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Preface 
 

In this research work, we have demonstrated the synthesis, spectroscopic 
characteristics, thermal behaviour and DC conductivity of a few nanostructured 
composites, substituted conducting polymers (ICPs) and composites of ICPs. 
The physical properties of aforementioned composites are significantly changed 
by the doping with HCl, H2SO4, HNO3, H3PO4, or acrylic acid. The charge 
transport properties of these polymeric materials have been studied in detail 
because of their potential application in gas sensors. In the current work, varieties 
of conducting polymer based materials such as PANI-ES/Cloisite 20A 
nanostructured composite, acrylic acid (AA) doped PANI polymer, N-
substituted conducting polyaniline polymer,  DL−PLA/PANI-ES composites, 
poly methyl methacrylate (PMMA) based polyaniline composite, and  inorganic 
acid doped polyaniline are sucessfuly synthesized using aniline/aniline 
hydrochloride as precursors in acidic medium. Particularly, AA based 
synthesised PANI polymer was found with higher solubility The spectroscopic, 
thermal stability, enthalpy of fusion, room temperature DC conductivity and 
temperature dependent DC conductivity measurements with and without 
magnetic was carried out with as-synthesized materials. The FTR/ATR−FTIR 
spectra indicated the presence of different functional groups in the as-prepared 
composite materials. The UV−Visible absorption spectroscopic analysis showed 
the presence of polaron band suggesting PANI-ES form. The Room temperature 
DC conductivity, temperature variation DC conductivity (in presence and 
absence of magnetic field), and magnetoresistance (MR) of as-prepared 
conducting polyaniline based were analysed. The highest room temperature DC 
conductivity value was obtained from H2SO4 doped based composite materials 
and all prepared conductive composites were followed ohms law. The low 
temperature DC conductivity was carried out in order to study the 
semiconducting nature of prepared materials. The Mott type VRH model was 
found to be well fitted the conductivity data and described the density of states 
at the Fermi level which is constant in this temperature range. From MR plots, a 
negative MR was observed, which described the quantum interference effect on 
hopping conduction. We discuss different gas analytes i.e., NO2, LPG, H2, NH3, 
CH4, and CO of conducting polymer based materials. 
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Chapter 1 

Fundamentals on Polyaniline based Composites  
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Abstract 

The background of work carried out highlighting on polyaniline, N-

substituted polyaniline and acid-doped polyaniline. The problems associated with this 

polymer and promises it hold are also discussed. It also provides introduction to the 

nanocomposites of polyaniline/nanoclays, and polyaniline/polyacrylic acid. As well, 

we have described the polymer stabilized intrinsically conducting polymer 

composites. The state of the art polymer stabilised intrinsically conducting composites 

have been reviewed. At last, we have reviewed on the CH4 gas sensing since it has 

been recognized as one of the inflammable gas sensors. The main problem on the CH4 

gas sensor lies on its room temperature operation and detection of low ppm level 

concentration. 

 

Keywords  

Polyaniline, Nanocomposites, N-substituted polymer, Doping, Conductivity, 

Variable range hopping (VRH), Magnetoresistance, Gas sensor 

 

Introduction 

In recent times, polymers are widely used multipurpose materials in different 

fields due to the some advantageous nature. These are flexibility, tailorablility, 

processability, environmental stability, low cost, light weight, etc. [1]. Polymers are 

used as electrically insulating materials in various electronic devices such as covering 

insulating materials on electrical wire, switches, insulating coating on electronic 

circuit board, etc. [1]. The band gap of these polymers are reported more than 10 eV 

and also, the surface resistivity is higher than 1012 ohm.cm [1]. 

The work on the discovery of conducting polymers began in the year of 1975. 

First, polyacetylene was discovered by Shirakawa [2] as conducting polymer, which 

https://doi.org/10.34256/ioriip2121
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is called a linear conjugated organic polymer. On the other hand, the material showed 

metallic conductivity after the doping by iodine, which was reported after the 

discovery of polyacetylene (PA) [2]. This gave rise to a surge of activity directed 

towards the exploration of synthesis and characterization of this class of materials, 

also known as ‘Synthetic Metals’ [3]. The desirable properties of the conducting 

polymeric materials can be achieved among other processability at the molecular level 

by modifying the parent monomers.  

 

1. Conducting Polymer 

In the conducting polymeric system, it contains a highly delocalized π-

electronic structure with alternate single and double bonds. The alternation of bonds 

generates energy difference between highest occupied molecular orbitals (HOMO) 

and lowest unoccupied molecular orbitals (LUMO) and it can be readily oxidized or 

reduced [4]. Intrinsically conducting polymers (ICPs) are also known as ‘synthetic 

metal’ or simply called ‘synmet’ because of their metallic or near metallic 

conductivity. The scientific community has shown much interest in this field after the 

award of Nobel Prize (2000) for the discovery and development of ICPs. ICPs contain 

alternatively single bond and double bond in the backbone. The π-electrons are loosely 

bound and it can delocalise throughout the polymer chain [5]. In neutral state, the ICPs 

become insulator and they become conducting only after incorporation of electron 

acceptor or electron donator through a process known as ‘doping’. Most of the ICPs 

show conductivity in semiconducting region (Fig. 1). 

Intrinsically Conducting Polymers (ICPs) 

  Insulating region      Semiconductor region of polymer      Metallic region 

Figure 1. Conductivity of electronic polymeric materials [3] 

In the ICP family, PA is the first member and exhibit high conductivity. 

Although, PA is not environmentally stable but it has led to the discovery of other 

conducting polymers such as polypyrrole, polythiophene, polyphenylene, 

polyphenylene vinylene, polyaniline, etc. The molecular structure, doping materials 

and conductivity (S/cm) of a few ICPs are shown in Table 1.  

The electrical behavior of these polymers and their derivatives is similar to 

that of polyacetylene. Moreover, they show higher stability and better processability 

[3,6]. Of all these conducting polymers, polyaniline (PANI) is now establishing itself 

as a novel material due to its potential technological applications and low cost of 

synthesis [7].  

1111111010
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Table 1. List of some ICPs with doping materials and conductivity value (S/cm) [5] 

Polymer type Structure Doping 

materials 

σ (S/cm) 

Polyacetylene  I2, Br2,  

Li, Na, AsF5 

10000 

Polythiophene 

 

 

 BF4
-, ClO4

- 1000 

 

Poly(3-

alkylthiophene) 

 BF4
-, ClO4

- 10000-1000 

Polypyrrole 

 

 

 BF4
-, ClO4

- 7500-500 

 

Polyphenylene  

 

 Li, Na, AsF5 1000 

Polyphenylene Sulfide 

 

 AsF5 500 

Polyaniline 

 

 

 HCl 200 

 

2. Polyaniline (Pani) 

PANI has been investigated extensively for few decades. It has attracted 

special attention towards scientific community/technologist as a conducting material 

for several important reasons. These are inexpensive; polymerization reaction is 

straightforward and proceeds with high yield and excellent stability. In early 

discovery, this product was known as ‘aniline black’ [8]. An attention has been 

focused on processing, i.e., synthesized easily both by electrochemical and chemical 
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oxidation processes and sensitivity towards environment due to the proton activity [9].  

2.1 Structure of Polyaniline  

Green and Woodhead [10,11] have shown PANI as a chain structure which 

is obtained from aniline molecules and coupled head-to-tail manner at the para 

position of the phenyl ring. The diversity in physicochemical properties of PANI is 

attributed to the –NH– group. These properties come from the combination of amine 

and imine segments present in PANI chains. Amine and imine segments generate 

several oxidation states and produce different forms of PANI materials. These are fully 

reduced leucoemeraldine, fully oxidized pernigraniline states, and also other form, 

which is shown in Scheme 1. The different forms of PANI can be readily converted 

to one another by simple redox methods (Scheme 1.1). Out of several possible 

oxidation states, the 50 % oxidized emeraldine salt state shows electrical conductivity 

[12].  

 

Scheme 1. Various possible oxidation states of PANI [12] 
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2.2. Synthesis Of Polyaniline 

There are two principal methods for the synthesis of PANI. The first one is 

the direct oxidation of aniline by chemical oxidation, i.e., chemical method and the 

second way is through electro-oxidation on an inert electrode, i.e., electrochemical 

method. [9, 13-32].   

 

3. Mechanism of Conductivity 

The electrical conductivity of doped conducting polymers can be varied up 

to more than ten orders of magnitude. Charge transport in these polymers has been 

extensively investigated [29]. All conducting polymers have intrinsic defects which 

are introduced during polymerization. Removal of a charge from the valance band 

generates a radical cation whose energy lies in the band gap. Such radical cation which 

is partially delocalised over some polymer segments is called a ‘polaron’ Formation 

of polaron is associated with the distortion of lattice and the presence of two localized 

electronic states in the gap. According to the model proposed by Brazovski-Kirova 

[33], formation of a polaron leads to the possibility of three new optical transitions. A 

bipolaron is also associated with structural deformation and the two charges are not 

independent but act as a pair. Application of an external electric field makes both 

polaron and bipolaron mobile via the rearrangement of conjugation.  

In the case of PANI polymer, the charged species are formed during 

protonation of the polymer, which are subsequently responsible for the increase in 

conductivity [20]. Several other mechanisms are also proposed for the conductivity of 

PANI polymer. Salaneck and co-workers [34,35] studied a one-dimensional variable 

range hopping or three-dimensional fluctuation-induced tunnelling models.  

 

3.1. Metal-Insulator (M-I) Transition In Doped Conducting Polymer 

Heavily doped conducting polymers show many electrical properties. These 

are electrical conductivity, Pauli temperature independent magnetic susceptibility, etc. 

The doping of conducting polymers produces in inhomogeneity or phase-segregated 

regions. Therefore, the conducting polymer contains both crystalline and amorphous 

regions. The amorphous region affects the transport. As a result, the metallic features 

in the bulk transport are severely limited due to strong disorder [36]. The disorder can 

result in localization of states. If the magnitude of the disordered potential is large 

compared with the bandwidth, all states become localized, and the system will be an 

insulator. In such a state, there is no gap in the density of states. In insulating state, 

Fermi level (Ef) lies in an energy interval in which all density of states are localized 

and is known as Fermi glass. In a Fermi glass, the conductivity is activated. The energy 

band gap of materials is shown in Scheme 2. At high temperatures, the activation 

energy is a measure of the energy difference between Ef (which lies in the region of 

localized states) and the mobility edge, whereas, at lower temperatures, variable-

range-hopping transport results from the existence of unoccupied localized electronic 

states near Ef. The M-I transition occurs when the disorder is sufficiently weak that 
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the mobility edges move away from the center of the band toward the band tails such 

that Ef lies in a region of extended states.  

In M-I transition, the mean free path becomes less than the inter-atomic 

spacing. This is due to increase in disorder in a metallic system and the coherent 

metallic transport is not possible [36]. When the disorder is sufficiently weak, the 

metal shows a transition from the metallic state to insulating state. This transition is 

known as the Anderson transition, i.e., all the states in a conductor become localized 

and it converts into a "Fermi glass" [37] with a continuous density of localized states 

occupied according to Fermi statistics. Although there is no energy gap in a Fermi 

glass but due to the spatially localized energy states a Fermi glass behaves as an 

insulator [37]. It has been found that electrical conductivity of a material near the 

critical regime of Anderson transition obeys power law temperature dependence 

[36,37]. 

 

Scheme 2. Energy band gap of materials 

Variety of conducting polymers, viz., polyacetylene, polyaniline, 

polypyrrole, poly (p-phenylene vinylene), etc. have shown M-I transition. It is very 

interesting observation because the critical behaviour has been observed over a 

relatively wide temperature range [36-41]. In the metallic region, the zero temperature 

conductivity (σ0) remains finite, and σ (T) remains constant as T approaches zero [36-

44]. In the critical region, the conductivity follows a power law, whereas in the 

insulator region, transport occurs through VRH among localized states. The disorder 

is generally recognized in the physics of “metallic” polymers. Till now, the disorder 

of the metallic polymer and the nature of the M-I transition are not resolved [36-44].  

 

4. Application of Polyaniline  

Depending on the conductivity and electroactivity character, conducting 
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polymers are being used various applications. They are described as follows;  

 

Group I 

In group applications, conductivity of the polymers is the key parameter. 

Also, the polymers have some characteristics i.e., lightweight, biological compatibility 

for ease of manufacturing or cost. Therefore, conducting polymer is employed in 

electrostatic materials, conducting adhesives, electromagnetic shielding, printed 

circuit boards, artificial nerves, antistatic clothing, piezoceramics, active electronics 

(diodes, transistors), aircraft structures. These applications discussed briefly as 

follows; 

Electrostatic materials: It is prepared by thin layer coating of conducting 

polymer on an insulator. it is used to prevent the build-up of static electricity. This is 

particularly important where such a discharge is undesirable. Such a discharge can be 

dangerous in an environment with flammable gasses and liquids. It is also dangerous 

in the explosives industry.  

Conducting adhesives: it is prepared by insertion of monomer between two 

conducting surfaces which is allowed to polymerize. The polymerised monomer is 

promising to stick between them. It is used to stick the conducting objects and is 

allowed to pass the electric current through them. 

Electromagnetic shielding: Several electrical devices such as computers, 

generate electromagnetic radiation, often radio and microwave frequencies can cause 

malfunctions. This problem can be overcome by inside coating of the plastic casing 

with a conductive surface. So, the emitted radiation can be absorbed by inside coated 

with conducting surface. 

Printed circuit boards: Numerous electrical appliances are used printed 

circuit boards. In printed circuited board, copper coated epoxy-resins are used. The 

copper is selectively etched. It is produced conducting lines. These lines are used to 

connect various devices. The device is placed in holes cut into the resin. In order to 

get a good connection the holes need to be lined with a conductor. Copper has been 

used but there is several problems. Therefore, coating method is used. Now, the 

process is being replaced by the polymerization of monomer. The monomer is formed 

conducting polymer. Initially the board is etched by potassium permanganate solution. 

A thin layer of manganese dioxide is formed on the surface of resin. The resin is 

polymerized by suitable monomer and is produced a layer of conducting polymer. 

Artificial nerves: Because of biocompatibility nature of some conducting 

polymers, they may be used to transport small electrical signals through the body. 

Therefore, it act as an artificial nerves. 

Aircraft structures: In the present scenario, planes and spacecraft are made 

up with lightweight composites. The structure makes them weak and is to be damaged 

from lightning bolts. The damaged part can be saved by coating with a conducting 

polymer. The electricity can be directed away from the vulnerable internals of the 
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aircraft. 

 

Group II 

In group II applications, conducting polymer utilizes the electroactive 

behaviour. Numerous applications such as molecular electronics, electrical displays, 

sensors (Chemical, biochemical and thermal), rechargeable batteries, solid 

electrolytes, drug release systems, optical computers, ion exchange membranes, 

electromechanical actuators, 'smart' structures, switches are mainly based on 

electroactive behaviour. Some are discussed below; 

Rechargeable batteries: In rechargeable batteries, conducting polymers are 

potentially used. This is why the conducting polymers have a commercial impact. 

Some leading companies like BASF/VARTA and Allied Signal are investigated 

conducting polymer in batteries. The conducting polymers viz., polyacetylene, 

polyaniline Polythiophene, polypyrrole, etc have been used as electrode materials in 

rechargeable batteries. 

Sensors: Because of electrical nature, conducting polymers are widely used 

in different sensors (chemical sensors or as gas sensors). In its simplest form of 

mechanism, sensor materials are absorbed, a particular vapour and affect the 

conductivity. The change in electrical signal may be due to the presence analytes. 

Electrochromic devices: The device convert optical properties of a material 

by the action of an electric field, the phenomenon is called Electrochromic devices. 

Conducting polymers have an electronic band structure. There is a gap between two 

energy bands such as valence band and the conduction band. The energy gap 

determines the optical properties of the conducting polymers. The color changes are 

produced by doping. Doping is modified the conducting polymer band structure. The 

first electrochromic materials are used in display panels, sun energy crossing a 

window, automotive industry, rear view mirrors, etc.  

Electromechanical Actuators: Actuation is one of the behaviour of 

conducting polymers. This means change in volume of conducting polymer by the 

change of their oxidation state. So, conducting polymers have ability to convert 

electrical energy into mechanical work.  

Drug release systems: Conducting polymers is also used as drug release 

system by controlled manner. Ions can be selectively released i.e., biologically active 

ions such as adenosine 5-triphosphate (ATP) and Heparin. The Principle used in the 

system is potential dependence ion transport. It is an interesting way to deliver ionic 

drugs to certain biological systems.  

Catalyst: Generally, conducting polymers show redox property. So, these 

are expected to act as redox catalyst. The catalytic behaviour has been controlled by 

doping. In case of polyaniline and polypyrrole, bonding between transition metal(s) to 

the nitrogen atoms makes them complexes. This may possible by the interaction 

between transition metals and a conjugated chain. The characteristics of conjugated 
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polymers are expected to provide novel catalytic system. 

 

5. Limitation of Conducting Polymer 

Though, the conducting polymer has potential application in the different 

fields as an optoelectronic material instead of inorganic materials, still, it has some 

limitations. The problems of conducting polymers are related to their synthesis, 

reproducibility, types of dopant used, processability, and stability. Among these 

problems, the processability and stability are most prominent.  

 

6. Polymer Nanocomposites 

The emergence of polymer nanocomposites is largely based on a 

consideration in which polymer matrix is reinforced by uniformly dispersed nano-

sized particles [51,52]. Polymer nanocomposites can be prepared using a variety of 

nanomaterials including disk-like nanoparticles (e.g., clay platelets), spherical and 

polyhedral nanoparticles (e.g., colloidal silica) and nanofibers (e.g., nanotubes, 

whiskers). There are many reports on polymer nanocomposites with improved 

properties other than individual components or their macro- and micro-counterpart 

[51-53]. 

 

7. Clay Minerals 

The layered clays which can be used for the preparation of polymer 

nanocomposites may be divided into two types.  

 

Figure 2. Schematic representation of the clay structure [51] 
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Table 2. Classification of nanoclays (Phallosilicate) [54,55] 

Type of clay Formula Origin Substitution Layer 

charge 

2:1 type 

MMT Mx(Al2xMgxSi4O10 

(OH)2nH2O 

N Octahedral -ve 

Hectorite Mx(Mg3-xLix) 

Si4O10(OH)2nH2O 

N Octahedral -ve 

Saponite MxMg3(Si4-x) 

AlxO10(OH)2nH2O 

N Tetrahedral -ve 

Fluorohectorite Mx (Mg3-xLix) 

Si4O10F2nH2O 

S Octahedral -ve 

Laponite Mx (Mg3-xLix) 

Si4O10(OH)2nH2O 

S Octahedral -ve 

Fluoromica  NaMg2.5Si4O10F2 S Octahedral -ve 

1:1 type 

Kaolinite Al2Si2O5(OH)4 N --- Neutral 

Halloysite Al2Si2O5(OH)42H2O N --- Neutral 

Hydrotalcite Mg6Al2(CO3) 

(OH)164H2O 

S Octahedral +ve 

Layered silicic acid 

Kanemite NaHSi2O57H2O N/S Tetrahedral -ve 

Makatite Na2Si4O9.5H2O N/S Tetrahedral -ve 

Octasilicate Na2Si8O17.9H2O S Tetrahedral -ve 

Magadiite Na2Si14O2910H2O N/S Tetrahedral -ve 

Kenyaite Na2Si20O4.10H2O N/S Tetrahedral -ve 

M indicates exchangeable ions represented by monovalent ions. Symbols: N 

(Natural), S (Synthetic), -ve and +ve. 

One is natural clays (e.g., montmorillonite, hectorite and saponite etc.) and 

other one is synthesized clays (e.g., fluorohectorite, laponite, mica, magadiite and 

hydrotalcite). These are presented in Table 2. Out of them, both MMT and hectorite 

are the most commonly used. The hydrotalcite clays are called anionic clay because 

the layered clay bears negative clay layers. Among the large amount of layered solids, 

clay minerals especially the members of smectite group are most suitable for the 

reinforcement of polymer matrix. For the fabrication of clay based polymer 

nanocomposites, clay materials are used because of their unique structure and high 

aspect ratio of each clay platelet. The basic structures of nanoclays are composed of 

layered silicate network. The silanol groups contains hydroxy group in the inter layer 
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regions, which favour the organic modification by grafting organic functional groups 

in the interlayer regions (Fig. 2) [51-53]. 

 

8. Modification of Clay Minerals  

Purification and surface modification is essential for the preparation of 

polymer nanocomposites. This is essential because of their hydrophilic and 

incompatible nature to most polymers. Therefore, the dispersion of clay minerals in 

polymer matrix is very difficult. Some parameters of MMT and organically modified 

nanoclays are presented in Table 3. 

Table 3. Some parameters of MMT and organically modified nanoclays 

OMLS 

code 

Pristine 

Layered 

Silicate 

d001 

(nm) 

CEC 

meq 

/100g 

Modifying group 

name 

Reference 

No. 

MEE Synthetic clay 2.2 120  Dipoly oxy ethylene 

alkyl methyl 

ammonium cation 

56 

MAE 3.3 120 Dimethyl dialkyl 

ammonium cation  

56 

ME100 0.95 120 Unmodified mica 57 

30B Southern clay 

(Natural clay) 

1.85 90 Methyl, tallow, bis-2-

hydroxyethyl 

quaternary ammonium 

chloride 

57 

15A 3.15 125 Dimethyl, 

dihydrogenated tallow 

quaternary ammonium 

chloride 

58 

20A 2.42 95 Dimethyl-2-

dihydrogenated tallow, 

quaternary ammonium 

57 

25A 1.86 95 Dimethyl, 

dihydrogenated tallow, 

2-ethylhexyl 

quaternary ammonium 

59 

93A 2.36 95 Dimethyl, 

dihydrogenated 

tallow, ammonium  

60 

NC 1.17 92 Unmodified MMT 51 

MMT indicates montmorillonite. Abbreviation: OMLS (Organically modifying layered 

silicate), CEC (Chemical exchange cation), nm (nano meter), meq. (Miliequivalent), and d 

(basal distance), and NC (Nanoclay which is unmodified) 



Fundamentals on Polyaniline based Composites 

12 

9. Conducting Polymer Nanocomposite    

When clay minerals are added to a polymer matrix, they form three types of 

structures, which depend on the nature of the components and processing condition. 

These are conventional composite, intercalated, and exfoliated nanocomposites. In 

conventional composite, the components are separated, i.e., phase separated. The 

properties of such composite are similar to that of micro-particles reinforced polymer 

composites. In intercalated nanocomposites, the polymer chain is inserted into the clay 

gallery resulting in a well ordered multilayer stacking morphology. Fig. 3 shows a 

diagram of three broad classes of thermodynamically achievable polymer/layered 

silicate nanocomposites [51].  

