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Until about 30 years ago all carbon based polymers were rigidly 
regarded as insulators. The idea that plastics could be made to conduct 
electricity would have been considered to be absurd. Indeed, plastics have 
been extensively used by the electronics industry because of this very 
property. They were utilized as inactive packaging and insulating materials. 
This perspective was overturned by the pioneering work by Alan J. Heeger, 
Alan MacDiarmid and Hideki Shirakawa with the introduction of doped 
polymers with tunable electrical conductivity extending from semi conducting 
to the superconducting range. They were awarded Nobel prize in Chemistry in 
the year 2000 "For the discovery and development of conductive polymers." 
This has triggered extensive research in the field of conducting polymers, 
otherwise called synthetic metals during the past few years owing to the 
ever increasing interest in their technological and industrial applications. 

Polyaniline (PANI) is one of the most stable conducting polymers 
ever studied. It is environmentally stable both in conducting (doped) and 
non-conducting (de-doped) forms. It occupies a unique position among the 
conducting polymers and is well known for the excellent electrical and 
optical properties. PANI has immense applications in the fields of polymer 
LEDs, photovoltaics, batteries, electrostatic charge dissipative coatings, 
electromagnetic shielding, and sensors. PANI has been identified as one of 
the most technologically and industrially important conducting polymers 
owing to its unique processability together with the availability of relatively 
inexpensive precursors and better yields of polymerization. The electrical 
conduction mechanism in PANI has been widely investigated.  

Conducting polymers can respond to various external stimuli and 
hence represent a new class of ‘intelligent materials’. The inherent stability 
of PANI and its tunable electrical and optical properties make it an 
ingenious element suited for various optoelectronic device applications. The 



method adopted for polymerization and the reaction conditions strongly 
influence the morphology and, optical and electrical properties of PANI.  

Conducting polymer nanocomposites belongs to a class of advanced 
composite materials that can be used for very interesting applications. 
Blends of carbon nanotubes and other nanoparticles with conducting 
polymers resulting in the formation of composites have now received a 
great deal of attention. These composites exhibit the properties of their 
constituents with synergetic effects and are promising candidates for use in 
organic light emitting diodes, photovoltaic cells, batteries and supercapacitors. 
The pressure sensing properties in nanostructured and micro-structured 
polyaniline and its composites has not been investigated in detail. The 
response to applied pressure in polyaniline and its composites can be 
effectively used for sensor applications. 

Quantum confinement effects are well-known and investigated 
extensively in metals and inorganic semiconductors in their nano 
dimensions. Nano sized materials exhibit entirely different properties 
compared to their bulk analogues. For example, gold appears in different 
colours and show modified electrical properties when the size is reduced 
below the confinement regime. Reports on confinement effects in polymers 
are very scarce. Polyaniline is a low cost conducting polymer, which can be 
easily synthesized in bulk quantities. The altered emission properties as a 
result of the confinement effects in PANI thin films offer prospects of being 
utilized as emissive layers in polymer light emitting diodes. 

Only a few papers have been published, related to the synthesis of 
highly crystalline PANI films with ordered structure and high electrical 
conductivity. The reported conductivity values range from 200-400 S/cm in 
chemical oxidative polymerized PANI samples and from 1000-1200 S/cm 
in those samples prepared using self-stabilized dispersion polymerization. 
There is a strong relation between dc electrical conductivity and crystallinity of 
polyaniline and the conductivity gets enhanced with increase in crystallinity. 



The highly ordered and crystalline thin films of PANI can be used as the 
anode material for polymer light emitting diodes.  

Light emitting polymers (LEP) have drawn considerable attention 
because of their numerous potential applications in the field of 
optoelectronic devices. Till date, a large number of organic molecules and 
polymers have been designed and devices fabricated based on these 
materials. Optoelectronic devices like polymer light emitting diodes 
(PLED) have attracted wide-spread research attention owing to their 
superior properties like flexibility, lower operational power, colour 
tunability and possibility of obtaining large area coatings. PLEDs can be 
utilized for the fabrication of flat panel displays and as replacements for 
incandescent lamps. The internal efficiency of the LEDs mainly depends on 
the electroluminescent efficiency of the emissive polymer such as quantum 
efficiency, luminance-voltage profile of LED and the balanced injection of 
electrons and holes. Poly (p-phenylenevinylene) (PPV) and regio-regular 
polythiophenes are interesting electro-active polymers which exhibit good 
electrical conductivity, electroluminescent activity and high film-forming 
properties. A combination of Red, Green and Blue emitting polymers is 
necessary for the generation of white light which can replace the high 
energy consuming incandescent lamps. Most of these polymers show very 
low solubility, stability and poor mechanical properties. Many of these light 
emitting polymers are based on conjugated extended chains of alternating 
phenyl and vinyl units. The intra-chain or inter-chain interactions within 
these polymer chains can change the emitted colour. Therefore an effective 
way of synthesizing polymers with reduced π-stacking, high solubility, high 
thermal stability and high light-emitting efficiency is still a challenge for 
chemists. New copolymers have to be effectively designed so as to solve 
these issues. Hence, in the present work, the suitability of a few novel 
copolymers with very high thermal stability, excellent solubility, intense 
light emission (blue, cyan and green) and high glass transition temperatures 
have been investigated to be used as emissive layers for polymer light 
emitting diodes.  



The whole research work presented in the thesis is portrayed in 
eight chapters as detailed below: 

The first chapter gives a general introduction to conducting 
polymers, polyaniline (PANI) and its composites, their history, synthesis 
procedures and applications.  

The second chapter deals with the theoretical aspects and details of 
all the experimental techniques used in the present studies. A brief 
discussion on the various synthesis methods, resulting polymeric structures, 
properties, device fabrication methods, etc. has also been included in this 
section. 

The investigations carried out on the pressure sensing properties of 
polyaniline and its composites with multi-walled carbon nanotubes 
(MWNT) and polyvinyl chloride (PVC) are portrayed in Chapter 3. The 
change in electrical conductivity with applied pressure in pressed pellets of 
these samples has been investigated. It is observed that for all the samples, a 
considerable change in dc electrical conductivity values occurs even for 
very low applied pressure. Out of all the samples investigated, CSA doped 
PANI is found to be the best with appreciable percentage variation of 
electrical conductivity with applied pressure and negligible hysteresis 
effects. The work highlights the prospects of utilizing doped polyaniline 
and its composites for pressure sensing applications. 

Chapter 4 is devoted to the studies on quantum confinement effects 
in ultra-thin films (50 nm, 100nm and 150 nm) of polyaniline pursued 
through spectroscopic investigations. Considerable blue-shift in the UV-Vis 
absorption and photoluminescence spectra has been observed in these ultra-
thin films when compared to the bulk analogue, which is a clear indication 
of quantum confinement effects. The intense blue emission observed in 
these ultra-thin PANI films can be of practical application in realizing cost-
effective and efficient polymer light emitting diodes. 

 



Chapter 5 gives a detailed account of the various synthesis routes of 
PANI thin films with exceptionally good crystallinity and their 
characterization. X-ray diffraction has been used to analyze the extent of 
crystallinity in these highly ordered films. Cubic, monoclinic and triclinic 
crystal structures have been found to match with the observed XRD data of 
these synthesized film samples. These highly conducting and ordered films 
can be of potential application as anode materials for polymer LEDs. 

Chapter 6 deals with the structural and optical characterization of two, 
novel, light emitting copolymers based on thienylene-biphenylenevinylene 
with excellent solubility, thermal stability and glass transition temperatures. 
Attempts have been made to fabricate prototype polymer LEDs using these 
copolymers as emissive layers. The current-voltage (I-V) characteristics of 
these prototype devices exhibit the diode characteristics necessary for PLEDs. 
An orange-red emission has been observed in the electroluminescence 
spectrum of these prototype devices.  

Chapter 7 gives an account of the characterization of another set 
of novel, light emitting, segmented block polymers based on               
poly (phenylenevinylene) derivatives. Prototype PLED devices have been 
fabricated using two polymers which emit light in the blue and green 
regions. I-V characteristics of these devices also show the diode 
characteristics necessary for PLEDs. The electroluminescence spectra of 
these prototype devices have been recorded. Both the devices emit light in 
the green region. The polymers have been found to be suitable candidates 
for PLED applications as evident from their I-V characteristics and 
electroluminescence spectra.  

  The general conclusions and the scope for future work are included 
in chapter 8. 
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This chapter begins with a short introduction to the history of 
conducting polymers and then evolves into the fundamentals of charge 
transport in these polymers. One of the most important conducting 
polymers, polyaniline, its properties and applications are detailed here. 
A very distinctive class of conjugated conductive polymers, the light 
emitting polymers, are being portrayed and its application as emissive 
layers in polymer light emitting diodes is explained. The objectives of 
the present investigations and the motivation behind the work also form 
an integral part of the present chapter. 
 
 

 

 

1.1  Conducting Polymers: A Brief Introduction 

The history of humanity has been crowned by many landmarks, 

highlighting the breath taking innovations contributed by pioneers who 

believed in the potential of science. The humble origins of polymers can be 

traced back to the contributions of Henri Braconnotin 1777 and Christian 

Co
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Schonbeinin 1846, which led to the discovery of the macromolecule, 

nitrocellulose. Since then, similar macromolecules have formed an 

indispensable part of our lives from simple plastic carry bags to the very 

sophisticated light emitting diode based displays. An intrinsically 

conducting polymer (ICP) is a conjugated system combining the optical, 

electrical, electronic and magnetic properties of a metal and the mechanical 

properties and process ability of a polymer. ICPs are more commonly called 

synthetic metals. These organic materials are comprised mainly of carbon, 

hydrogen and simple heteroatoms like nitrogen and sulphur.  Lots of the 

unique properties associated with the conducting polymers, also called 

conjugated polymers, originate due to π-conjugation. 

Conductive polymers (CP) are electrically conducting at room 

temperature, a phenomenon unknown in everyday plastics and organic 

polymers like polyethylene and polyesters.  Attempts to synthesize 

conductive organic materials started in 1891 with F.Goppelsroeder 

synthesizing polyaniline [1].Though the non-conducting forms of CPs 

were well known, not much interest was paid to their other interesting 

properties. Interest in organic semiconductors started in the late 1950s 

and the highest electrical conductivity value reported was about 10-3 S 

cm-1.  Polyacetylene with semi conducting nature was first synthesized 

by Natta et.al in 1958 as a black powder. Depending on how the polymer 

was processed and manipulated, its conductivity was found to vary from 

7×10-11 to 7×10-3 Sm-1. Little theoretically postulated the possibility of 

superconductivity in polymers and put forward the model of a polyene 

chain with cyanine dye-like substituents [2].  The world-wide interest in 

CPs pinnacled when scientists of IBM showed that polysulfurnitride was 
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superconducting in crystalline form [3]. Around this time in 1974 Hideki 

Shirakwa’s group produced a silvery thin film by mistake. The polymer, 

though metallic in appearance, was not conducting.  In 1977 Shirakawa, 

MacDiarmid and Heeger found that oxidation with chlorine, bromine 

and iodine vapours resulted in the enhancement of the conductivity of 

polyacetylene films by 10 orders of magnitude. The procedure of 

treating polymers with halogens was called doping by analogy with the 

doping of semiconductors. Doping involves the partial addition 

(reduction) or removal (oxidation) of electrons to or from the π-

system of the polymer backbone [4, 5, 6]. Films prepared by this 

method were found to have conductivity values of 0.4 Scm-1 for 

bromine doped and 38 Scm-1 for iodine doped samples. Later, electrical 

conductivity around 3000 S cm-1was reported by Heeger for iodine 

doped films [7, 8, 9]. It was found that a transition in conductivity 

occurs when polymers and polymer derivatives are doped with a weak 

oxidizing or reducing agent. Alan J Heeger, Alan G MacDiarmid and 

Hideki Shirakawa were jointly awarded the Nobel Prize in Chemistry 

in 2000 for their pioneering work related to the discovery and 

development of conducting polymers. 

A conducting polymer in its undoped or neutral state is called a 

pristine polymer. Doping is a process that gives the conducting polymer 

its identity. During this process an organic polymer with insulating or 

semiconducting properties (conductivity in the range 10-10 to 10-5 S cm-1) 

becomes a polymer having metal like conductivity (1-104 Scm-1).  

Dopants can be small anions/ cations like ClO4
-or Na+ or large polymeric 

species like polyvinyl sulfonic acid and poly styrene sulfonic acid [10]. 
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It is found that during controlled addition of small non-stoichiometric 

quantities of known chemical species, there is enormous change in the 

physical and structural properties of the polymer. There is no difficulty 

to regain the original polymer as doping is a reversible process. Both 

chemical and electrochemical methods can be employed for doping [6]. 

The level of doping influences the conductivity of the polymer and one 

can obtain films with conductivity anywhere between that of the non-

doped and the fully doped forms of the polymer. A 100% doping level is 

not possible due to various structural constraints of the polymer.  An 

insulator like the conventional polymer, when blended with a conducting 

polymer in various proportions can produce the conducting form [11]. A 

few important conjugated conducting polymers are shown in figures 

1.1(a) to 1.1(f). 
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Figure 1.1: (a) Polyaniline (Emeraldine Salt), (b) Polypyrrole, (c) Poly (phenylene 

sulphide), (d) Poly (phenylenevinylene), (e) polythiophene and           
(f) Poly(3,4-ethylenedioxythiophene) (PEDOT) 
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1.2  Principles of electrical conduction in CPs 

Electrical conductivity of a material is a measure of the flow of 

electric current through it for a given applied voltage. It is measured in 

reciprocal ohms or Siemens per centimeter [12]. The number density of 

charge carriers (n) and their mobility (µ) in the material decide the 

conductivity. 

n eσ µ=  ------------------------------------------- (1) 

where ‘e’ is the charge of the electron. For semiconductors and 

electrolyte solutions, an additional term due to holes has to be added to 

the above equation. For metals, conductivity increases as temperature 

decreases while for semiconductors and insulators it decreases with 

decreasing temperature. Electrical conductivity is an anisotropic 

property i.e.it depends on direction [7]. 

The electronic configuration of conjugated polymers is different 

from ordinary polymers. Broad valence and conduction bands are 

developed by the extended overlap of π orbitals in conducting polymers. 

The valence and the conduction bands can be classified as π and π* 

orbital bands.  There is one unpaired π electron per carbon atom in a CP.  

The carbon orbitals are sp2pz hybridized in π orbitals and there is 

overlapping of orbitals of successive carbon atoms. This leads to 

delocalization of electrons along the backbone of the polymer which is 

the path for charge mobilization.  Chain symmetry, which is determined by 

the number and kind of atoms in the repeating unit, decides the electronic 

structure and hence the conducting properties of the CPs. In conducting 

polymers, π and π* orbitals are generally termed highest occupied 
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molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) respectively. The electrically conducting polymers have been 

aptly called as the “fourth generation of polymeric materials” by Professor 

BengtRånby in his lecture at the Nobel Symposium (NS-81) in 1991 [13]. 

In the doped polymer systems, the introduction of charges leads to 

a relaxation or structural distortion of the polymer about the charge. Due 

to this distortion energy Ed, localized electronic states are formed in the 

forbidden gap [14].The ionization energy in this case is less than that 

required to remove an electron from the HOMO level by a small amount 

(Epol). If this energy is greater than the distortion energy, a polaron is 

formed. Polaron is defined as a radical cation (an unpaired electron) that 

is locally associated with a structural distortion in the CP. In other 

words, polaron is a charge in the extended lattice that is stabilized by 

local distortion of the lattice [14].  

Usually when an electron is removed, a distortion in the structure 

occurs locally which tends to stabilize the charge associated with the 

removal of electron. When this happens in an extended lattice as in the case 

of a CP chain, it is through a strong electron-phonon coupling and the 

polaron is said to have a binding energy given by Epol-Ed. No conductivity 

results from polaron formation as the conduction band is empty and the 

valence band is full. The forbidden gap now accommodates a new and half 

occupied electronic level that is localized. The removal of a second electron 

happens via the formation of another polaron at a different location in the 

CP chain and there are now two polarons.  It is also possible that the second 

electron can be removed from the polaron itself resulting in the formation of 

a bipolaron. To decide which process is favourable one has to see the lattice 
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distortion produced in both the cases. It is inferred from theoretical and 

experimental studies that the distortion energy Ed required to generate 

polaronic and bipolaronic distortions are the same. The bipolaron in these 

systems is more stable than two polarons. There is a Coulombic repulsion 

between the two positive charges that form the polaron but is stable due to 

electron-phonon coupling. Electron removal is also possible by doping with 

a counter ion.  It is also possible to have the production of negatively 

charged polarons and bipolarons by n-type doping of the CPs. Neutral 

polarons and bipolarons are hypothetical structures that are thought to be 

the structural distortions before the removal of electrons. In the case of       

p-type doping, the bipolaron levels are empty andare fully occupied in       

n-type doping and hence spinless.  Though there is liberal use of band 

theory and other concepts from semiconductor physics, for CPs, a different 

theoretical model is needed.  ESR experiments carried out with highly 

doped CPs with high intrinsic conductivity are found to give no evidence 

for the presence of unpaired electrons. In these experiments, rather spinless 

charge carriers have been identified [15, 16]. 

The normal aromatic structure of a CP is interrupted significantly 

in the region where polarons/ bipolarons are present. In many cases, the 

benzenoid type structure is replaced by a quinoid structure in that region. 

The polarons and bipolarons are mobile and can propagate along the 

chain of the CP. They act as charge carriers at suitable levels of 

concentration. From the CP structures and the idea of mobility, the two 

charges in the bipolaron are delocalized over several monomer units     

(6-8) and not over the entire lattice [17]. 
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1.3  A brief introduction to Polyaniline 

One of the most important and explored ICPs is polyaniline. 

Polyaniline (PANI) can be synthesized by very simple chemical and 

electrochemical routes from aniline or, its ring- or N-substituted 

derivatives [18]. Polyanilines can exist in different forms and oxidation 

states as shown in figures 1.2(a) to 1.2(d) [19, 20] 
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Figure 1.2: Different oxidation states of PANI (a)Leucoemeraldine base (LEB – 

fully reduced) (b) Emeraldine base (EB - partially oxidised) and (c) 
Perigraniline base (PNB – fully oxidised) 
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Figure 1.2: (d): Base form of polyaniline – General structure with reduced 
and oxidised repeat units 

 

Some forms of PANI can be ‘doped’, chemically or electrochemically 

to produce highly conducting PANI powders and films with a substantial 

increase in electrical conductivity of the order of 1010 to 1012 [18, 21]. 

Protonation of the EB form gives the conductive form of PANI called the 

Emeraldine salt (ES) as given in figure 1.3. Only the imine nitrogen atoms 

in the polymer backbone can be protonated in whole or in part to get the 

corresponding salts. A delocalised poly-semiquinone radical cation forms 
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as a result of the complete protonation of imine nitrogen atoms in the 

Emeraldine base form of PANI. The degree of protonation depends on the 

EB oxidation state and the pH value of the aqueous acid medium in 

which the polymerization is carried out. De-protonation of the ES form 

leads to the formation of EB form of PANI [18, 19, 20]. 
 

N N NH NH n

Polyaniline (Emeraldine) base

2nH A

H
N

H
N NH NH n

A A

Polyaniline (Emeraldine) salt  
Figure 1.3: Scheme of proton doping in PANI 

Doping is the central and unique concept that distinguishes 

intrinsically conducting polymers from other polymers. Doping an 

insulating or a semi-conducting polymer results in a significant increase 

in its electrical conductivity which can go up to the metallic regime. It is 

a reversible process by which the original properties can be reverted 

without any or little change in the polymer backbone. By properly 

varying the doping rate, polymers ranging from insulating to highly 

conducting can be synthesized. Conducting polymers were initially 

doped by redox methods until the discovery of protonic acid doping. A 
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redox reaction involves the partial addition (reduction) or partial removal 

(oxidation) of electrons from the π system of the polymer backbone. In this 

method, the number of electrons associated with the polymer backbone 

changes. But in protonic acid doping, the number of electrons associated 

with the polymer backbone remains unchanged. Leucoemeraldine base 

(non-conjugated backbone) form of polyaniline can be transformed to 

conjugated structure by p-doping and the EB form of PANI becomes 

conjugated by protonic acid doping [14, 18, 22]. EB form of PANI was 

the first among the conducting polymers which was made conducting 

via protonic acid doping (non-redox method). This has increased the 

conductivity of EB form of PANI by about 10 orders of magnitude [1, 21].  

In a typical oxidative polymerization of aniline, the first formed 

product is the perigraniline form of polyaniline. The polymerization is 

slower initially, but once the oligomers are formed, it becomes very 

fast. Perigraniline is a sufficiently strong oxidizing agent which 

oxidatively polymerizes the excess aniline in the reaction medium to 

Emeraldine state. This is because perigraniline form has an oxidation 

potential greater than that required to polymerize aniline. Perigranilinegets 

reduced by itself to form the Emeraldine form of polyaniline. Hence, the 

Emeraldine form of PANI is formed as a result of (a) self-reduction of the 

perigraniline form and (b) oxidative polymerization of aniline by the 

perigraniline form [22, 23]. 

A large number of synthesis routes and types of dopants have been 

identified for producing polyaniline, its derivatives and composites. The 

charge transport properties of these polymers and their composites have 

been studied extensively [14]. Based on the promising properties of 
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polyaniline and its composites, their potential have been identified for a 

variety of applications including the design of conductive coatings [24], 

sensors [21, 25, 26], electrostatic charge dissipation systems [27], 

electromagnetic shielding devices [28, 29], supercapacitors [30], organic 

photovoltaic devices [31], organic and polymer light emitting diodes [32] 

and rechargeable batteries [33].  

The volume of scientific work related to polyaniline is ever 

increasing irrespective of the enormous number of papers published 

till date, owing to its very special tunable features. More than 61,800 

articles have been published and 20,000 patents filed worldwide, 

related to polyaniline, till date. The basic science underlying the 

structure and polymerization mechanism in polyanilines has been 

well-explored. Pure PANI forms with the same oxidation states have 

been reproduced and a large number of application fields for this 

polymer have been identified [10]. The richness in the physics and 

chemistry of polyanilines which allows the suitable modifications of the 

optical, electrochemical, magnetic and structural properties is extremely 

fascinating and attracts the curiosity of global researchers. There is still 

ample scope for further research on the fundamental aspects of polyaniline 

and on identifying novel applications. 

1.4  Light Emitting Polymers (LEP) 

Conjugated polymers represent a distinctive class of semiconductors 

that combine the optical and the electronic properties of inorganic 

semiconductors with the processing advantages and mechanical properties 

of polymers. Of these, light emitting polymers play an important role in 
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designing many optoelectronic devices like the polymer light emitting 

diodes [34, 35], polymer photovoltaic cells [36], sensors [37] and lasers 

[38]. For a conjugated polymer to be light emitting, it should exhibit 

fluorescence as well as conduct electricity. An electroluminescent 

polymer is the one which emits light when an electric field is applied to 

it. A giant leap in the field of electroluminescent polymers began with the 

discovery of Sir Richard Friend and his co-workers [35] in which they 

demonstrated green-yellow coloured electroluminescence in a single-layer 

device with poly (p-phenylenevinylene) (PPV) as the emissive layer, ITO 

as the anode and aluminium as the cathode. This discovery in 1990 

has given rise to a remarkable growth of interest in polymer LEDs. 

Since then, there has been extensive research in this field and 

numerous light emitting polymers have been synthesized and devices 

fabricated. Poor solubility, photo-stability and thermal stability, and 

low luminescence intensity of these polymers were some of the 

challenges faced by the researchers. To resolve these issues, many 

novel polymers, copolymers and their blends were designed and 

devices fabricated with light emission over the whole visible 

spectrum with excellent emission intensity and efficiency [39]. The 

light emission from these polymers and copolymers was suitably 

tuned by modifying the band gap through selective attachments of 

functional groups in the backbone. Chemical structures of a few 

commercially available light emitting polymers and copolymers are 

shown in figures 1.4(a) to 1.4(g). 
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Figure 1.4: (a) Regioregular Poly(3-octylthiophene-2,5-diyl), (b) regioregular 
Poly(3-butylthiophene-2,5-diyl),(c) Poly(9,9-di-n-dodecylfluorenyl-2,7-
diyl), (d) Poly[(o-phenylenevinylene)-alt-(2-methoxy-5-(2-ethylhexyloxy)-
p-phenylenevinylene)], (e) Poly(2,5-di(octyloxy)cyanoterephthalylidene), 
(f) Poly[2,5-bis(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] and   
(g) Poly[(2,5-didecyloxy-1,4-phenylene)-alt-(2,5-thienylene)] 

1.5  Polymer Light Emitting Diodes 
 

Electroluminescence (EL) in organic materials was first demonstrated 

by Bernanose and co-workers at Universite de Nancy, France in 1953. 

