showed superior mechanical, electrical and electrochemical 

properties compared with neat PAni fibres. Fibres containing 2.0 % w/w SWNTs 

demonstrated a 100 % increase in yield stress, a 50 % increase in tensile stress, a 240 % 

increase in Young’s modulus (E) and a 30 % decrease in elongation at break compared 

with the neat PAni fibres. The dramatic increase in mechanical strength revealed efficient 

interfacial interaction between PAni and SWNTs. In spite of the superior mechanical 

strength of PAni/SWNT composite fibres, the low flexibility under bending stress is still a 

major disadvantage.  

  PAni/SWNT composite fibres showed higher electrical conductivities compared to neat 

PAni particularly for fibres dried at higher temperature. The conductivity of the PAni 

matrix was much reduced after drying at 100 °C and the SWNTs provided a more 

effective passage for conduction. Best results were obtained using room temperature 

drying. CV of neat PAni fibres and PAni/SWNT fibres containing 2.0 % w/w SWNTs 

(utilising a thin Pt coating for both to improve electrochemical response) revealed better 



 
CHAPTER FOUR                                      PAni(LEB)/ SWNT  composite fibre 

 125

resolved redox peaks for the latter compared to former. The shifts in redox peaks with the 

addition of SWNTs indicated again interfacial interaction between PAni and SWNTs. 

  Major problems encountered here included low spinning rate and solidification rate, low 

flexibility and low conductivity and insufficient charge transfer along the naked fibre. To 

overcome these challenges, a switch toward processing of PAni/SWNTs fibres using 

emeraldine salt form of PAni through a one step process was investigated in the following 

chapter.  
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5.1 Introduction 
 
  In Chapter 4, polymer fibres were readily produced from the insulating leucoemeraldine 

base (LEB) form of Polyaniline (PAni). These fibres were rendered conductive by 

doping using an aqueous acid (methane sulfonic acid) comprised of small anions.  The 

main disadvantage was the adverse influence of the acid doping process on the 

mechanical properties of PAni fibres. Non uniform  doping [1-6] and the possibility of 

dedoping through diffusion of small anions from the outer skin of the fibre [7] may 

causes heterogeneities in the fibre structure. Doping of PAni in solution, however, results 

in more homogenous doping and more uniform materials after subsequent casting [8]. 

Doping of PAni with sulfonic acids yields extended chain conformation, resulting in high 

electronic conductivity [9].  In this regard a number of studies that involve processing of 

PAni solutions blended with sulfonic acids in suitable solvent have been reported [7, 10]. 

The production of the electronically conductive emeraldine salt (ES) form of PAni  fibre  

using 2-acrylamido-2 methyl -1-propane sulfonic acid (AMPSA) as the dopant acid and 

dichloroacteic acid (DCAA) as the solvent  is the latest advance in this area [11].  

  This Chapter describes the preparation of a spinning solution for the processing of 

conductive electroactive PAni-ES/AMPSA/SWNTs composite fibres with high 

spinnability. The properties of spinning solutions and prepared fibres were characterised 

using a range of techniques including DLS, viscometery, UV-Vis-NIR, SEM, TEM, 

DSC, DMA, CV and Raman Spectroscopy. 
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5.2      Experimental 

5.2.1  Materials and Reagents 
  

  PAni was obtained from Santa Fe Science and Technology (SFST) with an average 

molecular weight of 280,000 g/mol.  Dichloroacetic acid (DCAA, Merck, 98 %) and 2-

acrylamido-2-methyl-1-propane sulfonic acid (AMPSA, Aldrich, 99 %) were used 

without any further purification.  Single wall carbon nanotubes (SWNTs, Hipco@CNI) 

were used as purchased and contained 8 % w/w iron residue as determined by elemental 

analysis (refer Chapter 4). The ionic liquid ethyl methyl imidazolium bis (trifluoro 

methane sulfonyl) imide (EMI.TFSI) was synthesised in our laboratories according to 

methods described elsewhere  [12, 13].  

5.2.2  Instrumentation  

  UV-Vis-NIR spectroscopy was carried out using a Cary 5000 spectrophotometer. The 

hydrodynamic diameter of SWNT bundles was measured using dynamic light scattering 

(ZS, Malvern, UK). The viscosity of SWNT dispersions and polymer solutions was 

recorded using a Brookfield viscometer (LV-DV II+) using a DIN spindle of 85 and 87 

as a function of time or shear rate. A fully digital LEO Cambridge / Leica Stereoscan 440 

Scanning Electron Microscope (SEM) with a tungsten filament using 20 kV beam energy 

was used for morphological studies of the composite fibres. Raman spectra were 

obtained using the Jobin Yvon Horiba model HR800 Raman spectrometer and were 

collected with a spectral resolution of 1.5 cm-1 in the backscattering mode, using the 

632.8 nm line of a He/Ne laser.  The electrical conductivity of the composite fibres was 

measured using the four probe method as described in Chapter 3.  More detailed 

description of the other information used in this Chapter follow below. 
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   Dynamic mechanical analysis (DMA) was carried out using a Q-800 instrument 

(Thermal Analysis series). DMA results were under three different experimental modes. 

The strain rate mode was used to collect stress versus strain data equivalent to that 

obtained from a universal testing machine. For creep testing, a finite stress was 

instantaneously applied to the sample and held constant for 10 min. At the end of that 

period, the stress was removed instantaneously and the recovered strain monitored versus 

time. Viscoelastic behavior was characterised using DMA in constant frequency mode 

and the procedure described in Chapter 3. 

  A three electrode electrochemical cylindrical cell (15 mm diameter × 50mm height) 

equipped with a stopper was used for cyclic voltammetry (CV). The cell consisted of a 

fibre measuring 10 mm in length and ~ 50-60 um in diameter as the working electrode, a 

Ag/AgCl or a Ag/Ag+ reference electrode, for aqueous acid or ionic liquid electrolytes, 

respectively and a Pt mesh counter electrode. A constant load was applied to the sample 

to keep it straight.  

  Focused ion beam (FIB) milling has been achieved using a nanomilling (FEI company, 

The Netherlands) instrument model XT-NOVA in the Electron Microscope Unit of 

University of New South Wales. Fibre samples were fixed on a stub using silver paint and 

sputter coated with gold using Dynavac sputter coater. The samples were then placed in a 

vacuum chamber. The instrument equipped with software which comprises a step by step 

procedure known as “TEM Wizard” for preparation of thin film from specific samples. 

FIB milling provides locational precision of ~ 1 µm for preparing Transmission electron 

microscopy (TEM) samples. The following steps were performed to obtain a thin film:      
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1) Starting with sputter coated fibre ( Fig 5.1-a), two crosses were milled on either side 

of working area to enable image recognition and stage drift correction (Figure  5.1-b). 

 

     

Figure  5.1. First step of FIB milling: labeling of working area 

 

2) A 1 µm thick Pt bar( The marked area in Figure 5.2-a), was deposited to protect the 

working area from implantation damage and sputtering before a large beam current (5 

nA) was used to mill sloping trenches (Figure 5.2-b) 

 

     

Figure  5.2. Second step of FIB milling: (a) Pt deposition and (b) milling of sloping 

trenches 

(a) (b) 

(a) (b) 
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3) Beam currents between 1-3 nA were used to reduce the thickness of the TEM lamella 

to 1 µm before the sample was tilted by 45° and cuts made to partially free the lamella 

(Figure  5.3). 

    

Figure  5.3. Third step: reduction of thickness of thin film  

 

4) Lower beam currents were then used (300 & 100 pA) to thin the lamella further and 

finally create a near electron transparent region in the centre. Further thinning of the 

lamella can be performed using beams of lower current and diameter (50 pA or less). 

Finally the lamella is freed by making cuts at the holding edges (Figure 5.4). 

 

      
    

Figure  5.4. Fourth step of FIB milling: (a) Further thinning of the lamella and (b) cutting 

of holding edges  

(a) 

(a) (b) 

(b) 
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5) In the final step, the lamella is transferred to a TEM grid covered with a thin carbon 

film using a micro robot. The lamella is attracted by electrostatic forces and jumped 

onto the  probe.  Electrostatic forces ensured that the lamella adhered to the film 

( Figure  5.5). 

 

 

 

 

 

 

Figure  5.5. Final step of FIB milling: (a) transfer of the thin film on a TEM grid using a 

micro robot (b) Schematic indicating a micro robat machine. 

5.2.3 Characterisation of SWNT dispersions  

5.2.3.1 DCAA versus DMPU as solvent 

  To investigate the effect of solvent, ~ 1mg of SWNTs was dispersed by continuous 

sonication in 10 g of DCAA for 30 min. The resultant dispersions (with and without 

AMPSA) were characterised by UV-Vis-NIR spectroscopy and the result compared with 

spectra obtained from SWNT-DMPU dispersion in section 4.3.2.1. 

5.2.3.2 Influence of AMPSA on degree of SWNT aggregation  

  To demonstrate the effect of AMPSA on the degree of SWNT aggregation, a range 

between, 0.0 - 0.4 g AMPSA was added to a SWNTs-DCAA (0.05 % w/w) mixture. The 

 
(b) (a) 
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resultant dispersions were characterised by dynamic light scattering (DLS) in order to 

illustrate the influence of AMPSA on the stability of SWNTs dispersions. 

5.2.3.3    Ability of DCAA for to disperse higher concentration of SWNTs 

 SWNTs were sonicated in 20 g DCAA containing 0.4 g AMPSA for 30 min at 25 °C to 

produce  dispersions with 0.03, 0.045, 0.06 and 0.09 % w/w SWNTs content  regarding to 

the weight of solvent. Dynamic light scattering and viscometery were employed to 

characterise the resultant SWNTs dispersions. 

5.2.4 Preparation of composite spinning solutions 

 
A range of AMPSA and PAni concentrations were investigated in order to find the 

minimum amount of PAni needed for successful wet spinning (Table  5.1).  

Table  5.1. Range of PAni and AMPSA contents used to prepare PAni-ES/AMPSA 

solutions in DCAA for fibre spinning. 20 g of DCAA was used for each. 

 

 A two stage procedure was used to prepare the PAni spinning solutions. In all cases, the 

molar ratio of PAni (EB) to AMPSA was maintained at 1:0.6. This amount of AMPSA 

was in slight molar excess to ensure full protonation of the PAni (EB) to PAni-ES/AMPS 

(2-acrylamido-2-methyl-1-propane sulfonate). Four different solutions were prepared 

sample PAni 
(g) 

AMPSA 
(g) 

PAni:AMPSA 
(mole ratio) 

% w/w  
PAni-ES/ AMPSA in 

DCAA 
S1 0.4 0.52 1:0.6 4.6 

S2 0.6 0.82 1:0.6 7.0 

S3 0.8 1.09 1:0.6 9.5 

S4 1.0 1.37 1:0.6 11.5 
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(designated S1-S4 in Table 5.1) with each having different PAni-ES/AMPSA content in 

the DCAA solvent. In each case, AMPSA was ground with PAN (EB) (0.4-1.0 g) to 

produce a grey powder. The resultant PAni-ES/AMPSA powder was added to a 

previously prepared solution of AMPSA in DCAA by continuous stirring over a period 

of 30 min at 40 RPM and 10 °C under a N2 atmosphere. The spinning solution was 

stirred for another 30 min at 2000 rpm and at 5 °C. Bubbles formed in the viscous 

solution were removed using a dynamic vacuum over a 1 hour period.  

  Each solution containing different amount of SWNTs were prepared, firstly by 

sonication of AMPSA (0.4 g) in DCAA (20 g). The same procedure was used to prepare 

the PAni-ES/AMPSA/SWNT dispersions in DCAA. The SWNTs (6-18 mg) were 

sonicated in a AMPSA-DCAA solution for 30 min. Next the ground PAni-ES/AMPSA 

powder was added and the process continued as described above. The weight percent of 

SWNTs in spinning solutions and in final fibres (whole solvent extracted or evaporated) 

are given in Table 5.2. 

 Table  5.2. Amount of PAni (EB), AMPSA and SWNTs used for the preparation of 

PAni-ES/AMPS/SWNTs spinning solution (each solution made up in 20 g 

DCAA solvent. 

SWNT 
(mg) 

PANi-EB 
(g) 

AMPSA 
(g) 

%(w/w) of 
SWNT in 

spinning solution 

%(w/w) of 
SWNT in 
final fibre 

0 1 1.37 0.000 0.00 

6 1 1.37 0.030 0.25 

9 1 1.37 0.045 0.38 

12 1 1.37 0.060 0.50 

18 1 1.37 0.090 0.76 
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 The weight percent of SWNTs in the final fibre were calculated with respect to the total 

mass of PAni and AMPSA present. Only the S4 solution was used to prepare such 

composite fibres.  

5.2.5  The fibre spinning process 
 
 Viscous bubble free spinning solutions are transferred to a N2 pressure vessel to drive 

the spinning solution through a filter (200µm, Millipore) then through a single hole 

spinneret with L/D = 4 and D = 250 µm, and finally to an acetone coagulation bath at 

room temperature. It has been shown that acetone is the most useful coagulant material 

for PAni in the ES oxidation state and can produce smoothly cylindrical and dense fibres  

with high solidification rates even when using low viscosity spinning solutions (~ 3000 

cP) [11]. Fast coagulation results in skin formation in shorter coagulation bath residence 

time and as a result, a higher take up velocity can be employed. A higher take-up 

velocity is desirable in that if usually improve the mechanical properties of  the fibre due 

to a higher orientation of  the polymer chains [25]. As a consequence of those previous 

findings, acetone was used in the coagulation for all fibre spinning investigations that 

follow. The N2 pressure was adjusted to 50 - 125 psi to fix the injection rate for the 

spinning dopes having different rheological properties. In the coagulation bath, the 

solution solidified and the emerging fibre was taken up on the first bobbin (D= 2.5 cm) 

with a linear velocity of 3 m/min. The semi-solid fibre was then passed through warm air 

created above a hot plate and was collected at a linear velocity of 6 m/min on a second 

bobbin (D = 5 cm). Fibres were dried at room temperature at least for 30 min Prior to hot 

drawing process. The drawing process involved stretching as-spun fibres 5 times of 

initial length, across a soldering iron wrapped with Teflon tape and heated to 100 ºC.  
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The thermally stretched fibres were dried in room temperature for 48 hrs before 

characterisation. 

5.3  Results and discussion 
 
   In regards to reinforcing of PAni with SWNTs, it is first necessary to achieve a 

homogenous dispersion within PAni matrix at weight fractions sufficient enough to 

allow the percolation threshold to be exceeded. In this regard, a solvent system capable 

of stabilising SWNTs and dissolving the PAni is required. Thus, the first subsection of 

results considers Investigation. Beyond this the following  considers the characterisation 

of spinning solutions before focusing mainly on the preparation and characterisation of 

wet spun PAni(ES)-AMPSA/SWNT composite fibres. 

5.3.1  SWNTs dispersions 

5.3.1.1   UV-Vis– NIR spectroscopy of SWNT dispersions 

UV-Vis-NIR of SWNT dispersions in DCAA with or without AMPSA when compared to 

those in DMPU, showed less pronounced absorption bands suggesting a lower 

disspersability of SWNTs in DCAA compared to DMPU (Figure  5.6). 

  The sharper absorption band of SWNTs dispersion in DMPU compared to DCA may 

also attributed to the longer sonication time (2 hrs) in DMPU compared to DCAA (30 

min). The use of a 30 min sonication time for SWNTs in DCAA here is discussed in 

section 5.3.1.3. The origin of labeled peaks was described in section 4.3.2.1. 
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Figure  5.6. UV-Vis NIR spectra of SWNT (0.01 % w/w) in (a) DCAA after 30 min 

sonication (b) DCAA-AMPSA (2 % w/w) after 30 min sonication and (c) 

DMPU after 2 hrs sonication 

5.3.1.2 Influence of AMPSA on degree of SWNT aggregation in DCAA  

 
  The combination of DCAA and AMPSA results in an efficient solvent for the 

dissolution of PAni in the salt form. The hydrodynamic diameter distribution for a 

SWNT- DCAA (0.05 % w/w) solution containing 0 % w/w- 2 %w/w AMPSA was 

determined (Figure  5.7) using the dynamic light scattering technique and results 

illustrated in Figure 5.7. 
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Figure  5.7. Influence of AMPSA concentration (% w/w) in DCAA on hydrodynamic 

diameter distribution of SWNT dispersions (0.05 % w/w). ( ) 0 % w/w 

( )1 % w/w ( ) 2 % w/w. The results were obtained 30 min after samples 

preparation. 

  SWNT dispersions that contained AMPSA showed lower hydrodynamic diameters 

compared with the neat SWNTs dispersion in DCAA without AMPSA. In addition, the 

presence of more AMPSA increasing the concentration from 1 % w/w to 2 % w/w led to a 

smaller hydrodynamic diameter for SWNT dispersions. This smaller hydrodynamic 

diameter may reflect the effect of AMPSA in efficiently exfoliating of SWNT by 

overcoming the Van Der Waals forces between SWNTs. It is shown that the sonication of 

SWNTs in strong acidic solution oxidises [14] the surface of nanotubes and facilitates the 

dispersion process. It has also been found that the addition of AMPSA to DCAA assists in 

preventing sedimentation or aggregation of SWNTs dispersions over a short period of 

time (Figure  5.8).   
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Figure  5.8. Hydrodynamic diameter of SWNTs (0.05 % w/w ) in DCAA with ( ) and 

without ( ) AMPSA (2 % w/w). Hydrodynamic diameters immediately 

after sonication are indicated by the filled symbols; while those measured 60 

min after sonication was stopped are indicated by the unfilled symbols. 

  The higher stability of SWNTs after the addition of AMPSA can be attributed to  the 

affinity of the alkyl chain groups to adsorb on SWNTs surface and simultaneous 

accommodation of the SO3
-  group [15]. This adsorption increases the charge on the 

surface of the tubes and consequently, generates electrostatic repulsion of SO3
- group on 

neighboring tubes [16, 17] thus prevents aggregation. The superior dispersing capability 

of surfactants containing SO3
- can be explained in terms of graphite-surfactant interactions, 

alkyl chain length, head group size, and charge [17]. 

