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Science can only determine what is, but not what shall be, and beyond its realm, value 

judgements remain indispensable. Religion, on the other hand, is concerned only with 

evaluating human thought and actions; it is not qualified to speak of real facts and the rela-

tionships between them. 

 

-Albert Einstein 
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Summary 

More than three decades ago polymers were considered to be insulators. Polymers could be 

made more or less conductive by the addition of fillers such as carbon black. This notion 

changed after the ‘experimental accidental discovery’ of extremely high conductivities in 

doped polyacetylene. This discovery sparked a strong interest in intrinsically conducting 

polymers, which are characterised by a conjugated backbone structure. However, the com-

mercial use of these ‘conducting polymers’ was hampered because of their intractability 

(processing) and instability in air. The development of a new generations of conducting 

polymers, next to polyacetylene, is now on the verge of playing a big role in future elec-

tronic devices e.g. light emitting diodes, photovoltaic cells, flexible displays, sensors to list a 

few amongst the many. 

 

 Amongst this new generation of intrinsically conducting polymers, polyaniline 

(PANI) is one of the most promising candidates and a lot of studies have been devoted to 

the polymer. The reason is that PANI is easy to synthesize and is rather environmental sta-

ble combined with a high conductivity. However, PANI in its conducting form is also in-

tractable in nature. Subsequent developments to modify PANI into a processable form by 

means of counter ion induced processing, backbone substitution with alkyl chains etc. led to 

the use of PANI in a number of applications, usually in (nano)composites where PANI in 

dispersed form acts as a conductive filler. Upon mixing PANI with conventional polymers, 

the strong electrostatic interactions between PANI molecules results in a phase segregated 

morphology leading to loss of connectivity between the dispersed PANI particles and hence 

poor conductivity. Thus, a high(er) filler content is a prerequisite to achieve the necessary 

so-called percolation threshold. The downside of increasing the PANI concentration is a loss 

in physical and mechanical properties of the composite/blend. The conductivity of PANI 

composites can be significantly improved by addition of nanofillers such as carbon nano-

tubes (CNTs) either multiwall or single wall connecting the dispersed PANI particles and 

that is one of the goals in the thesis. CNTs are attractive fillers because of their extremely 

high aspect ratio and exceptionally high electrical conductivity. However, the combined 

processing of PANI with CNTs as dispersed phases in a polymer matrix remains a consid-

erable challenge because CNTs are also intractable in nature, like PANI. Though the en-

hancement in conductivities is reported in PANI-CNTs by in-situ synthesis by grafting of 

PANI chains on functionalized CNTs, the reported methods do not elaborate on the proc-

essing of CNTs and PANI together. The thesis demonstrates novel methods developed to a 

facile and combined processing of PANI with CNTs from a common organic solvent or 

strong acid.  

 

In Chapter 2 the synthesis of PANI is described using interfacial polycondensation at 

room temperature. Aniline in xylene was the organic phase on top of 1M HCl/water (bot-
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tom phase) and the polymerisation was initiated by ammonium persulphate resulting in 

agglomerated nano-fibrillar PANI at the interface. Subsequently, an anionic surfactant was 

added and after stirring and subsequently leaving the system at rest, the PANI was com-

pletely dispersed in the organic phase. In sequential experiments, single-wall CNTs, SWNT, 

were pre-dispersed in the aqueous phase using an anionic surfactant to obtain exfoliated 

CNTs in the aqueous phase and the same experimental procedure was adopted as described 

above. Due to the use of a surfactant, prior to polymerization, the interfacial polymerization 

occurred throughout the system but after stirring and leaving the system at rest, both the 

PANI and CNTs were completely dispersed in the organic (top phase).It  is postulated that 

the strong interactions between the PANI backbone with the surfactant head groups as well 

as the hydrophobic interactions between the surfactant alkyl chains with the SWNTs are 

collectively responsible for the stabilization of this three component system within the or-

ganic solvent such as xylene. 

 

  In Chapter 3, the use of organic dispersions of PANI is made to determine the per-

colation threshold, the minimum concentration required to obtain connectivity and hence 

conductivity between the dispersed PANI particles, within polar polyamide 6 (PA6) and 

apolar polymers (polyethylene). The feasibility of using organic dispersions of PANI is 

demonstrated by a solution-cast and melt-processing route for PA6 and polyethylene re-

spectively. The percolation threshold of PANI within PA6 and ultra-high-molecular with 

(UHMW)-PE nanocomposites is observed at 4.8 weight % and ~1.5 to 1.7weight %, respec-

tively. The effect of the molar mass is examined further using low molar mass polyethylene 

and the percolation threshold is not achieved until 6 weight % of PANI. In the case of PA6-

PANI nanocomposites, the presence of PANI significantly affected the melting and crystal-

lization behaviour. Further, the conductivity in the annealed PA6-PANI nanocomposite de-

creased due to reorganisation of the crystalline component which facilitated phase separa-

tion of the dispersed PANI leading into the formation of segregated domains – thus ulti-

mately reducing the conductivity. In comparison, UHMWPE-PANI nanocomposites did not 

show any influence of PANI on the melting behaviour as well as annealed films did not 

show significant decrease in the conductivities.  

 

In chapter 4 the effect of addition of CNTs on the percolation threshold was studied. 

In the case of PA6- PANI+ SWNT based nanocomposites the percolation threshold is de-

creased by nearly 20% in the presence of only 0.04 weight % SWNTs. For comparison, PA6-

SWNT films are prepared but lacklustre dispersion of SWNT is observed owing to strong 

SWNT agglomeration within PA6. Based on the experimental evidence, it is concluded that 

surfactant modified PANI acted as the effective dispersant for SWNTs within low molar 

mass PA6, which led to reduction in percolation threshold. Further, an order of magnitude 

higher conductivity is achieved at comparable PANI concentration at only 0.9 weight % 
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SWNTs. The reduction in the percolation threshold is also obtained in UHMWPE based 

nanocomposite films at only 0.02 weight % SWNTs. In addition, in UHMWPE-SWNT nano-

composites a very low percolation threshold of SWNTs is observed (~0.28 weight %) at 

higher conductivity values compared to UHMWPE-PANI nanocomposites.  

 

 Extending the influence of counter ions, Chapter 5 deals with the interactions of 

PANI with superheated water, 1 M HCl in water and 1 M HNO3 in water. The correspond-

ing changes are followed in-situ using wide-angle x-ray diffraction and subsequently mod-

elled using Materials Studio Software (Accelrys Software Inc.). Based on the information, 

the unit cell for emeraldine salt form of PANI is proposed. Expansion of the crystallo-

graphic lattice is observed upon treatment with superheated solvents that is found to be re-

lated to the presence and size of the anions in the solvent. All superheated solvents per-

petuated disruption of crystallinity within pristine PANI. The corresponding changes on 

the PANI backbone interactions are supported by the method described in Chapter 6.  

 

In Chapter 6, the issue of tailoring the percolation threshold was revisited but within 

the high performance polymer, polyparaphenylene terepthalamide (PPTA). For this pur-

pose a superacid based route is followed. In the first part, using 98% chlorosulfonic acid, 

individual processing of either PANI or SWNT or a combination of PANI-SWNT is demon-

strated. In subsequent part, modification of the percolation threshold in PPTA is demon-

strated. The corresponding conductivity measurements exhibit that SWNTs alone formed a 

rather low percolation threshold (~0.6 weight %), while PANI required a significantly 

higher amount to percolate within oriented PPTA films. This result can be attributed to the 

corresponding morphologies observed after treatment with superacid. The overall percola-

tion threshold in PPTA-PANI nanocomposites is greatly reduced by addition of a minute 

quantity of the SWNTs (~0.3 weight %). The preliminary experiments suggested an order of 

magnitude lower value for the conductivity compared to pristine PANI but reduction in the 

percolation is achieved at nearly 25% and 50% less amount of PANI and SWNTs respec-

tively. This experimental evidence clearly suggests that SWNTs successfully formed the 

nanobridges between PANI in oriented films based on PPTA. 
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Chapter 1  

Preamble 

 
Polymers (plastics) and rubbers are considered to be insulators and are used to insulate 

electric wires and cables. Polymers can be made conductive by adding conductive particles 

such as the well-known use of carbon black in rubber tyres. However, intrinsic conducting 

polymers have been discovered, the first one was doped polyacetylene. In general, the, con-

ductivity (σ) in materials is given by the equation (1.1). 

 

                          σ = qnµ                                     (1.1) 

 

Where q is charge, n is the concentration of charge carriers and µ is the mobility of charge 

carriers (m2V-1S-1). In electronic conductors, the charge carriers are electrons and holes, while 

in ionic conductors the charge carriers are cation and anion pairs, respectively. A typical 

chart of conductivity for variety of materials is illustrated in Fig. 1.1.  

 

 

Fig. 1.1. Chart of typical conductivities from variety of materials6. 
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1.1.  Intrinsically Conducting Polymers 

Conductivity in polymers was known in the 19’th Century but received almost no attention. 

The initial reports on polyacetylene dated back to 1866 in which heated acetylene resulted 

in an intractable powder1. In 1963 iodine doped polypyrrole is reported by Bolto et al2. De-

spite of these reports, the field of conducting polymers did not advance till Shirakawa et al 

reported their famous discovery of doped polyacetylene, which marked the beginning of a 

new era3. Though the magnitude of conductivity is exceptionally high, the commercial use 

of polyacetylene is significantly hampered because of its high instability in air and also dop-

ing induced insolubility in organic solvents that posed significant restrictions from a proc-

essing point of view. Nevertheless, the conjugated backbone structure of polyacetylene 

served as an ideal 1-D model for the development of conduction mechanism1. These limita-

tions then stimulated search for synthesis and development of alternative conducting 

polymers for example, polyaniline (PANI), polypyrrole (PPY) and polythiophenes (PT) etc. 

Compared to polyacetylene these heterocyclic polymers can be straightforwardly synthe-

sized, environmentally stable and possess a range of conductivity values depending upon 

their oxidation state. As a consequence these polymers started to receive academic as well 

as industrial attention, which led to the significant advances in the field. Thanks to these 

advances, conducting polymers are now poised to play an important role in future electron-

ics as well as batteries and fuel cells4 by virtue of their electronic properties combined with 

properties of the polymers; e.g. flexibility and ease of processing. The scientific break-

through of intrinsic conduction polymers was recognized by the Nobel Prize in Chemistry 

“For the discovery and development of conductive polymers” in the year 2000 to Heeger, 

Shirakawa and MacDiarmid.  

 

1.2.  Structural difference between ICPs and insulating polymers  

In conventional polymers such as polyethylene, polyamides (nylons), polyesters etc. the 

monomer units are covalently bonded in the polymer backbone, in fact the famous postu-

late by Staudinger in the 1920s. Conventional polymers are insulators because the electrons 

are localized along the backbone due to SP3 hybridization resulting in saturated structure. 

In intrinsically conducting polymers the electrons are in principle delocalized along the 

backbone due to SP2 hybridization. The unsaturated structure then results due to hybridiza-

tion of remainder Pz orbital and the successive formation of such units along the polymer 

chain is termed as ‘conjugated’ structure. However confinement of electrons in double bond 

lowers the overall energy of the electron system. Thus leads to alternation in the bond 

length, which is known as Peierls distortion5. In general this phenomenon is applicable to 

system, which possess symmetric charge conjugation e.g. polyacetylene.   
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1.3.  Doping in intrinsically conducting polymers 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) can be represented as ‘valence band’ and ‘conduction band’ in matter (see, Fig. 

1.2). 

 

 
Fig. 1.2. Schematic of formation of energy bands in crystalline molecular solids6 

 

Therefore, to delocalize the electrons along the backbone (i.e. to render conductivity) addi-

tion of the mobile charge carriers is a prerequisite. In common practice it is achieved 

through a redox mechanism called as ‘doping’. Typically ‘dopant’ substances may range 

from neutral molecules or inorganic salts that can easily form ions. The addition of such 

chemical species (in nonstoichiometric amount) dramatically alters structural, electronic, 

magnetic and optical properties of the conducting polymers5. In addition, doping can also 

be achieved (generally in heterocyclic polymers) by applying oxidizing or reducing voltage 

to the neutral polymer in an electrochemical cell7. The important feature of the doping is 

that the process is reversible i.e. the conducting polymer can be made neutral through ’de-

doping’ process. In the doped state, conduction occurs through solitons (generally free radi-

cal), polarons (free radical and cation pair) or bi-polarons (di-cation) charge carriers. These 

charge carriers are nothing but the defects in the conjugated backbone, which span across 

few monomer units; yet treated as a ‘single particle’ for convenience. The formation of the 

type of charge carriers depends upon backbone chain, its degeneracy and degree of doping8. 

The process of doping is illustrated in Fig. 1.3 for iodine doped polyacetylene.  

When polyacetylene is doped with iodine, the backbone is oxidized and gives an 

electron to the dopant species. This reaction creates a positively charge radical and a cation 

pair termed as polaron (at low doping level). While the radical can travel easily along the 

chain, the cation’s movement is restricted due to electrostatic interaction with dopant spe-

cie. Therefore presence of more negative ions along the backbone is necessary to allow the 

movement of free radical along the backbone.  
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Fig. 1.3.  Polaron formation in p-doped polyacetylene. 

 

This requirement explains the need for a large amount of dopant for the conducting poly-

mers9. The presence of these charge carriers creates new energy levels between conduction 

band and valence band thus ‘narrowing’ the band gap in conducting polymers. This is illus-

trated in Fig. 1.4.  

 

 
Fig. 1.4. Schematic representation of the energy gap in (a) neutral polymer (b) polaron (c) bipolaron (d) bipo-

laron bands and (e) soliton and (f) soliton band resulting at different levels of doping. 

 

In heterocyclic polymers (polypyrrole, polyaniline) from moderate to high doping levels 

[(b) to (d) in Fig. 1.4] polaron and bipolaron type charge carriers are largely responsible for 

the conduction. At very high doping levels, bipolaron forms continuous band [refer (d), Fig. 

1.4.] but at the expense of the valence and conduction band edges resulting in increase in 

the band gap. With further increase in doping, the bipolaron band finally merges with the 

valence and conduction band respectively, which render metallic conductivity.  

 In degenerate ground-state conducting polymer like polyacetylene, at high doping 

level the movement of the charge carriers (mostly solitons) is independent of each other. At 

very high doping level solitons starts to interact with each other resulting in the ‘soliton 

band’ [refer (f), Fig. 1.4.]. Thus formed soliton band merges with the valence and conduction 

band respectively giving true metallic conductivity to the doped polyacetylene. The com-

plete explanation of the transport mechanism is still one of the major goals in the area of 

conducting polymers5. The structures of common semi-conducting polymers are shown in 

Fig. 1.5. 
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1.4.  Outstanding issues in conducting polymers 

The surge of interest to use intrinsically conducting polymers in the variety of electronic de-

vices stems from the possible use of low cost processing techniques such are: solution cast-

ing, ink-jet printing, screen printing etc, combined with low cost of manufacturing and 

flexibility and ideally roll-to-roll processing of flexible conducting films. With a few excep-

tions, the actual use of the conducting polymers in commercial electronic applications is still 

far from realization because of the several inherent drawbacks. Conducting polymers ex-

hibit a quasi one-dimensional electronic structure because of the coupling of π electrons 

with polymer backbone, which results in complex interplay between molecular structure 

and optoelectronic properties.  

 The semi-crystalline nature of the polymer further complicates charge transport due 

to intermixing of crystalline (ordered) and amorphous (disordered) components within the 

polymer itself. This problem is appended by the basic rigid backbone structure in most of 

the conducting polymers, which generates significant differences between intrachain and 

interchain charge transport properties10. As a result, electron delocalization in three dimen-

sions is not achieved, limiting the conductivity. 

 

 

Fig. 1.5. Structures of the common semi-conducting polymers. 

 

It is also important to realize the working conditions under which ICPs need to perform e.g. 

temperature, humidity etc. The presence of the conjugation within backbone makes ICPs 

susceptible to oxygen, but fortunately the slow rate of oxidation in normal environment al-

lows utilization of ICPs without protective barriers and coatings etc. 

 The choice of the conducting polymer strongly depends upon the targeted applica-

tion. For example, organic photovoltaic and light emitting diodes rely on their semiconduct-

ing nature. On the other hand, applications like gas sensors, capacitors, and electromechani-
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cal actuator rely on the conductivities of ICP. Amongst researched ICPs, polyaniline is one 

of the most studied polymers that also happen to be oldest synthetic polymer known11.  

 

1.5.  Why polyaniline? 

The interest in this unique conducting polymer is rejuvenated due to interesting doping and 

de-doping characteristics, stability (environmental, thermal etc) and a range of conductivi-

ties that indicated vast potential in the variety of electronics devices. These attributes are 

coupled with inexpensive monomers, simple synthesis and easy to tune morphologies 

(nanoparticles, nanofibers etc) depending on the reaction conditions. In addition, important 

characteristics of PANI are the hygroscopic nature and possession of a significant level of 

hydrogen bonding. These are the prime reasons why PANI was selected in this thesis.  

 

1.6.  Diversity in polyaniline 

PANI exhibits diversity in its backbone structure. First, it can be regarded as ‘A-B’ type co-

polymer having amine and imine segments in the repeat unit12. Secondly, unlike to polyace-

tylene, it has asymmetric charge conjugation with the inclusion of benzene rings and nitro-

gen atoms in the conducting path13. These benzene rings either flip or rotate, which alters 

the electron-phonon interactions and as a consequence influence the band gap14. Finally, dif-

ferent oxidation states can be obtained ranging from fully oxidized to fully reduced forms 

(see, Fig. 1.6 and Fig. 1.7). Typically doping of PANI can be undertaken during synthesis or 

by exposing the already formed polymer to either gas or solution or even powdered sub-

stance like camphorsulfonic acid. Amongst several oxidation states in polyaniline, in this 

thesis the emphasis is given only to the emeraldine salt (ES) form and its processing 

through various possible routes.  Further, ES form shows resonance form indicating either 

spinless bipolaron15 or polaron16 or coexistence of the both types of charge carriers17.  

 

 

Fig. 1.6. When x = 0, pernigraniline base (PB), y = 0 leucoemeraldine base (LB) and for x= y= 0.5, emeraldine 

base (EB) is obtained.   

 

In addition a new model for the ES form has also recently been proposed18. Apart from 

resonance forms, polymorphism is also known in PANI. Two types of crystal structures are 

proposed namely ES-I and ES-II19. When PANI is synthesised by oxidative polymerization 
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or electrochemical polymerization, the ES-I type crystalline structure is obtained. Upon 

treating with base, the corresponding insulating form termed as EB-I is obtained. When the 

insulating form of PANI is processed from solvents like N-methyl-2-pyrrolidone amor-

phous EB-II is obtained, which upon doping exhibits the ES-II type crystal structure. It is 

observed that both I and II type structures possess a ‘memory effect’. The corresponding de-

doping and doping cycles result in the respective insulating and conducting forms. The lat-

tice parameters for each of the types are significantly different indicating different packing 

of the polyaniline chains as well as dopant anions in the lattice. More emphasis on the crys-

tal structure of PANI is given in chapter 5 of this thesis.  

 

 

 

Fig. 1.7. Different oxidation states can be realized by sequential addition and removal of electrons and protons.   

 

1.7.  Processing of ES form of Polyaniline 

In order to utilize PANI in electronic devices, it is important to gain control over electronic 

properties as well processing through various media. In a recent report, the ES form of 

PANI achieved its metallic state. The self-stabilized dispersion by combination of acidic and 

organic media resulted in defect-free metallic polyaniline20. Prior to this, transformation 

from insulator to metal transition is also showed by Wessling et al.21. Inspite of the metallic 

conductivity, combination of polyconjugated structure and the presence of benzene rings in 

the backbone pose thermodynamic barriers from a conventional processing point of view22. 

There are several routes that circumvent this problem. The tethering of alkyl chain on PANI 

backbone can generate a variety of substituted PANI23. Although this complex approach 

renders processability from the solution, it has its own implications on electronic, optical, 

mechanical and processing properties. Another approach involves counter ion induced 

processability to PANI. In a landmark development, Cao et al. showed that functional pro-
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tonic acid facilitates ionic bonding of the counter ion with PANI backbone and the compati-

bility of the alkyl chains with the polar solvents made conducting form of PANI processable 

through either melt processing or coating route in the variety of the insulating polymers24. 

Out of the many possible combinations of dopant anions, specific combination of camphor 

sulfonic acid doped polyaniline renders processability from solvents like m-Cresol into 

films and fibrous structures25 with exceptionally high conductivity. Also, the presence of m-

Cresol increases conductivity further; which is known as the ‘secondary doping’26. However 

the use of m-Cresol is notorious from commercial point of view because of its toxic nature 

and hence significantly limits the use in commercial applications. Attempts are also made to 

process PANI from concentrated sulphuric acid27. The authors claimed that ‘true solution’ of 

emeraldine salt of PANI is achieved. However, taking into consideration the exceptionally 

high lattice energies18, the claim is still debatable.  

 

1.8.  Combination of PANI with conducting fillers 

Taking into consideration the advantages of processing, PANI has found potential in the 

range of applications e.g. gas sensors28, electrochemical capacitors29, printable electronics30, 

artificial muscle31 etc. This is because these devices operate on the changes in the electronic 

properties e.g. sensors rely on changes in the conductivity resulting from exposure to gase-

ous substances. Therefore fast response in such applications is a desirable property in con-

junction with the processability. Although PANI demonstrates this potential, the actual use 

is hampered by the slow response times and gradual changes in properties upon prolonged 

exposure to atmospheric oxygen1. Therefore, there is need to improve the response of PANI 

without compromising its processability. One way to achieve it is the use of filler that com-

bines high aspect ratio, high conductivity and excellent mechanical properties. In this case it 

is natural that the focus is on carbon nanotubes (CNTs).   

 On the other hand, the use of the PANI (and other conducting polymers in general) is 

to introduce conductivity in otherwise insulating polymers has also received attention be-

cause of the range of applications, which demands moderate values of the conductivity e.g. 

electromagnetic induction shielding, electrostatic charge dissipation etc. The desired range 

of the conductivity values lies in the range of 10-4 to 10-1 S/cm. However because of the 

strong electrostatic interactions, phase separation of PANI gives rise to the ‘conducting is-

lands’ within the host matrix. This is schematically represented in Fig. 1.8-(a). Therefore, in 

order to achieve the necessary percolation, it is a prerequisite to increase the filler concentra-

tion. The downside of increasing filler concentration is that a sacrifice on the matrix proper-

ties (physical and or mechanical) may occur, which is undesirable. Therefore, the necessary 

percolation within nanocomposite can be significantly reduced by the use of high aspect ra-

tio nanotubes that can act as nanobridges across these conducting islands. The use of such a 
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combination is advantageous from 1) reduction of percolation threshold 2) enhancement of 

conductivity and 3) cost saving due to the use of inexpensive PANI. Taking the advantages 

of combining PANI with carbon nanotubes into consideration, section 1.9 gives the brief 

summary about the nanotubes. 

 

  

Fig. 1.8. Schematic representation of (a) insulating polymer-PANI nanocomposite and (b) SWNT as a nano-

bridge among PANI islands.  

 

1.9.  Carbon Nanotubes (CNT) as conductive fillers 

Carbon nanotubes are members of fullerenes in which they can be considered as seamlessly 

rolled graphitic cylinders. Similar to graphite, CNTs are formed by a combination of sp2 hy-

bridization but the topological defects causes the self-closure of the graphitic sheets into cy-

lindrical shape. The basic classification of the nanotubes is given in Chart 1. The basic dif-

ference between SWNT and MWNT is the number of rolls around central hollow. MWNTs 

can be visualised as the multiple concentric roles of SWNTs, with the interlayer spacing be-

tween individual CNTs roughly equal to that of graphite sheet (0.34 nm). The angle at 

which these graphene sheets are rolled determines whether the CNTs will be metallic or 

semi-metallic in nature. This is visualized by the pair of indices as seen in the Fig. 1.947. 

When n=m, the CNTs exhibit metallic conductivity and when n-m=3i, where ‘i’ is an integer, 

the nanotubes are called ‘zigzag’ type; while m=0, the nanotubes are called chiral32. In gen-

eral the synthesis of CNTs yields the mixture of the two. Further, in order to exploit the true 

potential of the SWNT in nanocomposites, it is essential to exfoliate the agglomerated bun-

dles of CNT and to maintain the exfoliated state of nanotubes within host polymer matrix. 

Further, the presence of unwanted material as amorphous carbon, catalyst particles also af-

fects final properties of the nanocomposite/device. The separation of these impurities poses 
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quite a challenge for effective utilization of the CNTs in either electronic devices as well as 

composites. In addition to the impurities, strong Van der Waal interactions between indi-

vidual nanotubes cause nanotubes to agglomerate. To exfoliate these bundles, few ap-

proaches are reported in literature e.g., chemical modification of the nanotubes using con-

centrated acids like sulphuric or nitric acid33,34.  

 

 

 

Chart 1. Basic classification of carbon nanotubes. Graphene = 1 atom thick layer of graphite. 

 

 

Fig. 1.9. Indexing Scheme of the nanotubes47.  
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This treatment introduces defect sites on the surface of SWNTs, which can be functionalized 

as well35. Although this method enables exfoliation, it also introduces the possibility of 

nanotubes breakage. The limitations with the functionalization of nanotubes are that the 

process is intricate and also, the separation of the functionalized nanotubes from residual 

catalyst and amorphous carbon makes it more complex. In a simplistic approach, the nano-

tubes are dispersed with the aid of surfactant36. In a similar study it is proposed that surfac-

tant molecules are either absorbed on the SWNT surface in hemispherical fashion37. In an-

other report, it is claimed that surfactant: SWNT ratio dictates surfactant absorbance in ei-

ther head-to-head or head-to-tail fashion38.  

 By looking at the literature reported methods, it is important to take into considera-

tion the pros and cons of the each method employed for effective exfoliation. At present, the 

compromise is necessary depending upon the targeted application that makes use of the ex-

trinsically conducting polymers. As mentioned in the early part of the introduction, extrin-

sically conducting polymers possess an insulating polymer matrix and the conducting filler 

and the current is carried through connecting filler network. A more elaborate discussion on 

extrinsically conducting polymers is given in section 1.10.  

 

1.10.  Extrinsically conducting polymers 

In this type, the host polymer matrix is insulating in nature because of its saturated molecu-

lar structure. To render them conductive, a typical procedure involves physical mixing with 

the conducting fillers, which includes metallic, carboneous39 or conducting polymers e.g. 