The pioneering discovery of conducting polymers by Heeger, 

MacDiarmid, and Shirakawa in 1977 opened the vista of a new field of 

polymer semiconductors for which they were awarded the Nobel Prize in 

Chemistry for the year 2000. Electroluminescence from polymer films 

was first observed by Roger Partridge in the year 1983 at the National 



Chapter -1 

 14 

Physical Laboratory in the United Kingdom.  The device consisted of a 

film of poly (N-vinylcarbazole) up to 2.2 micrometres thick located 

between two charge injecting electrodes. Ching W. Tang and Steven 

Van Slykefirst introduced the efficient organic light-emitting devices 

(OLED) in 1987 [40]. This device had a novel multi-layer structure with 

separate hole transporting and electron transporting layers so that 

recombination and light emission occurred in the middle of the organic 

emissive layer. The introduction of the multi-layer structures resulted in 

considerable reduction of device operating voltages and improvements 

in efficiency which accelerated the current OLED research and device 

production. Organic small molecules based light emitting devices 

(OLEDs) have been commercialized by lots of companies like Kodak, 

Sony, Philips, Nokia, Samsung and OSRAM Opto-semiconductors [39]. 

Research into polymer electroluminescence gained its strength when J. 

H. Burrougheset et al, at the Cavendish Laboratory in Cambridge 

demonstrated a highly efficient green light-emitting polymer based 

device using 100 nm thick films of poly (p-phenylenevinylene) in the 

year 1990. This initiated a world-wide search for new light emitting 

polymers and device architectures with improved efficiency and life-

time. Since 1990, PLED technology is probably one of the most 

important applications in organic electronics, which has accelerated the 

researchers to search for new light emitting polymers and copolymers, in 

spite of the unprecedented advancements in polymer photovoltaics and 

polymer based microelectronics [39, 41, 42]. 

Polymer light emitting device technology is an easy-to-use 

approach with numerous advantages. Light weight and thin displays with 
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very high brightness and contrast can be realized for portable 

applications. These high-resolution displays can be viewed from very 

wide angles. All colours can be achieved with the same polymer 

backbone by suitably engineering the chemical structure and a wide 

range of red, blue and green emitting polymers are commercially 

available. The devices having any shape and non-planar displays 

operating at very low voltages can be fabricated. The response time of 

polymer displays is very short which is of the order of 10 to 102 ns 

compared to that of liquid crystal displays which is around 10ms. 

Polymer based displays do not require any back-lighting like the liquid 

crystal displays. Polymers can be solution processed, spin-coated or ink-

jet printed on transparent, plastic substrates to fabricate flexible displays. 

Although, PLEDs possess these advantages over other technologies, the 

life-time, environmental stability and efficiency of PLEDs have to be 

improved further for wide-spread commercial applications [39, 41]. 

The simplest polymer light emitting diode consists of an emissive 

layer (a film of light emitting polymer) of about 100nm sandwiched 

between two electrodes, the anode and the cathode (figure 1.5). The 

anode is an optically transparent material of high work function, usually, 

indium tin oxide (ITO) and the cathode is a highly reflecting metal of 

low work function like calcium, magnesium or aluminium. When a 

forward bias greater than the difference between anode and cathode 

work functions is applied to the device, electrons from the cathode and 

holes from the anode are injected into the LUMO (π*) and the HOMO 

(π) energy levels of the emissive layer respectively. The injected positive 

and negative charge carriers (positive and negative polarons) form bound 
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polaron-excitons and the radiative decay of these excitons results in 

electroluminescence [42]. 

 
Figure 1.5: Structure of a single layer PLED 

 

There are a number of factors that determine the efficiency of 

PLEDs. The mismatch of electrode work functions with the HOMO-

LUMO levels of the light emitting polymer is one of the prime factors 

affecting the emission intensity and efficiency. Effective charge injection 

can occur only when the anode and the cathode work functions are 

comparable to the HOMO and the LUMO energy levels of the emissive 

polymer respectively. The injected charge carriers can form either singlet or 

triplet excitons according to spin statistics. In electroluminescence, only the 

singlet excitons can decay radiatively. In most of the light emitting 

polymers, the hole mobility is greater than the electron mobility which 

results in the formation of excitons near the cathode and hence a non-

radiative decay can occur due to image force interactions. To overcome this 

problem, a hole injection and transport layer (HITL), usually, Poly (3,4-

ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT:PSS) or PANI, is 

used in between the anode and the emissive layer. The likelihood of 

recombination within the light emitting polymer can be increased by 

suitably choosing the HITL, where the holes are blocked and localized 

within the active layer of the device (LEP).The HITL decreases the 
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barrier height and enhances the hole injection. It also reduces the leakage 

current and planarizes the rough and spiked ITO surface to avoid any 

chances of shorting [39, 41, 42]. 

The schematic diagram of a polymer LED with ITO/PANI/emissive 

layer/cathode architecture is illustrated in figure 1.6 and the energy band 

diagrams of single layer and two-layer PLEDs in the forward bias [42] 

are shown in figures 1.7(a) and 1.7 (b) respectively. 

 
Figure 1.6: Illustration of a two-layer PLED structure under forward bias 

 
Figure1.7: Energy band diagram of a (a) single layer device and (b) double layer 

device under forward bias of ‘V’ volts where ‘Eg’- the energy band 
gap of LEP, φa- anode work function and φc- cathode work function 

Light Emission 
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1.6  Objectives of the present work 

The interesting tunable characteristics of polyaniline have made it 

one of the most popular and extensively studied conducting polymers. 

Polyaniline (PANI) can be synthesized through many simple chemical 

and electrochemical routes, and in different forms and morphologies. 

Composites of polyaniline can be synthesized from a variety of 

conducting and non-conducting fillers. Although a lot of research work 

has been conducted in PANI, there are certain areas where the properties 

of this polymer has not been fully utilized or studied extensively. The 

sensitive dependence of electrical conductivity on applied pressure is 

one such property that can be used for realizing low cost and good 

quality pressure sensors.  

The optical and electrical properties of PANI have been effectively 

controlled by doping and side chain attachments. There are established 

routes to synthesize PANI in insulating, semiconducting and highly 

conducting forms. Quantum confinement effect is well known in 

inorganic semiconductors where the bulk properties can be tuned to any 

desired levels by suitably reducing the dimensions to the nanometre 

regime. The possibility of quantum confinement of charge carriers has 

not been pursued in detail in any form of PANI. 

The electrical conductivity of polyaniline that can be enhanced 

through doping process has reached the saturation limits. Further 

enhancement in conductivity can be achieved only by improving the 

crystallinity or order within and among the PANI chains. The reported 

extent of crystallinity in conducting PANI is found to be very low. 



                                                              Introduction 

 19 

Light emitting polymers belong to a class of conjugated polymers, 

subjected to extensive investigations during the past few decades. There 

have been numerous studies conducted worldwide in search of new, 

efficient and stable, conjugated light emitting polymers, since 1990, for 

applications in polymer light emitting diodes, polymer photovoltaic 

devices, sensors and actuators. The problems associated with low photo-

stability, molecular aggregation effects and short life-time of these 

polymers have prevented the widespread commercialization of the polymer 

based devices, although these devices have many other advantages. Newer 

polymers and copolymers with improved stability and life-time are being 

synthesized and device architectures modified, by scientists all over the 

world to overcome these issues. 

Taking into consideration, all these aspects, the objectives of the 

present work can be summarized as follows: 

 
1) To synthesize polyaniline (PANI) and its composites using 

different routes and various dopants to suit specific applications 

2) To investigate the prospects of using PANI and PANI composites 

as candidates for pressure sensing applications 

3) To carry out detailed investigations on quantum confinement 

effects in ultrathin films of  polyaniline 

4) To synthesize and characterize polyaniline films with much 

enhanced crystallinity and order within polymer chains 

5) To fabricate polymer light emitting diodes based on a few novel 

semiconducting polymers (hybrid and segmented block 

copolymers) having excellent emission characteristics and thermal 

stability 
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2.1  Synthesis of polyaniline (PANI) via chemical methods 
 

2.2  Characterization Techniques 
 

2.3  Spin coating 
 

2.4  Thermal Evaporation 
 

2.5  Indium tin oxide (ITO) Etching and Patterning Procedure 
 

2.6  Fabrication of Polymer Light Emitting Diodes (PLED) 
 

2.7  Electroluminescence 
2.8  CIE Coordinates and Chromaticity 

 
 

 

This chapter begins with a brief account of the methods adopted to 
synthesize polyaniline samples with interesting structural, electrical 
and optical properties, and evolves into the discussion on the effects 
of various parameters of synthesis on the significant structural, 
electrical and optical characteristics. It is followed by a brief 
explanation of the theoretical aspects of various experimental tools 
used in the present work including Fourier Transform Infrared 
Spectroscopy (FTIR), UV-Vis-NIR spectroscopy, Photoluminescence 
(PL) Spectroscopy, Raman spectroscopy, X -ray diffraction (XRD), 
Thermo-gravimetric Analysis (TGA), Scanning Electron Microscopy 
(SEM and Atomic Force Microscopy (AFM). A detailed account of 
the processes involved in the assembling of single and multi-layer 
polymer light emitting diodes is also addressed in this chapter. 
 
 

2.1  Synthesis of polyaniline (PANI) via chemical methods 

Conducting polymers, especially polyaniline, can be synthesized 

through numerous chemical and electrochemical routes [1, 2, 3, 4, 5]. In 

the present work, the synthesis of polyaniline has been carried out via 

two chemical routes, the chemical oxidative polymerization and 

Co
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dispersion polymerization. The variations in the reaction parameters like 

the reaction temperature, type and concentration of the dopants, rate of 

addition of the oxidant, etc. are found to yield polyaniline samples with 

different optical, electrical and structural characteristics. 

2.1.1 Chemical Oxidative Polymerization 

This typical “in-a-beaker” type of synthesis of polyaniline involves 

the use of a chemical oxidant and an acid medium. Oxidant generates a 

radical cation from the aniline monomer which initiates the polymerization 

[1]. In a typical synthesis, aniline monomer is mixed with an acid and the 

oxidant is added to this solution while stirring. The mixture is stirred for 

several hours, washed with de-ionised water and filtered to obtain 

polyaniline. The green coloured polyaniline thus obtained is dried at 50oC 

in dynamic vacuum and ground to fine powder [2, 3, 4, 6]. This is one of 

the simplest chemical methods to synthesize conducting polyaniline. A 

typical chemical oxidative polymerization is illustrated in figure 2.1. 

4n NH2.HCl + 5n (NH4)2S2O8

H
N

H
N NH NH n

A A

Polyaniline (Emeraldine) salt

+ 2n HCl + 5nH2SO4 + 5n(NH4)2 SO4

H  AAmmonium Hydroxide

N N NH NH n

Polyaniline (Emeraldine) base  
Figure 2.1: Illustration of chemical oxidative polymerization 
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2.1.2 Dispersion polymerisation 

Dispersion polymerization is the best chemical method to 

synthesize non-oriented, air-stable and highly conducting, polyaniline 

films. The process involves the production of an insoluble polymer in 

the form of a stable colloidal dispersion from a monomer dissolved in an 

organic liquid or water, the stability being provided by an interfacial 

stabilizer [7, 8].  In a typical synthesis, an aqueous acidic solution of 

aniline and chloroform in the ratio 2:1 (vol./vol.) is stirred to form a 

turbid colloidal solution. The monomer, anilium hydrochloride, which is 

relatively insoluble in the aqueous phase when the temperature is lower 

than ~ -100C, because of the presence of the organic, hydrophobic parts, 

acts as the interfacial stabilizer. The polymerization of the monomer 

molecules on the surface of the organic solvent is initiated by the drop-

wise addition of an aqueous solution of the oxidant, ammonium 

persulphate to the dispersion, which generates the radicals in the 

aqueous phase. As the PANI chains grow and the molecular weight 

becomes sufficiently high, they move towards the interface as a result of 

the polymer’s insolubility in the organic and aqueous phases. The 

resulting PANI molecules grow together and aggregate to form a three-

dimensional honeycomb network. In this method, external stabilizers 

and metal-salt anti-freeze agents for low temperature polymerization are 

not required and, less-branched PANI molecules with almost similar 

molecular weights can be synthesized. Polyaniline with very high 

molecular weight can also be synthesized using this method [9, 10]. The 

films of dispersion polymerized PANI are reported to be metallic in 

nature with electrical conductivity as high as 1300 S/cm [8]. 
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2.1.3 The effects of dopants, oxidant and reaction temperature 

Dopants play a significant role in determining the morphology of 

PANI in various synthesis methods. Polyaniline structures with different 

morphologies can be obtained by suitably controlling the dopant 

concentration, the nature of do pants, stirring type and conditions, and 

other parameters like pH of the reaction medium and reaction 

temperature. For example, a tubular morphology can be obtained when 

β-Naphthalene sulphonic acid (β-NSA) is used as the dopant [11]. The 

diameter of the tubules can be controlled from a few micrometres to 

nanometres by suitably varying theβ-NSA concentration. The rate of 

addition of the oxidant also plays an important role in the morphology of 

polyaniline. Slower addition leads to the formation of micro-structured 

and long chained polyanilines whereas immediate addition results in 

nanostructured forms. The electrical conductivity and crystallinity of 

polyaniline can be significantly improved when the reaction temperature 

is reduced [11]. The solubility of PANI depends on the type of dopants, 

the synthesis method and the precursors used. The freshly synthesized 

PANI sample is always in the acid-doped, Emeraldine salt (ES) form. 

The acid-doped PANI can be de-doped using ammonia solution to get 

the de-protonated, Emeraldine base (EB) form. The EB form can be re-

doped using suitable dopants such as d-10-camphorsulphonic acid (CSA) to 

enhance the solubility in conventional organic solvents. In some other 

synthesis methods, dopants like DEHSSA [12], β-NSA [13] and DBSA 

[14, 15] are used to enhance the solubility of PANI without undergoing de-

protonation and re-doping processes. The Scanning Electron Microscope 

(SEM) images of a few polyaniline samples synthesized using various 

routes and dopants are shown in figures 2.2(a) to 2.2(h) and figure 2.3. 
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Figure 2.2: Chemical oxidative polymerization: (a) HCl doped (insoluble),   

(b) CSA re-doped (soluble), (c) NSA doped (partly soluble),(d) HCl 
doped (by ultrasonication), (e) CSA re-doped (ultrasonicated),       

a b 

c d 

e f 

g h 
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(f) scratched film surface of (e) and (g, h) DBSA doped film surface 
(ultrasonicated) 

 
Figure 2.3: Dispersion polymerized PANI (orthophosphoric acid doped) 

 

The chemical structures of polyaniline doped with CSA and the 

sulphonated (SPAN) forms are shown in figures 2.4 (a) and (b). PANI in 

the protonated form is insoluble in organic and aqueous solutions. 

Efforts have been directed towards making PANI soluble in its 

protonated form, which is a key issue in utilizing PANI as a commercial 

product in technologically important applications[16]. The solubility of 

PANI can be improved upon sulphonation by the incorporation of N-alkyl-

sulphonic acid pendant groups [16, 17, 18], by micro-emulsion 

polymerization [19], dopant-induced [20], self-doping polymerization [21] 

and controlled relative molecular mass [22] methods. 
 

 
Figure 2.4: Structures of (a) CSA doped PANI (b) SPAN 

2.2  Characterization Techniques 
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In this section, a detailed account of the characterization 

techniques employed in elucidating the various sample properties is 

being portrayed. 

2.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy is a chemically-specific 

technique to identify chemical compounds and substituent groups. In this 

method, infrared radiation is passed through the sample where some of it 

gets absorbed and some transmitted. The resulting spectrum is a 

molecular fingerprint of the sample representing the absorption and 

transmission. This spectrum is unique for that particular sample and no 

two materials have the same IR spectrum. FTIR can provide the identity 

of unknown materials, quality of the sample and determine the amount 

of components in the mixture. The absorption peaks arise due to various 

frequencies associated with different modes of vibration of the atoms 

that make up the material.  The size of the peaks tells about the amount 

of material present in the sample. It is a non-destructive method. These 

factors make FTIR an indispensable characterization tool to investigate 

the structure and composition of various types of materials. 

The main optical part of an FTIR spectrometer is a Michelson 

interferometer. A parallel beam of radiation from the infrared source, 

usually a heated element or a glow bar, is directed to the interferometer 

which has a beam splitter and two mirrors. The beam splitter is a plate of 

a transparent material such as KBr, coated usually, with germanium in 

such-a-way that 50% of the incident radiation is reflected and the 

remaining transmitted. Thus, half of the radiation goes to the first mirror 

which is fixed and the other half to the movable mirror. The reflected 
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radiation parts return from both these mirrors along the same path and 

recombine to a single beam at the beam splitter. This can result in 

constructive or destructive interference depending on the relative path-

lengths from the beam splitter to the mirrors. The so-obtained 

interferogram contains data points which bear the information of all the 

infrared frequencies emanated from the source. All frequencies can be 

measured simultaneously by detecting the interferogram which in turn 

makes extremely fast measurements. The beam is then directed to the 

sample where it is transmitted through or reflected off the surface of the 

sample, depending on the type of analysis performed. Specific frequencies 

characteristic of the sample are absorbed. The beam finally passes through 

the specially-designed detector to measure the interferogram. The digitised 

signal is sent to the computer for Fourier transform and is finally presented 

to the user as the FTIR spectrum of the sample. Initially, the background 

spectrum is charted without any sample inside. The Fourier transform 

interferogram is then compared with the background spectrum for plotting 

the transmittance spectrum [23].Schematic diagram of the FTIR 

spectrophotometer is shown in figure 2.5. 

 
Figure 2.5: Schematic diagram of FTIR spectrophotometer 
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The FTIR spectra of the samples investigated in the present work 

are recorded using Bruker Tensor 27 (Germany) and Thermo Nicolet, 

Avatar 370(USA) spectrometers. 

2.2.2 UV-Vis-NIR Spectroscopy 

Ultraviolet–visible spectroscopy or ultraviolet-visible spectrophotometry 

(UV-Vis) denotes the absorption or reflectance spectroscopy in the 

ultraviolet-visible spectral region which also comprises the near infra-

red region (NIR). The nature of chemical groups present in the sample 

determines the absorption of light in this region. Each filled-molecular 

orbital in the ground state of a polymer molecule contains two electrons of 

equal and opposite spin. When a radiation of energy in the UV-VIS region 

falls on the sample, one of the electrons in the highest-occupied molecular 

orbital (HOMO) is excited to the lowest-unfilled molecular orbital (LUMO). 

There can be various possible transitions which are    σ-σ*, n-σ*, π-π* and   

n-π* depending on the sample under consideration. By analyzing the UV-

VIS absorption spectra of materials, it is possible to estimate the absorption 

coefficient α, direct and indirect band-gap energies and the density of states. 

The effect of doping on the electronic structure of the materials can also be 

understood from the UV-Vis absorption spectrum [24, 25]. Schematic 

diagram of the UV-Vis spectrometer is shown in figure 2.6. 
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Figure 2.6: Schematic diagram of the UV-Vis spectrometer 

In the present study, Jasco V 570 UV-VIS-NIR spectrometer has 

been used for analyzing the polymer samples. It consists of a deuterium 

lamp (190-350nm) and a halogen lamp (330-2500nm), and uses a single 

monochromator. It also has two detectors, one of which is the photomultiplier 

tube and the other, the lead sulphide (PbS) photoconduction cell. The 

spectrometer has a resolution of 0.1nm in the UV-VIS region and 0.5nm in 

the NIR region. 

2.2.3 Photoluminescence Spectroscopy (PL) 

In the process of photoluminescence (PL), a fraction of the absorbed 

light energy is emitted by the material in the visible or near-visible region. 

The excitation source can be IR, visible, UV or X-rays. Photoluminescence 

can be categorized into fluorescence and phosphorescence. The main factor 

that differentiates the two is the life-time of emission. Fluorescence is 

marked by emission during excitation or within 10-8 seconds after 

excitation, where 10-8 seconds is the order of life-time of the atomic state 

corresponding to the allowed dipole transition in the visible region. In 
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phosphorescence, the emission is not spontaneous, can take 

microseconds or even hours after the removal of the excitation source 

[26, 27]. Excitons are responsible for PL emission in polymers. An 

exciton is a stable, bound electron-hole pair state. In a polymer, an 

exciton is formed when an electron in the LUMO level combines with a 

hole in the HOMO level. The singlet excitons, de-localized over the 

polymer chain, are responsible for PL in conjugated polymers. Emission 

of light occurs when a singlet exciton decays radiatively to the ground 

state [28]. In the absence of any emission, the excitation energy is 

converted into rotational or vibrational motion within the polymer 

through non-radiative decay processes. The difference between the 

absorption and emission maxima of the spectrum is called the Stoke’s 

shift which occurs when the emission from the lowest vibrational excited 

state relaxes to various vibrational levels of ground state. 

In the present work, the PL measurements have been carried out 

using Jobin Yvon Fluorolog 3 spectrofluorimeter (Model: FL3-22) 

which has a 450W xenon lamp as source, PMT detector (Model: R928P) 

and a T-box type sample compartment module.  

2.2.4 Raman Spectroscopy 

Raman spectroscopy is based on Raman effect which is related to 

the scattering of light when a monochromatic radiation passes through a 

transparent substance. Sir C.V.Raman found that the scattered energy 

consists of certain other discrete frequencies in addition to the incident 

frequency (Rayleigh scattering). Raman effect can be explained in terms 

of quantum theory of radiation. A radiation of frequency ‘ν’ is treated as 

a stream of particles or photons of energy ‘hν’ where h is the Planck’s 
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constant. A perfectly elastic collision of photons with molecules of a 

substance does not change the energy of the incident beam and the 

detector receives radiation of frequency ‘ν’. If the collision is inelastic, 

energy is exchanged between the photons and molecules in accordance 

with the quantum laws. This change in energy corresponds to the change 

in the vibrational or rotational energy of the molecule. If the photon 

gains energy, the scattered radiation has a frequency higher (anti-

Stoke’s) than the incident radiation and if the molecule gains energy, the 

radiation is scattered with a lower frequency (Stoke’s).The resultant 

lines of modified frequencies are called Raman lines. Stoke’s radiation is 

generally more intense than anti-Stoke’s. The energy level diagram 

depicting Raman scattering is shown in figure 2.7. 

 
Figure 2.7: Energy level diagram depicting Raman scattering 

 

Most of the Raman lines are strongly polarized. The essential 

condition for a molecule to exhibit Raman effect is a change in 

polarizability. Homo-nuclear diatomic molecules like oxygen and 

hydrogen do not give rise to any infrared or microwave spectra but 

exhibit rotational Raman lines. Hence, Raman technique gives structural 
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data unobtainable from other techniques and is thus complementary to 

infrared and microwave studies. The presence of a centre of symmetry in 

the molecule, as in hydrogen, oxygen and carbon dioxide, is reflected in 

the Raman spectrum. For oxygen and carbon dioxide, every alternate 

rotational level is absent and for hydrogen, the spectral lines are of 

alternating intensity. It is seen that in molecules with centre of 

symmetry, Raman active vibrations are IR inactive and vice-versa and in 

the absence of any centre of symmetry, vibrations may be both Raman 

and IR active. Raman effect is also called incoherent scattering and is 

generally considered as the optical analogue of Compton effect.  

A Raman spectrometer is an optical device that measures the 

intensity of the scattered light from the sample relative to its Stoke’s shift 

from the wavelength of the exciting laser radiation. Microscopic areas can 

be analyzed using a micro-Raman spectrometer configured with lasers of 

different wavelengths which can be used according to the type of samples 

used. The micro-Raman spectrometer combines the features of a Raman 

spectrometer and a microscope which can carry out Raman spectroscopy as 

well as digital imaging of a sample. The sample is illuminated with a laser 

of narrow wavelength through the spectrometer objective and the objective 

of the microscope is used to collect the scattered light from the sample. The 

laser is focused to form an image at the entrance aperture of the 

spectrometer. A diffraction grating in the spectrometer separates the 

scattered radiation from the sample into Stoke’s shifted frequencies and 

these frequencies are focused on to a CCD array detector. Each individual 

pixel on the array measures the intensity of the frequencies and directs this 

data on to a computer where it is converted into a Raman spectrum.  The 
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spectrum displays the intensity of the inelestically scattered light in terms of 

the exciting laser in wavenumbers. Raman spectrum gives a unique 

spectrum of the material under consideration. Raman data can be used to 

identify the molecule and its functional groups [23]. The schematic diagram 

of a micro-Raman spectrometer is shown in figure 2.8. 