5.3.1.3 Effect of sonication time on SWNTs agglomeration in DCAA 

  The dimensions of SWNTs and the homogeneity of dispersions containing them can be 

controlled through sonication.  Determining of the minimum sonication time required to 
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obtain a homogenous dispersions is beneficial for maintaining the length of SWNTs 

bundles and, as a consequence, optimising mechanical and electrical properties. Zakri 

and co-workers [18]  showed that  increasing the sonication time significantly reduces 

the length of nanotubes and the conductivity of SWNT fibres. It has also been shown that 

the aspect ratio of nanotubes has a considerable impact on tensile strength of composites 

containing them [19] highlighting the importance of determining minimum sonication 

time. The homogeneity of SWNT dispersions was detected by viscometery. It was 

observed that the viscosity of a SWNTs/AMPSA/DCAA dispersion containing 0.06 % 

w/w SWNTs and 2 % w/w AMPSA fluctuates undesirably when a sonication time of less 

than 30 min was used (Figure  5.9). Therefore, a sonication time of 30 min was selected 

for further experiments using SWNTs dispersions in AMPSA/DCAA.  
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Figure  5.9. Influence of sonication time on homogeneity of SWNTs dispersion as gauged 

by fluctuation of viscosity versus shear rate. The dispersion contained 0.060 

% w/w SWNT and 2 % w/w AMPSA relative to the DCAA solvent. 
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In addition to the viscometery measurements in Figure 5.9, the variation in average 

hydrodynamic diameter was observed to stabilise after 30 min sonication time compared 

with 10 min sonication time (Figure  5.10). These results confirmed that 30 min sonication 

can be sufficient for dispersing SWNTs in AMPSA-DCAA. 
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Figure  5.10. Average hydrodynamic diameter of SWNT dispersions for 5 repetitive 

experiments using either 10 min or 30 min sonication time. The dispersion 

contained 0.060 % w/w SWNT and 2 %w/w AMPSA relative to the DCAA 

solvent                                    

5.3.1.4  Effect of SWNT concentration on aggregation of SWNTs in DCAA 

  The hydrodynamic diameter of SWNTs dispersions in DCAA containing 2 % w/w  and 

0.030, 0.045, 0.06 or 0.09 % w/w SWNTs are shown in Figure 5.11. For dispersions 

containing 0.030, 0.045 and 0.060 % (w/w) SWNTs, hydrodynamic diameters  ranged 

between 10-30 nm. However for the 0.090 % w/w dispersion, the hydrodynamic 
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diameter of SWNTs was between 100 nm and 1000 nm. Addition of SWNTs greater than 

0.09 % w/w gave agglomerated lumps of unexfoliated SWNTs that were observed by the 

naked eye. The measurement of the size of these particles was not possible using the zeta 

sizer due to multiple scattering. From these finding, a SWNTs concentration of ≤ 0.09 % 

w/w was used for fibre spinning experiments. 
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Figure  5.11. Influence of SWNTs concentration in DCAA/AMPSA solution on 

hydrodynamic diameter ( ) 0.030 %w/w ( ) 0.045 %w/w ( ) 0.060 %w/w 

( ) 0.090 %w/w 

  The hydrodynamic diameter of SWNTs dispersion can not fully characterise or predict 

their behavior. Viscometery of the SWNT dispersions can produce a basic qualitative 

description of the degree of entanglement and intertube connections.   

   The shear viscosities of SWNT dispersions with different SWNTs loading were 

determined and illustrated in Figure  5.12. Generally, the rheology of networks containing 
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rod shaped particles depends on many factors, including the bonds between rods, rod 

concentration, and rod flexibility [20]. It was observed that the addition of small amounts 

of SWNTs to DCAA introduces a shear thinning, non Newtonian behavior suggesting 

that SWNTs form entangled networks. The higher the SWNTs loading, the higher 

viscosity at all shear rates tested.  
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Figure  5.12. Viscosity vs. shear rate for SWNTs dispersion in DCAA containing 2 % w/w 

AMPSA for various SWNT loadings from 0.00 % w/w to 0.09 % w/w. 

5.3.2 Characterisation of spinning solutions 

5.3.2.1 Determination of suitable PAni/AMPSA composition 

  A homogenous and viscous solution that does not gel during preparation is required for 

wet spinning. Various formulations were prepared here in order to find suitable viscosity, 
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and homogeneity, specifically an optimum PAni/AMPSA composition and proper mole 

ratio of PAni/AMPSA. A mole ratio of  PAni / AMPSA of 1/0.6 [11, 21] has been 

reported in the literature to reach high conductivity in the PAni-ES/AMPSA fibres. 

Solutions with this mole ratio, but with different solid content (4.6-11.5 %w/w) were thus 

prepared and evaluated for their spinnability. The formulation of the mixture tested are 

described in Table  5.1(refer section 5.2.4). Observations made when attempting to spin 

fibres from mixtures “S1” to “S4” are summarised in Table 5.3.  

Table  5.3. Summary of observations made during attempts to spin fibres from mixures 

“S1” to “S4”(refer Table 5.1). 

 

 

 

 

 

 

 

  Mixtures “S1” having the lowest PAni content was, unsuitable for fibre spinning due to 

its low viscosity (~1000 cP). All other solutions had higher viscosities (>2000 cP), 

however, continues lengths of fibre could only be obtained using mixture “S4”. The total 

content of PAni and AMPSA in this mixture was 11.5 % w/w.  

 
Sample 

 
Observation 
 

S1 No fibres obtained 

S2 short  tread with  many breakages 

S3 Continues thread without proper take up  

S4 Continuous thread  with proper take up 
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5.3.2.2 Viscometery of PAni-ES/AMPSA/SWNTs-DCAA spinning solutions  

   Solutions of PAni/SWNTs were prepared based on formulation “S4” by addition of 

different amounts of SWNT (refer Table 5.2). Figure  5.13 shows the viscosity of PAni-

ES/AMPSA/SWNT solutions in DCAA containing different amounts of SWNTs. As the 

SWNTs content increased, nanotube–nanotube interactions and/or nanotube-polymer 

interactions appeared to dominate and restrain the motion of polymer chains. However, 

at higher shear rates, the effect of nanotubes interactions appeared to diminish since all 

solutions shows similar viscosities. 
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Figure  5.13. Influence of SWNTs content on viscosity of PAni-ES/AMPSA/SWNT 

solution versus shear rate. The total concentration of PAni and AMPSA was 

11.5 % w/w. 

  The rheological behavior of the PAni-ES/AMPSA/SWNT- dispersions in DCAA closely 

resembled that reported in Chapter 4 for PAni-LEB/SWNT dispersions in DMPU. The 
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power law indices for the PAni-ES/AMPSA/SWNT dispersions in DCAA are given in 

Table  5.4 and are lower than the indices for PAni-LEB/SWNT dispersions in DMPU at 

the same concentration (n0.09% = 0.625) of nanotubes (data obtained by interpolation of 

data given in Table 4.5). The smaller power law index (n) shows a larger deviation from 

Newtonian behavior in solutions of PAni-ES/AMPSA/SWNT in DCAA solution 

compared with PAni-LEB/SWNT in DMPU. In addition K 0.09%/K0% for PAni-

ES/AMPSA/SWNT dispersions was ~ 5.9 which was higher that K 0.09%/K0% value for 

PAni-LEB/SWNT (~ 5.45). These observations suggest stronger physical interaction, 

between nanotubes and polymer chains in the PAni-ES/AMPSA/SWNT spinning solution 

compared to the PAni-LEB/SWNT spinning solution in Chapter 4 . 

Table  5.4. The power law index and consistency index for samples containing different 

amounts of SWNTs  

 
 

  The measurement of the viscosity of spinning solutions versus time showed good 

stability against gelation. This was indicated by the relatively flat viscosity profile 

measured with time in Figure 5.14 between 5-15 hr after the start of spinning. This good 

stability of PAni-ES/AMPSA/SWNT solutions with and without SWNTs more than 

sufficient to allow wet spinning of fibre without concern of gelation. 

% w/w SWNT/ DCA 0 0.03 0.045 0.060 0.090 

K 2653 4194 6260 10115 15663 

n 0.93 0.86 0.78 0.72 0.58 

% confidence 94 97 96 97 94.1 
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Figure  5.14. Time before gelation indicated by sharp rise in viscosity for(a)neat PAni-

ES/AMPSA and (b) PAni-ES/AMPSA/SWNT (0.090 % w/w) SWNT 

spinning solutions. Shear rate =1 s-1  

5.3.3  Preparation and characterisation of composite fibres 

  The following subsection present findings in regards to the preparation and 

characterisation of PAni-ES/AMPSA/SWNT composite fibres. Particular emphasis is 

placed on the effect of the SWNTs concentration on morphological, mechanical, thermal, 

electrical, spectroscopic and electrochemical properties 

5.3.3.1 Morphological properties of PAni-ES/AMPSA/SWNT as spun fibres 

   Different amounts of pressure (50-125 psi) were applied to the spinning solutions to 

maintain a constant injection rate (1.3-1.40 cm3/min) for solutions with different SWNTs 
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contents. All as-spun fibres were prepared at the same take up speed of 3 m/min and 

using spin draw ratio of φ=2. SEM micrographs of typical as spun fibres of neat PAni-

ES/AMPSA and PAni-ES/AMPSA/SWNT (0.76 % w/w) fibres are shown in Figure 5.15. 

Both samples show a non porous morphology, the sample containing SWNTs showed a 

rougher outer surface. The average diameter of 160-180 µm for PAni-ES/AMPSA/SWNT 

fibres were smaller compared with PAni-LEB/SWNT fibres (~ 210 µm) due to higher 

take up rate used n this method (3 m/min as opposed to 2 m/min). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  5.15. Typical SEM micrographs of as-spun fibres of (a) neat PAni-ES/AMPSA (b) 

PAni-ES/AMPSA/SWNT 0.76 % w/w 

(a) 

(b) 

(a) 
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5.3.3.2 Morphological properties of thermally stretched PAni-ES/AMPSA/SWNT  

  The ability of  PAni-ES/AMPSA fibre to be drawn at room temperature, unlike PAni 

fibre processed in the LEB form, which can only be drawn at ≥398 K (refer Chapter 4) 

has been demonstrated by Pomfret and co-workers [11]. The very low Tg, for PAni-

ES/AMPSA/SWNT fibres can be attributed to the plasticising effect of both AMPSA and 

the residual solvent. As a result, as spun fibres of PAni-ES/AMPSA with and without 

SWNTs were able to be elongated 5-6 times compared to their initial length through a 

thermal stretching process at mild temperature (~ 60-70 °C). Typical SEM micrograph of 

thermally drawn fibres is shown in Figure 5.16. Stretched fibres had diameters in the 

range of 50 ± 20 µm, deniers of 60 ±10 and densities of 1.3 ± 0.2 g/cm3. 

 

 

    

 

 

 

 

 

Figure  5.16. Typical SEM micrographs of 5x thermally stretched fibre of (a) PAni-

ES/AMPSA (b) PAni-ES/AMPSA/SWNT (0.76 % w/w).scale bar is 10 µm 

   SEM micrographs of side wall including FIB milled cross section of the thermally 

stretched fibre of PAni-ES/AMPSA-SWNT were illustrated in Figure 5.17. The rough 

surface was a morphological characteristic of fibres containing SWNT. Sections were 

(a) (b) 
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milled at approximately 90° with respect to fibre axis. The even distributions of bright 

dots were observed on the surface which was assumed to be the cut ends of the SWNT 

bundles. These bright dots were not observed in the neat PAni-AMPS fibres (The TEM 

picture Figure 5.18 from thin film confirm this observation).   

 

 

 

 

 

 

 

 

Figure  5.17. SEM micro graph of the PAni-ES/AMPSA/SWNT (0.76 %w/w)(a) side wall  

(b) cross section  parallel to fibre axis. 

  Further characterisation of the morphology of PAni-ES/AMPSA/SWNTs fibres was 

carried out using TEM to determine the state of nanotubes in the PAni matrix. 

Examination of the ultrathin FIB milled cross section of the PAni-ES/AMPSA/SWNTs 

composite containing 0.76 %w/w SWNTs (Figure 5.18- b) shows a fairly homogeneous 

dispersion of SWNTs throughout the PAni matrix. The SWNTs particles showed 

diameters between 20-30 nm. It can be reasonably assumed that therefore expected that 

the black particles are cross section of SWNTs bundles that were aligned in the direction 

(a) (b) 
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of the fibre axis by thermal stretching of the matrix as observed by other researchers [26, 

27], especially taking into account that cross section were taken at ~90 ° to the fibre axis. 

   

                  

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  5.18. TEM micrographs of thin film obtained by FIB milling, showing SWNTs 

dispersion within an PAni-ES/AMPSA matrix for (a) neat PAni-ESAMPSA 

(b) PAni-ES/AMPSA/SWNTs (0.76 %w/w SWNT.   

(a) 

500 nm 100 nm

(b) 

500 nm 100 nm
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5.3.4 The mechanical properties of composite fibres 

  Stress-strain curves for 5x drawn PAni-ES/AMPSA/SWNT composite fibres having 

different SWNTs contents are compared to those for neat PAni-ES/AMPSA in Figure 

 5.19. All fibres show linear deformation at low strain followed by plastic deformation 

above 2% strain. Table 5.5 lists the mechanical property data of PAni-

ES/AMPSA/SWNT with different SWNT contents. Fibre containing 0.76 % w/w SWNT 

demonstrated a 50 % increase in tensile stress (σb), 120 % increase in Young’s Modulus 

(E) and a 40 % decrease in elongation at break (εb) compared with the fibres containing 

no SWNTs. The addition of SWNTs results in a decrease in the elongation at break 

which decreased steadily from ~ 9 % to ~ 7 % for fibres containing ≤ 0.5 % w/w SWNTs. 

However, above 0.5 % w/w SWNTs, the breaking point dramatically depressed. The 

trend of increasing of elastic modulus and tensile strength to some extent are similar. The 

modulus and strength showed a gentle increase up to 0.25 % w/w SWNTs content 

followed by sharper increases and then gentle increase, between 0.25 % w/w-0.5 % w/w 

SWNTs and between 0.5 % w/w-0.76 % w/w SWNTs, respectively. Specific tensile 

strength and elastic modulus based on gpd also were listed in Table 5.5 for fibres with 

and without SWNTs which show similar increasing trend. It can be seen from Table 5.5 

that the efficiency of reinforcing performance (refer section 4.3.7) of SWNTs in low 

nanotubes content (0.25 %w/w) was minor. However, reinforcement efficiency sharply 

increases when the SWNTs content was increased and remained essentially constant at 

higher SWNTs content. This behavior may be attributed to the higher density of 

entanglements of rigid SWNTs bundles in the matrix at higher SWNTs content as shown 

by viscometery of the composite spinning solutions (refer section 5.3.2.2). 
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Figure  5.19. The typical stress – strain curve of PAni-ES/AMPSA fibre and its 

composites with different SWNT contents (Dfibre=50±20 µm, strain rate= 500 

µm /min). 

Table  5.5. The mechanical properties of PAni-ES/AMPSA fibre and its composites with 

different SWNT contents.  

δb 
 

E % w /w 
SWNT/ 

ES-
AMPSA 

(MPa) gpd (Gpa) gpd 

 
Eb(%) 

EeffNT 
(GPa) 

0.00 170 ± 22 1.47 3.4 ± 0.4 29.56 9 ± 3 ------ 

0.25 196 ±17 1.70 3.9 ± 0.4 33.90 8 ± 3.5 204 

0.38 199 ± 9 1.73 5.6 ± 0.3 48.67 7 ± 2 580 

0.50 242 ± 28 2.10 6.2 ± 0.3 53.89 7 ±1.5 560 

0.76 255 ± 32 2.21 7.3 ± 0.4 63.45 4 ± 0.6 520 
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  The significant improvement in elastic modulus of PAni-ES/AMPSA fibres with the 

addition of nanotubes was confirmed by a creep test under a load of 40 mN ( Fig 5.20) 

The results showed that lower strains were produced in PAni-ES/AMPSA with SWNTs 

compared to fibres without SWNTs. In addition, the creep over time for fibres without 

SWNTs was not observed for fibres with SWNTs. The results above indicate that the 

motion of PAni chains under static load is likely to be more constrained when blended 

with SWNTs. This constraint may be attributed to physical or chemical interactions 

between the SWNTs and PAni matrix, and these will be discussed in the next section.   
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Figure  5.20. Strain recovery behavior of ( ) neat PAni-ES/AMPSA fibre ( ) PAni-

ES/AMPSA/SWNT (0.76 % w/w) with cyclical application nd removal 

of a 40 mN force. 

  Although it was shown above that the elongation at break decreases considerably with 

increasing SWNTs content in PAni-ES/AMPSA/SWNT fibres, the tight knot could be 
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formed even in fibres containing a high SWNT content (Figure 5.21 a,b). Fibres 

containing nanotubes also showed high level of twistability in the S (counter clock wise) 

and Z (clockwise) directions which is essential in order to enable fibres to form strong 

threads that can be woven into textiles at the industrial scale (Figure 5.21 c,d). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure  5.21. SEM micrographs of full knots of (a) PAni-ES/AMPSA (b) PAni-ES/ 

AMPSA/SWNT (0.76% w/w). SEM micrographs of 16 ply twisted fibre of 

PAni-ES/AMPSA/SWNT (0.76 % w/w) fibre with (c) S shaped twisting (d) 

Z shaped twisting. The number of twist per inch was 36. 

(a)  (b)  

(c)  (d)  
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  Since the processing parameters used to prepare fibres here including take-up rate, 

drawing and thermal stretching ratio are similar for all fibres, the improvement in 

mechanical properties of fibres can be attributed mainly to the role of SWNTs in  

reinforcing of PAni matrix through efficient load transfer to oriented nanotube ropes. 

Some preliminary evidence will be presented in next Chapter regarding the monitoring of 

load transfer to SWNTs using in-situ Raman spectroscopy. 

5.3.5 Thermal analysis of the PAni-ES/AMPSA/SWNT composite fibres 

  Fig 5.22(a) shows the DSC results for 5x drawn fibres of PAni-ES/AMPSAS/SWNT 

fibre with and without SWNTs. Both samples showed two sharp and one broad 

endothermic peaks and one exothermic peak over the temperature range investigated (25–

425 °C). The first endothermic peaks occurred at ~100 °C can be attributed to the 

removal of moisture and residual DCAA solvent. This result is consistent with the TGA 

results in previously studies [28]. A small and broad endothermic shoulder at ~195 °C 

was probably associated with the melting of AMPSA or the complete boiling of DCAA. 

The second endothermic peak at ~315 °C is perhaps due to weight loss owing to the loss 

of decomposed fragments of AMPSA, and is not associated with the melting of PAni 

segment. Weight loss at ~ 300 °C has been observed previously using TGA [28].  The 

absence of any endothermic or exothermic peaks n the second heating cycle (Figure  5.22) 

revealed that the process that led to peaks observed on the first cycle were irreversible. 