PANI, P3HT40. Using conventional processing methods, it is then possible to obtain con-

ducting composite. In such a system, the prerequisite is that the filler particles must connect 

each other within host matrix for the necessary transportation of the charge carriers. The 

onset of such network formation is known as the percolation threshold and such a structure 

is characterized by fractal geometry. Prior to the percolation threshold, conductivity of the 

composite is very low, which increases by several orders of magnitude on the formation of 

the percolation threshold. The conduction in such a composite system then takes place 

through the combined effects of Ohmic conduction between conducting filler particles, tun-

nelling between adjacent unconnected conductive domains and microscopic charge trans-

port across the percolated filler network41. Further increase in the filler concentration, the 

magnitude of conductivity saturates depending on the physical properties of the matrix. 

Near the percolation threshold, the conductivity of the nanocomposites follows the power-

law relationship as given by equation (1.2)42. 

 

                                           σ = σ0 (φ-φc)t                                                       (1.2) 
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Where σ = conductivity of the composite, σ0 = conductivity of the filler, φ = volume fraction 

of the filler, φc = volume percolation concentration and t= critical resistance exponent used to 

identify the mechanism of percolated network43. The φc has to be determined from the ex-

perimental results as it is dependent upon the type of composite systems under investiga-

tion. The exponent t is determined from slope of plot of log (φ-φc) vs. log σ plot. In general, 

approximate values of ‘t’ are obtained as ~1.1-1.3 in 2-D and 1.6-2.0 in 3-D systems respec-

tively44. However, these values deviate depending upon complex structure of the compos-

ite, tunnelling conduction and anisotropic distribution of the filler particles40. Further, the 

above-mentioned equation does not take into account the size, shape and degree of disper-

sion of the conducting filler used in the system. A great deal of investigation is performed 

on theoretical aspects which are based on the excluded volume approach or Monte Carlo 

simulations45, 46. These models take into account the statistical probability of particle connec-

tivity47 , surface interactions of filler and polymer surface48 and volume fraction of the filler. 

Amongst various conductive fillers, carbon nanotubes49 have emerged as a great prospect 

because of their superior properties like high aspect ratio, excellent strength and stiffness 

and very high conductivities50.  

 

1.11.  Scope of this thesis 

This thesis examines the combined processing of conducting form of polyaniline with car-

bon nanotubes from a common medium that will facilitate its use in a variety of polymers as 

well as electronic devices in the future. The advantage of processing the conducting poly-

mer and SWNTs from a common solvent reduces the number of processing steps and si-

multaneously gives more control over conductivity and/ or morphology to suit in a variety 

of applications. The methods developed in this thesis can be utilized to prepare conducting 

nanocomposites at reduced percolation threshold with higher conductivities compared to 

the use of only polyaniline. At the same time, the adopted approach minimizes the amount 

of SWNTs to be utilized in the nanocomposites, which minimizes the overall cost. In addi-

tion, the demonstrated approaches are not limited to nanotubes only. Any other filler that 

can be suspended with the help of surfactant can potentially replace SWNTs for e.g. TiO2. 

The route described in Chapter 5 opens up the possibility to tailor the crystal structure of 

polyaniline with the judicious choice of anions. This approach may be helpful to gain in-

sight on the possibility of tuning the band gap in polyaniline to suit in a variety of electron-

ics devices. The route developed in Chapter 6 demonstrates the possibility of adding con-

ductivity to high performance polymer like poly-paraphenylene terepthalamide to realize 

applications such as films or fibers. Similar to method described in Chapter 4, successful tai-

loring of the percolation threshold is achieved, which is crucial for the mechanical proper-

ties of the nanocomposites, either in film or fiber form.    
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1.12.   Outline of the thesis 

A brief introductory on intrinsic and extrinsic conducting polymers are summarized with 

emphasis on structure, outstanding issues and corresponding developments on processing 

of polyaniline. In addition an introduction to extrinsically conducting polymer nanocompo-

sites and carbon nanotubes is summarized in this chapter 1. In the normally adopted ap-

proach, use of counterion induced processing with the help of functional protonic acids is 

known in literature. More details on the polyelectrolyte-surfactant complex systems can be 

found in the introductory section of chapter 2. On the other hand, SWNTs are known to be 

processed with the aid of surfactant. We have developed a facile method that combines the 

advantage of counter ion induced doping of polyaniline with the exfoliation of SWNTs us-

ing anionic surfactant. Based on this method, chapter 2 describes the facile method of com-

bining the conducting form of polyaniline with single wall carbon nanotubes in a common 

organic solvent. We used and compared the role of different anionic surfactants. The de-

tailed characterization of the nanocomposites shows that structure of the surfactant plays a 

crucial role in order to determine the final electronic properties of polyaniline-SWNTs. 

Based on this work, a suitable anionic surfactant is selected and the role of organic nano-

composite dispersion is then extended to chapter 3. In this work, extrinsically conducting 

polymer composites are prepared utilizing organic dispersions of polyaniline in a variety of 

polar and apolar polymers through either coating or solution processing routes. The de-

tailed characterization revealed that percolation network is formed within the amorphous 

phase in the semi-crystalline polymer. The consequences of the presence of polyaniline in 

the amorphous phase of polar and an apolar polymer are subsequently addressed. Chapter 

4 aims at tailoring the percolation threshold within the amorphous phase of the semi-

crystalline, polar (PA6) and apolar polymers (UHMWPE). For this purpose organic nano-

composite dispersions of PANI-SWNT are used. It is shown that SWNTs act as nanobridges 

that significantly reduce the percolation threshold, while higher conductivity is achieved 

compared to the use of only polyaniline. Based on PA6-polyaniline-SWNT nanocomposites 

system, it is concluded that surfactant modified PANI acts as an effective dispersant for 

SWNTs within low molar mass PA6. In case of UHMWPE-PANI-SWNT nanocomposites a 

similar bridging effect is obtained. Interestingly it is observed that SWNT alone performed 

better in terms of percolation threshold and conductivity values. This result demonstrates 

that judicious choice of the matrix and filler is based upon the working conditions of the 

nanocomposites. Chapter 5 deals with the treatment of ES form of PANI with superheated 

water either in the presence or absence of different anions. This study is inspired from the 

ability of the superheated water to dissolve aliphatic hydrogen bonded polymers51. In this 

chapter, we investigated implications of the superheated water on backbone modification of 

PANI. Another aspect of this study is to gain insight on the possible influence on the band 
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gap in PANI, which arises from the flip and twist of the benzene rings in the backbone 

structure. It is shown that interaction of the superheated water does modify the unit cell of 

PANI to great extent. The expansion of the unit cell is observed, which upon cooling did not 

return to resemble to pristine structure except in case of sample treated with 1M HCl in wa-

ter. The expansion of the unit cell is found to be proportional to the size of anions used in 

the study. This observation, along with the change in the diffraction pattern, suggests a pos-

sibility of water/ion molecules in the vicinity of the PANI backbone. The subtle modifica-

tions on PANI backbone are subsequently verified using a method mentioned in Chapter 6. 

Chapter 6 explores the technological implications of the studies performed in this thesis. For 

an example it deals with the innovative method of processing a conducting form of PANI 

with carbon nanotubes from 98% chlorosulfonic acid. We observed that ES polymorph of 

PANI readily forms a complex with 98% sulfonic acid, which helps to use the solution for 

spin coating and fiber spinning. In a parallel work, SWNTs can also be processed from chlo-

rosulfonic acid, which improves the conductivity and physical properties of PANI. The 

combined processing of polyaniline along with SWNT provided excellent spin coated films 

on glass. We also show that chlorosulfonic acid is capable of dissolving poly-paraphenylene 

terepthalamide (PPTA) fibers. This observation opens up the opportunity to combine PANI, 

SWNTs and PPTA from chlorosulfonic acid to a range of applications, including conducting 

films and fibers. The successful development and characterization of the films is demon-

strated. 
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Chapter 2*  

Surfactant assisted processability of polyaniline-single 

wall carbon nanotubes  

 

In this chapter, we report a facile method to obtain processable organic nanocomposite dispersions of the con-

ducting form of polyaniline (PANI) with and without single wall carbon nanotubes (SWNTs) in two simple 

steps. During this study, we used and compared the role of two anionic surfactants namely, sodium dodecyl-

benzene sulfonate (NaDBS) and sodium dodecyl sulfate (SDS). We observed that anionic surfactants act as 

interfacial link as well as additional dopant to polyaniline in the organic solvent of the choice. The role of sur-

factant is extended further to incorporate SWNTs in various concentrations to obtain PANI-SWNT nano-

composites in an organic medium. Based on our observations a hypothetical model is proposed to exhibit the 

interactions between polyaniline-surfactant-SWNT. We believe that hydrophobic interaction between surfac-

tant tails with SWNTs and the strong Coulomb interactions between PANI-surfactant headgroups likely to be 

responsible for stabilizing this three component system in organic solvent.  

 

 

 

 

 

 

 

 
* Partially reproduced from Vaidya S.G., Rastogi S., A. Aguirre. Synthetic Metals, 2009, accepted. 
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2.1 Introduction 

As mentioned in the introductory chapter, polyaniline (PANI) has been a subject of interest 

due to its high conductivity, ease of synthesis, environmental stability, interesting doping 

and de-doping characteristics. In general the conducting form of polyaniline is regarded as 

intractable in nature and cannot be processed via conventional processing routes. This is be-

cause the emeraldine salt of polyaniline degrades before melting and the surface tension is 

too high to dissolve in available solvents1. Hence the only feasible route for the processing 

of conducting form of polyaniline is through homogenous dispersion in a suitable medium. 

It is known that use of functional protonic acids e.g. dodecyl benzenesulfonic acid (DBSA) 

facilitates polyaniline processing in a range of organic solvents2.  It is also shown that DBSA 

acts as secondary dopant as well as stabilizer for polyaniline.  

Prior to the above-mentioned work of Cao et al. the combination of conjugated poly-

mer-surfactant complex was reported by Wegner et al3. These authors studied polypyrrole-

surfactant complexes and reported higher conductivity within electrochemically polymer-

ized polypyrrole in the presence of an anionic surfactant. Ober et al. presented a review of 

the ordering phenomenon resulting from the various combinations of surfactants with a 

charged polyelectrolyte4. These combinations can be obtained through several routes, which 

which are subjected to many variations depending on the type of surfactant, nature of 

polyelectrolyte and counterions. Antonietti et al. demonstrated self-assembled structures of 

polyacrylate or polystyrene sulfonate (PSS) with a cationic surfactant e.g. trimethyl ammo-

nium halides5. The complexes were insoluble in water and demonstrated mesomorphous 

phases. A solid-state structural model was also presented for the observed complexes and it 

was highlighted that depending upon alkane chain length, these complexes demonstrate  

solubility in different organic solvents. These authors also showed that polyelectro-

lyte/surfactant complex can also be Ohmic conductors6. Ikkala et al. also observed the Oh-

mic nature of the conductivity in hydrogen bonded polyelectrolytes-amphiphiles combina-

tion7. It is also known in the literature that complex formation between oppositely charged 

surfactant and the polyelectrolyte can occur at concentration lower than critical micelle con-

centration of the surfactant8. Further, formation of conjugated polymers-surfactant complex 

is known to improve the conformational order of the conjugated polymer9. Wei et al. dem-

onstrated that  reversibility in transitions (order-disorder) and thus conductivity in polyani-

line oligomers with double tail di (n-alkyl) phosphate surfactant structures can be con-

trolled via external means e.g. temperature10. In another report, nanometre sized core-shell 

particles consisting of non-conducting thermoplastic core surrounded by shell of polyelec-

trolyte e.g. polystyrene sulfonate (PSS) was reported by Wang et al11. These authors tested 

the performance of core-shell conducting films as a hole injection layer in polymer light 

emitting diodes and performance with lower leakage current compared to PEDOT-PSS 
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based LEDs. The formation of the surfactant complex is not only limited to conducting 

polymers as examples of various insulating polymers can be cited in literature12. Among the 

family of conjugated polymer-surfactant complexes, combination of polyaniline-surfactant 

complex is studied by various authors13. In these approaches surfactant micellar solutions 

are primarily used as a polymerization medium to produce polyaniline in a variety of mor-

phologies. 

On the other hand carbon nanotubes (CNTs) have been a subject of extensive investi-

gation due to their very high aspect ratio, excellent mechanical, electrical, optical and mag-

netic properties. To exploit the properties of carbon nanotubes in polymer based nanocom-

posites, effective exfoliation of the CNTs bundles and corresponding maintenance of the ex-

foliated state within the polymer matrix is a prerequisite. Various methods are reported in 

literature, which aims at efficient exfoliation of CNTs either in polymers or solvents14. 

Among the demonstrated approaches, dispersion of CNT with the aid of surfactant involves 

no chemical reaction and is a one step method to disperse CNT in aqueous media15.  In ad-

dition, the surfactant molecules can also act as an ‘interfacial link’ between nanotubes and 

polymers through strong hydrophobic interactions16.  

 The combination of polyaniline-single wall carbon nanotubes (SWNTs) is studied 

with the intention to pave the way for application in variety of electronic devices17. Rama-

murthy et al. reported nanocomposite preparation via a solution processing route18. Carbon 

nanotubes in various weight % are added to an emeraldine base solution of polyaniline. The 

solution was then poured on ITO coated glass slide and the complete device was made by 

vapor doping of polyaniline. Leftrant et al. demonstrated polyaniline-SWNTs nanocompo-

site by direct dispersion of SWNTs in either a polymer solvent or by chemical polymeriza-

tion of aniline in the presence of SWNTs19. Long et al. demonstrated the use of cetyltrimethyl 

ammonium bromide as a cationic surfactant with multi wall carbon nanotubes (MWNTs) 

and the corresponding effects on conductivity and magneto resistance20. Karim et al. dis-

persed the SWNTs in 0.1 M HCl by sonication without surfactant and did not observe any 

chemical interaction between PANI-SWNTs21. On the other hand, Zengin et al also dis-

persed 10 weight % MWNTs in 1 M HCl with 3 days of sonication, followed by in situ po-

lymerization of aniline22. These authors observed the significant interactions between PANI-

SWNTs and correlated it to the nanotube doping effect of PANI. The conductivity value re-

ported was based on 10 weight % MWNTs, which governed 10 times higher conductivity as 

compared to pristine PANI. However no information about the degree of exfoliation of 

MWNTs is given in the article.  

Despite of advances in the above-mentioned preparations, the combined processing 

of such nanocomposites still pose a challenge due to intractability of PANI as well as 

SWNTs. To the best of our knowledge, to date there is no simple route to process such na-
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nocomposites that will facilitate the use in electronic devices/polymers. To circumvent this 

problem, we used an anionic surfactant(s) as a common stabilizer between polyaniline and 

SWNTs to obtain processable a PANI ± SWNTs nanocomposite from a single organic me-

dium. From the processing point of view, this route eliminates the need for the de-doping of 

PANI, a process conventionally followed by dissolution in suitable solvent and the concur-

rent re-doping to regain conductivity.  

The work presented in this chapter is divided into two parts. In Part 1, the effect of 

surfactant modification on polyaniline is characterized by FT-IR, UV-Vis spectroscopy and 

four probe conductivity measurements to quantify the amount of surfactant to be used in 

conjunction with SWNTs. This work is then extended to Part 2 to analyze the effect of 

SWNTs on polyaniline in the nanocomposites dispersion.  

 

2.2   Experimental Section 

2.2.1 Materials 

Highly purified HiPCO SWNTs was purchased from CNI Inc, USA. Xylene (mixture of Xy-

lenes) was purchased from VWR, UK and used as obtained. Aniline was purchased from 

Riedel de Haen, Germany. Sodium dodecyl sulfate, sodium dodecylbenzene sulfonate, ben-

zalkonium chloride and 1M HCl in water solution were purchased from Sigma Aldrich. 

 

2.2.2 Scheme-1: Polyaniline synthesis 

At room temperature, the emeraldine salt form of polyaniline nanofibers (PANI) is synthe-

sized using interfacial polymerization between 1 M HCl in water (25 ml) containing ammo-

nium persulphate  and xylene (25 ml) containing aniline23. The molar ratio of aniline to am-

monium persulphate is kept at 4:1. Upon mixing, the polymerization proceeds at the inter-

face of aqueous and organic phase in a glass vial, which is demonstrated in Fig. 2.1. It is ob-

served that this sequence of addition has no effect on the nanofibrous morphology of the 

polyaniline. Once the emeraldine salt is formed it occupies the aqueous phase due to its hy-

drophilic nature. Since the density of PANI is higher than aqueous medium, PANI sinks to 

the bottom thus creating a new reaction interface for polymerization of PANI. The reaction 

is allowed to continue for 12 hrs. After completion of the reaction, xylene containing un-

reacted aniline is removed from the top and replaced with equal volume of xylene.  

 

2.2.3 Scheme-2: Organic suspensions of polyaniline without carbon nanotubes 

Sodium dodecyl sulfate and sodium dodecylbenzene sulfonate in different weight/volume 

ratios [0.125, 0.25 and 0.5 gm/25 ml] are added separately to the above-mentioned system 

and stirred at 500 rpm for 3 hrs. 
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Fig. 2.1. Interfacial polymerization of aniline in xylene and ammonium persulfate in 1 M HCl. (a) to (d) are 

intermediate time snaps taken during polymerization. For color figure, please refer Appendix-Color figures. 

 

The system is then left idle, during which the polyaniline makes gradual transition from 

aqueous phase to the organic phase, leaving no trace in the aqueous phase. After phase in-

version, the organic phase containing surfactant modified polyaniline is taken from the top 

and washed with an excess amount of xylene to remove unreacted aniline. The filtered ma-

terial is then dried under dynamic vacuum at 60 °C for 24 hrs. We observed that the dry 

powder of the surfactant modified PANI can be redispersed within xylene. The surfactant 

concentration mentioned in this chapter is relative to the aqueous phase, which corresponds 

to weight % of 0.5, 1 and 2 respectively. It is important to note that if the system is not 

stirred vigorously an extensive network of the surfactant needles is predominantly formed 

at the aqueous-organic interface, as showed in Fig. 2.2.  

 

2.2.4 Scheme-3: Exfoliation of single wall carbon nanotubes 

For exfoliation of SWNTs, a route reported in the literature is followed15. The exfoliation pa-

rameters were optimized using 0.2 weight % of SWNTs in aqueous phase because it was ob-

served that above this concentration, the viscosity of the sample increases considerably. 

Therefore effective exfoliation above this concentration is doubtful. For details on the opti-

mization of exfoliation parameters please refer to Appendix C2. 

 

2.2.5 Scheme-4: Organic ‘nanocomposite’ dispersions of PANI-SWNT. 

Organic dispersions of PANI-SWNTs are obtained by in-situ synthesis of polyaniline in 

Scheme-3. In the first step, the required concentration of SWNTs is exfoliated in 1 M HCl in 

the presence of either SDS or NaDBS using sonication. Ammonium persulfate is added to 

the aqueous acidic suspension of SWNTs. The molar ratio of aniline to ammonium persul-

phate is kept constant at 4:1. It is observed that polymerization proceeds at the diffused in-
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terface as compared to clear interface observed in Scheme-1. The system was stirred at 500 

rpm for 12 hrs and then left idle during this period the PANI-SWNTs made a gradual tran-

sition to the xylene phase so that no traces of SWNTs and PANI were observed in the 

aqueous phase. The nanocomposite dispersion is then taken from the top and washed with 

excess amount of xylene and filtered. The filtered material is then dried under dynamic va-

cuum at 60°C for 24 hrs. The table 2.1 lists the details of the organic nanocomposites. Hence-

forth, weight % of SWNTs based on PANI will be mentioned in Part 2 of this chapter. 

 

 

 

Fig. 2.2. Surfactant needles at the aqueous-organic interface. 

  

 

2.3 Characterization 

FT-IR spectra on dry powders of surfactant modified PANI or PANI-SWNT nanocompo-

sites were recorded using KBr discs on Infrared Excalibur instrument. The discs (diameter = 

13 mm) were prepared from finely mixed powder of  KBr with PANI ± SWNT under a 

compression press at 10 Ton/3 min. UV-Vis spectroscopy on organic dispersions was per-

formed on Hewlett-Packard 8453 spectrometer. Only for pristine PANI, 1 M HCl in water 

solution is used as a reference and for organic dispersions xylene is used for reference pur-

poses. At room temperature, co-linear four probe conductivity measurements were per-

formed on the compressed pellets (200 bar, 10 min) using nanovoltmeter (Keithley 2182A) 

and programmable current source (Keithley 6220). The magnitude of conductivity was cal-

culated using appropriate correction factors, which were based on the ratio of sample di-

ameter to probe spacing. To obtain SEM images, the sample was first coated with approx 

10-15 nm gold layer using an evaporator. The SEM images were obtained on Field Emission 

Gun SEM (LEO 1530 VP) instrument. The continuous wave Electron Spin Resonance spectra 

(X-band at 9.44GHz) were recorded in a rectangular cavity of a Bruker ESP300E at room 
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temperature. The powder samples were inserted into open tubes. The modulation ampli-

tude was 5 Gauss and microwave power was 1.26 µW.  

 

Table 2.1. Details of the organic nanocomposites. a= based on aqueous phase; b= based on SWNT % 

and c= for organic dispersions of polyaniline only. PANI yield is approx. 2.15 gm. 

 

SWNT weight % 

a. 

Surfactant 

weight % 

Surfactant 

weight %b. 

SWNT weight % 

in PANI 

0 0/1 C 0/100 C 0 

0.0025 1 94 0.3 

0.05 1 88 0.64 

0.15 1 70 2 

0.30 1 53 3.8 

0.5 2 48 5 

1.0 2 48 10 

 

2.4 Results and Discussions 

2.4.1 Part 1: Organic Dispersions of Polyaniline 

The phase inversion phenomenon is showed in Fig. 2.3. It is important to note that the 

phase inversion phenomenon is unique to anionic surfactants only. For e.g., if an organic 

phase is removed in Scheme-II and an anionic surfactant (~1 weight %) is added to the 

aqueous phase containing PANI, viscous gel-like system is formed. Experiments performed 

with cationic surfactants e.g. benzalkonium chloride did not exhibit any phase inversion 

and polyaniline was retained in the aqueous phase. In this work, we used and compared the 

role of two anionic surfactants namely sodium dodecyl sulfate and sodium dodecylbenzene 

sulfonate respectively. The selection of the surfactant was based on the difference in the 

structure, e.g. sodium dodecylbenzene sulfonate contains benzene ring which is absent in 

sodium dodecyl sulfate. The alkyl chain is equal in both surfactants. The structures of the 

surfactants are shown in Fig. 2.4. The observed phase inversion phenomenon can be then 

explained by a reaction equation as shown in Fig. 2.5. When anionic surfactant is added in 

aqueous media, it dissociates into free cations (Na+ ions in this case) and alkyl chain bearing 

anions (SO3-/ SO4- ions in case of NaDBS and SDS respectively). The Na+ ions then react with 

chloride ion(s) on PANI backbone to form sodium chloride salt, which apparently stays in 

the aqueous phase. The alkyl chains bearing bulkier SO3-/SO4- group then dopes the polyani-
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line backbone by interacting with the polyaniline backbone. The hydrophobic nature of 

these chains is responsible for the phase inversion. We did not perform any experiment 

with non-ionic surfactants as the interactions between ionic head groups with PANI back-

bone are important. The interaction between the emeraldine salt of polyaniline and the sur-

factant is studied using Fourier Transform Infrared Spectroscopy in transmission mode; the 

spectra are shown in Fig. 2.6. 

 

 

Fig. 2.3. Phase inversion phenomenon of (A) PANI as prepared; (B) intermediate state upon surfactant addi-

tion and (C) organic dispersion of PANI in xylene. For color figure, please refer Appendix-Color figures. 

 

 

 

Fig. 2.4. Structure of (a) sodium dodecyl sulfate and (b) sodium dodecylbenzene sulfonate. 

 

 

The spectra are normalized with respect to intensity at 1300 cm-1 in neat PANI since no 

change in this peak position is observed. The major peaks in PANI shows a typical quinoid 

peak at 1580 cm-1, a benzenoid peak at 1497 cm-1 and an electronic like band (N=Q=N) at 

1141 cm-1. These bands are in agreement with the values of the emeraldine salt of polyani-

line reported in literature24,25. In the presence of surfactants, the electronic-like band 

(N=Q=N) moves from 1141 cm-1 to the higher wavenumber of 1145 cm-1 and 1150 cm-1, re-

spectively (Fig. 2.6-I, sample (b) and (c)). In addition, the quinoid band in samples b and c 

also became broad while the benzenoid peaks in the samples (b) and (c) shifted to lower 
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wavenumber, from 1497 to 1494 and 1488 cm-1, respectively. The shift to lower wavenumber 

indicates possible constraints on the benzenoid vibrations of the PANI backbone. 

 

 

Fig. 2.5. Proposed reaction equation between anionic surfactants and PANI backbone. 

 

These observations suggest that the presence of the surfactant perpetuates modification of 

the PANI backbone. No significant difference in peak position of the NH stretching band is 

observed [sample (a), (b) and (c) in Fig. 2.6-(II)]. The influence of the surfactant on the de-

gree of doping in PANI can be further probed by UV-Vis spectroscopy1 (Fig. 2.7). As ob-

tained, the emeraldine salt exhibited only a weak polaron absorption band at ~430 nm, 

while the characteristic π-π* transition of benzenoid segment at 360 nm is absent. This ob-

servation is related to higher doping level in which these two peaks often combine in single 

distorted peak with local maxima between 360 and 420 nm13-a. Interesting changes on the 

PANI backbone are observed in the presence of surfactants. A blue shift of the polaron band 

is observed in all samples, which moves from 430 nm to 400 nm. This shift is observed to be 

independent of the surfactant structure. 
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Fig. 2.6. FT-IR spectra of PANI and surfactant modified PANI in (I) region 500-2000 cm-1 and (II) region 

2800-3800 cm -1. 

 

 

Fig. 2.7. Absorbance spectra of PANI and surfactant modified PANI (a) PANI-NaDBS and (b) PANI-SDS. 

  

No further blue shift is observed with increase in surfactant concentration. This blue shift is 

indicative of transformation of the PANI chains from compact coil to expanded coil confor-

mation leading to the reduction of π-conjugation defects26. As a result higher conductivity in 

the surfactant modified polyaniline is expected.  

Co-linear four probe conductivity measurements are in agreement with the UV-Vis 

spectroscopy measurements. The conductivity is measured according the formula men-

tioned by equation (2.1) and (2.2) respectively. 

 

  Resistivity = (ρ) = C.F.1 × C.F.2 × (V/I)avg × t and             (2.1) 

      Conductivity = (σ) = 1/ρ                                       (2.2) 
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Where, C.F.1 is the correction factor based on the ratio of sample diameter to probe spacing. 