Jobin Yvon Horibra LABRAM-HR micro-Raman spectrophotometer 

(Japan) with 488nm argon-ion laser as source has been used for sample 

analysis in the present studies. 
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Figure 2.8: Schematic diagram of a micro-Raman spectrometer 

2.2.5 X-ray Diffraction (XRD) 

X-ray diffraction is one of the major tools in structure determination 

of various crystalline materials. Materials are broadly classified as 

crystalline and amorphous depending on whether or not they possess a 

long range order. Materials behave in different ways when they are 

exposed to X-rays depending on the presence or absence of long-range 

order. Crystalline materials show very sharp and well-defined X-ray 

patterns whereas amorphous or non-crystalline materials show broad and 

diffuse patterns. X-rays exhibit wave nature like the visible light. When 

visible light falls on a diffraction grating, which consists of a series of lines 

separated by a distance comparable to the wavelength of the incident beam, 

it gets diffracted and shows a series of bands with alternate bright and dark 

regions. Similarly a crystal lattice, where the molecules are arranged in a 

regular fashion separated by very small distances comparable to the 

wavelength of X-rays, acts as a diffraction grating. When X-rays are 

incident on the crystal lattice, the incident radiation is diffracted to give the 

pattern which is the fingerprint of the material. Schematic diagram of an X-

ray diffraction set-up is shown in figure 2.9.  
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Figure 2.9: Schematic diagram of X-ray diffraction set-up 

 

X-ray diffraction is a very useful non-destructive technique to 

study the internal structure of polymers, especially the doped, 

conductive polymers. Most of the polymers diffract X-rays to give 

diffraction patterns, the majority of which are amorphous in nature, with 

the exception of a few polymers which give rise to quite crystalline XRD 

patterns. Polymers are not completely crystalline or ordered and they do 

not have a perfectly ordered lattice. Since the polymers contain both 

crystalline and amorphous regions, the X-ray diffraction patterns may 

contain a mixture of sharp and diffused patterns. The crystallinity of a 

polymer is expressed in terms of the crystalline or ordered fraction it 

possesses. The sharp peaks correspond to the ordered regions and the 

diffused, broader portions correspond to the irregular ones. To some 

extent, crystallinity has a significant influence on the degradation of the 

polymer. Degradation happens in amorphous regions easily when 

compared to the crystalline regions. The ordered regions have a higher 

density compared to the amorphous regions in polymers. The bulk 

properties like Young’s modulus, hardness, tensile strength, etc. of 

polymers also depend on the crystalline portions present inside. Thus, X-

ray diffraction is a very important tool in analyzing these important 

properties of polymers [29]. 
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Rigaku X-ray diffractometer (Japan) with Cu-Kα radiation of 

wavelength, λ = 1.542 Å was used for obtaining the XRD patterns of the 

powder and film samples in the present study. A tube current of 20mA 

and an accelerating potential of 30kV was applied to the X-ray tube. 

2.2.6 Thermo-gravimetric Analysis (TGA) 

Thermo-gravimetric analysis is a technique to analyze the thermal 

stability of materials. The materials are heated to degradation in a 

controlled atmosphere and the loss of weight in terms of temperature is 

recorded. The degradation of different materials varies from one another; 

some of the materials degrade faster than the others. The purity and 

composition of a material can be determined using this technique. A 

derivative weight loss is plotted against temperature to understand the 

point where the weight loss is most apparent. TGA is one of the most 

common and important techniques used to analyze the thermal 

degradation patterns of polymers and estimate the presence of solvent 

residues and moisture in the material. 

The analyzer part of the TGA instrument has a high precision 

balance with a pan, generally made of platinum, to load the sample. The 

pan is kept in a furnace where it is heated/cooled during the analysis. 

The temperature is accurately measured using a thermocouple. The 

experiment is usually performed in an inert gas atmosphere to prevent 

other undesired reactions or oxidation of the sample [30]. 

The thermal stability of samples in the present study was determined 

using Q-50, TA Instruments (USA) Thermo Gravimetric Analyzer, under 

nitrogen atmosphere at a heating rate of 100C/min. 
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2.2.7 Scanning Electron Microscopy (SEM/FESEM) 

Scanning electron microscopy is a technique used to get the 

magnified image of a sample using an electron beam. There are three 

principal electron microscopes, namely, the scanning, transmission and 

emission. The electron beam directed on to the sample produces an 

image, in the scanning and tunneling microscopes. The specimen itself is 

the source in the case of a field-emission microscope. An electron 

microscope has many advantages over an optical microscope. In an 

electron microscope, much higher magnifications are possible since 

electrons have a smaller wavelength than photons and it has a bigger 

depth of field. A scanning electron microscope basically consists of an 

electron gun (source), an electron collector, a lens system and a cathode-

ray display tube. The tungsten or lanthanum hexaboride filament 

thermionically emits electrons which are focused by a series of lenses. 

The sample under investigation is scanned by the beam of focused 

electrons under high vacuum, and image is formed by capturing the 

secondary and/or backscattered electrons. Samples can be prepared very 

easily by coating a very thin conductive layer over the sample. The 

primary electron beam causes the emission of the secondary electrons 

from the surface of the sample which are collected by the detector [32]. 

The samples, in the present study, were analyzed using a field 

emission scanning electron microscope (Hitachi FESEM SU6600) which 

gives better images compared to conventional SEM. The electrons 

released by a field emission source are accelerated in the field gradient 

and pass through electromagnetic lenses which focus them on to the 

specimen, under high vacuum. Secondary electrons are emitted when the 
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primary electrons hit the surface of the specimen, and are collected by a 

detector to create an image of the sample surface, by comparing the 

intensity with that of the incident electrons. A field emission gun 

provides very narrow probing beams with high as well as low energies, 

providing an improved spatial resolution, minimal sample damage and 

charging. This helps to get very clear, less electrostatically distorted and 

high resolution images. Photograph of Hitachi SU6600 FESEM is shown 

in figure 2.10. 
 

 
Figure 2.10: Hitachi SU6600 FESEM 

 

2.2.8 Atomic Force Microscopy (AFM) 

Atomic force microscopy is a very high resolution scanning probe 

microscopy tool for investigating materials at the nano-scale. It has a 

cantilever made of silicon or silicon nitride with a very sharp tip or 

probe at the end to scan the sample surface. The radius of curvature of 

the tip is usually of the order of a few nanometres. When the cantilever 

tip is brought very near to the surface of the sample, a deflection of the 

cantilever occurs due to the forces between the tip and the sample 
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surface, according to Hooke’s law. The force depends on the type of 

sample, the surface roughness, surface contamination, the tip geometry 

and distance between the tip and the sample surface. A laser spot is 

directed to the top of the cantilever and is reflected to a two-segment or 

four-segment, position sensitive photodiode. The tip scans the surface by 

moving in raster scan, probing line by line. The PZT scanner on which 

the sample is kept moves and this causes the relative motion between the 

AFM tip and the sample. When the sample is scanned, the reflected 

laser, due to cantilever motion, falls on different regions on the 

photodiode array and is directed to the detector. A feedback mechanism 

functions to adjust the tip-to-sample distance, maintaining a constant 

force between the tip and the sample surface to avoid any collision of tip 

with the surface of the sample. 

AFM operates mainly in two modes, the static (contact) and the 

dynamic (non-contact) modes. In the static mode, the tip is drawn across 

the sample surface and the deflection of the cantilever directly gives an 

image of the topographical map of the sample surface. In this method, 

sample and tip can get damaged due to the dragging motion together 

with the attractive forces between the tip and the sample surface. The 

cantilever is oscillated at or close to its fundamental frequency, in the 

dynamic mode. The tip-sample interaction force modifies the oscillation 

frequency, amplitude and phase which provide the information about the 

sample surface [32]. 

In the present study, with polymer thin film samples, Park systems 

XE 100 AFM in non-contact mode was employed for the analysis. AFM 

is suitable for analyzing both insulating as well as conducting samples 
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unlike the scanning tunneling microscope (STM) which can image 

conducting samples only. Schematic diagram of an AFM and photograph 

of the Park XC100 AFM are shown in figures 2.11(a) and (b). 

 

 
Figure 2.11: (a) Schematic diagram of an AFM and (b) Park Systems 

XE100 AFM 
 

2.2.9 DC Electrical Conductivity: 2-point probe and 4-point probe 
techniques 

In the present study, 4-point probe method was adopted to measure 

the dc electrical conductivity of polyaniline samples synthesized using 

various methods. The 4-wire sensing was carried out using Keithley 

2400 source meter and 2001 multi-meter interfaced to a computer, using 

a dedicated program developed in LabVIEW. For measuring the DC 

electrical conductivity of high resistance samples, and analysing the 

diode characteristics of the fabricated polymer LED device prototypes 

and pressure sensing capabilities of polyaniline samples, the standard 2-

point probe method using Keithley 2400 source meter integrated to a 

computer was employed. One of the main disadvantages of the 2-point 

probe method is that it cannot be used to measure the electrical 

conductivity of materials with moderate or high conductivity, with 
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resistance comparable to that of the probe resistance, spreading 

resistance and contact resistance. In a 2-point probe technique, each wire 

acts as the current and voltage probe. 

If ‘Rmat’ is the resistance of the material under test, the total 

resistance ‘RT’is given by, 

RT = V/I = 2 Rp + 2 Rc + Rmat  ---------------------------------- (1) 

where Rp is the probe/wire resistance and Rc is the contact resistance. 

Even though it is an easier method, it is difficult to determine ‘Rmat’ 

using the 2-point probe method due to the reason mentioned above. 

This difficulty can be overcome by using the 4-probe method in 

which there are 4 terminals. Current is applied through 2 outer probes 

and voltage is measured across the other two probes. Schematic 

diagrams of 2-probe and 4-probe techniques are shown in figures 

2.12(a) and 2.12(b). 

 
Figure 2.12: Schematic diagrams of (a) 2-point and (b) 4-point probe techniques 
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In the 4-terminal method, only a very small amount of current 

flows through the voltage path and although it contains both Rp and Rc, 

the voltage drop across Rp and Rc can be neglected due to this reason. 

This is a consequence of the very high value of the input impedance 

which is more than 1012 ohms. Thus, the measured voltage is just the 

voltage drop across the sample under investigation. The 4-probe 

configuration with collinear probes (probes arranged in a line) with the 

same probe spacing of approximately 2.5 mm was used in the present 

study. Current was applied through the two outer probes (force wires, 

1stand 4th) and voltage was measured across the inner probes (sense wires, 

2ndand 3rd) [32]. The schematic diagram of the 4-probe arrangement is 

shown in figure 2.12(c). 

 

 
Figure 2.12(c): Schematic diagram of the 4-probe arrangement 

The resistivity ‘ρ’ is given by, 

2
1 1 1 1 1
1 1 2 2 3 3

V

s s s s s s

πρ

 
  =  

  − −
+ + 

 --------------------------- (2) 

Since the probe spacings are equal (s=s1=s2=s3),  

2
1
Vsρ π=  --------------------------------------------------------- (3) 
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When the probe spacing s=0.1588, 2πs is unity and the equation for 

resistivity reduces to,  

1
Vρ =  -------------------------------------------------------------- (4) 

For an arbitrary shaped sample, a correction factor (F) is 

introduced. Then the resistivity becomes, 

2
1
VsFρ π=  ------------------------------------------------------- (5) 

where ‘F’ is introduced as a correction for the thickness and diameter of 

the sample, probe placement, sample temperature and location of the 

probes near the sample edges. The sample thickness should be thinner or 

comparable with the probe spacing. ‘F’ is a product of three independent 

correction factors in the case of collinear probes. 

 

1. 2. 3F F F F=  ---------------------------------------------------- (6) 

where F1, F2 and F3 are correction factors for sample thickness, lateral 

sample dimensions and placement of probes relative to the sample 

edges, respectively. 

For thin samples (with non-conducting bottom boundaries) with 

thickness, ‘t’ for which, 
2
ts ≤ , F1 reduces to 

1
21 (2)

t
sF
n

 
 
 =  ------------------------------------------------------- (7) 

For very thin samples, for which, F2 and F3 approach unity, 
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4.532
1 (2) 1 1

V Vt t
n
πρ =  ------------------------------------------ (8) 

2.3  Spin coating 

Spin coating is a technique used to deposit homogeneous films 

from solutions on flat substrates. Solutions of the materials under 

investigation are dropped or dispensed onto a rotating substrate placed 

inside the spin coater. The platform, above which the substrate is placed, 

is rotated at very high speeds and the solution spreads homogeneously 

over the substrate due to centrifugal force, evaporating the volatile 

solvent. A vacuum pump provides the required force to pull the substrate 

towards the platform while spinning. The thickness of the film thus 

deposited is determined by the concentration of solution and the solvent, 

nature of material and the spin speed with which the substrate is 

rotated. The spin speed, acceleration and the spinning time can be 

precisely controlled, in a spin coater. Higher the spin speed, thinner 

will be the films deposited. All these parameters have to be optimized 

to obtain films of desired thickness. Spin coating can be used to 

obtain homogeneous thin films with thickness ranging from a few 

nanometres to micrometres [33].  

For the present studies, an SPS Spin 150 wafer spinner (figures 

2.13(a) and (b)) and a Laurell WS-400B-8NPP/LITE spinner were used 

to deposit polymer films on glass and ITO substrates. 
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     Figure 2.13: (a) SPS Spin 150 wafer spinner and  

(b) different chucks (substrate holders) used in the spin-coater 
 

2.4  Thermal Evaporation 

Thermal evaporation or resistive thermal evaporation is one of the 

most common and easiest thin film metal deposition techniques. It involves 

thermal evaporation of a solid material (usually metals like Al, Ca, Au, Ag, 

etc.) by resistive heating and re-condensing onto a cooler substrate to form a 

thin film of the material. The material is heated to evaporation by placing it 

inside a container (filament, crucible or a boat) that has a fixed electrical 

resistance. The container is heated by passing a current sufficient to 

evaporate the material inside it. The chamber is evacuated to very low 

pressures below 10-5mbar, to avoid metal vapour-air molecule collisions 

which deviate the path of evaporated material. The mean free path of the 

metal vapours will be larger under a high vacuum environment. A very high 

vacuum environment is necessary for depositing contamination-free, high 

quality metal films of desired thickness [34]. 
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A rotary and diffusion pump driven (Indovision BJK 300) vacuum 

system was used to deposit the cathode material (aluminium film) for 

fabricating ITO/polymer/Al structures. Prototype PLEDs were fabricated 

using Doosan cluster tool which consists of a metal coating unit in which 

very thin films of lithium fluoride and aluminium were deposited. The 

vacuum required for the evaporation chamber associated with the cluster 

tool is provided by a cryogenic pump which can go down to pressures of 

the order of 10-8 mbar. Schematic diagram of the resistive thermal 

evaporation system is shown in figure 2.14. 

 

 
Figure 2.14: Schematic diagram of the resistive thermal evaporation system 
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2.5 Indium tin oxide (ITO) Etching and Patterning Procedure 

 
Figure 2.15: Various steps involved in patterning ITO coated substrates 

Patterning ITO is the first and the most critical step, while 

fabricating devices on an ITO coated substrate. There are several steps 

involved in patterning ITO in the required manner. The various steps 
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involved in patterning the ITO on the substrates are shown in figure 

2.15. Initially, a thin film of positive photoresist is spin-coated on the 

cleaned ITO substrate. It is then covered with a photo-mask (chromium 

mask) and exposed to UV radiation for a fixed time. The photo-mask is 

removed and the photo resist is developed. The developer is generally, a 

solution of KOH (4g) in distilled water (400mL). A strip of photo resist 

remains over the UV un-exposed regions. The substrates are then dipped 

in ITO etchant to remove ITO from those regions devoid of the photo 

resist. The photo resist is then removed from the ITO substrates using 

acetone. The final substrates have patterned ITO layers which are 

cleaned thoroughly with soap solution and de-ionised water. 

2.6  Fabrication of Polymer Light Emitting Diodes (PLED) 

Prototype PLED devices are generally assembled in a sandwich 

structure where the emissive layer is coated between the anode and 

cathode layers. Both single layer and multi-layer structures can be 

fabricated depending on the HOMO-LUMO energy levels of the 

emissive polymer. The single layer architecture consists of a spin-coated 

polymer film sandwiched between the indium tin oxide (anode) and 

aluminium (cathode) layers. The patterned ITO coated glass slides are 

cleaned in soap solution, rinsed in distilled water and dried prior to 

usage. The light emitting polymers dissolved in dichloromethane (DCM) 

are spin-coated on the cleaned and suitably masked ITO surfaces to get 

homogeneous thin films. A thin layer of aluminium is thermally 

evaporated on top of the polymer layer. Proper electrical contacts are taken 

from the ITO and aluminium layers to carry out the I-V characterization of 

the fabricated structure.  
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Schematic diagrams illustrating the various steps involved in a 

single-layer device fabrication are shown in figure 2.16 

  
 

(a) ITO coated glass slide   (b) After Etching 
 

  
(c) After polymer coating   (d) After cathode deposition 

 

 
(e) Biasing and lighting up the pixel 

 

Figure 2.16: Schematic diagrams of various steps involved in single layer 
PLED fabrication  

 

Multi-layered structures are fabricated for realizing efficient 

electroluminescence from the devices, when the electrode work functions 
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have a mismatch with the HOMO-LUMO energy levels of the light 

emitting polymer. In multi-layered structures, an additional layer of 

PEDOT:PSS is spin coated on cleaned and patterned ITO glass plates to 

reduce the mismatch mentioned above. The light emitting polymers are 

spin cast on PEDOT:PSS layers and the cathode layer is thermally 

evaporated. The devices are sealed using a UV-curable epoxy to protect 

them from environmental degradation. 

In the present work, both single and multi-layer devices were 

fabricated for studying the diode characteristics and the electroluminescence, 

to assess the suitability of a few, novel, light emitting polymers as emissive 

layers in PLED applications. ITO/emissive polymer/ Al single layer 

structures and ITO/PEDOT:PSS/emissive polymer/ LiF-Al multi-layer 

structures were assembled. For the multi-layer structures, the cathode 

layers were deposited using a cluster tool (Doosan DND, Korea). Precise 

control over the thickness of the cathode layer could be achieved by 

using a fully automated cluster tool. A very thin layer of LiF (1.5 nm) 

with a top aluminium layer (200 nm) was used as the cathode layer. 

Contacts were taken from the anode (ITO) and cathode for I-V and 

electroluminescence measurements. A forward bias was given across the 

electrodes using Keithley 2400 source meter adopting the 2-point probe 

method. The electroluminescence was measured in terms of relative 

spectral distribution using Konica Minolta CS1000 spectroradiometer. 

Spectral radiance is the quantity of light emitted from a surface and 

collected within a particular solid angle, which is generally measured in 

W.sr-1.m-2.nm-1with surface area and wavelength or frequency. 
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The photograph of the cluster tool used for PLED fabrication is 

shown in figure 2.17. 
  

 
Figure 2.17: Doosan Cluster tool for PLED fabrication 

 

2.7  Electroluminescence 

Electroluminescence is a phenomenon in which light is emitted in 

response to the application of a current or electric field, usually seen in 

semiconductors. In this process, a forward bias is applied through the 

electrodes coated on the material. In the forward bias condition, 

electrons from the cathode and holes from the anode migrate towards the 

intermediate emissive layer where they form excitons. Excitons are 

short-lived electron-hole pairs which decay radiatively, releasing the 

characteristic energy related to the band gap of the material [35, 36]. 

The light emitted by the device can be analyzed using a 

spectroradiometer by determining luminance, spectral radiance, colour, 

colour temperature, CIE coordinates, etc. In the present study, Konica 

Minolta CS1000 spectroradiaometer shown in figure 2.18(a) was utilized 

to measure the spectral radiance against different wavelengths, for the 
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fabricated devices. Green light emission from an organic light emitting 

diode is shown in figure 2.18(b). 
 

  
Figure 2.18: (a) Electroluminescence measurement set-up using Konica 

Minolta CS 1000 and (b) electroluminescence from a green 
light emitting device 

2.8  CIE Coordinates and Chromaticity 

To define a particular colour in the study of colour perception, The 

International Commission on Illumination (CIE) introduced a colour 

space termed the CIE 1931 XYZ colour space. XYZ are the tristimulus 

values. X and Z correspond to human eye perception of blue and red 

colours respectively, and Y corresponds to luminance. Human eye has 

cone cells which are photoreceptors for medium and high brightness 

colour vision with sensitivity peaks in the wavelength regions 420-

440nm (short), 530-540nm (medium) and 560-580nm (long). Thus a 

colour perception can be described by three parameters, called the 

tristimulus values. The combinations of these three values thus constitute 

the whole CIE colour space. Since the human eye has three different 

kinds of colour receptors that respond to different wavelengths, the plot 

of all visible colours is a three dimensional-figure. Colour can be defined 

by two terms, chromaticity and brightness. The CIE colour space is 
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designed to visualize all colours in terms of brightness and chromaticity. 

The two normalised parameters, x and y are functions of the tristimulus 

values X, Y and Z and can be expressed as, 

𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
… … … . (9) 

𝑦 =
𝑌

𝑋 + 𝑌 + 𝑍
… … … . (10) 

𝑧 =
𝑍

𝑋 + 𝑌 + 𝑍
= 1 − 𝑥 − 𝑦… … … . (11) 

 
 

Thus, a resultant colour space, termed CIE xyY colour space, 

derived from x, y and Y values, is usually used to specify colours. The 

CIE colour space (figure 2.19)is a plot with the shape of horse-shoe or a 

tongue, in which any colour is expressed by the x and y values and is 

called the gamut of human vision. If any two colours are chosen from 

the colour space designated by their corresponding x and y values, the 

colours that come on a straight line joining these two points can be 

formed by mixing these two colours in appropriate ratios [37, 38, 39]. 

 
Figure 2.19: CIE 1931 colour space 
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3.3  Nanostructured Polyaniline and Polyaniline/MWNT 
composites 

 

3.4  Microstructured polyaniline and its composites with 
PVC and MWNT 

 

3.5  Conclusions 
 

 

 

The sensitive dependence of electrical conductivity on applied 
pressure can be utilized to design a variety of pressure sensors for a 
wide range of applications. The present chapter deals with the 
investigations carried out on the dependence of dc electrical conductivity 
on applied pressure of both nanostructured and microstructured forms 
of doped polyaniline samples and their composites. A comparison of 
the pressure sensitivity of the nanostructured and the microstructured 
samples has also been carried out.  
 
 

 

3.1  Introduction 

Polyaniline and its composites have been subjected to intense 

investigations for the past 40 years. Various technologically important 

applications have been put forward and a lot of devices fabricated based 

on these investigations. In all these applications, the electrical 

conductivity that can be achieved through doping and structural variations 

has been the main focus. 

Co
nt
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The electrical conductivity of doped conducting polymers such as 

polyaniline (PANI) shows significant dependence on many parameters 

including doping concentration, polymer structure ambient temperature 

and pressure. The influence of pressure on conductivity can be envisaged 

as closer packing of the material, allowing better inter-chain interactions 

in both fibrillar and globular conducting polymers. In most of the 

pressure dependence studies, the change in conductivity with smaller 

applied pressures is quite negligible [1]. Maddison and Unsworth, in 

their investigation with polypyrrole / tosylate, observed an 

approximately 59% increase in conductivity above a pressure range of 

1.1 GPa and a hysteresis in the conductivity [2]. An apparent metal-to-

insulator transition was observed in PF6
- and K+ doped trans-

polyacetylene and CSA doped polypyrrole by the Heeger group [3]. A 

positive coefficient for the activation energy of conduction has been 

observed as an indication for this finding. The compression sensitivity 

and hysteresis of composites of polyaniline and a block copolymer, 

styrene-butadiene, was investigated by Fernando G. Souza et al 

[4].PANI thin films were also subjected to pressure dependence studies 

by Bao et.al, at pressures above 22 GPa at room temperature and they 

observed enhanced inter-chain charge transport due to sample 

compression [5]. These samples also exhibited hysteresis like behaviour 

and never returned to the initial conductivity. 

The present work highlights the prospects of applications of doped 

polyaniline (PANI) and its composites (Multi-Walled Carbon Nanotube 

(MWNT) and polyvinylchloride) in pressure sensing devices. PANI and 

its composite samples in the form of pressed pellets show orders of 
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change in electrical conductivity with applied pressure in the range 0 to 

30 MPa. The percentage variation of electrical conductivity with applied 

pressure is strikingly large for PANI and its composite samples.  