An exothermic peak at ~ 215 °C was observed for both fibres in Fig 5.22(a). It has been 

shown previously that this relatively large exothermic peak, accompanied by a weight 

loss transition on the TGA trace [28], could be attributed mainly to decomposition of 

AMPSA.  
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Figure  5.22. (a) DSC thermogram of 5x drawn fibre (I) PAni-ES/AMPSA (II) PAni-

ES/AMPSA/SWNT (0.76 %w/w). (b) The DSC thermogram for the first 

and second cycles of 5X drawn PAni-ES/AMPSA/SWNT.  

a 

b 
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Significantly, the PAni- ES/AMPSA fibres did not show melting and crystallisation 

transitions that were observed for LEB fibres (Fig 4.13). It may be concluded that the 

PAni-ES/AMPS fibre shows low crystalinity. Figure 5.23 shows storage modulus and 

Tanδ curves for neat fibres made from PAni-ES/AMPSA and PAni-ES/AMPSA/SWNTs 

containing 0.76 % w/w SWNTs as a function of temperature. It can be seen that with 

addition of SWNTs the storage modulus increases which is in agreement with results 

obtained by normal tensile testing (Figure 5.19). The storage modulus ~7 GPa for the 

PAni-ES/AMPSA fibre containing 0.76 % w/w SWNTs was exhibited ~ 75 % higher 

compared to neat PAni-ES/AMPSA fibre ~ 4 GPa at room temperature. The significant 

improvement in the storage modulus of PAni-ES/AMPSA fibre with the addition of 

SWNTs is ascribed to interaction between SWNTs and the PAni matrix through physical 

adhesion. A steady decrease followed by a plateau was observed with increasing 

temperature in Figure 5.23-a, which may be attributed to a sub glass transition 

temperature (Tg) known as ß transition or secondary transition [29]. Breshtein [30]  has 

reported that this transition may be attributed to  the activation barriers for solid phase 

reactions regarding deformation, flow or creep [30].  This transition is correlated to first 

peak in Figure  5.23-b at ~100 °C. The composite PAni-ES/AMPA fibre containing 

SWNTs showed a wider peak compared to the neat PAni-ES/AMPSA fibre, and this may 

be attributed to the low mobility of PAni chains that interact with the SWNTs. The sharp 

drop in storage modulus above 150 °C attributed to the transition between glassy to 

rubbery states Tg. This transition is manifested as a sharp peak in the curve of Tan δ vs. 

temperature at ~220 °C (Figure  5.23-b). As shown by the DSC results in Figure 5.22, this 

transition is also associated with the melting of AMPSA, which assists in the transition 
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between glassy to rubbery states. Tg shifted slightly to a higher temperature 225 °C upon 

addition of SWNTs. This is in agreement with other reported composites containing 

SWNTs [31]. The tails of the storage modulus curves in Figure 5.23-A for both types of 

fibre show another plateau, which is common to thermoset polymers without melting 

transition. 
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Figure  5.23. (A) Storage modulus (B) the Tanδ (Loss modulus/Storage modulus) vs 

temperature curves for (a) PAni-ES/AMPSA and (b) PAni-ES/AMPSA -

SWNTs (0.76 % w/w). 
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5.3.6 Electrical conductivity of PAni-ES/AMPSA-SWNT composite fibres 

Figure 5.25 shows the typical four point probe electrical conductivity of 5x drawn PAni-

ES/AMPSA/SWNT fibres obtained as a function of the weight fraction of nanotubes 

after drying in room temperature for 24 hr. Table  5.6 also shows the average values of 

four probe electrical conductivity. Increases in electrical conductivity were observed in 

PAni-ES/AMPSA/SWNT fibres as the SWNT content was raised. A 45 % increase in 

electrical conductivity was observed in going from neat PAni-ES/AMPSA (497 S/cm-1) 

To PAni-ES/AMPSA/SWNTs containing 0.76 % w/w of SWNTs (716 S/cm-1). This 

increase in electrical conductivity can be attributed to interactions between PAni and 

SWNTs that increases the effective degree of electron delocalisation (refer Chapter 4) 

This interaction was verified using Raman spectroscopy (see next section).   
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Figure  5.24. Influence of SWNTs content on the electrical conductivity of PAni-

ES/AMPSA/SWNTs fibres 
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Table  5.6. The influence of SWNT loading on four point probe conductivity of 5xdrawn 

fibre of PAni/AMPSA 

 

 

 

 

 

 

The fitting of electrical conductivity data for PAni-ES/AMPSA/SWNTs fibres to the 

percolation power law (Equation 4.3) yields a low percolation threshold of ~ 0.35 % w/w 

SWNTs (Figure  5.25). This value for the conductivity percolation threshold is in good 

agreement with other polymer-nanocomposite systems (e.g. 0.5 % w/w percolation level 

[24] and  0.4 %w/w) for PAni-LEB-SWNT fibres (refer Chapter 4). 
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Figure  5.25. log–log plot of electrical conductivity vs reduced mass fraction. 

% w/w  SWNTs 
in PAni-ES/AMPSA 

Conductivity 
(S/cm) 

0 497 ± 55 

0.25 504 ± 35 

0.38 626 ± 37 

0.5 658 ± 60 

0.76 716 ± 36 
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5.3.7 Raman spectroscopy of PAni-ES/AMPSA/SWNTs fibres 
 
  Raman spectroscopy was used to investigate the presence of carbon nanotubes (Figure 

5.26) in PAni-ES/AMPSA-SWNT composite fibres (Figure 5.25). Table 5.6 also shows 

the Raman band frequency assignments for PAni-ES/AMPSA/SWNTs fibres.  Raman 

peaks originating from SWNTs increase in intensity when more SWNTs were 

incorporated into the fibres. Similar observations have been made previously [32]. Raman 

spectra also revealed information regarding the interaction between SWNT and PAni. 

Raman spectra shows that the secondary doping of EB/AMPSA using DCAA results in 

ES  form of PAni and gives rise to the bands at 1337, 1496 and 1592 cm-1 as described 

previously [33, 34] (bands at 1337 cm-1 , 1496 cm-1, 1592 cm-1). The peak at 1337 cm-1 

corresponded to the formation of the (C-N.+) band and this response was enhanced by 

addition of more SWNTs. This may be attributed to increasing levels of doping [35, 36]. 

With increased amounts of SWNTs a decrease in the ratio of intensity in the 1496 cm-1 

band (N-H in plane bending of benzoid ring) and the 1169 cm-1 band (C-H stretching of 

benzoid ring) was observed. This can be attributed to the interaction of the bipolaronic 

structure of  PAni and SWNTs [32, 36]. 
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Figure  5.26. Enhanced Raman spectra ( λexc = 632.8 nm) obtained  for PAni-

ES/AMPSA/SWNTs obtained containing various amouts of SWNTs (a) 0.00 

% w/w (b) 0.26 % w/w) (c) 0.38 % w/w (d) 0.5 %w/w (e)0.76 % w/w and (f) 

SWNT bucky  paper. 
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Table  5.7.   The assigned frequencies originated from PAni-ES/AMPSA and its SWNTs 

composite 

Raman shift(cm-1 ) 
λexc=632.8 

 
Neat 
EB 
 

 
PAni-ES 
/AMPSA 

 
Pristine 
SWNTs 

 
PAni-

ES/AMPSA/SWNTs 
(0.76 %w/w) 

 
 

Description of 
vibration 

----- -------- 2606 2606 D* band of 
SWNTs 

----- ----- 1598 G band of 
SWNT 

 
----- 1592 ----- 

 
1594 

C-C 
stretching(B*) 

1580 ----- ----- -------- C=C 
stretching of(Q†) 

------ 1496 ------- 1496 N-H 
in plane bending 

(B) 
1475 ------ ------ ------ C=N 

stretching of (Q) 
------ 1337 ----- 1337 C-N.+ stretching 

of 
bipolaron 
structure 

------ ----- 1313 ----- D band 
SWNTs 

1216 ------ ------ ------ C-N 
stretching (B) 

------ 1169 -------- 1169 C-H 
stretching (B) 

1161 ------ ------- ------- C-H 
Bending (Q) 

------- 
 

-------- 190-260 190-260 (RBM) SWNTs 
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  To separate the influence of SWNTs and AMPSA on the Raman spectra of PAni-

ES/AMPSA/SWNTs composite fibres, such fibres with and without nanotubes were 

deprotonated. Fig 5.26 shows the Raman spectra of a neat PAni-ES/AMPSA fibre after 

deprotonation by treatment with an NH4OH (3 % w/w) solution for different periods of 

time between 3 to 24 hrs. Complete deprotonation was observed after 6 hrs of chemical 

treatment with the base solution as evidenced by the decrease in intensity of 

characteristics bands of PAni-ES/AMPSA at 1169, 1337, 1496 and 1592 cm-1 assigned to 

semiquinoid structures [33]. After complete deprotonation, the characteristic bands of 

PAni-EB emerged with a corresponding increase in bands attributed to the quinoid 

structure at 1161, 1216, 1475, and 1587 cm-1. The mechanism of deprotonation and the 

emergence of semiquinoid polaron and quinoid structure are illustrated in Figure 5.27. 

After deprotonation, the delocalised bipolaron structure disappears and oxidised quinoid 

segment ring forms a localised non-conductive structure. 

 

 

Scheme  5.1. Polaronic (semiquinoid), bipolaronic and oxidised unit of PAni[33]. 
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Figure  5.27. Enhanced Raman spectra (λexc =632.8) of neat PAni-ES/AMPSA (a) before 

deprotonation, (b)  3 hr after deprotonation and (c) 6 hr after deprotonation 

(d) Raman spectrum of PAni(EB).Arrow indicates the transition from the 

protonated ES form to the deprotonated EB form 

 

  Although PAni-ES/AMPSA fibres could be deprotonated in 6 hrs, the PAni-

ES/AMPSA/SWNTs composite fibres showed a combination of EB/ES structure even 

after 24 hrs of deprotonation treatment. Therefore, it may be concluded that the chemical 

interaction between PAni and SWNTs significantly stabilises the conducting form of 

PAni (ES) which may become very important in any future possible application of 

PAni/SWNTs fibre 
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Figure  5.28.  Enhanced Raman spectra (λexc= 632.8) of (a) Neat PAni-ES/AMPSA fibre 

before deprotonation, (b) Neat PAni-ES/AMPSA after 6 hrs deprotonation 

(c) PAni-ES/AMPSA/SWNT (0.76 % w/w) before deprotonation and (d)  

PAni-ES/AMPSA/SWNT (0.76 % w/w) after 24 hrs  deprotonation.  

5.3.8 Cyclic Voltammetry 
 
Cyclic voltamograms (CVs) were obtained using neat PAni-ES/AMPSA and 

 PAni-ES/AMPSA/SWNT (0.76 % w/w) fibre, as the working electrodes, in HCl (aq) 

and EMI.TFSI ionic liquid electrolytes. Unlike the low electrical conductivities for PAni 

fibres prepared from LEB state in Chapter 4, the excellent electrical conductivity o f 

PAni-ES/AMPSA fibres with or without SWNTs meant no Pt coating was required to 

obtain CVs.  
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5.3.8.1 Cyclic voltammetry of PAni-ES/AMPSA/SWNTs composite fibres in HCl (aq)  

  As described in Chapter 4 the potential range for the CV characterisation of PAni needs 

to be limited so as to prevent sample degradation. In order that the reversible redox 

chemistry of PAni could be observed, the potential range was limited between -0.2 V and 

0.5 V. Over this potential range, PAni was cycled reversibly between the 

Leucoemeraldine salt (LES) and ES forms only. Figure  5.29 shows the oxidation and 

corresponding reduction peak potentials. The oxidation potential decreased from 0.39 V 

to 0.32 V and reduction peak increased from 0.09 V to 0.13 V when SWNT (0.76 % w/w) 

was added to PAni-ES/AMPSA. The current signal increased and the separation between 

oxidation and reduction peaks, reflect the higher conductivity of fibres containing 

SWNTs.  

 

Figure  5.29.  CV characterisation of (a) PAni-ES/AMPSA fibre (b) PAni-ES/AMPSA 

/SWNTs fibre 0.76 % w/w (b) in 1.0 M HCl (aq)  electrolyte. 10 th cycle 

shown for each CV. Scan rate 10 mV/s. (L=10 mm, D= 70 µm) 
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5.3.8.2  Cyclic voltammetry of PAni-ES/AMPSA/SWNTs composite fibres in ionic 

liquid electrolyte 

The use of conventional electrolytes creates some limitations in the practical application 

of PAni fibres. Narrow electrochemical  windows and rapid evaporation rates life time 

and result in the degradation of PAni upon redox cycling [21, 38]. Even though, the use of 

other types of  aqueous acids,  such as  methane sulfonic acid (MSA) in place of HCl can 

retain reversible  electrochemical activity even when cycling into the pernegraniline state, 

They induce poor mechanical properties in PAni and thus limiting its effectiveness for 

application in electrochemical actuators or other electronic devices [39]. In contrast, ionic 

liquids have high ionic conductivities, large electrochemical windows, excellent thermal 

and electrochemical stability, and negligible evaporation rates. They can be employed as 

electrolytes in the development of stable and durable electrochemical devices [38, 40]. 

The majority of ionic liquids consist of an organic cation based on quaternery nitrogen, 

such as imidazolium and a very weakly basic anion such as BF4
- or bis-trifluoro 

methanesulfono imide (TFSI). The chemical structures of two well known ionic liquids, 1-

butyl-3-methyl imidazolium tetrafluoroborate (BMI.BF4) and EMI.TFSI are presented in 

Table 5.8. Their electrochemical stability is usually in excess of +2V with respect to 

oxidation and - 2 V with respect to reduction (vs. Ag/Ag+) [41]. The conductivities of 

EMI.TFSI and BMI.BF4 as reported in the literature are in the range of 400- 500 µS/cm 

[42]. In addition, their decomposition temperature as measured by TGA is typically > 300 

°C [43]. Recently, Mattes and co-workers reported that neat PAni-ES/AMPSA fibre in 

BMIBF4 shows no electrochemical activity. The lack of an electrochemical response was 

explained by the insolubility of the AMPS- anion in BMI.BF4 [42]. However, these 
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studies showed that if the PAni-ES/AMPSA was subjected to ion exchange using tri-

flouro-methene sulfonic acid (CF3SO3H), sharp redox peaks were produced. 

 Table  5.8. The chemical structure of  the ionic liquids1-butyl-3-methyl imidazolium 

tetrafluoroborate (BMI.BF4) and ethyl methyl imidazolium bis (trifluoro 

methane sulfonyl) imide (EMI.TFSI) 

 

Figure  5.30 shows the CVs obtained using either PAni-ES/AMPSA or PAni-

ES/AMPSA/SWNT fibres as working electrodes in EMI.TFSI. The potential was cycled 

between +1.5 V and -1.5 V under a 10 mN tensile load to keep the fibre straight. Both 

samples showed very distinct redox peaks ( without any prior dopant exchange tratmemt), 

which may be explained by the higher solubility of AMPSA in EMI.TFSI compared to 

BMI.BF4. Lu and colleagues[40] previously explained the mechanism of electrochemical 

switching of PAni fibre doped with CF3SO3H in BMI.BF4. A similar mechanism can be 

proposed for PAni fibre doped with AMPSA in EMI.TFSI as shown by Scheme 5.2. 

PAni (ES) is electrochemically reduced to the LEB form by gaining two electrons and 

two EMI cations per tetrameric repeat unit. This form of PAni then reversibly loses two 

electrons and two EMI cations to reform the ES structure when it is cycled to higher 
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positive potentials. The mechanism of maintaining electron neutrality in PAni fibres 

during charging/discharging processes has been explained by the intercalation/ de-

intercalation of the cations between fibre and electrolyte [40]. Figure 5.30 indicated that 

the incorporation of SWNTs in PAni-ES/AMPSA resulted in higher anodic potential (See 

potentials at A and B), while the cathodic potential was lightly increased (See potentials 

at A′, B′). The higher anodic potential of the fibre containing SWNTs indicated that 

oxidation was made more difficult, likely due to the intermolecular attraction of large π 

bonded surface of SWNTs and EMI cation. The much higher current signal observed for 

the PAni-ES/AMPSA/SWNTs fibre compared to the PAni-ES/AMPSA was likely due to 

the higher electrical conductivity of the former. 
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Figure  5.30. CV characterisation of fibres made of (a) PAni-ES/AMPSA/SWNT and (b)  

PAni-ES/AMPSA/SWNT (0.76 %w/w)  in EMI.TFSI. potential cycled in 

range of (±1.5), scan rate 50 mV/s, under 10 mN Load. (L=10 mm, D=70 µm) 
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Scheme  5.2. The mechanism of electrochemical switching of PAni-ES/AMPSA between 

ES-LEB oxidation states in EMI.TFSA. 

  The electrochemical stability of PAni-ES/AMPSA fibres with and without SWNT are 

compared over two different potential ranges namely ±1.5 and ± 2 V (Figure  5.31). The 

PAni-ES/AMPSA fibre showed an anodic peak shifted to a higher potential when the 

potential scan range was widened. In contrast, for the PAni-ES/AMPSA/SWNTs fibre the 

anodic peak did not shift in potential while cathodic peak shifted to a lower potential. The 

greater stability of the PAni-ES/AMPSA/SWNTs fibre in terms of electrochemical 

signature with a widening of the potential range compared to the PAni-ES/AMPSA fibre 

illustrated an important advantage of SWNTs incorporation.  

  The high electrochemical reversibility of the PAni- AMPSA-SWNT fibre is illustrated 

in Figure  5.32 which shows its CV response over 30 cycles. No shift in peak potentials 

was observed after 30 successive cycles between ± 2.0 V.  