 

Figure 3. Three typical nanocomposites prepared from conducting polymer and clay 

minerals: (a) phase separated nanocomposite; (b) intercalated nanocomposite; (c) 

exfoliated or delaminated nanocomposite [51] 

Several techniques are followed for the preparation of nanocomposites, 

which predominantly includes chemical and electrochemical techniques [61]. 

Nanomaterials are encapsulated in various ways viz., ex situ, in situ, and core-shell.  

 

9.1. Ex Situ Nanocomposites 

In ex situ technique the inorganic nanoparticles are dispersed in a monomer 

and then polymerised to form conducting polymer nanocomposites [62]. The 

 

(Phase separated) (Intercalated)
(Exfoliated or

Delaminated)
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inorganic nanoparticles are encapsulated in the conducting polymer matrix during 

polymerization in the same reaction vessel [62]. Variety of conducting polymer 

nanocomposites have been prepared using polyaniline (PANI) [63], polypyrrole (PPy) 

[64], polyphenylene vinylene (PPV) [65], poly (3,4-ethylenedioxythiophene) 

(PEDOT) [66] as hosts for inorganic metal, metal oxide and ceramic nanoparticles as 

guest materials.  

 

9.2. Core-Shell Conducting Polymer Nanocomposites  

Among the inorganic-organic nanocomposites, the core-shell structures have 

attracted much more scientific interest and have become more popular leading to some 

interesting nanocomposite synthesis.  

Table 4. Selected conducting polymer/clay nanocomposites 

Polymer      Layered clay                  Synthesis 

method                     

Structure of  

nanocomposite  

Reference  

No.        

olyaniline MMT 

CdS 

Emulsion intercalation 70 

Micro-emulsion intercalation 71 

in situ intercalation 61 

ex situ Not mention 61 

Chemical-

oxidation 

Not mention 61 

Om-MMT Dispersion  Exfoliation/ 

intercalation 

51 

Maghnite-H+ in situ intercalation 72 

Cloisite 15A in situ Not mention 73 

Polypyrrole MMT Chemical-

oxidation 

 74 

Bentonite Chemical-

oxidation 

intercalation 75 

Hydroxy 

appatite 

Electropoly- 

merization 

Not mention 76 

VMT Chemical-

oxidation 

intercalation 77 

Polythiophene Modified 

MMT 

in situ intercalation 64 
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In this technique, different metal and metal oxide nanoparticles are 

encapsulated in the core of conducting polymers. Core-shell structured silica (SiO2) 

nanoparticles based PANI and Ppy nanocomposites were synthesized in stable 

colloidal forms, where SiO2 was used as the core [67]. Colloidal PPy-Au core-shell 

structured nanocomposites have been synthesized by a template-guided 

polymerization technique [68]. Deng and co-workers have reported the synthesis of 

core-shell structured ferromagnetic (Fe3O4)-cross linked PANI nanocomposites. This 

composite shows core-shell morphology in aqueous solution [69]. Layered clays, 

synthesis method, structure of nanocomposites of selected conducting polymer/clay 

based nanocomposites are presented in Table 4. 

Hematite/silica/polypyrrole (Fe2O3/SiO2/PPy) ellipsoidal sandwich 

composite spheres as well as SiO2/PPy ellipsoidal hollow capsules with movable 

hematite as cores and Ppy as shell were successfully fabricated by core-shell technique 

[67]. Polypyrrole-coated silver nanocomposite have been synthesized by one step 

aqueous chemical oxidation dispersion polymerization technique from pyrrole 

monomer using silver nitrate as an oxidant [78]. Electromagnetic functionalized core-

shell nanocomposites of polypyrrole (PPy) were prepared by a self-assembly process 

[78]. Yang et al. have reported that they prepared novel sunflower-like organic-

inorganic composites using smaller conductive polypyrrole and spherical silica 

particles through an in situ route by self-assembly polymerization process. For this 

preparation chitosan was employed as a modifying agent on silica surface [79]. 

Polypyrrole (PPy)-coated Ag composites were synthesized by interfacial 

polymerization process in the presence of polyvinyl pyrrolidone (PVP) by Feng et al. 

[78]. Core-shell nanocomposites of CuO/PANI [80], Fe2O3/PANI [80], In2O3/PANI 

[80] and Fe2O3/SiO2/PANI [80] were successfully prepared using a double-surfactant-

layer assisted polymerization method. Chuang and Yang [81] have reported the 

preparation of CeO2/PANI (CeO2/PANI) core–shell nanocomposites via chemical 

oxidation method using aniline as monomer and CeO2 as an oxidant as well as 

nanomaterials. Synthesis of metallic copper nanoparticle coated with polypyrrole was 

very recently reported by Kobayashi et al. [82].  

 

9.3. Solution Casting 

In this technique, homogenous dispersion of organoclay (Na+ MMT) was 

added to solution of ammonium salt of hexadecylamine.  The solution was spread onto 

a glass plate and the solvent was evaporated by taking appropriate time for drying to 

form nanocomposite [83]. 

 

10. Solubility of Polyaniline  

10.1. Solubility 

The acid doped form of PANI is insoluble in aqueous solutions as well as in 

most common organic solvents, but soluble in concentrated sulphuric acid [84]. When 

the emeraldine salt of PANI is deprotonated to form the insulating emeraldine base of 
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PANI, it can be solubilized in a number of organic solvents [85], such as N-methyl 

pyrrolidone (NMP), dimethyl formamide (DMF), dimethyl sulphoxide (DMSO), m-

cresol, chloroform (CHCl3) and tetrahydrofuran (THF). The process of dedoping 

effectively removes the cationic charges upon the conducting polymer backbone and 

that reduces the ionic character, which is more amenable to dissolution. Gelation of 

the conducting polymer commonly occurs at high concentrations of the EB solutions. 

This result helps to increases viscosity due to formation of strong interchain hydrogen 

bonding between the amine hydrogens and nearest neighbour imine nitrogens. A novel 

route to solubilize the ES form is by the use of functionalized protonic acid dopants 

such as sulphonic acids (camphor sulphonic acid, dodecyl benzene sulphonic acid) 

[86].  

 

10.2. Substituted Polyanilines  

Solubility of PANI can be improved by polymerizing a derivative of aniline, 

particularly by choosing the substituent which has solubilising effect. There are two 

types of substituents. One substituent occurs at N-atom and other is on the ortho-and 

meta-position of benzene ring. The different substituents are alkyl [87], alkoxy [88] 

groups, phosphoric and sulphonic acid [89] groups. The acid group substituted PANI 

was found to be more soluble, some of them being water soluble and also showing 

higher thermal stability. Polymerization of substituted anilines can also be carried out 

either chemically [87] or electrochemically [87]. The major drawback of these rings 

substituted PANIs is the fact that solubility is achieved at the cost of conductivity [87].  

 

10.3. Functionalized Protonic Acid As Dopant  

Cao, Smith, and Heeger [90] synthesised metallic form of PANI using 

functionalized protonic acids and simultaneously resulted PANI complex soluble in 

common organic solvents. The functionalized counter ion acts as ‘surfactant’ and the 

charged head group is ionically bound to the oppositely charged protonated PANI 

chain, and the ‘tail’ is chosen to be compatible with non-polar or weakly polar organic 

liquids [90]. This is called ‘counter-ion’ induced processability.  

 

10.4. Blends Of Polyaniline 

Conducting blend is another kind of conducting materials, which supports to 

improve the solubility and that, is found from literatures [91-93]. It is a physical 

mixture of two or more polymers with different chemical compositions. Improvement 

of the PANI processability resulted in the fabrication of several types of conductive 

blends of PANI [91-93]. The main purpose of making blends is to introduce flexibility 

and toughness to PANI thereby making it melt processable. A phase separation 

between the two components of the blends leads to decrease of mechanical strength of 

the material [94]. However, by keeping the PANI composition less than 16 wt%, 

materials with good flexibility blend can be obtained. Several conductive blends of 

PANI salt with thermoplastic polymers such as polystyrene [92], polyamides [95], 
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poly (vinyl alcohol) [96], poly (vinyl chloride) [97], and so forth have been extensively 

studied. 

 

10.5 Copolymers  

Copolymer is another class of materials with improved solubility. It is 

generally carried out to combine the diverse physicochemical properties of different 

polymers to form a single polymeric system. Copolymerization of aniline with ring or 

N-substituted anilines leads to polymers which have conductivity like PANI and 

solubility of substituted anilines [89,88].  

 

11. Polyaniline Dispersions  

Dispersion polymerization is a well known technique for the synthesis of 

conventional polymer in both aqueous and non-aqueous media [18,98,99]. Colloidal 

dispersion is one of the widely used and technologically important ways for tackling 

the problem of poor solubility of PANI [100,101]. Dispersion of PANI is used in the 

preparation of blend with thermoplastic polymers [47].  

 

12. Polymer Stabilized Polyaniline Dispersions  

Various polymeric steric stabilizers such as ethyl cellulose [102], 

carboxymethyl cellulose [103], poly (vinyl alcohol) [96], poly (vinyl methyl ether) 

[104], poly (N-vinylpyrrolidone) [105], etc. are employed for the synthesis of PANI 

in colloidal form or as suspension by chemical polymerization using aniline 

precursors. According to Armes and co-workers [100], they have synthesized colloidal 

PANI by chemical grafting of PANI onto several tailor made copolymer surfactants. 

The resulting polymer (PANI) is insoluble in solvents and its macroscopic coagulation 

is prevented by steric stabilizers [102]. The possible synthetic routes and the properties 

of PANI colloids have been reviewed by Stejskal [102]. The morphology and the size 

of colloidal particles are strongly depended on the steric stabilizer, oxidizing agent 

and reaction conditions [106]. On the other hand, the use of polymeric stabilizers in 

PANI drastically lowers the electrical conductivity of PANI [107].  

 

13. Processability 

Processability is one of the major issues in the synthesis of conducting 

polymers for commercial applications in different areas. These applications of 

conducting polymers like PANIs are limited due to the lacking of solubility and 

processability. A number of approaches have been investigated to improve the 

processability of PANI.  

Generally, alkyl and alkoxy substituted aniline monomer is polymerized to 

improve the solubility of the polymer in organic solvents. But, it has a negative 

influence on the conductivity [87,88]. The first known examples of water soluble 
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conducting polymers reported in 1987 are the sodium salts of poly -3-(2-ethane 

sulfonate) thiophene and poly -3-(4-butane sulfonate) thiophene [108]. These 

polymers are self-doped Polythiophenes. The electrochemical polymerization of 

aniline carboxylic acid isomers has been recently reported [109]. Poly (o-amino benzyl 

phosphoric acid) is another type of self-doped conducting polyaniline synthesised and 

the polymer was soluble in dilute ammonia solution but insoluble in water [110]. 

Electro-co-polymerization of aniline and o-aminobenzenesulphonic acid formed 

sulfonated PANI which was soluble in neutral pH [111].  

Introduction of sulphonic acid group to the PANI chain makes soluble PANI 

which is self-doped and is known as Sulfonated PANI (SPAN). By chemical and 

electrochemical method, methoxyaniline sulphonic acid is polymerized [112-114]. 

Another type of conducting PANI was synthesised for improving the processability as 

well as redox-activity over a wide pH range [115-117].  However, these conducting 

polymers have low electrical conductivity.  

 In a solution processing route, nanostructured materials were prepared from 

colloidal dispersions with reasonable conductivity using a range of steric stabilizers. 

These used different surfactant micelles such as dodecyl benzene sulfonic acid [118], 

naphthalene sulphonic acid [119], polyethylene oxide (PEO) [120], water soluble 

polymers such as poly (N-vinyl pyrrolidone) [121], organic dopants [122] and silica 

colloids [123]. 

Polyanilines can also be formed using aniline as monomer and 

polyelectrolytes such as polystyrenesulphonic acid [124], polyacrylic acid [125] and 

poly (2-acryloamido-2-methyl-1-propane sulphonic acid) [126] as template. The role 

of the polyelectrolyte template is to align aniline monomer and promote head-to-tail 

coupling. The polyacid template was thought to provide a low pH for growth of water 

soluble PANI and also the necessary counter ions for doping PANI to the conducting 

form [124]. The polymerization reaction rate was faster compared to ordinary 

chemical polymerization owing to the high local concentration of aniline and 

hydrogen ions on the template matrix (polyamide) [126]. The use of these non-

conducting polyelectrolytes resulted in low electrical conductivity of the water 

dispersible PANI [127-129].   

Recently, PANI nanofibers were synthesised by using interfacial 

polymerization at aqueous/organic interface or rapid mixing of monomer and oxidant 

aqueous solutions in controlled ratio [130]. These methods have the advantage of 

stabilizer-template free polymerization and ease of purification. The nanofibers have 

diameters between 30 and 50 nm and make relatively stable dispersion at pH around 

2-3 [131]. 

 

14. POLYANILINE COMPOSITES 

The preparation of conducting polymer composite blends with common 

polymers in order to improve the mechanical properties and processability of ICPs has 

been investigated [132]. In general, there are two main methods used to produce 
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composites: synthetic method based on polymerization of aniline in a matrix polymer 

and blending methods via mixing a previously synthesised polyaniline with a matrix 

polymer. 

 

15. Gas Sensor 

Gas sensor plays an important role in the monitoring and controlling the 

environment for detection of test gas/analytes present in the environment. The 

detection of test gas is very important in today’s life in many different sectors like 

industrial, medical, environmental, and domestic to detect toxic and flammable gases 

[133]. The specific applications of gas sensors are presented in Table 5. It provides 

early warning against harmful agents present in the environment for safety [133]. 

Without sensors, significant advances in industrial and environmental monitoring, 

control and instrumentation will not be possible. Hence, the development of reliable 

and economically fabricated devices is essential. Directly, this allows to sense these 

species with high efficiency and rapid analysis, which help the mankind for healthy 

life. The interaction between the test gas and the sensor surface can be detected 

measurement of change in resistance, capacitance, work function, mass, optical 

characteristics, etc.  

Table 5. Specific applications of gas sensors in different areas 

Application Areas Purpose of Gas sensing 

Indoor air quality 

monitoring 

Cooking gas leakage monitoring, air quality control, 

monitoring heat ventilation and air conditioning 

(HVAC) system 

Human safety Inflammable and toxic gas detection, smoke 

detection, hydrogen detection in aerospace, methane 

leak detection, detection of explosive materials 

Food industries Monitoring microbial, fungal attack of food, 

packaging quality control 

Automobile 

industries 

Fuel to oxygen ratio determination, car ventilation 

system control, NOx detection, HVAC control 

Health care Breath analysis, disease detection 

Environment may contain corrosive or contaminating species, which can 

seriously interfere with sensor operation and ultimately it reduces the sensor 

performances. Accordingly, sensor technology has continued to achieve adequate 

sensitivity, selectivity, reproducibility, and stability at reasonable cost [134,135]. 

Gases are key targets in many industrial and domestic activities requiring the 

precise measurement or control. This has been stimulated by a series of clean air laws, 

which have or are being legislative on the international, national, state and local levels. 

To meet these demands, the sensitivity, selectivity and stability of conventional 
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sensors need to be drastically improved. To achieve these goals, attention is being 

focused on several approaches such as research on novel sensing materials, use of 

catalysts and promoters, surface modification of sensor, multi-sensor array systems, 

data processing methods (FFT and wavelet transform, pattern recognition), fabrication 

techniques, optimization of sensor performance with the use of nanotechnology.  

Conducting polymers are of increasing importance in the development of 

sensors due to their potential nature. These are room temperature operation, low 

fabrication cost, ease of deposition onto a wide variety of substrates and their rich 

structural modification chemistry [136]. Among the conducting polymer family, PANI 

is one of the most highly studied gas sensing materials because of its simple synthesis, 

environmental stability and straightforward redox doping/dedoping chemistry to 

control conductivity [137]. PANI nanofibers possess higher aspect ratio, i.e., surface 

to volume ratios [138] and permit easier addition of surface functionality and 

interaction compared with traditional PANI which is highly agglomerated. In addition, 

PANI nanofibers have a cylindrical morphology and form porous structures when 

deposited as thin films. This structure allows the diffusion of gas molecules into and 

out of the PANI film. As a result, most reports indicate that nanostructured PANI 

performs the gas sensing applications [139].  

The sensitivity of conventional PANI film-based sensor depends on the film 

thickness [140]. On the other hand, sensitivity of a PANI nanofiber-based sensor is 

independent of film thickness. This is due to the porous structure of the PANI film 

which leads to diffuse gas molecules on the surface of sensor and dominating the 

sensor response. The thickness plays the important role in the fabrication of sensor 

and produces the reproducible responses [140]. A gas sensor can be described as a 

device, which upon exposure to a gas alters one or more of its physical properties (e.g., 

mass, electrical conductivity or capacitance) in a way that can be measured and 

quantified directly or indirectly [141]. Structurally, every gas sensor consists of a 

physical transducer and a sensitive layer. Usually, the sensitive layer which is in 

contact with the environment is laid down on top of the transducer platform. At the 

sensitive layer, the gas molecules interact chemically with the surface, producing a 

change in physical/chemical properties. These changes are measured by the transducer 

resulting in the output electrical signals [142]. Gas sensors can be classified according 

to their operating principle or material use, each class having different parameters. 

 

15.1 Types of Gas Sensor 

There are a huge number of sensors using a wide variety of methods and 

technologies with which gas species can be analysed both quantitatively and 

qualitatively. All of these methods aim to provide accurate, stable, high resolution, 

low cost sensing. Therefore, when selecting an approach, it is essential to account for 

temperature, humidity, shock and vibrations. All these factors can greatly impact on 

the sensors’ performance [143]. Gas sensors can be classified according to the 

materials used on the surface of the transducer, such as metal oxide semiconductor 

(MOS), conducting polymer, etc.  
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15.2 Conductometric Gas Sensors  

Conducting polymers are widely used in gas sensor, based on the electrical 

conduction mechanism (e.g., chemoresistors) [144,145]. They consist of two 

electrodes with the polymer film in between. They are usually operated at room 

temperature (low-power). Many commercialized sensors are based on this principle. 

The related technologies such as fabrication technique and measuring type are 

established. Thick films, thin films, fibers and bulk materials can be utilized as the 

sensing elements of a chemiresistor and the output signal is resistance or current or 

which are facile to measure. The chemiresistor is formed by patterning metal 

interdigitated transducers (IDTs) on any insulating substrate such as alumina and 

silicon. The chemiresistor also contains a micro-heater fabricated on the opposite side 

of the IDT pattern for semiconducting metal oxides. Both semiconducting metal 

oxides and conducting polymers are chosen for the sensing materials as their 

conductivity is changed in presence of specific gas molecules. Conductometric sensors 

have very good linearity and can measure large or small gas concentrations (ppm to 

ppb ranges) as well as requiring less calibration than other sensors and ability to 

operate in the continuous presence of a gas.  

 

15.3 Conducting Polymer (Cp) Based Sensors  

Polymer based gas sensors measure resistance changes in thin film structures. 

Among the conducting polymer family, PANI and PPy are possibly the most studied 

polymers for sensor applications due to their simple synthesis, environmental stability 

and straightforward doping/dedoping characteristics to control the conductivity [137]. 

For sensing applications, the suitable polymers have conjugated π-electron system 

along the polymer backbone. However, the choice of the polymer is limited to ICPs 

or those which can be made conducting by doping the polymer with counter ions using 

reducing or oxidising processes. Conducting polymeric layers can be incorporated in 

many different types of transducers, including conductometric, SAW and optical 

transducers [146,147]. For sensing measurement, usually a thin polymer film is 

directly deposited onto the sensor substrate by electrochemical or chemical 

polymerization. Drop casting, dip and spin coating, screen printing, layer by layer self 

assembled and Langmuir-Blodgett (LB) technique can also be used to deposit thin 

films onto the substrates [147]. Conducting polymer sensors operate at room 

temperature. Their advantages also include high sensitivity, small size, low production 

costs and ease of deposition on a wide variety of substrates [148]. Disadvantages 

include the reproducibility of fabrication, strong humidity interference, and base line 

drift over time due to oxidation processes or changes in the conformation by exposure 

to inappropriate compounds. The sensitivity of these type of sensors can be altered 

over a wide range by incorporating functional side groups to the polymer backbone, 

the selection of doping ions, variation of polymer chain length, condition of the 

polymerization and the use of nanostructured forms [148]. Among these options, the 

nanostructured forms of polymer appear to be the most promising to develop highly 

sensitive and stable gas sensor.  
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More attention has been devoted to increase the sensitivity, response time 

and stability of the gas sensors by modifying the sensing materials. Varieties of 

conducting polymers such as PPy, PTh and PANI have been used as the active 

materials in the sensors and are mentioned in Table 6.  

 

Table 6. Conducting polymer composite used in gas sensors 

Conducting 

polymer 

Second component Texture Reference 

PPy  PS  

High density polyethylene 

(HDPE)  

PEO  

PVA  

PMMA  

PMMA  

Poly(etheretherketone) 

(PEEK)  

PVDF  

PVAc  

PVC  

Poly (acrylonitrile-co-

butadiene- 

co-stryrene) (ABS) 

Blend  

Blend  

Blend 

Blend  

Blend  

Coated  

Coated  

Blend  

Blend  

Blend  

Coated 

 [157] 

 [158] 

 [159] 

 [160] 

 [161] 

 [162] 

 [162] 

 [163] 

 [164] 

 [164] 

 [158] 

PTh  4-t-butyl-Cu-phthalocyanine  Blend  [165] 

PANI PS 

PVA 

PMMA  

PVDF  

Poly (butyl acrylate-co-vinyl 

acetate) 

(PBuA-VAc) 

PP + Carbon black + 

Thermoplastic PU 

PS + Carbon black + 

Thermoplastic PU 

Ethylene vinyl acetate 

copolymer 

(EVA)/copolyamide (CoPA) 

Nylon 6  

Blend 

Blend 

Blend  

Coated  

Blend 

 

Blend  

Blend  

Blend  

 [166] 

 [167] 

 [168] 

 [169] 

 [170] 

  

[171] 

[172] 

[173] 

 

[174] 

The introduction of side chains to the backbones of conducting polymers has 

two effects. Firstly, most of the side chains are able to increase the solubility of 

conducting polymers. This helps to process into the sensing film by LB technology, 

spin coating, ink-printing or other solution-assistant method. Secondly, the functional 

chains can regulate the properties of conducting polymers as well as it creates space 
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between molecules [149] or dipole moments [150], or bring additional interactions 

with analytes. Because of this, it may enhance the response, shorten the response time, 

or produce sensitivity to other gases. Many sensors employ substituted or 

copolymerized conducting polymers as the active materials. Dopants can influence the 

physical and chemical properties of the conducting polymers. Conducting polymers 

doped with different ions may give distinct responses to a specific analyte. PANI 

doped with small inorganic ions showed a resistance increase to ammonia, while 

acrylic acid doped PANI exhibited an inverse response [151]. It should be mentioned 

that different dopants in a sensing system shows the different dopants activity. The % 

Response is estimated by the ratio of change of resistance (∆R=R- R0) and initial 

resistance (R0). High conductivity resulted in a low initial resistance R0 and high 

relative response (∆R/R0) [152]. Camphorsulphonic acid (CSA) doped PANI shows 

better response compared to those doped with diphenyl phosphate (DPPH) and maleic 

acid (Mac) for the detection of water vapor [153]. Hong et al. [154] studied the 

reversibility of PANI based chemiresistor, and found that strong acid dopants resulted 

in better reversibility, while a worse response. Differences in sensing performances 

between Cl－, SO4
－and NO3

－ doped Ppy composites were also studied [155]. Further, 

de Souza et al. [156] tried to find the relationship between the response and the 

molecular sizes of dopants. 