This chapter is divided into two major sections. The first section 

deals with the investigations on the pressure sensitivity of dc electrical 

conductivity of nanostructured, doped PANI samples and their 

composites with MWNT. The second section involves similar studies on 

microstructured, doped PANI and their composites with polyvinylchloride 

(PVC) and MWNT. 

3.2  Materials 

Aniline, Ammonium persulphate, orthophosphoric acid, d-10-

camphorsulphonic acid, naphthalene-2-sulphonic acid and hydrochloric 

acid were procured from SD Fine Chemicals Pvt. Ltd., India. Multi-walled 

carbon nanotubes were purchased from Conyuan Biochem. Ltd., Taiwan. 

3.3.  Nanostructured Polyaniline and Polyaniline/MWNT 
composites 

3.3.1 Synthesis of nano-structured PANI and PANI-MWNT 
composites 

Aniline was distilled under reduced pressure prior to use. The 

chemical oxidative polymerization [6, 7] of monomer aniline was done in the 

acidic medium of 1M camphorsulphonic acid (CSA) and orthophosphoric 

acid (OPA) with, ammonium persulphate (APS) as oxidant.  The oxidant was 

added immediately to the aniline-acid solution and stirred for 5 hrs. The 

resultant solution was filtered and washed with water and acetone. The 

powder thus obtained was dried in hot air oven at 50°C for 4 hrs. 
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To synthesize β-Naphthalene sulphonic acid (NSA) doped PANI, 

NSA was initially dissolved in de-ionised water to get 1M solution. The 

polymerization was initiated by taking a cooled 1:1 mixture of aniline-

NSA solution to which the oxidant, APS dissolved in de-ionised water 

was added [8]. The mixture was stirred for 24hrs at 0 to 5°C. The 

precipitate was washed with de-ionized water, methanol and ethyl ether 

several times and then kept for drying at room temperature in a hot air 

oven for 24 hours. 

PANI-MWNT composites were also synthesized by the same 

procedure described above, using the same dopants. MWNT was mixed 

with aniline in the acidic medium and then kept for in-situ 

polymerization.  

Pressed pellets of all the samples with 13mm diameter and 2 mm 

thickness were made by applying 9 tons using a table-top hydraulic 

pellet press. The quantity of the sample taken, applied pressure and 

pressing time were optimized and maintained the same for all the 

samples. 

3.3.2 Characterization 

X-ray Diffraction, Fourier Transform Infrared Spectroscopy Scanning 

Electron Microscopy and Raman Spectroscopy were used to carry out the 

structural characterization of the samples. The XRD studies of the samples 

were done using Rigaku X-ray diffract meter using Cu-Kα radiation. FTIR 

and Raman spectroscopic investigations were performed using Bruker 

Tensor 27 spectrophotometer and Jobin Yvon Horibra LABRAM-HR 

micro-Raman spectrophotometer with 488nm argon laser as the source 
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respectively. The spectra were analyzed to assure the presence of MWNT in 

the composite samples and structurally characterize the samples. Scanning 

Electron Microscopy (SEM) images were recorded using Hitachi SU6600 

FESEM. Variation of dc electrical conductivity with applied pressure was 

studied using a fully-automated Keithley 2400 source meter, adopting 2-

point probe connections from either side of the pellets.  

3.3.2.1 X-ray diffraction studies 

The XRD patterns of acid doped PANI samples and their 

composites with MWNT are shown in Figures 3.1(a), (b) and (c). 
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Figure 3.1: (a) XRD patterns of NSA doped PANI and its composite with 

MWNT (b) OPA doped PANI and the composites with MWNT 
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Figure 3.1(c): XRD pattern of CSA doped PANI and its composite with MWNT 
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PANI shows amorphous peaks at around 110 and 190 and a sharper 

peak at 250. MWNT has a highly crystalline peak at 250 which is much 

more intense and sharper than that of PANI at the same position. PANI-

MWNT samples show crystalline peak of MWNT at 250 with high 

intensity and sharpness. The amorphous peaks of PANI at 110 and 190 

appear sharper in the XRD spectrum of PANI-MWNT confirming the 

formation of the composite. The appearance of the graphite-like 

diffraction peak at 250, which is common to both PANI and MWNT, 

indicates the presence of long range π-conjugation, in all the samples. 

This peak is very much sharper in MWNT because of much enhanced π-

conjugation in MWNT. These observations are common to all the three 

acid doped PANI samples and their composites [9]. 

3.3.2.2 Fourier Transform Infrared Spectroscopic Studies 

The FTIR spectra of CSA, OPA and NSA doped PANI powder 

samples are shown in figure 3.2. 
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Figure 3.2: FTIR spectra of (a) CSA, (b) NSA and (c) OPA doped PANI samples 
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In OPA doped PANI, peaks are observed at 1473 cm−1and at 1052 

cm−1corresponding to C=C stretch of the benzenoid unit of PANI and the 

quinoid unit vibration of doped PANI, respectively, as reported earlier 

[10, 11]. 

In CSA doped PANI, the peak at 1240cm−1 corresponds to the C-N 

stretch vibration and the one at 684cm−1 denotes the C-H out of plane 

bending [12]. The peaks at 1566cm−1 and 1487cm−1 correspond to the 

C=C stretching deformation of quinoid and benzenoid rings [13] 

respectively and the one at 1301cm−1 is attributed to the C-N stretching 

of secondary aromatic amine [14]. The vibrations of –SO3H group [15] 

are observed at 508cm−1, 582cm−1, 790cm−1and 1039cm−1, which 

confirms the presence of the dopant CSA. 

Characteristic peaks of  NSA doped PANI are observed at 

1560cm-1, 1481cm-1, 1292cm-1, 1238cm-1, 1128cm-1, and 800cm-1[9]. 

When compared to the EB form of PANI, a small red shift can be 

observed for these bands [8, 16].  There is also broadening of the bands 

and change in the relative intensities. The enhancement of the oscillator 

strength of the backbone-related vibrations because of a vibronic 

coupling with the π-electron charge oscillation along the chain [8, 17] 

can be a possible reason for this. Similar effect has also been found in 

PANI–HCl, indicating that the backbone structure of PANI–NSA 

tubules and PANI–HCl are similar. The peaks at 1026cm-1 and  671cm-1, 

which can be attributed to the absorption of  -SO3
- [8,15]are absent in the 

FTIR spectrum of PANI-HCl. These peaks however, confirm the 

presence of the dopant NSA in PANI-NSA. 
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3.3.2.3 Raman Spectroscopic Studies 
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Figure 3.3: Raman spectra of PANI/MWNT composites 

The presence of MWNT in the PANI/MWNT composites could not 

be established from the FTIR investigations. Hence Raman spectral studies 

were carried out on the PANI/MWNT composites and the spectra are 

shown in figure 3.3.The Raman spectra depict the G-mode vibrations [18] 

of MWNT (graphite like) at 1346cm-1, 1347cm-1, 1344 cm-1 for the NSA, 

OPA and CSA doped composites respectively.  Similarly the D-mode 

vibrations of MWNT are observed at 1575cm-1, 1573cm-1, 1592 cm-1 
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respectively for NSA, OPA and CSA doped composite samples. Thus the 

presence of MWNT in all the three composite samples has been established. 

3.3.2.4 SEM Analysis 

The field emission scanning electron microscopy images of doped 

PANI and its composite samples are shown in figures 3.4(a) to 3.4(f).  

     

     

     

Figure 3.4: FESEM images of (a) CSA doped, (b) CSA doped MWNT composite, 
(c) OPA doped, (d) OPA doped MWNT composite, (e) NSA doped 
and(d) NSA doped MWNT composite samples of PANI 
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All the samples are nano-sized as evident from the FESEM images. 

The nanostructure of these samples is a consequence of the immediate 

addition of the oxidant which significantly affects the rate of reaction. It has 

been well-established in chemical oxidative reactions that rapid addition of 

the oxidant can result in the formation of nanostructures [19].  The presence 

of MWNT cannot be identified separately from these FESEM images, since 

PANI forms a layer enclosing the MWNTs. 

3.3.2.5 Pressure Sensitivity Studies 

The variation of DC electrical conductivity with applied pressure 

of the pellet samples was studied using a home-made sample holder 

(figure 3.5(a)), connected to Keithley 2400 source metre, automated 

using Lab VIEW software. Calibrated loads were applied on top of the 

sample holder and the change in conductivity for each sample with the 

loads was analyzed using a dedicated program developed in Lab VIEW. 

Screen shots of the program and its graphical user interface are shown in 

figures 3.5(b) and (c) respectively. An average of 10 conductivity values 

was taken as the conductivity of each of the pellets. 
 

 
Figure 3.5(a): Sample holder used in the experiment to measure the change in 

conductivity with applied load using 2-probe method 
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Figure 3.5: Screenshots of (b) LabVIEW program and (c) graphical user 

interface for 2-probe pressure sensitivity measurement 
 

It is observed that there is appreciable change in the dc electrical 

conductivity of the samples with applied pressure. 

The percentage variation of conductivity of each sample with 

applied pressure is calculated using the equation, 

% variation = ( )1  0

0

100 x  σ σ
σ

−
 ------------------------------ (1) 
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where σ1 is the conductivity with maximum load and σ 0 is the conductivity 

with no load. 

A graph drawn with applied pressure along the x-axis and % 

variation in conductivity along the y-axis for different samples is shown 

in figure 3.6. 
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 Figure 3.6:  Percentage variation of conductivity with applied pressure 

for various PANI and its composite samples 
 

From figure 3.6, it is clear that there is appreciable change in 

conductivity with applied pressure for all the samples investigated. It is 

also observed that with the application of pressure, there is an increase in 

percentage variation of dc electrical conductivity above two orders of 

magnitude.  

The variation of conductivity with pressure for each sample 

depends upon the dopant used and the presence of MWNT. The highest 

conductivity of ~10.5 S/cm is observed for the NSA doped, MWNT 

composite of PANI. However, the maximum percentage variation is 

observed for the CSA doped PANI sample without MWNT.  
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The electrical conductivity in doped PANI is mainly due to (1) the 

ability of the charge carriers to move along the polymer backbone and 

(2) the ability of the charge carriers to hop between the polymer chains 

[20], which contribute towards the intra-chain (σintra) and inter-chain 

conductivity (σinter) [21] respectively. 

σ = σintra + σinter  ------------------------------------------------- (2) 

The inter-chain conductivity is due to the expanded coil like 

conformation of PANI chains whereas intra-chain conductivity is 

due to the high extent of conjugation and better crystalline order of 

PANI [22]. 

When pressure is applied on the surface of the PANI samples, the 

dispersed conducting particles are forced to touch each other, resulting in 

the formation of conducting channels and thereby increasing the 

electrical conductivity [23]. It is also widely accepted that the 

conductivity of PANI pellets would increase with the applied pressure 

due to the removal of voids inside the pellets. Therefore, the observed 

increase in conductivity with applied pressure is mainly due to the 

increase in the inter-chain conductivity of PANI and PANI MWNT 

composite samples. The conductivity reaches a peak value when there is 

maximum contact which is somewhere above 30 MPa. In the present 

work we could not apply pressures above 30 MPa and hence could not 

observe any saturation in conductivity. 
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Table 3.1: Electrical conductivity of the samples without any load and with 
the maximum load applied. 

 

PANI Sample 
Conductivity without 

applied pressure 
(S/cm) 

Maximum Conductivity 
with maximum pressure 

(S/cm) 
CSA doped 0.020348 0.552122 

OPA doped 0.119437 1.09329 

NSA doped 0.487236 3.11276 
CSA doped MWNT 

composite 0.339168 1.04144 

OPA doped MWNT 
composite 1.082814 5.36433 

NSA doped MWNT 
composite 1.91649 10.5094 

 

From Table 3.1, it is clear that the conductivity is higher for the 

composite samples whereas the percentage variation in conductivity with 

applied pressure is higher for the doped PANI samples without MWNT, 

compared to the composite samples. MWNT is a good electrical 

conductor. It acts as a bridge between the isolated conducting regions in 

PANI matrix. It also covers the voids in the pellets on the application of 

even a small pressure and hence prominent changes in conductivity are 

not observed by applying higher pressures. That is why the percentage 

variation of the conductivity with applied pressure in the composite 

samples is not prominent when compared to that in doped PANI 

samples. In general, doped PANI samples consist of isolated conducting 

regions separated by insulating regions. On the addition of MWNT, the 

isolated conducting regions get connected to some extent, facilitating the 

formation of conducting channels. Thus there is appreciable 

enhancement in electrical conductivity. On the application of pressure, 

further enhancement in the number of connected regions occurs. 
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However, the formation of conducting channels gets maximized for a 

particular optimum pressure and hence further increase in pressure does 

not make any significant difference in the distribution of conducting 

channels. Hence there is no significant percentage variation in electrical 

conductivity with applied pressure in the composite samples compared 

to the doped PANI samples.  

3.4  Microstructured polyaniline and its composites with PVC 
and MWNT 
Particle size and morphology of PANI can be controlled by 

varying the reaction conditions like the rate of addition of the oxidant, 

type of dopant and the concentration of dopant in chemical oxidative 

polymerization reactions. Slower addition of the oxidant leads to the 

formation of micro-sized PANI particles. The following samples were 

investigated:1) Hydrochloric acid (HCl) and orthophosphoric acid 

(OPA) doped PANI, 2) HCl and OPA doped PANI-MWNT composite 

and 3) HCl and OPA doped PANI-MWNT composites synthesized in 

the presence of Polyvinylchloride (PVC). The effect of pressure on the 

electrical conductivity of these samples was investigated following the 

same procedure mentioned above. 

3.4.1 Synthesis of microstructured polyaniline samples 

Two different, acid doped conducting polyaniline samples were 

synthesized successfully by the chemical oxidative polymerization of 

aniline (5 ml) using ammonium persulphate (2.9 g in 50 mL, 1M acid) as 

initiator in the presence of (1M,75 mL) hydrochloric acid (HCl) and 

orthophosphoric acid (OPA) (Sample code – PH and PO respectively). 

The addition of initiator was controlled so that complete addition was 
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finished in 10 minutes. The reaction was carried out at room temperature 

for 4 hours while stirring. 

A fixed amount of MWNT was added in-situ to the aniline/acid 

(HCl and OPA) mixture for synthesizing PANI/MWNT composite 

adopting chemical oxidative polymerization (Sample Code: PMH and 

PMO respectively). The reaction conditions were maintained the same as 

described above. Aniline:MWNT ratio was maintained as 1:0.4 in both 

the samples. 

The third set of samples, PANI - MWNT - PVC composites, was 

also synthesized by the in-situ addition of MWNT and emulsion grade 

PVC by adopting the same procedure without changing the reaction 

conditions using HCl and OPA as the acid media (Sample Code: PMHP 

and PMOP respectively). Aniline:MWNT:PVC ratio was maintained as 

1:0.4:1 in both the composite samples. 

The powder samples obtained were then filtered, washed and dried 

in dynamic vacuum at 500C for 4 hours. The dried samples were finely 

powdered and pelletized using the hydraulic table top pellet press 

applying 9 tons of pressure. The pressed pellets were 13mm in diameter 

and 2 mm thick. Electrical contacts were introduced on both faces of the 

samples by coating gold using vacuum evaporation technique. 

3.4.2 Characterization 

3.4.2.1 FTIR Analysis 

The FTIR spectra of PH, PMH, PMHP, PO, PMO and PMOP 

samples are shown in figures 3.7(a), (b), (c) and 3.8(a), (b), (c). 
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Figure 3.7: FTIR spectra of (a) PH, (b) PMH, (c) PMHP;Figure 3.8: FTIR 

spectra of (a) PO, (b) PMO, (c) PMOP powder samples 

The characteristic peaks of doped polyaniline can be seen in the 

FTIR spectra all the samples shown in figures 3.7(a), (b), (c) and 3.8(a), 

(b), (c). From these spectra, major peaks of PANI can be seen around 

1571cm-1(C=N stretch of the quinoid unit of PANI), 1486cm-1 (C=C 

stretch of the benzenoid unit of PANI) and 1110cm-1(quinoid unit 

vibration of doped PANI) for OPA doped samples and around 1567cm-1, 

1482cm-1and 1110cm-1respectively for HCl doped samples[24, 25, 26, 

10]. The presence of PVC in PMHP and PMOP samples can be 

confirmed by the presence of peaks at  1245cm-1 (C-H rocking vibration) 

and 1016cm-1 (C-C stretching band of PVC backbone chain) 

respectively [27, 28, 29, 30, 31, 32]. A decrease in intensity of the PANI 

peaks can be seen in PMH and PMO samples due to the addition of 

MWNT and, a further decrease in intensity of the PANI peaks can be 

seen in PMHP and PMOP samples due to the addition of PVC. The 

decrease in intensity of PANI vibrational peaks upon the addition of 

MWNT and PVC can be attributed to the better extent of interaction 

between the PANI chains, MWNT and PVC [27]. 
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3.4.2.2 X-ray diffraction Analysis 

The XRD patterns of PH, PMH, PMHP, PO, PMO and PMOP 

powder samples are shown in figures 3.9(a), (b), (c) and 3.10(a), (b), (c). 
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Figure 3.9: XRD patterns of (a) PH, (b) PMH, (c) PMHP, Figure 3.10: XRD 

patterns of (a) PO, (b) PMO, (c) PMOP powder samples 
 

The XRD patterns of HCl (PH) and OPA (PO) doped PANI samples 

show semi-crystalline peaks around 11.35o, 20.30o, 24.75oand 11.02o, 

20.30o, 25.22o respectively, as reported earlier [9]. In the PANI/MWNT 

composites (PMH and PMO), the peaks around 25o have grown sharper, 

indicating the presence of MWNT [9, 25]. The intensity of XRD peaks of 

the PANI composite samples, PMHP and PMOP, has reduced 

considerably due to the presence of PVC which is an amorphous material.  

3.4.2.3 Pressure Sensitivity Studies 

Electrical conductivity of the pressed pellet samples of PANI and its 

composites was measured using Keithley 236 Source Measuring Unit (SMU) 

interfaced to a PC, adopting two probe technique. Pressure was applied to the 

samples by inserting calibrated weights on the sample holder. The variation 

in the electrical conductivity with applied pressure was investigated in the 

pressure range 0 to 140 kPa for all the six samples up to the saturation limit. 
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The variation in electrical conductivity with applied pressure was 

analyzed by plotting the percentage variation in electrical conductivity 

with applied pressure for the six PANI samples as shown in figures 

3.11(a), (b), and (c). Since the percentage variation values are not 

comparable to each other, the graphs are shown as three separate figures. 

The same data is presented as a combined plot in figure 3.11(d). 
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Figure 3.11(a): Percentage variation of conductivity with pressure for 

PO and PH pressed pellets 
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Figure 3.11(b):  Percentage variation of conductivity with pressure for 

PMO and PMH pressed pellets 
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Figure3.11(c): Percentage variation of conductivity with pressure for 

PMOP and PMHP pressed pellets 
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Figure3.11(d): Comparison of percentage variation of conductivity with 

pressure for all the six PANI samples 
 

The dc electrical conductivity values with and without applied 

pressure for all the six PANI samples are shown in Table 3.2 [33]. 
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Table 3.2: Conductivity of the samples without any load and with the 
maximum load applied. 

 

Sample Code Conductivity without 
applied pressure (S/cm) 

Maximum Conductivity 
with maximum pressure 

(S/cm) 
PH 0.9151 0.9618 

PO 0.9001 0.9633 

PMH 1.70053 1.72784 

PMO 1.6204 1.6246 

PMHP 0.015 0.0856 

PMOP 1.25x10-4 0.031 

 

There is appreciable change in electrical conductivity with applied 

pressure only for the samples, PMOP and PMHP. For the rest of the 

samples, the change in conductivity with applied pressure is only 

marginal. Hence, it can be inferred that the presence of PVC and MWNT 

in the composite plays an important role in the sensitive dependence of 

conductivity on pressure.  

The variation of conductivity with applied pressure and the 

percentage variation of conductivity are much pronounced and strikingly 

higher in PANI-PVC-MWNT composites. It is also found that OPA 

doped PANI-PVC-MWNT composite shows the highest percentage 

variation of conductivity when compared to other samples. PVC is an 

insulator and it separates the conducting PANI and MWNT islands so 

that any small applied pressure creates a conducting path between the 

separated PANI chains, MWNT or both. All the six samples reach the 

saturation value of conductivity at just about 80 kPa. It is also observed 

that PANI-PVC-MWNT composite samples do not regain its original 
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value of conductivity after the applied pressure is withdrawn, even after 

a very long time unlike the other samples which take less than 1 minute 

to regain the original conductivity. Although the percentage variation of 

electrical conductivity with applied pressure is highest for the PANI-

PVC-MWNT composite samples, these samples suffer from the 

hysteresis effect. However, such a hysteresis effect is not observed in 

any of the nanostructured PANI samples. 

3.5  Conclusions 

In the present study, micro and nano structured PANI samples 

doped with different dopants and their composites have been investigated 

to analyze the change in electrical conductivity with applied pressure. 

Most of the samples respond to applied pressure with an appreciable 

variation of electrical conductivity. Even though PANI-MWNT-PVC 

composites show significant variation of conductivity with applied 

pressure, it cannot be categorized as an excellent pressure sensor due to 

the inherent hysteresis effect. For all the microstructured PANI samples 

and their composites, the pressure range over which the sensor application 

is possible is also limited. All the nanostructured samples and their 

composites show quite sensitive pressure dependence of electrical 

conductivity above 30MPa which is much higher than the saturation 

pressure limit possible with the microstructured samples. The highly 

pressure sensitive, nanostructured PANI samples and their composites 

offer prospects of applications as excellent pressure sensors. These 

pressure sensors are especially suitable for plantar foot pressure 

measurement systems used for designing footwear to suit the requirements 

of diabetic patients and sports personnel in a cost-effective way. 
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BBLLUUEE  EEMMIISSSSIIOONN  IINN  PPOOLLYYAANNIILLIINNEE  TTHHIINN  FFIILLMMSS::    

AA  QQUUEESSTT  FFOORR  QQUUAANNTTUUMM  CCOONNFFIINNEEMMEENNTT  
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4.3  Sample Characterization  
 

4.4  Conclusions  
 

 

 

 

Polyaniline (PANI) is well-known for its remarkable electrical and 
optical properties which find immense applications in polymer 
optoelectronics. Though extensive work has been reported in 
polyaniline samples both in bulk and thin film forms, much attention 
has not been paid to investigate the quantum confinement effects in 
ultra-thin polyaniline films. The present work is devoted to the 
search for quantum confinement effects in ultra-thin polyaniline 
films having nanometre thickness, prepared from m-cresol, through 
conventional and less sophisticated spectroscopic techniques. 
Remarkable blue-shift has been observed in the absorption spectrum 
of these samples. Much intense photoluminescent emission with 
considerable blue-shift observed in these ultra-thin films is cited as 
the clear evidence for confinement effects. 
 
 

 

4.1  Introduction 

Quantum confinement effects are well-known and investigated 

very well in metals and inorganic semiconductors in their nano 

dimensions. Nano sized materials exhibit entirely different properties in 

these length scales [1-7]. The structural, thermal, mechanical, optical and 
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electrical properties of nanomaterials are quite exciting and different from 

their bulk analogues. For example, gold appears in different colours and 

show modified electrical properties when the size is reduced below the 

confinement regime. Nanostructured inorganic semiconductors such as 

quantum wells and quantum dots find extensive applications in 

photonics and bio-photonics because of the unique characteristics they 

acquire in the nano regime [8-24]. Semiconducting and metal like 

conducting polymers have been subjected to extensive investigations 

during the past few decades [25] and their potential applications have 

been identified in many technologically advancing fields [25]. In spite of 

this, research on nanostructured polymers and confinement effects in 

polymers has not advanced much and is still in its budding state [26]. 

Polyaniline (PANI) is an extensively pursued conducting polymer 

having immense technological applications. Present work is an attempt 

to unravel quantum confinement effects in ultra-thin films of PANI 

synthesized by chemical oxidative polymerization technique. There are 

no reports on the quantum confinement effects in PANI films based on 

spectroscopic investigations. In semiconducting materials, spectroscopic 

investigations are widely known for identification of quantum 

confinement effects. Probably there is only a single paper related to 

confinement effects in polyaniline films in which a polyaniline based 

quantum well structure has been fabricated and the investigations are 

mainly based on sophisticated techniques such as Scanning Tunneling 

Microscopy (STM) and Scanning Tunneling Spectroscopy (STS) [27]. 