ES 

LEB 



CHAPTER FIVE                                                    PAni-ES/AMPSA/SWNT composite fibre 

 177

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

-2.5 -1.5 -0.5 0.5 1.5 2.5
Potential (volt vs Ag/Ag+)

C
ur

rr
en

t (
A

 /c
m

 2 )

(a)

(b)

(d)

(c)

 

Figure  5.31. Comparison of the electrochemical stability of (a,b) PAni-ES/AMPSA and 

(c,d) PAni-ES/AMPSA/SWNT (0.76 % w/w) over potential ranges of (a,c) 

±1.5 and ± 2 V (b,d) 
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Figure  5.32. CV characterisation of the PAni-ES/AMPSA/SWNT fibre illustrating 

electrochemical stability over 30 successive cycles.(a) 1st cycle (b) 30th cycle 

scan rate 50 mV/s, under 10 mN Load. Potential cycled in range of (±2.0).     
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5.4 Conclusions 

  High strength, flexible and conductive PAni - SWNT composite fibres were produced 

in continuously spun fibres using wet spinning. PAni-ES/AMPSA-DCAA showed much 

better performance as a matrix for incorporation of SWNTs to form PAni-ES/AMPSAin 

PAni/SWNT composite fibres compared with PAni produced from the LEB oxidation 

state (refer Chapter 4). Superior conductivity, higher mechanical strength and sharper 

electrochemical redox peaks were achieved with the addition of SWNTs to the ES form 

of PAni.  DCAA-AMPSA was shown to be a promising solvent for obtaining 

homogenous SWNTs dispersion. The addition of SWNTs changed the rheological 

behavior of the spinning solution from Newtonian to non-Newtonian fluid. This change 

could be related to the interconnection of SWNTs in suspension and adhesion of SWNTs 

to long PAni chain, which impede polymer chain mobility. The tensile strength and 

elastic modulus of PAni-ES/AMPSA fibres were increased by 50 % and 124 % 

respectively, upon the addition of 0.76% (w/w) nanotubes. In addition, the incorporation 

of SWNTs resulted in elongation at break decreased from 11% to 4% however fibres 

remained tough enough to be knotted. An electronic conductivity percolation threshold 

of 0.35 % w/w SWNTs was determined, and fibres showed electronic conductivities as 

high as 750 Scm-1.  The SWNTs also stabilise the conductivity of PAni fibres subjected 

to basic condition. Raman spectroscopy confirmed the presence of SWNTs in the PAni 

fibres and also the interaction of the quinoid ring with SWNTs to provide a doping effect. 

The results obtained from cyclic voltammetry of the fibres with and without SWNTs in 

aqueous solution and ionic liquid electrolytes reveals improved electrochemical stability 

with the incorporation of SWNTs. The high strength, robustness, high electrical 
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conductivity and good electroactivity make PAni-ES/AMPSA/SWNTs composite fibres 

potentially useful in many electronic textile applications. The evaluation of these fibres 

for artificial muscles, sensors, batteries and capacitors is investigated in Chapter 8. 
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6.1.  Introduction 

  The efficient performance of SWNT filler in the composite is related to load transfer 

from the polymer matrix to homogenously distributed and well oriented thin SWNT 

bundles. Moreover, the mechanical properties of the composite are influenced by the 

physical behavior of interface between the polymer matrix and SWNT bundles. Raman 

spectroscopy techniques are useful for understanding the orientation of nanotubes and the 

detection of load transfer to SWNTs in polymer composites. Unlike XRD methods, 

Raman spectroscopy can detect very low concentrations of SWNTs in a polymer matrix 

[1, 2]. The average orientation of aligned nanotubes can be estimated from the intensity of 

polarised Raman modes with respect to the direction of the excitation laser polarisation [3, 

4]. Furthermore, the load transfer to the nanotubes within the composite can be detected 

from the shift in D* band [5-7]. For example, thermal loading of a SWNT-epoxy 

composite gave a 21 cm-1 shift per unit strain [8], while another study showed a 2 cm-1 

shift  per unit strain for a SWNT- epoxy composite loaded in tension [5]. In addition, the 

band shift can be correlated to the change in bond length [7] , which in turn is proportional 

to the overall tube deformation for SWNTs [9].  

  This study uses Raman techniques to investigate the origin of the reinforcing effect of 

SWNTs in a PAni matrix through evaluation of the degree of orientation of SWNTs, and 

clarifying of load transfer from PAni matrix to nanotube ropes. The orientation of SWNTs 

with respect to the fibre axis was investigated using polarised Raman spectroscopy with 

the analyzer parallel (VV) and perpendicular (VH) to the polariser. Intensities are 

correlated to orientation factors through the development of an orientation distribution 
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function. Finally the shift in the D* band was determined when the fibre was stretched so 

as to evaluate the load transfer between PAni and SWNT reinforcement. 

6.2. Experimental 

6.2.1. Materials 

  The PAni-ES/AMPSA and PAni-ES/AMPSA-SWNT (0.76 % w/w) composite fibres (5x 

drawn and as-spun fibre) were prepared as described in chapter 5. They were subjected to 

orientation and load transfer tests. 

6.2.2. Instrumentation  
 
  Raman spectra were obtained with the JOBIN Yvon Horiba Raman spectrometer model 

HR800. The spectra were collected with a spectral resolution of 1.5 cm-1 in the 

backscattering mode, using the 632.8 nm line of a Helium/Neon laser. The nominal power 

of the laser, polarised 500:1, was 20 mW. A Gaussian/ Lorentzian-fitting function was 

used to obtain band position and intensity. The incident laser beam was focused onto the 

specimen surface through a 100 × objective lens, forming a laser spot of approximately 1 

µm in diameter, using a capture time of 50 s. The Raman signals was obtained with the 

half wave plate rotated at 170°  with a confocal hole set at 1100 µm and the slit set at 

300µ. The orientation studies were performed when fibre was at 0°, 30°, 45°, 60°, 75° and 

90° to the plane of polarisation of the incident laser. At each angle, the enhanced spectra 

at VV and VH configuration collected. In the VV configuration, the polarised laser and 

the analyzer are parallel to each other; and in the VH configuration, the polarised laser and 

the analyzer are perpendicular to each other. 
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  For micro-Raman spectroscopy of composite fibres, a 10 mm fibre sample was fitted on 

the Raman stage and fixed at one end. The other end was attached to a movable clamp and 

micrometer mechanism allowing the fibre to be tensioned to a known strain. For each 

strain increment, the laser was focused and the Raman shift recorded around D* band.  

6.3.  Results and discussion  

6.3.1.   SWNTs orientation 

  The analysis of SWNTs orientation using polarised Raman spectroscopy was carried out 

based on a the coordination system defined in Fig 6.1.The fibre axis is defined as Z and 

SWNTs are oriented at angle θ° with respect to the Z axis. The fibre is mounted on the 

stage of the Raman microscope such that the incident laser comes in along the x' axis. The 

angle between the polarisation plane and the fibre axis is ψ. 

 
 

 

 

 

 

Figure  6.1. Demonstration of SWNTs coordination (xyz) in PAni-ES/AMPSA-SWNTs 

composite fibre (XYZ coordinates) and the fibre arrangement in reference 

frame of the Raman sample stage (x'y'z' coordinates).   
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  Figure 6.2 shows the Raman spectra of the neat PAni-ES/AMPSA and PAni-

ES/AMPSA-SWNT (0.76 %w/w) fibres using VV and VH configuration for different 

amounts of ψ. For the neat PAni-ES/AMPSA (5x drawn) Raman spectra were obtained in 

two directions, parallel (ψ=0º) and vertical direction (ψ=90º) with respect to the 

polarisation plane (Figure 6.2-a). The origin of enhanced Raman peaks by SWNT and 

PAni and their composites were described in section 5.3.8. 

 According to literature SWNTs show high polarizability in all Raman modes, more 

specifically in G (1594 cm-1) and RBM (150-250) bands [10]. In contrast, smaller 

orientation dependence in Raman peaks was observed for neat PAni-ES/AMPSA.  

A small increase in peak intensity of 1592 cm-1 (the C-C stretching of benzoid ring[11]) 

was observed when the polarisation plane was parallel to the fiber axis (ψ=0°) compared 

with vertical configuration indicating some alignment of the PAni chain. Figure 6.2-c, 

however, demonstrates a much larger orientation effect in the 5x drawn fiber of PAni-

ES/AMPSA-SWNT composite fiber (0.76 %w/w)  at the same frequency band which is 

associated with G band (tangential mode: TM) of SWNT ropes. Compared to Peak 

enhanced in 1169 cm-1(C-H stretching of benzoid ring) with constant intensity in different 

polarisation angle, the intensity at 1594 cm-1 monotonically decreases with increasing of 

ψ, which is in good agreement with previous studies that showed similar behavior for 

SWNT  as fibre or isolated tube [8, 12-14]. Other peaks that enhanced between 1594 cm-1 

and 1169 cm-1 did not decreased significantly, except the peak enhanced at 1381 cm-1 and 

1654 cm-1 .It is  worth noting that  similar trend in peak intensity observed  for neat PAni 

–Es/AMPSA at 1381 cm-1 and 1645 cm-1( Fig 6.2-a). They can be attributed to moderate 

orientation dependence of mentioned peaks.   
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Figure  6.2. The Raman spectra under VV and VH configuration, ψ = the angle between 

fibre axis and polarisation plane (a) PAni-ES/AMPSA fibre (5x drawn fibre) for 

ψ=0 ° and 90°. VV configuration (b) PAni-ES/AMPSA-SWNT (0.76 % w/w) 

composite fibre (as spun) VV configuration (c) PAni-ES/AMPSA-SWNT (0.76 

% w/w) composite fibre (5x drawn) VV configuration.(d) PAni-ES/AMPSA-

SWNT (0.76 % w/w) composite fibre (5x) VH configuration. From top to 

bottom, the angle between fibre axis and polarisation plane is 0º, 30º, 45º, 60º, 

75º and 90º. 
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The intensity ratio of Ivv(90°)/ Ivv(0º) at 1592 cm-1 (around G band) for neat PAni-

ES/AMPSA fibre (5x drawn) is 0.85. However, this ratio shows a significant decrease to 

0.19 after addition of SWNTs in the 5x drawn fibre. This difference shows the much 

lower sensitivity of the polarised Raman scattering intensity versus ψ for neat PAni-

ES/AMPSA compared with composite fibre containing SWNTs.   

In addition, Raman spectra show a  much stronger orientation effect in the 5x drawn 

composite fibres compared with the as spun composite fibres ( Figure 6.2-b and c). For the 

as spun fibres, the change in intensity of the peak at 1592 cm-1 was insignificant with 

respect to ψ from the parallel to the perpendicular direction. It is clear that the drawing 

process is mostly responsible for the alignment of SWNTs in the fibre direction. 

Therefore, as expected, the low orientation dependence of Raman modes was observed in 

as spun fibres.  

    When the composite fibres were examined using the VH configuration, the intensity 

dependence on ψ showed a different trend for TM (Figure 6.2.d).The intensity increases 

with increasing ψ and goes through a maximum at 45° and then decrease symmetrically 

up to 90°. However the observed intensity ratios between maximum (45°) and minimum ( 

0° or 90°) are quite small compared with the ratio of peak intensities in VV configuration.   

   The interference of the C-C peak of PAni and the G band may show a small effect on 

the analysis of the intensity of the G band for measurement of the degree of orientation of 

SWNTs and the distribution function.  

  Figure  6.3 demonstrates the intensity of RBM band in VV and VH configuration under 

different angle regards to polarisation plane. Compared to the TM band, lower RBM band 

intensity ratio was observed for Ivv (90)/ Ivv(0) at 224 cm-1 due to absence of polarised 
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peak of PAni in this region.. Similar behavior was also observed for RBM band in VH 

configuration. The intensity increases with increasing ψ and reach to a maximum value at 

45° and then decrease dramatically at 90°.  

 
 
 

 

 

 

 

 

Figure  6.3. The Raman spectra under VV and VH configuration for RBM band, ψ = the 

angle between fibre axis and polarisation plane (a) PAni-ES/AMPSA fibre 

(5x drawn fibre) for ψ=0 ° and 90°. VV configuration (b) PAni-ES/AMPSA-

SWNT (0.76 % w/w) composite fibre (5x) VH configuration . 

The intensity ratio data (IVV(ψ°)/IVV(0°)) versus ψ represented in Figure  6.4, for TM and 

RBM bands. A small difference in intensity ratio at each ψ was observed for the TM and 

RBM bands in the PAni-ES/AMPSA-SWNT fibres. However, a comparison of data of 

TM and RBM intensity ratios extracted from references [10] and [15] for SWNT fibres 

exhibit a similar discrepancy. It can therefore, be assumed that the interference between 

the PAni C-C peak and the G band has little effect on the intensity ratio.   
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Figure  6.4. The comparison of Ivv(ψº)/Ivv 0º versus ψ in tangential mode (TM) and 

resonance breathing mode (RBM) modes for this work and references [10, 15] 

   It can be seen from Figure  6.4 that the intensity ratio obtained in the present work 

closely follows the data from the published literature [10, 15]. The previous literature 

reported results from SWNT fibres containing a small amount of polymer (<40%). 

Qualitatively, the results shown in Figure  6.4 suggest that the degree of alignment 

achieved in the PAni-ES/AMPSA-SWNT fibres of the present study is similar to that 

reached in the SWNT fibres reported previously. In next following part, the polarised 

Raman scattering intensity will be correlated to the angle between the nanotube axis and 

the fibre axis (θ) and the angle between the fibre axis and the polarisation plane(ψ) [8]. 

The variation in polarised    Raman band intensity can, therefore, be used to quantitatively 
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study the orientation of nanotube bundle along the composite fibre axis [13]. A simplified 

uniaxial model was used  for quantitative evaluation of  orientation  distribution function 

(ODF) based on the formulation of Liu and his coworkers [8]. The mathematic 

formulation of Raman intensity in VV and VH modes are represented by the following 

expressions: 
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        Equation  6.2 

 
  The orientation order parameters of <P2 (cosθ)> and <P4(cosθ)> which are, respectively, 

the average  values of P2(cosθ) and P4(cosθ) for the SWNTs bulk product. The Pi(cosθ) is 

the Legendre polynomial of degree i which is defined as  P2(cosθ)= (3 cos 2 θ-1)/2 and 

P4(cosθ)= (35 cos 4 θ-30 cos2 θ+3)/8 for the second and fourth degree , respectively. 

  More specifically the <P2(cosθ)> is known as the Herman’s orientation factor (f) which 

varies between values of 1 and 0 corresponding, respectively, to nanotubes  fully oriented 

in the fibre  direction and randomly distributed. 
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2

12cos3
f

−θ
=                Equation  6.3                

   

  The orientation factors can be determined by solving of following simultaneous algebraic 

equations given in 6.4 and 6.5. These equations are obtained from equations 6.1 and 6.2 

by dividing of both side of these equations and substitution of angles of 0 and 90 degrees 

for ψ. 
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   Equation  6.5 

 
   The left hand side terms of equations of 6.4 and 6.5 are the depolarisation ratios that can 

be experimentally determined. As it can be seen only the intensity at 0º and 90 º are 

required to determine the <P2 (cosθ)> and <P4(cosθ)> for a uniaxially oriented SWNTs in 

the PAni matrix. The numerical amount of orientation order parameters are given in Table 

6.1 for as spun and 5x drawn fibres based on both TM and RBM intensity ratios. 

  A complete orientation distribution function (ODF) can be formed as given in  equation 

6.6  from information of <P2(cosθ)> and <P4(cosθ)>[16]: 

( )( ) ( )[ ]θλθλθ coscosexp)( 4422 PPAf +−=        Equation  6.6 
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  The coefficients of A, λ2 and λ4 are determined by solving of following simultaneous 

equations: 
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        Equation  6.9  

   

The presented simultaneous equations were simplified to three polynomial equations 

using the Legendre polynomial multiplication rules and Taylor’s expansion for exp[x]  

[17]. The polynomial equations were solved simultaneously using Mathcad for three 

unknown parameters of A, λ2 and λ4 by knowing the amount of <P2(cosθ)> and 

<P4(cosθ)>. The orientation distribution coefficients for as spun and 5x drawn fibres of 

PAni-ES/AMPSA-SWNT(0.76 %w/w) (results listed in Table 6.1).  Based on these 

coefficients, the ODF of PAni-ES/AMPSA-SWNT composite fibre before and after 

stretching were plotted for a range of angles between nanotubes and the fibre axis (Figure 

6.5). 
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Table  6.1. The polarised Raman scattering intensity ratio of TM and RBM bands in VV 

configuration (θ=0°, 90°) versus VH configuration at θ=0° for as-spun and 5x 

drawn fibres of PAni-Es/AMPSA-SWNT (0.76 % w/w). Orientation order 

parameters are listed for construction of orientation distribution function.   

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that in the 5x drawn fibre of PAni-ES/AMPSA-SWNT, the most of 

nanotubes were oriented between -30º and +30° and only small portion of them lies 

IVV(ψ )/IVH(0)  ψ /peak 

      TM RBM 
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between 30°and 150°. However, in the as spun fibre, the majority of SWNTs shows a 

distribution between 60° and 120 and a small portion oriented between -60 ° and +60°. 

For simplification, the data has been normalised to the numerical amount of ODF at θ=0º.  
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Figure  6.5. The orientation distribution function of SWNT in PAni-ES/AMPSA-SWNT 

(0.76 %w/w) composite fibres constructed with the orientation parameters, 

<P2(cosθ)> and <P4cos(θ)> listed in Table 6.1 

  The ODF of  highly stretched fibre of PMMA/SWNT reported in the literature [8]  was 

compared with PAni-ES/AMPSA-SWNT fibre in Figure 6.5. The previously reported 

results show that the majority of SWNTs were oriented with an angle of less that 30º 

respect to the fibre axis. In addition the ODF function for PAni-Es/AMPSA-SWNT fiber 



Chapter 6                                                 The mechanism of strength increase       

 198

compared to PMMA-SWNT shows a similar mirror symmetry. Therefore fiber sample is 

symmetric with respect to the plane perpendicular to the fibre axis.  

  The similar order of orientation of PAni-ES/AMPSA-SWNT (5X drawn) fibre and the 

highly oriented fibre of PMMA-SWNT suggests a similar adhesion for PAni matrix to 

SWNT bundles compared with PMMA-SWNT composite. The strong adhesion may result 

in simultaneous orientation of SWNT and matrix during the thermal stretching process.    

 The quantitative comparison also shows a good agreement between the SWNT 

orientation in  SWNT fibre produced previously [12] and the  PAni-ES/AMPSA-SWNT 

fibres produced in the present study. Poulin and coworkers [12] have shown that the 50% 

of nanotubes were oriented between 0º and 50º and 75% of SWNT lies between 0º and 70º 

for SWNT fibre developed by Vigolo [15]. These wet spun fibres contained more than 60 

% SWNT in a PVA matrix. Moreover, Gommans, et.al [14] developed SWNT fibre in 

another study and reported that  86% of the nanotubes lies within ±31° of the fibre axis. 

Based on the knowledge of the orientation of SWNT in the PAni, it is possible to predict 

the elastic modulus of the composite fibre based on the fibre composite theory[18]. One 

approach that has been successfully applied to composite with a high loading of SWNT 

(>60%) has highlighted the importance of shear modulus of the nanotube bundles [8] and 

therefore nanotube bundle diameter, as well as nanotube orientation. 