The functions of incorporating another component into the conducting 

polymers are manifold. We can classify these sensors according to sensing 

mechanisms. In the composites, the second components play an important role in 

sensing process. They may improve the properties of sensing film (i.e., partition 

coefficient [175]), help in electron or proton transfer [176], or directly interact with 

analytes by swelling [177] or electron/proton exchange [177]. As well, the second 

components are introduced only to improve the device configuration, e.g., change the 

morphology of the film, which is expected to influence the performance of the sensors 

[178,179], improve the mechanical property [180] or protect sensing film [170]. The 

content of the conducting polymer will also influence the performance of the sensor 

[181-183]. 

 

16. Device Fabrication 

For sensors, a thin film active layer is most suitable. However, morphology 

change of sensing layer can strongly influence the performances of sensor. These 

effects are usually attributed to be the results of changing the ratio of surface area to 

volume (aspect ratio) [184]. A film with higher aspect ratio makes analyte molecules 

to diffuse and interact with the sensing layer more easily, which lead to a higher 

sensitivity and shorter response time. The materials used in the device may be in the 

form of thin or porous film [185-187]. In porous film, the volume ratio of micropores 

increases and is able to enhance the response [179]. The reverse effect is insensitive 

to its thickness [186]. Thin film fabricated by LB technique was also used [188,189]. 

Other than the LB technique, spin coating, dip coating, sputtering technique were 

employed. Fibers, wires, tubes, etc. in nanoregime have high aspect values. So, they 
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are perfect candidates for preparing sensors with high sensitivities and fast responses 

[190-197]. Chemical modification of the surface of PANI can be done by grafting onto 

Si with good adherence [198]. These technologies are useful in the fabrication of 

electrochemical sensors.  

 

17. Working Environment 

The temperature at which a sensor can perform is most important. Like 

semiconductors, the conductance of conducting polymers increases with the increase 

of temperature. For a chemiresistor, the initial conductance of conducting polymer is 

changed as the temperature alters [199,200]. However, the change of initial value is 

not the key issue. Other than the temperature, the influence of humidity, pressure, 

introducing hydrophobic substituted groups on polymer backbone reduces the sensor 

performance [201,202]. When designing a chemiresistor, the influence of current also 

should not be neglected. Stronger current flow through conducting polymer will 

produce heat, which can affect the response as described above [203]. 

 

18. Sensing Principle 

The proposed sensing mechanism of PANI for CH4 is mainly based on the 

interaction phenomenon due to the presence of active sites in PANI chains. Still the 

mechanism is not fully clear. It is believed that CH4 interacts with oxygen which is 

present in the environment to form H2O and the presence of H2O ruins the ability of 

PANI to sense the CH4 [204,205]. This causes the resistance to change. It is detected 

by transducer by signal as resistance. Understanding the sensing properties of PANI 

depends on the reversible binding of the target molecule with the sensing film and the 

minimal interaction between sensing material and the chemical species which may be 

present in the sensed environment. Therefore, a molecular level understanding of the 

sensing mechanism can provide adequate information for the sensitivity and 

selectivity issues induced by analyte, moisture and temperature changes. 

 

19. Measurement of The Gas Sensing Characteristics 

In dynamic method, the sensors are kept in a chamber with continuous flow 

of gases, this leads more gas molecules over the sensing surface. At elevated 

temperature (sensor operating temperature) first the sensor is allowed to be exposed 

in a continuous flow of air (usually controlled by mass flow controllers) to attain a 

constant base resistance in air. After achieving a fixed sensor resistance in air (Ra) a 

calculated amount of test / carrier gas mixture is passed through the chamber with 

same flow rate until it attains a fixed resistance (Rg). Generally the sensor recovery is 

attained by flushing the sensor with the flow of air. The characteristic sensor 

parameters and their significance are presented in Table 7. 
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Table 7. Characteristic sensor parameters and their significance 

Sensor parameters Significance 

Response (R) (%) (Ra-Rg)/Ra % or Ra/Rg where Ra and Rg is the resistance 

of the sensor in presence of air and test gas respectively 

Selectivity Maximum response to a particular gas over other test 

gases 

Response range The minimum and maximum gas concentration can be 

detected by a sensing element 

Stability Minimal variation of the base resistance (measured in 

ambient condition) after repeated response-recovery 

cycles 

 

20. Advantages of Using Conducting Polymers 

The advantages of using conducing polymers as the sensing layers are listed 

as following. 

 

Room Temperature Operations  

For conducting polymer based sensor, the interaction between conducting 

polymer and gas analyte is rather strong at room temperature. Therefore, this sensor 

can give remarkable signals. This endows conducting polymer sensors with low 

energy consumption and simple device configuration. 

 

Facile Property Adjustment  

The backbones of common conducting polymers are built up with aromatic 

rings, which are easy to attach various grafts through electrophilic substitutions. Both 

substituted conducting polymer, presence of variety of substituents and 

copolymerizing with different monomers, it is facile to adjust both the chemical and 

physical properties of conducting polymers. These are useful for promoting selectivity 

of sensors, and convenient in fabricating sensor arrays. Detection limits of conducting 

polymers and their composites used for gas sensing are shown in Table 8.  

 

High Sensitivity and Short Response Time 

The detection limits are rather low for conducting polymer based sensors. For 

inorganic analytes such as CO, CO2, NOx, etc., the detection limit is smaller than 1 

ppm, and for organic analytes (CH4, n-Hexane, etc.), the limit is found about several 

ppm or lower. The response times of these sensors are usually hundreds of seconds. 

The response obtained from ultra thin film sensors may be as low as few seconds [206-

210]. 
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Easy Device Fabrication 

The fabrication of sensors based on conducting polymers is much easier than 

that based on other sensing materials. Furthermore, by introducing longer side chains 

on conducting polymer backbone, the solubility of conducting polymers can be greatly 

improved, which make them to be processed into films from their solutions. The 

different techniques are employed for making films by casting, layer-by-layer 

deposition, spin-coating or LB technique.  

 

Long Time Instability and Irreversibility  

Stability of the conducting polymer based sensors is a major issue.  

The efficiency of the sensors decreased significantly as they were stored in 

open environment or air for a relatively long time. Many conducting polymers like 

PANIs are easy to be dedoped when they are exposed to air. This may be considered 

when designing sensing materials. Another problem is the irreversibility of these 

sensors, i.e., the response of sensors gradually fall down in the sensing cycles, or the 

signal cannot return to the original value after exposed to analytes. The mechanism of 

irreversibility is still not clear now. 

The growing areas of conducting polymer based materials are generating 

many exciting new materials with novel properties. It is therefore, of immense 

significance to explore whether nanostructures of conducting polymers can lead to 

better performance and whether reliable and scalable synthetic methods can be 

developed in order to provide the necessary materials base for both research and 

applications. 

Table 8. Detection limits of sensors based on conducting polymers and their 

composites to several gases 

Analyte  Sensing material  Detect limit  Sensor type  Reference 

NO2 

 

 

 

 

HCl 

H2S  

CO  

 

Water  

Methanol 

Methane 

halide  

PPy/PET PTh/CuPc  

PANI/In2O3  

PANI/FeAl 

PANI/heavy CO] 

PANI/FeAl 

PANI/In2O3  

PANI  

PANI/Pd  

Poly(3- 

methylthiophene)/ 

MWNT 

PANI/Cu  

<20 ppm  

4.3 ppm  

<0.5 ppm  

0.2 ppm  

<10 ppm  

10 ppm  

<60 ppm  

< 25 ppm  

<1 ppm  

Several ppm  

<10 ppm  

Chemresistor 

Chemresistor 

SAW 

Chemresistor  

Chemresistor  

Chemresistor  

SAW  

Chemresistor  

Chemresistor  

Chemresistor 

Chemresistor 

[189] 

[176] 

[206] 

[207] 

[192] 

[208] 

[206] 

[209] 

[210] 

[183] 

[211] 
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21. Conclusions  

Now-a-days, conducting polymer composites are being studied extensively 

due to their potential applications in sensors, and actuators. For the commercial 

applications of polymer composites, the synthesis, and processability must be simple, 

direct and cost-effective, along with improved material properties. In the present work, 

a variety of materials, viz., hydrophobic nanomaterials (Cloisite 20A), dopants such as 

HCl, HNO3, H2SO4, H3PO4 acrylic acid (AA), polyacrylic acid (PAA), substituted 

form of aniline, aniline, aniline hydrochloride and thermoplastic polymer as base 

materials (DL-PLA) are used to prepare several composites.  
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Abstract 

Polymer composites synthesized in the present work have been studied 

extensively. Polymer composites are investigated using sophisticated analytical tools. 

Electron microscopy was used to study the surface morphology by SEM/FESEM and 

dispersion of nanoparticles in the polymer matrix by HRTEM. The structural details, 

i.e., crystallite size, crystallinity, types of nano structure were studied by X-ray 

diffraction. H1-NMR, ESI-MS and FTIR have been used to elucidate chemical 

structure of synthesised monomers. The conformational variations in the polymeric 

materials have been studied using vibrational spectroscopy employing Fourier 

Transform Infrared (FTIR) spectroscopy. The UV-Visible absorption spectroscopy 

was used to study the optical properties of the monomers, and as-prepared polymeric 

samples. The DC conductivity measurement was carried out to study the electronic 

properties and charge transport mechanisms of the prepared polymeric samples. The 

gas sensing response was found by electrical measurement. Thermal study has been 

used to study the stability of prepared materials. 

 

Introduction  

The fundamental requisite in the synthesis of conducting polymers is the 

conjugated nature of the monomer. That is conserved the synthesis process of 

conducting polymer. Choices of monomer and polymerization method are two main 

parameters for synthesizing conducting polymer. It is great difficult to synthesize 

conducting polymer from monomers. Also, there is great challenge to develop a 

polymerization process by considering appropriate functionality of monomer(s). 

Generally, most of the monomers are electron-rich molecules. Some of contains 

simple electron rich molecules i.e., acetylene and other some molecules contains 

electron rich molecules with pendant groups i.e., aniline, pyrrole, thiophene, or 3,4-

ethylenedioxythiophenes. Polymerization reaction occurred of a given monomer in 

https://doi.org/10.34256/ioriip2122
mailto:muktikanta2@gmail.com


Synthesis Methods of Polyaniline Based Composite 

45 

many routes. Numerous methods are used to polymerize the given monomer. Both 

monomer and polymer in polymerization reactions are completely soluble and there 

is possibility for forming high molecular weight polymer. There are two principal 

methods for the synthesis of PANI. The first one is the direct oxidation of aniline by 

chemical oxidation, i.e., chemical method and the second way is through electro-

oxidation on an inert electrode, i.e., electrochemical method and is discussed below;   

 

Chemical Synthesis  

PANI-ES can be easily obtained as dark green powder by polymerization of 

aniline in aqueous acid medium using ammonium persulfate (APS) oxidant [1 10], 

potassium iodate [2 14], hydrogen peroxide [3 15], potassium dichromate [4 16], etc. 

The possible polymerization routes and availability of list of oxidant is shown in Table 

1. The reaction is mainly carried out in acid medium at low pH (pH ~ 0 and 2). The 

concentration of the monomer used varies from 0.01 to 1 M. Generally, a 

stoichiometric equivalent of oxidant is used to carry the polymerisation and also to 

avoid degradation of the polymer [5 17]. Chemical oxidation polymerization is 

generally carried out at low temperature (–5 to 0 °C) in order to achieve high molecular 

weight PANI. One of the disadvantages of this method stems from the experimental 

observation that an excess of the oxidant and higher ionic strength of the acid medium 

leads to materials that are essentially intractable.  

In a typical synthesis of PANI Emeraldine salt (ES), aniline (0.1 M) is 

dissolved in 1 M solution of protonic acid such as HCl, H2SO4, HClO4, etc. and is 

cooled to 0–5 °C. A precooled solution of oxidant (0.1 M) with or without protonic 

acid is added drop wise for 30-60 min. After about 10-15 min, the solution gradually 

develops a green tint. The dark green/blue-green precipitate (ES) formed after 12 h 

and then it is filtered, washed with excess of dilute acid and then with organic solvents. 

After that the products are dried in vacuum for 24 h. Emeraldine salt (ES) form of 

PANI can be obtained. PANI Emeraldine base (EB) can be obtained by stirring PANI-

ES powder in 0.05 M solution of NH4OH for 10-12 h. The dark blue powder of EB is 

further washed with 0.05 M NH4OH and dried under vacuum. Other than the chemical 

oxidation method [1 10], emulsion polymerization [6 18], dispersion polymerization 

[7 19], interfacial polymerization [8 20], and etc. are also available for the 

polymerization of aniline. The possible polymerization routes and availability of list 

of oxidants have been thoroughly reviewed in the literature mentioned in Table 1.  

 

Electrochemical Synthesis  

In this route, polymerization of aniline is carried out in a three electrode 

system to produce good yield of PANI. The anodic oxidation of aniline is generally 

carried out on an inert electrode material which is usually platinum (counter 

electrode). However, other electrode materials such as iron, copper are employed as 

working electrode [9 21], whereas Ag/AgCl electrode is used as reference electrode. 

Homogeneous polymer is obtained when synthesized via potential cycling [9 21]. The 



Synthesis Methods of Polyaniline Based Composite 

46 

anodic oxidation of aniline is normally carried out in an inert atmosphere at ambient 

temperature. For many conceivable applications, deposition of the PANI as a thin film 

or thick coating is desirable which can be easily achieved using electrochemical 

polymerization.  

Table 1. Types of polymerisation processes, oxidants and dopants 

Types of 

Conducting 

polymers 

Pol merization 

process 

Types of 

Oxidant 

Dopants Reference 

PANI-ES Chemical-oxidation APS HCl [1 10] 

PANI- S  hemical-

oxidation 

APS AA [10 22] 

PANI-ES Chem ca -

oxidation 

APS 

FeCl3 

CuCl2 

--- [11 23] 

PANI-ES Emulsion route APS HCl [6 18] 

PANI-ES Inverse emulsion APS DBSA [12 24] 

PANI-ES Electrochemical  --- HClO4 [13 25] 

PANI-ES Electrochemical --- HCl [9 21] 

PANI-ES Electrochemical ---  HNO3 [14 26] 

 

Polymerization of aniline  

The mechanism and kinetics of PANI formation have been extensively 

studied for the identification of intermediates and steps involved [15 27]. Various 

polymerization mechanisms and electrochemical aspects of the formation of PANI 

have been proposed by different authors depending on the protocol used in the 

synthesis of PANI [15, 16 27,28]. The first step in the reaction is the formation of a 

radical cation which is resonance stabilized by several canonical forms (Scheme 1)  

 

 

Scheme 1. Formation of radical cation and its resonance stabilized canonical forms 
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  This dimer, further leads to higher intermediates and finally to emeraldine 

form (Scheme 2) [17, 18 29, 30].  

The polymerization mechanism is characterized as ‘autocatalytic’. This may 

occur due to less positive potentials of the oligomers compared to aniline monomer. 

Such an autocatalytic effect is observed only in aqueous solutions with significant 

acidity [27].  

 

 

 

 

 

 

 

 

Scheme 1.3. Formation of p-amino diphenylamine from the monomeric radical 

cation 

Doping in Polyaniline: Acid Doping  

Usually, the conductivity of undoped state of the conjugated polymers is low 

(10‒7‒10‒11 S cm‒1) [19 3]. One of the effective ways to improve the conductivity is 

doping. When the conjugated polymers are doped, the electrical conductivity of the 

polymers increases to several folds [19 3]. Doping in most of the known conducting 

polymers is achieved by partial oxidation by electron donor or partial reduction by 

electron acceptor of the π-systems polymer which leads to either increase or decrease 

in the number of electrons associated with it [20 32]. Generally, doping process can 

occur either by electron donation or acceptance to the polymer by the dopant (donor) 

and the resultant species is known as neutral soliton [1, 21 10,33]. If both the electrons 

are accepted (cation) or donated (anion) by the dopant then the charged soliton is 

formed 1, 21 [10,33]. After the first redox process, charge transfer complex may form 

between the charged soliton and neutral segment of the polymer. As a result, radical 

cation or radical anion is formed, which is called polaron [1, 21 10, 33]. Alternatively, 

charged soliton formation may be followed by a second electron transfer with the 

dopant. This process results the formation of a dication or dianion, which is known as 

bipolaron [21 33].  Formation of soliton, polaron, bipolaron is shown in Scheme 3. 
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Pn (Polymer) A 

 

Pn.A. 

(Neutral soliton) 

Pn (Polymer) A 

 

Pn+A‒ 

(Charged ion) 

Pn+A‒ (Charged ion) Pm 

 

[(PnPm)•+A-] or 

[(PnPm)•‒A+] 

(Radical cation or anion 

formation) 

Pn+A‒ (Charged ion) A 

 

[Pn++ 2A-] or [Pn‒ ‒ 2A-] 

       (Bipolaron) 

Scheme 3. Formation of soliton, polaron and bipolaron 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4. Interconversion of different oxidation states of polyaniline via redox 

procedure [22 34] 

After doping, non-conducting form of PANI, i.e., emeraldine base (EB) 

forms conducting PANI, i.e., emeraldine salt (ES) [22 34]. Such a doping behaviour 

is achieved by the introduction of protonic acids (mineral or organic) and is known as 

‘acid doping’ (Scheme 1.5). In this doping process, the conductivity of PANI increases 
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more than eight orders of magnitude [23 35]. Positive charges accumulated on the 

polymeric backbone during protonation of PANI are neutralized by the negatively 

charged counter ions of the dopant, called polymeric organic salts. The protonation 

changes the electronic structure, crystallinity, solubility, etc. of the polymer [20 32]. 

The degree of protonation and the conductivity can be controlled by changing the 

concentration of the dopant acid solution. Mineral acids such as HCl, H2SO4, etc are 

the most frequently used as dopants.  

 

Limitation of conducting polymer 

Though, the conducting polymer has potential application in the different 

fields as an optoelectronic material instead of inorganic materials, still, it has some 

limitations. The problems of conducting polymers are related to their synthesis, 

reproducibility, types of dopant used, processability, and stability. Among these 

problems, the processability and stability are most prominent.  

 

Polymer nanocomposites 

The emergence of polymer nanocomposites is largely based on a 

consideration in which polymer matrix is reinforced by uniformly dispersed nano-

sized particles [24, 25 51,52]. Polymer nanocomposites can be prepared using a 

variety of nanomaterials including disk-like nanoparticles (e.g., clay platelets), 

spherical and polyhedral nanoparticles (e.g., colloidal silica) and nanofibers (e.g., 

nanotubes, whiskers). There are many reports on polymer nanocomposites with 

improved properties other than individual components or their macro- and micro-

counterpart [24-26 51-53]. 

 

Clay minerals 

The layered clays which can be used for the preparation of polymer 

nanocomposites may be divided into two types. One is natural clays (e.g., 

montmorillonite, hectorite and saponite etc.) and other one is synthesized clays (e.g., 

fluorohectorite, laponite, mica, magadiite and hydrotalcite). These are presented in 

Table 2. Out of them, both MMT and hectorite are the most commonly used. The 

hydrotalcite clays are called anionic clay because the layered clay bears negative clay 

layers. Among the large amount of layered solids, clay minerals especially the 

members of smectite group are most suitable for the reinforcement of polymer matrix. 

For the fabrication of clay based polymer nanocomposites, clay materials are used 

because of their unique structure and high aspect ratio of each clay platelet. The basic 

structures of nanoclays are composed of layered silicate network. The silanol groups 

contains hydroxy group in the inter layer regions, which favour the organic 

modification by grafting organic functional groups in the interlayer regions (Fig. 1) 

[24-26 51-53]. 
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Figure 1. Schematic representation of the clay structure [24 51] 

 

Table 2. Classification of nanoclays (Phallosilicate) [27, 28 54,55] 

Type of clay Formula Origin Substitution Layer  

charge 

2:1 type 

MMT Mx (Al2-xMgxSi4O10(OH)2nH2O N Octahedral -ve 

Hectorite Mx (Mg3-xLix) Si4O10(OH)2nH2O N Octahedral -ve 

Saponite MxMg3(Si4-x) AlxO10(OH)2nH2O N Tetrahedral -ve 

Fluorohectorite Mx (Mg3-xLix) Si4O10F2nH2O S Octahedral -ve 

Laponite Mx (Mg3-xLix) Si4O10(OH)2nH2O S Octahedral -ve 

Fluoromica  NaMg2.5Si4O10F2 S Octahedral -ve 

1:1 type 

Kaolinite Al2Si2O5(OH)4 N --- Neutral 

Halloysite Al2Si2O5(OH)42H2O N --- Neutral 

Hydrotalcite Mg6Al2(CO3)(OH)164H2O S Octahedral +ve 

Layered silicic acid 

Kanemite NaHSi2O57H2O N/S Tetrahedral -ve 

Makatite Na2Si4O9.5H2O N/S Tetrahedral -ve 

Octasilicate Na2Si8O17.9H2O S Tetrahedral -ve 

Magadiite Na2Si14O2910H2O N/S Tetrahedral -ve 

Kenyaite Na2Si20O4.10H2O N/S Tetrahedral -ve 

M indicates exchangeable ions represented by monovalent ions. Symbols: N 

(Natural), S (Synthetic), -ve and +ve 
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Modification of clay minerals  

Purification and surface modification is essential for the preparation of 

polymer nanocomposites. This is essential because of their hydrophilic and 

incompatible nature to most polymers. Therefore, the dispersion of clay minerals in 

polymer matrix is very difficult. Some parameters of MMT and organically modified 

nanoclays are presented in Table 3. 