C.F.2 is the correction factor, based on the ratio of sample thickness (t) to probe spacing. The 

values of C.F.1 and C.F.2 can be obtained from National Bureau of Standards on four probe 

conductivity measurements. Resistance (V/I)avg is calculated based upon the average of 10 

readings. The thickness ‘t’ is in centimeters. The conductivity (σ) is expressed in S/cm. 

The maximum in conductivity is observed with 1 weight % anionic surfactant where 

PANI-SDS showed higher conductivity compared to PANI-NaDBS (Fig. 2.8). However, at 

higher surfactant concentration, increase in the concentration of counter anions could be re-

sponsible for screening of the charges that may govern overall lower bulk conductivity. In 

addition, it is interesting to note that upon dissociation in water NaDBS bears a structure 

similar to DBSA27, but with an additional advantage of successful dispersion of SWNTs.  

Based on the maxima in conductivity, concentration of surfactants is optimized at 1 weight 

% to prepare PANI-SWNT in organic media. The details of the characterization form part 2 

of this chapter.  

 

2.4.2 Part 2: Organic nanocomposite dispersions of Polyaniline-SWNTs. 

The phase inversion phenomenon shown in Fig. 2.3-C is also applicable to ‘organic nano-

composite dispersions’ containing up to 10 weight % of SWNTs in PANI. As mentioned ear-

lier, effective exfoliation of SWNTs at a concentration above 0.2 weight % (based on 

aqueous phase) is doubtful because of the increased suspension viscosity. However, a nano-

composite is still made at concentrations of 0.3, 0.5 and 1 weight % SWNTs (based on the 

aqueous phase). Upon transition to the organic phase, no SWNT trace is observed within 

aqueous phase. The corresponding SWNTs weight % in nanocomposite is 3.8%, 5% and 

10%, respectively. It is important to note that if xylene is added to Scheme-3, SWNTs alone, 

it does not make the transition to the organic phase. This observation confirms that strong 

complex interactions between PANI-surfactant-SWNT are a prerequisite to obtain the or-

ganic nanocomposite dispersions. In this chapter, we have limited ourselves to nanocompo-

sites containing 0.3, 2 and 3.8 weight % SWNTs only. Considerable difference arises be-

tween the FT-IR spectra of surfactant modified polyaniline and PANI-SWNT nanocompo-

sites. Irrespective of the type of surfactant, the intensities of the quinoid and benzenoid 

rings decrease significantly in all PANI-SWNT nanocomposites. This decrease in intensities 

can be described by the mechanism proposed by Yu et al28. When PANI is polymerized, the 

growth of the polymer chains is restricted in the vicinity of the surfactant covered SWNTs. 

Since the interactions of the surfactant molecules with SWNTs are not covalent, it may also 

be possible that growing PANI chains compete with the ‘uncovered’ SWNT surface. 
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Fig. 2.8. Conductivity of surfactant modified PANI using SDS and NaDBS. The solid lines serve as a guide to 

the eye. 

 

As a result some of the vibration modes are sacrificed; giving rise to decreased quinoid and 

benzenoid intensities. This observation is consistent with all PANI-SWNT nanocomposites 

and is independent of the surfactant used. Interestingly, the electronic-like band (N=Q=N) 

yields opposite behavior compared to surfactant modified PANI (Ref Fig. 2.9-I). In all PA-

NI-SDS-SWNT nanocomposites (samples b, d and f) the electronic like band at 1141 cm-1 be-

came broad with a significant shift to lower wavenumber showing major peak at ~1116 cm-1. 

It is claimed that shifting of electronic like band to lower wavenumber indicates a higher 

degree of protonation in the PANI29. However, lower conductivity is observed in nanocom-

posites prepared using SDS. The reason behind this difference is explained in UV-Vis spec-

troscopy measurement (Ref Fig. 2.10). With the increase in SWNT concentration, a strong 

shoulder at 1148 cm-1 is observed in samples d and f, which is a characteristic absorption for 

the electronic-like band in PANI. In addition, the benzenoid peak shows a further shift to 

lower wavenumber, from 1488 cm-1 (Fig.2.6-I, PANI-SDS) to 1475 cm-1 suggesting a higher 

degree of constraints on the PANI backbone. The nanocomposites prepared using NaDBS 

(sample a, c and e) showed a  strong shouldered band at ~1120 cm-1 but with the major peak 

at 1151 cm-1 still preserved. Furthermore, the benzenoid peak also showed significant shift 

from 1497 cm-1 to ~1480 cm-1.  

Taking into consideration the above-mentioned observations, it is clear that complex 

interactions between PANI-SWNT are very dependent upon the type of surfactant. Zengin 

et al. described carbon nanotubes induced doping effect in polyaniline10. The authors 

showed that in the presence of 10 weight % of MWNTs the intensities of the quinoid and 



 

 

31 

 

benzenoid in FT-IR spectra are interchanged, indicating quinoid rich PANI-SWNT nano-

composite. This effect was ascribed to of the CNTs induced doping effect. Such an effect is 

not observed in our system because in the presence of anionic surfactants the interactions 

between PANI and SWNTs are proved to be more complex. These complex interactions are 

also probed with the aid of UV-Vis spectroscopy. As can be inferred from Fig. 2.10, the 

structure of the surfactant is observed to play a crucial role in governing the complex inte-

ractions between PANI-SWNT nanocomposites. These complex interactions can be inter-

preted in terms of the doping effectiveness and intrachain conformation of the polymer 

chains. Samples (c), (e) and (g) show shoulders at ~360 nm for the π-π* absorption and ~425 

nm for the localized polaron band, respectively. In addition, the presence of a peak at 770 

nm is also observed, which is absent in the nanocomposite counterparts of NaDBS (sample 

b, d and f). The presence of the localized polaron band above 770 nm suggests that the 

charge carriers are more localized in the presence of SDS. This localization of the charge car-

riers is attributed to the complex interactions of PANI-SWNTs with SDS. On the other hand, 

samples (b), (d) and (f) show a single distorted peak for localized polaron band at 400 nm 

and the absence of peak at 770 nm, which suggests more uniform distribution of the cations 

on PANI backbone. These observations are point to the fact that nanocomposites prepared 

using NaDBS should possess higher doping level compared to their SDS counterparts. It has 

been shown by Matarredona et al4 that at saturation nanotubes are covered with a surfactant 

monolayer and hydrophobic forces between surfactant tail and nanotube surface become 

the dominating factor to determine the structure of surfactant stabilized SWNTs. Therefore 

compared to SDS, NaDBS is more efficient in suspending SWNTs due to the presence of the 

benzene ring in the structure, which results in enhanced steric stabilization of the system30. 

Thus we speculate that in the case of PANI-SWNT-NaDBS system, NaDBS prefers SWNTs 

more than PANI while in the case of PANI-SWNT-SDS system, SDS exhibits more affinity 

towards PANI backbone, as evident from significant changes in the FT-IR and UV-Vis spec-

tra.  

ESR spectra of surfactant modified PANI and mixtures of PANI-SWNT in presence 

of two different surfactants are presented in Fig. 2.11. PANI presents a polaron-like ESR 

spectrum at a g-value g ≅ 2.008 and line width  ∆H 0.4mT21. The addition of SWNT to the 

PANI-surfactant blend yields an additional ESR line at smaller magnetic fields (Fig. 2.11-II 

and III). Note that the use of different PANI surfactants implies different spectral saturation 

properties. In the case of NaDBS the measurement was performed at 2mW microwave 

power while in order to record an unsaturated ESR spectrum of PANI on blends with SDS 

surfactant, smaller microwave power was required (1.26 µW). It is known that atmospheric 

oxygen can influence line broadening in ESR signal of conducting polymers31. 
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Fig. 2.9.  FT-IR spectra of nanocomposites prepared using anionic surfactants in region (I) 2000 to 600 cm-1 

and (II) 4000 to 2600 cm-1 respectively. Sample a, c and e represents organic nanocomposite dispersions con-

taining 0.3, 2 and 3.8% SWNT in presence of NaDBS while sample b, d and f represent nanocomposites coun-

terparts prepared using SDS.      

 

 

 

 

Fig. 2.10. UV-Vis spectroscopy of (a) pristine PANI and samples b, d and f represents organic nanocomposite 

dispersions containing 0.3, 2 and 3.8% SWNTs in the presence of NaDBS. Samples c, e and g represent nano-

composites counterparts prepared using SDS. 
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Although experiments are performed under normal atmosphere, we do not attribute 

the line broadening to atmospheric oxygen because we did not observe any broadening in 

pristine PANI. With a SWNT concentration of 3.8%, the contribution of PANI is over-

whelmed by the SWNT signal showing only a weak kink of signal contribution from PANI. 

This observation is reminiscent of the fact that sufficient overlap of the SWNT network is 

achieved at 3.8% SWNT concentration, which dominated the response from the nanocom-

posite. The presence of weak kink in sample II indicates that PANI is also active in contri-

buting the charge carriers at such high SWNT weight %. 

 

 

Fig. 2.11. ESR spectra of (I) PANI (II) and (III) PANI-SWNT nanocomposite prepared using NaDBS and 

SDS and (IV) pristine SWNT. 

 

The morphological analysis is performed using FEGSEM and is shown in Fig. 2.12. As syn-

thesized PANI possess an agglomerated nanofibrous morphology with an average length 

and diameter of 200-360 nm and 40-60 nm respectively. The SEM of PANI-SWNT-SDS is not 

shown because it is observed that during sample preparation, tiny SDS crystals are phase 

separated. This hindered the conclusions from the morphological analysis. Such phenome-

non was not observed with NaDBS, which again supports the notion that NaDBS is a more 

effective stabilizer for PANI-SWNT in the organic solvent. The difference in the morpholo-

gy is observed when SWNTs are present in the system. At very low concentration, it is ex-

tremely difficult to determine the presence of SWNTs. With increase in SWNTs concentra-

tion, morphology of the PANI-2% SWNT-NaDBS appeared in network formation. The 

length and diameter of the network exceeding that of individual nanofibers, thus it is rea-

sonable to assume that polymerization of PANI took place on SWNTs. Transmission elec-
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tron microscopy was also performed on these samples but low resolution hindered any de-

cisive conclusions to be drawn from the micrographs.  

 

 

   

Fig. 2.12. Morphology of (a) As obtained polyaniline nanofibers and (b) PANI-2% SWNT-NaDBS. 

 

 

Four probe conductivity measurements on PANI-SWNTs pellets are support of the FT-IR 

and UV-Vis spectroscopy observations and are summarized in Fig. 2.13. As can be inferred, 

in the presence of only 0.3 weight % SWNTs the conductivity of the PANI-SWNT-NaDBS 

nanocomposite increases to 8.6 S/cm and maximum conductivity of 18.2 S/cm is attained at 

3.8 weight % of SWNTs. On the other hand, nanocomposites prepared using SDS exhibited 

quite low conductivity, even up to 0.6 weight % SWNTs. The conductivity value is in fact 

lower than PANI-1 weight % SDS (Fig. 2.8). This low conductivity is attributed to lower ef-

fective doping of PANI as observed by UV-Vis and FTIR spectroscopy. With the further ad-

dition of SWNTs, the conductivity begins to increase but always remains lower compared to 

NaDBS counterparts. The difference in conductivity is attributed to the complex interactions 

between PANI-surfactant-SWNTs. It is known from the literature that both NaDBS and SDS 

show strong interactions with SWNTs and self organization on SWNTs surface27. From FT-

IR and UV-Spectroscopy, it is implied that combination of SWNTs-SDS stimulates more re-

strictions on chain conformations of PANI compared to SWNTs-NaDBS. As a result, higher 

conductivity is observed in nanocomposites that are prepared using NaDBS.  
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Fig. 2.13. Conductivity of organic nanocomposite dispersions. The solid lines serve as a guide to the eye. 

 

2.5  Hypothetical model for PANI-surfactant-SWNTs interaction. 

According to the classical reorientation model32, at low concentration surfactant molecules 

lie parallel with the surface of nanotubes in a “head-to-tail” arrangement because of mini-

mum limitation of space (Fig.8 in Ref 16). In the case of NaDBS, strong Van der Waals inte-

ractions between aromatic ring and the nanotube surface perpetuate a “head-to-tail” ar-

rangement. Here we would like to recall some of the salient findings on SWNTs-surfactant 

interactions by Matarredona et al4. As shown by these authors, with increase in the surfac-

tant concentration the hydrophobic interactions between the surfactant tails become domi-

nant factor. Thus the configuration ultimately switches from a “head-to-tail” to a “tails-on” 

arrangement of the surfactant molecules on the SWNTs (Fig.8 in Ref 16). The authors calcu-

lated that when the concentration of NaDBS is ≥ 0.1 mM / 0.17 mg/mL of SWNTs, the “tails-

on” arrangement is favored. In our nanocomposite dispersions, we kept concentrations of 

NaDBS and SDS at 0.72 and 1.0 mM, respectively and the amount of SWNTs was varied 

from 0.28 mg/mL to 6.72 mg/mL. Hence we expect that up to 1.68 mg/mL, SWNTs are cov-

ered by surfactant with “tails-on” arrangement. However, due to uncertainty in the effective 

exfoliation the “head-to-tail” arrangement of the surfactant molecules is questionable above 

0.2 weight % of SWNTs.   

When aniline starts to polymerize in the system containing surfactant suspended na-

notubes, a different situation is observed. During the course of the polymerization, surfac-

tant head groups are likely to interact with the PANI backbone. On the other hand, it is 

known that the alkyl chain of the surfactant interacts with the SWNT surface due to strong 

hydrophobic interactions. Therefore, we believe that the combination of hydrophobic inte-

ractions between surfactant tails with SWNTs and the ionic interactions between PANI-

surfactant head groups are more likely to be responsible for stabilizing this three compo-
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nent system in the organic solvent. The degree of the effective dispersion of SWNTs is in 

turn governed by the choice of the surfactant. Assuming an ideal fully extended chain, the 

hypothetical interactions are illustrated in Fig. 2.14.  

 

 

Fig. 2.14. Hypothetical model for interactions between PANI-surfactant-SWNTs using NaDBS and SDS (Bi-

polaron form of PANI is shown in Fig). 

 

For SWNTs concentrations up to 1.68 mg/mL, schematic shown in Fig. 2.14 may hold. How-

ever, at SWNTs concentration higher than 1.68 mg/mL, the “head-to-tail” arrangement of 

the surfactant is a possibility because of higher SWNTs concentration. But as mentioned ear-

lier, we observed that at such high concentrations the viscosity of the suspensions increases 

considerably and hence the effective exfoliation of the SWNTs is doubtful. Even if we con-

sider the possibility of “head-to-tail” arrangement, strong Coulomb interactions between 

sulfonic acid group and PANI may transform the “head-to-tail” arrangement to a “tails-on” 

manner on the SWNTs surface to stabilize the system through hydrophobic interactions be-

tween surfactant and SWNTs.  

 

2.6 Conclusions. 

In this chapter a facile method to obtain processable organic dispersions of conducting form 

of polyaniline (PANI), with and without single wall carbon nanotubes (SWNTs), is re-

ported. For this purpose we used and compared the role of two anionic surfactants; sodium 

dodecylbenzene sulfonate (NaDBS) and sodium dodecyl sulfate (SDS). We observed that 

anionic surfactants act as a stabilizer as well as additional dopant to polyaniline in the or-

ganic solvent of choice. The role of surfactant is extended further to incorporate SWNTs in 

various concentrations to obtain ‘organic nanocomposite dispersions’. From FT-IR and UV-

Vis spectroscopy it is observed that interactions of SDS with PANI-SWNTs caused signifi-

cant restrictions on the movement of the charge carriers. As a result, lower conductivity is 

perpetuated in PANI-SWNT nanocomposites in the presence of SDS. On the other hand, in 

the case of PANI-NaDBS-SWNT nanocomposites, strong aromatic interactions between 

benzene rings and the π-bonded SWNT surface resulted in higher degree of electron deloca-

lization that governs the higher conductivity to the PANI-SWNT-NaDBS nanocomposites.  



 

 

37 

 

Based on our observations a hypothetical model is proposed. It is postulated that hy-

drophobic interactions between surfactant tails and SWNTs and the Coulomb interactions 

between PANI-surfactant headgroups are more likely to be responsible for stabilizing this 

three component system in organic solvent. The nanocomposite dispersion thus obtained is 

easy to disperse in a range of polymer matrices through either solution processing or the 

coating route, which forms the work described in Chapter 3 and 4, respectively.  

The organic nanocomposite dispersions thus obtained could also be used as a ‘con-

ductive ink’. In addition, the dry powdered form can be redispersed in xylene or m-cresol as 

per the requirement, adds more flexibility to the handling and usage.   

 

2.7 Appendix C2. 

2.7.1 Scheme-3: Exfoliation of SWNT in aqueous suspension.  

For the exfoliation of SWNTs, the route reported in literature is followed15. 0.2 weight % of 

SWNTs is dispersed in distilled water containing either 1weight % of NaDBS or SDS. The 

exfoliation parameters are optimized using 0.2weight % of SWNTs in aqueous phase be-

cause it is observed that above this concentration, the viscosity of the suspension increases 

considerably raising doubt on the optimum exfoliation. The surfactant concentration used is 

based upon observation of the maxima in conductivity as shown in Fig. 2.8. We experienced 

considerable difficulty in obtaining SEM micrographs to optimize exfoliation parameters in 

1 M HCl. Therefore, the following route was adopted to determine optimum exfoliation pa-

rameters of SWNTs. In the first step, 0.2 weight % of SWNTs is dispersed in deionized wa-

ter using 1weight % of anionic surfactant. The horn sonicator (Sonics Vibracell VC750) is 

fixed at the frequency of 20 kHz ± 200 Hz. The sonication is performed in an ice-cooled wa-

ter bath. The samples are taken at fixed intervals of 10 min for UV-Vis spectroscopy meas-

urement. The sonication is stopped when area under absorbance spectra reached a near-

steady value between 60-80 min. The corresponding area under the curve vs. time is shown 

in Fig. A. 

 During sonication, samples are also taken at 10, 30, 70 and 100 min for the SEM char-

acterization. Relatively good agreement is found between absorbance spectra and SEM mi-

crograph at 70 min sonication time. It is observed that upon sonication >90 min, the nano-

tubes tend to break and the absorption peak increased quite rapidly. The corresponding 

SEM micrographs are shown in Fig. B. Therefore, after optimizing SWNT exfoliation in dis-

tilled water, the SWNTs are dispersed with the help of 1weight % of anionic surfactant for 

70 min sonication in 1 M HCl solution in water. The energy required to exfoliate SWNTs in 

distilled water and in 1 M HCl in water is compared and relatively good agreement is found 

between the two (97694 J and 97950 J, respectively). The corresponding energy comparison 

is illustrated in Fig. C. 
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Fig. A. Total area under the curve vs. sonication time. 

 

 

 

Fig. B. SEM micrographs from aqueous suspension of SWNT in distilled water. 
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Fig. C. Energy dissipated in exfoliation of 0.2% SWNT using 1% anionic surfactant in dist. water and 1 M 

HCl in water. 

 

In the final step, 0.2weight % of SWNTs is dispersed using either 1weight % of NaDBS or 

SDS in 1 M HCl in water for 70 min sonication time.  The energy required for exfoliation is 

compared and shown in Fig D.  

 

 

Fig. D. Energy required for 0.2% SWNT dispersion in 1 M HCl in water using 1% anionic surfactant. 

 

By keeping the surfactant concentration at 1weight %, corresponding suspensions of 

variable SWNTs concentration (0.025, 0.15, 0.3, 0.5 and 1 weight %) are prepared. 

 



 

 

40 

 

2.8 References

______________________________________________ 

1. Wessling, B., Synth. Met. 2005, 152, 5-8.  

2. Cao, Y.; Smith, P.; Heeger, A.J., Synth. Met. 1992, 48, 291-297. 

3. Wegner, G.; Ruhe, J., Faraday Discuss. Chem. Soc. 1989, 88, 333-349.  

4. Ober, C.K.; Wegner, G., Adv. Mater. 1997, 9, 17-31. 

5. (a) Antonietti, M.; Conrad, J.; Thu¨nemann, A., Macromolecules, 1994, 27, 6007–6011. (b) 

Antonietti, M.; Conrad, J., Angew. Chem. Int. Ed. 1994, 33, 1869–1870. 

6. (a) Antonietti, M.; Maskos, M. .; Kremer, F.;  Blum, G, Acta Polym. 1996, 47, 460–465. (b) 

Antonietti, M.; Neese, G.; Kremer, B.F., Langmuir, 1996, 12, 4436–4441. 

7. Ikkala, O.; Knaapila, M.; Ruokolainen, J.; Torkkeli, M.; Serimaa, R.; Jokela, K.; Horsburgh, 

L.; Monkman, A.P.; ten Brinke, G., Adv. Mater. 1999, 11, 1206–1210. 

8 . Taylor, D.J.F.; Thomas, R.K.; Li, P.X.; Penfold, J., Langmuir, 2003, 19, 3712-3719. 

9. (a) Abe, S.; Chen, L. J. Poly. Sci., Part B: Poly. Phys. 2003, 41, 1676-1679. (b) Chen, L.; 

McBranch, D.; Wang, R.; Whitten, D. Chem. Phys. Lett. 2000, 330, 27-33. (c) Chen, L.; Xu, S.; 

McBranch, D.; Whitten, D. J. Am. Chem. Soc. 2000, 122, 9302-9303. 

10. Wei, Z.; Laitinen, T.; Smarsley, B.; Ikkala, O.; Faul, C.F.J., Angew. Chem. Int. Ed. 2005, 44, 

751 –756. 

11. Wang, J.; Sun, L.; Mpoukouvalas, K.; Lienkamp, K.; Lieberwirth, I.; Fassbender, B.; Bo-

naccurso, E.; Brunklaus, G.; Muehlebach, A.; Beierlein, T.; Tilch, R.;  Butt, H-J.; Wegner, G. 

Adv. Mat. 2009, 21, 1137–1141 

12. (a) Chen, H-L.; Hsiao, M-S.; Macromolecules, 1999, 32, 2967–2973. (b) Ikkala, O.; Ruoko-

lainen, J.; ten Brinke, G.; Torkkeli, M.; Serimaa, R., Macromolecules, 1995, 28, 7088–7093. (c) 

Zheng, W-Y.; Wang, R-H.; Levon, K.; Rong, Z-Y.; Taka, T.; Pan, W., Makromol. Chem. Phys., 

1995, 196, 2443–2462. (d) Knaapila, M.; Ruokolainen, J.; Torkkeli, M.; Serimaa, R.; Hors-

burgh, L.;  Monkman, A.P.; Bras, W.; ten Brinke.; Ikkala, O., Synth. Met., 2001, 121, 1257–

1258. (e)  Ponomarenko, E.A.; Tirrell, D.A.; MacKnight, W.J., Macromolecules, 1998, 31, 1584–

1589. (f) Merta, J.; Torkkeli, M.; Ikonen, T.; Serimaa, R.; Stenius, P., Macromolecules, 2001, 34, 

2937–2946. 

13. (a) Han M.G.; Cho S.K.; Oh S.G.; Im S.S., Synth. Met. 2002, 126, 53-60. (b) Kohut-Svelko, 

N.; Reynaud, S.; Francois, J., Synth. Met. 2005, 150, 107-114. (c) Kohut-Svelko, N.; Reynaud, 

S.; Francois, J., Synth. Met. 2005, 150, 107-114. (d) Kim, B-J.; Oh, S-G.; Han, M-G.; Seung, S. I., 

Synth. Met., 2001, 122, 297-304. (e) Cai, L-T.; Yao, S-B.; Zhou, S-M., Synth. Met., 1997, 88, 209-

212. 

14. (a) Shaffer, M.S.P.; Fan, X. F.; Windle, A.H., Carbon 1998, 36, 1603-1612. (b) Bhattacharya, 

A.R.; Potschke, P.; Adbel-Goad, M.; Fischer, D., Chem. Phys. Lett. 2004, 392, 28-33.  

15. Regev, O.; Elkati, P.N.B.; Loos, J. Koning, C.E., Adv. Mater, 2004, 16, 248-251. 

 



 

 

41 

 

 

16. Matarredona, O; Rhoads, H; Li, Z; Harwell, J.H.; Balzano, L; Resasco, D.E., J. Phys. Chem-

B., 2003, 107, 13357-13367.  

17.  Blanchet, G.B.; Fincher, C.R.; Gao, F. App. Phys. Lett. 2003, 82, 1290-1292. 

18. Ramamurthy, P.C.; Malshe, A.M.; Harrell, W.R.; Gregory, R.V.; McGuire, K.; Rao, A.M., 

Solid State Elec. 2004, 48, 2019-2024. 

19. Lefrant, S.; Baibarc, M.; Baltog, I.; Godon, C.; Mevellec, J.Y.; Wery, J.; Falques, E.; Milhut, 

L.; Aarab, H.; Chauvet, O., Synth. Met. 2005, 155, 666-669. 

20. Long, Y.; Chen, Z.; Zhang, X.; Zhang, J.; Liu, Z., App. Phys. Lett., 2004, 85, 1796-1798. 

21. Karim, M.R.; Lee, C.J.; Park, Y-T.; Lee, M.S., Synth. Met. 2005, 151, 131-135. 

22. Zengin, H.; Zhou, W.; Jin, J.; Czerw, R.; Smith, D.W. Jr.; Echegoyen, L.; Carroll, D.L.; 

Foulger, S.H.; Ballato, J., Adv. Mater, 2002, 14, 1480-1483. 

23. Huang, J.; Kaner, R.B., J. Am. Chem. Soc. 2004, 126, 851-855. 

24. Lu, Z.; Ng, H.Y.; Xu, J.; He, C. Synth. Met., 2002, 128, 167-178. 

25. Trchova, M.; Stejskal, J.; Prokes, J., Synth. Met., 1999, 101, 840-841. 

26. Chunming, Y.; Zheng, F.; Pingmin, Z., J.Cen. Sou. Univ. Tech. 1999, 6, 128-129. 

27. Islam, M.F.; Rojas, E.; Bergery, D.M.; Johnson, A.T.; Yodh, A.G., Nano Lett. 2003, 3, 269-

273. 

28.  Yu, Y.; Che, B.; Si, Z.; Li, L.; Chen, W.; Xue, G., Synth Met. 2005, 150, 271-277. 

29. Kulszewicz-Bajer, I.; Sobjacz, J.; Hasik, M.; Pretula, J., Polymer, 1995, 37, 25-30.  

30. Petit, P.; Jouguelet, E.; Fischer, J.E.; Rinzler, A.G.; Smalley, R.E., Phys. Rev-B. 1997, 56, 

9275-9278.  