  However, the influence of the matrix has been ignored and the elastic modulus of 

composite was assumed to be due only to the nanotubes. The composites described in the 

present study have less than 1% CNTs, so it is not appropriate to ignore the effect of the 

matrix on the composite modulus. 
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  The Krenchel’s rule of mixtures can be used to estimate the elastic modulus of composite 

fibres based on the known elastic modulus and volume fraction of matrix and nanotubes 

and by assuming prefect orientation of the nanotubes in the fibre direction. From the 

previous discussion, it is known that the SWNTs are not fully aligned in the fibre direction 

so it is expected that the rule of mixtures would slightly over–estimate the composite 

modulus. Table 6.2 shows the predicted elastic modulus for PAni-ES/AMPSA-SWNT 

composite containing 0.76 wt % SWNTs. In this simple analysis using a value of 640 GPa 

for the elastic modulus of fully oriented nanotubes, the elastic modulus of composite was 

calculated as 8.6 GPa, which is slightly higher than the experimental value of 7.3 GPa.  

 
Table  6.2. The comparison of predicted elastic modulus from rule of mixture and 

experimental value 

 PAni-ES/AMPSA-SWNT 

(0.76 %w/w) 

υSWNT
[i] 0.008 

Ec[GPa](Eeff SWNT=640 Gpa)  8.6 ii 

Eexp[GPa] 7.3 

 

  However, as can be seen from Fig 6.4 the nanotubes ropes were not fully aligned, 

therefore we expect a lower effective modulus. The rule of mixtures predicts an effective 

modulus of 520 GPa for the SWNTs based on the measured composite modulus. This 

                                           
i Volume fraction of SWNTs calculated  based on density of 1.4 g/cm3for PAni and 1.3 g/cm3 for SWNT   
ii calculated from mixing rule for fully aligned CNT 
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value is 81% of the modulus expected for fully aligned SWNTs. These results confirm a 

high degree of alignment of the SWNTs in the PAni matrix. 

6.3.2.  Load transfer Mechanism 
 

  When a strain is applied to a material, the interatomic distances change, and thus the 

vibrational frequencies of some of the normal modes change, causing a Raman peak shift 

[5, 6]. Amongst specific enhanced peaks in SWNTs, the D* band is more sensitive to 

applied strain. Figure  6.6 shows a typical Raman peak shift in tension for two extreme 

strains (i.e. 0 % and 3%). The frequency peak number were identified by a Gaussian 

/Lorentzian function. It can be clearly seen that approximately a 5 cm-1 shift was occurred 

after applying 3 % strain.   

 

 

 

 

 

 

 

 

 

Figure  6.6. Effect of mechanical strain on the frequency shift of D* band of SWNTs 

incorporated in PAni-Es/AMPSA matrix. (dashed line) before applying strain 

(solid line) after applying 3 % strain 
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  The reproducibility of data was examined by several tests carried out in same 

experimental condition.  Figure 6.6 shows the results of Raman peak shift in tension for 

PAni fibre containing 0.76% SWNTs as a function of applied strain for three sample.  

2609

2610

2611

2612

2613

2614

2615

2616

0 1 2 3 4

Strain(%)

R
am

an
 S

hi
ft 

(c
m

 -1
)

Raman shift= 1.10 ±0.2×(%Strain)+(2615±1)

 

Figure  6.7. The Raman shift of D* peak of nanotube under axial tension for two sample 

of SWNT (0.76 %w/w) in the PAni.  

  The shift in the Raman peak position with strain in tension is negative about 90-130 

wave numbers/ applied strain.  Under increasing tension, the Raman wave number 

decreases linearly down to about 2610 cm-1 (corresponding to a strain of about 3.5%).  

As can be seen at the same strain some points show a higher Raman shift than other 

points. Wood and coworkers [2]  were able to show that samples with transversely aligned 

SWNTs had a lower Raman shift compared with the sample having longitudinal 
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orientation of SWNTs. As a consequence, more load is transferred in case of longitudinal 

orientation.  Therefore, the observed difference in Raman shift reflects the different level 

of load transfer to SWNT in the composite which aligned within ±30° of the fibre axis. 

In the elastic regime, the spectroscopic stress- strain curve can be developed using the 

slope of the curve (m1) of Raman shift versus strain and numerical amount of Raman shift: 
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=σ    Equation  6.10 

Where Em is the Elastic modulus of the composite fibre containing 0.76 wt % SWNT (7.3 

GPa). In Figure  6.8 the stress- strain from a mechanical test has been compared with the 

spectroscopic stress-strain data calculated from equation 6.10.  
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Figure  6.8-Mechanical versus spectroscopic stress – strain curve 
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  The spectroscopic stress- stress data based on the average amount of Raman shift in any 

specified strain fits well with he results of mechanical stress– strain test. This suggests a 

good adhesion between PAni matrix and SWNTs which results in a strong nanotube- 

polymer interface.    

  Two possibilities can be considered for the nature of interaction between PAni and 

SWNTs. The formation of crystalline coating around bundles of nanotubes which is quite 

strong and restricts deformation. Another possibility offers a non-crystalline covalent 

bond between nanotubes and PAni.  

  The DSC results presented in section 5.3.6 showed that introducing of nanotube do not 

appreciably increase the melting peak of the composite and it is likely attributed to 

formation of a noncrystalline morphology for interfacial layer between PAni and SWNT .  

   

6.4.  Conclusion 

 
   In summary it has been shown that the Raman spectroscopy can be employed as a 

powerful technique for characterisation of the mechanical behavior of PAni–SWNT 

composite. The intensity of G band and RBM band significantly increase by decreasing of 

angle between fibre axis and polarisation plane in VV configuration of polariser and 

analyzer. This functionality was correlated to the orientation of nanotubes through 

measurement of average angle between nanotubes and fibre axis. It has been found that 

thermal stretching of as spun fibre orients more than 80% of nanotubes in a range of about 

30° versus fibre axis. Moreover, the Herman’s orientation factor increased from 0.02 to 

0.43 respectively, for as spun and 5x drawn fibre. Micro Raman spectroscopy has been 
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used to show the load transfer from matrix to nanotubes. A significant shift between 90-

130 cm-1/strain in D* band has been observed. The comparison of mechanical and 

spectroscopic results elucidates the mechanism of load transfer from bulk polymer to 

interfacial area and nanotubes. It was proposed the small discrepancy between the 

observed value of the elastic modulus and the predicted amount by rule of mixtures 

originated from imperfect adhesion between the nanotubes and the polymer and /or 

through non complete alignment of the nanotubes. 
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7.1.  Introduction 
 

  The transport regime and magnitude of conductivity in doped π-conjugated polymers is 

determined by the degree of structural disorder. In general, as the disorder increases, more 

localisation is induced and the material becomes more insulating upon decreasing the 

temperature [1]. It has been widely shown [2-6] that the measurement of macroscopic 

(DC) electrical conductivity over a wide range of temperatures can provide a 

comprehensive insight into nanoscale polymer morphology and the extent of disorder.  

Several studies have indicated that the PAni-ES/AMPSA [7-10] cast from DCAA is in the 

metallic regime toward the insulator-metal transition. The metallic behavior was attributed 

to the criterion of finite conductivity when T 0 K, the positive slope of the temperature 

dependent reduced activation energy (i.e: W (T) = d [log σ(T)]/d [log(T)] ), and 

delocalised electronic states at the Fermi level that allow conduction without thermal 

activation. However, this polymer does not show metallic behavior over the whole range 

of temperatures. They exhibit semiconducting (dσ/dT) > 0) and metal-like behaviours 

(dσ/dT < 0) respectively at temperatures lower and higher than room temperature. 

  The linear metallic and a crossover to nonmetallic behaviours at lower temperature has 

also been observed in  the temperature dependence resistivity of ropes and mats of single 

walled carbon nanotubes [11, 12]. 

   It has been already shown that either quasi-one-dimensional variable range hopping 

(quasi-1D VRH) or 3-dimensional VRH models [1, 13]  do not apply across the entire  

temperature range studied, showing both metallic and non metallic regime ( 5 K -340 

K)[10]. This complex temperature dependence in both PAni-ES/AMPSA and SWNTs 

suggest that the heterogeneous model proposed by Kaiser [2] may be suitable for the 
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quantitative determination of electronic transport parameters in both the metallic islands 

with highly ordered domain and the disordered amorphous regions. As emphasized in the 

literature the electrical transport occurs through metallic islands of  oriented crystalline 

polymer chains (subscript c) that are interconnected by amorphous regions [14-16]. By 

taking into account that metallic-semiconducting transitions may occur in the amorphous 

region with both non metallic (subscript n) and metallic disorder (subscript d), the 

heterogeneous transport model assumes that the metallic and amorphous regions act as 

resistors in series. A simplified view of the oriented polymer microstructure is shown in 

Fig 7.1 

   

 

 

 

 

 

 

Figure  7.1.  Crystalline regions separated by disordered regions constitutes the 

heterogeneous morphology in composite fibre 

   The resistivity of the composite, therefore, is determined by the contribution of metallic 

(crystalline) and non metallic (amorphous) resistivity. The role of each portion in the 

determination of DC conductivity is described by temperature functions which identify the 

contribution of each part in the total electrical transport mechanism. The metallic part is 

Disorder region (Rn-1+Rd-1)-1 
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described by the quasi VRH one dimensional exponential model [2, 17, 18] and an 

expression describing the amorphous part of the resistivity which is based on the 

fluctuation-induced tunneling between metallic islands [3]. 

 The measurement of electrical transport over a very broad range of temperatures from 5 

K to 340 K has been carried out. This data has been used to understand the influence of 

carbon nanotubes addition on morphological disorder and the metallic properties of a 

PAni-ES/AMPSA fibre through extraction of conductivity data, such as reduced activation 

energy, and by fitting of the obtained data to a range of functions integrated into the 

heterogeneous model. 

7.2. Experimental  

7.2.1.  Material 
 
  The 5X drawn fibres of PAni-ES/AMPSA( described in chapter 5) containing different 

amount of SWNTs (0.00 %w/w, 0.25 % w/w, 0.76 %w/w) were dried at 50 ºC for 24 hr in 

vacuum. High purity silver paint (SPI) for connecting metallic wires to fibre samples, 

cigarette paper as an electrical insulating substrate and a specific type of varnish (known 

as “G” varnish) have been used for preparation of sample for transport measurement. 

7.2.2.  Sample preparation 
 
  The sample holder equipped with 12 ports was designed for 3 samples to measure 

resistance through the 4 point probe method. It should be completely cleaned using 

acetone to remove all particles left from previous experiments. Then a piece of cigarette 

paper which can properly conduct thermal energy is attached  to surface using “G” varnish 

which is thermally conductive and electrically non–conductive. Next, a 1 cm length of 3 
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fibre samples having different nanotube content was located on the paper and fixed using 

silver paste. A small needle was used to apply a very small amount of silver paste on each 

junction. The four point probe apparatus is designed in each port to pass current from the 

outer connections and to measure the voltage from the inner connections. The distance 

between inner points should be as far apart as possible (0.5-0.7 cm). Four wires contact 

from each channel were connected to the four measurement points using silver paste. One 

hour vacuum drying at 50 °C is required to ensure that the silver paste was fully dried. 

Finally “G” varnish is used to completely connect the fibre to the surface of the sample 

holder for efficient heat transfer.  

7.2.3. Instrumentation 
 

  The physical characterisation equipment of PPMS (Physical Properties Measurement 

System, Oxford, UK) were used in the range of temperature of 5 °K to 340 °K. The 

sequence was defined for the experiment based on increasing or decreasing of temperature 

using the lowest possible scan rate. In this experiment the temperature starts at 300 K and 

then goes up to 340 K and back to5 K using a scan rate 3 K/min. 

The data fitting module of  MATLAB was used for experimental data fitting on proposed 

models. 

7.3. Results and discussion 

7.3.1.   Electrical transport Analysis    

  Conductivity (σ) versus temperature (T) plots for neat PAni-ES/AMPSA fibre and fibres 

containing 0.25 and 0.76 % w/w SWNT (5X thermally stretched) were illustrated in 
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Figure  7.2 . The conductivity parameters for these different samples were also listed in 

Table 7.1.  For all samples a strong dependence of conductivity and temperature can be 

seen over the whole temperature range investigated. At higher temperatures, a turnover 

temperature (260 K<Tσmax<320 K) corresponding to the temperature of maximum 

conductivity and a change in slope of the curve from nonmetallic (dσ/dT>0) to metallic 

(dσ/dT<0) was observed for all samples.  

0

100

200

300

400

500

600

700

0 100 200 300 400

Temperature(K)

C
on

du
ct

iv
ity

(S
/c

m
)

(a)

(c)

(b)

 

Figure  7.2 The temperature dependence conductivity for (a) PAni-ES/AMPSA fibre and 

their composite containing (b) 0.25% w/w and (c) 0.76 %w/w SWNT.  

 

 This transition occurs when sufficient thermal motion of the AMPSA counter ion and the 

polymer chain [7] eliminates the disorder induced in the amorphous regions between 

metallic islands [16, 19]. The higher Tσ max suggests that the SWNTs restrict the degree of 
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motion of polymer chains so that higher energy must be absorbed to cross the transition 

temperature. The lower mobility of the polymer chains in the PAni-ES/AMPSA-SWNT 

composite fibre compared with neat PAni-ES/AMPSA has already been shown by DSC 

and DMA data (see section 5.3.5).  

   In addition, the extraction of temperature dependent reduced activation energy data from 

conductivity data helps to recognise the location of the metal- insulator phase boundary. 

Figure  7.3  shows a log-log plot of reduced activation energy versus temperature, W (T), 

for the different samples.  

0.01

0.1

1

10

1 10 100 1000
Temperaure(K)

●  Pani-ES/AMPSA
∆  Pani-ES/AMPSA-SWNT(0.25 %w/w)
◊  Pani-ES/AMPSA-SWNT(0.76 %w/w)W

=d
(lo

g(
σ)

)/d
(lo

g(
T)

)

 

 
Figure  7.3. Log-Log plot of reduced activation energy (W) vs. temperature ( ) PAni-Es-

AMPSA (∆) PAni-Es-AMPSA-SWNT (0.25 % w/w) ( ) PAni-Es-AMPSA-

SWNT (0.76 % w/w).  

  As a general rule the plot of W(T) for the metallic, critical and insulator regime 

respectively show positive, zero and negative slope. It can be observed that at low 
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temperatures the PAni-ES/AMPSA fibre exhibits a metallic profile (i.e. the temperature 

below which metallic transport is present) less than 10 K. Addition of carbon nanotubes 

shifts the metallic-insulator boundary towards higher temperatures (~50 K). In addition, 

the neat PAni-ES/ AMPSA fibre compared with those fibres containing SWNT sustain a 

smaller positive slope region in proximity of the critical region or the insulator –metal 

boundary (zero slope at M-I boundary) at low temperature. The low metallic transport 

regime for neat PAni-ES/AMPSA is in good agreement with literature [9], [20] for PAni 

film and fibres doped with AMPSA. This phenomena was explained by simultaneous 

improvement of the metallic properties of the highly ordered domains (HOD) and 

increasing of disorder in amorphous regions which separates the metallic islands in 

thermally stretched fibres [20].  

  The PAni-ES/AMPSA-SWNT composite fibres, however, show a well defined metallic 

behavior (positive slope of W vs T). Presumably, the nanotubes act by interlinking the 

metallic regions of the fibre ensuring a smaller coulomb gap in the density of states near 

the Fermi level  [21, 22]. Table  7.1 lists conductivity parameters for different fibre 

samples extracted from the experimental temperature dependent conductivity data. 

Table  7.1. The conductivity parameters for PAni-ES/AMPSA fibre and its SWNT 

composite fibres.  

 
 

 

 

 

% w/w SWNT in PAni-
ES/AMPSA matrix 

σ(298 K)  
(S/cm) 

 

σ max 
(S/cm) 

 

T σ max 
(K) 

 

T M-I 

           0.00 360 378 260 <10 K 

           0.25  480 483 290 40 

           0.76 620 620 320 50 
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7.3.2. Heterogeneous model  

  The qualitative explanation of temperature dependence on conductivity can be verified 

by fitting of the conductivity data to the heterogeneous model described above. The 

resistance in a heterogeneous model can be formulated as the sum of the resistances of the 

crystalline parts (subscript c) and barrier parts of the conduction path along the fibre 

(Figure 7.4). It was considered that the M-I transition may happen in the barrier region, 

with both non-metallic (subscript n) and disordered metallic (subscript d) portions present 

in parallel resistance form[2, 23-27]. The behaviour of this system can be represented by 

Equation 7.1 [2]. 

 

 
 

 

Figure  7.4. Schematic of the resistance arrangement in the proposed model of charge 

transport described in equation 7.1. 
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                   Equation  7.1 

  

Where f c, f n, f d are the ratio of effective length and cross section area of each region 

with resistivity ρc, ρn, ρd respectively for metallic, nonmetallic and metallic disorder 

regions .  Based on earlier work [28], Kaiser [2] proposed that the model of Sheng [3] for 

fluctuation-induced tunneling between extended metallic regions can be employed to 
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Rd
1

Rn
1(RcR −++=



Chapter 7                                                                 Charge transport regime 

 216

describe the mechanism of non-metallic temperature dependence for the barrier resistance 

including a constant parameter for the disordered metal resistance denoted by ρd (the 

second term in equation 7.1. Using this term, the influence of electron scattering on 

impurities and lattice perfection is considered leading to temperature independent residual 

resistivity (ƒdρd). In addition, a quasi-one dimensional exponential model has been 

inserted for describing the crystalline conductivity in the metallic regions (first term of 

equation 7.1). Based on these proposed terms for metallic and non metallic resistivity, the 

following comprehensive equation can be fitted on the temperature dependence 

conductivity data:   
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mT
mcf ρρρσ      Equation  7.2                         

  The MATLAB software equipped with a powerful curve fitting tool based on least 

square algorithm was employed for data fitting on Equation of 7.2. The equation comprise 

six parameters ( i.e. Tm, Tt ,Ts, fcρm, fdρd, fnρt) that can be fitted on imported data based 

on  initial starting value and domain of variation  for each parameter. The sensitivity of 

best fit with respect to variation of starting value while the other parameters keep constant 

were demonstrated in Table 7.2. Table divided to six parts that each part shows the 

influence of individual parameter. For example,  in first column of part 1 , different value 

of Tm was selected between 1 and 500 while the value of other parameters are equal to  1. 