MMT indicates montmorillonite. Abbreviation: OMLS (Organically modifying 

layered silicate), CEC (Chemical exchange cation), nm (nano meter), meq. 

(Miliequivalent), and d (basal distance), and NC (Nanoclay which is unmodified) 

Table 3. Some parameters of MMT and organically modified nanoclays 

OMLS 

code 

Pristine 

Layered 

Silicate 

d001 

(nm) 

CEC 

meq 

/100g 

Modifying group 

name 

Reference 

No. 

MEE Synthetic 

clay 

2.2 120 Dipoly oxy ethylene 

alkyl methyl 

ammonium cation 

29 56 

MAE 3.3 120 Dimethyl dialkyl 

ammonium cation  

29 56 

ME100 0.95 120 Unmodified mica 30 57 

30B Southern 

clay 

(Natural 

clay) 

1.85 90 Methyl, tallow,bis-2-

hydroxyethyl 

quaternary ammonium 

chloride 

30 57 

15A 3.15 125 Dimethyl, 

dihydrogenated tallow 

quaternary ammonium 

chloride 

31 58 

20A 2.42 95 Dimethyl-2-

dihydrogenated tallow, 

quaternary ammonium 

30 57 

25A 1.86 95 Dimethyl,  

dihydrogenated tallow, 

2-ethylhexyl quaternary 

ammonium 

32 59 

93A 2.36 95 Dimethyl, 

dihydrogenated 

tallow, ammonium  

33 60 

NC 1.17 92 Unmodified  MMT 24 51 
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Conducting polymer nanocomposite    

When clay minerals are added to a polymer matrix, they form three types of 

structures, which depend on the nature of the components and processing condition. 

These are conventional composite, intercalated, and exfoliated nanocomposites. In 

conventional composite, the components are separated, i.e., phase separated. The 

properties of such composite are similar to that of micro-particles reinforced polymer 

composites. In intercalated nanocomposites, the polymer chain is inserted into the clay 

gallery resulting in a well ordered multilayer stacking morphology. Fig. 2 shows a 

diagram of three broad classes of thermodynamically achievable polymer/layered 

silicate nanocomposites [24 51]. 

 

Figure 2. Three typical nanocomposites prepared from conducting polymer and clay 

minerals: (a) phase separated nanocomposite; (b) intercalated nanocomposite; (c) 

exfoliated or delaminated nanocomposite [24 51] 

Several techniques are followed for the preparation of nanocomposites, 

which predominantly includes chemical and electrochemical techniques [34 61]. 

Nanomaterials are encapsulated in various ways viz., ex situ, in situ, and core-shell.  

 

Ex situ nanocomposites 

In ex situ technique the inorganic nanoparticles are dispersed in a monomer 

and then polymerised to form conducting polymer nanocomposites [35 62]. The 

 

(Phase separated) (Intercalated)
(Exfoliated or

Delaminated)
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inorganic nanoparticles are encapsulated in the conducting polymer matrix during 

polymerization in the same reaction vessel [35 62]. Variety of conducting polymer 

nanocomposites have been prepared using polyaniline (PANI) [36 63], polypyrrole 

(PPy) [37 64], polyphenylene vinylene (PPV) [38 65], poly (3,4-

ethylenedioxythiophene) (PEDOT) [39 66] as hosts for inorganic metal, metal oxide 

and ceramic nanoparticles as guest materials.  

 

Core-shell conducting polymer nanocomposites  

Among the inorganic-organic nanocomposites, the core-shell structures have 

attracted much more scientific interest and have become more popular leading to some 

interesting nanocomposite synthesis. In this technique, different metal and metal oxide 

nanoparticles are encapsulated in the core of conducting polymers.  

Table 4. Selected conducting polymer/clay nanocomposites 

Polymer Layered clay Synthesis 

method 

Structure of 

nanocomposite 

Reference 

No. 

olyaniline MMT 

CdS 

Emulsion intercalation 43 70 

Micro-

emulsion 

intercalation 44 71 

in situ intercalation 34 61 

ex situ Not mention 34 61 

Chemical-

oxidation 

Not mention 34 61 

Om-MMT Dispersion  Exfoliation/ 

intercalation 

24 51 

Maghnite-H+ in situ intercalation 45 72 

Cloisite 15A in situ Not mention 46 73 

Polypyrrole MMT Chemical-

oxidation 

 47 74 

Bentonite Chemical-

oxidation 

intercalation 48 75 

Hydroxy 

appatite 

Electropoly- 

merization 

Not mention 49 76 

VMT Chemical-

oxidation 

intercalation 50 77 

Polythiophene Modified 

MMT 

in situ intercalation 37 64 

Core-shell structured silica (SiO2) nanoparticles based PANI and Ppy nanocomposites 

were synthesized in stable colloidal forms, where SiO2 was used as the core [40 67]. 

Colloidal PPy-Au core-shell structured nanocomposites have been synthesized by a 

template-guided polymerization technique [41 68]. Deng and co-workers have 

reported the synthesis of core-shell structured ferromagnetic (Fe3O4)-cross linked 
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PANI nanocomposites. This composite shows core-shell morphology in aqueous 

solution [42 69]. Layered clays, synthesis method, structure of nanocomposites of 

selected conducting polymer/clay based nanocomposites are presented in Table 4. 

Hematite/silica/polypyrrole (Fe2O3/SiO2/PPy) ellipsoidal sandwich composite 

spheres as well as SiO2/PPy ellipsoidal hollow capsules with movable hematite as 

cores and Ppy as shell were successfully fabricated by core-shell technique [40 67]. 

Polypyrrole-coated silver nanocomposite have been synthesized by one step aqueous 

chemical oxidation dispersion polymerization technique from pyrrole monomer using 

silver nitrate as an oxidant [51 78]. Electromagnetic functionalized core-shell 

nanocomposites of polypyrrole (PPy) were prepared by a self-assembly process [51 

78]. Yang et al. have reported that they prepared novel sunflower-like organic-

inorganic composites using smaller conductive polypyrrole and spherical silica 

particles through an in situ route by self-assembly polymerization process. For this 

preparation chitosan was employed as a modifying agent on silica surface [52 79]. 

Polypyrrole (PPy)-coated Ag composites were synthesized by interfacial 

polymerization process in the presence of polyvinyl pyrrolidone (PVP) by Feng et al. 

[51 78]. Core-shell nanocomposites of CuO/PANI [53 80], Fe2O3/PANI [53 80], 

In2O3/PANI [53 80] and Fe2O3/SiO2/PANI [53 80] were successfully prepared using 

a double-surfactant-layer assisted polymerization method. Chuang and Yang [54 81] 

have reported the preparation of CeO2/PANI (CeO2/PANI) core–shell 

nanocomposites via chemical oxidation method using aniline as monomer and CeO2 

as an oxidant as well as nanomaterials. Synthesis of metallic copper nanoparticle 

coated with polypyrrole was very recently reported by Kobayashi et al. [55 82].  

 

Solution casting 

In this technique, homogenous dispersion of organoclay (Na+ MMT) was 

added to solution of ammonium salt of hexadecylamine.  The solution was spread onto 

a glass plate and the solvent was evaporated by taking appropriate time for drying to 

form nanocomposite [56 83]. 

 

Solubility of polyaniline  

Solubility 

The acid doped form of PANI is insoluble in aqueous solutions as well as in 

most common organic solvents, but soluble in concentrated sulphuric acid [57 84]. 

When the emeraldine salt of PANI is deprotonated to form the insulating emeraldine 

base of PANI, it can be solubilized in a number of organic solvents [58 85], such as 

N-methyl pyrrolidone (NMP), dimethyl formamide (DMF), dimethyl sulphoxide 

(DMSO), m-cresol, chloroform (CHCl3) and tetrahydrofuran (THF). The process of 

dedoping effectively removes the cationic charges upon the conducting polymer 

backbone and that reduces the ionic character, which is more amenable to dissolution. 

Gelation of the conducting polymer commonly occurs at high concentrations of the 
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EB solutions. This result helps to increases viscosity due to formation of strong 

interchain hydrogen bonding between the amine hydrogens and nearest neighbour 

imine nitrogens. A novel route to solubilize the ES form is by the use of functionalized 

protonic acid dopants such as sulphonic acids (camphor sulphonic acid, dodecyl 

benzene sulphonic acid) [59 86].  

 

Substituted Polyaniline  

Solubility of PANI can be improved by polymerizing a derivative of aniline, 

particularly by choosing the substituent which has solubilising effect. There are two 

types of substituents. One substituent occurs at N-atom and other is on the ortho-and 

meta-position of benzene ring. The different substituents are alkyl [60 87], alkoxy [61 

88] groups, phosphoric and sulphonic acid [62 89] groups. The acid group substituted 

PANI was found to be more soluble, some of them being water soluble and also 

showing higher thermal stability. Polymerization of substituted anilines can also be 

carried out either chemically [60 87] or electrochemically [60 87]. The major 

drawback of these rings substituted PANIs is the fact that solubility is achieved at the 

cost of conductivity [60 87].  

 

Functionalized protonic acid as dopant  

Cao, Smith, and Heeger [63 90] synthesised metallic form of PANI using 

functionalized protonic acids and simultaneously resulted PANI complex soluble in 

common organic solvents. The functionalized counter ion acts as ‘surfactant’ and the 

charged head group is ironically bound to the oppositely charged protonated PANI 

chain, and the ‘tail’ is chosen to be compatible with non-polar or weakly polar organic 

liquids [63 90]. This is called ‘counter-ion’ induced processability.  

 

Blends of polyaniline 

Conducting blend is another kind of conducting materials, which supports to 

improve the solubility and that, is found from literatures [64-66 91-93]. It is a physical 

mixture of two or more polymers with different chemical compositions. Improvement 

of the PANI processability resulted in the fabrication of several types of conductive 

blends of PANI [64-66 91-93]. The main purpose of making blends is to introduce 

flexibility and toughness to PANI thereby making it melt processable. A phase 

separation between the two components of the blends leads to decrease of mechanical 

strength of the material [67 94]. However, by keeping the PANI composition less than 

16 wt%, materials with good flexibility blend can be obtained. Several conductive 

blends of PANI salt with thermoplastic polymers such as polystyrene [65 92], 

polyamides [68 95], poly (vinyl alcohol) [69 96], poly (vinyl chloride) [70 97], and so 

forth have been extensively studied. 
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Copolymers  

Copolymer is another class of materials with improved solubility. It is 

generally carried out to combine the diverse physicochemical properties of different 

polymers to form a single polymeric system. Copolymerization of aniline with ring or 

N-substituted anilines leads to polymers which have conductivity like PANI and 

solubility of substituted anilines [61, 62 89,88].  

 

Polyaniline dispersions  

Dispersion polymerization is a well-known technique for the synthesis of 

conventional polymer in both aqueous and non-aqueous media [6, 71, 72 18,98,99]. 

Colloidal dispersion is one of the widely used and technologically important ways for 

tackling the problem of poor solubility of PANI [73, 74 100,101]. Dispersion of PANI 

is used in the preparation of blend with thermoplastic polymers.  

 

Polymer stabilized polyaniline dispersions  

Various polymeric steric stabilizers such as ethyl cellulose [75 102], 

carboxymethyl cellulose [76 103], poly (vinyl alcohol) [69 96], poly (vinyl methyl 

ether) [77 104], poly (N-vinylpyrrolidone) [78 105], etc. are employed for the 

synthesis of PANI in colloidal form or as suspension by chemical polymerization 

using aniline precursors. According to Armes and co-workers [73 100], they have 

synthesized colloidal PANI by chemical grafting of PANI onto several tailor made 

copolymer surfactants. The resulting polymer (PANI) is insoluble in solvents and its 

macroscopic coagulation is prevented by steric stabilizers [75 102]. The possible 

synthetic routes and the properties of PANI colloids have been reviewed by Stejskal 

[75 102]. The morphology and the size of colloidal particles are strongly depended on 

the steric stabilizer, oxidizing agent and reaction conditions [79 106]. On the other 

hand, the use of polymeric stabilizers in PANI drastically lowers the electrical 

conductivity of PANI [80 107].  

 

Processability 

Processability is one of the major issues in the synthesis of conducting 

polymers for commercial applications in different areas. These applications of 

conducting polymers like PANIs are limited due to the lacking of solubility and 

processability. A number of approaches have been investigated to improve the 

processability of PANI.  

Generally, alkyl and alkoxy substituted aniline monomer is polymerized to 

improve the solubility of the polymer in organic solvents. But, it has a negative 

influence on the conductivity [60, 61 87,88]. The first known examples of water 

soluble conducting polymers reported in 1987 are the sodium salts of poly -3-(2-ethane 

sulfonate) thiophene and poly -3-(4-butane sulfonate) thiophene [81 108]. These 
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polymers are self-doped Polythiophenes. The electrochemical polymerization of 

aniline carboxylic acid isomers has been recently reported [82 109]. Poly (o-amino 

benzyl phosphoric acid) is another type of self doped conducting polyaniline 

synthesised and the polymer was soluble in dilute ammonia solution but insoluble in 

water [83 110]. Electro-co-polymerization of aniline and o-aminobenzenesulphonic 

acid formed sulfonated PANI which was soluble in neutral pH [84 111].  

Introduction of sulphonic acid group to the PANI chain makes soluble PANI 

which is self-doped and is known as Sulphonated PANI (SPAN). By chemical and 

electrochemical method, methoxyaniline sulphonic acid is polymerized [85-87 112-

114]. Another type of conducting PANI was synthesised for improving the 

processability as well as redox-activity over a wide pH range [88-90 115-117].  

However, these conducting polymers have low electrical conductivity.  

 In a solution processing route, nanostructured materials were prepared from 

colloidal dispersions with reasonable conductivity using a range of steric stabilizers. 

These used different surfactant micelles such as dodecyl benzene sulfonic acid [91 

118], naphthalene sulphonic acid [92 119], polyethylene oxide (PEO) [93 120], water 

soluble polymers such as poly (N-vinyl pyrrolidone) [94 121], organic dopants [95 

122] and silica colloids [96 123]. 

Polyaniline can also be formed using aniline as monomer and polyelectrolytes 

such as polystyrenesulphonic acid [97 124], polyacrylic acid [98 125] and poly (2-

acryloamido-2-methyl-1-propane sulphonic acid) [99 126] as template. The role of the 

polyelectrolyte template is to align aniline monomer and promote head-to-tail 

coupling. The polyacid template was thought to provide a low pH for growth of water 

soluble PANI and also the necessary counter ions for doping PANI to the conducting 

form [97 124]. The polymerization reaction rate was faster compared to ordinary 

chemical polymerization owing to the high local concentration of aniline and 

hydrogen ions on the template matrix (polyamide) [99 126]. The use of these non-

conducting polyelectrolytes resulted in low electrical conductivity of the water 

dispersible PANI [100-102 127-129].   

Recently, PANI nanofibers were synthesised by using interfacial 

polymerization at aqueous/organic interface or rapid mixing of monomer and oxidant 

aqueous solutions in controlled ratio [103 130]. These methods have the advantage of 

stabilizer-template free polymerization and ease of purification. The nanofibers have 

diameters between 30 and 50 nm and make relatively stable dispersion at pH around 

2-3 [104 131]. 

 

Polyaniline composites 

The preparation of conducting polymer composite blends with common 

polymers in order to improve the mechanical properties and processability of ICPs has 

been investigated [105 132]. In general, there are two main methods used to produce 

composites: synthetic method based on polymerization of aniline in a matrix polymer 

and blending methods via mixing a previously synthesised polyaniline with a matrix 
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polymer. 

 

Characterization techniques  

Generally, the prepared materials are needed three types of characterizations 

such as spectroscopic analysis, structural analysis, and electrical analysis (DC 

electrical conductivity, temperature dependent DC conductivity with and without 

field, and gas sensor measurements).  

 

Spectroscopic characterization for chemical structure 

The different non-destructive techniques (NDT) such as NMR (H1NMR), ESI-

MS, FTIR/ATR-FTIR, and UV-Visible are generally required to characterize the 

prepared materials.  

 

Proton nuclear magnetic resonance (H1NMR)  

H1NMR technique is one of the NDT. Molecular structure was investigated 

using Nuclear Magnetic Resonance (NMR) spectrometer (Bruker DRX-500MHz 

spectrometer). The molecular structure of synthesised salt (AA and Ani) and its 

polymer was also characterised by NMR technique. In NMR spectrometer, 

radiofrequency (RF) is used as NMR source and to induce transition between different 

nuclear spin states of samples in a magnetic field. By the application of strong 

magnetic field to the samples, their spins are reoriented, i.e., aligned with the field or 

against the field [106 7].  

Furthermore, splitting of the spectra lines arises due to interactions between 

different nuclei, which provide information about the proximity of different atoms in 

a molecule. We explored the H1NMR to investigate the molecular structure.  

Orientation parallel to alignment of applied force is lower in energy. When nuclei are 

irradiated with RF radiation the lower energy nuclei flip to high state and nuclei is said 

to be in resonance, hence the term NMR. 

For this technique, particular deuterated solvent is required and it is called lock 

solvent. In my thesis work, deuterated chloroform (CDCl3)/deuterated dimethyl 

sulphoxide (d6-DMSO) was used. Prepared samples were dissolved in a CDCl3/d6-

DMSO to form deuterated solution. The prepared NMR samples are run in 5 mm glass 

NMR tubes. An NMR tube was filled prepared sample and then, the sample tube was 

exposed to RF radiation in the spectrometer and data were collected. The chemical 

shifts of the groups are recorded in the range 10-200 ppm with a delay of 2.5 sec. This 

technique was done to help the analysing the molecular structure.  

 

Mass analysis (ESI-MS) 

Mass spectrometry [MS] is an analytical technique which is NDT that 
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identifies the chemical composition as adduct of a prepared sample on the basis of the 

mass-to-charge ratio (m/z), called charged ions. Such ionization of mass occurred by 

electrospray ionization of mass (ESI-MS) technique. The technique is used in both 

qualitative and quantitative analysis.  

Now a days, this technique is more acceptable to identify the large molecules. 

It fragments the samples [107 8] to form charged ions from relatively non-volatile, 

thermally labile compounds. ESI-MS had as its first uses, the ionization of intact 

chemical species but now has found wide acceptance in the identification of large 

molecules. This instrument has ability to form charged ions from relatively non-

volatile, thermally labile compounds. Multiple charged ions are generated which serve 

to extend the useful mass range of the instrument. A mass spectrometer generates 

multiple ions from the sample under investigation; it then separates them according to 

their m/z, and then records the relative abundance of each ion type. 

The first step in the ESI-MS spectroscopic analysis of compounds is the 

production of gas phase ions, basically by electron ionization. This molecular ion 

undergoes fragmentation. Each primary product ion derived from the molecular ion, 

in turn, undergoes fragmentation, and so on. The ions are separated in the mass 

spectrometer according to their m/z ratio and are detected in proportion to their 

abundance. A mass spectrum of the molecule is produced. It displays the results in the 

form of a plot of ion abundance verses m/z ratio. Ions provide information concerning 

the nature and the structure of their precursor molecule. In the spectrum of a pure 

compound, the molecular ion if present, appears at the highest value of m/z (followed 

by ions containing heavier isotopes) and gives the molecular mass of the compound. 

In the thesis work, mass spectra were obtained from AXIMA-CFR laser desorption 

ionization flying time spectrometer (COMPACT). In this work, we used gel-like 

(prepared salt) samples. It helped to evaporate solvent easily. Typical solvents for 

electrospray ionization were prepared by mixing water with volatile organic 

compounds like methanol and acetonitrile. Acetic acid was added to prepared typical 

solvent. That was done because to decrease the initial droplet size and increase the 

conductivity of prepared materials like salt.  

 

Fourier transformation infra-red (FTIR) spectroscopy 

Like NMR and ESI-MS, FTIR/ATR-FTIR is a NDT technique. This technique 

is used to analyse the presence of functional groups, formation of chemical linkage 

between used materials and interaction between nanomaterials and polymers, metal 

oxygen bond and removal of organic and other phases with have been investigated 

using a FTIR/ATR-FTIR spectrometer (Nexus-870, Thermo Nicolet Corp, and USA). 

The instrument parameters were kept constant (50 scan at 4 cm−1 resolution, 

transmittance/absorbance mode). In this spectrometer [108, 109 9,10], the IR 

radiations from an IR source are passed through the sample and the amount of energy 

adsorbed/transmitted was recorded by suitable detector and is guided through an 

interferometer where a Fourier Transform is performed on the output signal.  
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For this technique, powder, liquid and solid film samples were used. Solid film 

samples were analyzed in ATR mode. For this measurement, the powdered samples 

were prepared by making pellet. At first, dry KBr are grinded using mortar pestle 

followed by addition of small amount of prepared samples. Further, sample mixture is 

grinded. Then it put in die and placed inside (appropriate place) the hydraulic pressure 

and compacted the samples by pressure (5 kg.f). 

The pellet (13 mm diameter, 0.3 mm thick) so prepared was used for IR 

characterization. Liquid samples was directly put on KBr pellet/quartz glass plate and 

used for this characterization. Before running the samples, a background spectrum was 

collected. Then pellets samples were put in a sample holder. The pellets are exposed 

to IR radiation in the spectrometer and data were collected. This technique was done 

to characterize the bonding type of the molecules and for each type of bonding it 

produced characteristic absorption bands.  

 

Ultraviolet-visible (UV-Vis) spectroscopy 

UV-Vis spectroscopy is also one type of NDT technique. The UV−Vis spectra 

of the prepared materials were recorded by using a Micropack UV−VIS−NIR, DH 

2000. The wave length of spectrum was taken from 200 to 800 nm. Powdered, liquid, 

and solid film samples were used for doing UV-Vis characterization. Transparent 

solvent was used within the wavelength range for making required solution. In this 

spectroscopy, we choose the wave length in the UV and Visible region and expressed 

in nanometre. For this analysis, transparent solution is required.  UV−Vis light is an 

electromagnetic radiation and obtained from different sources (tungsten lamp or 

tungsten-halogen lamp or deuterated lamp). The emitted energy was passed through 

the molecules containing π-electrons or non-bonding electrons. It absorb/reflect and 

cause excitation from highest occupied molecular orbital to lowest unoccupied 

molecular orbital, i.e., HOMO to LUMO. It is detected by the detector and spectrum 

is obtained in computer. In this thesis work, I have prepared desired transparent 

solution using small amount of synthesized powder as starting materials and 

DMSO/NMP as solvent.  