31. K. Aasmundtveit, F. Genoud, E. Houze, M. Nechtschein, Synth. Met. 1995, 69, 193. 

32. Zettlemoyer, A.C., J. Coll. Inter. Sci. 1968, 28, 343. 

 



 

 

42 

 



 

 

43 

 

Chapter 3 

Crystallization driven percolation of polyaniline in semi-

crystalline polar and apolar polymers 

 
 

Using organic dispersions of polyaniline (SPANI) as demonstrated in Chapter 2, nanocomposite films of polar 

(PA6) and apolar (UHMWPE, HDPE) polymers are prepared by solution cast and melt processing respec-

tively. In the part A of this chapter, a detailed characterization of PA6-SPANI is described. It is observed that 

percolation is driven by crystallization of the host matrix. Subsequent annealing of nanocomposite films 

showed substantial reorganisation in the crystalline phase, where the low viscosity of the amorphous phase 

further promotes the aggregation of conducting polymer. The resultant increase in the intricacy of the con-

ducting path perpetuated decreased conductivity within annealed films. In UHMWPE-SPANI films no sig-

nificant influence of annealing on conductivity is observed. To elucidate the influence of molar mass, similar 

study has been performed on a low molar mass linear polyethylene. From the studies reported in this chapter it 

is apparent that the effect of molar mass plays a significant role in the determination of the percolation thresh-

old.  
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3.1 Introduction 

Blends of a conducting polymer in a thermoplastic polymer matrix are pursued to achieve 

the combination of high conductivity with the advantage of physical properties of the ma-

trix polymer. Various authors have reported the combination of polyaniline in either amor-

phous or semi-crystalline polymers1. It is observed that the rise in conductivity is more 

rapid in case of a semi-crystalline polymer as compared to an amorphous counterpart2. In a 

significant contribution, Goffri et al. demonstrated importance of the sequence of crystalliza-

tion in a system of crystallizable polymer-crystallizable semi conducting polymer3. The au-

thors studied blends of poly-3 hexylthiophene (P3HT) within a range of molar mass host 

matrices of polystyrene and polyethylene. The authors highlighted that the crystallization 

sequence of the individual components critically drives final electronic properties of the 

blends. Although the results are fascinating, it is not possible to generalize this technique for 

the combination of semicrystalline matrix polymer-intractable conducting polymers/fillers 

e.g. polyaniline or single wall carbon nanotubes (SWNTs). This is because intractable poly-

mers such as polyaniline in its conducting form cannot be processed via conventional proc-

essing routes of melting and solution processing4. The only feasible means of processing 

polyaniline is via dispersion in the suitable medium. Therefore, final electronic properties of 

the blend are critically dependent upon the formation of percolation network within the 

amorphous phase of matrix polymer.    

The demonstrated route in Chapter 2 of this thesis avoids the conventional process-

ing of PANI5, which could be realised by combining the ability to disperse SWNTs6 in the 

common solvent7. The nanocomposite dispersions thus obtained are easy to process either 

via solution processing or melting route for a variety of polar and apolar polymers. There-

fore, by taking the advantage of combined processing of PANI-SWNTs, we have investi-

gated the reduction in percolation threshold within various polar and apolar semicrystalline 

polymers. In this chapter the results are divided in two parts namely containing surfactant 

modified polyaniline (SPANI) within PA6 (Part-A) and UHMWPE (Part-B). Our main objec-

tive in this chapter is to successfully demonstrate processability of the organic dispersions 

of PANI in both polar and apolar polymers. The direct comparison between these two 

polymers is not possible but the overall results clearly demonstrate the feasibility of using 

organic dispersions within variety of polymers. The results regarding tailoring of the perco-

lation threshold comprises the work described in the Chapter 4. 

 

3.2 Experimental 

3.2.1 Materials 

PA6 of Mn = 15890, Mw = 53491 and PDI= 3.36 was used in this work. The values were ob-

tained against PMMA reference. Xylene was purchased from VWR, UK and used as ob-
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tained. Aniline and m-cresol were purchased from Riedel de Haen, Germany. Sodium do-

decylbenzene sulfonate and 1M HCl were purchased from Sigma Aldrich, UK.  

 

3.2.2 Solution-cast films of PA6 and PA6-SPANI  

PA6 is known to dissolve faster in a combination of solvent (m-cresol) and non-solvent (xy-

lene)8. In a typical procedure, 0.75 gm of PA6 is dissolved in 30 ml volume composed of 10 

ml m-Cresol and 20 ml xylene. The solution is stirred at 50 °C for 2 hrs. The solution is then 

poured on a glass petridish and films are unperturbed to dry for more than 1 month fol-

lowed by drying under dynamic vacuum at 60 °C for 48 hrs. As xylene is miscible in m-

cresol xylene phase is replaced in steps by organic dispersions of polyaniline7 to obtain con-

ducting nanocomposite films. Due to low molar mass of PA6, physical mixing of the solu-

tion is necessary to prevent the PANI agglomeration. The details of the organic dispersions 

can be found in [7]. The synthesis of organic dispersions of PANI is performed at yield of 

600 mg/30 ml. Based on the SPANI yield, the final weight % of SPANI in PA6 is determined 

as 3.8, 4.8, 5.6, 16 and 33 weight % and henceforth mentioned in this chapter.  

 

3.2.3 Compression moulded UHMWPE-SPANI discs  

To elucidate the applicability of the organic dispersions in apolar polymers, we used ultra 

high molecular weight (UHMWPE, MW ~3.6 ×106 g/mol) and low molar mass linear polyeth-

ylene (HDPE, MW ~210, 000 g/mol) as matrix polymers. Fine powders of polyethylene are 

easily coated by organic dispersion of polyaniline in several steps. Each step is followed by 

vacuum drying in oven at 60°C for 12 hrs.  

 

3.2.4 Samples for electrical conductivity measurements 

From solution cast PA6-SPANI films, several samples of 40 mm diameter were cut. For 

UHMWPE-SPANI nanocomposites, the discs are compression moulded at 160°C/10 min at 

200 bars. Then the sample was rapidly cooled to room temperature. The diameter of the 

sample was kept at 40 mm.  

 

3.3 Characterization 

Room temperature infrared spectra in ATR mode (4000-400 cm-1, resolution 4 cm-1) were ob-

tained on Shimadzu FTIR 8400S instrument or a BioRad Infrared Excalibur instrument. Dif-

ferential scanning calorimetry experiments were performed on TA Instruments DSC Q1000 

equipment at heating and cooling cycles of 10 °C/min. Transmission electron microscopy 

(TEM) samples were trimmed using a Diatome trimming tool at low temperature to a small 

surface and subsequently stained using a mixture of OsO4-solution (2 weight %) and forma-

line (48 hrs). Ultrathin sections (± 80 nm) were obtained using a Leica Ultracut S/FCS ultra-
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microtome equipped with a diamond knife. The sections are examined in a FEI Tecnai 20 

transmission electron microscope. The samples for optical microscopy are microtomed on a 

rotation microtome Leica RM2165 at a temperature of -40 °C. The samples are clamped in 

without embedding and cut with a 2 µm thick diamond knife. The samples are observed in 

an optical microscope Zeiss Axioplan Imaging-2 in bright field mode. The XPS measure-

ments were carried out with a Kratos AXIS Ultra spectrometer, equipped with a mono-

chromatic Al Kα X-ray source and a delay-line detector (DLD). Spectra are obtained using 

the aluminium anode (Al Kα  =  1486.6 eV) operating at 150 W, with survey scans a constant 

pass energy of 160 eV is used and with region scans a constant pass energy of  40 eV and 

background pressure is 2 x 10-9 mbar. Combined small angle (SAXS) and wide angle x-ray 

diffraction (WAXD) patterns are obtained on the ID02 high resolution beamline at the 

European Synchrotron Radiation Facility at Grenoble, France. Room temperature co-linear 

four probe conductivity measurements were performed on a homemade set-up using a 

Keithley 6220 programmable current source and a Keithley 2182A nanovoltmeter. Prior to 

measurements, silver contacts were applied on the sample and allowed to dry for more than 

2 hrs. The corresponding correction factors (C.F.1 and C.F.2) are applied for the necessary 

conductivity calculations.  

 

3.4 Results and Discussions 

This section is divided in two parts. The part-A elaborates details on characterization of the 

PA6-SPANI solution cast films and part-B elaborates characterization of polyethylene-

SPANI films.  

 

3.4.1 PART-A: PA6-SPANI nanocomposite films 

The color of the nanocomposite films change from light green to dark green with increasing 

SPANI concentration [Fig.3.1]. However, brittleness of the film is increased with increasing 

concentration of the SPANI [sample (b) to (e) in Fig. 3.1]. The average thickness of the film is 

≤ 50 µm. 

 

 

Fig. 3.1. Solution cast films of (a) PA6 containing (b) 3.8 (c) 5.6 (d) 16 and (e) 33 weight % of SPANI. For 

color figure, please refer Appendix-Color figures. 
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Optical microscopy is used to observe the build-up of SPANI percolation within PA6 [Fig. 

3.2]. Thin sections of the solution cast films are cut according to the procedure mentioned in 

section 3.3. It is observed that surface adjacent to the glass is pore free, while the surface ex-

posed to air is partially porous. Dark colour area in the samples (b) to (d) [Fig.3.2] indicates 

distribution of SPANI. No percolation is observed in sample (b). On further increasing the 

SPANI concentration to 4.8 weight %, the percolated network is formed [sample c, Fig. 3.2.].  

 This observation is in corroboration with the four probe conductivity measurements 

summarized in Fig. 3.3. The conductivity of as-obtained SPANI is 3.3 S/cm7. The nanocom-

posite films containing 3.8% SPANI did not exhibit any conductivity. This result is consis-

tent for 3 different batches. At SPANI percolation (4.8 weight %), the magnitude of the con-

ductivity is 1.7 × 10-4 S/cm, which increased to 8.2 × 10-2 S/cm at 33 weight % SPANI. We ob-

served that although film thickness is 20 to 40 microns, it is important to perform the con-

ductivity measurements at least one month after the film preparation. Significant difference 

within conductivity is observed when measurements are performed after a 10 day and 1 

month interval due to the trace of solvent (m-cresol). The values mentioned in this chapter 

correspond to the measurement performed after 1 month’s drying at room temperature fol-

lowed by drying in vacuum oven at 60 °C for 48 hrs. Upon annealing at 150 °C for 45 min, 

the conductivity decreased in all nanocomposite films. It is important to note that the differ-

ence between conductivity of as prepared and annealed samples decreased with increase in 

SPANI concentration. This result is explained with the help of TEM morphology (see Fig. 

3.4). Fig. 3.4 shows transmission electron micrographs of PA6 and PA6-SPANI nanocompo-

site films. Samples (a) and (c) correspond to as prepared PA6 and PA6-33% SPANI, while 

sample (b) and (d) represent annealed counterparts of the same. Upon annealing, a substan-

tial increase in the amorphous phase of sample (d) is observed, which clearly suggests 

highly phase segregation morphology in the nanocomposite films. It is important to note 

that the PA6 used in this study is of low molar mass. As a result, during annealing low vis-

cosity of the amorphous phase promoted aggregation of the SPANI within amorphous 

phase. The resultant increase in the intricacy of the conducting path perpetuated a decrease 

in the conductivity.  

Here we would like to recall the salient findings of Goffri et al3. The authors sug-

gested that in a binary system of matrix polymer containing semiconducting polymer as 

filler, the sequence of crystallization of the individual components plays a crucial role to de-

termine the final electronic properties of the blend. The authors used a combinations of i-PS, 

polyethylene of various molar mass with poly 3-hexylthiophene (P3HT). The authors re-

ported that if the matrix polymer crystallizes before the semiconducting polymer, the elec-

tronic properties are controlled by the matrix polymer resulting in poor electronic perform-
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ance of the blend. This is attributed to the inefficient crystallization of the semiconducting 

polymer in the presence of already crystallized matrix. 

 

 

Fig. 3.2. Optical micrographs (between parallel polarisers) of as prepared film a = PA6, b = PA6-3.8 weight % 

SPANI, c= PA6-4.8 weight % SPANI and d= PA6-16 weight % SPANI. 

 

On the other hands, if the semiconducting polymer crystallizes before the matrix, the final 

electronic properties are administered by the semiconducting polymer. Compared to these 

systems, our binary system contains semicrystalline insulating matrix and intractable, par-

tially crystalline conducting SPANI as filler. It is important to mention that SPANI is not 

soluble but very finely dispersed within m-cresol and xylene. As a result, the conductivity 

of the nanocomposite is directed by the development of a percolation network within the 

amorphous phase of the matrix. The resultant morphology subsequently determines elec-

tronic performance of the blend. In addition, viscosity of the amorphous region also influ-

ences phase segregation of the dispersed conducting polymer.  

Upon annealing a substantial increase in the overall volume of the amorphous phase 

is observed (Fig. 3.4-d). As a result, possible phase segregation of the conducting polymer 

within amorphous phase gives rise to the increased intricacy in the development of percola-

tion network. This hindrance gradually perpetuates reduction in the bulk conductivity of 

the nanocomposite films. However, it is important to note that the difference between con-

ductivity of the as prepared and annealed films decreases with increasing SPANI concentra-

tion. This behaviour seems logical because with increase in conducting filler concentration 

more conducting paths will be available to form the necessary percolated network within 
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the amorphous phase in spite of the phase segregation resulting due to annealing of low 

molar mass matrix polymer.      

 

 

Fig. 3.3. Four probe conductivity measurements of as casted and annealed films of PA6-SPANI. Annealing is 

performed at 150 °C/45 min. The solid line serves as a guide to eye. 

 

 

Fig. 3.4. TEM image of (a) as cast PA6 (b) annealed PA6 (c) PA6-33% SPANI and (d) annealed PA6-33% 

SPANI. 
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 The DSC thermograms of the first and second heating and second cooling runs of as cast 

PA6-SPANI films are shown in Fig. 3.5. Although the samples are sufficiently dry for more 

than 1 month, sharp peaks are observed in first heating run (Fig. 3.5-I). Normally, such 

sharp peaks are not associated with melting of semi-crystalline polymer. Therefore, this ob-

servation suggests that a trace of solvent (either m-cresol or xylene) is still present within 

the sample. However, the boiling points of m-cresol and xylene are 203 °C and 140 °C, the 

fact that the sharp peaks are observed between 165 °C -190 °C, suggests that presence of the 

observed peaks could be related to the traces of trapped xylene. No sub-melting endotherm 

is observed in all solution cast films9. In pristine PA6, double melting peaks of 207.7 °C and 

212.5 °C are clearly resolved, which are associated with mixed λ and α crystalline forms re-

spectively15. However, from ATR and WAXD data, we observed that the α form is dominant 

within pristine PA6. This fact is corroborated further by the increase in SPANI concentra-

tion [sample (b) to (d) in Fig. 3.5]. The melting peak associated with 207.7 °C gradually be-

came a broad shouldered peak. In addition, the major melting peak corresponding to the α 

form of the crystal shifted to lower melting temperature. In addition a small endotherm is 

also observed within 120 °C -140 °C, which is possibly related to the escape of solvent de-

spite the fact that films were dried for more than one month at room temperature. In the 

presence of SPANI, melting and crystallization behaviour of PA6 is significantly affected, 

which is reflected in the second heating run. No sharp peaks associated with evaporation of 

solvent are observed. The major melting peak in pristine PA6 is observed at slightly higher 

temperature compared to first melting run, which is related to the more efficient organiza-

tion of PA6 chains in crystals. In second heating run of sample (b) to (d), the temperature 

window of the onset and endset of melting peaks is found to be proportional to the SPANI 

concentration. This observation corroborates the fact that presence of SPANI induces a 

broad distribution of crystalline domains. In the second heating run [Fig.3.5-II], the major 

melting peak at 214 °C in pristine PA6 is gradually shifted to lower temperature from sam-

ple (b) to (d), with a maximum decrease to 188 °C observed in sample (d). This result con-

firms that during crystallization from the melt, SPANI significantly prohibits organization 

of PA6 chains in a well ordered crystalline domains. Further, drastic delay in crystallization 

from melt is observed in the nanocomposite films [Fig. 3.5-III]. The crystallization tempera-

ture (Tc) in pristine PA6 film is observed at 186 °C. The delay in Tc is augmented with in-

crease in the SPANI concentration [samples (b) to (d) in Fig.3.5-III]. The most severe delay 

in crystallization is observed for sample (d) in which Tc drastically decreased to 130 °C. In 

addition, the temperature window between onset and endset of the Tc is also found propor-

tional to the SPANI concentration, which again suggests a broad distribution of crystalline 

domains. We considered two possibilities, which may explain the decrease in the melting 

and crystallization behaviour. The first possibility is that since SPANI does not melt, it is 
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excluded in the amorphous phase in PA6 and consequently influences the crystalline do-

mains during crystallization. The second possibility is that the interactions between SPANI 

and PA6 are also responsible for the formation of imperfect or broad distribution of the 

crystalline domains. These possibilities may also work in conjunction to cause the observed 

melting behaviour.  

 

 

Fig. 3.5. DSC thermogram of (I) first heating (II) second heating and (III) cooling run of as cast PA6 and 

SPANI corresponding to (a, a’) 0, (b, b’) 5.6, (c, c’) 16 and (d, d’) 33 weight % of SPANI in the nanocompo-

site films. 

 

XPS analysis revealed the film surface composition. The wide scans of PA6 (sample a) and 

PA6-33% SPANI (sample b) are shown in Fig.3.6-I. As observed, the binding energy of S2p 

core level spectrum shows a main peak at 167.8 eV, which conclusively highlights the pres-

ence of the –SO3 moieties in PA6-SPANI nanocomposite films. The deconvoluted spectrum 

of S2p is shown in Fig.3.6-II. This result is in accordance with the previous reports in which 

a peak at 167.2 eV is attributed to the presence of sulphur in ‘R-S03H’ group10. The presence 

of Si and Cl is detected in as-obtained PA6, which could be related to the additives used in 

PA6. However, in PA6-33% SPANI the Cl2p peak is not observed. The reason behind the 

disappearance of Cl2p peak is currently a mystery.  

 To verify the possibility of the interactions between PA6 and SPANI, the correspond-

ing infrared spectra in the ATR mode are given in Fig.3.7. The spectra are normalized at a 

frequency of 1634 cm-1. This band may be the best choice because the position of this band 

did not change with increase in SPANI concentration and the absorption band is rather 

broad. Even at 33 weight %, the presence of SPANI is not detected within nanocomposite 

films. However, it is important to note that the penetration depth in ATR spectroscopy is ~1 

µm depending upon type of crystal used. Therefore, the analysis is limited to the surface 

layer of the film only, which may explain the absence of any peak for SPANI.  
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Fig. 3.6. (I) wide scan of PA6 (a) and PA6-33% SPANI (b). (II) S2p core level spectrum of PA6-33% SPANI. 

 

This observation also verifies that the conductivity in the nanocomposites is not related to 

surface phenomenon. The as-cast film is in the monoclinic α-phase, which is characterized 

by peaks at 1478 cm-1 (CH2 scissors vibration), 1416 cm-1 (CH2 scissors vibration), 1373 cm-1 

(amide III and CH2 wag vibrations), 1199 cm-1 (CH2 twist-wag vibration), 930 cm-1 and 960 

cm-1 (CO-NH in plane vibration)11. We observed these characteristic peaks in the as-cast 

films. In the as-cast as well as the annealed films [Fig.3.7-(I) and (II)] new distinct peaks at 

1033 cm-1 and 1006 cm-1 are observed with increasing SPANI concentration. The absorption 

peak of 1029 cm-1 is shifted to 1033 cm-1 from sample b to c with increase in intensity. After-

wards it remains constant at 1033 cm-1 but the intensity of these bands increased further 

from (c) to (e). Pristine PA6 (sample a) did not exhibit these two absorption bands. Further 

the peak at 1006 cm-1 is shifted to 1009 cm-1 in sample (e). As mentioned earlier, the xylene 

dispersions of SPANI are obtained using sodium dodecylbenzene sulfonate surfactant7. It is 

known from the literature that sulfonic acid exhibit characteristic symmetric SO2 stretch of 

1128 and S=O stretch at 1041, 1004 and 680 cm-1, respectively12. We observed peaks at 1124, 

1033, 1009 and 685 cm-1, respectively. Therefore due to the possibility of overlapping of ab-

sorption bands of the sulfonic acid with PA6, it is difficult to assign the presence of ob-

served peaks directly to the sulfonic acid. The peak at 1124 cm-1 is attributed to amorphous 

phase of PA613. The peak at 680 cm-1 is assigned to the amide-V bond14. There is certain am-

biguity in assigning the peak at 1033 cm-1. Pennel-Pierron et al15 attributed the peak at 1030 

cm-1 to the pure α phase in PA6 while Rotter et al. designated the peak at 1031 cm-1 to a me-

somorphic form of PA617. In our case, the intensity of the peak at 1033 cm-1 increases with 

increase in the SPANI concentration and hence it is related to the S=O stretch of the sulfonic 

acid. 
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Fig. 3.7.  FT-IR spectra of (I) as cast and (II) annealed films. PA6 and nanocomposite films are (a) to (e) con-

taining 0, 3.8, 5.6, 16 and 33 weight % SPANI. In (II), samples a’ to e’ represent the annealed films of the 

counter parts, annealed at 150°C for 45 min. 

 

In addition, Rotter et al. designated a peak at 1000 cm-1 to the γ-crystalline form of SPANI17. 

Although the peak at 1006 cm-1 is close to the γ-crystalline form, as described in WAXS data 

[Fig. 3.8], we did not observe an affirmative presence of the γ-phase (characteristics d spac-

ing at 0.42 and 0.83 nm). Therefore, both absorption bands of 1033 cm-1 and 1006 cm-1 do not 

belong to the α, γ and mesomorphic forms of PA6 can be reliably ascribed to the presence of 

–SO3 moieties in the surface layer of the nanocomposite films. XPS data presented above 

supports this observation. In addition, a decrease in the intensity and broadening of CO-NH 

in plane vibration at 960 cm-1 and 930 cm-1 is also observed in nanocomposite films. It is 

known from literature that in PA6, H-bonds are incorporated in folds, which are arranged 

in a linear staggered fashion and that the amide group is responsible for H-bonding. Since 

we observed the decrease in intensity and broadening of the in-plane vibrations of this 

band, it is probable that SPANI is interacting with the amide group in amorphous PA6. But, 

as the stable α phase is not altered, these interactions are not strong enough. No significant 

change is observed in the annealed samples either [Fig.3.7-II]. This is further established by 

the N-H stretch peak at ~3300 (not shown) in crystalline PA6. No shift/change is observed in 

this peak, which re-confirms that SPANI has no substantial influence on the H-bonding in 

PA6. The possibility of SPANI interactions with the CO-NH band within amorphous PA6 is 

supported by WAXD data [Fig. 3.8]. The as-cast films exhibit monoclinic α-form, which is 

characterized by d-spacing at 0.43 nm (α1, 200) and 0.36 nm (α2, 002) respectively11, 18. Our 

results are in agreement with Goffri et al. in which diffraction pattern of the nanocomposite 

is dominated by the host polymer that crystallizes first3.The d-spacing of 0.43 nm is related 

to the hydrogen bonded chains in sheet while the diffraction peak at 0.36 nm is related to 

the intersheet distance 11. In Fig. 3.8, WAXD patterns of (I), as prepared and (II), annealed 
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films of PA6 and PA6-33% SPANI are shown. In sample (a), the d-spacings of α1 and α2 

peaks remain unaltered but the α2 peak is broad and significantly decreased in intensity in 

sample (b). A similar trend is also observed in annealed samples (Fig. 3.8, II). This observa-

tion supports the DSC results that presence of SPANI leads to the distribution of broad crys-

talline domains within the nanocomposite films.  

 

       

Fig. 3.8. WAXD pattern of (I) as cast films of a = PA6 and b = PA6-33% SPANI. (II) Annealed films of a’= 

PA6 and b’ = PA6-33% SPANI. 

 

Thus from DSC, FTIR and WAXD results it is concluded that SPANI resides within the 

amorphous phase of PA6 and the interactions with the amide bond are limited to the amor-

phous phase only. The amorphous phase ‘swells’ to accommodate increasing concentration 

of SPANI, which leads to a broad distribution of the crystalline domains within PA6. SAXS 

data support this hypothesis and Fig. 3.9 shows the Lorentz corrected SAXS profile [Iq2 vs. q 

(nm-1)] for as cast films. In pristine PA6, sample (a), the long period (average crystalline and 

amorphous region) is obtained at 7.7 nm. With increase in SPANI concentration, for an ex-

ample in PA6-33% SPANI, this long period increases to 9.0 nm. An additional feature of the 

SAXS profile is the broadening of the peak with increase in the SPANI concentration. This 

observation reconfirms broad distribution of the crystalline domain within PA6, and is con-

clusively supported by the DSC, WAXD and TEM results summarised above.  

 

3.4.2 Conclusions of PART-A 

PART-A conclusively demonstrates the feasibility of using organic dispersions of polyani-

line through solution processing route within polar polymers. The solution cast nanocom-

posite films of PA6-SPANI were successfully prepared using the combination of solvent and 
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non-solvent. The nanocomposite films were characterized over a maximum possible con-

centration range of SPANI. Optical microscopy was used to observe percolation build-up 

within nanocomposite films. The percolation threshold of SPANI is observed at 4.8 weight 

% and confirmed using four-probe conductivity measurements. 

 

 

  

Fig. 3.9. Lorentz corrected SAXS data of as-cast films. Samples (a): PA6 and nanocomposite films are (b) to 

(d) containing 5.6, 16 and 33 weight % SPANI. 

 

The presence of SPANI perpetuates a broad distribution of the crystalline domains, which is 

supported by WAXD and DSC results. From SAXS, it is clear that the long period increased 

with increasing SPANI concentration, which suggests ‘swelling’ of the amorphous phase of 

PA6. Upon annealing, the conductivity decreased due to reorganisation of the crystalline 

component, which facilitated phase separation of the dispersed PANI leading into the for-

mation of segregated domains – thus ultimately reducing the conductivity. However the 

difference between conductivity of as prepared and annealed films decreased with increase 

in the SPANI concentration owing to the higher probability of network formation at fixed 

concentration of PA6. Interestingly, migration of the surfactant moieties is at the film sur-

face, which is confirmed by FT-IR and XPS. The probable reason for the surfactant migra-

tion towards the surface could be related to the incompatibility between the surfactant and 

the matrix polymer. 