In each measurement based on these initial values,  fitting parameters were calculated  and 

also the amount of R-square was presented in last column. This should be obvious, as R-

squared approaches unity as a regression approaches a perfect fit. The comparison among 

the value of fitting parameter in all part reveals their sensitivity versus initial values. Even 
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in part six it can be seen that for some initial value the calculation do not converge to any 

consistent result. However, some other initial values although converges appropriately but 

it was not best fit compared to those data shown as bold. It worth noting that fitting 

parameters in same R- square show very low discrepancy and also  very low sensitivity 

versus initial values. 

Table  7.2. The sensitivity of the model to the initial starting values for the fitting 

 
Variable 

starting value 
Tm 

Tm Ts Tt fcρm fdρd fnρt R2 

1 2077 9.759 67.5 0.2071 0.04197 0.002155 0.9972 
5 2342 5.287 55.96 0.3176 0.0363 0.00237 0.9984 
10 2335 4.627 54.11 0.2428 0.035 0.0024 0.9984 
20 1813 23.61 97.82 0.1799 0.107 0.001708 0.9916 
40 2298 10.98 69.82 0.458 0.044 0.00211 0.9968 
50 2371 10.23 67.19 0.489 0.0426 0.00218 0.9969 

100 2310 25.76 92.67 0.6461 30.21 0.00178 0.9906 

 

500 2338 26.03 93.88 0.6901 142.5 0.00176 0.9906 
Variable 

starting value 
Ts 

Tm Ts Tt fcρm fdρd fnρt R2 

 1 2077 9.759 67.5 0.2071 0.04197 0.002155 0.9972 
 5 2186 4.87 54.77 0.1653 0.036 0.0024 0.9984 
 10 2199 4.39 53.41 0.1387 0.035 0.0024 0.9984 
 20 2377 5.85 57.45 0.3285 0.036 0.0023 0.9983 
 40 2377 4.24 53.1 0.2512 0.035 0.0024 0.9984 
 50 2380 4.3 53.25 0.2597 0.035 0.0024 0.9984 
 100 2148 9.03 63.51 0.2274 0.04 0.00219 0.9975 
 500 2324 3.59 51.22 0.1296 0.034 0.0025 0.9982 

variable 
starting value 

Tt 

Tm Ts Tt fcρm fdρd fnρt R2 

 1 2077 9.759 67.5 0.2071 0.04197 0.002155 0.9972 
 5 2391 3.887 52.16 0.249 0.035 0.0024 0.9983 
 10 2342 3.716 51.77 0.2516 0.035 0.0024 0.9983 
 20 2254 4.92 54.91 0.2066 0.036 0.0024 0.9984 
 40 2038 25.3 91.39 0.2344 2.713 0.0018 0.9906 
 50 2379 0.02 48.38 0.128 0.0317 0.0026 0.9946 
 100 2398 4.693 54.28 0.305 0.0358 0.0024 0.9984 
 500 2324 3.599 51.22 0.1296 0.034 0.0025 0.9982 
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Variable  
starting value 

fcpm 

Tm Ts Tt fcρm fdρd fnρt R2 

 1 2077 9.759 67.5 0.2071 0.04197 0.002155 0.9972 
 5 2371 6.898 60.1 0.3914 0.0376 0.0023 0.9981 
 10 2397 1.293 44.53 0.00635 0.03359 0.0026 0.9968 
 20 2336 7.046 60.31 0.3695 0.03829 0.00228 0.9980 
 40 2293 10.29 68.13 0.4291 0.0426 0.00214 0.9750 
 50 2320 17.23 74.11 0.3148 0.08867 0.002136 0.9916 
 100 2214 8.934 65.06 0.3058 0.0407 0.00219 0.9976 
 500 2324 3.599 51.22 0.1296 0.03483 0.0025 0.9982 

 
Variable 

starting value 
fdpd 

Tm Ts Tt fcρm fdρd fnρt R2 

 1 2077 9.759 67.5 0.2071 0.04197 0.002155 0.9972 
 5 1864 26.14 94.3 0.1546 9.26 0.001756 0.9907 
 10 989.7 26.57 96.57 0.01268 73.07 0.001714 0.991 
 20 1979 22.85 81.95 0.1544 0.8071 0.001992 0.9893 
 40 2347 25.88 92.94 0.8636 40.51 0.00178 0.9905 
 50 2246 24.36 87.47 0.4929 142.5 0.001863 0.9903 
 100 1800 25.96 93.79 0.1323 12.7 0.001764 0.9907 
 500 2324 3.599 51.29 0.1296 0.03483 0.0025 0.9982 

Variable 
starting point 

fnpt 

Tm Ts Tt fcρm fdρd fnρt R2 

        1 2077 9.759 67.5 0.2071 0.04197 0.002155 0.9972 
        5 2284 4.806 54.69 0.2261 0.03958 0.002405 0.9984 
      10 2394 8.353 63.65 0.4874 0.03942 0.002232 0.9977 
 20 
      40 
      50 

 
No convergence 

 100        
     500 2324 3.599 51.22 0.1296 0.0328 0.0025 0.9982 

 

    The curve fitting precedes using best initial values to reach nearly same closest  R-

square to unity in each set of data of temperature dependent conductivity for different 

fibers. Good fitting of the prescribed model according to fitting parameter on experimental 

data is shown for neat PAni-ES/ AMPSA and PAni –ES/AMPSA-SWNT (0.76 %w/w) 

fibres in Figure 7.5. The precision of the data in Figure 7.5 shows a residual amount of 

nearly zero  in temperature range between 50 -300 K, however the scattered residual data 
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beyond this temperature range even is  in the order of  1×10 -3. The data given in Table  7.3 

shows the fitting parameter of conductivity data for PAni–ES/AMPSA fibre and its 

composites with carbon nanotube. 

 

 

Figure  7.5. The fitting quality of experimental data and proposed model and residual 

amount of least square of fitting calculation.  
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Table  7.3. The fitting parameters presented in equation 7.2 for different samples. 

 
  

 Tm set the energy of phonons that can backscatter charge carriers, Tt and Ts are the 

tunnelling parameters which shows the magnitude of electrical barriers [3]. Highly 

conductive samples show lower Tt. Also Lower Ts values are obtained for high 

conductive samples.  It can be seen that the numerical amount of Tt and Ts significantly 

decrease by addition of SWNTs that suggests a lower morphological barrier in the 

amorphous region for electrical transport.  The data given in Table  7.3 can be employed to 

deduce the relative size of the temperature-dependent metallic term (ω1) and the relative 

size of the constant metallic disorder (fdρd) in the amorphous term (ω2).  

 
ω1= The contribution of metallic resistivity in bulk resistivity at room temperature is 

given by  
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         Equation  7.3 

 

% w /w 

SWNT/PAni-

ES/AMPSA  

 

fcρm 

 

Tm 

 

fnρt 

 

Tt 

 

Ts 

 

fdρd 

 

R2 

0.00 0.2071 2077 0.0021 127.05 9.75 0.0095 0.9984 

0.25 0.3134 2244 0.0015 97.74 4.82 0.012 0.9982 

0.76 0.0540 2276 0.0009 87.84 3.92 0.14 0.9978 
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ω2 = The contribution of metallic disorder in amorphous resistivity at room temperature 

is given by 
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Table 7.3 shows the numerical amounts of ω1 and ω2 based on the equation 6.15 and 6.16.  

Both of these terms shows that, the fraction of the quasi-1D metallic transport in 

crystalline region (at room temperature) and the fraction of metallic disorder in 

amorphous area of ω 2 is increased by addition of SWNTs to  PAni-ES/AMPSA. 

Table  7.4.  The contribution of metallic resistivity in bulk resistivity and the metallic 

disorder in amorphous resistivity 

 
 

 

 

 

 

  Thermal induced alignment during fiber formation aligns the metallic phase of the highly 

ordered domain(HOD), while simultaneously  partially orients the amorphous regions, 

which separate the “metallic islands”[29-31].  The increasing of ω1 , ω2 , and decreasing of  

% w /w SWNT in 
PAni-ES/AMPSA 

 
ω 1(%) 

 
ω 2(%) 

 
0% 5.4 0.83 

0.25 % 12 0.84 

0.76 wt % 14 1.01 
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Tt and Ts  after addition of SWNT, suggests the formation of an interconnected network 

of metallic SWNTs in barriers of the amorphous area between crystalline PAni islands. It 

may result in a higher extended structure and higher metallic transport of PAni-

ES/AMPSA after addition of SWNTs.  

7.4.   Conclusion  

   In summary, the temperature dependent conductivity of PAni-ES/AMPSA fibre with 

and without SWNTs was evaluated. The results of experimental data were fitted on a 

model that proposes a heterogeneous structure comprising crystalline and amorphous 

resistivities in series for conducting polymer and SWNTs which are used to identify the 

conductivity parameters and/ or transport regime.   

  Metallic behaviour accompanied with a peak in the conductivity and a turn over to non- 

metallic behaviour was observed for highly conducting PAni and its SWNT composites.  

The temperature corresponding to maximum conductivity is increased by addition of 

SWNTs suggesting a change in morphological disorder. In addition, the reduced 

activation energy indicates greater metallic behaviour in PAni-ES-AMPSA containing 

SWNT compared with neat PAni-ES/AMPSA. 

  The qualitative analysis of the metallic behavior of composite fibres was further 

investigated using a quantitative approach. It was shown that the higher metallic transport 

of PAni-ES/AMPSA-SWNT composite fibre compared to neat PAni-ES/AMPSA fibre is 

based on the numerical amount of the fraction of metallic resistivity to the total resistivity 

and the contribution of metallic disorder in resistivity of amorphous regions ( i.e. ω1, ω2). 
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These parameters indicated that the addition of SWNTs improves the metallic property in 

the crystalline areas and boosts the metallic disorder contribution in amorphous areas. 

  In the PAni fibre without SWNTs, the induced separation in highly ordered domains 

(HOD) of metallic islands during the stretching process is filled by nonmetallic disorder of 

the amorphous regions.  Meanwhile the addition of SWNTs may produce a network 

including a mixture of metallic and nonmetallic ropes interacting with PAni in the 

crystalline and amorphous areas. It is therefore expected that the gap between metallic 

regions is filled by metallic ropes which are well distributed and aligned in the composite.  
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8.1. Introduction 
 
   As described in Chapter one, there are many applications in E-textiles for conductive, 

electroactive fibre. In this Chapter, just three example applications are considered: 

mechanical actuators, rechargeable batteries and humidity, temperature sensors. Although 

stand alone devices embedded in textile matrix were not constructed, the PAni composite 

fibres described in Chapter five were considered in each of these areas. The aim of the 

current study was to determine whether the composite fibres are viable candidates to be 

further developed into fully functioning standalone devices. 

8.1.1. Actuators: recent development and general requirement 

 
  Actuating materials capable of producing useful movement and forces are recognised as 

the “missing link” in the development of a wide range of frontier technologies including 

haptic devices [1, 2], microelectromechanical systems (MEMS) [3] and even molecular 

machines [4].  Immediate uses for these materials include an electronic Braille screen [5], 

a rehabilitation glove [6], tremor suppression [7] and a variable camber propeller [8].  

Most of these applications could be realised with actuators that have equivalent 

performance to natural skeletal muscle.  Although many actuator materials are available, 

none have the same mix of speed, movement and force as skeletal muscle.  Indeed the 

actuator community was challenged to produce a material capable of beating a human in 

an arm wrestle[9].  This challenge remains to be met. 

  One class of actuator material that has received considerable attention is low DC voltage 

electrochemical systems utilising conducting polymers [10-12] and carbon nanotubes [13, 

14] . One deficiency of conducting polymers and nanotubes compared with skeletal 
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muscle is their low actuation strains: less than 15% for conducting polymers and less than 

1% for nanotubes.  It has been argued that the low strains can be mechanically amplified 

(levers, bellows, hinges etc.) to produce useful movements [8], but higher forces are 

needed to operate these amplifiers.   

  In recent studies of the forces and displacements generated from conducting polymer 

actuators, it has become obvious that force generation is limited by the breaking strength 

of the actuator material [15-17].  Baughman [18] has predicted that the maximum stress 

generated by an actuator can be estimated as 50 % of the breaking stress so that for highly 

drawn PAni (PAni) fibres stresses of the order of 100 MPa should be achievable.  

However, in practice the breaking stresses of conducting polymer fibres when immersed 

in electrolyte and operated electromechanically are significantly lower than their dry-state 

strengths [15, 17, 19].  The reasons for the loss of strength are not well known, but the 

limitations on actuator performance are severe.  The highest reported stress that can be 

sustained by conducting polymers during actuator work cycles is in the range 20 MPa – 34 

MPa [17, 20]  for polypyrrole (PPy) films. However, the maximum stress that can be 

sustained by PPy during actuation appears very sensitive to the dopant ion used and the 

preparation conditions [17] , with many studies showing maximum stress values of less 

than 10 MPa [5, 15-17, 21]. 

   The low stress generation from conducting polymers, limited by the low breaking 

strengths, mean that the application of mechanical amplifiers is also very limited.  To 

improve the mechanical performance, we have investigated the use of carbon nanotubes as 

reinforcing fibres in a PAni matrix.  Previous work has shown that the addition of single 

wall nanotubes (SWNTs) and multi-wall nanotubes (MWNTs) to various polymer 
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matrices have produced significant improvements in strength and stiffness [22-25].  It has 

been shown that the modulus of PAni can be increased by up to 4 times with the addition 

of small (<2%) amounts of nanotubes ( see Chapter 4 and 5 and reference [26] ).  Similar 

improvements in the modulus of actuating polymers may lead to significant increases in 

the stress generated and work per cycle. Other previous studies have shown that wet spun 

PAni fibre may be used as actuators [27, 28].  Isotonic strains of 0.3 % and isometric 

stresses of 2 MPa were obtained from these fibres when operated in ionic liquid 

electrolytes.  

  The aim of the present study in actuation part is to determine the actuator performance of 

PAni-ES/AMPSA fibre containing SWNTs.   

8.1.2. PAni fibre electrode for application in rechargeable battery 
 

  Among the family of conducting polymers, PAni has been extensively studied as battery 

material due to its conductive electroactive properties [29-38]. PAni has a good redox 

reversibility and high stability, and it is neither soluble nor passive during the oxidation 

process. PAni has usually been employed as the cathode material with Zn as the anode 

electrode. The electrolyte contains inorganic acids such as  HClO4 or H2SO4 [33, 38]. 

Battery voltages of 2 V and discharge capacity of 121 mAh g-1 have been reported [33]. 

There have also been a few reports about the application of PAni in all polymer batteries. 

Rehan [39] , described a  battery composed of a doped PAni anode and a poly-1-naphtol 

cathode with metyl cyanide containing lithium percolorate and perchloric acid as 

electrolyte. It has been claimed that this battery system exhibited a discharge capacity of 

150 mAh g-1. The charging /discharging tests showed a gradual decrease in capacity up to 



Chapter 8                                                                      Potential applications 

 230

15 % after 100 cycles. A discharge capacity of 79 mAh g-1 was also reported for a cell 

composed of a PAni cathode and a polyindole anode using sulfuric acid  electrolyte [40]. 

  The aim of this part of the thesis was to evaluate the performance of PAni fibres as an 

electrode for wearable power source. Such batteries may be useful for embedding in a 

wearable diagnostic system to provide enough power for monitoring of vital signs using a 

sensor network in medical and military applications. The fibre shaping of electrochemical 

cells may ensure a superior grade of integration into textiles and a higher working surface 

and is preferable to the flat  thin film batteries [41].  

  PAni fibres and its composite containing SWNTs were investigated in ionic liquid 

EMITFSI in this work. High ionic conductivity, large electrochemical windows, excellent 

thermal and electrochemical stability and negligible evaporation make ionic liquids an 

ideal electrolyte for such system compared to mineral aqueous acids (i.e. H2SO4 ) [42-44].  

  The charge discharge capacity was obtained in this part for PAni-ES/AMPSA and fibre 

containing SWNT. 

8.1.3.  Sensitivity to temperature and humidity 
 
  The realisation of the all “organic” wearable smart and interactive textile may require the 

integration of conducting electroactive polymers into skin-adherent clothes as wearable 

sensors for several biomedical applications. In this regards sensing device (e.x. 

thermoelectric and piezoelectric sensors) have been fabricated by deposition of 

polypyrrole (PPy) on Lycra/Cotton fabric [45, 46]. Similarly, Researchers in CSIRO 

(Canberra, Australia) and the University of Wollongong (Wollongong, Australia) 

correspondingly have integrated this kind of fabric-based sensors into a smart knee sleeve 

[47]. The conducting electroactive fibre composed of PAni and SWNT due to low weight, 
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flexibility, ease of processing and several miniature geometries can be considered as 

another promising candidate for embedded knitted sensors in textile substrate. They are 

mechanically strong and showed conductivity in the range of metallic material. However, 

Prerequisites of an efficient performance for a sensor is generally related to linear 

sensitivity, high stability, reversibility and low response time.  

Two simple common physical properties like temperature and humidity were selected in 

this part to investigate the effectiveness of conducting fibres as a passive sensors to 

respond linear or step stimulators. 

 The achievement of similar performance of diverse conventional sensors integrated in a 

typical smart T-Shirt ( composed of wearable fabric embedded with metallic fibre and 

woven optical fibre developed by Sensatex [48]) used to monitor several vital signs n 

human body, such as heart rate, respiration rate, electrocardiogram (ECG) and skin 

temperature [49-51], can be possibly addressed in further study.    

 

8.2. Experimental  

8.2.1.  The actuation tests 

8.2.1.1.  Materials and reagents 

Neat PAni-ES/AMPSA fibre (5x thermally stretched) and PAni-ES/AMPSA/SWNT (0.76 

% w/w) were employed for characterisation of actuation performance. 

HCl (32 % w/w) was purchased from Sigma Aldrich and diluted with Milli-Q water to 

obtain the required concentration (1M). 
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8.2.1.2. Instrumentation 
 
  15 mm fibre samples were cut from a length of thermally drawn fibre with a diameter ~ 

50-60 µm. One end of fibre was attached to a Pt wire (100 um) with silver paint and then 

covered completely by epoxy glue to prohibit leakage of silver paint components into 

electrolyte. The other end was connected to an insulated copper wire with epoxy glue.  

The instrumental set up used for characterisation of actuation performance is similar to the 

set up used for cyclic voltammetry test described in section 3.5.2. The test has been 

conducted in the isotonic (constant force) mode (Fig 8.1). 

 

 

 

 

 

 
 
 
 
 

 

 
Figure  8.1. Experimental set-up for actuation test in isotonic mode [52] 

 
  Measurement of mechanical parameters (i.e force and displacement) was carried out  

using an Aurora Scientific force/strain transducer, the dual mode lever system model 

300B, which has an upper force limit of 50 g (0.5 N) . This system is able to measure both 

the force on, and the displacement of, a lever arm using an electromagnet. In order to 

provide a given force for isotonic measurements a constant current can be applied to the 
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electromagnet, and the displacement in the lever arm position applied by the actuator is 

detected  for measurement of active stroke[52].   