The authors also suggest that quantum well behaviour can be achieved in 

40 nm sized, iodine doped PANI which is in the lower semiconducting 
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regime. The present work is significant since, conventional and cost 

effective spectroscopic techniques have been employed to confirm the 

quantum confinement effects in ultrathin PANI films. Polyaniline is cast 

as thin films from meta-cresol in nanometre and micrometre thickness 

scales and the quantum confinement effect is established in nanometre 

scale PANI through UV-VIS-NIR absorption and photoluminescence 

(PL) studies. Blue emission in PANI films is not reported in detail 

elsewhere and the intense blue emission observed in ultra-thin PANI 

films, in the present work, is novel in all respects. 

4.2 Experimental Details 

4.2.1 Synthesis of PANI films 

Aniline and other reagents were bought from SD fine chemicals, 

India. Meta-cresol and aniline were distilled separately under reduced 

pressure before use. Other reagents were used as purchased. Pre-distilled 

aniline was polymerized in 1M HCl medium using 1M ammonium 

peroxydisulphate as initiator via chemical oxidative polymerization (28, 29), 

and the solution kept in a freezing mixture at -50C was stirred for 5 

hours. It was then thoroughly washed and filtered using acetone and 

distilled water. The sample was dried in dynamic vacuum for 24 hours 

and ground to obtain PANI in its powder form. The obtained Emeraldine 

salt (ES) form of PANI was de-doped using 1M ammonia solution to 

obtain the Emeraldine base (EB). The obtained EB form of PANI was 

then washed and filtered thoroughly using plenty of distilled water and 

dried under dynamic vacuum for 24 hours. The EB powder (25mg) was 

re-doped using 1M (30mg) d-10-camphorsulphonic acid (CSA) to obtain 

the soluble and conducting form of PANI. The powder form of 
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conducting PANI was then dissolved in m-cresol (2.5mL) to obtain a 

good solution [29]. Homogeneous and good quality thin films in 

nanometre and micrometre thickness scales were obtained by spin 

coating (SPS Spin wafer 150) the solution at different spin speeds for 

different durations on ultrasonically cleaned glass substrates. The 

minimum thickness of PANI films spin coated on glass substrates was in 

the order of 50 nanometres and the maximum was about 4 micrometres. 

The thickness of the films thus obtained was measured using Dektak 6M 

stylus profiler and films with thickness 50 nm (±5 nm), 100nm (±5 nm), 

150 nm (±5 nm) and 4 µm (±100 nm) were selected for the present 

studies. Although all micrometre thick samples (bulk) show the same 

properties (as it should be), the thickest film sample was selected as a 

representative for the bulk film sample whose properties have already 

been well investigated and characterized [30, 31, 32]. The film thickness 

could be precisely controlled by varying the viscosity of the PANI 

solution, spin speed and spinning time. Room temperature dc electrical 

conductivity of these PANI films was measured using standard 4-probe 

technique [33] employing Keithley 2400 source meter and Keithley 

2001 multi-meter interfaced to a PC with a program developed in 

LabVIEW. These bulk films were found to be highly conducting with 

room temperature dc electrical conductivity of about 200 S/cm.  

4.3  Sample Characterization 

Fourier transform infrared spectra (FTIR) of PANI powder in the 

doped, de-doped and re-doped forms were obtained using Bruker–

Tensor 27 FTIR spectrophotometer. The UV-VIS-NIR absorption 

studies of the samples were carried out using Jasco V-500 UV-VIS-NIR 
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spectrophotometer. The scan rate was fixed as 200nm/minute. The PL 

spectra of the PANI film samples were recorded using Fluoromax 3 

fluorescence spectrophotometer. 

4.3.1 FTIR Spectroscopic Studies 

The FTIR spectrum of CSA re-doped PANI in powder form is 

shown in figure 4.1. The spectrum exhibits all the reported peaks, 

confirming the formation of CSA re-doped PANI. All the major peaks 

are listed in table 4.1 given below, with the respective vibrational 

assignments [34, 35, 36, 37] 

500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
50

55

60

65

70

75

34
47

58
1

29
49

Tr
an

sm
itt

an
ce

 (a
.u

)

Wavenumber (cm-1)

10
45

15
66

11
58

80
0

12
97 14

92
14

41

62
0

 
Figure 4.1: FTIR spectrum of CSA re-doped PANI 
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Table 4.1: FTIR data of CSA re-doped PANI 

Wavenumber (cm-1) Assignment 

581 S=O stretching mode  

800 aromatic C-H out of plane bending  

1045 NH+….SO3- interaction  

1158 vibrational mode of –NH+= structure which occurs 
due to protonation of PANI  

1297 C-N+ stretching vibration in the polaron structure 
(characteristic of conducting protonated form  

1441 C=C benzenoid ring vibration  

1492 N-benzenoid ring stretching vibration 

1566 N-quinoid ring stretching vibration 

3447 ssN-H stretching  
 

4.3.2 UV-VIS-NIR Spectroscopic Studies 

Figures 4.2(a) and 4.2(b) show the UV-VIS-NIR absorption 

spectra of PANI films having thickness 4µm and, 50 nm, 100 nm and 

150 nm. From the figures, one can see that the major absorption peak at 

390 nm corresponding to the π to π* transition in the 4µm thick PANI 

film has been blue-shifted to 294 nm in the case of ultra-thin PANI films 

with thickness 50 nm, 100 nm and 150 nm. A free-carrier absorption tail 

extending to the NIR region can also be seen in the absorption spectrum 

of the 4µm PANI thin film sample which indicates the metallic nature 

and the corresponding higher electrical conductivity of this sample [29]. 

However, such a free-carrier absorption tail is absent in the spectra of 

ultra-thin PANI films. The blue shift of about 100 nm observed in the 



Blue Emission in Polyaniline thin Films: A Quest for Quantum Confinement  

 89 

optical absorption spectra of ultrathin PANI films, compared to the 

micrometre thick PANI film provides the first indication of quantum 

confinement effects in ultrathin PANI films having thickness in the 

50nm to 150 nm range. Figure 4.3(a) illustrates the estimation of the 

band gap energy of the 4 µm thick PANI sample which comes to about 

2.37 eV (±0.1 eV). The band gap energy estimation of the ultra-thin 

PANI films (thickness - 50 nm, 100 nm and 150nm) is illustrated in 

figure 4.3(b). It is observed that all the three ultra-thin PANI samples 

have the same band gap energy of about 3 eV (±0.1 eV). The increase in 

band gap energy of the ultrathin PANI films provides another indication 

of the confinement effects in these samples.  
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Figure 4.2 (a): UV-VIS-NIR absorption spectrum of 4µm PANI thin film 
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Figure 4.2(b): UV-VIS-NIR absorption spectra of ultrathin PANI films 
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Figure 4.3(a): Band-gap estimation of 4µm thick PANI film 



Blue Emission in Polyaniline thin Films: A Quest for Quantum Confinement  

 91 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

25000

50000

75000

0

25000

50000

0

25000

50000

75000
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

 

Energy (eV)

 50 nm

 

 100 nm

(Α
hν

)2  (m
.e

V)
2  

 

 

 150 nm

 
Figure 4.3(b): Band-gap estimation of ultrathin PANI films 

 

4.3.3 Photoluminescence (PL) studies 

Figure 4.4(a) depicts the PL spectrum of PANI film sample having 

4 µm thickness, under an excitation wavelength of 350 nm. The 

corresponding PL spectra of ultra-thin PANI films having thickness 50 

nm, 100 nm and 150 nm are shown in figure 4.4(b), for the excitation at 

290 nm. All the nanometre sized thin film samples of PANI show 

intense emission around 419nm. The peak emission for the 4 µm thick 

PANI sample is at 519 nm. A blue shift of about 100 nm in the emission 
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peak in the PL spectrum of ultrathin PANI samples is observed when 

compared to that of the 4 µm thick PANI sample. This observation is 

another important evidence for the quantum confinement effects in 

nanometre sized ultrathin PANI films. The PL intensity of the nanometre 

sized thin films of PANI has increased 100 times compared to that of 4 

µm sized PANI film. An intense violet-blue emission has been observed 

for all the nanometre sized PANI samples as shown in figure 4.5. The 

intense PL emission can be attributed to the larger oscillator strength and 

lesser polymer chain aggregation in ultrathin films of PANI [38]. The 

lifetime of excited state charge carriers is lesser in the case of ultrathin 

films, when compared to that in micrometre sized film of PANI. As a 

result, radiative transition predominates, resulting in an enhanced 

intensity in the PL emission.  
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Figure 4.4(a): PL spectrum of 4µm PANI thin film 
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Figure 4.4(b): PL spectra of nanometre sized PANI thin films 

 
Fig 4.5: Photograph of intense violet-blue PL emission from ultrathin films of 

PANI (In-set is the light emerging through the slit and the main image 
is the reflected light from the interior of the spectrometer) 



Chapter -4 

 94 

4.3.4 Atomic Force Microscopy 

Conducting PANI has crystalline islands embedded in an amorphous 

sea. The crystalline islands are responsible for electrical conduction in 

PANI [39]. Confinement of charge carriers occurs inside these islands. 

In micrometre sized PANI films, the crystallites will be of micrometre 

size. But in ultra-thin films of PANI, the crystalline islands are of a few 

nanometers in size. This difference in crystallite sizes is a consequence 

of the various spin speeds used for film coating. For coating the 

micrometre sized PANI film, the solution was spun at lower speeds, 

whereas, much higher speeds were employed for the spin coating of 

ultrathin PANI films. On high speed spinning, the micrometre sized 

crystallites get broken down to smaller crystallites and are distributed 

homogeneously in the resulting film. AFM images of PANI films coated 

at lower and higher spin-speeds respectively are shown in figures 4.6(a) 

and 4.6(b). 
 

  
Figure4.6: AFM imagesof PANI films coated at (a) lower spin-speeds; (b)higher 

spin-speeds 
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As one can see from the above figures, the crystallite size has 

reduced on higher spin speeds on the formation of ultrathin films of 

PANI. Thus, increased spin speed has created smaller crystallites inside 

ultrathin films of PANI which is one of the prime factors responsible for 

quantum confinement in these films and the associated intense blue 

emission. 

The effects of solution concentration and spin speed on polymer 

morphology have been thoroughly investigated in many polymer 

systems [40]. There is a strong correlation between the polymer 

morphology and the concentration of the polymer solution used to 

spin-coat the films. The morphology of the spin-coated polymer films 

also depends on the spin speed with which the films are coated. In 

higher concentrations, it is observed that the polymer tends to form 

aggregates as a result of the inter-chain attraction forces. But in dilute 

solutions, the chains are rather isolated. The forces of inter-chain 

(polymer-polymer) interactions are short ranged and hence can be 

neglected in very dilute solutions. The probability of entanglement of 

the polymer chains is quite insignificant in dilute solutions. When the 

concentration gets higher, the polymer-polymer interactions become 

more significant, which increase the probability of entanglement. The 

significant entanglement of the polymer chains results in strong chain 

aggregation in highly concentrated polymer solutions. These ideas are 

illustrated in figure 4.7. 
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Figure4.7: Schematic diagram of polymer chains in spin-coated films deposited 

from polymer solutions of different concentrations with different spin 
speeds 

 

A few methods [41, 42] have been suggested to understand the 

concentration dependence of polymer morphology based on these 

details. Ina method suggested by Shi et. al, the concentration regions can 

be characterized based on reduced viscocity (η/η*), where η is the 

viscosity of the polymer solution and η* that of the solvent. Three 

different regions have been found in the plot of η/η* versus the 

concentration of the polymer solution. There is a linear region at lower 

concentrations, a curved region at intermediate concentrations and 

another linear region at higher concentrations. The plot suggests that the 

polymer chains are not entangled at lower concentrations but heavily 

entangled at very high concentrations. The intermediate region 

represented by the curved portion has been defined as that corresponding 

to the concentration of loose aggregation (CLA).The morphology of the 
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spin-coated polymer films strongly depends on the spin speed, in this 

region. In this region, lower speeds are not sufficient enough to break 

apart the polymer chains. As the spin speed increases, the aggregates 

break apart to form separate entities reducing the inter-chain interactions.  

In the present work, higher spin speeds were used to make 

ultrathin films in which the polymer chains are separated. This 

separation blocks inter-chain hopping of charge carriers, thereby 

reducing the conductivity and isolating the conducting islands inside the 

polymer chains. These isolated, ordered regions inside the chains are too 

small in dimension, which is typically below 5nm [39, 43]. The 

dimensions of the conducting regions are thus compatible with the size 

requirements for confinement effects and bring about the observed blue 

shift in the absorption and PL spectra. 

Similar spectroscopic investigations were also carried out in thin 

films of Polyvinyl alcohol (PVA) and Poly (methylmethacrylate) 

(PMMA) having the same thickness range as that of PANI films. There 

was absolutely no shift either in the absorption edge or in the PL 

emission peak of the ultrathin films of PVA and PMMA compared to 

those of the respective films having micrometre thickness. Both PMMA 

and PVA are good insulating polymers with practically very low charge 

carrier density and hence the concept of carrier confinement effects 

cannot be applied to these polymers. These observations provide 

additional confirmation for quantum confinement effects of charge 

carriers in ultrathin films of highly conducting PANI samples of the 

present work, based on spectroscopic investigations. 
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4.4  Conclusions 

In the present work, quantum confinement effects in nanometre 

sized PANI thin films have been established based on the UV-VIS-NIR 

absorption and photoluminescence studies. The present work extends 

ample scope for developing nanostructures such as quantum wells of 

these polymer samples. The intense PL emission exhibited by the 

nanometre sized PANI films in the violet-blue region highlights the 

prospects of applications of these films as emissive layers in polymer 

light emitting diodes. 
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5.4  Crystallinity in HCl and DBSA co-doped PANI films, 
synthesizedby chemical oxidative polymerization 

 

5.5  Crystallinity in highly conducting PANI films, 
synthesized by dispersion polymerization 

 

5.6  Conclusions 
 

 
 

 

Polyaniline is one of the most promising conducting polymers ever 
studied owing to its tunable electrical, optical and structural 
properties. The conductivity values of polyaniline have reached 
optimum values that can be achieved by doping. A further 
enhancement is possible only by improving the order within and 
among the polymer chains. In this study, films doped with CSA and 
NSA made from m-cresol via ultrasonication is reported to achieve 
very high extent of crystalline order. This has been established 
through X-ray diffraction experiments conducted on these 
polyaniline films. Simple chemical methods like chemical oxidative 
polymerization and dispersion polymerization have been adopted to 
synthesize PANI films of excellent crystallinity and very high 
conductivity values. Further increase in conductivity can be achieved 
by suitably adjusting the dopant concentration. The XRD spectra 
corresponding to the crystalline PANI were index accordingly and 
crystal systems similar to cubic, monoclinic and triclinic could be 
identified. Such exceptional crystallinity and corresponding crystal 
systems in polyaniline is novel in all respects. 
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5.1  Introduction 

Polyaniline is one of the most promising conducting polymers ever 

studied owing to its tunable electrical, optical and structural properties 

[1, 2]. The highest electrical conductivity of polyaniline that can be 

achieved through suitable doping has already reached its saturation 

limits [3-5]. Any further enhancement in conductivity is possible only 

through an intelligent manipulation of the order within and among the 

polymer chains [6, 7]. 

Crystallinity in conducting polymers, especially in polyaniline, is 

determined by the extent of conjugation and order in the material. 

Enhancement in conductivity is one of the chief consequences of improving 

the order and the extent of conjugation in polyaniline [1]. Highly 

conducting polyaniline can hence be realized by the appropriate choice of 

the synthesis techniques followed by the skilful modifications wherever 

necessary. The extent of conjugation cannot be increased infinitely [8]. The 

other option is to adopt methods to enhance the crystallinity which in turn 

will result in a drastic improvement in conductivity [2, 9-12]. 

Only a few papers have been published, related to the synthesis of 

highly crystalline PANI films with ordered structure and high electrical 

conductivity [13, 14]. The reported conductivity values range from    

200-400 S/cm in chemical oxidative polymerized PANI samples [5] and 

from 1000-1200 S/cm in those samples prepared using self-stabilized 

dispersion polymerization [3, 15]. There is a strong relation between dc 

electrical conductivity and crystallinity of polyaniline and the conductivity 

gets enhanced with increase in crystallinity [16].  
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In the present work, polyaniline films with high crystallinity and 

electrical conductivity were synthesized adopting chemical oxidative 

polymerization and dispersion polymerization methods. Co-doped 

polyaniline using hydrochloric acid (HCl) and dodecyl benzene 

sulphonic acid (DBSA) was also investigated to study the role of 

dopants in the crystalline structure in polyaniline films.  Spin coated thin 

films of these polyaniline samples were cast on glass substrates from the 

de-protonated and re-doped sample solutions in suitable solvents. 

Detailed investigations on the crystalline structure of these PANI films 

were carried out mainly using X-ray diffraction. The extent of 

crystallinity, crystal structure and morphology observed in all these 

samples are novel, as far as PANI films are concerned. 

5.2 Materials for Synthesis 

Aniline, ammonium persulphate, HCl, m-cresol, N-methylpyrrolidone 

(NMP) chloroform, orthophosphoric acid, β-naphthalene sulphonic acid 

(NSA) and d-10-camphorsulphonic acid (CSA) were purchased from SD 

fine chemicals. Dodecyl benzene sulphonic acid (DBSA) was purchased 

from Sigma Aldrich. Aniline and m-cresol were distilled under reduced 

pressure prior to usage. 
 

5.3 Highly crystalline polyaniline films by chemical oxidative 
polymerization 

5.3.1 Synthesis of highly crystalline PANI films 

Conducting form of polyaniline (PANI) in powder form was 

synthesized by chemical oxidative polymerization of aniline in 1M HCl 

using 1M ammonium peroxydisulphate as initiator [17]. The reaction 
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was carried out for 4 hours in an ice bath (rock salt mixture) while stirring. 

The resultant polymerized sample was washed and filtered using acetone 

and water thoroughly for removing oligomers and excess acid. The filtered 

product was then dried under dynamic vacuum for 24 hours and then 

powdered to obtain polyaniline in the form of fine particles. The PANI 

powder thus obtained was de-doped using 1M ammonia solution and then 

re-doped using 1M d-10-camphorsulphonic acid (CSA). The re-doped 

sample was dissolved in NMP and m-cresol separately to study the role of 

solvents on the crystallinity of the films prepared. The sample solutions 

were ultrasonicated for several hours to obtain good solutions. The solutions 

were filtered using 0.45 micron PTFE filter. Films were then coated on 

glass substrates by spin coating process (SPS Spin wafer 150) at 500 rpm 

for 15s and dried under dynamic vacuum to get homogeneous and good 

quality films of about 1.5µm thickness. The thickness of the films was 

determined using Veeco Dektak 6M stylus profiler. 

5.3.2 Characterization 

The PANI powder and film samples were structurally characterized 

using  X-ray diffraction (Rigaku X-ray diffractometer with Cu-Kα radiation 

(1.542Ǻ)), Fourier Transform Infrared Spectroscopy (Bruker–Tensor 27), 

Scanning Electron Microscopy (Hitachi SU 6600 FESEM) and Atomic 

Force Microscopy (Park XC100). Thermo-gravimetric analysis (Q50, TA 

Instruments) was carried out to assess the temperature stability of PANI 

samples. The UV-VIS-NIR absorption studies of the samples were also 

done using Jasco V-500 UV-VIS-NIR spectrophotometer.  

The dc electrical conductivity of the samples was measured using 

the standard 4-probe technique [18] employing Keithley 2400 source 
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meter and Keithley 2001 multi-meter interfaced to a PC with a program 

developed in LabVIEW. The whole electrode set-up with sample was kept 

in a conductivity cell under dynamic vacuum conditions of pressure about 

10-3 mbar in which the sample temperature could be varied using a PID 

controller. 

5.3.2.1 XRD analysis of HCl doped and CSA re-doped PANI 

The XRD spectra of HCl doped and CSA re-doped PANI in 

powder form are shown in figure 5.1. The characteristic peaks of PANI 

are observed around 12o, 21o and 25o. The crystalline peak of PANI at 

25o has grown sharper in the CSA re-doped PANI compared to that in 

HCl doped PANI. It is reported that in highly conducting metal like 

PANI powder samples, the peak at 25o dominates and those at 12o and 

20obecome less intense and almost vanish [3]. In the present work, the 

XRD spectrum of CSA re-doped PANI exhibits these features 

prominently compared to that of HCl doped PANI. Thus, re-doping with 

CSA has improved the conducting properties of PANI.    

 
Figure 5.1: XRD spectra of (a) HCl doped and (b) CSA re-doped PANI. 
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5.3.2.2 Analysis of FTIR studies of powder and film forms of PANI 

The FTIR spectra of the HCl doped, de-doped and CSA re-doped 

forms of PANI are shown in figure 5.2. In figure 5.2(a), the major peaks 

observed at 1589cm-1,1495cm-1,1309cm-1,1163cm-1and 831cm-1 are in 

good agreement with the already reported peaks of PANI (Emeraldine 

Base) confirming the formation of de-doped PANI [19, 20]. In figures 

5.2(b) and 5.2(c), the major peaks are at around 1570cm-1(C=N stretch 

of the quinoid unit of PANI), 1479cm-1 (C=C stretch of the benzenoid unit 

of PANI) and 1106cm-1(quinoid unit vibration of doped PANI) which agree 

with the peaks reported earlier [19, 21-23]. In the FTIR spectrum of HCl 

doped PANI, the intensity of 1309cm-1 peak has increased, which confirms 

the effect of HCl doping [17]. The presence of the peak at 610cm-1 which 

corresponds to C-Cl stretching mode, also confirms the formation of HCl 

doped PANI [24]. In figure 5.2(c), the vibrations of -SO3H group are 

observed at 790cm−1 and 1045cm−1, which confirm the presence of the 

dopant CSA [7, 25], in CSA doped PANI.  

 
Figure 5.2:  FTIR spectra of (a) de-doped, (b) HCl doped, and (c) CSA re-doped 

PANI 
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Figure 5.3: FTIR spectrum of CSA re-doped PANI film, from m-cresol 

 

The FTIR spectrum of CSA re-doped PANI film cast from m-

cresol is shown in figure 5.3. Major peaks can be seen at 787cm-1 

(sulphonic acid group), 1088cm-1 (C-C stretching), 1463cm-1(aromatic 

ring retained), 2857cm-1, 2925cm-1 and 3433cm-1(N-H stretching) [26-

28]. The peaks at 2857cm-1, 2925cm-1 are due to traces of m-cresol 

present even after drying the film. It is observed that in the FTIR 

spectrum of CSA re-doped PANI film, the peaks appear more well-

defined and sharper. This is a consequence of the formation of a more 

ordered polymer structure in the CSA re-doped PANI film. 

5.3.2.3 TGA of doped, de-doped and re-doped PANI 

The thermograms of HCl doped, de-doped and CSA re-doped 

PANI, are shown in figure 5.4. From the figure, it is clear that the 

thermal stability of all the samples is quite high. The CSA re-doped 

sample has higher stability compared to HCl doped sample, up to 3000C. 

The de-doped EB sample is very stable up to 5250C.  In the CSA re-

doped PANI, the first mass loss at 100oC is due to the elimination of 



Chapter -5 

 110 

humidity in the sample. The second mass loss at 2320C can be attributed 

to the degradation of CSA and the third at 3750C can be recognized as 

the beginning of polymer backbone degradation [13, 29]. Thermal analysis 

of CSA re-doped PANI is in good agreement with the earlier reports [30]. 

 
Figure 5.4: Thermograms of (a) HCl doped, (b) de-doped and (c) CSA re-

doped PANI 
 

     

Figure 5.5: SEM images of (a) HCl doped PANI and (b) CSA re-doped PANI 

HCl doped PANI powder is insoluble in most of the conventional 

solvents, whereas the CSA re-doped PANI shows better solubility. 

Figures 5.5(a) and 5.5(b) show the SEM images of HCl doped PANI and 
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CSA re-doped PANI samples. From these images, it is clear that the 

morphology has changed while re-doping the sample using CSA [26, 31]. 

HCl doped PANI has a morphology resembling closed globules whereas 

the CSA re-doped PANI exhibits open and flake like morphology. The 

morphology change might have improved the solubility of the CSA re-

doped PANI which is found to be highly soluble in both m-cresol and 

NMP. 

5.3.2.5 UV-VIS-NIR Spectroscopic Studies of PANI films 

The optical absorption spectra of PANI films cast from NMP and 

m-cresol are shown in figure 5.6.In the optical absorption spectrum 

given in figure 5.6(a), the free carrier absorption tail extending to the 

NIR region, in the case of PANI films prepared from m-cresol can be 

clearly seen. It shows the metallic nature of PANI films [5] with           

m-cresol as the solvent. M-cresol in these films acts as a secondary 

dopant to enhance the conductivity of the films in addition to CSA [32]. 