Such solution was made by taking 5 mg synthesized materials and 20 mL 

DMSO/NMP. For recording the spectrum, quartz cell (length = 5 cm) is commonly 

used. These require approx. 3 mL of solution and were placed in the path of light beam 

and spectrum was recorded by varying the wavelength of incident light. The sample 

cell should be rinsed three to five times with DMSO/NMP solvent before filling with 

the pure solvent that will be used in the measurement. Most UV-Vis instruments can 

analyze solid samples or suspensions with a diffraction apparatus but this is not 

common. Base line was corrected before recording the spectra. This technique was 

performed for studying the variety of electronic transitions [110 11]. 
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Structural and Morphological Characterizations  

X-ray diffraction (XRD) technique 

X-ray diffraction (XRD) is a powerful non-destructive technique to 

determine crystalline/amorphous structure [111 12], 

intercalated/exfoliated/delaminated nanostructure [111 12] of clay based composites. 

It is also estimates various structural parameters such as crystallite size (D), inter 

layered-spacing (d), etc. X-rays are generated from Cu target with a characteristic 

wavelength (λ) which can be obtained from the expression [112, 113 13,14] as shown 

in equation (1) 

 

 

Where, h is the Planck’s constant (6.62 × 10-34 joule), c is the velocity of light 

(3 × 10-8 m/s) and E is the energy of the radiation. The wavelength of X-ray is 

comparable to the size of atoms.  

The basic principle of X-ray diffraction is based on constructive interference 

of X-rays (monochromatic) and prepared samples. The interaction of the incident X-

rays with the samples produces constructive interference and the diffracted rays are 

generated which is satisfies the Bragg’s law (nλ=2dsinθ). By scanning the sample 

through a range of 2θ angles, all possible diffraction directions of the lattice should be 

attained due to the random orientation of the powdered materials. Conversion of the 

diffraction peaks to d-spacing allows the identification of the materials because each 

material has a set of unique d-spacing. Typically, this is achieved by comparison of d-

spacing with standard reference patterns.  

In the present thesis work, most of the X-ray diffraction patterns were 

recorded using CuKα radiation (wavelength, λ=0.154 nm). During the operation, XRD 

was operated at 40 kV and 20 mA. The powder samples were placed on a quartz 

sample holder at room temperature and were scanned at diffraction angle 2θ from 5° 

to 45°. The sample is kept in a Perspex holder.  

 

Electron Microscopies (SEM/FESEM or TEM/HRTEM) 

Scanning Electron Microscopy or Field Emission Scanning Electron 

Microscopy 

Surface morphologies of prepared materials were analyzed by electron 

microscopies such as SEM/FESEM or TEM/HRTEM. SEM/FESEM is a microscope 

that uses electrons in place of light to produce image [114 15]. It is a surface 

phenomenon. In this measurement, the electron beam produced from electron gun is 

focused on a small portion of the sample that is kept in vacuum. Detector collects the 

output signals during the interaction of electrons with the sample and that is sent to a 

computer. This forms the final image. Two types of electron gun are used. One is 
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thermionic and the other one is field emission.  

The electrons emitted from the electron gun are accelerated by applying a 

high electric potential. The scanning of the electron beam over the sample surface is 

controlled by deflecting the electron beam using a scanning coil. In vacuum condition, 

both FESEM/SEM are used to produce image. Therefore, special preparation 

technique is needed for the sample to avoid moisture absorption. All nonconducting 

materials need thin layer of conducting coating. This is done by ‘sputter coater’.  

Operating voltage was 4 kV. Such coater uses an electric field and argon gas. The 

sample is placed in a small vacuum chamber. The argon gas is ionized in the applied 

electric field to form argon ion (Ar+). The argon ions knock gold atoms from the 

surface of the gold foil and get deposited on sample.  

 

High Resolution Transmission Electron Microscopy (HRTEM) 

It is also a special kind of electron microscopic tool that uses highly 

accelerated beam of electron as illumination for microscopic analysis. Such beams are 

passed through the electron transparent samples. The interaction occurred between 

electron and atoms of the sample. The transmitted electrons are then focused by the 

objective lens into an image. In HRTEM, electromagnetic lenses are used to guide the 

electron beam through the microscope. The specimen preparation for HRTEM 

experiment should be important for getting good results. The main criteria of sampling 

are artifacts free. The detailed sampling procedure was found in the journal [115 16]. 

In this investigation, pellet samples were used for doing HRTEM.   

 

Thermal Characterization 

Thermogravimetric (TG) Analysis 

TGA analysis is a type of thermal analysis that measures mass change of 

materials [116 17] with change of temperature. The purpose of doing such experiment 

is to measure volatile content, thermal stability, degradation characteristics, etc.  

 

Differential Scanning Calorimetric (DSC) Analysis 

Differential scanning calorimetry (DSC) is a technique for measuring the 

energy necessary to establish a nearly zero temperature difference between a substance 

and an inert reference material, as the two specimens are subjected to identical 

temperature regimes in an environment heated or cooled at a controlled rate. The 

technique provides qualitative and quantitative information about physical and 

chemical changes that involve endothermic or exothermic processes or changes in heat 

capacity using minimal amounts of sample. It has many advantages including fast 

analysis time, typically thirty minutes, easy sample preparation, applicability to both 

liquids and solids, a wide range of temperature applicability and excellent quantitative 

capability [117 18]. 

There are two types of DSC systems in common use. In power compensation 
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DSC, the temperatures of the sample and reference are controlled independently using 

separate, identical furnaces. The temperatures of the sample and reference are made 

identical by varying the power input to the two furnaces; the energy required to do this 

is a measure of the enthalpy or heat capacity changes in the sample relative to the 

reference. 

DSC has been used in the evaluation of small transitions such as multiple 

phase transitions in liquid crystals and those due to side chains in polymers which 

cannot be resolved by most other techniques. It allows accurate determination of 

temperatures associated with thermal events. Temperature can be calibrated with 

respect to one or more standards which allow highly accurate, precise and reproducible 

values. The technique reveals the thermal history imparted to thermoplastics as a result 

of different processing conditions. The information generated can be used to vary 

heating rates to deliver the required degree of crystallinity. 

Differential scanning calorimetry (DSC, Diamond Perkin-Elmer, USA) was 

used for determination of crystallization. Samples (5-10 mg) were placed in sealed 

aluminium pans and scanned under a constant nitrogen purge (20 mL/min). 

Subsequently, the samples were heated from 30 °C to 200 °C at a rate of 20 °C/min, 

held at 200 °C for 2 min, cooled to 30 °C at the same rate and held for 2 min to 

stabilize. Finally a second scan was carried out from room temp to 200°C. The results 

crystallization temperature (Tc), melting temperature (Tm) and glass transition 

temperature (Tg) were noted from the second scan. 

In the current research work, DSC has been carried out for the PANI-

ES/Cloisite 20A nanocomposites and acrylic acid based PANI to investigate the 

crystallization behavior of the samples. Sample preparation work can greatly affect 

the results. So, specimen preparation should be as gentle as possible. The vertical 

specimen has smaller contact area and so it takes longer time to melt. Large contact 

area promotes heat transfer. Polymers can absorb water, e.g., polyamides and this 

affects their properties as well as results. For DSC study, specimen mass should be 5-

20 mg.  

 

Electrical Characterizations 

DC conductivity measurement at Room temperature as well as 

temperature dependent (presence and absence of magnetic field) 

DC conductivity measurement at room temperature as well as temperature 

dependent (presence and absence of magnetic field) is an important electrical 

characterization to show the electrical nature of materials at different conditions. For 

DC conductivity measurement a four probe set-up was used as shown in Fig. 3.   

Usually, resistivity of semiconductor is measured by four probes technique. 

It is a one of the standard electrical measurement method. In this investigation, I have 

used linear four probe technique to measure both room and low temperature resistivity.  

Pellet and solid film samples were taken for this measurement. Four electrical contacts 
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were made by attaching copper wires onto the sample surface through silver paste. In 

this technique, four probes contact points were arranged linearly in a straight line at 

equal distance (S) from each other. For room temperature measurement, the sample 

was fixed on insulating plate where four probes are connected. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of linear four probe set-up 

The output voltage is related proportionally to the applied current. Such type 

of contacts was called ohmic. According to four point probe method, the resistivity (ρ) 

was calculated using the relation [118 19] 
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Where S is the probe spacing in centimetre (cm), which was kept constant, I 

is the supplied current in millampere (mA) or nanoampere (nA) and the corresponding 

voltage was measured in volt (V) or millivolt (mV). The conductivity 
( )

 was 

calculated using the relation [118 19] 
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=  

For low temperature resistivity measurement, sample was placed in a specific 

chamber and the pressure was maintained at 10-5 torrs. The Lakeshore (model 331) 

temperature controller was connected. Then, we measured DC resistivity. A constant 

current is passed through the two side probes and measured voltage in the two middle 

probes. A DC current source (Keithley 220 programmable) was taken. Different 
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millampere/nanoampere current was applied and corresponding voltage was 

measured. Voltage across the terminals was measured using Keithley nanovoltmeter 

(model 2182). For In addition, the resistivity measurement with a particular magnetic 

field is a function of temperature which is important for calculating localization length 

(Lloc). Determination of other different transport parameters [119 20] such as Density 

of states at Fermi level (N(EF)), Motts characteristics temperature in Kelvin (T Mott), 

Mott’s hoping distance (R Hop, Mott in nm at 300 K) and the energy difference (Δ Hop, 

Mott) between the sites in the Mott’s limits is calculated using Lloc. These are the 

important parameters to understand the conduction mechanism.  

Magnetoresistance (MR) was investigated using a Helium Compressor (HC) 

(model HC-4E1)–sumitomo cryostat (model Ganis research CO, INC) equipped with 

0.8T superconducting magnet (Lake shore electromagnet). For the controlling and 

measurement of the temperature, we used Lake Shore 331 temperature controller. 

Magnetoresistance (MR) measurements were performed up to 4000 Gauss (for acid 

doped membrane based PANI-ES composites) and 5000 Gauss (for Cloisite 20A 

based composites) and different temperatures 100 K, 200 K, 250 K, 300 K using a 

computer-controller measuring system.  

 

Gas sensing measurement 

For gas sensing studies, the prepared composite film (∼25 ᴼC) was used. 

Schematically, gas sensing measuring set up is shown in Fig. 4.  The set up mainly 

consists of three sub units and are gas deliver unit, reactor unit and measurement unit. 
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Figure 4. Schematic dynamic gas sensor set- up unit 
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For the sensing measurements, the surface of the sensing material is 

electroded with silver paste strip of 8 mm length, 1.5 mm width, and separated from 

each other by 4 mm. The methane gas sensing behaviour was estimated by measuring 

the resistance change before and after gas exposure.  This measurement was done 

using an electrometer (6517A, Keithley instruments, USA) in a specially designed 

sensing-setup [120 21] under dynamic flow of methane gas. The pre−diluted (∼10,000 

ppm) reducing gases (methane) in nitrogen are mixed with carrier gas (air) using a 

mixing unit before flowing into the reactor unit. The mass flow controller and 

electrometer are all interfaced with a PC equipped with a GPIB card (National 

Instruments) and Labview 8.5 (National Instruments) software. 

To evaluate the gas sensing characteristics of the polymer membrane, its 

planar resistance transient were measured as a function of temperature and gas 

concentration. From the measured value of equilibrium resistance in air 
( )aR

 and gas 

( )
gR

 the response of the sensor surface towards reducing gases was calculated using 

the relation [120 21]. 

 

5. Conclusions 

 PMMA/PANI composite films are prepared by insitu polymerization 

technique. HCl, H2SO4, and H3PO4 are used dopants, separately, during the 

polymerization reaction. Different desired chemical groups of PMMA film, PANI and 

PMMA/PANI composites are confirmed from ATR-FTIR spectroscopy. Polaron band 

is shown in UV-Visible data and are confirmed the formation of emeraldine salt (ES). 

A drastic increment of band gap of the doped samples is found.  I-V characteristics 

without magnetic field of doped PMMA/PANI composites are revealed ohmic 

behaviour at room temperature. Highest DC conductivity without magnetic field is 

found to be 0.1421 × 10-2 S/cm for H2SO4 doped PMMA/PANI composite. Decreased 

DC conductivity data with increased magnetic field is observed.  Temperature 

dependent DC conductivity data of HCl doped composite is indicated the 

semiconducting behaviour.  
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Abstract 

Compacted polyaniline (PANI)/Layered silicate nanocomposites have been 

successfully prepared by simple in situ, core-shell, and ex situ polymerization routes 

using AnHCl as a predecessor through chemical oxidation method. The structure, 

chemical groups, electronic transition and properties were investigated by XRD, SEM, 

HRTEM, UV Visible, DC electrical conductivity, TGA, and DSC. The XRD results 

reveals that HCl-treated Cloisite 20A, and PANI-ES/Cloisite 20A nanocomposites are 

delaminated. Flake-like morphologies were observed in Cloisite 20A and HCl-treated 

Cloisite 20A, whereas different rate of compacted fibrous morphologies of prepared 

PANI-ES/Cloisite 20A nanocomposites were observed as evident from SEM images. 

The Si-O FTIR band position does not change even after HCl treatment of Cloisite 

20A, but different FTIR peaks positions of PANI-ES/Cloisite 20A nanocomposites 

were shifted from pure PANI-ES peaks after using Cloisite 20A nanoclays. UV-

Visible spectra indicated the increment of charge carrier within the PANI-ES/Cloisite 

20A nanocomposites compared to the pure one. The prepared nanohybrids showed 

significantly improved thermal property compared to pristine PANI-ES as clear from 

TGA and DSC analysis. The highest DC electronic conductivity of nanocomposite 

prepared by core-shell route is found to be 5.12 S/cm using linear four probe 

techniques. In addition, the charge transport mechanism was understood with and 

without loading Cloisite 20A in PANI-ES. The conductivity data supported the 

temperature-dependence relationship σ(T) = σ0.exp[-To/T)1/4] and followed 

characteristic of three-dimensional variable-range hopping (3D‒VRH) mechanism. In 

addition, we were discussed the response of Nitrogen dioxide (NO2) gas with 

polyaniline based sensor materials. 

 

Keywords: PANI-ES, Nanofibers, Delamination, Enthalpy, Electrical conductivity, 

VRH mechanism 
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1. Introduction 

Conducting polymers have attracted much more attention of scientific 

community in recent decades because of their prospective application in different 

fields such as antistatic shielding, light emitting diodes, supercapacitors, rechargeable 

batteries, sensors, corrosion inhibitors and artificial muscles [1-6]. Among the known 

conducting polymers, PANI has been extensively studied due to its ease of synthesis 

via chemical and electrochemical routes, good environmental stability, unique acid-

base doping-dedoping, oxidation reduction chemistry and low-cost synthesis [7-9]. 

However, the electrical and physical properties of PANI are not satisfactory for 

practical purpose. To solve this, development of polymer nanocomposites is one of 

the effective ways to improve material performance.   

 Among the large number of layered solids, clay minerals especially the 

members of smectite group are most suitable for the reinforcement of polymer matrix. 

Organically modified layered silicates (OMLS) nanoclays have been used to prepare 

the cost-effective polymer nanocomposite because of their unique structure, reactivity 

combined with their high strength, stiffness and high aspect ratio of each clay platelet 

[10,11]. And also layered structured (2:1 smectite minerals) possess a high negative 

charge density, high anisotropy, which make them of great capacity for surface 

adsorption and also catalytic activity in organic reactions. The structure of smectite 

hydrophobic clays (2:1 type) minerals, has received great attention when the PANI 

confinement is desirable [10]. Chemical structure of smectite clay minerals forms by 

sandwiching an MO4(OH)2 octahedron sheet between two MO4 tetrahedron sheets 

producing layers designated by T:O:T which consists of nanometer thick layers. The 

octahedral sites are occupied by ions such as aluminium, magnesium and iron; while 

the tetrahedral site accommodates silicon and aluminium.  The overall negative charge 

of individual layer assumes to have a parallel orientation and the electric charge is 

neutralized by the presence of exchangeable hydrated positive ion in the interlayer 

space [10-13]. In the present work, Cloisite 20A was chosen as reinforcing filler 

because the platelets are generally surface modified with surfactants to allow complete 

dispersion, provide miscibility, i.e., compatibility with the polymer system; and 

improve the thermal stability and compactness of polymer chains for which they were 

designed.  

There are several literature reports on the preparation of PANI-clay based 

nanocomposites with different weight percentages of dispersion [14-17].The 

majorities of reports show in situ polymerization technique to prepare clay based 

intercalated/exfoliated nanocomposites [14-17]. In addition, emulsion polymerization 

method was employed to prepare the clay based nanocomposites [18]. Both 

intercalated and exfoliated conducting polymer nanocomposites show better 

properties such as stiffness, strength and barrier with few weight percentage of 

inorganic-organic clay content [14-17]. It is rationalized that higher is the degree of 

exfoliation between polymer and inorganic-organic hybrid nanocomposites, the 

greater is the increment of materials properties. Recently, Yeh et al. [19] have reported 

that polyaniline clay-based nanocomposites with exfoliated silicate layers are 
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successfully prepared using organically modified clay. 

Different spectroscopic analyses such as XRD, FTIR, and UV-Visible etc. 

were used to characterize the prepared layered silicate composite materials [14-17]. 

Particularly, Raman spectroscopic analysis has been modest discovered to examine 

the nature of these composite materials [20]. In this paper, we have reported the 

synthesis of PANI-ES, PANI-ES/Cloisite 20A nanocomposites from aniline 

hydrochlorides (AnHCl) via in situ polymerization route. We analyzed the effect of 4 

wt% Cloisite 20A nanoclays on nanostructure, crystallinity, charge transfer spectra, 

thermal stability, and DC conductivity at room temperature as well as temperature 

dependent (with and without field) in PANI-ES chains.   

 

2. Experimental Section 

2.1. Synthesis of PANI-ES/Cloisite 20a (4 Wt%) Nanocomposites by In 

Situ Route.  

PANI-ES was synthesized by a simple chemical oxidation polymerization 

technique from AnHCl (monomer) at room temperature. For this synthesis, three 

different types of solutions were required to complete the polymerization. Therefore, 

Solution 1 was prepared by adding 50 mL of 1 (M) HCl and 2.59 g (0.03 moles) of 

AnHCl and was stirred to 1 h. Solution 2 was also prepared by mixing 50 mL of 1 (M) 

HCl and 10.26 g (0.045 moles) ammonium perdisulphate (APS).  Solution 2 was added 

drop wise to the solution 1 to form solution 3.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Summary of the in-situ route synthesized PANI-ES/Cloisite 20A (4 wt%) 

nanocomposites 
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During this addition, the color of solution 3 changed from slight yellowish to 

blue to green color. This was observed that the polymerization was continued under 

constant stirring (2 h).20 Then, 0.1036 g (4 wt%) of Cloisite 20A was added on solution 

3 by constant stirring and kept for 12 h for complete reaction and polymerization. The 

resulting products were filtered and washed with 1 (M) HCl, deionizer water, diethyl 

ether and dried under vacuum at 60 °C for 6 h. For comparison, pure PANI-ES 

powders were prepared under conditions similar to those mentioned above up to 

addition of Cloisite 20A. Summary of the in situ route to synthesized PANI-

ES/Cloisite 20A nanomaterials is shown as flow chart in Scheme 1. 

  

2.2. Synthesis Of PANI-ES/Cloisite 20a (4 Wt%) Nanocomposites by Ex 

Situ Polymerization Process.  

In this process, PANI-ES/Cloisite 20A (4 wt%) nanocomposites were 

synthesized by a simple ex situ polymerization route using AnHCl as precursor at 

room temperature.21 The synthesis procedure was slightly modified in the procedure 

for preparation of nanocomposite. Generally, two type of prepared solutions were 

required for synthesis of PANI-ES/Cloisite 20A (4 wt%) nanocomposites. 

Accordingly, solution A was prepared by taking 50 mL of 1 (M) HCl and 4 wt% 

Cloisite 20A. It was stirred continuously and followed by the addition of 2.59 g of 

AnHCl for 1 h to form dispersed solution. Solution B was also prepared by mixing 50 

mL of 1 (M) HCl and 10.26 g (0.045 moles) of APS as oxidant.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. The flow chart for ex situ route synthesized PANI-ES/Cloisite 20A (4 

wt%) nanocomposites 
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Solution B was added drop wise to the solution A to 1 h and the 

polymerization is carried out. During this addition, the color of the solution changed 

from slight blackish to blue to green color and then deep green color. It may believe 

that the polymerization was carried out under constant stirring for 2 h.21 The obtained 

dispersion was kept for overnight for complete reaction and polymerization. The 

resulting dispersion was filtered and washed with 1(M) HCl, deionized (DI) water, 

diethyl ether and dried under vacuum at 60 °C for 6 h to get HCl doped PANI-

ES/Cloisite 20A (4 wt%) nanocomposites. The flow chart for ex situ route synthesis 

of PANI-ES/Cloisite 20A (4 wt%) nanocomposites is shown in Scheme 2. 

 

2.3. Synthesis Of PANI-Es/Cloisite 20a (4 Wt%) Nanocomposites by 

CORE-SHELL Polymerization Process.  

In a typical synthesis route, PANI-ES/Cloisite 20Ananocomposites was 

synthesized by a simple core-shell polymerization route at room temperature using 

AnHCl as starting materials. The details synthesis procedure is followed as described 

in the literature.22 For this synthesis, two types of prepared solutions such as Cloisite 

20A dispersed in monomer solution (dispersed solution) and oxidant (APS) solution 

were needed. Accordingly, dispersed solution consisted of 50 mL 1 (M) HCl and 

AnHCl (2.59 g) in which 4 wt% Cloisite 20A was dispersed. This dispersion was 

stirred continuously for 1 h. Oxidant solution was also prepared by taking 50 mL of 1 

(M) HCl and 10.26 g (0.045 moles) of APS as oxidant.   

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3: The Flow Chart for CORE-SHELL Route Synthesized PANI-ES/Cloisite 

20a (4 Wt%) Nanocomposites 

Oxidant solution was added drop wise to the dispersed solution for 1 h and 

the polymerization was carried out. At that time, the color of the solution changed 
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from slight blackish to blue and turned into green color and then deep green color. 

This was observed when the polymerization is continued under constant stirring to 2 

h.22 The obtained dispersion was kept for overnight for complete reaction and 

polymerization. The resulting dispersion was filtered and washed with 1 (M) HCl, 

deionized (DI) water, diethyl ether and dried under vacuum at 60 °C for 6 h to get HCl 

doped PANI-ES/Cloisite 20A nanocomposites. The flow chart for core-shell 

technique synthesis of PANI-ES/Cloisite 20A nanocomposite is shown in Scheme 3. 

 

2.4. Pellets Preparation.  

Pellets were obtained from as prepared conducting polymeric materials by 

compression molding using a pelletizer. The assembled plates were first cleaned. A 

pressure of 124 MPa was applied for five minutes to form pellet. After the removing 

the pressure, the pelletizer was removed and then the pellet sample was removed. 