 

3.4.3 PART-B: Polythylene-SPANI nanocomposite films.  

In literature there are limited reports on combination of UHMWPE-Polyaniline nanocompo-

sites19 whereas the combination could be potentially useful in a variety of applications in-

cluding conducting tape, fibers etc. The SEM image of nascent UHMWPE particle is shown 
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in Fig. 3.10. The surface morphology of the nascent UHMWPE powder is uneven, which fa-

cilitates anchoring for absorption of SPANI on the surface. The absorption is strong to the 

extent that when coated UHMWPE powder is mixed with water the coating did not come 

off. In addition to the uneven surface morphology, the hydrophobic nature of the surfactant 

modified PANI is also responsible for this observation. 

 

 

Fig. 3.10. SEM of the nascent UHMWPE powder particle  
 

A compression moulded disc of UHMWPE-SPANI nanocomposite is shown in Fig. 3.11. 

The disc is actually dark green in color. As can be inferred, a good dispersion of the SPANI 

within the UHMWPE is obtained. The films were obtained at different PANI weight % load-

ing in order to determine the percolation threshold. 

 

 

Fig. 3.11. Compression moulded disc of UHWMPE-3.3% SPANI 

Our observation is different to that of Tsocheva et al20. These authors prepared in-situ 

UHMWPE-polyaniline nanocomposite and observed a substantial drop in crystallinity, 

which was attributed to the destruction of smaller UHMWPE crystals during PANI polym-

erization. In addition, it was speculated that PANI penetrates within amorphous region of 

UHMWPE to some extent by virtue of DBSA acting as a compatibilizer between UHMWPE 

and PANI. 
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Fig. 3.12. Melting behaviour of UHMWPE powder coated with SPANI nanofibers. First melting point is 

higher than second melting point due to nascent morphology of UHMWPE. 

 

Our system is different as the nanocomposite is prepared through the coating route fol-

lowed by compression moulding in the melt state. Prior to moulding, the coated powder is 

subjected to the calorimetric test to determine the influence of the SPANI on UHMWPE. The 

melting and crystallization behaviour of the nanocomposite is shown in Fig.3.12. It is ob-

served that even up to ~9 weight %, SPANI does not have any influence on the melting and 

crystallization behaviour of UHMWPE. This observation clearly indicates that SPANI does 

not act as the nucleating agent in UHMWPE. Negligible change is observed either within % 

crystallinity of the pristine UHMWPE (% crystallinity ~42%) or the UHMWPE-SPANI con-

taining 3.3 weight % SPANI (% crystallinity ~39 %).  

Similar to PA6-PANI nanocomposites, the ATR spectroscopy on melt-pressed 

UHMWPE-3.3 weight % PANI nanocomposite films shows the presence of sulfonic acid in 

the surface layer of the film. The absorption peak of SO2 stretch is observed at the higher 

wavenumbers of 1042 and 1010 cm-1, respectively compared to PA6-SPANI films. Though 

weak, the presence of sulfonic acid clearly suggests that part of surfactant is migrating to 

the surface irrespective of the processing route and matrix polymer and the type of filler 

used. The probable reason behind this observation could be related to the incompatibility 

between surfactant molecules and matrix polymers. However, it is difficult to interpret 

whether the observed migration is related to ‘free’ surfactant or whether it is related to sur-

factant associated with SPANI. Other characteristic peaks of C-H stretching at 2920 cm-1, C-

H bending at 1463 cm-1 and CH2 rocking absorption at 720 cm-1 are also observed21 without 

any change in the peak positions. The corresponding four-probe conductivity measure-
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ments exhibit the significant influence of the molar mass and the morphology on the perco-

lation threshold. The percolation threshold is observed at ~1.5 to 1.7 weight % with a con-

ductivity of 2.36 × 10-5 S/cm. The percolation is achieved at lower weight % of SPANI com-

pared to the 4.8 weight % observed in PA6. The subsequent conductivity values obtained 

are comparable to previous reports on the blends of UHMWPE-PANI nanocomposite films, 

in which the combination of polyaniline-dodecyl benzenesulfonic acid was used20. 

 

 

Fig. 3.13. ATR spectroscopy of (a) UHMWPE and (b) UHMWPE-3.3% SPANI.  

 

Upon further increase in SPANI concentration to 3.3 weight %, the conductivity reached 4.5 

× 10-3 S/cm. It is also observed that above the percolation threshold, the conductivity rises 

nearly by order of magnitude per weight % SPANI until a plateau is reached.  

 Further, to demonstrate the effect of the morphology, in case of HDPE-SPANI nano-

composite films, electrical percolation did not achieve up to 6 weight % SPANI. This obser-

vation clearly highlights the influence of the molar mass to achieve percolation within semi-

crystalline polymers. 

 

3.4.4 Conclusions of PART B 

In a parallel study, nanocomposite films of UHMWPE-SPANI and HDPE-SPANI are pre-

pared through coating followed by compression moulding. The percolation threshold is ob-

served at significantly different values in UHMWPE and HDPE based nanocomposites, 

which highlights the influence of molar mass as well as chain topology of the polymers. 

Similar to PA6 based nanocomposites, the migration of the surfactant is observed in 

UHMWPE-SPANI nanocomposites. It is postulated that migration could be due to the in-

compatibility with the matrix polymer.   
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Fig. 3.14. Four-probe conductivity measurements of UHMWPE-SPANI nanocomposite films. The solid line 

serves as a guide to the eye. The standard deviation is 0.0018.  

 

3.5.  Summary 

This chapter conclusively demonstrates the successful use of organic dispersions of polyani-

line in polar and apolar polymers. In either of the polymers, the percolation is achieved 

through the formation of a network within the amorphous phase and it is observed that 

formation of the percolated network is (qualitatively) inversely proportional to the molar 

mass of the semi-crystalline polymer. Irrespective of the processing route and type of poly-

mer, the migration of surfactant is observed in UHMWPE-SPANI as well as PA6-SPANI 

nanocomposites. However, it is difficult to predict whether the migration stems from the 

‘free’ surfactant’ or whether it is associated with the surfactant that is involved in modifica-

tion of PANI backbone. The proposed routes can be useful in preparation of antistatic appli-

cations and electromagnetic shielding applications as the conductivity values satisfy the ini-

tial requirements. 
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Chapter 4  

Conductivity enhancement by tailoring percolation in 

semi-crystalline polar and apolar polymers 
 

This chapter forms an extension to the Chapter 3. In this chapter we demonstrate that combined processing of 

polyaniline with single wall carbon nanotubes (SWNT) resulted in a significant reduction in the percolation 

threshold compared to nanocomposites based on only polyaniline. In PA6-SPANI (surfactant modified PANI) 

nanocomposites percolation threshold decreased by up to 1 weight % in presence of only 0.04 weight % 

SWNTs. In a parallel study, the percolation threshold in UHMWPE-SPANI nanocomposites decreased by 0.4 

weight % in presence of only 0.02 weight % SWNTs. In case of PA6-SWNT nanocomposites, SWNTs alone 

exhibited lacklustre dispersion. Interestingly our results demonstrate that SPANI acts as effective dispersant 

for SWNTs particularly in the low molecular weight PA6. In nanocomposites based on ultra high molecular 

weight polyethylene, high viscosity of the polymer prevents filler agglomeration. The amount of SWNTs used 

is substantially lower compared to SWNTs percolation in respective polymer matrices. Upon annealing 

(150°C/45 min), the conductivity of the PA6-PANI-SWNT films decreases to some extent exhibiting similar 

behaviour to nanocomposite films containing only polyaniline. No change is observed in the conductivity of 

annealed UHMWPE films (120°C/45 min).  
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4.1 Introduction 

In Chapter 3, we successfully demonstrated the conducting nanocomposite films of PA6 

and UHMWPE using surfactant modified polyaniline (SPANI). It was observed that perco-

lation network is governed by amorphous phase of semicrystalline polymers. The formation 

of the network is an interplay of the molar mass of matrix polymer, processing conditions as 

well as attributes of the conducting fillers e.g. aspect ratio, concentration and degree of dis-

persion1. When PANI is mixed with insulating matrix, strong electrostatic interactions leads 

to phase segregated morphology within host matrix as schematically represented in Fig. 1.8-

(a) in Chapter 1. The aspect ratio of SPANI nanofibers used in this and the previous study is 

~4-5. Therefore higher filler content is required to achieve percolation. The downside of the 

increase in filler content imposes sacrifices on the matrix properties, which is augmented 

particularly in low molar mass polymers. Thus reduction in the percolation threshold is a 

pre-requisite to gain a better performance from nanocomposites. 

The attempts to tailor percolation of low aspect ratio conducting fillers e.g. carbon 

black (CB) are reported in literature. CB was distributed within one of the phases2 or at the 

interface of multiphase blends3. The use of multi-wall carbon nanotubes or graphite plate-

lets lead to reduction in percolation threshold within epoxy based nanocomposites4. Since 

the tailoring of percolation threshold in such systems always involves a multiphase system, 

the demonstrated methods has limitations in terms of control of the processing; poor inter-

facial adhesion resulting in weak mechanical properties etc. In addition, the introduction of 

CB in particular phase also involves additional processing steps.  

On the other hand, high aspect ratio fillers such as single walled carbon nanotubes 

(SWNT) have been a focus of extensive research. SWNTs particularly offer excellent me-

chanical, electrical and optical properties. By virtue of very high aspect (~1000) ratio, tiny 

amounts of SWNTs are sufficient to percolate within a variety of insulating matrices5. 

Therefore we wish to make use of SWNTs to tailor percolation threshold in PANI based 

nanocomposites. Here one may argue that use of only carbon nanotubes alone may also 

provide the satisfactory values of conductivity as well as other physical properties. But, few 

issues are associated with the usage of only carbon nanotubes within polymers e.g. high 

cost, effective exfoliation of SWNTs and subsequent maintenance of exfoliation within ma-

trix. Furthermore, we observed a significant variation between different batches of the 

SWNTs from the same manufacturer. This observation adds difficulty to the optimization of 

process parameters. In comparison, conducting polymers e.g. polyaniline are versatile in 

terms of control over morphology, very high conductivity and low cost of manufacturing. 

These attributes justifies its use to prepare the conducting nanocomposites but phase segre-

gation upon mixing with insulating polymers is also anticipated. 
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In this chapter we demonstrate a strategy to tailor percolation threshold within 

semicrystalline polar and apolar polymers. For this purpose we made use of combined 

processing of the SWNTs/PANI dispersions as reported in Chapter 2. This study aimed to 

demonstrate a facile route to reduce percolation threshold at minimum possible usage of 

SWNTs, which saves on cost and delivers higher conductivity.  

 

4.2 Experimental 

4.2.1 Materials  

PA6 of Mn = 15890, Mw = 53491 and PDI= 3.36 was used in this work. The values were ob-

tained against PMMA reference. Xylene was purchased from VWR, UK and used as ob-

tained. Hipco® Single wall carbon nanotubes were obtained from CNI Inc. (USA)q and used 

without further treatment. Aniline and m-cresol are purchased from Riedel de Haen, Ger-

many. Sodium dodecylbenzene sulfonate was purchased from Sigma Aldrich, UK.  

 

4.2.2 Solution cast films of PA6-SWNT and PA6-SPANI-SWNT 

Solution cast films of PA6-SWNT and PA6-(polyaniline + SWNT) were prepared using a 

combination of solvent and non-solvent6. The same protocol mentioned in section 3.2.2 of 

Chapter 3 was used to prepare nanocomposites. The only difference was that dispersion of 

(polyaniline + SWNTs)7 is used to prepare PA6-SWNT-PANI films. Henceforth in this chap-

ter the nomenclature for (polyaniline + SWNTs) will be given as PNSW. The amount of 

SWNTs in PA6-PNSW was determined as followed. By maintaining the same polyaniline 

yield as reported in Chapter 3 (19.6 mg/ml), 30 ml organic nanocomposite dispersions of 

PANI containing 7 mg SWNTs is obtained. The vol/weight ratio of organic nanocomposite 

dispersions/PA6 is kept at 0.5 and 1 ml/0.25 gm to prepare PA6-PNSW nanocomposite 

films. Assuming homogenous dispersion, the corresponding amounts of SWNTs are 0.046 

and 0.092 weight % based on PA6; the final filler concentration of PNSW is obtained are 3.84 

and 5.7 weight % respectively. While in UHMWPE, the amount of SWNTs is varied from 

0.02 to 0.14 weight %. The nanocomposites of UHWMPE-SWNT and PA6-SWNT are pre-

pared using a spraying method5-b that utilizes NaDBS2 surfactant suspended SWNT suspen-

sion similar to the literature reported method8. In several steps, the suspension is sprayed 

onto fine powder of either UHMWPE or PA6. After each step, the coated powder is dried in 

vacuum oven at 60 °C for 12 hrs. 

 
2 The same surfactant is used to prepare the organic dispersions of PANI with and without SWNT as mentioned in Chap-

ter 2.  
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4.3 Characterization 

At room temperature, infrared spectra in ATR mode (4000-400 cm-1, resolution 4 cm-1) were 

obtained on Shimadzu FTIR 8400S instrument or a BioRad Infrared Excalibur instrument. 

The XPS measurements were carried out with a Kratos AXIS Ultra spectrometer, equipped 

with a monochromatic Al Kα X-ray source and a delay-line detector (DLD). Spectra are ob-

tained using the aluminium anode (Al Kα  =  1486.6 eV) operating at 150W, with survey 

scans a constant pass energy of 160 eV is used and with region scans a constant pass energy 

of  40 eV is used. The background pressure is 2 x 10-9 mbar. Differential scanning calorimetry 

experiments are performed on TA Instruments DSC Q1000 equipment at a heating and cool-

ing rate of 10 °C/min. The samples for optical microscopy were microtomed on a rotation 

microtome Leica RM2165 at a temperature of -40°C. The samples were clamped in without 

embedding and cut with a diamond knife. The samples were observed in an optical micro-

scope (Zeiss Axioplan Imaging-2) in bright field mode and crossed polarizer. Wide angle x-

ray diffraction (WAXD) patterns were obtained on Rigaku Geigerflex instrument from 3° to 

50° 2–Theta with step size of 0.02 and exposure time of 9 seconds. Room temperature co-

linear four-probe conductivity measurements are performed on homemade set-up using 

Keithley 6220 programmable current source and Keithley 2182A nanovoltmeter. The neces-

sary correction factors [see equation (1) and (2) in Chapter 2] for the geometry of the sample 

are applied for the conductivity calculation. 

 

4.4 Results and Discussions 

4.4.1  PA6-PNSW films 

The nanocomposite films containing PNSW exhibited a similar green color because of the 

presence of SPANI within nanocomposite films (therefore not shown). Similar to PA6-

SPANI, optical microscopy is used [Fig. 4.1] to observe PNSW as well as SWNTs percolation 

within PA6 matrix. The dark color in Fig. 4.1 indicates a fine dispersion of PNSW, while 

SWNTs alone agglomerated within bundles [see Fig. 4.2]. This result is consistent within 

three different batch preparations. It is known that nanotubes act as heterogeneous nucleat-

ing agent for PA6 due to epitaxial matching between PA6 and SWNTs surfaces9. As a result, 

PA6 crystals grow perpendicular to the SWNTs surface. We observed the same transcrystal-

lization phenomenon on agglomerated SWNT bundles in PA6-SWNT nanocomposite films 

[Fig. 4.2]. In the case of PA6-PNSW, the SWNTs concentration is negligible (nearly 1/100th) 

compared to PA6, which makes observation extremely difficult. However, the nucleation 

effect of the nanotubes in PA6-PNSW is observed in the melting behaviour [Fig. 4.5].  

Comparative four-probe conductivity measurements demonstrate the effects of min-

ute quantities of SWNTs (Fig. 4.3). As mentioned in Chapter 3, the percolation threshold in 

PA6-SPANI nanocomposites is 4.8% while in the case of PA6-PNSW; the percolation 
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threshold is decreased to 3.84 weight % (containing only 0.04 weight % SWNT). The con-

ductivity of the nanocomposite films containing 3.84% PNSW is 8.05×10-4 S/cm, which is 

slightly lower than nanocomposites containing 4.8% PANI. 

 

  

Fig. 4.1. Optical micrographs of PA6 containing (a) 3.84% and (b) 5.7% PNSW.  
 

 

Fig. 4.2. Optical Micrograph (between cross polarisers) of PA6-0.85 weight % SWNT showing transcrystalli-

zation of PA6 on agglomerated SWNT bundles (scale bar is 10 µm).  

 

However, with increase in PNSW concentration to 5.7 weight % the conductivity is nearly 

order of magnitude high at 8.5×10-3 S/cm. In comparison, magnitude of conductivity in 4.8 

and 5.6 weight % PA6-SPANI nanocomposites did not differ much. Interesting comparison 

can be made between conductivity value of annealed films based on SPANI and PNSW, re-

spectively. For example, nanocomposite films containing 5.6 weight % SPANI exhibited an 

order of magnitude lower conductivity than 5.7 weight % PA6-PNSW. Further, the differ-

ence between conductivity of as-prepared and annealed films in PA6-PNSW significantly 

diminished in the presence of minute quantity of SWNTs (0.09 weight %).   

 This result clearly validates our hypothesis of using SWNTs to tailor the percolation 

threshold between PA6-SPANI nanocomposites. SWNTs alone are observed to agglomerate 

within PA6-SWNTs films and no conductivity is observed up to 0.85 weight % SWNTs. 
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Therefore experiments are not continued further. This observation suggests that in PA6-

PNSW nanocomposites surfactant modified polyaniline acts as effective dispersant for 

SWNTs. In our previous report we speculated that strong interactions between PANI back-

bone-surfactant headgroups and SWNT-alkyl chain of the surfactant are responsible for the 

stabilization of this three component system in xylene7. Taking into consideration, the 

above-mentioned results it is likely that these interactions are maintained within PA6 and 

subsequently prevent SWNTs agglomeration. Based on these observations, we propose a 

schematic picture of the bridging effect of the SWNTs within PA6-PNSW nanocomposite 

films (see Fig. 4.4.).  

 

 

Fig. 4.3. Four probe conductivity measurements of as cast and annealed films of PA6-SPANI and PA6-

PNSW. The amounts of SWNT within PA6-PNSW are 0.04 and 0.09 weight % respectively. The solid lines 

serve as a guide to the eye. 

 

Fig. 4.4. Experimental findings demonstrate the influence of the SWNTs presence in the formation of bridges 

with the islands of PANI in the polymer matrix, where on increasing less than a fraction of 1/10weight % has 

the potential to enhance the conductivity by several folds. Schematic of (a) PA6-SPANI (b) SWNT nanobridge 

between PA6-SPANI and (c) agglomeration of SWNTs in PA6 in the absence of SPANI. 
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Fig.4.5. DSC thermograms of (a) PA6 containing (b) 3.84 and (c) 5.7% PNSW and (d) 0.85 weight % 

SWNT. 

 

The DSC thermograms of pristine PA6, PA6-PNSW and PA6-SWNT nanocomposite films 

are shown in Fig. 4.5. The trace of solvent is observed in all nanocomposite films. The sam-

ple (b) shows a single melting peak of the α crystals. In the first heating run, no significant 

influence on the major melting peak of PA6 is observed. The presence of PANI is high-

lighted by the decrease in the crystallization temperature (Tc), as observed in the first cool-

ing run. However, in presence of the SWNTs [sample (d)] the Tc is observed at a higher 

temperature than pristine PA6 films. The increase in Tc is related to the ‘trans-crystalline’ 

morphology of PA6 on SWNT surface [refer Fig. 4.2]. The trace of solvent is disappeared in 

the second heating run, which is also accompanied by significant changes in the melting be-
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haviour. The onset and endset of the samples (b) to (c) is increased with increasing PNSW 

concentration. This observation suggests a broad distribution of the crystalline domains. It 

is also important to compare the melting point (Tm) of nanocomposite films at percolation 

from SPANI and PNSW films. At the percolation threshold, the Tm in PA6-3.8 weight % 

PNSW sample (b), is nearly 5 °C higher compared to PA6-4.8 weight % SPANI (refer Fig. 

3.5, II in Chapter 3). This observation of course stems from the lower PANI concentration 

within PA6-PNSW films, which supports successful tailoring of the percolation threshold 

within PA6. The influence of SWNTs in PNSW nanocomposite films is clearly highlighted 

in the second cooling run. However, crystallization behaviour of PA6-PNSW films is cer-

tainly a complex competition between presence of PANI and SWNTs within PA6. In pres-

ence of PANI, Tc decreases due to hindrance to the crystallization, while SWNTs acts as a 

heterogeneous nucleator9. The Tc in PA6 is observed at 180.6 °C and in sample (b) at 173.5 

°C respectively. However, with increase in PNSW concentration, Tc in the second cooling 

run exhibited nucleation effect of SWNTs but major peak is still lower than pristine PA6 

[sample (a)]. The comparison of the corresponding Tc in PA6-5.6% SPANI is observed at 

165°C (refer Chapter 3). This observation clearly highlights the complex crystallization be-

haviour of the PA6-PNSW nanocomposite films. In addition, the onset and endset of the 

cooling curves appeared sharper than pristine PA6, suggesting uniformity in the crystalline 

domains. Since the presence of only SWNTs [sample (d)] increased Tc above that of pristine 

PA6, this observation highlights the heterogeneous nucleation effect further. It is important 

to point out that the observed increase in Tm and Tc is not associated with the occurrence of 

another crystalline phase as confirmed from WAXD and FTIR results. This observation cor-

roborates that increase in Tc could be due to the transcrystalline morphology only9. In case 

of PA6-PNSW films, coexistence of spherulitic and trans-crystalline type morphology is 

confirmed [Fig. 4.2]. The diffraction patterns of PA6-PNSW and PA6-0.85% SWNTs exhib-

ited characteristic monoclinic α-phase [Fig. 4.6]. The d-spacing at 0.42 nm [α1, (200)] and 

0.36 nm [α2, (202) + (002)] peaks correspond to hydrogen bonded chains and hydrogen 

bonded planes respectively. In all samples, affirmative presence of γ-phase is not observed. 

This observation seems logical because transformation from α to γ phase takes place due to 

confinement of PA6 in 2-D like structures10,11. Since SWNTs and SPANI are essentially 1-D 

type structures, confinement effect is not possible. This observation also corroborates that 

SWNTs surface act as nucleation site for end-tethering of PA6 chains12.  

Similar to PA6-SPANI, XPS analysis was performed on PA6-3.8% SPANI-0.09% 

SWNT and PA6-0.85% SWNT films. The wide scan of pristine PA6 (sample a), PA6-0.85% 

SWNT (sample b) and PA6-PNSW containing 0.09 weight % SWNT (sample c) is shown in 

Fig. 4.7-I. In sample (c), the presence of the S2p binding energy confirms the presence of 

sulphur in PA6-3.8% SPANI-0.09% SWNT nanocomposite films. 
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Fig. 4.6. Wide angle diffraction patterns of (a) PA6 containing (b) 3.84% SPANI, (c) 5.7% PNSW and (d) 

0.85 weight % SWNT. The SWNTs concentration in (b) and (c) is 0.04 and 0.09% respectively.  
 

This result is in accordance with the previous reports in which a peak at 167.2 eV BE is at-

tributed to presence of sulphur in ‘R-SO3H’ group13. The deconvoluted spectrum of S2p is 

showed in Fig. 4.7-II. Since the amount of the PNSW is much lower than PA6-SPANI films, 

comparative quantitative conclusions cannot be drawn. In addition, the presence of Si is 

also not observed in sample (c). The precise origin behind this observation is still not under-

stood. In sample (b) –SO3 moieties are not detected. The probable explanation could stem 

from the inspected area of the sample that is deficient of SWNTs because it is important to 

note that SWNTs exhibited lacklustre dispersion within PA6.  

However the presence of S=O is detected by ATR spectroscopy as shown in Fig. 4.8. 

The data is normalized at 1634 cm-1 wavenumber because of the reasons explained in Chap-

ter 3. The spectra confirmed the monoclinic α phase, which is characterized by peaks at 1478 

cm-1 (CH2 scissors vibration), 1416 cm-1 (CH2 scissors vibration), 1373 cm-1 (amide III and 

CH2 wag vibrations), 1199 cm-1 (CH2 twist-wag vibration), 930 cm-1 and 960 cm-1 (CO-NH in 

plane vibration)10. The monoclinic α phase remained unaltered in the presence of SPANI or 

SWNT or PNSW. The absorption bands at 1033 cm-1 and 1008 cm-1, respectively observed in 

sample (d), which were also observed in nanocomposites containing only SPANI (see Fig. 

3.7 in Chapter 3). 
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Fig. 4.7. (I) wide scan of (a) PA6, (b) PA6-0.85% SWNT and (c) PA6-5.7% PNSW. (II) S2p core level spec-

trum of PA6-5.7% PNSW. 

The presence of these bands is ascribed to –SO3 moieties of the surfactant. This result sug-

gests that NaDBS could leach out in the surface layer irrespective of either polyaniline or 

SWNT. Further, absorption spectra differ for nanocomposites containing PNSW. The S=O 

vibration peak at 1029 cm-1 is shifted to 1033 cm-1 from sample b to c. This shift is consistent 

with the previous observation of nanocomposite films containing 3.8% and 5.6% SPANI. 

However, in sample (b) and (c), the presence of 1008 cm-1 peak is not observed. In compari-

son, the nanocomposite film containing only 3.8% SPANI shows this peak. A possible rea-

son behind this observation could stem from the interactions of the surfactant with PANI as 

well the SWNTs7. These interactions could pose restrictions on certain modes of S=O vibra-

tions that is probably responsible for the attenuation of the absorption peak at 1008 cm-1.  

 

4.4.2  PART-B: UHWMPE-SPANI-SWNT nanocomposite films 

The nanocomposite films of UHMWPE-SPANI-SWNT exhibits the same dark green color 

because of the higher concentration of SPANI (therefore not shown). The effect of minute 

quantity of the SWNT (0.02%) within nanocomposites decreased the percolation threshold 

from 1.7% to 1.3% indicating a nanobridge effect of the SWNT within UHMWPE. However, 

it is important also to examine SWNTs percolation within UHWMPE, which is observed at 

0.28 weight %. This value is drastically lower than previously observed SWNT percolation 

(~0.6 weight %) in UHMWPE nanocomposite5-b. The primary reason behind this observation 

stems from significant differences between individual batches of SWNTs from the same 

manufacturer. The SWNTs batch used in this work has been found to be well-dispersed in 
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aqueous suspension with NaDBS surfactant [Fig. B in Appendix C2]. As the percolation 

threshold is critically dependent upon the aspect ratio of the filler, the long length of the 

nanotubes is responsible for drastic reduction in the percolation threshold. The correspond-

ing four probe conductivity measurements are shown in Fig. 4.9. For comparison, the con-

ductivity data of UHMWPE-SPANI nanocomposites is also incorporated. It is observed that 

at percolation, the magnitude of conductivity in UHMWPE-SWNTs is higher than that of 

nanocomposites based on either PNSW or SPANI. However, it is known from the literature 

that presence of SWNTs acts as the nucleating agent within UHMWPE5-b. 