The higher electrical conductivity observed for these films of PANI can 

thus be attributed to the effects of both m-cresol and CSA dopants. The 

absorption peak corresponding to π- π* transition in m-cresol cast films 

of PANI can be seen at 440nm and that in NMP films of PANI, at 

350nm [5]. Another broader absorption observed in NMP cast films of 

PANI at 850nm can be attributed to π to polaron transition [29]. 
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Figure 5.6: UV-VIS absorption spectra of (a) m-cresol and (b) NMP dissolved 

films of PANI 

5.3.2.6 XRD analysis of highly crystalline PANI films 

The XRD spectrum of CSA re-doped PANI film prepared from m-

cresol is shown in figure 5.7 (a). The XRD spectrum confirms the presence 

of exceptionally high crystallinity/ordering in the film sample. Highly 

intense and sharp crystalline peaks can be observed at 5.5o, 15.8o and 20.8o. 

Additional smaller crystalline peaks can be seen at 7.8o and 36.7o. An 

amorphous peak can be observed at 25o. High extent of crystallinity has 

recently been reported in PANI films [33] where the synthesis method 

used is different from the method used in the present work. The 

excellent crystallinity observed in the XRD spectrum of the CSA re-

doped PANI films of the present investigations has not been reported in 

any of the previous studies. It has already been reported that ultrasound 
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irradiation can bring about improved crystallinity in PANI samples [34]. 

In the present work, PANI solutions have been ultrasonically irradiated 

for several hours to obtain homogeneous solutions. The combined 

effects of ultrasonic irradiation and the secondary doping of m-cresol can 

be the prime factors contributing towards the high extent of crystallinity 

observed in the PANI films prepared from m-cresol [34].  
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Fig 5.7(a): XRD pattern of PANI film from m-cresol 

The XRD spectrum of PANI film prepared from NMP is depicted 

in figure 5.7(b), which agrees with the reported spectrum, with a 

crystalline peak at 19o [35]. The presence of this broad crystalline peak 

can also be attributed to the effect of ultrasonic irradiation of PANI 

samples in NMP solution. Unlike the powder forms of PANI, NMP cast 

PANI film shows better crystallinity as a consequence of re-doping 

using CSA and ultrasonication.  
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Fig 5.7(b): XRD pattern of PANI film from NMP 

It can be deduced that ultra-sonication allows the proper ordering 

of PANI molecules in the films and contributes to the higher order of 

crystallinity than the powder forms of PANI. From the XRD spectrum of 

PANI film prepared from m-cresol, the d-spacing values corresponding 

to the peaks at 5.5o, 15.8 o and 20.8o can be calculated as 16Å, 5.6Å and 

4.2Å respectively. The d-value of 5.6Å suggests an intra-chain ordering 

within the PANI molecules. The d-spacing of 4.2Å associated with the 

diffraction peak at 21o corresponds to the face-to-face inter-chain 

stacking distance between phenyl rings which improves π−π inter-chain 

stacking. In effect, a more planar chain conformation with reduced 

torsion angles between the phenyl rings and the plane of the backbone, 

resulting in elongation of the effective conjugation length can be 

observed. This results in an improved carrier transport and a longer 

mean free path [3]. In addition, the d-value of 16Å corresponding to the 

highly intense and sharp peak at 5.5 o is an indication of the order closely 

associated with the dopant ions between the polymer chains [4, 17]. 
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The percentage crystallinity of this highly crystalline PANI film is 

deduced from the XRD spectrum using the relation [36, 37],  

Percentage crystallinity, Ap = (Ac/(Ac+Aa))x100 ------------------ (1) 

where Ac=area under the crystalline peak, Aa= amorphous peak area and 

Ac+ Aa= total area including crystalline and amorphous peak regions. 

The area under the crystalline peaks and amorphous peaks has been 

calculated using multiple-peak fit programme in Origin 8.  

The percentage crystallinity is found to be 79.8% which confirms 

the existence of exceptional order in these PANI films prepared from m-

cresol. The average crystallite size is found to be 27 nm, using the 

Scherrer formula [36]. 

The peaks are indexed by calculating hkl indices according to 

available literature [38] and the details are shown in table 5.1. The hkl 

indices suggest a simple cubic crystal structure, and the lattice parameter 

is found to be 1.59nm.   For indexing the peaks in the XRD spectrum, 

the lower intensity crystalline peaks (7.830 and 36.660), in addition to the 

highly crystalline peaks have also been considered. 

Table 5.1: Indexed peaks of CSA re-doped PANI film (Cubic system) 

Sin2θ h2+k2+l2 hkl Sinθ a (nm) 

0.995 1 100 0.04 1.59 

2 2 110 0.06 1.59 

8.107 8 220 0.13 1.58 

13.982 14 321 0.18 1.59 

42.146 42 541 0.31 1.58 
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5.3.2.7 AFM analysis of highly crystalline PANI film 

Conducting PANI consists of islands of ordered/crystalline regions 

embedded in a sea of amorphous region [39]. These regularly arranged 

regions are the prime factors responsible for the high electrical 

conductivity of PANI. Conduction can occur due to inter-chain hopping 

in addition to intra-chain hopping. Tunneling of charge carriers from 

crystalline to crystalline regions through the amorphous regions is also a 

possible conduction process in PANI. Thus, electrical conduction in 

PANI is due to the collective effects of inter-chain hopping, intra-chain 

hopping and tunneling of charge carriers. AFM is regarded as a standard 

technique to study the topography of thin films in a high resolution scale 

[40]. Figure 5.8 shows the AFM image of the thin film of CSA re-doped 

PANI dissolved in m-cresol. From the figure, one can see the distribution 

of micrometre and nanometre sized regular shaped crystalline regions on 

the surface of the film.  

 
Figure 5.8: AFM phase image of the thin film of CSA re-doped PANI from m-

cresol 
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The distance between the crystalline regions is too small so that the intra 

crystalline hopping or tunneling of charge carries is possible in addition 

to inter-crystalline hopping which enhances the overall conductivity of 

the thin film. The AFM image together with the XRD spectrum of PANI 

film prepared from m-cresol gives a clear picture of the regular 

arrangement of PANI molecules inside each crystallite. 

5.3.2.8 DC electrical conductivity studies of PANI films 

The room temperature dc electrical conductivity of PANI films has 

been measured under dynamic vacuum conditions, using the 4-probe 

technique. The conductivity of the m-cresol film of PANI is found to be 

473S/cm which is much higher compared to that of NMP film of PANI 

which is only 16.6S/cm. DC electrical conductivity values suggest a high 

extent of order in PANI films prepared from m-cresol.  

The variation of dc electrical conductivity of the PANI films 

prepared from m-cresol with temperature is shown in figure 5.9. The 

experiment was conducted using standard 4-probe set-up where the 

sample film was kept inside a conductivity cell in which a pressure of 

10-3 mbar was maintained and the temperature was varied from room 

temperature to 425 K. It is observed that the dc electrical conductivity 

decreases with increasing temperature. However, the variation with 

temperature is not very significant (about 18% decrease in conductivity 

for an increase of 1500C in temperature). As the temperature increases, the 

molecules are set into vibrations resulting in a decrease in the mobility of 

the charge carriers due to scattering. The vibrating molecules slightly 

distort the ordering/crystallinity of the polymer system. The slight 

distortion in the ordering is the prime factor for the observed decrease in 
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electrical conductivity. It is observed that on cooling to room temperature, 

the same film retains its room temperature conductivity. This is an 

indication that the decrease in conductivity with increase in temperature, in 

the temperature range used in the present work, is not due to any permanent 

change in the polymer structure or the escape of the dopants. In other 

words, no permanent distortion happens to the polymer in the temperature 

range studied, which is below the glass transition temperature of PANI. 

Hence it can be concluded that the polymer films cast from m-cresol 

possess good temperature stability up to around 425K. 

 
Figure 5.9: Variation of dc electrical conductivity with temperature of PANI 

films prepared from m-cresol 

5.4 Crystallinity in HCl and DBSA co-doped PANI films, 
synthesized by chemical oxidative polymerization 

5.4.1 Synthesis of highly crystalline, co-doped polyaniline films  

Co-doped polyaniline was synthesized using HCl and DBSA as 

dopants. 1M HCl and DBSA were taken in 1:1 proportion (50 mL each). 



Highly Crystalline Polyaniline Films 

 119 

Distilled aniline (5mL) was stirred in HCl-DBSA solution in an ice bath 

[41]. Green PANI powder was obtained following the procedures described 

earlier. PANI powder was de-doped using 1M ammonia solution. De-doped 

PANI was then re-doped using CSA and NSA separately and dissolved in 

m-cresol to obtain good solutions. The solutions were ultrasonicated for 

several hours. Good quality thin films of polyaniline, re-doped with NSA 

(PA-NS) and CSA (PA-CS) were spin-cast on glass slides using these 

solutions.  

5.4.2 Characterization 
5.4.2.1 FTIR studies of PA-NS and PA-CS films 
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Figure 5.10: FTIR spectra of (a) PA-NS and (b) PA-CS films 

The FTIR spectra of NSA and CSA re-doped PANI film samples 

(PA-NS and PA-CS respectively) are shown in figure 5.10. FTIR spectra 

show all the characteristic peaks of doped PANI along with those of       

–SO3H groups, indicating the presence of NSA and CSA dopants. The 

wavenumbers and the corresponding vibrational assignments are 

tabulated in table 5.2 [42-45]. 



Chapter -5 

 120 

Table 5.2:  FTIR data of PA-NS and PA-CS films 

Wavenumber (cm-1) Assignments/Comments 

PA-NS PA-CS  

556, 486 590, 506 aromatic ring deformation 

744  C-H op on 1,2 ring 

1030 1033 -SO3H group vibrations 

1138 1139 

characteristic of doped PANI derived from an 
ordered organization indicating longer effective 

conjugation length 
1216 1230 C-N str of BBB 

1298 1293 C-N str 

1468 1479 str of benzene ring 

1563 1581 str of N-Q-N 

1723 1730 C=N str of Q 

3451 3429 NH2 asym str 

*Abbreviations: op = out-of-plane, str = stretching, B = benzenoid unit, Q = quinoid 
unit, asym = asymmetric 

5.4.2.2 TGA of PA-NS and PA-CS films 

The thermal degradation of the film samples of the polymer under 

study was investigated using Q50 thermo gravimetric analyzer, TA 

Instruments. Figures 5.11(a) and (b) show the thermograms of PA-NS 

and PA-CS films prepared from co-doped PANI. The thermal stability of 

these films is found to be quite high. The degradation starts only above 

2500C in both the film samples. 
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Figure 5.11: TGA of (a) PA-NS and (b) PA-CS films 

5.4.2.3 SEM analysis of PA-NS and PA-CS films 

The FESEM images of PA-NS and PA-CS films are shown in 

figures 5.12 (a) and (b). A significant variation in their morphology can 

be observed in these SEM images. Highly ordered regions can be seen in 

both these films. These images show the highly crystalline nature of 

these films. 

 

    

Figure 5.12 (a) FESEM images of PA-NS films 
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Figure 5.12(b): FESEM images of PA-CS films 

5.4.2.4 XRD analysis of PA-NS and PA-CS films 

The XRD spectra of PA-NS and PA-CS films are shown in figures 

5.13(a) and 5.13(b) respectively. Both films appear to be highly 

crystalline in the XRD spectra. The films were indexed using Fullprof 

Suite and DICVOL software packages. PA-NS films show crystalline 

structure similar to monoclinic system and PA-CS films show crystalline 

structure similar to triclinic system.  
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Figure 5.13(a): XRD pattern of PA-NS film 
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The difference in morphologies can be attributed to the two different 

dopants, NSA and CSA. The indexed peaks and related details are 

tabulated in tables 5.3 and 5.4. As explained earlier, the higher extent of 

crystallinity in these films can also be attributed to the effects of 

dopants, m-cresol and ultrasonication. 
 

Table 5.3: Indexed peaks of PA-NS film (Monoclinic system) 

h k l d (Å) 2 θ (degree) 
1 0 0 15.00949 5.884 
0 0 1 8.61887 10.255 
2 0 -1 5.88009 15.055 
2 1 0 4.49860 19.719 
2 0 2 3.63588 24.463 
2 1 2 3.05188 29.239 
4 1 3 2.05963 43.925 

a =15.1238 Å, b = 5.6174 Å, c = 8.6635 Å 
α = 90, β = 94.034, γ = 90, Volume = 734.19(Å)3 
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Fig 5.13(b): XRD pattern of PA-CS film 
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Table 5.4:Indexed peaks of PA-CS film (Triclinic System) 

h k l d (Å) 2 θ (degree) 
1 0 0 14.29045 6.18 
0 1 0 5.44722 16.259 
0 0 1 5.20233 17.03 
1 0 1 4.67727 18.958 
2 -1 0 4.52292 19.612 
2 0 -1 4.50381 19.696 
2 1 0 4.14272 21.432 
0 2 1 2.41217 37.246 

a =14.3629Å, b= 5.4523 Å, c= 5.2364 Å 
α = 89.048,β = 98.040,γ = 95.271, Volume = 404.32 (Å)3 

 

5.5 Crystallinity in highly conducting PANI films, synthesized 
by dispersion polymerization 

5.5.1 Synthesis of highly conducting and crystalline polyaniline films 
by dispersion polymerization 
Polyaniline was synthesized using dispersion polymerization under 

two different temperature conditions, i.e., using ice bath (00C, sample 

name - DHI) and dryice-acetone mixture (-300C, sample name - DHD). 

Distilled aniline (5mL) was stirred in HCl (1M, 50mL) and chloroform 

(2 times the volume of aniline-HCl mixture) was added while stirring. 

Ammonium persulphate (11 g in 50mL of 1M HCl) was added drop-

wise. The solution was stirred for 24 hours. The product was washed 

with acetone and water, and then dried in a vacuum oven for 24 hours to 

obtain green PANI powder. The same procedure was repeated with 

orthophosphoric acid (OPA) as dopant at -300C (sample name - DOD). 

HCl and OPA doped PANI powder samples, synthesized at -300C 

(DHD and DOD respectively) were de-doped using 1M ammonia 

solution. The de-doped PANI samples were then re-doped using CSA 
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(1:1 ratio) and dissolved in m-cresol to obtain good solutions. The 

solutions were ultrasonicated for several hours and then spin cast on 

glass slides to get good quality PANI films, DHDC (HCl doped, CSA re-

doped) and DODC (OPA doped, CSA re-doped). Another set of PANI 

film samples were synthesized using twice the quantity of CSA (1:2 

ratio). 

5.5.2 Characterization 
5.5.2.1 FTIR spectral studies of dispersion polymerized PANI film samples 
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Figure 5.14: FTIR spectra of (a) DHDC and (b) DODC films from m-cresol 

The FTIR spectra of DHDC and DODC film samples prepared 

from m-cresol are shown in figures 5.14(a) and (b). All the reported 

peaks can be seen in the spectra confirming the formation of doped 

polyaniline. The wavenumbers and their corresponding vibrational 

assignments are tabulated in table 5.5 [42-45]. 
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Table 5.5: FTIR data of DHDC and DODC films 

Wavenumber (cm-1) Assignments/Comments 
PANI (HCl) film PANI (OPA) film  

788 788 -SO3H group vibrations 
873 877 C-H op on 1,2,4 ring 
1044 1044 -SO3H group vibrations 

1153 1150 

characteristic of doped PANI 
derived from an ordered 

organization indicating longer 
effective conjugation length 

1232 1235 C-N str of BBB 
1288  C-N str 
1455 1468 str of benzene ring 
1571 1572 str of N-Q-N 
1647 1652 quinoid ring vibration 
1740 1739 C=N str of Q 
3420 3429 NH2 asym str 

*Abbreviations: op=out-of-plane, str=stretching, B=benzenoid unit, Q=quinoid unit, 
asym=asymmetric 

5.5.2.2 UV-Vis-NIR absorption studies of dispersion polymerized PANI 
film samples 

The UV-Vis-NIR absorption spectra of DHDC (1:1 and 1:2) and 

DODC (1:1 and 1:2) films are shown in figures 5.15 (a), 5.15(b), 5.16(a) 

and 5.16(b) respectively. A band tail extending to the NIR region can be 

seen in all the spectra. The band tail is more prominent in doubly re-doped 

(1:2) samples, which confirms a more expanded conformation of PANI 

chains, in these samples. This can bring about a considerable extent of order 

among the PANI chains which in turn enhances the inter-chain hopping of 

charge carriers. This is the main reason for the enhanced electrical 

conductivity when the dopant (CSA) concentration is increased. However, 

there is definitely a limiting concentration of the dopant up to which the 

conductivity increases and after which it decreases [5]. 



Highly Crystalline Polyaniline Films 

 127 

500 1000 1500
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Ab
s 

(a
.u

)

Wavelength (nm)

 HCl, dryice film

  
400 600 800 1000 1200 1400 1600 1800 2000

0.00

0.01

0.02

0.03

0.04

0.05

Ab
s 

(a
.u

)

Wavelength (nm)

 HCl, dryice, film

 

Fig. 5.15Optical absorption spectra of (a) DHDC [1:1], (b) DHDC [1:2] films 
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Fig. 5.16: Optical absorption spectra of (a) DODC [1:1], (b) DODC [1:2] films  

5.5.2.3 XRD studies of dispersion polymerized PANI samples 

The XRD spectra of powder and film forms of PANI are shown in 

figures 5.17(a), (b), (c) (d) and (e). The powder forms of PANI show 

semi-crystalline peaks around 110, 210 and 250 which can be seen in 

figures 5.17(a), (b) and (c). 

Polymers being amorphous, generally do not give rise to sharp 

peaks in the XRD spectra, unless there is a good extent of crystallinity 

[46]. In the present work, PANI films show sharp crystalline peaks 

denoting a higher extent of order as seen in figures 5.17(d) and (e). These 

sharp and intense peaks arise from the expanded coil conformation which 
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results in well-packed PANI chains. This kind of arrangement of PANI 

chains improves inter-chain hopping of charge carriers, enhancing the 

conductivity of the films as a whole. 
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Fig.5.17: XRD patterns of (a) DHI (b) DHD PANI powder samples 
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Fig.5.17(c): XRD pattern of DOD PANI powder sample 
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Fig.5.17: XRD patterns of (d) DODC and (e) DHDC film samples 
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5.5.2.4 DC Electrical Conductivity Studies 

The powder samples were pelletized using a table-top hydraulic 

pellet press at 9 tons. The dc electrical conductivity of all the pellet and 

film samples was measured using Keithley 2400 source meter and 2001 

multi-meter adopting the standard 4-point probe technique. The dc 

electrical conductivity of PANI depends on several parameters like the 

nature of dopants, reaction temperature, synthesis method, extent of 

order in PANI chains, etc. Dispersion polymerization is well known for 

the synthesis of highly conducting polyaniline films. Lower the reaction 

temperature, higher is the conductivity due to the increase in the extent 

of conjugation and order in the polyaniline formed. The electrical 

conductivity data of various polyaniline samples synthesized under 

different conditions is shown in table 5.6.  
 

Table 5.6: DC electrical conductivity values of dispersion polymerised PANI 
samples 

 

Sample Conductivity 

DHI pellet 0.14 S/cm 

DHD pellet 4.21 S/cm 

DOD pellet 3.82 S/cm 

DHDC [1:1] film 243.93 S/cm 

DODC [1:1] film 24.09 S/cm 

DODC[1:2] film 52.09 S/cm 

DHDC[1:2] film 1079.99 S/cm 

Films prepared from dispersion polymerized PANI (DHDC), 

synthesized at lower temperature (dry ice medium) are found to possess 

the highest electrical conductivity. The highest extent of crystallinity, as 
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evident from XRD studies, is observed in these films. This is a clear 

indication of the fact that in conducting polymers, crystallinity/order of the 

polymer system is crucial in defining the electrical transport properties. 

5.6  Conclusions 

Quality films of PANI with excellent crystallinity have been 

synthesized using two different solvents, m-cresol and NMP via 

chemical oxidative polymerization method. XRD spectrum of PANI 

films prepared from m-cresol reveals highly crystalline peaks with 

exceptionally high intensity. The dc electrical conductivity of these films 

is also found to be very high. Films of PANI from m-cresol show higher 

extent of crystallinity, higher conductivity and better thermal stability 

compared to NMP films of PANI. The AFM study shows that the CSA 

re-doped, m-cresol film of PANI has crystalline islands distributed on 

the film surface which enhances the conductivity of the film. Both inter-

chain and intra-chain regular arrangements introduced as a result of CSA 

doping, secondary doping effect of m-cresol and ultra-sonication are 

suggested to be the prime factors responsible for the excellent 

crystallinity of PANI thin film samples as evident from XRD and AFM 

studies. The m-cresol film of CSA re-doped PANI shows the free carrier 

absorption tail extending to the near IR region in the optical absorption 

spectrum, which is a true signature of metallic nature. The excellent 

order/crystallinity and the good thermal stability of the m-cresol film of 

PANI have been established from the temperature variation of electrical 

conductivity, and further confirmed by the thermal analysis. The high 

value of dc electrical conductivity of about 473 S/cm, excellent 

crystallinity and the good thermal stability up to 250oC, observed in 
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CSA re-doped m-cresol film of PANI offer prospects of applications of 

these highly crystalline and conducting polymer films in various thin 

film devices. 

Excellent crystallinity was achieved in HCl-DBSA co-doped films 

of polyaniline which were re-doped using CSA and NSA when the films 

were prepared by dissolving in m-cresol and ultrasonicated. Such films in 

m-cresol exhibited triclinic and monoclinic structure like arrangements. The 

peaks were indexed and the corresponding cell-parameters were evaluated. 

These films also exhibited excellent thermal stability. 

Highly conducting polyaniline synthesized via dispersion 

polymerization displayed very high crystallinity in their film forms when 

prepared from m-cresol via ultrasonication. Very high conductivity 

values were obtained for the polyaniline thin films owing to the 

excellent order due to secondary doping and ultrasonication. Following 

the above method, dispersion polymerized PANI films prepared with 

HCl as the primary dopant exhibited a very high conductivity in the 

range of 1.08x103 S/cm. 

Thus, polyaniline films of very high crystallinity and conductivity 

can be prepared by adopting de-protonation and then re-doping with 

CSA or NSA followed by dissolving in m-cresol via ultrasonication. 
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In this chapter, the suitability of two novel, light-emitting, hybrid 

polymers as emissive layers for polymer light emitting diodes have been 

investigated through optical, electrical and structural characterization of 

these thermally stable and highly soluble materials. Sandwich structures 

comprising Indium Tin Oxide/hybrid polymer/aluminium were 

fabricated to analyze the current-voltage characteristics. Prototype 

multi-layered devices were fabricated with these hybrids as emissive 

layers and electroluminescence emission demonstrated and plotted as 

a function of wavelength. 
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6.1  Introduction 

Conjugated light emitting polymers are known for their extensive 

applications in the field of optoelectronics [1, 2, 3, 4, 5]. One of the most 

important applications is as emissive layers in polymer light emitting 

diodes (PLED) [2, 3].  Till date, numerous light emitting polymers and 

their copolymers with interesting electrical and optical properties have 

been synthesized and utilized for electro-optic device applications. Of 

these, polymers based on phenylenevinylenes and thiophenes which emit 

light in the blue-green regions and orange-red regions respectively, have 

been studied extensively [6]. Biphenylenes are excellent blue emitting 

polymers with a wide band-gap and excellent solubility whereas thienylenes 

are narrow band-gap polymers with poor solubility. The film forming 

properties of biphenylenes [7, 8, 9] are remarkable and polymers based on 

thienylenes have very good charge carrier mobility [10, 11]. The 

advantageous properties of biphenylenes and thienylenes can be suitably 

blended to realize superior copolymers with excellent solubility, 

modified emission characteristics, intermediate to both the entities and 

good charge carrier mobility. 

In the present work, the prospects of using two novel, thermally 

stable, highly soluble and intense light-emitting, semi-conducting 

polymers as emissive layers in polymer light emitting diodes have been 

investigated. Detailed investigations were carried out on the structural, 

optical and electrical characteristics of these polymers. The initial diode 

characteristics were investigated by studying the current-voltage 

characteristics of the ITO/emissive polymer/aluminium structures. The 

suitability of these emissive polymers for fabricating polymer LEDs was 



Towards Polymer Light Emitting Diodes Based on Novel Hybrid – Polymers as Emissive Layers  

 137 

confirmed on the basis of the ideal diode characteristics. Prototype multi-

layer polymer light emitting diodes were fabricated having ITO/PEDOT: 

PSS/ emissive polymer/LiF-Al architecture (PEDOT:PSS–Poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate)). The diode characteristics 

and electroluminescence characteristics of the fabricated devices were 

analyzed in detail. There are no previous reports on the successful 

fabrication of light emitting diodes based on these hybrid polymers and 

the present work is novel in all respects. 