Thicknesses and diameter of prepared pellets were measured to be 1.10 mm and 15.76 

mm (pure PANI-ES), 1.09 mm and 15.76 mm (in situ nanocomposite), 1.11 mm and 

15.75 mm (ex situ nanocomposite), 1.10 mm and 15.75 mm (core-shell 

nanocomposite), respectively. These samples were used for characterizations. 

 

2.5. Characterization Techniques.  

 XRD experiments were performed using a Phillips PW-1710 advance wide 

angle X-ray diffractometer, Phillips PW-1729 X-ray generator and Cu Kα radiation 

(wavelength, λ = 0.154 nm). The generator was operated at 40 kV and 20 mA.  

 FTIR spectra were recorded on a Thermo Nicolt Nexus 870 

spectrophotometer in the range of 400-4000 cm−1. The instrument settings were kept 

constant (50 scan at 4 cm−1 resolution, absorbance mode).    

 UV-Visible spectra of the pure PANI and its corresponding nanocomposite 

were recorded by using a Micropack UV-VIS-NIR, DH 2000 in the wave length region 

200-1000 cm−1. Base line was corrected before recording the spectra.  

Surface morphology of Cloisite 20A, HCl-treated Cloisite 20A, pure PANI-ES, and 

PANI-ES/Cloisite 20A nanocomposites were analyzed by SEM using Carl Zeiss 

Supra 40 scanning electron microscope. For this experiment, operating voltage was 

maintained at 30 kV.  

 To identify the internal structure and dispersion status, the prepared 

nanocomposite were examined using HRTEM at 200 kV acceleration voltages (JEM-

2100 HRTEM, JEOL, and Japan). HRTEM experiment specimens of PANI-

ES/Cloisite 20A nanocomposites were prepared by microtone technique LEICA 

Microsystem, GmBH, A-1170) and was transferred them onto Cu TEM grids.  

 TGA analysis and DSC were performed using a Perkin Elmer Pyris Diamond 

analyzer at a heating rate of 10 °C/min in nitrogen environment. 

 The room temperature (~30 ᴼC) DC conductivity of the prepared pure PANI-
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ES and PANI-ES/Cloisite 20A (4 wt%) nanocomposite was measured using linear 

four-probe technique. Contact was made with silver paste. A constant current 
( )I

from a current source (Keithley 2400 programmable current source)  was allowed to 

pass through two terminal leads of the four probe and the voltage (V) across the other 

two leads was measured using a multimeter (Keithley 2000 digital multimeter). 

According to four point-probe method, first the resistivity (ρ) was calculated using the 

relation23  









=

I

V
S 2

 .................................. (1) 

where S is the probe spacing in centimetres (cm), which was kept constant, 

( )I
 is the supplied current in millamperes (mA) and the corresponding voltage 

( )V

was measured in milivolts (mV). The conductivity (σ) was calculated using the relation 

as follows23  




1
=

 ............................................. (2) 

Also, resistivity measurement with and without magnetic field as a function 

of temperature was measured using a linear four-probe technique for understanding of 

transport phenomenon of prepared pure PANI-ES and PANI-ES/Cloisite 20A (4 wt%) 

nanocomposite. Resistivity measurement with magnetic field was investigated using 

a helium compressor (HC) (model HC-4E1)-sumitomo cryostat (model Gains research 

CO, INC) equipped with 0.8 T superconducting magnet (Lake shore electromagnet). 

Lake shore 331 temperature controller was used. Such measurements were performed 

at 5000 gauss and at various temperatures using a computer controlling measuring 

system. A constant current (I) from a current source (Keithley 220 programmable 

current source) was allowed to pass through two terminals leads of four probe and the 

voltage (V) across the other two leads was measured using a multimeter (2182 

NANOVOLTAMETER Keithley). 

 

2.6. Results and Discussion 

X−Ray Diffraction (XRD) Study 

Low angle (1-10°) X-ray diffraction (LXRD) has often been used to 

determine the degree of intercalation and/or exfoliation and/or delamination of 

nanoclays in the polymer matrix. XRD patterns for Cloisite 20A and HCl-treated 

Cloisite 20A, PANI-ES and PANI-ES/Cloisite 20A (4 wt%) nanocomposites are 

shown in Fig. 1. The different parameters (from XRD analysis) of Cloisite 20A, HCl-

treated Cloisite 20A, PANI-ES and PANI-ES/Cloisite 20A (4 wt%) nanocomposites 

are presented in Table 1. The d-spacing in (001) plane has been reported to be 2.42 

nm for pure Cloisite 20A nanoclay [21], whereas HCl treated Cloisite 20A clay was 
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found to be 2.315 nm. This has happened due to the presence of aqueous acidic 

solution. That plays the role for separation of clay layers [14]. That is why, we got 

lower d-value. No distinct peak was observed for pure PANI-ES, whereas for in situ, 

core-shell and ex situ prepared nanocomposites, the small intense peak was found at 

lower angle. According to [14], it is confirmed that the clay layers were delaminated 

in the polymer matrix. Acidic aqueous medium has played the major role for 

delamination along with the interaction between positively charged nitrogen centres 

in PANI-ES chains and negatively charged centres of oxygen in Cloisite 20A layers 

(Si−O−).  

Also, the crystallite size (D) of Cloisite 20A, HCl-treated Cloisite 20A, and 

PANI-ES/Cloisite 20A (4 wt%) nanocomposites (in situ, core-shell and ex situ) was 

also calculated using the Sherrer’s equation 1 [22]  

)1....(..............................
cos

9.0
D




=

 

Where D is the crystallite size, λ is wave length of the radiation, θ is the 

Bragg’s angle at (001) reflection and β is the full width at half maxima (FWHM). 

In Fig. 1, the D-values were found to be 15 nm, 7.88 nm, 9.24 nm and 15.857 

nm for PANI-ES, for in situ, core-shell and ex situ prepared nanocomposites, 

respectively by considering angles between 5 and 45°. FWHM of nanocomposites are 

significantly lower as compared to pure PANI-ES. Crystallite size and FWHM are 

inversely related (Table 1) [22,23], which has immense impact on property (like 

crystallinity) enhancement in nanocomposites. 

 

Figure 1. A: Nanostructure study of Cloisite 20A (a), HCl-Cloisite 20A (b), PANI-

ES (c), in situ nanocomposites (d), core-shell nanocomposites (e) and ex situ 

nanocomposite (f); B: Crystallite size study and determination of FWHM of PANI-

ES, in situ nanocomposites, ex situ nanocomposites and core-shell nanocomposites 

The observed peak positions are found to be at 25.45° for PANI-ES [24], 
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25.45° for nanocomposite (in situ), 25.31° for nanocomposite (core-shell) and 25.35° 

for nanocomposite (ex situ). This indicates that the characteristic crystalline phase of 

the PANI-ES has improved significantly. 

Table 1. XRD parameters such as FWHM, crystallite size (D) and 

nanostructure of Cloisite 20A, HCl-treated Cloisite 20A, PANI-ES, in situ 

nanocomposites, ex situ nanocomposites, and core-shell nanocomposites 

Materials 

name 

FWHM Crystallite 

size (D) 

(nm) 

Nanostructure Referen

ce no. 

Cloisite 

20A 

--- --- OMLS 21 

HCl 

treated- 

cloisite 20A 

--- --- Delaminated 14 

PANI-

ES/20A (in 

situ) 

1.008 7.88 Delaminated 14 

PANI-

ES/20A 

(core-shell) 

0.8640 9.24 Delaminated 14 

PANI-

ES/20A (ex 

situ) 

1.1520 15.857 Delaminated 14 

PANI-ES 0.582 15 Structure could not 

assigned 

19 

Fourier transform infrared (FTIR) spectroscopic analysis 

Chemical group analysis of with and without Cloisite 20A, PANI-ES and as 

prepared nanocomposites (in situ, core-shell and ex situ) was done by FTIR 

experiment. The presence of chemical groups and shifting of peak positions were 

observed from FTIR experiment. FTIR spectra of Cloisite 20A [23], HCl-treated 

Cloisite 20A, PANI-ES [24] and PANI-ES/Cloisite 20A nanocomposites (in situ, 

core-shell and ex situ) are shown in the Fig. 2. The characteristic peak positions and 

peak assignments are given in the Table 2. In Fig. 3.2, the most important Si−O 

stretching of Cloisite 20A and HCl-treated Cloisite 20A was found to be at 1040 cm−1 

[16]. However, there are some extra bands found in Cloisite 20A, whereas these bands 

are not exhibited in MMT clay. These bands are located at 2924, 2842 and 1475 cm−1 

and are assigned for C−H symmetric, asymmetric and bending vibrations of methylene 

groups, respectively. Similarly for HCl-treated Cloisite 20A, Si−O band position is 

not changed (it is also clearly evident from SEM images in Fig. 4). FTIR spectra of 
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PANI-ES [20] and PANI-ES/Cloisite 20A (4 wt%) nanocomposites (in situ, core-shell 

and ex situ) are shown in Fig. 2. The important FTIR bands of PANI-ES were found 

at 1554, 1475 and 1108 cm−1 corresponding to quinoid, benzenoid and C=N stretching, 

respectively [16]. From this observation, the presence of quinoid and benzenoid ring 

vibrations (at 1475 and 1554 cm−1) indicates the oxidation state of PANI-ES [20]. 

 

Figure 2. A: FTIR spectra of Cloisite 20A (a) and HCl-treated Cloisite 20A (b); B: 

PANI-ES, in situ nanocomposites, ex situ nanocomposites and core-shell 

nanocomposites 

The characteristic bands of in situ nanocomposites were observed at 1556, 

1473, 3441and 1132 cm−1 (Fig. 2). These bands are shifted towards higher wave 

number which indicates the interaction occurring between PANI-ES chains and 

Cloisite 20A. For ex situ nanocomposites (Fig. 2), the bands have appeared at 3425, 

1567, 1460, and 1107 cm-1. The FTIR bands of core-shell nanocomposites are found 

at 3432, 2926, 1588, 1474, and 1034 cm-1 (Fig. 2). The C=N bands of prepared PANI-

ES/Cloisite 20A (4 wt%) nanocomposites (in situ), core-shell nanocomposites and  ex 

situ nanocomposites were found to be at 1132 cm−1, 1034 cm−1 and 1107 cm-1, 

respectively. It was described as the "electron−like–band”. This was considered to be 

the delocalization of electrons in the polymer chain. The stretching vibrations of the 

C−N.+ in the polaron structure of PANI-ES, in situ and ex situ nanocomposites were 

found to be at 1236, 1247 and 1244 cm−1, respectively. The peak positions in 

benzenoid ring of PANI-ES and its corresponding in situ, core-shell and ex situ 

nanocomposites were observed at 1473, 1479, 1474 and 1489 cm−1, respectively. 

Similarly, the stretching vibrations of C=C in the quinoid ring of PANI-ES, in situ 

nanocomposites, core-shell nanocomposites and ex situ nanocomposites were found 

to be at 1556 cm−1, 1560 cm−1, 1588 cm-1 and 1560 cm-1, respectively. This indicates 

that the characteristic peaks of PANI-ES chains are shifted to higher wave numbers 

due to the strong interaction between HCl doped PANI-ES and negatively charged 

species of used clay platelet [16]. It is well known that the strong interaction between 

the clay platelet and PANI-ES would facilitate a charge transfer process between the 

components of the system, which further contributes to the increment of the 

conductivity of the nanocomposites. Also, this result is clear evidence of the presence 
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of different chemical groups in Cloisite 20A and PANI-ES chains. 

Table 2. FTIR Peak positions and peak assignments of Cloisite 20A, HCl-treated 

Cloisite 20A, PANI-ES, in situ nanocomposites, ex situ nanocomposites, and 

core-shell nanocomposites 

Peak 

Assignments 

Peak Positions (cm-1) 

Cloisite  

20A 

HCl 

treated  

Cloisite 

20A 

PANI-

ES 

PANI-

ES/20A 

(in situ) 

PANI-

ES/20A  

(core-

shell) 

PANI-

ES/ 

20A(ex 

situ) 

N−H stretch 

(weak) 

Na Na 3217 3220 Na 3220 

N−H stretch 

(strong) 

Na Na 3419 3441 3432 3425 

C−H stretch Na Na 2926 2926 2926 2926 

Quinoid 

stretch 

Na Na 1554 1556 1588 1567 

Benzoid 

stretch 

Na Na 1475 1473 1474 1460 

C=N stretch  Na Na 1108 1132 1034 1107 

Si−O stretch 1055 1055 Na Na Na Na 

Reference 16 Na 20 Na Na Na 

aN stands for no peak 

UV-visible (UV-Vis) spectroscopic analysis 

Dispersed solution of Cloisite 20A and HCl-treated Cloisite 20A exhibits an absorbing 

peak at 262 nm, due to the scattering and/or absorption from the clay layers with lateral 

sizes from 50 to 200 nm [25]. The small band appears at 305 nm for Cloisite 20A and 

HCl-treated Cloisite 20A due to the presence of organic modified group in Cloisite 

20A clays. Also, it is clear from Fig. 3 and Table 3 that PANI-ES shows characteristic 

peaks at 312 and 346 nm correspond to π-π* transition of the benzenoid ring and 618 

nm peak for electronic excitation from benzenoid ring to quinoid ring [16]. 

UV-Vis spectra of prepared nanocomposites exhibited two characteristic 

bands similar to the PANI-ES. Peaks were observed at 336 and 635 nm for 

nanocomposites prepared via in situ method, 303 and 588 nm for nanocomposites 

prepared via core-shell route and 349 and 633 nm for nanocomposites prepared via ex 

situ technique. 
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Figure 3. A: UV-Vis spectra of Cloisite 20A (a) and HCl-treated Cloisite 20A (b); 

B: PANI-ES (a), in situ nanocomposite (b), ex situ nanocomposite (c) and core-shell 

nanocomposites (d) 

Table 3. UV-Vis peak positions and peak assignment of Cloisite 20A, HCl-

treated Cloisite 20A, PANI-ES, in situ nanocomposites, ex situ nanocomposites, 

and core-shell nanocomposites 

Materials name Figure(s) Peak Positions 

(nm) 

Peak Assignments 

Neat Cloisite 20A 3.3A 262 & 305 Scattering of clay 

platelet & organic 

modified group 

HCl-treated 

Cloisite 20A 

262 & 305 Scattering of clay 

platelet & organic 

modified group 

PANI-ES 3.3B 327−316 & 618 π-π* transition & π-

polaron transition 

in situ 

nanocomposites 

336 & 635 π-π* transition & π-

polaron transition 

ex situ 

nanocomposites 

308-349 & 633 π-π* transition & π-

polaron transition 

core-shell 

nanocomposites 

303 & 588 π-π* transition & π-

polaron transition 
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Scanning electron microscopy (SEM) 

SEM images with magnification 20 kX for Cloisite 20A, HCl-treated Cloisite 

20A, PANI-ES, and PANI-ES/Cloisite 20A (4 wt%) nanocomposites (in situ, core-

shell and ex situ) are shown in Fig. 4. As evident from SEM images, Cloisite 20A and 

HCl-treated Cloisite 20A possess similar type of morphology and it is crystal-like 

(Fig. 4A and 3.4B). SEM image of HCl doped PANI-ES is shown Fig. 4C which 

possesses tangled fiber-like morphology. SEM images of PANI-ES/Cloisite 20A (4 

wt%) nanocomposites (in situ, core-shell and ex situ) are also shown in Fig 4D, 4E 

and 4F, respectively) which possess aggregated tangled fiber-like images. These 

results showed clearly that Cloisite 20A participate in the closering of the PANI-ES 

Chains. Hence, these nanocomposites become more ordered state. Generally, ordered 

materials showed better electrical conductivity. The diameters of these compacted 

tangled fibers were found to nano regime dimension, which is providing higher surface 

area. Particularly for gas sensor application, it may be helpful to diffuse more gas 

molecules and show better response.  

 

Figure 4. SEM images of Cloisite 20A (A), HCl-treated Cloisite 20A (B), PANI-ES 

(C), in situ nanocomposites (D), ex situ nanocomposites (E)  and core-shell 

nanocomposites (F) 

High resolution transmission electron microscopy (HRTEM) 

The morphology of the resulting nanocomposites was observed using high 

resolution transmission electron microscopy (HRTEM). Fig. 5 showed the typical 

HRTEM images of the PANI-ES/Cloisite 20A nanocomposites (in situ, core-shell and 

ex situ). HRTEM image in Fig. 5A showed a distribution of Cloisite 20A in in situ 

nanocomposite.  For this nanocomposite, disorder layers in the nanoregime were 

found in Fig. 5D. This indicates that Cloisite 20A layers were delaminated. This result 
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is supported by XRD analysis. Similar results were found in other two prepared 

nanocomposites. But the main difference is dispersion and disorder criteria. HRTEM 

images are shown in Fig. 5B, 5C, 5D, 5E, 5F. It was observed that the whole Cloisite 

20A particles were covered by uniform PANI-ES Chains, which indicated the 

formation of apparent core-shell structures. This result showed a well dispersion in 

PANI-ES matrix.  

 

Figure 5. HRTEM image of (A) in situ nanocomposites, (B) ex situ nanocomposites, 

(C) core-shell nanocomposites for study of dispersion of Cloisite 20A and (D) in situ 

nanocomposites, (E) ex situ nanocomposites and (F) core-shell nanocomposites for 

study of disordered structure 

DC conductivity measurements 

At room temperature, DC conductivity of the PANI-ES and PANI-

ES/Cloisite 20A nanocomposites (in situ, core-shell and ex situ) were measured using 

linear four-probe technique. For this measurement, pellet samples were used. The 

average DC conductivity values of PANI-ES and as prepared nanocomposites are 

presented in Table 4. The DC conductivity of PANI-ES was found to be 1.92 S/cm. 

With the addition of 4 wt% Cloisite 20A nanoclays, the conductivity of prepared 

PANI-ES is increased. The conductivity of as prepared nanocomposites (in situ, core-

shell and ex situ) was found to be 3.87, 5.12 and 2.75 S/cm, respectively. VI −  

Characteristics of PANI-ES and PANI-ES/Cloisite 20A (4 wt%)  nanocomposites (in 

situ, core-shell and ex situ) are shown in Fig. 6. It is seen from Fig. 6 that the applied 

current(s) and obtained voltage(s) are linearly related, showing ohmic behaviour [28]. 

The higher compacted PANI-ES chains in PANI-ES/Cloisite 20A (4 wt%)  

nanocomposites (in situ, core-shell and ex situ) leads more localized site (π-bond to 

the exciton band) and hence, higher amount of charge carrier occurs. 
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Figure 6. Room temperature I−V characteristics of PANI-ES, in situ 

nanocomposites, ex situ nanocomposites and core-shell nanocomposites 

This indicates the higher carrier path and shows the higher DC conductivity 

of as prepared nanocomposites than HCl doped PANI-ES. This is really an interesting 

observation. In core-shell structure nanocomposite, the compactness is more than 

other prepared nanocomposites.  That means Cloisite 20A connects more the PANI-

ES Chains which increase the carrier paths. Therefore, it gives more DC conductivity 

[27,28]. 

Table 4. Room temperature DC conductivity of PANI-ES/MMT, PANI-ES/15A, 

PANI-ES, in situ nanocomposites, ex situ nanocomposites, and core-shell 

nanocomposites 

Materials  

Name 

PANI-

ES 

/MMT 

PANI-

ES 

/15A 

PANI-

ES 

PANI-

ES/20A  

(in situ) 

PANI-

ES/20A 

(core-

shell) 

PANI-

ES/20A  

(ex situ) 

σ (S/cm) 1.20 1.650 1.92 3.87 5.12 2.75 

The variation of DC conductivity with temperature is shown in Fig. 7. It was 

observed that PANI-ES and prepared nanocomposites showed increase of 

conductivity with the increase of temperature from 50 to 300 K. This behaviour is 

similar to the behaviour of inorganic semiconductor. Hence it can be called as organic 

semiconductor [29,30]. 

Various models were used to find the probable transport mechanism of 

conducting polymers which requires below room temperature. DC conductivity was 
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measured in a temperature range 77-300 K in the present work and fitted the Mott’s 

variable range hoping (Mott’s VRH) model and Arrhenius model to analyse the 

transport mechanism. According to Mott’s VRH model, the temperature (T) 

dependence DC conductivity follows the expression [29,30] 

 

Figure 7. A: Temperature dependent DC conductivity of PANI-ES (a) and in situ 

nanocomposites (b); B: core-shell nanocomposites (a)  and ex situ nanocomposites 

(b) 

 

Where T0 is the Mott characteristic temperature and σ0 the limiting value of 

conductivity at infinite temperature and the exponent ‘r’ is related to the 

dimensionality of the transport process via the expression r = [1/(1+d)], where d=1, 2 

and 3 for one, two and three dimensional conduction process, respectively.  The Mott’s 

3D VRH plots are presented in Fig. 8 (A and B).  

 

Figure 8. A: Logarithmic variation of DC conductivity of PANI-ES (a) and in situ 

nanocomposites (b); B: core-shell nanocomposites (a) and ex situ nanocomposites 

(b) 
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As another possibility, it may satisfy the Arrhenius model and this was used 

to measure the activation energy. Fig. 9 shows the Arrhenius plot of measured DC 

conductivity as a function of reciprocal temperature. In Arrhenius model, the 

temperature dependent DC conductivity follows [29,30] the equation (3) 

 

Where Ea is the thermal activation energy of the electrical conduction and σa 

is a parameter depending on the semiconducting nature. The better linear dependency, 

i.e., regression value (after linear fit) of conductivity vs temperature (Mott’s VRH 

model and Arrhenius model) follows that the transport process corresponds either 

Mott’s VRH model or Arrhenius model [30-32]. The regression values (both Mott’s 

VRH model and Arrhenius model) are presented in Table 5. Accordingly, the better 

regression value was found in Mott’s 3D-VRH model (0.99856 for PANI-ES and 

0.99098 for in situ nanocomposite, 0.96187 for core-shell nanocomposite and 0.79616 

for ex situ nanocomposite). Hence, it follows the Mott’s 3D-VRH model which is 

consistent with the results reported in the literature [30-32]. This suggests that charge 

carrier can hop both in between the chains, i.e., interchain hopping and along the chain, 

i.e., intrachain hopping as PANI-ES has chain structure [30-32]. 