 

 

Fig.4.8. ATR spectra of (I) PA6-PNSW containing 3.84 and 5.7% SWNT. (II) PA6-SWNT nanocomposites  

containing (a) 0, (b) 0.2, (c) 0.4, (d) 0.6 and 0.85 weight % SWNT. 

 

4.5 Conclusions 

It is shown that percolation threshold within semi-crystalline polar and apolar polymers can 

be tailored using PNSW. The percolation threshold in PA6 is decreased by nearly 1 weight 

% compared to nanocomposite films containing only polyaniline, while amount of SWNT 

required is only 0.04 weight %. The amount of SWNT needed is negligible compared to the 

percolation required to achieve via only SWNTs (no percolation is observed till 0.85 weight 

% SWNTs). Since SWNTs alone tend to agglomerate within PA6 (see Fig. 4.2), our results 

suggest that in case of PNSW, polyaniline acts as effective dispersant for SWNTs. This ob-

servation is attributed to the interactions between the surfactant head groups with PANI 

backbone and the corresponding hydrophobic interactions between alkyl chain of surfactant 

and SWNTs, as mentioned in Chapter 2.  
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Fig. 4.9. Four probe conductivity measurements of UHMWPE-SPANI-SWNT nanocomposites. The standard 

deviation for UHMWPE-SWNT= 0.012, UHMWPE-SPANI = 0.0018 and UHMWPE-PNSW= 0.0056. The 

solid line serves as a guide to the eye.  

 

Upon annealing, conductivity of the PA6 nanocomposite films decreased by some margin 

due to highly phase segregated morphology, while almost no change is observed in melt 

pressed UHMWPE nanocomposite films. The melting behaviour of the PA6-PNSW clearly 

distinguished presence of SWNTs in which nucleation effect of SWNTs is observed. Further, 

surface analysis using XPS and ATR spectroscopy confirmed the presence of sulfonic acid in 

the surface layer of the nanocomposite films. It is observed that presence of the sulfonic acid 

in the surface later is independent of whether it is used in conjunction with either SPANI or 

SWNT or PNSW.  

 In case of UHMWPE nanocomposites the percolation threshold decreased from 1.7 

weight % to 1.3 weight % at only 0.02% SWNT. The SWNTs percolation threshold is ob-

served drastically lower value of 0.28 weight % while the overall conductivity values are 

higher than those obtained from either PNSW or SPANI. Therefore, selection of the filler 

should be judged by the taking into consideration the working conditions of the conducting 

nanocomposites, as SWNT tend to act as a stress concentrator within UHMWPE14. The route 

presented in this Chapter can be utilized in variety of the apolar and polar polymers 

through either coating or solution cast processing. Optionally, additional properties can also 

be envisioned if SWNTs are replaced by additional fillers that can be suspended using sur-

factant. 
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Chapter 5  

Tailoring Crystal structure of polyaniline with superheated 

solvents: A structural perspective 

 
 

This chapter demonstrates the interactions between the conducting form of polyaniline with superheated water 

in the presence and absence of anions. Subtle modifications are induced on an otherwise intractable conducting 

form of PANI, which indicates that crystal structure of polyaniline can be modified with judicious choice of 

solvents in superheated state. The corresponding structural changes are monitored using in-situ wide angle x-

ray diffraction and at each step, the experimental data is simulated. The subsequent results exhibited expan-

sion of the unit cell, which was found proportional to the size of anion. A model is postulated for the intercala-

tion of water molecules into the unit cell. In particular the lattice parameter ‘a’ is significantly increased. This 

detailed study suggests that interactions of polyaniline with superheated solvents perpetuate disorder within 

the crystalline fraction and also the structural inhomegeneity. This observation is strongly dependent upon the 

size of the anions. The detailed FTIR data pointed towards the co-existence of different oxidation states within 

the treated samples. The corresponding influence on the band-gap is indirectly observed using the method re-

ported in Chapter 6 of this thesis. 
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5.1   Introduction 

Among available intrinsically conducting polymers (ICP), polyaniline forms an interesting 

class that illustrates polymorphism in its conducting form. In a detailed study Pouget et al. 

proposed two different crystalline forms of PANI namely ES-I and ES-II1. The former is ob-

served when PANI is obtained from solution in protonated form and the latter is obtained 

for the non-protonated form through the treatment from solvents such are N-methyl-

pyrrolidinone (NMP) or tetrahydrofuran (THF). The doping of non-protonated EB-I or EB-II 

form results in the doped ES-I or ES-II type structure respectively, demonstrating ’memory’ 

effect. In ES-I type structures; the locally neighbouring chains are in phase, while in ES-II 

form they are out of the phase. It is claimed that this local disordering is preserved in insu-

lating form and vice versa, which is responsible for the observed memory effect. Pouget et 

al. mentioned that lattice parameters were obtained from a least-squares fit of the 2θ posi-

tions of those reflections having a single (hkl) contribution. However, no further details on 

calculations of lattice parameter were presented in the article. A pseudo orthorhombic unit 

cell was proposed to the ES-I type structure with lattice parameters of a= 0.43 nm, b= 0.59 

nm and c= 0.96 nm. The unit cell volume is determined as 0.245 nm3. In addition, Wessling 

et al. proposed different values for the ES-I type structure e.g. a= 0.44-0.47 nm, b= 0.59-0.60 

nm and c= 1.0-1.1 nm respectively2. The author used para-toluenesulfonic acid dopant anion 

in the study. However, the difference in the unit cell parameters compared to Pouget et 

al1.was not attributed to the presence of this dopant anion. Further, an inverse relationship 

between conductivity and the unit cell volume is suggested among the set of an investi-

gated samples. The unit cell volume reported was in the range of 0.277 nm3 to 0.294 nm3. 

The authors claimed that a smaller torsion angle over the chain alignment is the dominant 

factor to govern metallic-like conductivity in polyaniline. The structural alignment within 

crystalline polyaniline was also studied by Winokur et al3. The authors observed a complex 

family of structures makes it difficult to arrive at a unanimous agreement over unit cell for 

polyaniline. In addition, a completely new model for the emeraldine salt has been recently 

proposed4, thus requires entirely different arrangement of the polyaniline backbone to fit in 

the above-mentioned type of the crystal structures. By looking at these previous studies, we 

believe that crystalline polyaniline certainly possess significant structural variations.  

In addition to polymorphism, band gap in PANI arises from the electronic structure 

of C6 ring units, which can either rotate or flip5. The ring torsion angle and ring-N-ring zig-

zag angle significantly influence the electron-phonon interactions6 as well as the crystal 

structure of polyaniline. As mentioned in earlier chapters of this thesis the conducting form 

of PANI cannot be processed by conventional processing methods due to the extremely 

high surface tension and high lattice energy that cannot be overcome by solvents and the 

polymer degrades before melting7. This thermodynamic barrier hinders formation of ‘single 
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crystals’ of the conducting form of PANI. Hence alternative experimental route(s) must be 

adapted to study the possible structural variations, which might serve as a useful guide to 

gain insight on tuning of band gap in polyaniline. Fortunately though PANI is known to be 

hygroscopic and possesses a significant level of hydrogen bonding in both emeraldine base 

and emeraldine salt form8. It is known that a certain amount of water is present in polyani-

line even after drying9. The water molecules in polyaniline are bound in two ways namely 

mobile (one H-bond) and fixed (two H-bonds), respectively10, 11. The mobile water mole-

cules can be removed by heating up to 150 °C, while fixed water molecules can only be re-

moved during polyaniline decomposition12. Further, presence of water/moisture is known 

to give substantial rise in the conductivity10. On the other hand, it is known that super-

heated water is a powerful solvent to dissolve aliphatic hydrogen bonded polymers13. It is 

known that addition of anions in water disrupts the network of hydrogen bonding in water. 

The extent of the disruption depends on the size and the charge of anions. It is also known 

that anions are favoured over cations14. The situation is different in the superheated state in 

which extensive hydrogen bonding in water is reduced and the presence of the hydronium 

(H3O+) as well as hydroxide ion governs higher reactivity than normal water. In a typical 

procedure the polymer is mixed with water and encapsulated in a vessel and heated up to 

200 °C to dissolve the hydrogen bonded aliphatic polymer. A depression in the melting 

point of polymer is observed in the presence of superheated water. Upon recrystallization, it 

is proposed that the water molecules lie in the vicinity of the amide group [Fig. 11-a in Ref 

13-b].  

The proposition of trapping water molecules in a vicinity of crystalline lattice is an 

interesting prospect from PANI point of view. As mentioned earlier, PANI possesses a hy-

groscopic nature and a significant level of hydrogen bonding. These characteristics make it 

a suitable candidate for possible tailoring of the crystal structure with the help of super-

heated water in presence/absence of additional anions. This study is inspired from the abil-

ity of the superheated water to dissolve aliphatic hydrogen bonded polymers. We also hope 

that inducing subtle changes on the PANI backbone may provide a helpful insight into the 

possible tuning of the band gap that may open a range of applications. Our objective in this 

work is to investigate interactions of polyaniline with superheated water and to model the 

corresponding changes in the x-ray diffraction pattern. Since doping of polyaniline requires 

presence of anions, e.g. chlorine, this study also incorporates interactions of PANI with su-

perheated 1M HCl and 1M HNO3 in water. 
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5.2   Experimental section 

5.2.1 Materials 

Emeraldine base of molar mass 300,000 g/mol was purchased from Sigma-Aldrich. The cor-

responding emeraldine salt was obtained by physical mixing with 1 M HCl in water at 500 

rpm for 24 hrs.  The sample was then washed with excess amounts of 1 M HCl followed by 

washing with acetone till the filtrate become colorless. Afterwards, the sample dried under 

vacuum at 60 °C for 24 hrs. The emeraldine salt of 300,000 g/mol will be henceforth termed 

as ES300K throughout this chapter.  

 

5.2.2 Time resolved in-situ wide angle x-ray diffraction (WAXD) study 

Time resolved high resolution x-ray diffraction patterns were obtained at the Materials 

Science beamline (ID11) at European Synchrotron Radiation Facility, France (λ = 0.0416757 

nm, beam size = 50 × 200 µm and Energy = 29.75 KV). A finely crushed ES300K sample is 

placed in quartz capillary (L= 29 mm, I.D. =1.0 mm and O.D. = 2.0 mm) and mixed with the 

required solvent of choice. The sample to solvent ratio is kept at 80:20 w/w. The capillary is 

placed in custom built pressure cell (Fig. 5.1), which is mounted in line with the x-ray beam. 

The schematic diagram of the pressure cell is given in Fig. 5.1. The sample was heated from 

25 °C to 200 °C at 10 °C/min, where it is held for 45 min. Because of the high absorption 

from the quartz capillary, data is collected with the exposure time of 10 sec, at 10 seconds 

interval. The data acquisition is continued till the sample is cooled to 50 °C.  

 

 

Fig. 5.1. Schematic diagram of the pressure cell used in this study. 
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5.2.3 WAXD background subtraction 

The x-ray diffraction pattern of the sample is separated from the amorphous halo contribu-

tion from quartz as well as solvents. The amorphous halo contribution from the quartz cap-

illary and solvents encapsulated in capillary (either water, 1M HCl or 1M HNO3 in water) 

are determined experimentally. No detectable change is observed in the diffraction pattern 

of the individual solvents. To further subtract the amorphous contribution from ES300K, 

peak fit software is used with the Gaussian-Lorentz correction to the pattern. The curve fit is 

obtained till the iterative procedure reached to satisfactory confidence value.  

 

5.2.4 In house wide angle x-ray diffraction. 

Single shots on sample treated with superheated solvents are taken on Rigaku Geigerflex 

general purpose x-ray diffractometers equipped with copper target (λ=0.154 nm). The sam-

ple is enclosed in Lindeman glass capillary ( O.D. =2 mm, t=0.01 mm). Step scan is per-

formed within 2-theta range of 3° to 50° at a step size of 0.01 with dwell time of 4 sec. The 

obtained data is smoothened with Savitzky-Golay method using Origin 8.0 software. The 

contribution from Lindeman capillary is subtracted during data analysis.  

 

5.2.5 In-situ treatment of ES300K 

The amount of the samples used for X-ray diffraction study is significantly insufficient to 

pursue other characterization studies e.g. FTIR, TGA etc. Thus to mimic the conditions used 

for the diffraction studies reactions are performed on a larger scale in laboratory glass pi-

pettes. In all these studies the ratio of ES300K: solvent is kept constant at 80:20 w/w.  

  

5.2.6 Modeling of the in-situ WAXD data using Materials Studio (MS) software 

We used Materials Studio software (Accelrys Software Inc.) for the modeling of the observed 

changes in the x-ray diffraction pattern. Pawley refinement is used to model the data. This 

method is chosen because it works independent of the position of the atoms in the unit cell. 

The only invariants this method uses are Bragg diffractions and peak intensities. Compared 

to Rietveld refinement, which is also a least square analysis method, the variables associated 

is peak area15. In a Rietveld refinement the variables associated with the peak area are 

atomic co-ordinates, anisotropic displacement parameters, absorption and extinction pa-

rameters2. Therefore the use of Pawley refinement is advantageous to study interactions of 

PANI with superheated solvents because there is no unanimous agreement on the unit cell 

for the conducting form of polyaniline. The detailed procedure followed for modeling is 

mentioned below. In the first step the acquired diffraction data is integrated with Fit2D 

software and then subjected to Materials Studio simulation program (Accelrys Software 

Inc). After background subtraction, indexing on selected set of peaks is performed using a 
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TREOR90 program. In this trial and error based program primary solution for the unit cell 

is searched from cubic to triclinic. The search ends when Figure of Merit criteria is satisfied. 

The proposed unit cell is then analysed using Pawley refinement iterative method for the 

determination of the lattice parameters. When the simulated data fits with the best possible 

confidence value, the refinement is terminated and the refined lattice parameters are se-

lected.  

 

5.2.7 Fourier transform infrared spectroscopy 

FTIR data in transmission mode is obtained on the samples finely mixed with the KBr pellet 

(pellet diameter = 13 mm, pressed at 10 Ton for 3 min). At room temperature, data acquisi-

tion is performed on Infrared Excalibur Instrument for 200 scans with a resolution of 4 cm-1.  

 

5.3   Results and Discussion 

5.3.1 Effect of the different solvents 

ES300K treated with different superheated solvents is showed in Fig. 5.2. It is observed that 

treated solution exhibited different colors. This observation may serve as a guide for the 

possible interactions between the corresponding solvent and polyaniline. However, it is im-

portant to stress that we are interested in the ultimate properties of the sedimented polyani-

line. In addition, in the absence of ES300K, superheated solvents remained colorless in the 

sealed glass reactor. Therefore, the observed color to the solution stems from the interac-

tions of ES300K with the respective superheated solvents.  

 

 

Fig. 5.2. ES300K after treatment (200°C for 45 min) with (a) 1M HNO3 in water (b) distilled water and (c) 

1M HCl in water respectively. For color figure, please refer Appendix-Color figures. 

 

5.3.2 Time resolved WAXD 

Fig. 5.3 shows the diffraction pattern of ES-I type structure. Using peak fit software, the per-

centage crystallinity is observed 51 ± 4%, which is in good agreement with previously re-

ported values for ES-I type of polyaniline1. The unit cell values deduced from the modeling 

data correspond to a monoclinic unit cell with lattice parameters of a= 0.95 nm, b= 0.35 nm, 
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c= 0.63 nm, β= 102° and V= 0.219 nm3. The corresponding space group is determined as 

P2/m, P2 or PM. The lattice parameters thus determined are significantly different from the 

previously reported ES-I type structures though the unit cell volume is in good agreement 

with the previous report1, 2. If we take the “N-phenyl ring-N length” as 0.56 nm, the fully 

extended chain of ES-I comprising of alternative amine and imine segments corresponds to 

2.25 nm. Assuming that the chain is equally divided in two amine and imine segments, the δ 

angle (ring-N-ring, see Fig. 5.4) is determined as 68.90°. The schematic of the unit cell of ES-I 

are shown in Fig. 5.4. In our investigated system, value of angle ‘δ’ is small compared to 

previous reports on ClO4 and BF4 salts of oligomers (tetramer) of polyaniline and x-ray 

structure of polyaniline1,2,16. This difference in δ value stems from the value of lattice pa-

rameter ‘c’. From modeling, we deduced value of the lattice parameter ‘c’ (0.63 nm), which 

is different compared to 0.96 nm and 1.0-1.1 nm reported in ref [1] and [2] respectively.  

 

        
Fig. 5.3  1-D diffraction pattern of the pristine ES300K. Peaks in (b) are indexed after modeling. 

 
Fig. 5.4. Schematic representation of the ES-I type unit cell deduced from MS Modeling, where the location of 

chlorine ion is not definite. The ring-N-ring angle δ = 68.90°. 

The chlorine ion in the unit cell cannot be assigned to a fixed position. This is because in the 

case of crystalline PANI, dopant anions exhibit different site preference compared to site 
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selective preference in the amorphous ES form of PANI17. In addition, the (010) diffraction 

of 0.35 nm is closely related to the  π-π stacking of the phenyl rings of the structure18 indicat-

ing that polyaniline chains are stacked in the close proximity. In the absence of solvents, dry 

heating of ES300K to 200°C did not cause any appreciable changes in the diffraction pat-

tern/lattice parameters. The corresponding lattice parameters of the heated pristine polyani-

line are a= 0.92 nm, b= 0.35 nm, c= 0.60 nm and β=105.6°. The unit cell volume is 0.208 nm3, 

which is slightly lower than the pristine ES300K and might be related to partial loss of the 

dopant anion. The corresponding x-ray diffraction pattern is modelled in Fig. 5.5. However, 

the diffraction pattern changes significantly in presence of the superheated solvents. 

 

 
Fig. 5.5. 1-D diffraction pattern of ES300K-dryheated to 200°C.  

 

5.4   Interactions of ES300K with superheated water  

First we will look at the interactions of ES300K with water as shown in Fig. 5.6. From the in-

situ diffraction pattern, it is clear that the diffraction pattern changes with temperature and 

residence time in the reactor [samples (a-2) to (a-5)]. A new d-spacing at 1.3 nm is observed 

to appear in between 194 °C to 198 °C, which is retained even after cooling. This observation 

suggests that the origin of this d-spacing could be related to the interaction of water mole-

cules with the PANI backbone only. This particular d-spacing in PANI films was also ob-

served by Pouget et al1 but the resolution was poor. The authors speculated its presence re-

lated to be due to the inhomegeneity of the distribution of the Cl- anions within the crystal 

structure. It is known that trace of water molecules is inherent even in dry samples9. There-

fore assignment of this peak to presence of chlorine ion should be placed with caution. Fur-

ther, since this d-spacing is observed in the samples treated with superheated solvent(s), it 

could be related to the presence of water molecules as well. The lattice parameters obtained 

from modeling (Fig. 5.7) are plotted in Fig. 5.8. The modeling exhibits an excellent fit to the 
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experimental data. The parameter ‘b’ (π-π stacking) remains unchanged over the experimen-

tal window, while ‘a’ and ‘c’ values show an increase and observed to go through maxima 

(see, Fig. 5.8, 5.12 and 5.16). At 200°C, t=0 min [sample (a-2) in Fig 5.6], the parameters ‘a’ 

and ‘c’ changed from 0.95 nm and 0.63 nm to 1.2 nm and 0.71 nm respectively. At this point, 

unit cell volume is substantially increased from 0.219 nm3 to 0.414 nm3. Such a drastic in-

crease in the unit cell certainly accounts for the inclusion of foreign molecules e.g. wa-

ter/ions.  

 

        

Fig. 5.6. Interaction of ES300K with water. (a-1) is pristine ES300K;  (a-2) ES300K in superheated water at 

200°C, t = 0 min;, (a-3) at 200°C, t= 25 min; (a-4) at 200°C, t= 45 min and (a-5) sample cooled to room tem-

perature in the presence of water. Right hand side figure exhibits corresponding 2-D diffraction patterns.  

 

In addition to the observation of 1.3 nm d-spacing, a broadening of the 0.42 nm peak is also 

observed in the samples (a-2) to (a-4). It is known that line broadening in diffraction data 

can be associated with lattice imperfection and/or small crystal size and/or instrumental ef-

fects19. As lattice parameters ‘a’ and ‘c’ are significantly changed, the associated broadening 

could be related to lattice imperfections due to possible inclusion of water molecules in the 

unit cell. The subsequent modeling of the diffraction data (see, Fig. 5.7) points to the Bragg 

diffraction peak of 0.42 nm belong either to the (200) or (20-1) plane. The corresponding ob-

served angles δ and β also go through maxima with increase in the residence time at 200°C 

(Fig. 5.8). Upon cooling, angle β is retained at 131°, which is higher than the initial 102°. It is 

postulated that the shift to a higher β value is a result of increase in lattice parameters ‘a’ 

and ‘c’ though the increase in c is not as significant as a.  
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Fig.5.7. Simulated data of ES300K with superheated water at (a) 200°C, t= 0 min; (b) 200°C, t= 25 min; (c) 

200°C, t= 45 min; (d) cooled to room temperature in the presence of water.     

        
    

Fig.5.8. Compilation of the changes in the lattice parameters during ES300K- water interactions. 
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The value of angle δ is associated with expansion along the c axis, which is observed to in-

crease by 0.1 nm after cooling. After going through maxima during heat treatment, δ is also 

observed at higher angle of 79.10° compared to 68.90° in pristine ES300K. The parameter, ‘a’ 

undergoes further changes from ~1.2 nm in sample (a-2) to ~1.3 nm in sample (a-3). No sig-

nificant change is observed in ‘b’ while ‘c’ also goes through maxima, which is in accordance 

with variation in the observed δ values. The significant increase in parameter ‘a’ suggests 

that the unit cell is more susceptible to changes along the direction. If we look at the unit 

cell, this outcome seems logical because along the backbone, the chain is much rigid com-

pared to transverse direction, which favours possible expansion of the unit cell. Upon cool-

ing, the broad peak at 0.42 nm became narrow again and characteristic diffraction pattern 

from ES-I type is obtained but with the clear presence of d-spacing at 1.3 nm. Further, the 

unit cell volume is retained expanded at 0.401nm3. A comparison of the pristine PANI with 

the superheated water treated sample shows clear difference in the lattice parameters that 

most likely account for the inclusion of the water molecules in the lattice. To have further 

insight on the nature of the expanded lattice the thus treated PANI is subjected to vacuum 

drying and annealing at 200°C. 

 

5.4.1 Annealing of the superheated water treated pristine PANI (ES300K)   

To verify if the 1.3 nm d-spacing arises due to the presence of water, the diffraction pattern 

is obtained after vacuum drying of the superheated water treated sample (a-5 in Fig. 5.6) at 

60°C for 12 hrs. The sample is subsequently annealed at 200°C for 20 min. In the vacuum 

dried sample [Fig. 5.9-(a)], the intensity of 1.3 nm d-spacing is reduced considerably i.e. 

when compared to the diffraction pattern prior to drying; the intense 1.3 nm peak dimin-

ishes to a weak shoulder. The characteristic intensity of the (200) or (20-1) peak (0.42 nm) 

increases. The presence of new sharp peaks at 0.28 nm and 0.20 nm are also observed, which 

were not observed in-situ. Since semi-crystalline polymers do not exhibit intense sharp 

peaks, it is speculated that these peaks could belong to a low molecular weight crystals re-

sulting from possible hydrolysis of ES300K sample. On annealing at 200°C, the sharp peaks 

disappeared along with 1.3 nm d-spacing. Further, compared to the peak intensity at 0.36 

nm the intensity of peaks at 0.59 nm and 0.44 nm increased. We noted that the diffraction 

pattern of the annealed sample qualitatively resembles to the characteristic pattern of ES-I of 

Cl/N ratio= 0.2 (Fig.4-in Ref 1) indicating that annealing could be responsible for the partial 

de-doping of the treated ES300K.   
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Fig. 5.9. Diffraction patterns of the ES300K treated with superheated water (a) after vacuum drying at 60°C 

for 12 hrs and (b) annealed at 200°C for 20 min. Sample (a) is recorded on ID-11 Material Science beamline at 

ESRF, Grenoble, France. (λ= 0.42461 Å). For the ease of comparison, the x-axis in (a) is normalized at 

λ=1.54056 Å. Sample (b) is recorded on Rigaku Geigerflex at λ=1.54056 Å. The two diffraction patterns are 

recorded at room temperature. 

 

5.5   Interaction of pristine ES300K with superheated 1M HCl 

Now we will consider the interaction of 1M HCl in water with pristine ES300K. A signifi-

cantly different diffraction pattern is induced compared to interactions with superheated 

water, for example the intensity of the 0.42 nm diffraction peak remains intense compared 

to the peak at 0.35 nm even on cooling to room temperature. However, some resemblance is 

also found in the appearance of the diffraction at 1.3 nm d-spacing. In addition, the charac-

teristic peak at 0.42 nm also broadens from sample (b-2) to (b-4) with increase in intensity as 

a function of temperature and residence time in the reactor. Upon cooling, the changed dif-

fraction pattern is retained and peak at 0.42 nm did not decrease in intensity as that of the 

sample (a-5) in Fig. 5.6. All other characteristic intensities of ES300K are observed to dimin-

ish indicative of the distinct changes on the ES300K backbone in the presence of 1M HCl 

(Fig. 5.10). The broadening of 0.42 nm diffraction peak in b-5 compared to b-1 (in Fig. 5.10) 

is a definitive indicative of lattice imperfections. Excellent agreement is observed between 

experimental and simulated data. The corresponding lattice parameters are summarized in 

Fig. 5.12. Similar to interactions with superheated water (Fig. 5.6), parameters ‘a’ and ‘c’ are 

significantly increased to 1.2 nm and 0.85 nm in sample b-4, Fig. 5.10. The increase in the pa-

rameter ‘c’ in the presence of acid is higher compared to the superheated water alone (Fig. 

5.8). 
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Fig.5.10. WAXD patterns of ES300K interactions with 1 M HCl in water. (b-1) is pristine ES300K; (b-2) at 

200°C t= 0; (b-3) at 200°C, t=25 min; (b-4) at 200°C, t=45 min and (b-5) is the sample cooled to room tem-

perature in presence of 1M HCl in water. Right hand side figure exhibits corresponding 2-D diffraction pat-

terns. 