6.2  The Light Emitting hybrid polymers 

The hybrid polymers of biphenylenes and thienylenes named as 

TBPV1 and TBPV2 were synthesized via Stille coupling reaction 

(figure 6.1(a)). The respective monomers, M1 and M2 for these 

polymers were designed by Wittig-Horner reaction. The details of the 

monomer and polymer synthesis and their basic characteristics are 

given in [12]*. The structures of TBPV1 and TBPV2 are shown in 

figures 6.1(b) and 6.1(c) respectively. A small change in the position of 

alkoxy substituents is the reason for the changes in various properties 

of these hybrid polymers. 

                                                 
*  Most part of the synthesis and basic characterizations of these hybrid-polymers were 

done, in collaboration with The Department of Polymer Science & Rubber Technology 
and The Department of Applied Chemistry, Cochin University of Science and 
Technology 
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Figure 6.1(a): Reaction scheme of the synthesis of TBPV1 and TBPV2 
 

     
                Figure 6.1(b):TBPV1    Figure 6.1(c):TBPV2 

  
The characteristics of these hybrid polymers as obtained from gel-

permeation chromatography, thermo gravimetric analysis and differential 

scanning calorimetric studies are tabulated below in table 6.1. 

Polydispersity index determines the purity of the polymers. The TGA 
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and DSC curves of TBPV1 and TBPV2 are shown in figures 6.2 and 6.3 

respectively. The polymers are readily soluble in common organic 

solvents and possess high thermal stability [12]. 

Table 6.1: Physical and thermal properties of TBPV1 and TBPV2 

Properties TBPV1 TBPV2 

Molecular weight (Mw) 4928 g mol–1 4549 g mol–1 

Polydispersity Index (PDI) 1.66 1.82 

Degradation temperature (Td) 443.560C 452.760C 

Glass transition temperature (Tg) 540C 550C 
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Figure6.2: TGA of TBPV1 and TBPV2     Figure 6.3: DSC of TBPV1 and TBPV2 
 

6.3  Characterization 

The optical absorption spectra and photoluminescence spectra of 

the hybrid polymers in solution and film forms were recorded using 

Jasco V-500 UV-VIS-NIR spectrophotometer and Fluoromax 3 

fluorescence spectrophotometer respectively. Rigaku X-ray 

diffractometer with Cu-Kα radiation (λ=1.542 Å) was used for analyzing 

the extent of crystallinity in these hybrid polymers. The morphology of 

these polymers in the powder form and roughness in the film form were 
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analyzed using Hitachi SU6600 FESEM and Park XC100 AFM 

respectively. The electrical characterization studies were conducted 

using the fully-automated Keithley 2400 source meter and the 

electroluminescence studies were done using Konica Minolta CS1000 

spectroradiometer. 

6.3.1 X-ray Diffraction Studies 

The XRD patterns of TBPV1 and TBPV2 in the powder form are 

shown in figure 6.4. The XRD spectra of TBPV1 and TBPV2 reveal the 

semi-crystalline nature of these polymers showing a partially crystalline 

peak at d-values of 7.64 and 7.53A0 respectively for TBPV1 and 

TBPV2. Amorphous peaks at 4.02A0 and 4.17A0 can also be seen for 

TBPV1 and TBPV2 respectively. 
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Figure 6.4: XRD patterns of TBPV1 and TBPV2 powder samples 

The semi-crystalline peaks corresponding to the d-values 7.64 A0 

and 7.53 A0 appear as a result of the polymer chain separation due to the 

presence of alkoxy groups attached to the backbone. The amorphous 

diffraction peaks at 2θ values of TBPV1 at 22.60 (d = 4.02 A0) and 
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TBPV2 at 210 (d = 4.17 A0) correspond to the interlayer distance 

between the π-π stacks of the polymer [12, 13, 14]. 

6.3.2 Scanning Electron Microscopy 

   

   

   
Figure 6.5: FESEM images of (e) TBPV1 and (f) TBPV2 thin films 

 

a b 

c d 

e f 
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The FESEM images of TBPV1 and TBPV2 powder samples are 

shown in figures 6.5(a), (b) and 6.5 (c), (d) respectively and those of 

respective spin-coated thin films in figures 6.5(e) and 6.5(f). Both 

polymers appear to be nanostructured having circular plate like 

morphology of ~100nm in size.TBPV1 and TBPV2 form good quality 

continuous films with appreciable smoothness as evident from the 

FESEM images. 

6.3.3 Optical absorption and Photoluminescence studies 

The polymers TBPV1 and TBPV2 were dissolved in 

dichloromethane (5mg in 2mL DCM) to obtain good solutions. The 

solutions were spin-coated (SPS Spin 150 wafer spinner) at 2000 rpm for 

30s on clean glass slides to obtain 100 nm thick films. Thickness of the 

films was determined using Dektak stylus profiler. Optical absorption 

spectra of the respective solutions and films of TBPV1 and TBPV2 were 

recorded using Jasco V500 UV-Vis-NIR spectrophotometer. The 

photoluminescence spectra of solutions and films of TBPV1 and TBPV2, 

were recorded using Fluoromax 3 fluorescence spectrophotometer. 

Solutions of TBPV1 and TBPV2 for optical absorption and 

photoluminescence studies were prepared as detailed below: 

 The dilution of the polymers in DCM was fixed so as to get an 

absorbance less than 0.1  

 The PL spectra of the same solutions with absorbance less 

than 0.1 were recorded immediately 
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The optical absorption and photoluminescence spectra of TBPV1 

and TBPV2 solutions and thin films are shown in figures 6.6(a) and 

6.6(b) respectively. 
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Figure 6.6: Optical absorption and PL spectra of (a) TBPV1 (solution and 
film) and (b) TBPV2 (solution and film) 

The solutions of TBPV1 and TBPV2 show major absorption peaks at 

444 nm and 442 nm respectively corresponding to π-π* transitions [12]. 

The films of these polymers show major absorption peaks at 456 nm and 

455 nm, respectively, with a slight red-shift, due to aggregation effects in 

the thin film samples. The solutions of TBPV1 and TBPV2 show intense 

PL emission at 536 nm and 538 nm, respectively [12]. A slight red-shift can 

be seen in the respective PL emission peaks of the thin film samples, due 

tothe aggregation effects. Both polymers show intense green light emission 

in the solution forms and intense yellow emission in the respective film 

forms. The observed slight variation in the emission wavelengths of these 

polymers is due to the difference in the positional substitution of long 

alkyloxy side chains present in the polymer backbone. Photographs of 

TBPV1 and TBPV2 solutions in dichloromethane are shown in figure 

6.7(a). Intense green light emission from the same solutions when exposed 

to UV-light is shown in figure 6.7(b). 



Chapter -6 

 144 

 
Figure 6.7(a): Dilute solutions of TBPV1         Figure 6.7(b): Intense green emission  
                   and TBPV2 in dichloromethane                            in UV-light 

6.3.4 Highest Occupied Molecular Orbital (HOMO)- Lowest 
Unoccupied Molecular Orbital (LUMO)energy levels and 
Band-gap  

The HOMO and LUMO energy values of both the polymers were 

determined from cyclic voltammetry [12]. The band-gap energies of 

TBPV1 and TBPV2 were estimated using cyclic voltammetry and 

compared with the results obtained from UV-Vis spectroscopy. The 

band gap and HOMO-LUMO energy values are tabulated in table 6.2. 

Table 6.2: Band-gap and HOMO-LUMO energy values of TBPV1 and TBPV2 

Hybrid Polymers TBPV1 TBPV2 
HOMO (eV) 4.869  4.844  
LUMO (eV) 2.841  2.616  

Band gap (cyclic voltammetry) (eV) 2.21  2.22  
Band gap (UV-Vis absorption) (eV) 2.31  2.32  

 

6.3.5 Estimation of the CIE Coordinates 

The CIE coordinates of the light emitted from TBPV1 and TBPV2 

solutions and films were determined using a program in Matlab. The x, 

y, tristimulus (X,Y,Z) values and the emitted colours are shown in 
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figures 6.8(a) to 6.8(d). The (x,y) position shows the exact colour of the 

emitted light as perceived by the human eye. The screenshots also show 

the PL plot of the corresponding hybrid polymer and the exact position 

of the emitted colour in the chromaticity diagram. 

 
Figure 6.8(a): TBPV1 solution 

 
Figure 6.8(b): TBPV2 solution 
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Figure 6.8(c): TBPV1 film 

 
Figure 6.8(d): TBPV2 film 

6.3.6 Atomic Force Microscopy Studies 

The AFM images of both the polymers were obtained in non-

contact mode using Park Systems XE 100 atomic force microscope. The 

AFM topography images of TBPV1 and TBPV2 thin films are shown in 



Towards Polymer Light Emitting Diodes Based on Novel Hybrid – Polymers as Emissive Layers  

 147 

figures 6.9(a) and (b) respectively. The images indicate quite smooth 

surfaces of roughness below 1.83 nm and 1.45 nm respectively, for 

TBPV1 and TBPV2 films. 

  
Figure 6.9: AFM images of (a) TBPV1 and (b) TBPV2 films 

6.4 Current-Voltage (I-V) characteristics of ITO/hybrid-
polymer/Al structures 

The current-voltage characteristics of both the hybrid polymers 

were investigated using Keithley 2400 source meter adopting the 

standard 2-probe method. Thoroughly cleaned Indium Tin Oxide (ITO) 

coated glass slides were used as one of the electrodes. Good quality thin 

films of TBPV1 and TBPV2 of about 50 nm thickness were spin coated 

on ITO (anode) coated glass slides (SPS Spin 150wafer spinner). 

Aluminium layer (cathode) of thickness about 100 nm was thermally 

evaporated on top of the polymer layers separately. Contacts were taken 

from ITO and aluminium for I-V measurements. 
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Figure 6.10:  I-V characteristics of (a) ITO/TBPV1/Al and (b) ITO/TBPV2/Al 
structures 

The forward and reverse bias characteristics of both the devices in 

ITO/polymer/Al configuration were analyzed. Both the devices show 

very good forward and reverse bias characteristics, confirming the 

formation of Schottkey diode like structure, which is mandatory for 

polymer LED applications. From figures 6.10(a) and (b), it can be seen 

that the on-set voltages for the devices based on TBPV1 and TBPV2 are 

quite small (below 3V). 

The band structures of ITO/hybrid-polymer/Al(or Ca)devices are 

shown in figure 6.10(c) for the fabrication of efficient polymer LEDs 

based TBPV1 and TBPV2. 

 
Figure 6.10(c): Band structures of ITO/hybrid-polymer/Al or Ca devices 
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The HOMO levels of TBPV1 and TBPV2 lie very close to the 

work function of ITO. Hence, an intermediate layer for efficient hole 

injection is not required. The LUMO levels of both polymers match very 

well with the work function of calcium. Thus, an intermediate layer in 

between calcium and the polymer is also not required. Calcium being 

highly reactive should be protected from immediate degradation by 

means of aluminium or silver coating on top. A complete, long-term 

degradation protection can be effected only by suitable encapsulation. 

6.5  PLED fabrication using TBPV1 and TBPV2 as emissive 
layers 
It was observed that the devices having ITO/hybrid-polymer/ 

aluminium architecture did not exhibit any electroluminescence emission, 

though intense photoluminescence emission could be observed from the 

hybrid polymers, TBPV1 and TBPV2. One of the prime factors inhibiting 

electroluminescence emission was identified as the mismatch between the 

HOMO-LUMO levels of the polymers and the work function of the 

electrodes. The device architecture was hence modified as ITO/ PEDOT: 

PSS/hybrid-polymer/LiF-Al with the intension of lowering the cathode 

work function closer to the LUMO energy level of the hybrid polymers 

and making the HOMO levels of the hybrid polymer compatible with the 

work function of the processed ITO surface. The fabrication of the 

devices with the modified architecture involves the following steps: 

 ITO etching and patterning 
 Base patterning or pixelization 
 PEDOT:PSS layer deposition 
 Emissive layer deposition 
 Cathode deposition 
 Encapsulation 
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6.5.1 I TO etching and patterning, Base patterning 

ITO coated glass plates (50x50 mm, 150 nm, 10Ω/square, 10-15Å 

r.m.s roughness, above 90% transparency) were first washed in distilled 

water, cleaned in soap solution and then rinsed with distilled water. The 

cleaned glass plates were ultrasonicated in millipore water and dried in 

an oven at 1300C for 1 hour. 

The ITO substrates were baked for 15 minutes at 1600C on a hot 

plate and kept on class 100 clean bench. A positive photoresist 

(CLARIENT AZ-TFP 310K (6CP)) was spin-coated (Laurell WS-

400B-8NPP/LITE) on the substrates at 1000 rpm for 30 seconds. The 

substrates were pre-baked for 5 minutes at 1000C and exposed to UV 

for 25 seconds using a mask aligner (MA 1066) with a chromium mask 

(50x50 mm) on top. They were kept in a developer (TMA – 

Tetramethyl ammonium hydroxide 2.38%) for 55 seconds, rinsed with 

millipore water and dried using a blower. Photoresist remains in the 

masked regions (figure 6.11(a)). The substrates were post-baked at 

1400C for 3 minutes on top of a hot plate. ITO was etched from the 

substrates using the etchant heated at 550C for 5 minutes. The etchant 

is a combination of distilled water, HCl and concentrated nitric acid in 

the ratio 15:4:1. The etched substrates were washed again with 

millipore water and dried using a blower. Photoresist was removed 

from the glass plates using acetone. The glass plates were thoroughly 

checked under a microscope for any shorts or continuity. 
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Figure 6.11(a): The patterned ITO coated glass plate with photoresist 

The substrates were again cleaned in soap solution, warm water 

(550C), de-ionised water and baked on a hot plate at 1650C for 15 

minutes. The positive photoresist was again spin-coated (500 rpm for 1 

minute) on the patterned ITO surfaces, pre-baked for 2 minutes 30 

seconds at 1000C and exposed under UV with a new mask for 25 

seconds. The glass plates were dipped in developer for 55 seconds, 

rinsed with de-ionised water and post-baked for 1 hour at 2000C to de-

gas the photoresist (figure 6.11(b)). Eight pixel windows of 4 mm x 4 

mm size were hence created on the substrates. 

 
Figure 6.11(b): Patterned ITO coated glass plates after pixelization 
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The patterned glass plates were pre-treated with UV (UVO 

Cleaner – Model No.42-220, Jelight Company, USA) for 15 minutes, 

exposed to UV-ozone for 30 minutes and post-treated with oxygen for 

10 minutes in the absence of UV. This was done to improve the 

hydrophilicity of ITO so that PEDOT:PSS adheres well on top of the 

ITO coating. UV-ozone treatment slightly increases the work function of 

ITO to 5.2 eV which can be compensated using PEDOT:PSS layer. 

6.5.2  PEDOT:PSS layer deposition 

PEDOT:PSS (Clevious P VPCH 8000 – dispersion in water) was 

spin-coated on the ITO substrates at a spin speed of 1000 rpm for 1 minute 

to get 30-40 nm thick films. The substrates were dried in an oven under 

dynamic vacuum of 10-5mbar at 1200C for 2 hours to confirm the removal 

of water. The layer of PEDOT:PSS helps to avoid any shorts in between the 

anode and the cathode as well as reduces the gap between the work function 

of UV-ozone treated ITO (5.2 eV) and the emissive, hybrid polymer. There 

is always a better interface between the PEDOT:PSS layer and the emissive 

polymer layer which also helps in the efficient hole injection. 

6.5.3 Emissive layer deposition 

The hybrid-polymers TBPV1 and TBPV2 were dissolved in 

dichloromethane (20 mg in 2 mL DCM). Both polymers are found to 

dissolve readily in DCM to give golden brown coloured solutions. The 

solutions were sonicated for 5 minutes to confirm the absence of any un-

dissolved polymer. The polymers were spin-coated on the PEDOT:PSS 

coated ITO substrates at 1000 rpm for 1 minute to get approximately 

300nm thick films. The substrates with polymer coating were dried in 
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dynamic vacuum (10-3 mbar) for 24 hours at room temperature to 

remove excess solvent trapped inside the polymer films. The thickness 

of the polymer layers was sufficient to avoid any shorts between the 

anode and cathode layers. 

6.5.4 Cathode layer deposition 

Cathode is normally a low work function material such as Ca, Mg, 

Ba, Al, etc. Lower the work function, higher is the reactivity of the material. 

Hence, it is difficult to use a low work function material such as calcium as 

cathode which readily oxidizes on exposure to air and moisture. As an 

alternative, a combination of a very thin layer of lithium fluoride (LiF) and 

aluminium was selected as cathode for the prototype devices. The thin layer 

of LiF with aluminium possesses a lower work function of 3.6-3.8 eV [6], 

when compared to the work function of Al which is 4.2 eV. This 

combination of LiF/Al leads to an improved charge injection similar to low 

work function materials. LiF and Al were thermally evaporated on the 

polymer surfaces using a cluster tool (Doosan DND). The cluster tool 

consists of a glove box associated with several evaporation chambers. LiF 

layer of 1.5nm (0.1 Å/second) followed by a layer of aluminium of 200 

nm thickness (2Å/second) were thermally evaporated at 2 x 10-7 mbar 

from molybdenum and poly boron nitride boats respectively. The rate of 

evaporation and hence the thickness of the cathode layers were precisely 

controlled by a programming console associated with the cluster tool. 

6.5.5 Encapsulation of devices 

The devices were encapsulated by covering with glass plates, fixed 

using a UV curable epoxy. The epoxy was inserted around the glass 
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plates and exposed to a UV source for 5 minutes to achieve good 

adherence, in order to inhibit the various layers of the device from 

degradation. The final encapsulated device is shown in figure 6.12. 

 
Figure 6.12: Photograph of an encapsulated device with 8 pixels 

 

6.5.6  Energy band diagram of TBPV1 and TBPV2 devices 

 
Figure 6.13: Energy band diagrams of ITO/PEDOT:PSS/hybrid-polymer/LiF-

Al devices 

The energy band diagrams of the fabricated prototypes using 

TBPV1 and TBPV2 are shown in figure 6.13. The HOMO energy levels 

of both the emissive polymers have comparable values with that of 

PEDOT:PSS. LiF-Al layer, when compared to aluminium has a closer 

work function towards the LUMO energy level of the emissive polymers. 
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6.6  PLED Characterization 
6.6.1 Current-Voltage Characteristics 

The current-voltage (I-V) measurements of the prototype devices 

were carried out using Keithley 2400 source meter interfaced to a 

computer adopting the standard 2-point probe method. Proper electrical 

contacts were made from the anode and the cathode of the devices using 

alligator clips. I-V graphs were plotted using the dedicated program 

developed in LabVIEW. 

I-V graphs of the prototype devices with TBPV1 and TBPV2 as 

emissive layers are shown in figure 6.14. Both the devices exhibit very 

good forward diode characteristics which confirm the successful 

fabrication of the polymer LED with smooth interfaces between the 

various layers. 

0 5 10 15 20
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

Cu
rr

en
t (

A)

Voltage (V)

 TBPV1
 TBPV2

 
Figure 6.14: I-V plot of prototype devices using TBPV1 and TBPV2 
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From the figure, the on-set voltages of devices with TBPV1 and 

TBPV2 as the emissive layers can be identified as 10V and 8V which 

are slightly high due to the mismatch between the various layers.  

However, both the devices were found to emit light with moderate 

intensity in the orange-red region upon the application of the required 

operating voltage. The operating voltage can be effectively lowered by 

using suitable electrodes and intermediate, charge transporting layers 

which facilitate efficient and balanced charge injection. 

6.6.2 Spectral distribution and Electroluminescence Studies 

The analysis of the spectral distribution and electroluminescence 

of the devices was performed using Konica Minolta CS1000 

spectroradiometer integrated to a computer using a dedicated program. 

The operating voltages (12 V for TBPV1 device and 11 V for TBPV2 

device) as obtained from the I-V graphs were applied to both the 

devices using Keithley 2400 source meter adopting 2-point probe 

method. An orange-red emission, at 623 nm for TBPV1 and an orange 

emission at 601 nm for TBPV2 were observed from the prototype 

devices. Graphs were plotted with normalised spectral radiance along 

the y-axis and wavelength along the x-axis and are shown in figures 

6.15 (a) and (b) for the devices with TBPV1 and TBPV2 as emissive 

layers respectively.  
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Figure 6.15(a): Normalised spectral radiance against wavelength plot of TBPV1 

device 
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Figure 6.15(b): Normalised spectral radiance against wavelength plot of TBPV2 

device 

The electroluminescence intensity of the light emitted is not high 

because of the mismatch between the electrode work functions and the 
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HOMO-LUMO energy levels of the emissive layers in the devices. The 

light emission can be fine-tuned for maximum luminescence intensity 

and life-time by suitably choosing the different layers and optimizing the 

relevant parameters. The chromaticity coordinates of the emitted light from 

the prototype devices are shown in table 6.3. The electroluminescence 

emission from the device using TBPV1 is shown in figure 6.16. 

Table 6.3: Chromaticity coordinates of emission from the devices using 
TBPV1 and TBPV2 

 

Device x y X Y Z 

TBPV1 0.5727 0.4146 0.6462 0.4678 0.01439 

TBPV2 0.5175 0.4342 0.95263 0.79935 0.089023 

 

Figure 6.16: Electroluminescence emission from the device with 
TBPV1 as the emissive layer 

6.7 Conclusions 

Two novel, thienylene-biphenylenevinylene hybrid polymers 

(TBPV1 and TBPV2) with excellent PL emission, thermal stability, 

solubility and semi-crystalline nature have been thoroughly characterized. 

Current-voltage characteristics of both the polymers with ITO as anode 

and Al as cathode show well-defined forward and reverse diode 
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characteristics. The current through the devices with ITO/hybrid 

polymer/aluminium architecture was found to be very low to light up the 

device because of the higher barrier height created as a result of 

mismatch between the various layers. Hence, prototype devices based on 

these polymers were fabricated with the device architecture 

ITO/PEDOT:PSS/hybrid polymer/LiF-Al. These devices were found to 

exhibit excellent forward diode characteristics and electroluminescence 

emission of moderate intensity in the orange-red region. By suitably 

choosing the electrode materials and optimizing the relevant parameters 

of the various layers, the luminescence intensity and life-time of these 

devices can be considerably enhanced. Highlight of the present work is 

the identification of two novel hybrid polymers, TBPV1 and TBPV2 as 

excellent semi-conducting polymers, suitable for realizing efficient 

polymer light emitting diodes. 
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The possibility of utilizing three novel, segmented block co-
polymers based on poly phenylenevinylenes (P1, P2, P3), as 
emissive layers in polymer light emitting diodes is investigated in 
detail. This chapter begins with the detailed structural, electrical 
and optical characterization of these copolymers and evolves into 
the successful realization of prototype devices with 
ITO/PEDOT:PSS/SBCs/LiF-Al architecture. These prototype 
devices are found to exhibit excellent forward diode characteristics 
and show electroluminescence emission in blue-green/cyan and 
green regions. 
 
 

 

7.1  Introduction 

The quest for novel polymers and co-polymers for optoelectronic 

applications continues, by modelling new architectures, altering the 

emission characteristics and improving the thermal stability, emission 
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intensity, and device performance [1]. Blue light emitting polymers have 

attracted much interest as emissive layers for polymer light emitting 

diodes (PLED) [2-8] and for the fabrication of blue lasers 

[9].Tremendous efforts have been put in to improve the stability and 

performance of the devices based on these polymers. Designing of 

suitable co-polymers is one of the key solutions for achieving all the 

necessary characteristics required for the successful realization of 

optoelectronic devices. Studies related to segmented block co-polymers 

(SBC) bearing bulky ring substituents are quite scarce and only a very 

limited number of such co-polymers have been ever synthesized [10, 11, 

12]. The SBC’s consisting of phenylenevinylene and hexamethylene 

glycol blocks are novel with their long aliphatic chain and rigid ring 

substitutions. By combining these groups, the emission can be blue 

shifted and the solubility can be improved. These polymers consist of 

conjugated and non-conjugated segments. By suitable substitutions in 

these SBC’s, the emission colour can also be altered to get light 

emission throughout the whole visible spectrum [13]. 