Table 5. Regression value (R-value) of PANI-ES, in situ nanocomposites, ex situ 

nanocomposites and core-shell nanocomposites from linearly fitted data (3D-

VRH and Arrhenius model) 

R-values PANI-

ES 

in situ  

nanocomposite 

core-shell  

nanocomposite 

ex situ  

nanocomposite 

3D-VRH  0.99856 0.9984 0.96187 0.79616 

Arrhenius 

model 

0.97381 0.97026 0.75038 0.61723 

According to 3D-VRH model, the temperature dependence of DC 

conductivity can be presented in equation (4) as follows [30-34] 

 

T0 and σ0 were also calculated from VRH plot lnσ vs T-1/4 of prepared 

nanocomposites along with PANI-ES and is presented in Table 3.6. All 

nanocomposites show higher localization length (nanometer) than pure PANI-ES. 

This effect may be due to the presence of nanoclays in the PANI-ES chains [18]. These 

are partially block the conductive path [18]. Therefore, charge carriers could not hop 

easily from one chain to another chain. On the other hand, the clay based 

nanocomposites prepared by core-shell route indicates higher localization length than 
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other prepared nanocomposites. This has happened due to the presence of more clay 

particles in the PANI-ES chains and which affect the localisation length (Lloc).  

We analyzed the resistivity data by the 3D-VRH model among localized 

states as described in the literature [32,33]  

 

 

Where KB is the Boltzmann constant; N(E)F is the density of states at the 

Fermi level; and L3
loc; the localization length. We plotted lnσ vs T-1/4. This plot exhibits 

a straight line after linear fit for all prepared materials as shown in Fig. 8. TMott can be 

evaluated from slope of the straight line and listed in Table 6. The localization length 

Lloc can be calculated from temperature dependent conductivity at particular magnetic 

field (0.5 T) data as shown in Fig. 10. From the Mott expression, the resistivity at 

different temperatures at a particular magnetic field can be written as [30-32] 

 

  Where, t = 5/2016, LH = (hc/2πeH)1/2 = magnetic length, c = velocity of light 

(3 × 1010 cm/s), h = Planck’s constant (6.62 x 10-27 erg.sec), e = electronic charge (1.6 

× 10-19 C) and H = 0.5 tesla (T) is the applied magnetic field. Fig. 10 shows the plot 

of ln [ρ (H, T)/ρ(0)] against T-3/4, which is a straight line for each sample. From the 

slope, we determined the values of Lloc and are listed in Table 6. Using the values of 

TMott and Lloc for each sample in equation (6), the values of N(E)F was calculated and 

are presented in Table 6.  

 

 

Using the values of T0,Mott, Lloc and N(EF), we calculated the mean hopping 

distance (Rhop,Mott)  and the energy  difference between sites (Δhop,Mott) from the equation 

8 and 9 and the data are presented in Table 3.6 [30-32]. 
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Figure 10. A: Plots of [ln ρ(H)/ρ(0)] vs T−4/3 for PANI-ES (a) and in situ 

nanocomposite (b) at 0.5 T; B: Plots of [ln ρ(H)/ρ(0)] vs T−4/3 for core-shell 

nanocomposite (a) and ex situ nanocomposite  (b) at 0.5 T 

Table 6. Conduction parameters obtained by analysing low temperature 

resistivity/conductivity with and without field data of PANI-ES, in situ 

nanocomposites, ex situ nanocomposites and core-shell nanocomposites  

Conducting  

parameters 

PANI-ES in situ  

nanocomposite 

core-shell  

nanocomposite 

ex situ  

nanocomposite 

Slope  

(without 

field) 

-80.6126 -79.83 -54.4071 -13.5396 

Intercept 

(without 

field) 

22.4947 7.1224 16.538 13.892 

Slope (with 

field) 

295.4125 294.6384 131.4528 23.1452 

σ0 5.87 × 109 1.239 × 103 1.56 × 107 1.079 × 106 

TMott (K) 4.22 × 107 4.0613 × 107 8.7 × 106 3.355 × 104 

Lloc (nm) 274.68 277.18 301.24 549.28 

N (EF) (no.  

states/eV/cm3) 

2.12 × 

1019 

2.15 × 1017 7.8 × 1017 3.33 × 1019 

Temperature 

(K)  

at M-I 

transition 

100 104 90 100 

Rhop, Mott  (°A)  262.5 259.8 199.2 88.15 

Δhop, Mott 

(meV) at M-I  

transition) 

54.9 56.01 34.19 9.22 

k (eV/K) 8.62 × 10-

5 

8.62 × 10-5 8.62 × 10-5 8.62 × 10-5 
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Using the parameters in the above expression, the values of Rhop,Mott and 

Δhop,Mott were calculated at metal-insulator (M-I) transition point. At particular 

temperature, this transition is possible. The temperature is estimated at M-I transistion 

and is presented in Table 6. In addition, the obtained hopping parameters helped to 

understand the 3D-VRH mechanism of as prepared materials.  

 

Thermogravimetric (TG) analysis 

Fig. 11 shows the typical TGA curves of Cloisite 20A, HCl-treated Cloisite 

20A, HCl doped PANI-ES and PANI-ES/Cloisite 20A (4 wt%)  nanocomposites (in 

situ, core-shell and ex situ), as measured under a nitrogen (N2) atmosphere. From the 

above TGA curves, it is seen that the HCl doped PANI-ES starts degradation at 110 

ºC (12% weight loss), but the nanocomposites degrades at 128 ºC (6% weight loss) 

for loading of 4 wt% Cloisite 20A nanoclays. The residual weight was also found to 

be higher than that of pure PANI-ES. This certainly indicates the release of bound 

water molecule from PANI-ES and its corresponding nanocomposites. The moisture 

content of 4 wt% PANI-ES/Cloisite 20A nanocomposites (in situ, core-shell and ex 

situ) is less due to the presence of Cloisite 20A, i.e., hydrophobicity of PANI-ES 

increases. This was followed by rapid weight loss (up to 500 ºC) of neat PANI-ES and 

as prepared nanocomposites (in situ, core-shell and ex situ). This is due to the release 

of HCl molecule (up to 500 ºC) when the third stage degradation started. Final stage 

degradation occurred for neat PANI-ES and nanocomposites prepared by in situ, core-

shell and ex situ method to complete degradation and decomposition of PANI-ES 

backbone. TGA curves clearly indicate that prepared nanocomposites are thermally 

stable than HCl doped PANI-ES due to the presence of Cloisite 20A nanoclays. Here, 

the Cloisite 20A platelets act as barriers to heat flow due to their high aspect ratio and 

hindered the degradation process [28].   

 

Figure 11. TGA plots of Cloisite 20A (a), HCl-treated Cloisite 20A (b), pure PANI-

ES (c), in situ nanocomposites (d), ex situ nanocomposites (e), and core-shell 

nanocomposites (f) 
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Differential scanning calorimetric (DSC) analysis 

The crystallinity of polymer is typically calculated by DSC analysis and 

equation 10 as follows [33,34] 

100
H

H
ityCrystallin%

0
m

m





=

............................(10) 

Where ∆Hm is the enthalpy of fusion of the polymer samples which is 

determined by area of the peak at melting temperature and ∆Hm
0 is enthalpy of fusion 

of the totally crystalline polymer measured at equilibrium melting temperature in 

degree centigrade (°C). The enthalpy of fusion is estimated are 447.097 for PANI-ES, 

324.25 for in situ, 859.296 for core-shell and 227.19 for ex situ nanocomposites, 

respectively. The neat PANI-ES as well as PANI-ES/Cloisite 20A nanocomposites (in 

situ, core-shell and ex situ) is presented in Fig. 12. According to the equation 10, % 

crystallinity is directly related to the ∆Hm. Higher the enthalpy of fusion at melting 

temperature more be the crystallinity. Hence, % crystallinity of PANI-ES/Cloisite 20A 

(4 wt%) nanocomposites (in situ, core-shell and ex situ) shows higher crystallinity 

than pure PANI-ES. Since Cloisite 20A can be attributed in closer chain arrangements 

and hence, increases the compactness, i.e., more is the crystallinity [33,34]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. DSC thermograms of PANI-ES, in situ nanocomposites, core-shell 

nanocomposites and ex situ nanocomposites 

 

2.4. Response Of Nitrogen Dioxide (I.E., No2 Gas Sensor) 

Nitrogen dioxide (NO2) is one of the important compositions of vehicle 

exhaust, emissions of the thermal power plant, and chemical production industries [35, 

36]. The main sources of NO2 are acid rain and photochemical smog. It is very harmful 
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to the plant, structural components, and equipments [37, 38]. NO2 is a colorless, 

flammable, and dangerous gas even at very low concentration. It is a reddish-brown 

color gas at high temperature.  Additionally, the reaction between NO2 and CO in the 

presence of sunlight is to produce ozone (O3). Ozone acts as a oxidizing agent and is 

believed to be harmful to plants and the respiratory system of human beings and 

animals. Due to the toxic nature of NO2 gas, it causes some serious problems of human 

being i.e., heart failure, arrhythmia and other cardiovascular.  if the humans inhaled in 

large amounts, it may cause death [39]. Hence, from the protection of public health 

and environmental, the detection of nitrogen dioxide is great scientific challenge. 

Implication of monitoring and measuring system for NO2 gas, it has great support to 

decrease the damage level and keep humane heath safe. So far, scientific community 

have been put there lots of efforts for developing a variety of NO2 gas sensor systems 

(such as semiconductor sensor [40], capacitive type sensor [41], and Surface acoustic 

wave (SAW) sensor [42]). Till to discovery of conducting polymers, the metal oxides 

based films have been used extensively for detecting the gas. The sensors have lack 

high sensitivity and have operated at high temperature (300–500 ◦C) [43, 44]. 

The conducting polymers have many potential applications for making 

different devices with their combined properties such as optical, electrochemical, and 

electrical properties [45]. In the conducting polymer family, polyaniline (PANI) is one 

of the member and has received attention widespread. This is due to mechanical 

flexibility, high environmental stability, ease of processing, simple and reversible 

doping/dedoping chemistry, and modifiable electrical conductivity [46-49]. 

Polyaniline based gas sensors have been taking significant consideration in 

last few decades [50, 51]. It has unique electrical conductivity. PANI has ability to 

transport charge carriers in both ways i.e., inter polymer chain and intra polymer 

chains. Therefore, polyaniline can willingly react with reductive and oxidative agents, 

to change their electrical performance at room temperature. 

Nanostructured polyanilines i.e., nanowires, nanofibers, and nanorods, have 

been shown better performance due to their high aspect ratio’s. This helps the fast 

diffusion of gas molecules into the structures. Some reports are available for 

synthesizing of polyaniline nanofiber [52-54]. The diameter of polyaniline nanofibers 

are obtained with nearly uniform diameters between 30 and 120 nm.  

There are different forms of polyaniline. Emeraldine salt form (half-

oxidization and half-de oxidization state) of polyaniline has the highest conductivity 

in the PANI family. The conductivity of polyaniline decreases with increase the extent 

of oxidization [55]. Particularly, NO2 gas (oxidizing character) was exposed on 

polyaniline, the degree of oxidization of polyaniline would increase. Consequently, its 

conductivity decreases. Therefore, the experimental results are shown in Figure 13. It 

can be explained by the extent of oxidation state of polyamine. When exposed NO2 

gas on polyaniline, the conductivity decreases. This is due to increase the extent of 

oxidation. Brief summary of NO2 detection is presented in Table 7. 
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Figure 13. [56] The response nitrogen dioxide (NO2) of PANI-ES based sensor 

measured at 37 ppm NO2 gas concentrations at ambient condition- 

Table 7. Brief summary of NO2 detection 

Study Materials Perporfamce Optimum 

temperature 

(⁰C) 

Limitation 

Yan et al. 

[57] 

polyaniline 

nanofibers 

Response 

time xxx s 

Room 

Temperature 

Medium NO2 

concentration 

Kim et al. 

[58] 

An organic 

conductive 

nanocomposite 

Sensitivity 

xxx % 

Room 

Temperature 

High NO2 

concentration 

Kumar et 

al. [59] 

Plasma 

Polymerized 

Nanostructure 

Polyaniline 

Thin Film 

Response 

time xxxx s 

Room 

Temperature 

Medium NO2 

concentration  

Surwade et 

al. [60] 

poly-o-

toluidine 

Response 

time 5 s 

Room 

Temperature 

Low-Medium 

NO2 

concentration 

Xie et al. 

[61] 

Polyaniline 

based ultra-

thin film 

Response 

time xxx s 

Room 

Temperature 

Low NO2 

concentration 

Rozemarie 

et al. [62] 

Polyaniline 

based 

electrospun 

Sensitivity 

45 % 

Room 

Temperature 

High NO2 

concentration 

Haynes  

et al. [63] 

Polyaniline  Room 

Temperature 

High NO2 

concentration 
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2.5. Conclusions 

We have successfully prepared PANI-ES/Cloisite 20A nanocomposites in in 

situ, core-shell and ex situ polymerization routes. The silicate layers of the clay 

platelets were delaminated after addition of Cloisite 20A in aqueous HCl medium 

during the synthesis of PANI-ES and nanocomposites. The PANI-ES/Cloisite 20A 

nanocomposites (in situ, core-shell and ex situ) exhibited remarkable improvement of 

DC electrical conductivity, thermal stability and enthalpy of fusion compared to pure 

PANI-ES. We described the concurrent improvement the properties like electrical DC 

conductivity, thermal stability and enthalpy of fusion of the prepared nanocomposites. 

Temperature dependent DC conductivity of prepared nanocomposite samples was 

observed. The linear fit data favoured to the Mott’s 3D−VRH mechanism. The 

resistivity with magnetic field 0.5 T of HCl doped PANI-ES, PANI-ES/Cloisite 20A 

(4 wt%) nanocomposites (in situ, core-shell and ex situ polymerization route) were 

performed in the range of 77−300 K to estimate the Lloc of 274.68 nm, 277.18 nm, 

301.24 nm and 549.28 nm for HCl doped PANI-ES and PANI-ES/Cloisite 20A (4 

wt%) nanocomposites (in situ, core-shell and ex situ polymerization route), 

respectively. The resistivity at 0.5 T of prepared materials follows the Mott’s 

expression. Varieties of physical parameters such as 

( ) andRLTEN hoplocMottF ,,,, hop
corresponds to transport mechanism are 

estimated in the presence and absence of magnetic field. The nitrogen dioxide gas 

responses and mechanism of polyaniline based materials were studied in details. 
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Abstract 

N-substituted PANI-ES was obtained from N-phenyl-β-alanine (N-

substituted aniline). N-phenyl-β-alanine was synthesized chemically from methyl 

acrylate and aniline precursor. ESI-MS, H1NMR spectroscopy and FTIR spectroscopy 

are employed to characterise the N-phenyl-β-alanine for structure elucidation. The 

structure and properties of corresponding polymers were investigated by X-ray 

diffraction, FTIR, UV-Visible, H1NMR, FESEM, solubility, and DC conductivity. On 

the basis of experimental results of prepared N-substituted aniline monomer and its 

corresponding polymer is proposed. At room temperature, the average DC 

conductivity of as-prepared PANI polymers was found in semiconducting range, 

which is 0.153 S/cm for poly (3-methyl (phenyl amino) propionic acid. We also were 

analysed temperature dependent DC conductivity with and without magnetic field of 

as prepared PANI polymers to understand the conduction mechanism and it was 

followed variable-range hopping (VRH) process. In addition, we were discussed the 

response of liquefied petroleum gas (LPG) with polyaniline based sensor materials. 

 

Keywords: Dopant, Amorphous, Electrical conductivity, Conduction mechanism, 

Thermal stability, Solubility 

 

1.0 Introduction 

Now days, scientific communities have taken much more interest towards 

electronically conducting polymers due to their potential applications in emerging 

fields such as rechargeable batteries, electrochromic windows, biosensor and antistatic 

coating materials [1-6]. Particularly, PANI is an important conducting polymer in the 

conducting polymeric group because of its ease of synthesis via chemical and 
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electrochemical routes, good environmental stability, unique oxidation reduction 

chemistry and low cost synthesis, etc [7-9]. However, the conducting form of PANI is 

insoluble in common organic solvents even in N-methyl-2-pyrrolidone (NMP) and 

dimethyl sulphoxide (DMSO). The limitation has impeded not only its practical 

applications but also a complete understanding of the polymer structure [10]. To solve 

this problem, researchers are devoted to improve the processability, solubility and 

electronic properties of PANI for their performance. Great effort has been devoted to 

design acid doped polymer to improve their solubility and processability by the 

development of synthetic route. Generally, organic and inorganic acid dopants are 

used in the conducting polymers. These are small molecules and can evaporate at room 

or higher temperature which affects the conductivity of the PANI. The limitation can 

be overcome by using bigger size dopants, polymeric acid dopants, and substituted 

form in conducting PANI polymeric backbone. In case of polymeric acid dopants, the 

dopant has lower glass transition temperature (Tg) (lower than that of PANI) and then 

can enhance the flexibility of the PANI film. There are several reports on polymeric 

acids dopants. These are mentioned as poly (ethenesu1fonic acid) [10], poly (acry1ic 

acid) [10,11], poly (styrene sulfonic acid) [10-14], poly (2-(acrylamido)-2-methyl-

propanesulfonic acid) [15], and poly (amic acid) [16]. These dopants can be used 

during the synthesis by chemical or electrochemical polymerization of aniline in 

aqueous solution through oxidative polymerization method [17,18]. Due to the 

presence of protonic acid groups on polymer chains of the polymeric dopant and to 

the conformational hindrance created by the flexible chain, it is expected that not all 

of the acid groups are capable of doping PANI and there should be nonuniformic 

distribution. Consequently, the experimental results of the polymeric acid doped PANI 

should be different from that of non polymeric protonic acid doped PANI [17,18].  

Substitution at nitrogen of PANI backbone is another kind to assist the 

improvement of processability along with hydrophilicity and compatibility. Several 

reports show that alkyl group-, alkyl ring- are attached to N-atom of PANI. The 

polymers have been formed directly from aniline monomers, which are soluble in 

common organic solvents [19,20]. Incorporation of the side groups into PANI has 

changed its properties. Other than the above approach, co-polymerization of aniline 

with suitable substituted aniline to produce co-polymers is possible to improve its 

solubility in organic solvents [21,22]. Utilizing a functionalized acid, e.g., dodecyl 

benzenesulphonic acid or 10-camphorsulphonic acid, to protonate the base form of 

PANI improved the processability [23].  

Doped conjugated polymers exhibit characteristic properties of the metallic 

state, which is showing high electrical conductivity. Usually, highly doped conducting 

polymers do not show the metallic transport, i.e., resistivity (ρ) is not proportional to 

the temperature. Now a days, the quality of the conjugated polymers has been 

improved by doping process and results the in-homogeneity in the doping level. Also, 

the processability has assisted to enhance the quality of conjugated polymer. The 

doped conjugated polymeric chains are often disordered and structurally amorphous. 

In the conjugated polymer, some regions are crystalline and other regions are 

amorphous in nature. The amorphous regions can dominate the electrical transport. 
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Consequently, the characteristic metallic features in the bulk electrical transport 

properties are severely limited by strong disorder [24]. 

Presence of partially filled bands in the doped polymers, the electronic 

structure will be the similar to that of metal. It is well known that disorder can result 

in localization of states. If all states become localized, the system will be an insulator. 

In such an insulator, there is no gap in the density of states, i.e., Fermi level (EF) lies 

in an energy interval in which all states are localized, called Fermi glass. In this 

system, the conductivity is influenced by temperature. At high temperatures, the 

activation energy is measured by the energy difference between EF (which lies in the 

region of localized states) and the mobility edge and at lower temperatures, variable-

range-hopping (VRH) transport is resulted from the existence of unoccupied localized 

electronic states near EF. Transition from metal to insulator (M-I) occurs when the 

disorder is sufficiently weak that means mobility edges move away from the center of 

the band toward the band tails such that EF lies in a region of extended states. To 

understand the transport phenomena of conducting polymer, it is important to quantify 

the disorder by estimating/calculating the transport parameters and to establish the M-

I transition [24].  

Several reports are found on transport phenomena of conducting polymers. 

Li and co-workers [25] proposed a variable range of hoping (VRH) model which 

described the transport mechanism of HCl doped and DBSA doped PANI. Kapil et al. 

[26] analyzed transport mechanism of p-toluene sulphonic acid (PTSA) doped PANI 

by Arrhenius model, Variable range hoping (VRH) model and Kivelson model in the 

temperature range of 30-300K. The conduction mechanism of PANI organic film and 

metal particles embedded in an insulating material and PANI was also explained by 

using VRH and charge energy limited tunnelling (CELT) models [26]. The 

conductivity measurements were also done in the presence of magnetic field to 

measure the magnetoresistance (MR). Several conducting polymers such as PANI 

[24,26-31], polypyrrole [32-34], PEDOT films [35], and PANI composites have 

shown positive MR at low temperature (<10 K).  

This work was undertaken to study the synthesis, spectroscopic analysis, 

measurement of electronic properties, microstructure and thermal stability of the AA 

doped, substituted AA and polymeric protonic acid, i.e., PAA/PANI. Its electronic 

properties at the temperature range and optical band of the doped PANI were also 

investigated. Acrylic acid is taken as three forms, viz., doped form, substituted form, 

polymeric form, i.e., PAA. We present the results of a comprehensive study of the 

transport in AA based PANI polymer. In the system, DC conductivity as a function of 

temperature and resistivity in the presence of magnetic field was studied in 

temperature range 70-300 K. We have observed variable-range-hopping behaviour 

due to the presence of extent of disorder in the prepared materials. Magnetic fields of 

0.4 T induced a transition from the critical regime of M-I transition to the insulating 

region where the states near EF are localized and the transport took place via variable-

range hopping. Various transport parameters of AA based PANI polymers were 

calculated for understanding the conduction mechanism. An understanding of the 
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system should also be applicable to systems with other polymeric protonic acid dopant 

and would provide valuable information for applications of the doped PANI in 

different applications like electromagnetic interference shielding, in conductive 

coatings, and as positive electrodes of electroluminescence diode.  

 

2.0 Experimental  

2.1 Synthesis of AA Based Pani Polymer 

Materials. Acrylic acid (AA), aniline (Ani), dichloromethane (DCM), 

ammonium persulfate (APS), N,N-dimethyl formaide (DMF), Dimethylsulphoxide 

(DMSO), methyl acrylate, sodium hydroxide (NaOH), n-hexane, and HCl, ethyl 

acetate were procured from Merck.  All the chemicals are synthesis grade. Distilled 

water is used in the synthesis.  