8.2.1.3. Actuator work per cycle 
  

   The calculation of the work performed by the actuator depends upon the definition of 

the work cycle. The net change in length of the actuator or the actuator stroke (∆Lf) when 

stimulated under a constant (isotonic) load (f) is then given by equation 8.1 and the work 

done is given by equation 8.2 [53]. 
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0f ∆∆                       Equation   8.1 

 

fLfW ∆=                                                                              Equation   8.2 
 
Where Y the elastic modulus when no voltage is applied, Y′ the elastic modulus after the 

voltage has been applied, A the cross-sectional area of the actuator (assumed not to change 

during the actuation process) and ∆L0 the “free stroke” of the actuator, or the length 

change that occurs when the actuator operates against no external force.  

8.2.2.      Electrode material for rechargeable battery  

8.2.2.1. Materials and reagents 

  Neat PAni-ES/AMPSA fibre (5X thermally stretched) and Neat PAni-

ES/AMPSA/SWNT (0.76 % w/w) were employed for characterisation of electrode 

performance for application in rechargeable battery. The ionic liquid ethylmethyl 

imidazolium bis(trifluoro methane sulfonyl) imide (EMI.TFSI) was synthesised in our 

laboratories according to methods described elsewhere  [54, 55].   
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8.2.2.2. Fabrication of polymer electrode 
 

 The thermally stretched (5X) PAni-ES/AMPSA fibres or PAni AMPSA fibres 

containing SWNT (0.76 %w/w) were cut into small segments, each was 3 cm length 

(D=60-80 µm ). Three such segments were bound together with platinum wire (φ = 0.125 

mm), and Pt wire was also used as current lead. The electrodes were soaked in ionic 

liquids (EMI.TFSI) for 2 hours to penetrate into the inner part of the fibres before 

electrochemical measurements.  

8.2.2.3. Electrochemical characterisation 
    

All the electrochemical evaluation of PAni-ES/AMPSA or its SWNT composite fibres 

were performed in a standard one compartment three-electrode cell with a stainless steel 

mesh counter electrode, Ag/Ag+ (EMI.TFSI) reference electrode, and ionic liquid 

EMI.TFSI electrolyte. The charge/discharge investigation were carried out using an 

EG&G PAR 363 Potentiostat/Galvanostat, a MacLab 400, and EChem v 1.5.2 software 

(ADI Instruments). In the charge/discharge test, the cells were charged galvanostatically at 

a current density of 0.1 mA to a cell voltage of 2.0 V, and then discharged at the same 

current to a cut-off voltage of -1.2 V.     

8.2.3.  Test for sensitivity  to temperature and humidity  

8.2.3.1. Material and reagents  

 
The thermally stretched (5X) PAni-ES/AMPSA fibres or PAni -AMPSA fibres 

containing SWNT (0.76 %w/w) were used for measurement of resistivity at different 
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temperatures and humidities. Different solution were employed to prepare a suitable 

environment for different relative humidity (RH %). 

Table  8.1 The description of aqueous solution required for preparation of different 

relative humidity in the conductivity chamber  

 

 

 
 
 
 
 
 
 

8.2.3.2. Instrumentation 

  The sensitivity of both samples versus temperature in constant humidity was evaluated 

by measurement of resistance using the PPMS (physical properties measurement system) 

instrument as described in Chapter 7 with scan rate of 3 ºC/min.   

 A multi-channel multi-meter data acquisition system of Agilant model 34970 using a four 

probe technique has been used to measure the resistance in different humidity at constant 

room temperature. A 10 mm fibre sample was fixed on the two-point probes using silver 

paint (SPI) The sample holder was connected to a two probe socket which was fixed in a 

stopper using long metallic rods (Figure 8.2). 

The whole sample holder including the sample was placed in a resistivity chamber 

containing different material to create different relative humidity. 

 

  RH%  The description of  humid environment 

3 Blue silica gel 

11 Saturated LiCl  aqueous solution 

51 Saturated Ca(No3)2  aqueous solution 

74 Saturated NaNO3  aqueous solution  
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Figure  8.2. Schematic shows the experimental set up used for measurement of resistance 

across the fibres for measurement of resistance in different humidity 

8.3. Results and discussion 

8.3.1.  Actuation behavior 
 
  The reinforcing effect afforded by small additions of SWNTs to the PAni-ES/AMPSA 

was demonstrated by dry-state tensile testing, as shown in Fig 5.19 and summarised in 

Table 5.5. A very large increase in the breaking strength from 170 MPa for neat Pani-

ES/AMPSA to 255 MPa was produced with the addition of 0.76 % w/w SWNTs. 

Similarly, the modulus of the composite fibres was nearly doubled from 3.4 GPa to 7.3 

GPa.  It has been shown that the measured modulus is in good agreement with the 

calculated value based on the principal of the rule of mixture (see Chapter 6), suggesting a 

high degree of separation, alignment and bonding of the nanotubes to the PAni matrix.  

Typical isotonic actuation data obtained during cyclic voltammetry at low stress is shown 

in Figure 8.3. Such simultaneous measurements by cycling of voltage provide valuable 

information regarding the actuation mechanism through correlation of actuation strain 

with potential and charge, and therefore the oxidation level.  

Temperatu
re channel
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Figure  8.3. The typical isotonic actuation data as a function of scanning potential in 1.0 M 

HCl at scan rate of 5 mV/s. Simultaneous demonstration of linear strain and 

yclic voltammogram in one cycle for (a) Neat PAni-ES/AMPSA (b) PAni –

ES/AMPSA/SWNT (0.76 % w/w)1 under 10 mN load 

 

(a) 

(b) 
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 Potentials were limited to between -0.2 V and +0.5 V versus Ag/AgCl to avoid the 

pernigraniline state and thus prevent degradation in the HCl. Oxidation and reduction 

between the leucoemeraldine and emeraldine states was stable, as evidenced by consistent 

cyclic voltammograms. The isotonic actuation strains also were determined at different 

(constant) stresses as shown in Figure  8.4 for the neat PAni-ES/AMPSA and PAni-

ES/AMPSA-SWNT (0.76 %w/w) composite fibre.  During isotonic actuation testing, each 

sample was tested at increasing loads until rupture occurred.  Note that the addition of 

nanotubes greatly increases the breaking strength of the composite fibres under actuation 

conditions. The nanotube reinforced fibres could sustain stresses up to 120 MPa without 

failure during electrochemical cycling. Even the neat Pani-ES/AMPSA could sustain 

stresses up to 90 MPa during work cycles. 

 The results in Figure  8.4 also show that the addition of nanotubes to the PAni matrix 

affects the actuation strain at low stress levels. The “free stroke” (strain at zero external 

load) for the PAni –ES/AMPSA/SWNT (0.76 % w/w) was approximately 60% of the neat 

PAni-ES/AMPSA free stroke. In this case the higher modulus nanotubes restrict the 

volume changes occurring within the PAni matrix.  
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Figure  8.4.  Isotonic strains measured during cyclic voltammetry in 1M HCl at 5 mV/s 

between -0.2 and 0.5V (vs. Ag/AgCl reference). Open and filled symbols show 

the results from two separate samples. Square symbols are for neat PAni-

ES/AMPSA fibres and circles are for SWNT-reinforced fibre 

  The actuator strains of the composite fibres may be calculated using the same iso-strain 

assumption inherent in the rule-of-mixtures approach. The expected actuator strain (ε*
c) in 

the composite materials is estimated from: 

c

fffmmm
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*
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E*E* ενεν

ε
+

=
                      

Equation  8.1 

  Where subscripts c, m and f refer to the composite, PAni matrix and SWNT fibres and E 

and ν are the Young’s Modulus  and volume fraction for each phase.  Actuation in both 

the matrix (ε*
m) and the SWNT fibres (ε*

f) are considered in the analysis, since it is 

known that the SWNTs also produce appreciable strains when electrochemically charged 
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[14]. In previous work on SWNT/PAni composites, where unaligned mats of SWNTs 

were dip coated with PAni to give composites of 75 % w/w SWNTs, it has been shown 

that both the nanotubes and the polymer contribute to the actuation strain.   

  The calculated composite actuation strain (at zero applied stress) was found to be 0.57 % 

where the matrix actuation strain (ε*
m ) was taken as 1.3 % and a SWNT actuation strain 

(ε*
f ) was assumed to be -0.06 % for an anodic current pulse [56]. The measured actuation 

strain (0.85 %) was appreciably larger than the calculated strain.  Clearly, the stiffening 

effect caused by the nanotubes cannot on its own account for the observed actuation 

behaviour. 

  The larger than expected actuation in the composite fibres suggest that the nanotubes 

increase the efficiency of the actuation mechanism, perhaps through improved charge 

transfer.  The magnitude of the increase in efficiency is demonstrated by calculating the 

matrix strain needed to account for the measured composite actuation strain.  Thus, a 

matrix strain of 1.8 % would be required to generate a composite strain of 0.85 %.  The 

higher matrix strains that occur in the SWNT composites compared with the neat PAni 

fibres, suggest a higher charge transfer efficiency possibly due to the higher conductivity 

of the SWNT-PAni composites (Table  8.2).  For comparison, neat PAni fibres were also 

sputter coated with platinum to improve their conductivity and these samples showed 

actuation strains of 2 % compared with 1.3 % for uncoated PAni fibres[57].  Improved 

electrical conductivity has previously been shown to increase actuation performance by 

reducing iR losses along the fibre length and so increasing the active portion of the fibre 

[5].   
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Table  8.2. Measured and calculated properties of PAni-ES/AMPSA/SWNT fibre 

composites. 

 
 0% SWNT 0.76% SWNT 

Elastic Modulus (GPa) 3.4± 0.4 7.3± 0.4 

Tensile Strength (MPa) 170± 22 255± 32 

Elongation at Break (%) 9± 3 4± 0.6 

Max. Work Per Cycle (kJ/m3) 365 320 

Adjusted PAni matrix actuation (%) NA 2% 

4-probe conductivity (S/cm) 497± 55 716± 36 

 

   Furthermore, the strong interactions between the PAni and SWNTs has been previously 

shown to enhance electroactivity [58].   As shown in Figure  8.4, the electroactivity of the 

composites is improved by the addition of only 0.76% SWNTs.  The more pronounced 

redox processes occurring in the composite fibres indicate an improved electrochemical 

efficiency that leads to an increase in the PAni matrix actuation.   

Enhancement of the electroactivity of PAni/SWNT composite fibres has been attributed to 

a possible increase in the degree of protonation of the PAni due to strong π-stacking 

interactions between the SWNTs and the PAni.  Clearly the improved electroactivity of 

the composite fibres will induce larger actuation strains in the PAni matrix, as described 

above. The higher load capacity of the PAni/SWNT fibres also translates into higher 

work-per-cycle (Table  8.2).  The maximum work-per-cycle of the neat PAni was 365 

kJ/m3 compared with other reported values of up to 83 kJ/m3 for polypyrrole[59] [60].  

With the addition of 0.76% NTs the work-per-cycle decreases slightly to 325 kJ/m3, which 

is still more than 10 times higher than the work capacity of skeletal muscle [8, 61].  The 
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dramatic increase in work per cycle compared with previous results from conducting 

polymers is a consequence of the higher strains at much higher stresses that are produced 

by the PAni and composite fibres. In addition, the high cycling stability was observed 

after more than 100 cycle under applied load. This observation implies that high 

diffusivity of counter ions through fiber skin is achievable even for fibers under 

extensional load.   
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Figure  8.5.   Cyclic voltammograms showing current density (I) for potential (E) scans 

between -0.2V and +0.5V (vs. Ag/AgCl) in 1M HCl at 5 mV/s: a) neat Pani-

ES/AMPSA and b) Pani-ES/AMPSA -SWNT fibres. 
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8.3.2. Performance of PAni-ES/AMPSA and its composite containing  SWNTs 

fibres as electrode material in rechargeable battery  

Cyclic voltammetry of Pani-ES/AMPSA fibre and its SWNT composite in EMI.TFSI as 

Ionic liquid electrolyte were shown in section 5.3.8.2. The redox reaction appeared to 

occur more reversibly after the addition of carbon nanotubes.  It has also been noted that 

the redox peaks for PAni-ES/AMPSA-SWNT fibre became sharper. All these results 

indicate that the oxidation and reduction reactions occur more easily after carbon 

nanotubes incorporation, a higher charge and discharge capacity are expected.  

8.3.2.1. Charge/discharge characteristics 
 

   The charge/discharge characteristics of the PAni-ES/AMPSA and its SWNT composite 

fibres were evaluated galvanostaticlly, and the charge/discharge curves are shown in 

Figure  8.6. The charge/discharge capacity was calculated from the amount of the PAni 

fibres.  It can be seen that the charging potential increases and discharging potential 

decreases as the depth of the charge/discharge process is increased.  This response is 

characteristic of electrode materials used in rechargeable batteries and indicates that PAni-

ES/AMPSA fibres can be used as an electrode material in ionic liquid.  A discharge 

capacity of 11.2 mAh g-1 and charge capacity of 12.4 mAh g-1 were obtained for PAni-

ES/AMPSA with 0.76 % w/w SWNT. These results were 2-3 times higher than those 

obtained for pure PAni-ES/AMPSA. PAni-ES/AMPSA exhibited a discharge capacity of 

4.1 mAh g-1 and charge capacity of 4.5 mAh g-1.  It has also been noted that the charge 

voltage became lower and discharge voltage became higher after SWNT were 

incorporated into the PAni-ES/AMPSA, which indicates that energy consumed for (IR) 
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was reduced and effective energy was improved. The reason for this could be that the 

higher conductivity reduces the internal resistance of the electrode after the carbon 

nanotubes were incorporated. However, the charge and discharge capacity obtained in this 

work is lower than that for PAni reported in electrolyte containing inorganic acid [33]. 

The significance of this work is that solid PAni fibre can be used as electrode material in 

ionic liquid EMITFSA, and it is promising electrode for wearable diagnostics system in 

wider electrochemical window compared to aqueous acids.    
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Figure  8.6. Charge/discharge curves of PAni –ES/AMPSA or PAni-ES/AMPSA/SWNT 

(0.76 % w/w) fibres (a) PAni-ES/AMPSA fibre charges (b) PAni-ES/AMPSA 

fibre discharges(c) PAni –AMPSA-SWNT (0.76 % w/w) charges(d) PAni –

ES/AMPSA-SWNT (0.76 % w/w) discharges 



Chapter 8                                                                      Potential applications 

 245

8.3.2.2. Cycle life 

   Discharge capacity as a function of the cycle number is shown in Fig.5 for PAni-

ES/AMPSA fibre with and without SWNT ( 0.76 % w/w) . The discharge capacities of 

PAni-ES/AMPSA fibre increased with the cycle number, and it attained 9.7 mAh g-1 after 

10 cycles from the initial capacity of 3.9 mAh g-1.  
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Figure  8.7. Cycle life of (a) PAni-ES/AMPSA (b) PAni-ES/AMPSA/SWNT fibres 

 
  These results suggest that a slow activation process occurred during the charge/discharge 

process. An initial discharge capacity of 10.9 mAh g-1 was obtained for PAni-ES/AMPSA 

/SWNT fibre, and it attained 12.1 mAh g-1 after 10 cycles. No obvious activation process 

was shown for PAni-ES/AMPSA/SWNT fibre. Conclusions can be made that the 

incorporation of SWNTs into PAni-ES/AMPSA fibre increased the electrochemical 

activation surface area and made it easier to activate the fibre electrodes. 
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8.3.3. Performance of PAni-ES/AMPSA fibres with and without SWNTs as 

humidity and temperature sensors 

8.3.3.1. Sensitivity to temperature 

 
   Figure 8.8 demonstrates the response of PAni fibre sensors (with and without SWNTs) 

to a change in temperature. Both fibres showed definite response to temperature. In 

general, both fibres show an increase in the resistance with an increase in temperature. A 

nonlinear response was observed with increasing temperature while a more linear 

response was found during a temperature decrease. A 8 % change in normalised resistance 

was observed in the neat PAni-ES/AMPSA compared to 7 % in the PAni-ES/AMPSA-

SWNT fibre. After first cycles a 2.5 % drift in the sensor response of R/R0 was observed 

respectively in PAni fibre and its SWNT composite at the reference temperature. 

  The non linear behavior of the PAni fibres suggest a complex mechanism in charge 

transport that is not favored for sensor applications. The PAni fibre without SWNTs gave 

a more reliable response and may be further developed for use as a temperature sensor. 
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Figure 8.8. The sensitivity of normalised resistivity versus (a) temperature changes by 

scan rate ( 3 °C/min) at constant humidity. R/R0 response of (b) Neat PAni-

ES/AMPSA versus temperature change (c) PAni-ES/ AMPSA-SWNT versus 

temperature change 
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8.3.3.2. Sensitivity to relative humidity (% R.H.) 
 

Figure 8.9 shows the change in the normalised resistivity versus humidity at constant 

room temperature for the PAni fibres. A step change in relative humidity resulted in a non 

linear fast response in low % R.H when the neat PAni-ES/AMPSA fibre was exposed to a 

moist environment.  

  A 10 %, 22 % and 24 % decrease in R/R0 was observed after changing of % R.H. of the 

test chamber respectively from 3% RH to 11%, 51 % and 74 %. Thus these fibres are 

more accurate for determination of the water content in low RH environments. A much 

slower response was observed upon drying of samples. 

  The PAni-ES/AMPSA /SWNTs showed no predictable change in the results of R/R0 

with changing humidity. There was a small drift during the drying phase, but no response 

in the humidifying phase. The low  sensitivity to humidity for PAni-SWNT fibre is useful 

for applications in needs the lowest variability in conductivity for transferring of electrical 

signal, but clearly is not favored for sensing of humidity 
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Figure  8.9 (a) Pulse in relative humidity at constant temperature. The variation of 

normalised resistance(R/R0) for (b) PAni-ES/AMPSA fibre and (c) PAni-

ES/AMPSA /SWNT composite versus humidity pulse change. 
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8.4. Conclusions 
 

The possible application of PAni-ES/AMPSA with and without SWNTs fibres as 

actuators, energy storage and sensors were examined here. While the fibres showed great 

promise as actuators, their response as batteries and temperature/ humidity sensors was 

still well below conventional products. Only preliminary studies were conducted for the 

battery and sensor application. Further optimisation of the fibre (e.g. different dopants, 

different electrolyte and /or controlled porosity) may improve their performance. These 

further studies were beyond the scope of the current thesis. 