In the present study, three, novel, light emitting SBC’s have been 

characterized and the suitability of these polymers as emissive layers in 

polymer light emitting diodes has been investigated. Detailed investigations 

on the structural, optical and electrical characteristics of these polymers 

have been carried out. Prototype devices based on these polymers 

were fabricated and the current-voltage characteristics were analyzed 

to assess the suitability of these blue and green light emitting polymers as 

candidates for emissive layers in PLEDs. The electroluminescence from 

the prototype devices with ITO/PEDOT:PSS /SBC/LiF-Al architecture 
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has also been demonstrated. The studies based on these SBC’s are 

quite novel in all respects since there are no previous reports on the 

synthesis of these polymers and hence on their applicability in 

PLEDs. 

7.2  A short introduction to the new, light-emitting SBCs 

Three light-emitting segmented block co-polymers (SBC) based on 

poly-phenylenevinylene (PPV) were used for the present study. The SBCs 

were synthesized via Horner-Emmons condensation polymerization* [13]. 

The abbreviated names of these co-polymers are: 

P1  -  Poly [1, 6-hexanedioxy-(1, 4 phenylene)-1, 2 ethenylene-(2, 5-

dioctyloxy-1, 4 phenylene)-1, 2 ethenylene-(1, 4 phenylene)] 

P2 -  Poly [1, 6-hexanedioxy-(1, 4 phenylene)-1, 2 ethenylene-               

(2, 5-dicyclo hexyl methyloxy-1, 4 phenylene)-1, 2 ethenylene –  

(1, 4 phenylene)] 

P3 -  Poly [1, 6-hexanedioxy-(2, 6-dimethoxy-1, 4 phenylene)-1, 2 

ethenylene-(2, 5-dicyclo hexyl methyloxy-1, 4 phenylene)-1, 2 

ethenylene – (3, 5-dimethoxy-1, 4 phenylene)] 

The synthesis schemes are shown in figures 7.1(a), (b) and (c). 

                                                 
*  Most part of the synthesis and basic characterizations of these co-polymers were 

done, in collaboration with The Department of Polymer Science & Rubber 
Technology and The Department of Applied Chemistry, CUSAT 
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Figure 7.1:  Synthesis route of (a) P1 and (b) P2 via Horner-Emmons 
condensation polymerization 
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Figure 7.1(c): Synthesis route of P3 via Horner-Emmons condensation 

polymerization 

These SBC’s combine the qualities of polyphenylenevinylenes and 

hexamethylene glycol required for the emissive layer in polymer light 

emitting diode applications. The design and synthesis of monomers, 

polymers, and the basic characterization of these SBC’s are explained in 

reference 13. These SBCs were found to be highly soluble in 

dichloromethane (DCM) and quality thin films of these polymers were 

spin-coated (SPS Spin 150 wafer spinner) on ultrasonically cleaned glass 

substrates from these solutions. 

The important characteristics of P1, P2 and P3 are listed in       

table 7.1 [13]: 
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Table 7.1: Physical and thermal properties of P1, P2 and P3 

SBCs P1 P2 P3 
Molecular weight (Mw) 14340 g.mol-1 12499 g.mol-1 12644 g.mol-1 

Polydispersity Index (PDI) 1.4 1.5 1.6 
Degradation temperature (Td) 4420C 4510C 4220C 

Glass transition temperature (Tg) 500C 820C 530C 
 

The characteristics listed in table 7.1 indicate that these SBCs are 

quite pure and their degradation temperatures and glass transition 

temperatures are high enough for optoelectronic applications.  

7.3  Characterization 

The optical absorption spectra and photoluminescence spectra of 

the SBCs in solution and film forms were recorded using Jasco V-500 

UV-VIS-NIR spectrophotometer and Fluoromax 3 fluorescence 

spectrophotometer respectively. The structural characterization of the 

co-polymers was carried out using Rigaku X-ray diffractometer with Cu-

Kα radiation (λ=1.542 Å). The morphological studies of SBCs were 

carried out using the procedure exactly similar to the one used for the 

hybrid polymers, explained in chapter 6. As before, the electrical 

characterization these SBCs was conducted using Keithley 2400 source 

meter and the electroluminescence studies were carried out using Konica 

Minolta CS1000 spectroradiometer. 

7.3.1 X-ray Diffraction Studies 

The X-ray diffraction patterns of P1, P2 and P3 in powder form are 

shown in figure 7.2 [13]. 
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Figure 7.2: XRD patterns of the SBCs 

From figure 7.2, it is obvious that all the copolymers are semi-

crystalline. The peaks corresponding to d-values 7.44A0, 7.78A0 and 

7.83A0 in P1, P2 and P3 respectively, appear as a result of inter-chain 

scattering of two main chain backbones separated by extended octyloxy 

side chains.  The amorphous diffraction peaks at 240 (d = 3.74 A0), 230 

(d = 4.27 A0) and 21.60 (d = 4.31 A0) respectively P1, P2 and P3, 

originate from the side-to-side distance between loosely packed alkoxy 

chains [13, 14, 15].  

7.3.2 Scanning Electron Microscopy Studies 

The FESEM (Hitachi FESEM SU6600) images of P1, P2 and P3 

in powder form are shown in figures 7.3(a), (b) and (c). The morphology 

of P2 and P3 appears to be similar and both P2 and P3 appear to be 

nano-sized. On the other hand, P1 looks more flake-like and appears to 

be more crystalline compared to P2 and P3. 
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 Figure 7.3(a): FESEM of P1 powder   Figure 7.3(b): FESEM of P2 powder 
 

 
Figure 7.3(c): FESEM of P3 powder 

 

7.3.3 Optical Characterization 

The SBCs were dissolved in dichloromethane (5mg in 2 mL 

DCM) to get homogeneous solutions. Thin films were cast on clean 

glass slides by spin-coating method. Dilute solutions of these polymers 

were prepared adopting the same procedure explained in chapter 6. The 

optical absorption and photoluminescence spectra of the dilute solutions 

and thin films were recorded as detailed in Chapter 6.The normalised 

absorption and emission spectra of the dilute solutions and thin films of 

P1, P2 and P3 are shown in figures 7.4(a), (b) and (c) respectively. 
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Figure 7.4: UV-Vis absorption and PL spectra of (a) P1and (b) P2 
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Figure 7.4(c): UV-Vis absorption and PL spectra of P3 

The relevant details obtained from the optical absorption and PL 

spectra of the three SBCs are tabulated in table 7.2. 

Table 7.2: Optical absorption and PL emission data of P1, P2 and P3 

SBCs 
P1 P2 P3 

solution film solution film solution film 

Optical absorption peak (nm) 394 410 397 408 399 403 
PL peak (nm) 446 492 489 526 451 481 

 

The slight red-shift observed in the optical absorption and PL 

emission peaks of the thin film samples can be attributed to the 



Chapter -7 

 170 

aggregation effects in thin films [16].When the co-polymers were 

exposed to UV light, the solutions of P1 and P3 show intense blue 

emission and that of P2 shows intense cyan emission in solution form. 

The photographs of the polymer solutions and their emissions are shown 

in figures 7.5(a) and (b) respectively. 

 
Figure 7.5:(a) Dilute solutions of SBC’s in DCM ; (b):Emissions from P1, P2 

and P3 solutions 

7.3.4 HOMO-LUMO energy levels and Band gap 

The HOMO-LUMO energy levels and band gap energy estimated 

from cyclic voltammetry [13] and optical absorption studies are tabulated in 

table 7.3. The HOMO-LUMO energy levels of emissive polymers 

determine the nature of the suitable intermediate layers and the 

electrodes while fabricating the PLED. 

Table 7.3: Band-gap and HOMO-LUMO energy values of P1, P2 and P3 

SBC’s P1 P2 P3 

HOMO (eV) 5.26 5.01 5.23 

LUMO (eV) 2.51 2.58 2.529 

Band gap (cyclic voltammetry) (eV) 2.747 2.42 2.701 

Band gap (UV-Vis absorption) (eV) 2.75 2.46 2.72 
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7.3.5 Estimation of the CIE coordinates 

The CIE coordinates of the light emitted from the solutions and 

films of the SBCs, P1, P2 and P3 were determined using the program 

developed in Matlab as described earlier. The screenshots thus obtained 

for the P1, P2 and P3 solutions and films are shown in figures 7.6(a) to 

7.6(f).The screenshots show the PL plots of the SBCs, x, y, tristimulus 

values (X,Y,Z) and the exact position of the emitted colour in the 

chromaticity diagram. 

 
Figure7.6(a): P1 solution 
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Figure 7.6(b): P1 film 

 

Figure 7.6(c): P2 solution 
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Figure 7.6(d): P2 film 

 

 
Figure 7.6(e): P3 solution 

 



Chapter -7 

 174 

 
Figure 7.6(f): P3 film 

 

7.3.6 Atomic Force Microscopy Studies 

The topographic studies of the thin films of P1, P2 and P3 were 

conducted using atomic force microscopy technique (Park Systems XC 

100) in the non-contact mode. The AFM topography images of P1, P2 

and P3 films are shown in figures 7.7(a), (b) and (c). All the three films 

appear quite smooth with an r.m.s roughness below 5nm. 

 
Figure 7.7(a): AFM image of P1 film 
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Figure 7.7(b): AFM image of P2 film Figure 7.7(c): AFM image of P3 film 

7.3.7 Current-Voltage Characteristics of ITO/SBCs/Al structures 
 

The SBC’s were spin-coated (2000 rpm, 30 seconds) from 

solutions in dichloromethane, on ITO coated glass plates. Aluminium 

contacts of 100 nm thickness were thermally evaporated on top of the 

co-polymer layers. The current-voltage (I-V) characteristics were 

recorded using Keithley 2400 source meter adopting the standard 2-point 

probe method. I-V plots of ITO/SBCs/Al structures in the forward and 

reverse bias are shown in figures 7.8(a), (b) and (c). 
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    Figure 7.8(a): I-V plot of ITO/P1/Al structure 
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Figure 7.8(b): I-V plot of ITO/P2/Al structure 
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Figure 7.8(c): I-V plot of ITO/P3/Al structure 

All the ITO/SBCs/Al structures exhibit well-defined forward and 

reverse diode characteristics, suitable for polymer light emitting diode 

applications. It is observed from the I-V plots that the on-set voltages for 

all the devices are very low. in this architecture. With this architecture, it 

was not possible to observe electroluminescence as the thickness of the 
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co-polymer layers was very small. Proper matching of work function of 

the electrodes with the HOMO-LUMO energy levels of the emissive 

polymer layer is also mandatory for the occurrence electroluminescence 

emission. 

The band structure of ITO/SBCs/Al or Ca devices is shown in figure 

7.9. The work function of ITO is quite close to the HOMO levels of the 

SBCs and the work function of calcium is close to the LUMO levels of the 

SBC’s. Calcium is the most appropriate cathode material for the devices 

fabricated with these SBCs. A layer of silver or aluminium has to be 

evaporated on top of the calcium layer to avoid the oxidation of calcium 

and associated degradation of the device performance. 

 

 
Figure 7.9: The band structure of ITO/SBCs/Al or Ca devices 

7.4  Prototype PLED fabrication 
As mentioned earlier, the ITO/SBCs/Al devices did not show any 

electroluminescence emission. Due to technical limitations, it was not 

possible to use calcium instead of aluminium as the cathode layer. 
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Hence, the device architecture was modified as ITO/PEDOT:PSS/SBCs/LiF-

Al  using P1 and P2 as the emissive polymers, following the procedure 

explained in chapter 6. The devices were encapsulated against degradation 

inside the glove box associated with the cluster tool (DOOSAN DND, 

Korea). 

The energy band diagram of ITO/PEDOT:PSS/SBCs/LiF-Al 

devices is shown in figure 7.10. 

 
Figure 7.10: Energy band structure of ITO/PEDOT:PSS/SBCs/LiF-Al devices 

7.5  Device Characterization 
7.5.1 Current-Voltage Measurements 

I-V characteristics of the two devices using P1 and P2 as emissive 

layers were recorded using Keithley 2400 source meter adopting the 

same procedure detailed in chapter 6. I-V graphs of the devices in the 

forward bias condition are shown in figures 7.11(a) and 7.11(b). Both the 

devices show well-defined forward diode characteristics. The observation 

of the well-defined diode characteristics confirms the successful 

fabrication of the PLED. 
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Figure 7.11(a): I-V plot of ITO/PEDOT:PSS/P1/LiF-Al device 
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Figure 7.11(b): I-V plot of ITO/PEDOT:PSS/P2/LiF-Al device 
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7.5.2 Spectral distribution and Electroluminescence Studies 

The spectral distribution and electroluminescence (EL) of the two 

devices were analyzed using the same procedure detailed in chapter 6. 

The operating voltages of 13 V and 14 V were applied to the devices 

based on P1 and P2 respectively using Keithley 2400 source meter 

adopting 2-point probe method. The plots of normalised spectral 

radiance against wavelength for the devices are shown in figures 7.12(a) 

and 7.12(b). The device fabricated using P1 was found to show blue-

green/cyan, electroluminescence mission at 498nm and the device based 

on P2 was found to show green emission at 549nm, under forward bias 

conditions above the respective on-set voltages. 
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Figure 7.12(a): Normalised spectral radiance against wavelength plot of P1 
device 
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Figure 7.12(b): Normalised spectral radiance against wavelength plot of P2 

device 

The electroluminescence spectra of the devices appear to be similar 

in shape to the photoluminescence spectra of P1 and P2 films. This 

observation indicates that the mechanism of electroluminescence in the 

devices and that of photoluminescence in P1 and P2 films is similar [17]. 

The CIE (chromaticity) coordinates of the emitted colours, estimated 

using the program developed for the CS1000 spectroradiometer are shown in 

table 7.4. 

Table 7.4:  CIE coordinates of light emitted from the devices fabricated using 
P1 and P2 

 

Device x y X Y Z 

P1 0.2540 0.5249 0.08152 0.1685 0.07095 

P2 0.3959 0.5015 0.1059 0.1341 0.02744 
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The photographs of EL emission from the prototype devices in the 

forward bias conditions are shown in figures 7.13 (a) and 7.13(b). 

    

Figure 7.13: Electroluminescence emission from the prototype devices fabricated 
using (a) P1 (blue-green) and (b) P2 (green) respectively 

 

7.6  Conclusions 

A set of novel, segmented block co-polymers (P1, P2, P3) have 

been extensively characterized optically, structurally and electrically, to 

assess the suitability of these co-polymers as emissive layers in PLED 

applications. The devices with ITO/SBCs/Al architecture did not show 

electroluminescence because of poor carrier injection and interface 

effects. In order to reduce the mismatch between various layers, and 

facilitate efficient carrier injection, the device architecture was modified 

as ITO/PEDOT:PSS/SBCs/LiF-Al, using P1 and P2SBCs as emissive 

layers. Both the devices are found to exhibit excellent forward diode 

characteristics and electroluminescence emission in the blue-green 

(cyan) and green regions. In the light of these observations, the SBCs, 

especially, P1 and P2, can be identified as excellent candidates for 

fabricating efficient PLEDs 
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8.1 Overview of technologically important conjugated polymers 

The interest in intrinsically conducting polymers and conjugated 

light emitting polymers is growing at a faster pace with the identification 

of newer application fields and the realization of efficient and stable, 

polymer based devices. Numerous devices based on these conjugated 

macromolecules have already been commercialized. Polyaniline is one 

such polymer that has been commercialized decades ago. Countless 

research articles based on polyaniline have been published and 

thousands of patents filed by researchers worldwide.  

Polymer light emitting diodes are still intriguing with the 

possibility of synthesizing a variety of new polymers and co-polymers as 

emissive layers with excellent thermal stability, solvability and light 

emission. The search for newer, efficient and stable, conjugated light 

emitting polymers continues with the vision of overcoming the 

challenges associated with the device performance and efficiency. 

Co
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8.2  Missing Links 

The enormous number of published articles and patents related to 

polyaniline and its composites reflect the technological importance of 

this conducting polymer in various fields of research and industry. In 

spite of all these, there are many technologically relevant areas in which 

the potential of polyaniline has not been properly explored. The sensitive 

dependence of electrical conductivity of polyaniline and its composites, 

on applied pressure has not been studied in depth, giving emphasis on 

the structural differences of the polyaniline samples. Quantum 

confinement effects in inorganic semiconducting nanoparticles and metal 

nanoparticles have been studied extensively. The quantum confinement 

effects in conducting polymers, especially polyaniline, have not been 

addressed in detail. The applications of highly conducting polyaniline 

have been restricted to those regions where the electrical conductivity 

that can be achieved through suitable doping has already reached the 

saturation limits. Further enhancement in conductivity is possible only 

by improving the order/crystallinity within and among the polymer 

chains. Not much attention has been given to synthesize polyaniline 

films with higher extent of crystallinity which in turn can enhance the 

electrical conductivity and stabilize the overall properties. These areas 

remain unexplored, and detailed investigations in these directions may 

unravel newer applications of polyaniline and its composites. 

8.3  Motivation for the present studies 

Polyaniline is a stable polymer that can be synthesized in bulk 

quantities using relatively cheaper precursors, employing eco-friendly 

synthetic routes. Polyaniline and its composites can be effectively used 
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to develop cost-effective pressure sensors with the prospects of replacing 

the expensive inorganic pressure sensors. Intrinsically conducting 

polymers possess the advantageous features of both inorganic materials 

and polymers. Various inorganic conductors and semiconductors have 

been effectively replaced by intrinsically conducting polymers in many 

areas of science and technology. Quantum confinement effects in 

polyaniline thin films can modify the band gap and hence alter the 

photoluminescence emission characteristics. Doped polyaniline films 

with much higher extent of crystallinity can be realized using modified 

synthetic routes. These highly crystalline polyaniline films are expected 

to show enhanced electrical conductivity and thermal and environmental 

stability. 

Environmentally and thermally stable, highly soluble and intense 

light emitting conjugated polymers remain the dream of the scientific 

community for realizing efficient and stable polymer light emitting diodes. 

A novel class of hybrid and segmented block copolymers that are capable 

of delivering stable and efficient light emission has been synthesized. The 

possibility of electroluminescence emission from devices based on these 

polymers has not been previously investigated. It is expected that it will be 

possible to assemble polymer LEDs with these novel polymers as emissive 

layers with excellent performance characteristics.  

8.4  Summary of the work done 

Part of the present work involves the studies on the change in 

electrical conductivity of microstructured and nanostructured polyaniline 

and its composite samples with applied pressure, synthesized using 
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chemical oxidative polymerization technique. Appreciable variation in 

electrical conductivity with applied pressure has been observed in most 

of the doped PANI samples using HCl, H3PO4, CSA and NSA as the 

acid dopants and the composites of these doped PANI samples with 

MWNT and PVC. Nanostructured PANI and its composite samples 

show a superior pressure sensing capability when compared to their 

microstructured analogues. Nanostructured samples possess a higher 

saturation limit of above 30MPa for the electrical conductivity change 

with applied pressure, compared to the micro-structured samples. Based 

on the percentage variation of electrical conductivity with applied 

pressure, the maximum sensitivity to applied pressure is observed for the 

micro-structured PANI-MWNT-PVC composite samples. However, 

these composite samples cannot be categorized as excellent pressure 

sensors, due to the inherent hysteresis effect and the lower saturation 

pressure limit. The nanostructured CSA doped PANI samples are found 

to exhibit the best pressure sensing characteristics with reproducible 

results and negligible hysteresis effects. These low-cost, highly 

sensitive, CSA doped PANI samples can be utilized for realizing 

foot pressure measurement systems to design footwear to suit the 

requirements of diabetic patients and sports personnel. 

Another phase of the present work involves the search for quantum 

confinement effects in nanostructured, doped PANI films. The well-

known quantum confinement effects in nanostructured inorganic 

semiconductors have been established in ultra-thin films of CSA doped 

PANI, using simple spectroscopic methods based on UV-VIS-NIR 

absorption and photoluminescence studies. In the ultrathin films of 
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PANI with thickness in the range 50-150 nm, a blue shift of around 100 

nm has been observed in the photoluminescence (PL) emission peak 

compared to that in bulk films (thickness around 4µm). The PL emission 

in these ultra-thin films occurs in the violet-blue region with much 

enhanced emission intensity compared to the PL emission in the bulk 

samples. There is also considerable band gap enlargement of about 

0.7 eV for the nanostructured PANI films. These aspects are cited as 

the evidence for establishing quantum confinement effects in ultra-

thin/nanostructured films of CSA doped PANI. The present work 

highlights the prospects of developing nanostructures such as 

quantum wells based on these nanometre sized CSA doped PANI 

films. These ultra-thin PANI films with intense PL emission in the 

violet-blue region extend ample scope for developing efficient 

polymer LEDs. 

Another gap area which has been investigated in detail in the 

present work is related to the synthesis of doped polyaniline films with 

much higher extent of crystallinity. Crystallinity in polymer films, 

especially in polyaniline films, has not been subjected to detailed 

analysis. In the present work, the well-known doping-dedoping-redoping 

process followed by ultrasonication has been adopted as the technique to 

improve the solubility of doped PANI samples and enhance the 

crystallinity of PANI films grown by spin coating technique.  

Initially, HCl doped PANI powder samples were synthesized using 

chemical oxidative polymerization technique. These samples were de-

doped using ammonia solution and then re-doped with CSA to yield 

processable and soluble, doped PANI powder. Good quality PANI films 
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with excellent crystallinity were cast from CSA re-doped PANI powder, 

dissolved in two different solvents, NMP and m-cresol, under 

ultrasonication. The PANI films spin-coated from m-cresol solution 

were found to exhibit very sharp XRD peaks of excellent intensity. 

Atomic force microscope (AFM) studies of these film samples support 

the XRD results, showing crystallites of micrometre dimensions. The 

much higher dc electrical conductivity around 473S/cm and the good 

thermal stability up to ~2500C exhibited by these PANI films can be 

attributed to the higher extent of crystallinity and structural order present 

in these films. The effect of ultrasonication along with the proper 

combination of primary (HCl) and secondary dopants (CSA, m-cresol) 

can be considered as the prime factors responsible for the enhanced 

crystallinity and structural order exhibited by the PANI films coated 

from m-cresol solution. The XRD peaks of these PANI films have been 

indexed to correspond to a simple cubic crystal structure. Polyaniline 

films co-doped using HCl and DBSA and re-doped using NSA and CSA 

were also found to exhibit quite high extent of crystallinity when the 

films were spin coated from solutions in m-cresol. The dopants, NSA 

and CSA were used for re-doping to study the effects of dopants on the 

crystalline structure, after the formation of the polymer backbone. The 

resulting polymer film samples were found to have monoclinic and 

triclinic crystal structures respectively and good thermal stability. The 

corresponding XRD peaks were successfully indexed and the cell-

parameters were evaluated. Crystalline films were also cast from CSA re-

doped PANI powder samples synthesized via dispersion polymerization 

and dissolved in m-cresol via ultrasonication. The dispersion polymerized, 
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CSA re-doped PANI films have been identified as the most conductive 

films among the set of crystalline PANI film samples investigated.  

Single layer polymer LEDs having ITO/emissive polymer/ 

aluminium architecture were assembled using two novel, highly soluble and 

thermally stable, light emitting hybrid polymers based on thienylene and 

biphenylenevinylene, TBPV1 and TBPV2, and three novel, segmented 

block copolymers (P1, P2 and P3) based on phenylenevinylene and 

hexamethylene glycol. Even though these devices were found to exhibit 

well-defined forward and reverse diode characteristics, none of these 

devices did show any electroluminescence. The mismatch between the 

different layers of the device structure was identified as the reason for the 

absence of electroluminescence in these devices. Hence, the device 

architecture was modified as ITO/PEDOT: PSS/emissive polymer/LiF-Al 

to overcome this problem, using the hybrid polymers and segmented block 

copolymers as emissive layers. These modified devices were also found to 

exhibit well-defined forward diode characteristics. Electroluminescence of 

moderate intensity, in the orange-red region was observed from the devices 

based on the hybrid polymers. The devices assembled using the segmented 

block copolymers P1 and P2 were found to show electroluminescence in 

the blue-green and green regions respectively. 

8.5  Future Prospects 

The present investigations extend ample scope for further 

investigations, suitable modifications and future developments to realize 

practical devices with characteristics ideal for commercialization, in the 

following areas. 
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1) Cost-effective pressure sensors based on nanostructured, 

doped PANI can be practically realized for foot pressure 

measurement systems and surveillance applications in both 

bulk and thin film forms. 

2) Attempts can be initiated to fabricate display devices with 

emission in the blue region using ultra-thin, nanostructured 

PANI films. 

3) Highly crystalline, ordered, highly conducting and 

transparent PANI films can be realized by modifying the 

synthesis conditions with the vision of replacing the ITO 

layer in polymer LEDs. 

4) The choice and thickness of the various layers constituting 

the polymer LEDs, fabricated using the hybrid polymers and 

segmented block copolymers can be optimized to get higher 

emission intensity, life-time and efficiency. 

 

…..….. 
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