Again no changes in the parameter ‘b’ is observed indicating that π-π* interactions are rigid. 

The angles β and δ showed maxima similar to that Fig. 5.8, as a function of temperature and 

residence time of the polymer in the reactor. However, the unit cell expansion at room tem-

perature after treatment with 1MHCl/superheated water is higher by 1.0 nm3 in comparison 

to the superheated water. This could be due to the presence of Cl- ions in the unit cell. These 

observation are in accordance with the findings reported  later in this chapter on the poly-

mer obtained after treatment of the pristine ES300K with superheated 1M HNO3 in water 

(see Fig. 5.16).  

5.5.1 Annealing of the superheated 1M HCl in water treated pristine PANI (ES300K) 

Similar to ES300K-superheated water interactions, annealing is performed on the ES300K-

treated with 1M HCl. After vacuum drying (sample a, Fig.5.13), characteristic ES-I type 

structure is observed, which is quite different compared to the sample (b-5) in Fig. 5.10. 

Since characteristic ES-I structure is recovered upon vacuum drying of sample, this observa-

tion suggests that interactions with 1M HCl are ‘temporary’ compared to the superheated 

water, which induced significantly different diffraction pattern in the dry sample (Fig. 5.9). 

Further no sharp peaks at ~0.28 nm and 0.20 nm are observed. From the obtained WAXD 

pattern obtained at room temperature after vacuum drying (Fig. 5.13), it is difficult to com-

ment on the presence of 1.30 nm d-spacing, which is either obscured by the noise or perhaps 

is present as a very weak shoulder. Upon annealing of the vacuum dried sample at 200°C 

for 20 minutes, the x-ray diffraction pattern is significantly altered. A noticeable increase in 

the intensity of 0.6 nm peak is observed.  
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Fig.5.11. Simulated data of the interaction of ES300K with 1M HCl in water at (I) 200°C, t= 0; (II) 200°C, t= 

25 min.; (III) 200°C, t= 45 min;. (IV) cooled to room temperature in the presence of 1M HCl in water. 

 

               
 
Fig.5.12. Compilation of the changes in lattice parameters of ES300K interactions with 1M HCl in water. 
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The obtained diffraction pattern resembles to some extent with the diffraction pattern re-

ported by the other authors, who obtained similar diffraction pattern on de-doping of the 

conducting form of PANI3. In view of the similarities, we would like to recall the different 

types of EB-I structures mentioned by Winokur et al20 and Pouget et al1. These authors stated 

that de-doping of ES-I fractionally reduce the crystallinity. However, in their reported dif-

fraction pattern significant shift of the 0.35 nm peak is also observed. This peak moved to 

lower 2-theta value. In our case, although the characteristic d-spacing at 0.6 nm is increased 

and overall diffraction pattern resembled to the diffraction patterns reported by Winokur et 

al, no shift in 0.35 nm peak is observed. This observation is important and can be taken as 

indicator that annealing of 1M HCl treated ES300K does not result in de-doping which is 

supported by FTIR studies at the end of this chapter. To investigate the influence of ions-

size on the crystal structure what follows is the study on the interaction of PANI with big-

ger ions. 

 

           

Fig.5.13. Diffraction patterns of ES300K treated with 1M HCl in water (a) after vacuum drying at 60°C for 

12 hrs and (b) annealed at 200°C for 20 min. Figure on the right exhibits X-ray diffraction of the as obtained 

pristine EB300K collected on Material Science Beamline (ID11) at ESRF, Grenoble, France (λ= 0.042461 nm). 

All diffraction patterns are recorded at room temperature.    
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5.6   Interactions of pristine ES300K with 1M HNO3 in water 

In Fig. 5.14, similar to Fig. 5.10 the degree of broadening of the 0.42 nm peak [(200), Bragg’s 

plane] from (c-1) to (c-2) in Fig. 5.14 is indicative of the significant disruption in the long 

range order along the ‘a’ axis of the unit cell. Together with the broadening of the peak con-

comitant diminishing of the other characteristic peaks in the diffraction pattern of (c-2) 

compared to (c-1) [see, Fig. 5.14) are noticed. The diffraction pattern exhibits strong resem-

blance to EB300K. This observation is reminiscent of the fact that interaction with 1M HNO3 

significantly frustrates crystallinity in ES300K. This is supported by the expansion of the 

unit cell (0.422 nm3), which is higher than interactions with superheated 1M HCl and water. 

The modeling of the diffraction data shows increase in the lattice parameters ‘a’ and ‘c’, 

whereas the lattice parameter ‘b’ remains unaffected. The corresponding increase in β and δ 

are observed on a similar scale to that of the interactions with 1M HCl. 

 

 

      
Fig. 5.14. Interaction of ES300K with 1M HNO3 in water; (c-1) is pristine ES300K; (c-2) at 200°C, t= 0min; 

(c-3) at 200°C, t= 25 min; (c-3) at200°C, t= 45 min and (c-4) cooled to room temperature in presence of 1M 

HNO3 in water. Right hand side figure exhibits corresponding 2-D diffraction patterns. 
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Fig.5.15. Simulated data of interaction of ES300K with 1M HNO3 in water; (A) at 200°C, t= 0; (B) at 200°C, 

t= 25 min; (C) at 200°C, t= 45 min and (D) cooled to room temperature in the presence of 1M HNO3 in water 

after the treatment. 

.                                                      

Fig.5.16. Compilation of the changes in lattice parameters of ES300K interactions with 1M HNO3 in water. 
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5.6.1 Annealing of the superheated 1M HNO3 in water treated pristine PANI (ES300K) 

There are subtle differences between the x-ray diffraction patterns of samples (a) in Fig. 5.17 

compared to (C-5) in Fig. 5.14. Similar to interactions of 1M HCl, it is difficult to comment 

with confidence about the presence of 1.3 nm peak, while on vacuum drying of the sample 

the intensity of 0.42 nm peak significantly decreased in the intensity and the peak at 0.35 nm 

became narrower again. The presence of 0.28 nm is resolved compared to interactions with 

superheated water. This observation highlights that, although interactions with 1M HNO3 

showed a significant disordered crystalline phase, the characteristic ES-I pattern is still re-

covered to some degree. The appearance of a sharp peak at 0.28 nm is also observed. This 

peak, along with the additional peak of 0.20 nm was observed upon treatment with super-

heated water. In a similar manner, this peak disappeared upon annealing and other relative 

peak intensities also decreased. The overall diffraction pattern demonstrates significant dis-

ordered crystalline phase of the sample compared to 1M HCl and superheated water 

treated samples. The observed conformational changes in the superheated water and in the 

presence of ions (chlorine and nitrate) are summarized in FTIR data described in section 5.7.  

 

 
Fig.5.17. Diffraction patterns of (a) ES300K treated with 1M HNO3 in water (treated for 200°C/45 min) after 

vacuum drying at 60°C for 12 hrs and (b) same sample annealed at 200°C for 20 min. All diffraction patterns 

are obtained at room temperature.  
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5.7   Fourier Transform Infrared Spectroscopy  

The FTIR data in transmission mode for pristine ES300K and after treatment with acid in the 

presence of superheated water is showed in Fig. 5.18. In all samples including the pristine 

ES300K (that contains the Cl- ions along the backbone, i.e. in its doped state) C-N•+ stret-

ching at ~1240 cm-1 is observed indicating the presence of polaron charge carriers within 

PANI21. Significant conformational changes are induced on PANI backbone upon treatment 

with superheated solvents. In pristine ES300K, characteristic quinoid and benzenoid peaks 

are observed at 1560 cm-1 and 1474 cm-1 respectively, which are related to the oxidation level 

of PANI backbone22. After treatment of the pristine ES300K with the superheated water, a 

shift of the quinoid, benzenoid and electronic-like bands to higher wavenumbers  1571 cm-1 

and 1494 cm-1, respectively (sample b) are noticed. The shift in position refers to the changes 

in the oxidation level of the ES form of PANI. Thus obtained ES form of PANI is further 

supported by the presence of polaronic type charge carriers at ~1240 cm-1 band, which is 

normally absent in the insulating form of PANI. Further, the presence of the stretching vi-

bration of the carbonyl peak at 1653 cm-1 (C=O)23 is also observed. The appearance of this 

peak suggests the possible presence of carboxylated compounds.  

 When ES300K is treated with superheated 1 M HCl, the position of quinoid, benzenoid 

and electronic bands is very similar to the positions observed for the pristine ES300K. This 

may be simply explained by the presence of Cl ions even in the doped state of the pristine 

polymer and the treated pristine polymer with HCl. However, the intensity of quinoid=N-

benzenoid stretching vibration at 1385 cm-1 is substantially increased exhibiting significant 

conformational changes of the C-N ring vibrations. One possibility is the conversion of se-

miquinoid bands to C-N type bands24, which suggests possibility of the presence of PANI 

base in the sample and is observed in the oxidized form of pernigraniline base25. The ~1090 

cm-1 peak of C-H in plane bending of the ring in oxidized pernigraniline form26 is absent. 

Leucoemeraldine does not absorb at this frequency. Since the intensity ratio of the quinoid 

and benzenoid peaks in not reversed it can be said that pernigraniline units are less in the 

sample compared to the ES form of polyaniline. In addition, the benzenoid peak is observed 

to higher wavenumber from 1474 cm-1 to 1480 cm-1, which can be related to the degree of 

doping/conformational changes on polyaniline backbone.  

 For ES300K treated with 1M HNO3, compared to the pristine ES300K and the HCl 

treated sample, significant changes at quinoid, benzenoid and electronic like (N=Q=N) 

bands are observed. The associated bands shift to higher wavenumbers of 1590 cm-1, 1490 

cm-1 and 1150 cm-1 respectively. The electronic-like band also exhibited shouldered band at 

1125 cm-1. The shift can be associated to the possible association of NO3 ions to the backbone 

of the PANI. A comparison of the WAXD patterns at room temperature after treatment of 

the pristine PANI with superheated water in the presence/absence of ions further shows lat-
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tice expansion mainly along the a-axis of the unit cell and changes along the c-axis. The 

overall unit cell volume increases with the increasing size of the ion. On the other hand, the 

b-axis where the strong π-π* interactions are dominant remains unaltered. From the in-situ 

WAXD (see, Fig. 5.8, 5.12 and 5.16) that show changes in the unit cell parameters on treat-

ment of the superheated state of water or ions it is apparent that the main changes in the 

unit cell occur as the temperature reaches 200 °C. Since the samples were retained in the su-

perheated state for considerable time a possibility of degradation or cross-linking cannot be 

overlooked. Though the vacuum dried and the annealed dried samples showed recovery of 

the diffraction pattern similar to the pristine ES300K sometimes with modification. What 

follows are further studies to have insight on the possibility of cross-linking that has been 

sometime reported in literature.  

        The speculation whether PANI has undergone significant changes on the backbone 

after the treatment with superheated water can be answered by using a method described in 

Chapter 6. Pristine ES300K and vacuum dried superheated solvent treated samples were 

mixed with 98% chlorosulfonic acid. It is observed that pristine ES300K is readily dispersed 

within chlorosulfonic acid. Interesting features are observed upon mixing solvent treated 

samples with chlorosulfonic acid. The dispersion state of the samples (b) and (c) is signifi-

cantly improved over the period of time but sample (d) did not show any improvement at 

all indicating that the changes in sample (d) are more permanent in nature. Table 5.1 shows 

evolution of the lattice parameters of ES300K after treatment with superheated solvents. The 

values correspond to the data collected on samples cooled to room temperature.  

Since all the samples formed a suspension in chlorosulfonic acid (see, Fig. 5.19), it is 

clear from the above observation that treatment of superheated solvents induces subtle 

changes on the PANI backbone. Except sample (d), treated with HNO3, partial homogenous 

dispersion of the samples is observed, it is therefore possible that only fraction of the 

ES300K has undergone subtle backbone modifications. Further, we observed that the dis-

persion state of the samples (b) and (c) are significantly improved over the period of time 

(>3 hrs). It is also important to note difference between the colors of chlorosulfonic acid so-

lution in samples (b) to (d). The sample (b) exhibited blackish-purple color while (c) showed 

similar reddish-pink color as that of mixing of pristine ES300K with chlorosulfonic acid. Fi-

nally sample (d) indicated black-grey color to solution upon addition to chlorosulfonic acid. 

Although the formation of the suspension indicates infusible PANI, the color of the solution 

is a definitive indicator of the subtle changes on the backbone, which are revealed upon 

mixing with acid. The different colors are attributed to different oxidation levels that stems 

from interaction of superheated water in the presence and absence of the anions.  
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Fig.5. 18. FTIR spectra in the range of (I) 1800 to 600 cm-1 and (II) 4000 to 2500 cm-1 for (a) pristine ES300K; 

treated with (b) superheated water (c) 1M HCl in water (d) 1M HNO3 in water. The spectra are collected on 

the vacuum dried sample at room temperature and (III) represents enlarged section of the spectra in 1800 to 

1300 cm-1. 
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Fig. 5.19. Snapshots of chlorosulfonic acid containing (a) pristine ES300K. The vacuum dried sample of 

ES300K treated with superheated solvents is mixed with chlorosulfonic acid. Sample (b) contains ES300K 

treated with 1 M HCl in water; (c) with dist. water and (d) with 1M HNO3 in water. All pictures are taken at 

room temperature at t=0 min. For color figure, please refer Appendix-Color figures. 

 

5.8   Conclusions 

In this chapter, interactions between the conducting form of PANI with superheated water 

in the presence of anions (Cl- and NO3-) are investigated with the help of in-situ wide angle 

x-ray diffraction pattern and subsequently supported by using modeling, FTIR and supera-

cid treatment. Based on the observations, a unit cell for the conducting form of polyaniline 

is proposed, which is significantly different compared to previous reports1, 2. It is observed 

that superheated solvents affect the crystallinity of the conducting form of polyaniline. The 

diffraction patterns are modeled with respect to temperature and residence time in the reac-

tor. Significant expansion of the unit cell is observed. Taking into consideration the interac-

Table 5. 1 

Samples at room 

Temp 

Lattice Parameters for the monoclinic unit 

cell 

a  

(nm) 

b 

(nm) 

c 

(nm) 

β 

(°) 
δ (°) 

V 

(nm3) 

Pristine ES300K 

(as obtained in dry powder 

form). 

0.83 0.37 0.56 114 68.90 0.219 

Water (after treatment). 1.20 0.35 0.71 131 79.10 0.401 

1M HCl in water (after treat-

ment). 
1.20 0.35 0.85 116 98.80 0.411 

1M HNO3 in water (after 

treatment). 
1.32 0.35 0.83 118 95.27 0.422 
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tions with superheated solvents, increase in the unit cell volume is found to be proportional 

to the presence and size of the anions. The interactions with superheated solvents perpe-

tuated significant disorder within ES300K. Further the majority of the changes are noticed to 

occur at (200), or (20-1), plane in all samples, which is broadened upon interactions with su-

perheated solvents. This observation is related to the lattice imperfections or small crystal-

lites within the sample resulting from interactions with superheated solvents. In all in-situ 

diffraction patterns, appearance of new broad diffraction peak at a d-spacing of 1.3 nm is 

observed. This observation is found to be in the agreement with the expansion of the unit 

cell along a direction whereas the parameter b indicating π-π stacking remains unaltered. 

The extent of increase in c is observed to be greater in the presence of superheated ionic sol-

vents. The characteristic angle δ showed similar increase during treatment with superheated 

solvents. This observation indicates possibility of the intercalation of the water/ion mole-

cules (perhaps in anisotropic manner) within the unit, cell which leads to changes in the 

oxidation state. 

 The samples obtained after treatment with superheated solvents were vacuum dried 

and subsequently annealed at 200°C for 20 min. The corresponding x-ray diffraction pat-

terns exhibited the recovery of the pristine ES300K sometimes with modifications. Upon 

mixing of vacuum dried samples with chlorosulfonic acid, interesting features are observed 

in terms of the dispersion state and color of the solution. Pristine ES300KK formed a homo-

geneous a dispersion readily with chlorosulfonic acid, while ES300K treated with super-

heated solvents exhibited a dispersion accompanied by the different colors to the solution. 

The dispersion state of ES300K treated with superheated solvents is improved in the follow-

ing order 1M HCl > water, while the 1M HNO3 treated sample did not show any improve-

ment. This observation indicates that changes on the ES300K backbone in presence of NO3- 

ions are more permanent in nature. This observation suggests the influence of the anion size 

interactions with ES backbone. We believe that this study will be helpful to gain insight on 

tailoring of polyaniline backbone to possibly tune the band gap with the help of permuta-

tions and combinations of anion size, temperature, residence time and pH of the system. 
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Chapter 6  

Towards high performance conducting films/fibers based 

on PPTA 
 

In this Chapter a processing method is described that has the potential to add functionalities, such as SWNTs 

and PANI, to intractable polyparaphenylene terepthalate (PPTA), that can be ultimately used to obtain fibers 

or films. Using chlorosulfonic acid, the processing of the conducting form of polyaniline along with single wall 

carbon nanotubes is demonstrated. The processing of polyaniline is extended to make the spin coated films of 

only polyaniline or polyaniline-SWNT. We observed that chlorosulfonic acid is an excellent solvent for homo-

geneous dispersion of the above-mentioned components. We also observed that PPTA can be dissolved in chlo-

rosulfonic acid. Based on these observations, processing of the three component system is performed to obtain a 

film of PPTA having homogeneously dispersed polyaniline and SWNTs. Based on these observations, success-

ful tailoring of the percolation threshold within nanocomposite films is demonstrated. Experimental findings 

described in this chapter, demonstrate ‘true processing’ of the ES form of PANI at room temperature with an 

additional advantage of combining either SWNTs or PPTA to realize applications in conducting tapes, fibers 

or films.  
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6.1 Introduction 

The organic dispersions of PANI or PANI-SWNTs are demonstrated in Chapter 2 and their 

corresponding applications in Chapters 3 and 4. However, the demonstrated approach is 

limited to induce fine dispersions only. True solutions of intrinsically conducting polymers 

are not possible because of the thermodynamic barriers. In general the Gibbs free energy 

(∆G) of dissolution is given by 

 

                                                 ∆G = ∆H-T∆S                                       (1) 

 

Where, ∆H involves enthalpy contribution from melt as well as from solution1. T is the 

temperature and ∆S is the change in entropy. The substance is soluble in a medium only 

when ∆G< 0. The main driving force for the dissolution/solvation stems from increase in the 

entropy. Therefore, when T∆S is > ∆H a substance can be dissolved in the selected medium. 

In case of polymers the dissolution occurs when all intramolecular and intermolecular in-

teractions are replaced by monomer-solvent interactions. This is especially true for the con-

ventional polymer-solvent combinations such are polyethylene-decalin or xylene, polyam-

ide-m-cresol etc, where the additional amount of heat is necessary to facilitate the dissolu-

tion2.  

 The situation is drastically different in case of intrinsically conducting polymers, e.g. 

the ES form of PANI. Since no melting point is observed in intrinsically conducting poly-

mers, melt enthalpy is considered too high or even infinite2. Additionally surface tension for 

polyaniline is also considered very high (>150 mN/m) to be dissolved by any of the avail-

able solvents. Also, the possession of salt, metal and polymer like characteristics introduce 

additional difficulties to the dissolution of the ES form of PANI. The lattice energy calcula-

tions on the ES form of PANI shows an extremely high value (~1100 KJ/mol), which is way 

above the hydration or solvation energy of any of the available solvents. Therefore from 

thermodynamic considerations, dissolution of the ES form of PANI is considered to be ‘im-

possible’2. Andreatta et al. reported that conducting form of polyaniline can be ‘dissolved’ in 

the concentrated sulphuric acid. Subsequent processing of polyaniline from the solution is 

also demonstrated. It is claimed that if polyaniline remains in the concentrated sulphuric 

acid, it degrades. This argument is supported by the drop in viscosity but the supporting 

article does not demonstrate the same3. However, possible reduction in viscosity is specu-

lated in terms of the change in particle size with increase in residence time in a superacid2. 

Therefore considering reported results and corresponding argument, the ‘dissolution of ES 

form of PANI’ needs to be treated with caution.  

Similar to polyaniline, poly-paraphenylene terephthalamide (PPTA) is a rigid back-

bone high performance polymer, see Fig. 6.1.  
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Fig.6.1. Structures of (a) Poly-paraphenylene terepthalamide (PPTA) and (b) Emeraldine salt of polyaniline. 

 

PPTA finds a range of applications in armour, rope and cable, sports equipments and more. 

It is well known that high performance fibers of PPTA can be spun from concentrated acid4. 

In a typical procedure around 20 weight % PPTA is dissolved in concentrated sulphuric 

acid, followed by fibre spinning in water bath. Since PPTA is a rod-like molecule, hardly 

any stretching is required because at a critical concentration molecules in liquid phase can 

be easily aligned along the fibre direction.  

The combined processing of polyaniline with PPTA is beneficial for the production of 

conducting fibers and successful processing from concentrated sulphuric acid was demon-

strated in the early 90s. However the fibers showed poor mechanical performance owing to 

inherently low molar mass of polyaniline. Apart from this report, no other significant con-

tributions on combined processing of PPTA-polyaniline are found in literature.  

As mentioned in Chapter 4, SWNT is an attractive conducting filler with a high as-

pect ratio and excellent electrical and mechanical properties. Among the few approaches 

that facilitate SWNTs exfoliation use of superacid overcomes electrostatic interactions by 

protonating SWNT surface5. Smalley et al. reported formation of aggregated SWNT ale-

wives from superacid under inert, oxygen free environment6. These aligned aggregates of 

SWNTs can be used as a filler material in the variety of the matrix polymers. In a recent re-

port the use of concentrated sulphuric acid for fabrication of neat SWNT fibers was also 

demonstrated7. Using the approach of combined processing of PPTA (poly-paraphenylene 

terepthalamide)-SWNT, Hu et al. demonstrated fabrication of films and fibers from the 

same8. However, the use of SWNTs only in the PPTA puts severe limitations from view 

point of the cost. 

 

6.2  Experimental 

6.2.1 Materials 

Polyaniline in emeraldine base form (300,000 MW) was purchased from Sigma-Aldrich. ES 

form was then obtained by treating it with 1M HCl in water by rigorous stirring at 500 rpm 
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for 24 hrs. The sample was then washed with excess amounts of 1 M HCl followed by wash-

ing with acetone till the filtrate becomes colourless. Afterwards, the sample was dried un-

der vacuum at 60°C for 24 hrs. The emeraldine salt of 300,000 g/mol will be henceforth be 

termed as ES300K throughout this chapter. 98% chlorosulfonic acid from Fluka was used as 

obtained. Hipco® Single wall carbon nanotubes are purchased from Carbon Nanotubes In-

corporation and used without purification.  

 

6.2.2 Scheme-1: Processing of ES300K from 98% chlorosulfonic acid 

In a typical procedure, at room temperature ES300K in different weight % was physically 

mixed with 98% chlorosulfonic acid. The mixture is gently stirred with glass rod. Depend-

ing on the requirement, the solution is then either poured into a petridish or used for spin 

coating on a glass substrate. A homogeneous film from a 4 weight % solution is spin coated 

at 1500 rpm for 250 seconds, followed by additional time of 250 seconds to remove the ex-

cess acid. The film is then immediately quenched in the water bath for at least 10 min, af-

terwards the film is dried at 60 °C for 12 hrs. 

 

6.2.3 Scheme-2: Processing of ES300K+SWNT from 98% chlorosulfonic acid. 

In the first step the required amount of SWNTs is added to the chlorosulfonic acid. The mix-

ture is stirred to finely disperse the SWNTs. Upon obtaining optical homogeneous solution, 

the required amount of ES300K is added and the mixture is stirred to combine ES300K with 

SWNTs. Depending on the requirement, the solution is then either poured in petridish or 

used for spin coating on glass substrate. Subsequently the samples are repeatedly washed 

with the distilled water. The washed sample is then dried under vacuum at 60°C for 24 hrs.  

 

6.2.4 Scheme-3: PPTA with ES300K or SWNT or (ES300K+SWNT) from super acid 

The dissolution of pristine PPTA within CSA gave a characteristic golden color to the vis-

cous solution, similar to PPTA dissolution in concentrated sulphuric acid. In order to pre-

pare the nanocomposite, PPTA fibers in required amount (1weight % - 7weight %) are 

added to either Scheme-1 or Scheme-2. It is observed that above 3 weight % PPTA, viscosity 

of the solution increased significantly. The amounts of ES300K, SWNT and (ES300K+SWNT) 

are also varied in order to determine the electrical percolation threshold. Once PPTA is 

added in Scheme-2 or Scheme-3, after dissolution the sample is then either poured on pet-

ridish or viscous drop is stretched on the glass slide. The stretched film is then quenched in 

distilled water. As a result, PPTA or nanocomposite films of PPTA-ES300K or PPTA-SWNT 

or PPTA-(ES300K+SWNT) are precipitated. After subsequent washing for approximate 15 

min, the sample is dried under vacuum at 60 °C for 12 hrs.  
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6.3   Characterization 

FTIR in transmission mode is performed on dry powder samples of ES300K with and with-

out SWNTs are prepared using KBr pellets. Pressure applied on KBr pellet of diameter 13 

mm is 10 Ton for 3 min. At room temperature, the spectra are obtained on Infrared Excali-

bur instrument at 4 cm-1 resolution for 200 scans. Films of pristine PPTA or nanocomposite 

films of PPTA are obtained by placing acidic solution drop on ATR crystal followed by re-

petitive washing by distilled water till the signal from CSA disappears. Concentrations of 

ES300K and SWNTs in PPTA are kept in excess for the purpose of finding interactions of 

individual components with PPTA. The deposited film is then washed by acetone to re-

move any traces of water. The sample is then tested under Attenuated Total Reflection 

mode at 4 cm-1 resolution for 200 scans. Taping mode AFM is performed on Asylum Re-

search Inc. The scan rate is kept at 0.98 or 1 Hz/min. Co-linear four probe conductivity 

measurements were performed on nanocomposite films of PPTA and spin coated films of 

ES300K ± SWNT using nanovoltmeter (Keithley 2182A) and programmable current source 

(Keithley 6220) at room temperature. The conductivity calculations are performed using 

appropriate correction factors based on ratio of sample diameter to probe spacing. 1-D X-

ray diffraction patterns are obtained from pristine ES300K, after treatment with chlorosul-

fonic using Rigaku instrument with step scan of 0.01 at an exposure time of 9 seconds in 

Lindeman glass capillary. The diffraction contribution from the empty Lindeman glass cap-

illary is subsequently subtracted from the result.  