   It has been shown that the addition of small amounts of carbon nanotubes to PAni-

ES/AMPSA fibres produces significant improvements in their electroactivity which 

translates to enhanced actuation performance.  While the neat PAni-ES/AMPSA  

produced an actuation strain of 1.3 % at near zero loads, the presence of the SWNTs 

decreased this actuation to 0.85 %. The resultant actuation strain of the composite fibres 

was determined by a balance between the increased electroactivity leading to higher 

strains in the PAni matrix (up to 1.8 %) and the increased modulus, restricting matrix 

deformation and producing lower strains.  The most significant effect of nanotube 

additions was, however, the much improved breaking strength and much higher operating 

stress levels. A 5-fold increase in work-per-cycle of compared with other conducting 

polymer actuators were achieved with the composite fibres.  Useful actuation strains could 

be obtained at up to 100 MPa applied stress, which is 3 times higher than other conducting 

polymer actuators and 300 times higher than skeletal muscle. The improved strength and 

stiffness of the composite fibres can be utilised in various applications where high force 



Chapter 8                                                                      Potential applications 

 251

operation is required, such as in strain amplification systems or biomimetic 

musculoskeletal systems. 

   In addition, PAni-ES/AMPSA fibre with 0.76 % SWNT exhibited a higher 

charge/discharge capacity, lower charge voltage and higher discharge voltage compared 

with the neat PAni-ES/AMPSA. Results show that solid PAni fibre can be used directly as 

electrode in ionic liquid of EMI.TFSI, and the electrochemical properties of the fibre as an 

electrode material have been improved after the carbon nanotube incorporation. PAni-

ES/AMPSA/SWNT fibre is a promising electrode material for wearable diagnostics 

system. However its current performance is still well below conventional rechargeable 

battery systems 

PAni-ES/AMPSA fibre and its SWNT composite showed a nonlinear response with some 

delay to temperature signals. The addition of SWNT in PAni-ES/AMPSA fibre for 

temperature sensing also increased the variability in the sensor response.  

The PAni-ES/AMPSA fibre incorporated with nanotubes showed much lower sensitivity 

to changes in humidity compared with the neat PAni-ES/AMPSA fibre. This behavior has 

good opportunities for application in conducting yarn that needs the lowest variability in 

conductivity for transferring of electrical signal but clearly is not favored for sensing of 

humidity. Time did not allow the development of fully packaged, stand –alone devices. If 

promising, their further development could be considered in future work. 
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  The development, characterisation and introducing of potential applications of composite 

fibers consisting of polyaniline reinforced with SWNTs were the main objectives of the 

present study. Several strategies using ex-situ blending of components were investigated 

to obtain suitable approaches for processing of conducting fibers. Studies into the 

electrical, mechanical and electrochemical properties of the fiber were conducted to assess 

their usefulness in different applications. 

   Two approaches including “two step” (acid doping after fiber preparation) and “one 

step” (doping during preparation of spinning solution) have been employed to investigate 

the ease of formation of PAni-SWNT composite fiber. In addition the effectiveness of 

nanotube inclusion for improvement of mechanical, electrical and electrochemical 

properties was studied in each method.       

  In the two step method, a reduced form of polyaniline (EB reduced by phenyl hydrazine 

to form LEB) and in the one step process, the salt form (EB doped with AMPSA to form 

ES) were employed as the polymer phase during fiber spinning.  

 From a processing point of view, using DLS and UV-Vis-NIR, it has been shown that the 

DMPU and DCA as solvents, respectively, for PAni in base and salt form are able to 

effectively disperse the pristine SWNTs. This property has been used to prepare a highly 

stable spinning solution containing PAni and SWNTs. It has been also shown that the 

presence of small amounts of PAni and AMPSA, respectively, in DMPU and DCA delay 

the agglomeration of nanotube bundles.  

  The size distribution of SWNTs was found to depend on their concentration in both 

solvents. The DLS results showed that the range of the hydrodynamic diameter was 
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between 100-200 nm for a 0.2 % w/w SWNT/ DMPU dispersion. However, this range of 

hydrodynamic diameter for SWNT/ DCAA was observed for 0.09 % w/w dispersion. 

Beyond these concentrations, both dispersions showed a high level of nonhomogenity and 

agglomerated lumps which can be observed by the naked eye. For concentrations of lower 

than 0.2 %w/w in SWNT/DMPU dispersion and 0.09 % w/w in SWNT/DCAA dispersion 

the hydrodynamic diameter was below 100 nm.  

  Using DLS it has been shown that the sonication time decrease the hydrodynamic 

diameter. Simple viscometery was used to find the lowest sonication time to obtain 

homogenous dispersions. Based on that, respectively a 2 hr and 30 min sonication was 

found as appropriate time for SWNT/DMPU and SWNT/DCAA dispersions.    

  The viscometery was also employed to investigate the degree of physical entanglement 

between nanotubes bundles and polymer chains. The rheological behavior of the PAni-

ES/AMPSA/SWNT in DCAA dispersions closely resembles that reported for PAni-

LEB/SWNTs dispersions in DMPU. The addition of nanotubes changes the rheological 

behavior of spinning solution from a Pseudo-Newtonian to non-Newtonian fluid based on 

power law regime. The larger deviation from Newtonian behavior was observed for the 

PAni-ES/AMPSA/SWNT dispersions compared with PAni-LEB/SWNT at the same 

concentration of nanotubes by comparing of power law indices and ratio of consistency 

index. These observations suggest stronger physical interaction between nanotubes and 

the polymer chain in PAni-ES/AMPSA-SWNT spinning solution. In addition, the 

measurement of viscosity versus time revealed a high level of stability in a range of 5 hr 

and 24 hr ,respectively, for PAni-ES/AMPSA /SWNT (0.09 % w/w)- and PAni-

LEB/SWNT (0.2 % w/w) solutions.  
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  The formation of solid fiber from these spinning solutions was carried out by coagulation 

in a 10 % w/w NMP/water solution for PAni-LEB/SWNT and pure acetone for PAni-

ES/AMPSA/SWNT. The faster coagulation was observed for PAni-ES/AMPSA/ SWNT 

in acetone compared with PAni (LEB)/SWNT in NMP/water solution thus allowing a 

nonporous fiber to be produced at a higher take-up velocity in same coagulation length.  

  In addition, the as spun fiber produced from the one step process (PAni-ES/AMPSA/ 

SWNT) showed a tendency to high thermal stretching ratio (even seven times of initial 

length) in lower temperature( 60-80 °C) compared with 2-3 times for PAni-LEB/SWNT in 

higher temperature( 100-120 °C). 

  The mechanical, electrical and electrochemical properties of stretched fiber of PAni-

LEB/SWNT fiber (before and after doping) and PAni-ES/AMPSA/SWNT were 

characterised respectively by using DMA (strain rate), four probe conductivity and CV. In 

addition the morphological study was carried out using SEM and TEM. Raman 

spectroscopy and thermal analysis including (DSC and DMA) were employed to identify 

the chemical and/or physical interaction between Polyaniline chain and nanotube bundles. 

  In both the one step and two steps methods, fibres containing SWNTs have superior 

mechanical, electrical and electrochemical properties compared with neat polyaniline 

fiber. The non porous morphology and a fairly homogeneous dispersion of SWNTs 

throughout the PAni matrix were evidenced by SEM and TEM. In addition, the thermal 

study confirms the influence of nanotube on reducing of mobility of PAni chains which 

reflect the good physical adhesion. These effects at the nano/microscale directly 

influenced the macroscopic mechanical properties of PAni fiber after addition of 

nanotubes. 
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  For PAni-LEB/SWNT composite, the fibre containing 2 % SWNT demonstrated a 100% 

increase in yield stress, 50% increase in tensile stress, 240% increase in Young’s modulus 

and 30% decrease in elongation at break compared with the neat PAni fibre. The dramatic 

increase in mechanical strength and elastic modulus revealed an efficient interfacial 

interaction between PAni and SWNTs. In spite of the superior mechanical strength for the 

composite fibers containing SWNTs, the low flexibility under bending stress was a major 

disadvantage of the fiber produced by this method. In contrast, the ultimate tensile 

strength and elastic modulus of PAni-ES/AMPSA/SWNT fibres were increased by 50% 

and 124% upon addition of 0.76% (w/w) nanotubes. The elongation at break decreased 

from 11% to 4% upon addition of nanotubes however fibers remained tough enough to be 

knotted.   

  Tenacity and elastic modulus versus elongation at break of fibers produced in present 

study and commercial fibers have been compared in Figures 9.1 and 9.2. It can be seen 

that for PAni-ES/AMPSA/SWNT fiber the tenacity occurs at higher elongation compared 

with PAni-LEB/ SWNT. It reveals that, although the tenacity   varies in the range of fibers 

such as Acrylic, triacetate and Nylon-6, however, the lower elongation at break may 

produce a challenge for application in textile fabric. 

  The elastic modulus of PAni-LEB/ SWNT fiber is approximately 150% more than PAni-

ES/AMPSA/SWNT. In contrast the elastic modulus of PAni-ES/AMPSA/SWNT is very 

close to polyester, cotton or polyethylene, however commercial fibers still shows higher 

strain at break compared to fibers produced in this work. 
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Figure 9.1. The comparison of tensile strength versus elongation at break of PAni –CNT 

fiber produced from one step and two step methods with commercial yarns 
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Figure 9.2. The comparison of elastic modulus versus elongation at break of PAni –CNT 

fiber produced from one step and two step methods with commercial yarns. 
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  The fibers containing SWNTs showed higher electrical conductivity over neat 

polyaniline for both approaches. However, the fiber produced from salt form inherently is 

more conductive (≈ 450 S/cm) than fiber produced from base form doped with acid 

dopant (≈ 90 S/cm). The conductivity of PAni-ES/AMPSA/SWNT fiber at percolation 

level of 0.35 % w/w SWNTs increased to ≈ 600 Scm-1. In contrast the PAni -LEB/SWNT 

showed a conductivity of about 120 Scm-1 at percolation level of 0.4 % w/w SWNTs. 

  The improvement of electrical conductivity was evidenced by the peak corresponding to 

the formation of (C-N.+) band in the Raman spectrum and this response was enhanced by 

addition of carbon nanotubes. The formation of a new passage way for charge transport 

was indicated also by Raman spectroscopy which detected the interaction between quinoid 

ring of PAni and SWNTs through π-π stacking. In addition, using EPR it has been shown 

that the presence of nanotubes in PAni matrix increases the density of free radicals.  

  The impact of higher conductivity was apparent in cyclic voltammetery test where the 

fiber was used directly as the working electrode. The cyclic voltammetry test revealed that 

the use of metal backing was necessary to obtain well defined redox peaks for LEB-

DMPU-SWNT fibers even after acid doping. The employment of metal backing adds an 

additional processing step and expense for fabrication of fibers for different electronic 

devices. However, the results obtained from cyclic voltammetry of the PAni-

ES/AMPSA/SWNT fibers without any metal backing either in aqueous solution or ionic 

liquid reveals a promotion in the degree of oxidation/reduction with a doping effect of 

SWNTs through π-π stacking of SWNT fragment and PAni molecule. 

  In summary, although in the two step fiber spinning process, the negative impact of acid 

doping on mechanical properties can be compensated and the electrical properties can be 
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improved by addition of nanotubes, there are still major problems with fibers formed 

using this process. These problems include low spinning rate, low flexibility and low 

conductivity and insufficient charge transfer along uncoated fiber. These disadvantages 

can be removed by processing of PAni-SWNT in emeraldine salt form through a one step 

process.  

  
 The quantitative analysis of nanotube orientation and detection of load transfer from 

matrix to nanotubes were investigated in PAni-ES/AMPSA/SWNT composite fiber using 

Raman spectroscopy. It has been shown that the significant change in intensity of G band 

and RBM band by changing of angle between fiber axis and polarisation plane in VV and 

VH configuration of polariser and analyzer can be correlated to orientation of nanotubes 

through measurement of average angle between nanotubes and fiber axis. It has been 

found that thermal stretching of as spun fiber orients majority of nanotubes in a range of 

about ±30° versus fiber axis. Moreover, the Herman’s orientation factor increased from 

0.02 to 0.43 respectively, for as spun and 5x drawn fiber. 

  Micro Raman spectroscopy has been used to show the load transfer from matrix to 

nanotubes. A significant shift between 90-130 cm-1/strain in D* band has been observed. 

The comparison of mechanical and spectroscopic results elucidates the mechanism of load 

transfer from bulk polymer to interfacial area and nanotubes. It was proposed the small 

discrepancy between the observed value of the elastic modulus and the predicted amount 

by the rule of mixtures originated from imperfect adhesion between the nanotubes and the 

polymer and /or through non complete alignment of the nanotubes. 

  In addition using a PPMS instrument, the results of temperature dependent electrical 

conductivity experimental data has been fitted on a heterogeneous model comprising 
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crystalline and amorphous resistivities in series for conducting polymer and CNTs to 

identify the conductivity parameters. Metallic sign accompanied with a peak in the 

conductivity and a turn over to non metallic sign at lower temperature was observed for 

the temperature dependence conductivity around room temperature for highly conducting 

PAni and its SWNT composite fibers. The temperature corresponds to maximum 

conductivity is increased by addition of SWNTs suggest that the SWNTs restrict the 

degree of motion of polymer chains so that higher energy must be absorbed to cross the 

M-I transition. It was shown that the higher conductivity of PAni-ES/AMPSA/SWNT 

composite fiber compared to neat PAni-ES/AMPSA fiber also can be described by 

improvement of the metallic property in the crystalline areas and boosting of the metallic 

disorder contribution in amorphous area. 

The benefit of applying PAni-ES/AMPSA fiber and its composite having SWNT in 

applications as actuator, power source and sensor was examined using some preliminary 

tests. While the fibers showed great promise as actuators, their response as batteries and 

temperature/ humidity sensors was competitive with existing materials.  

  Low voltage actuating materials (“artificial muscles”) are required for many applications 

in robotics, medical devices and machines. One of the biggest limitations to date for the 

application of conducting polymers, such as polyaniline, is their low breaking strength- 

typically less than 10 MPa during an electrochemical actuation cycle under external load. 

  Significant improvements in actuator strength, stress generation and work-per-cycle have 

been achieved through the incorporation of small amounts (up to 0.76% w/w) of carbon 

nanotubes as reinforcement in the polyaniline matrix. As actuators, these composites 

fibres continue to operate at applied stresses in excess of 100 MPa producing a maximum 
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work per cycle of over 300 kJ/m3. This performance is 3 times higher than previously 

produced conducting polymer actuators and exceeds skeletal muscle in terms of stress 

generation by 300 times. The improved strength and stiffness of the composite fibres can 

be utilised in various applications where high force operation is required, such as in strain 

amplification systems or biomimetic musculoskeletal systems. 

New battery material was constructed consisting of either a solid PAni-ES/AMPSA fiber 

or a similar fibre containing SWNTs. An ionic liquid (EMI.TFSI) was used as electrolyte 

with wide electrochemical window in a range of ± 2 V. PAni-ES/AMPSA fiber with 0.76 

% SWNT exhibited a discharge capacity of 11.2 mAh g-1 and charge capacity of 12.4 

mAh g-1. These values are higher than those obtained for neat PAni-ES/AMPSA fibre 

which exhibited a discharge capacity of 4.1 mAh g-1 and charge capacity of 4.5 mAh g-1. 

In addition lower charge voltage and higher discharge voltage was observed for PAni-

ES/AMPSA/SWNT fiber compared with the neat PAni-ES/AMPSA fiber. PAni-

ES/AMPSA/SWNT fiber can be a promising electrode material for wearable diagnostics 

system. However, its current performance is still well below conventional rechargeable 

battery systems. 

  PAni fiber and its SWNT composite showed a nonlinear response with some delay to 

temperature signals. The addition of SWNT in PAni-ES/AMPSA fiber for temperature 

sensing also increased the variability in the sensor response.  

The PAni fiber incorporated with nanotubes showed much lower sensitivity to change in 

humidity pulse compared with neat PAni fiber. This behavior has good opportunity for 

application in conducting yarn that needs the lowest variability in conductivity for 

transferring of electrical signal but clearly is not favored for sensing of humidity. 
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Only preliminary studies were conducted for the battery and sensor application. Further 

optimisation of the fiber (e.g. different dopants, different electrolyte and /or controlled 

porosity) may improve their performance. These further studies were beyond the scope of 

the current thesis. If promising, their further development could be considered in future 

work. 

Table 9.1 and 9.2 compares processing characteristics and includes brief economical and 

safety information that needs to be considered for further development. As can be seen 

from economical point of view the total cost required for preparation of 1 gram of 

spinning solution in two step method is nearly twice that of the one step method. In this 

calculation, the equal cost has been considered for energy during solution preparation and 

fiber processing steps. 

Table 9.1.  The comparison of one step and two steps methods by considering economical 

and safety issues   

Characteristic PAni-ES/AMPSA/SWNT 

One step process 

PAni-LEB/SWNT 

Two steps process 
solvent 2.06 AUD/20 g DCAA 7.52 AUD/20 g DMPU 

PAni 10 AUD/1g of PAni 20 AUD/2 g of PAni 

Additive 0.26 AUD/1.3 g AMPSA 0.09 AUD/0.66g phenyl hydrazine 

The price of 
consumable 

material based 
on 20 g  of 

solvent 
SWNTs 12.24 AUD/18 mg SWNT 27.2 AUD/40 mg SWNT  

Total price / g of 
spinning solution 

1.1 AUD 2.41 AUD 

Total price / 
gram of solid 

fiber 

10.59 AUD 26.86 AUD 

 

The hazardous identification of materials which used for fiber spinning in both methods 

show disadvantages those are dangerous for human and environmental safety. (Table 9.2) 
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Table 9.2. The hazardous identification of solvents, additive and coagulants used in one 

step and two steps methods 

 PAni-ES/AMPSA/SWNT

One step process 

PAni -LEB/SWNT 

Two steps process 

Solvent Causes severe burns .Very toxic 
for aquatic organism (DCAA) 

 May cause sensitisation by skin contact. 
Harmful if swallowed. Irritating to eyes 
(DMPU) 

Additive Causes burns (AMPSA) 
 

May cause cancer. Also toxic by inhalation, 
in contact with skin and if swallowed. 
Irritating to eyes and skin (Phenyl 
hydrazine) 

Coagulant Highly flammable. irritating to 
eye .Vapor may cause 
drowsiness and dizziness 
(Acetone) 

Irritating to eyes and skin ( NMP/water) 
 

 

 
 

  

 

 

 

 

. 
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