 

6.4 Results and discussions 

6.4.1 ES300K and ES300K-SWNT nanocomposites from chlorosulfonic acid 

In the first part of this chapter, the emphasis is given on processing of ES300K and 

ES300K+SWNTs from the chlorosulfonic acid and corresponding characterization of the 

same. In subsequent part the influence of combined processing on conductivity of PPTA 

films is examined. We will first look at the behaviour of ES300K in chlorosulfonic acid. It is 

observed that mixing of the dark green powder of ES300K with colourless chlorosulfonic 

acid gives dark brown solution and is shown in sample ‘a-c’ (Fig.6.2). The addition of dis-

tilled water to the solution immediately recovers the characteristic green emeraldine salt 

(sample (c) and (d), Fig.6.2). It is observed that if the solution of ES300K is kept for ≥ 4 hrs, 

the reddish orange color solution of ES300K in chlorosulfonic acid (of t=0 min) turned blue 

as shown in Fig. 6.3. This is an interesting observation, as it suggests dynamic complex in-

teractions between ES300K and chlorosulfonic acid.  
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Fig. 6.2.Snapshots of formation of ES300K complex with chlorosulfonic acid (sample a-c) and corresponding 

reprecipitation in water (sample c, d). For color figure, please refer Appendix-Color Figures. 

   

The UV-Vis-NIR spectra of the P0249 (sample a), ES300K at t= 0 min (sample b), 

ES300K+P0249 (sample c) and spin coated films of ES300K (sample d) as well as ES300K-

P0249 (sample e) are shown in Fig.6.4. As can be inferred addition of SWNTs to CSA did not 

show any characteristic absorption band. However, ES300K in CSA (at t=0 min) showed 

significantly different absorption spectra, which does not belong to characteristic emer-

aldine salt or base form of polyaniline. Our observation is different to a previous report on 

“dissolution” of polyaniline in concentrated sulphuric acid3. These authors reported that 

upon “dissolution” of PANI in the concentrated sulphuric acid, absorption bands character-

izing a conducting form of polyaniline are retained. In our system of CSA-ES300K, two ma-

jor absorption peaks at 1.0 eV and 2.4 eV are observed. It is known from the literature that 

absorption at ~1.0 eV is related to intrachain interactions while typical absorptions of 1.5 eV 

and 3.0 eV are related to the partially filled polaron band9. When ES300K is mixed with 

CSA, no absorption peak is observed at 1.5 eV and 3.0 eV peak demonstrated red shift to 2.4 

eV. The possible reason behind red shift could stem from CSA-ES300K charge transfer com-

plex. In addition, characteristic π-π* transitions of benzenoid vibrations (~3.4 eV) are not ob-

served.  This result can also be related to charge transfer complex formed between CSA-

ES300K. Upon addition of minute quantities of SWNTs,  the sample (b) exhibited red shift in 

absorption bands from 2.4 eV and 1.0 eV to 2.14 eV and 1.04 eV respectively. In sample (c), 

the contribution from SWNTs (sample ‘a’) is removed. This red shift suggests that presence 

of the SWNTs perpetuates additional interactions in the ES-CSA complex. The possible rea-

son could stem from favourable interactions of benzene rings with SWNTs10. Normally em-

eraldine base (EB) or leucoemeraldine base (LEB) show characteristic peaks at ~2.0 and 1.9 

eV11, respectively; where the exact position of the peak depends upon the oxidation level. 
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Fig.6.3. ES300K in chlorosulfonic acid at (a) t=0 min and (b) t ≥ 4 hrs. For color figure, please refer Appendix-

Color Figures. 

 

Taking into consideration the above-mentioned results, it may be possible that when 

ES300K is mixed with CSA, charge carriers are eradicated from the ES300K backbone. This 

process then gradually renders insulating form to the ES-CSA complex. The sample (b) in 

Fig. 6.3 exhibits characteristic blue color to the solution, which is related to emeraldine base 

form of PANI and supports this hypothesis. Here, it may be possible that CSA is acting in 

an analogy to SWNTs dispersion in superacid5. It was proposed that acid layers are formed 

on SWNTs due to protonation and as a consequence “dissolution” of SWNTs takes place. It 

is also asserted that interaction between π bond and sulphuric acid is the driving force for 

the formation of partially ordered acid structures around SWNTs12. Since ES300K is already 

protonated, it is possible that interactions with chlorosulfonic acid could bear similar char-

acteristic behaviour. The spin coated films (samples d and e) exhibit additional changes. 

Upon removal of chlorosulfonic acid, characteristic spectrum of ES300K is observed in sam-

ple ‘d’ with the clear appearance of polaron bands at 1.4 and 2.9 eV respectively. In addi-

tion, typical characteristic peaks of π-π* transition (benzenoid absorption) at ~3.6 eV is ob-

served. The absorbance spectrum of the spin coated films of ES300K-3.5 weight % SWNT 

(sample e) is slightly different exhibiting appearance of new weak peak at ~1.3 eV. The 

thickness of sample ‘d’ is 580 nm, while that of sample ‘e’ is ~600 nm. The film showed ex-

cellent adhesion to the glass that did not come off even after rigorous washing by water in 

continuous flow. The color of spin coated ES300K-3.5 weight % SWNT film is similar to 

pristine ES300K film and therefore, not shown. The white streaks in Fig. 6.5 represent un-

covered part of the glass. These films are analyzed using taping mode AFM as shown in Fig. 

6.6. 
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Fig. 6.4. Absorbance spectra of (a) SWNT (b) ES300K (c) ES300K+SWNT in chlorosulfonic acid and spin 

coated films of (d) ES300K and (d) Es300K-3.5 weight % SWNT. 

 

 

Fig. 6.5. Spin coated film of 4 weight % ES300K from chlorosulfonic acid. In the fig, the edges of the glass 

slides are omitted for the clarity. For color figure please refer Appendix-Color Figures.   

The surface of the ES300K showed dense polymer globules distributed over the entire area 

of the scanned region. The presence of SWNTs bundles is clearly observed in the spin 

coated film (sample b, Fig. 6.6). The average size of the SWNTs bundles is found to vary be-

tween ~0.5 to ~2 microns. The results shown here correspond to significantly higher concen-

tration of SWNTs, which justifies the observation of SWNT bundles. The SWNTs bundle in 

sample (b) clearly exhibited very large length scale in a range of few tens of microns. This 

result is in accordance with the report by Ramesh et al5. The authors also demonstrated simi-

lar observation for the ‘dissolution’ of SWNTs in superacid. 
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Fig. 6.6. Taping mode AFM image (height trace) of (a) ES300K and (b) ES300K-3.5 weight % SWNTs from 

the chlorosulfonic acid. The films are spin coated at 1180 rpm for 5 min. For color figure please refer Appen-

dix-Color Figures.   

 

The optical micrographs of SWNTs from CSA are shown in the sample (a) and (b), 

see Fig. 6.7. The long range network with bi-refringence is observed in drop cast as well as 

solution cast film. The average size of the bundles is approximately 0.2-1 µm indicating 

SWNTs bundles. However, the same solution when spin coated on the glass slide, shows 

oriented cohesive SWNTs alignment in the radial flow direction. The liquid crystalline be-

haviour of the nanotubes in concentrated acids is reported in the literature13. Similar behav-

iour of the nanotubes is observed in drop cast or spin coated film.  

 

 
Fig.6.7. SWNTs from chlorosulfonic acid from (a) drop cast and (b) spin coated films. The images are taken in 

between cross-polarisers. Sample (c) exhibits TEM image of the drop casted film (scale bar is 20 nm).  

 

The TEM micrograph of the drop cast SWNTs film is shown in sample (c), Fig.6.7. The mi-

crograph exhibits excellent exfoliation of SWNTs in chlorosulfonic acid. Again this observa-

tion is consistent with a previous report5. The black spots in the image are metal catalyst 

particles. The corresponding FT-IR data on pristine ES300K and ES300K-SWNTs nanocom-

posites after treatment with CSA is shown in Fig. 6.8. The characteristic hydroxyl group ab-
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sorption14 is observed at ~3390 cm -1, but the affirmative presence of characteristic function-

alization groups e.g. -COOH or –SO3 is not observed suggesting that treatment of SWNTs 

with CSA did not functionalize the nanotubes within the experimental window. On the 

other hand, ES300K exhibits difference between before and after treatment with CSA. Pris-

tine ES300K shows a dark green color (sample b) and quinoid and benzenoid absorptions at 

1560, 1474 cm-1 and the electronic band at 1115 cm-1. It is known from the literature that the 

position of these bands vary depending upon the oxidation level15, which may explain the 

appearance of the quinoid and benzenoid vibration modes at lower wavenumbers com-

pared to the reported values in literature16. After treating ES300K with CSA, quinoid and 

benzenoid peaks shifted to higher wavenumber of 1580 cm-1 and 1485 cm-1 respectively.  

Further, additional peak at 1562 cm-1 is also observed in the pristine ES300K (sample b). 

Additional changes in the treated samples are also observed in the electronic like band 

(N=Q=N), which is shifted from 1115 to 1148 cm-1 with the emergence of the two peaks of 

the sulfonic acid at 1072 and 1021 cm-1 respectively17. The former is ascribed to the asym-

metric O=S=O vibrations18 and the later is associated with NH+-SO3- complex between PANI 

and sulfonic acid19. Further the S-O vibrations are also observed at 706 cm-1 18. All these ob-

servations are in agreement with previous studies that reports substitution of –SO3 groups 

on polyaniline backbone20.  

 

 
Fig.6.8. FT-IR data in range of (I) 1800-600 cm-1 and (II)) 4000-2500 cm-1. The sample (a, a’) is SWNTs after 

treatment with CSA; (b, b’) is pristine ES300K; (c, c’) is ES300K after treatment with CSA and (d, d’) is 

ES300K-3.5% SWNT after treatment with CSA.  
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As mentioned earlier, it is apparent that SWNTs are not functionalized upon treat-

ment with CSA within the experimental window (sample a). However, FTIR spectrum of 

ES300K-3.5 weight % SWNTs (sample d, d’) is significantly different from the ES300K. The 

presence of very strong absorption peak at 1732 cm-1 indicates C=O stretching vibrations in -

COOH group indicating carboxylation21 of the nanocomposite. The characteristic peak of 

~1650 cm-1 is assigned to stretching vibrations of the carbonyl group21. The presence of the 

new peak at ~951 cm-1 is related to the ‘N=quinoid=N’ type ‘electronic like’ band in polyani-

line22. However, this peak was not observed in pristine ES300K. Further, the intensity of 

quinoid band is significantly diminished. The significant decrease in characteristic quinoid 

frequency can be explained by mechanism proposed by Yu et al23. The authors reported that 

vibration modes of quinoid and benzenoid peaks are sacrificed to some extent in presence 

of MWNT. This observation is attributed to the strong interactions between conjugated qui-

noid ring with π bonded SWNTs surface24. A similar effect in surfactant assisted organic 

dispersions of PANI-SWNT is mentioned in Chapter 2. Though the intensity of quinoid 

peak is decreased, the intensity of benzenoid absorption is significantly increased. In addi-

tion, concomitant shift to lower wavenumber of 1456 cm-1 is observed compared to pristine 

ES300K [1474 cm-1 in sample (b)]. This characteristic frequency is associated with mono, or-

tho and meta substituted benzene ring (1430-1465 cm-1)17, 25. The electronic like band is ob-

served at 1110 cm-1, which is similar to pristine ES300K. However, characteristic absorption 

peaks for sulfonic acid group are not observed. The characteristic C-N•+ stretching at ~1240 

cm-1 is shifted to lower wavenumber in sample (c), while in presence of 3.5 weight % SWNT 

(sample (d), at higher wavenumber of 1252 cm-1 is observed compared to pristine ES300K 

(sample b). This observation is indicative of the complex charge transfer between ES300K-

CSA and (ES300K+SWNT) with CSA. The reaction schematic of the interaction between 

CSA and ES300K is shown in Fig. 6.9. The diffraction pattern of ES300K before and after 

CSA treatment is shown in Fig. 6.10. The x-ray diffraction pattern of pristine ES300K exhib-

its characteristic ES-I type structure as mentioned in Chapter 5. The rejuvenation from CSA 

generated significant changes in the x-ray diffraction pattern as most of the d-spacings in 

pristine ES300K are observed to shift to higher d-spacing. 

In addition, a new d-spacing is also observed at 0.52 nm. At the same time short 

range interactions at 0.3 nm and ~0.25 nm are observed to diminish. It is known that substi-

tution of –SO3 groups on benzene ring disrupts the chain planarity by twisting phenyl rings 

out of plane20-a. As a result the overall crystalline order is reduced. This observation is sup-

ported by the clear presence of the sulfonic acid group in the vicinity of the ES300K [sample 

(c), Fig. 6.8].  
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Fig. 6.9.Schemtic of CSA modified ES300K with and without SWNT. 

 

 

 
Fig.6.10. X-ray diffraction pattern of (a) pristine ES300K and (b) after treatment with CSA.  

 

 Therefore, taking into consideration the schematic represented in Fig. 6.9, it is 

reasonable to assume that the substitution of –SO3H group on PANI backbone gives a lower 

degree of crystalline order in sample (b) (Fig. 6.10). 

The conductivity values of the spin coated films are mentioned in Fig. 6.11. The con-

ductivity of the pristine ES300K is observed at ~0.13 S/cm. However, it is important to con-

sider that as-obtained ES300K is significantly crystalline. Therefore free standing films pre-

pared by compression inherently possess crystalline grain boundaries. The presence of 
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grain boundaries imposes a barrier for charge transportation. Therefore this measurement 

requires caution and was not inserted in the Fig. 6.11.  

 

 
Fig.6.11. Co-linear four probe conductivity measurements of spin coated films of (a) ES300K and (b) ES300K-

3.5 weight % SWNT. 

 

The homogeneous spin coated film of ES300K shows a conductivity of ~2.08 S/cm. As ob-

served from sample (a) in Fig. 6.6, the ES300K sample consists of globular morphology and 

the subsequent x-ray diffraction pattern shows a partial reduction in the crystalline order 

[see Fig. 6.10]. Therefore, although ES300K can be processed from CSA, a compromise on 

conductivity is required. However, conductivity is significantly enhanced in the presence of 

SWNTs. At 3.5 weight % concentration, the conductivity of the spin coated nanocomposite 

film is observed at ~9.0 S/cm. This value justifies the use of combined processing of SWNTs 

with conducting form of PANI. Such combination is beneficial to counter the possible re-

duction in conductivity of ES form after treating with CSA.  

 

6.5 Tertiary processing of PPTA, ES300K and SWNTs from chlorosulfonic acid. 

Dry PPTA film or nanocomposite films of PPTA with ES300K or SWNT or (ES300K+SWNT) 

are shown in Fig. 6.12. No cohesiveness in the precipitate is observed when viscous droplet 

of PPTA or PPTA nanocomposites solution is quenched in the distilled water. On the other 

hand, if the droplet is stretched and precipitated in water, free standing cohesive films are 

obtained (see Fig. 6.12). The pristine PPTA film showed pale yellow color after CSA treat-

ment. The color of the nanocomposite film is changed depending upon addition of either 

SWNT ES300K [sample (b) and (c) in Fig. 6.12]. The ATR characterization of the PPTA and 

corresponding nanocomposite films is shown in Fig. 6.13. 
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Fig. 6.12. (a) pristine PPTA (b) PPTA-0.6 weight % (c) PPTA-12% ES300K. The nanocomposite films of 

PPTA-(8 weight % ES300K+1weight % SWNT) are similar in color to sample (c) albeit with more dark green 

color due to the presence of SWNT. For color figure, please refer Appendix-Color figures. 

 

The trace of chlorosulfonic acid (sample a) is not observed in either of the films indicating 

complete removal of the acid upon washing. The absorption spectra of PPTA before and af-

ter CSA treatment showed a shift in all wavenumbers. This result is attributed to the proper 

contact of the fibers with ATR crystal26. 

 

 

  
Fig.6.13. ATR spectroscopy of (a) 98% Chlorosulfonic acid (b) as obtained pristine PPTA fibre (c) PPTA after 

CSA treatment (d) PPTA-20% ES300K and (e) PPTA-2.5% SWNT.  
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It is observed that precipitation of PPTA film on ATR crystal give good contact compared to 

contact made by pristine PPTA fibers. Though at lower wavenumbers, characteristic peaks 

of amide-I (C=O) stretch at 1643 cm-1, amide-II (C-N and N-H bending) at 1540 cm-1 and am-

ide-III (C-N stretching and N-H bending) at 1529 cm-1 are observed even after treatment 

from CSA. Other characteristic peaks of para-substitute benzene are also observed. How-

ever, 2922 cm-1 and 2855 cm-1 peaks are not observed in sample (c) and the NH peak is ob-

served to became broad after treatment with CSA [sample c, Fig. 6.13]. The absence of char-

acteristic peaks of the carboxylic acid confirms that although the sample is prepared under 

ambient conditions, there is no oxidation of the C=O groups to either aldehyde or ester 

groups resulting from either chain scission and or end group oxidation. Major changes are 

observed in presence of ES300K (sample c, Fig. 6.13). The major absorption peaks are ob-

served to shift to lower wavenumbers. In addition, the intensities of the amide-I and amide-

II band are significantly decreased. The presence of new peaks in the treated samples at 

1173 cm-1 and 1044 cm-1 are also observed. It is important to mention that presence of these 

peaks is not observed in ES300K after CSA treatment [Fig. 6.8, sample c]. In addition, the 

weak presence of a 1705 cm-1 band suggests the presence of a C=O group, which was also 

observed in ES300K after CSA treatment (see, Fig. 6.8). The peak at 1173 cm-1 is related to 

the electronic-like band of ES300K. The peak appeared at higher wavenumber than charac-

teristic appearance at 1150 cm-1. However, the position of this band does vary depending 

upon chain conformation and the doping level of polyaniline27. The presence of peak at 1044 

cm-1 could well be related to vibration mode of S=O stretch as well16. The characteristic NH 

stretching peak at 3320 cm-1 is observed to become broad in the presence of ES300K.  

     
Fig. 6.14. ATR spectroscopy of (I) 200-600 cm-1 and (II) 4000-2000 cm-1 region of (a, a’) PPTA immediately 

after dissolution and precipitated after 24 hrs in CSA (b, b’).  
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In order to determine whether PPTA degrades in upon prolong exposure in chlorosulfonic 

acid, ATR spectroscopy is performed. The results are shown in the Fig. 6.14. No degradation 

in PPTA is observed, as the vibration mode associated with C=O group associated to either 

aldehyde or esters is absent. The only change in amide-I bond is observed from 1657 to 1643 

cm-1. Except for this change, no significant changes in ATR spectra are observed.  

 As mentioned earlier, the coherence is better in the stretched films compared to the 

drop cast films. In a similar fashion, small diameter droplet of either PPTA or nanocompo-

site film was stretched on the glass slide to gain insight into the morphology. Different 

morphologies were obtained at edge, centre and at the end of the droplet. The details are 

shown in Fig. 6.15.  

 

 
Fig. 6.15. Optical micrographs of PPTA-3.5% ES300K taken between cross-polarizer at (a) edge; (b) middle 

and at (c) the end of the stretched film. The corresponding scale bars are at 200, 100 and 500 µm respectively. 

Viscous droplet of approx 0.5 cm diameter is stretched to ~6 cm on glass.  

 

The globule/spherulitic type morphology is observed in sample (a), Fig.6. 15, which is simi-

lar to pristine PPTA sample from CSA. The oriented fibril type morphology is observed in 

the middle region and at the end of the film. Since the viscous drop is oriented on the glass 

slide only the upper layer of the drop is sheared while the layer adjacent to the glass slide 

remained relatively undisturbed. Due to the gradient in the orientation, spherulitic mor-

phology is observed in the unperturbed part at the edge while fibril type morphology de-

veloped in the middle as well as at the end of film. The morphology is significantly changed 

in the presence of SWNTs nanocomposite films (see Fig. 6.16). Sample (a) shows middle re-

gion of the films and (b) represents image at higher magnification. The morphology appears 

in discrete fibril like structures of the length of several tens of microns compared to sample 

(b) in Fig. 6.15. The enhanced conductivity of the corresponding nanocomposite films 

clearly demonstrates the effect of combined processing of polyaniline and SWNTs over in-

dividual counterparts as shown in Fig. 6.17.  
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Fig. 6.16. PPTA-SWNTs nanocomposite film (scale bar= 50 micron) as viewed in between cross polars in 

optical microscope. 

 

 
Fig. 6.17. Conductivity of PPTA nanocomposites. Weight % of the fillers in the nanocomposites are based on 

the weight of PPTA. The nanocomposite films are obtained at relative draw ratio of ~12, where the draw ratio 

is measured as a ratio of the droplet prior to and after the stretch. 

 

As can be inferred, the addition of only 0.6 weight % of SWNTs is sufficient to percolate 

within an oriented film. This low percolation threshold is attributed to the long range net-

work of SWNT that is observed in drop cast as well as spin coated films (Fig. 6.7). During 

orientation of a PPTA-SWNTs viscous droplet, the SWNTs network is aligned in the orien-

tation direction giving rise to low percolation threshold within nanocomposite film. On the 

other hand, in case of PPTA-ES300K films, a high amount of ES300K is required to achieve 

the necessary percolation. This effect is because of the low aspect ratio of the filler, as ob-

served from AFM morphology in [sample (a), Fig. 6.6]. Consequently higher filler content is 

required to demonstrate the necessary percolation in the oriented film. The amount of 

ES300K therefore required to percolate can be reduced by minute quantities of the SWNT 
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addition using tertiary processing of PPTA-(ES300K+SWNT). The preliminary experiments 

on PPTA nanocomposite film containing 8 weight % ES300K and 0.3 weight % SWNTs 

clearly demonstrate the nanobridge effect of the SWNTs. Although the conductivity is an 

order of magnitude lower than nanocomposite film containing 12 weight % ES300K, suc-

cessful tailoring of the percolation threshold is demonstrated at 25% lower ES300K, concen-

tration. Keeping the same ES300K concentration within the nanocomposite, an additional 

increase in SWNTs further increased the conductivity by nearly three orders of magnitude. 

However, the concentration of the SWNTs used is nearly 1 weight % and hence it is difficult 

to distinguish between contributions from the individual components. Thus further optimi-

zation of the filler concentration is required to deduce the contributions from individual fill-

ers.  

 

6.5 Conclusions 

In the first part of this chapter, successful processing of conducting form of polyaniline with 

and without SWNTs from chlorosulfonic acid is demonstrated. It is observed that chlorosul-

fonic acid forms the complex with PANI as well as with the SWNTs. Upon reprecipitation 

from water, conductive form of PANI is regained with significant modifications on the 

backbone as observed from FT-IR and UV-Vis spectroscopy. In the presence of SWNTs, ad-

ditional changes are observed in nanocomposite suggesting complex formation between 

PANI-SWNTs. The corresponding changes in the morphology are also observed. The nano-

composite films thus obtained can be utilized in making devices for gas sensors and electro-

chromic displays. It is also possible to replace the conducting form of polyaniline by emer-

aldine base and corresponding SWNTs by fullerenes to develop the photovoltaic devices or 

light emitting diodes. 

 On the other hand, it is observed that PPTA can be successfully dissolved within 98% 

chlorosulfonic acid. Most important, the processing can be undertaken at room tempera-

ture. Therefore, combination of PPTA with emeraldine salt-SWNTs is also a feasible route to 

produce conducting fibers/films. The corresponding nanocomposite films are prepared us-

ing solution cast method. A low value of electrical percolation (0.6 weight %) is observed by 

the use of SWNTs within PPTA. This result is attributed to the long range network forma-

tion of SWNTs which percolate in the orientation direction. In comparison, establishment of 

the percolation using only ES300K required significantly higher amount (12 weight %). This 

result is inherently attributed to the globular morphology, which was observed using AFM. 

The overall percolation threshold of the PPTA nanocomposite is significantly reduced by 

using tertiary processing of PPTA with (ES300K+SWNT). The preliminary experiment ex-

hibited order of magnitude lower value of conductivity compared to pristine ES300K. How-

ever, the overall percolation is achieved at nearly 25% and 50% lower for ES300K and 
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SWNTs, respectively. This experimental evidence suggests that SWNTs successfully formed 

the nanobridge(s) between ES300K. A higher conductivity value is observed upon further 

increase in SWNTs concentration but since the weight % is above the percolation threshold 

of SWNTs alone, it is difficult to comment on the individual contribution from either 

ES300K or SWNTs and therefore optimization of the individual filler component is neces-

sary. 
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Appendix-Color figures 

 
Fig 2. 1. Interfacial polymerization of aniline in xylene and ammonium persulfate in 1 M HCl. (a) to 
(d) are intermediate time snaps taken during polymerization. 

 
Fig 2.3. Phase inversion phenomenon of (A) PANI as prepared; (B) intermediate state upon surfac-
tant addition and (C) organic dispersion of PANI in xylene. 

 
Fig. 3.1.  Solution cast films of (a) PA6 containing (b) 3.8 (c) 5.6 (d) 16 and (e) 33 weight % of 
SPANI. 

 
Fig. 5.2. ES300K after treatment (200°C for 45 min) with (a) 1M HNO3 in water (b) distilled water 
and (c) 1M HCl in water respectively. 

 

Fig. 5.19. Snapshots of chlorosulfonic acid containing (a) pristine ES300K. The vacuum dried sample 
of ES300K treated with superheated solvents is mixed with chlorosulfonic acid. Sample (b) contains 
ES300K treated with 1 M HCl in water; (c) with dist. water and (d) with 1M HNO3 in water. All 
pictures are taken at room temperature at t=0 min. 
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Fig. 6.2.Snapshots of formation of ES300K complex with chlorosulfonic acid (sample a-c) and corre-
sponding reprecipitation in water (sample c, d). 

 
Fig. 6.3. ES300K in chlorosulfonic acid at (a) t=0 min and (b) t ≥ 4 hrs. 

 

Fig. 6.5. Spin coated film of 4 weight % ES300K from chlorosulfonic acid. In the fig, the edges of the 
glass slides are omitted for the clarity.   

 
Fig. 6.6. Taping mode AFM image (height trace) of (a) ES300K and (b) ES300K-3.5 weight % 
SWNTs from the chlorosulfonic acid. The films are spin coated at 1180 rpm for 5 min.  

 
Fig. 6.12. (a) pristine PPTA (b) PPTA-0.6 weight % (c) PPTA-12% ES300K. The nanocomposite 

films of PPTA-(8 weight % ES300K+1weight % SWNT) are similar in color to sample (c) albeit with 

more dark green color due to the presence of SWNT.
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