 

Scheme 1. Design of AA based polyaniline: AA doped polyaniline, substituted 

PANI and PAA/PANI composite 

Synthesis of AA based PANI polymer. The design of AA based PANI 

polymer is mentioned as follows in Scheme 1. In the synthesis Scheme 1, acrylic acid 
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used in three different ways viz., AA is used as doping in the synthesis of PANI 

polymer [36], AA is employed as substitution on N-atom (NH2) of aniline, called 

monomer [37] and it is polymerised to form the PANI [38]. N-substituted aniline 

monomers was synthesised in two was ways viz., one is direct mixing of AA and 

aniline and another way of synthesis was used the reference 37. PAA and PANI are 

used during the preparation of PAA/PANI composite [38]. The design of AA based 

polyaniline is presented in Scheme 1. We have employed chemical routes to 

synthesize acrylic acid (AA) based PANI polymer. The details synthesis procedures 

have been described. 

 

Synthesis of acrylic acid (AA) based PANI polymer 

Synthesis of acrylic acid (AA) doped PANI from aniline precursor. AA 

doped PANI was synthesised following the method in literature [36] and occurred by 

chemical oxidation process. In this method, AA (2 mL) was added to 50 mL of 

distilled water and stirred slowly to form AA solution. Then, aniline (2.66 mL) was 

added slowly to AA solution in stirring condition. Before addition of APS, 

temperature of system was maintained at 5 °C with continuous stirring. Then, an 

aqueous solution of APS (2.76 g in 50 mL of distilled water) was added slowly to the 

above AA solution for 1 h under continuous stirring. The polymerization reaction was 

carried out. During the polymerization, slight green precipitate was formed in initial 

stage of polymerization and green precipitate was formed when polymerization 

proceeds which is followed to stand overnight to complete the polymerization. After 

filtration, the precipitate was washed adequate amount of distilled H2O till the 

precipitate becomes neutral. This washing step removed the unreacted AA and APS. 

The product was dried under vacuum at 60 °C for 12 h. After that, the solid mass was 

grinded using mortar and pastel and finally, we got powder. Schematically, the flow 

chart for synthesis of AA doped PANI polymer is presented in Scheme 2. 

 

 

 

 

 

Scheme 2. Schematic flow chart for the synthesis of AA doped PANI polymer 

Synthesis of N-substituted aniline monomer and N-substituted PANI 

polymer from aniline (Ani) and AA/methyl acrylate precursors. Initially, N-

substituted aniline monomer was synthesized using AA and Ani predecessors and then 
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it was polymerizes by chemical-oxidation method. Equivalent amount (mili-

equivalent) of both colorless liquid Ani and AA were mixed together with continuous 

(45 min) stirring at 5 °C. At last, colorless viscous mixture was formed with the 

evolution of heat. The reaction was exothermic in nature. During the reaction, different 

color transitions were observed. The obtained mass became viscous, the color of which 

changed from colorless to light pink then to light greenish-yellow. Such viscous mass 

was purified using co-precipitation technique. At first, the mixture was dissolved in 

dichloromethane (DCM) followed by n-hexane in the ratio 1:5. It was preserved in a 

refrigerator for 12 h. After that, the mass formed two layers in the flask (gel in bottom 

part and liquid in upper part). The upper liquid part was discarded carefully. 

Appropriate amount of water was added to the prepared gel and shacked for 15 min. 

APS (0.045 moles) as oxidant was dissolved in 60 mL of water to make oxidant 

solution.  The oxidant solution was added drop wise into deep-end of the purified gel 

solution through injection syringe with continuous stirring.  At this stage, temperature 

was maintained (10 to 0 °C) using ice bath. After 2 h, the reaction mixture was brought 

to room temperature in stirring condition for 10 h more. The change of color of the 

solution was observed, which was from colorless to deep greenish and the polymer 

was formed as deep green solid lump, which is floated on the solution. The solid 

polymer was dissolved in DMF and distilled water was poured into the solution from 

which the polymer precipitated out and thus we got polymer without any inorganic 

impurity. From the spectroscopic analysis is confirmed the formation of mixture of 

monomer. Accordingly, the reaction Scheme for synthesis of prepared monomer and 

its corresponding polymer are shown in Schemes 3 and 4,, respectively. 

 

 

 

Scheme 3. Synthesis of mixture of N-substituted aniline monomer 

 

 

 

 

 

Scheme 4. Synthesis of N-substituted polyaniline 

Our aim was to synthesize 3-methyl (phenylamino) propanoic acid (N-

Phenyl-β-alanine), which is 100% abundance. This was used to polymerize to form 

poly (3-methyl (phenylamino) propanoic acid). Poly (3-methyl (phenylamino) 
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propanoic acid) was further used for different characterizations and analysis. 3-methyl 

(phenylamino) propanoic acid was synthesized as reported earlier [37]. It is a two step 

reaction: aniline was first converted to β-amino ester (Scheme 5). For this synthesis, 

1.623 g aniline (17.43 mill mole) was added slowly to 1.5 g methacrylate (17.43 mill 

mole) in 6 mL of dry toluene. HCl-treated MMT (0.3 g, 10 wt%, used as catalyst) was 

added to the reaction mixture. The reaction was carried out in dry condition. The 

reaction temperature was maintained at 90 °C using oil bath and was continued for 2 

h with vigorous stirring. During the reaction, the transition of color of compound was 

observed from colorless to light brown. Finally, the solvent was evaporated using 

rotary evaporator to obtain a densed brown product, methyl 3-(phenylamino) 

propionate. Without further purification, the crude product was used for the next step.  

In the second step, the synthesized 3-methyl (phenylamino) propanoate was 

converted to 3-methyl (phenylamino) propanoic acid (β-amino acid) (Scheme 5). For 

this, 2.89 g (17.49 mill mole) β-amino ester was added to10 mL methanol in a round 

bottom flask, followed by the addition of 0.699 g NaOH (17.49 mill mole). The 

reaction mixture was stirred vigorously for 2 h and the temperature was maintained at 

05 °C using ice-bath. After that, methanol was evaporated using vacuum rotary 

evaporator to get viscous mass. The product was neutralized by the addition of 6 M 

HCl in cold condition and the pH was adjusted to ~4. Finally, the product was 

extracted with ethyl acetate several times. Then the solvent was evaporated using 

vacuum rotary evaporator.  The product was precipitated using n-hexane. The product 

was dried under vacuum to obtain light brown mass. Reaction Scheme for synthesis 

single N-substituted aniline monomers is presented in Scheme 5. 

 

 

 

 

 

 

 

 

 

Scheme 5. Synthesis of 3-methyl (phenylamino) propanoate and 3-methyl 

(phenylamino) propanoic acid single monomer 

The nanostructures of poly (3-methyl (phenylamino) propanoic acid) doped 

with HCl were synthesized by a chemical oxidation method. Poly (3-methyl 

(phenylamino) propanoic acid) doped with HCl was synthesized as follows: Aniline 

(0.165 g) was mixed with in 10 mL distilled water in the ice bath to form N-substituted 

aniline solution. Then, an aqueous solution of APS (0.001 mol) in 25 mL of 0.01 M 
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HN OH
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HCl solution was added drop wise to the above solution. The polymerization was 

carried out for 12 h in the ice bath. A green solid of HCl doped poly (3-methyl 

(phenylamino) propanoic acid) was obtained after rinsing with H2O, CH3OH, and 

CH3OCH3 for three times [38]. The reaction scheme for synthesis of HCl doped poly 

(3-methyl (phenylamino) propanoic acid) polymers are shown in following Scheme 

6. 

 

 

 

 

Scheme 6. Synthesis of HCl doped poly (3-methyl (phenylamino) propanoic acid 

Synthesis of PAA/PANI composites. The PAA/PANI composites were 

prepared by chemical oxidation process in aqueous medium [38]. The PANI/PAA 

composites were prepared as follows: aniline was added to the PAA (commercially 

available, Mw ~ 1800) solution with constant stirring at room temperature and solution 

becomes colorless.  

 

 

 

 

 

 

 

 

Scheme 7. Reaction scheme for synthesis of HCl doped PAA/PANI composite 

The ratio PAA and aniline was 1.0:0.5 (w/w). Next, the reaction mixture was 
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cooled to 5 °C and stirred for 1 h. During this time, freshly prepared APS solution 

(0.01 mol APS in 0.001 M HCl) was added slowly to the reaction mixture. After 2 h, 

the mixture was brought to the room temperature and stirred continuously for 6 h to 

complete the polymerization of aniline. The color of the mixture changed from 

colorless to deep green. The obtained product was kept 12 h for complete the 

polymerization after which the polymer was filtered with Buckner funnel. After that, 

these products were washed with distilled water several times (pH ~7) and dried under 

vacuum at 60 °C for 6 h to get composites. The reaction for synthesis of HCl doped 

PAA/PANI polymer is presented in Scheme 7. 

 

2.2. Characterization Techniques 

FTIR spectra were recorded on a Thermo Nicolt Nexus 870 

spectrophotometer in the range 400-4000 cm−1. The instrument settings were kept 

constant (50 scan at 4 cm−1 resolution, transmittance mode). Ani, AA, AA and Ani 

mixture, β-amino acid, PAA and AA based PANI samples were used. Before 

running the samples, a background spectrum was collected. Then samples were put in 

a sample holder and data were collected. H1NMR of AA and Ani mixture, β-amino 

acid and its corresponding polymer are recorded using Bruker DRX500 MHz 

spectrometer at IIT Kharagpur (Chemistry Dept.). These were dissolved separately in 

d6-DMSO/CDCl3 and CDCl3. The chemical shifts of the groups are recorded in the 

range 10-200 Hz for monomer and 10-400 Hz for prepared polymer with a delay of 

2.5 sec. Identification of the product ions formed during ESI-MS analyses were 

performed on AXIMACFR laser desorption ionization flying time spectrometer 

(COMPACT). In order to identify these product ions, structure of prepared compound 

were created. Gel as well as solid granules materials were analysed and are fine 

aerosol. It helps to evaporate solvent easily. Typical solvents for electrospray 

ionization are prepared by mixing water with volatile organic compounds like 

methanol and acetonitrile. Acetic acid is added to prepared typical solvent. X-ray 

diffraction (XRD) experiments were performed using a Phillips PW-1710 Advance 

wide angle X-ray diffractometer, Phillips PW-1729 X-ray generator, and Cu Kα 

radiation (wavelength, λ = 0.154 nm). The generator was operated at 40 kV and 20 

mA. The powder samples were placed on a quartz sample holder at room temperature 

and were scanned at diffraction angle 2θ from 5° to 60° at the scanning rate of 2 °/min. 

Acrylic acid based PANI samples was taken for XRD analysis. The UV-Visible 

spectra of aniline, acrylic acid, acrylic acid based monomers and its corresponding 

polymer(s) were recorded by using a Micropack UV-VIS-NIR, DH 2000 in the wave 

length region 200-800 nm. The samples were dissolved in N-methyl pyrroledone 

(NMP). Base line was corrected before recording the spectra. This technique was 

performed for studying the variety of electronic transitions. Surface morphologies of 

acrylic acid based PANI polymer as well as N-substituted aniline (monomer) were 

analyzed by field emission scanning electron microscopy (FESEM) using Carl Zeiss 

Supra 40 scanning electron microscope. Before FESEM experiment, gold coating was 

needed. Operating voltage was 4 kV. The enthalpy of fusion of prepared AA based 

PANI polymer was calculated from differential scanning calorimetry (DSC) 
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experiment. The parameters such as heating rate = 10 °C/min, temperature range = 50 

to 350 °C were set. The thermal stability of the prepared materials was determined by 

thermogravimetric (TG) analysis using a NETZSCH TG-209 F1 analyzer at a 

heating rate of 10 °C/min in nitrogen environment from 50-700 °C. 

The room temperatures as well as temperature dependent DC 

conductivity of the prepared acrylic acid based PANI polymer were measured using 

linear four-probe technique. Four contacts were made with nonconducting silver paste. 

A constant current 
( )I

from a current source (Keithley 2400 programmable current 

source  was allowed to pass through two terminal leads of the four probe and the 

voltage 
( )V

 across the other two leads was measured using a multimeter (Keithley 

2000 digital multimeter). According to four point probe method, the resistivity (ρ) was 

calculated using the relation [39]  

 









=

I

V
S 2

 .................................. (1) 

where S is the probe spacing in centimetres (cm), which was kept constant, 

( )I
 is the supplied current in mill-amperes (mA) and the corresponding voltage 

( )V

was measured in mili-volts (mV). The conductivity (σ) was calculated using the 

relation as follows [39] 




1
=

 ............................................. (2) 

 For temperature variation resistivity measurement, the chamber pressure was 

maintained at 105 torrs. The Lakeshore (model 331) temperature controller was 

connected. Then, we measured DC resistivity. A constant current is passed through 

the two side probes and measured voltage in the two middle probes. A DC current 

source (Keithley 220 programmable) was taken. Different millampere/nanoampere 

current was applied and corresponding voltage was measured. Voltage across the 

terminals was measured using Keithley nanovoltmeter (model 2182). For In addition, 

the resistivity measurement with a particular magnetic field is a function of 

temperature which is important for calculating localisation length (Lloc). 

Determination of other different transport parameters [28] such as Density of states at 

Fermi level (N (EF)), Motts characteristics temperature in Kelvin (T Mott), Mott’s 

hoping distance (RHop, Mott in nm at 300 K) and the energy difference (ΔHop, Mott) between 

the sites in the Mott’s limits is calculated using Lloc. These are the important 

parameters to understand the conduction mechanism.  

 

2.3. Results And Discussion 

The outcomes obtained from different experiments of monomer synthesis 



Acrylic Acid (AA) Based Polyaniline Composite for Liquified Petroleum Gas (LPG) 

Sensors 

116 

and polymerizations are described separately.  

 

Monomer synthesis 

The mixture of aniline and acrylic acid (gel-like monomer) was purified 

using DCM and n-Hexane solvents. The purpose was to remove excess of unreacted 

monomers.  Such process is called co-precipitation method. Particularly, for this 

monomer synthesis, colorless liquid aniline (2 mL) was added directly on colorless 

acrylic acid (2 mL) to form impure monomer. During the formation, a different color 

was observed as shown in Fig. 1 There may be an interaction between the two 

materials. The excesses individual precursors were removed using precipitation 

technique. Impure monomers were dissolved by DCM and followed by n-Hexane. 

Such solution was kept at low temperature (0-5 °C) for 12 h. The purpose of using 

DCM and n-Hexane was to remove excess of precursors. Color transition during the 

preparation of gel like monomer is shown in Fig. 1. 

 

 

 

 

 

Figure 1. Color change during the synthesis of N-substituted anilinic monomer 

(aniline and acrylic acid mixture) 

For the synthesis of N-Phenyl-β-alanine, aniline and methyl acrylate were 

taken in dry toluene [36]. HCl-treated MMT was used as catalyst to the reaction 

mixture. The reaction was carried out in dry condition. The reaction temperature (90 

°C) was maintained using an oil bath. During the reaction, the transition of color was 

observed from colorless to light brown. After solvent evaporation, a dense brown 

product was obtained. This product was used for the next step. For the conversion of 

ester to acid, crude product (prepared from first step) was added to methanol followed 

by addition of NaOH and 6 M HCl. Finally, the product was extracted with ethyl 

acetate several times. After solvent evaporation, precipitation by n-hexane and drying, 

a light brown mass was obtained. 

ESI-MS, H1NMR, and FTIR techniques were used for structural elucidation 

of substituted aniline monomer. 

 

ESI-MS analysis 

For structural analysis, the masses of adducts formed from these compounds 

via the attachment of various different species ([P + (M)n]n+, where P represents a 

target compound; M represents a solvent molecule or sodium, potassium, lithium, 
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silver, hydrogen, or ammonium cations; and n =1 for singly charged ions or n = 2 for 

doubly charged ions) were calculated [37]. The exact masses calculated for these 

adduct species are used in the assignment of peaks generated in the ESI-MS 

experiments. To assign chemical structures of acrylic acid and aniline mixture, 3-

methyl (phenyl amino) propanoate and 3-methyl (phenyl amino) propionoic acid were 

investigated by ESI-MS and it is presented in Fig. 2, 3 and 4. The spectra were 

generated using the normal scan mode. The spectra were taken (zoom scan) over 

representative m/z areas of the region dominated by ideal star peaks (Fig. 2, 3 and 4). 

In Fig. 2, by comparing theoretical m/z values to these peaks, the adduct species are 

able to be found and these are mechanistically feasible.  In Fig. 2, the observed m/z 

value of small peak (below 100 % abundance) matches with the theoretical m/z of 

hydrogen adducts formed from the products (substituted anilinic monomer obtained 

from aniline and acrylic acid) and most intense peak (100%) corresponds to hydrogen 

adducts of N,N-disubstituted anilinic product (100 % abundance). Other than these 

peaks, a significant number of non-reproducible and/or non-periodic peaks were 

observed in these spectra, which were not unexpected. Thus, it is not mechanistically 

feasible and disregarded. 

 

Figure 2. ESI-MS spectrum of monomer obtained from AA and Ani mixture 

In Fig. 3, 100 % abundant peak matched with hydrogen adduct, which has 

arised from 3-methyl (phenyl amino) propionate product (mentioned the chemical 

structure of product). No oxidation products are formed. The assignment is 

mechanistically feasible. Other peaks in the spectrum (Fig. 3) are not matched to any 

adducts. Thus, it can be seen that there is an ambiguity in the assignment of products. 

Also, ESI-MS technique is used to characterize the 3-methyl (phenyl amino) 

propionic acid. In Fig. 4, we observed single peak, which is 100% (relative 

abundance). This peak indicates to 3-methyl (phenyl amino) propionic acid adduct. 

No oxidation products are formed. The assignment is mechanistically feasible. Other 
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peaks in the spectrum are not matched to any adducts. 

 

 

Figure 3. ESI-MS spectrum of anilinic monomer (3-methyl (phenyl amino) 

propionate) prepared from methyl acrylate and aniline 

 

Figure 4. ESI-MS spectrum of 3-methyl (phenyl amino) propionic acid monomer 

obtained from 3-methyl (phenyl amino) propionate 

 

H1NMR analysis 

Spectroscopic characterizations such as H1NMR, FTIR and ESI-MS, etc. 

were employed to elucidate the chemical structure of materials. Out of them, H1NMR 

is one of the important spectroscopic characterizations to explore the molecular 
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structure. For this characterization, we used samples in solution mode. Because, it is 

done easily with high accuracy. Spectra of synthesised anilinic monomers are shown 

in Fig. 5 and 6. Detail peak positions and their assignments are also presented in Table 

1. In H1NMR analysis, H1NMR integration ratios are sufficiently close to their 

expected nearest integer values, they arise due to the presence of end groups in the 

monomers. In anilinic monomer (AA and Ani mixture), the presence of phenyl ring 

proton [38], amine proton [38], and also ethylenic proton (-CH2-CH2-) are found at 

∼6.658-6.873 and 7.094-7.295, ppm, ∼4.336-4.422 ppm, and ∼2.608-2.710 and 

3.444-3.638 ppm, respectively. The H1NMR result predicts complex structure of 

monomeric product. This fact is verified with FTIR spectrum (Fig. 7) and ESI-MS 

spectrum (Fig. 4) supports to the monomeric product. These results are in agreement 

with the expected structures, i.e., N-substituted aniline. 

 

Figure 5. H1NMR spectrum of anilinic monomers obtained from AA and Ani. 

mixture) 

In a similar fashion, the 3-methyl (phenyl amino) propionic acid has been 

characterized by H1NMR technique and the spectrum is displayed in Fig. 6.  
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Figure 6. H1NMR spectrum of 3-methyl (phenyl amino) propionic acid monomer) 

From this spectrum analysis, the peak positions and their assignments are 

presented in Table 1. In Table 1 various protonic groups such as phenyl protons (-

C6H5) at 7.302-7.513 [38], amine proton (-NH-) at 2.66 ppm [38] and ethylenic proton 

(-CH2CH2-) 1.292 ppm, CDCl3 (7.3 ppm) [39] were assigned. Thus, it supports a 

possible structure of repeat unit (3-methyl (phenyl amino) propionic acid). 

 

FTIR analysis  

Fig. 7 shows the FTIR spectra of (AA), aniline (Ani) and synthesised anilinic 

monomers. The characteristic peak positions and their assignments are given in Table 

1. From Fig. 7, the major bands of AA at 3062, 1706, 1431 and 1238 cm−1 have been 

attributed to C−H stretching, C=O stretching, and C−O stretching vibration of acid 

group, respectively [40]. This indicates that the characters of AA are retained. The 

peaks of Ani (Fig. 7) are found at 3365, 3034, 1496, and 1173 cm−1 corresponding to 

-NH, -CH, benzenoid and C=N stretching, respectively [41]. From our observation in 

Fig. 7 and Table 1, the main bands are -NH- (3403 cm−1), benzenoid ring (1502 cm−1), 

-CH- (2952 cm-1), -OH (2600 cm-1),  -C=O  (1619 cm-1)   and    C-O (1241 cm-1), 

which indicated the presence of both AA and aniline. Also, main bands of prepared 

substituted monomers of mixture of AA and Ani are found at 3046 cm-1, 1718 cm-1, 

3370 cm-1, 1415 cm-1, and 1211 cm-1 corresponding to =C−H stretching, C=O 

stretching of ester, N-H stretching, C=C stretching of aromatic ring, C-N stretching, 

respectively.  

Table 1: FTIR, H1NMR, and ESI-MS peak positions and their assignments  

 Peak positions and their assignments of anilinic monomer from 

acrylic acid and aniline 

FTIR Peak 

Positions 

(cm-1) 

3403 2952 2600 1619 1502 1241 

Its peak 

assignments 

NH CH OH C=O Benzene 

ring 

=C-

N 

H1NMR 

peak 

positions 

2.575-271 3.444-

3.638 

4.336-

4.422 

6.658-

6.842 

7.094-

7.269 

 

Its peak 

assignments 

CH2CH2 NH impurities CDCl3 Benzene 

proton 

 

ESI-MS 166 238     
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(cm-1) 
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Its peak 
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NH CH OH C=O Benzene 

ring 

=C-

N 

H1NMR 

peak 

positions 

7.3-7.5 7.3 2.6 1.7 1.3 1.0 

Its peak 

assignments 

Benzene 

proton 

CDCl3 NH HOD CH2CH2 TMS 

ESI-MS 

peak 

positions 

180 

(100%) 

166 --- --- --- --- 

Its peak 

assignments 

N-

substituted 

Methyl 

ester 

N-

substituted 

Methyl 

ester 

--- --- --- --- 
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Figure 7. FTIR spectra of Aniline (A), 3-methyl (phenyl amino) propionic acid (B), 

anilinic monomer (AA and Ani mixture) (C), and AA (D) 

Considering the entire peak assignments and peak intensity obtained from the 

FTIR spectra, the bands of 3-methyl (phenyl amino) propionic acid are found at 2952 

cm-1, 1735 cm-1, 3482 cm-1, 1525 cm-1, 2610 cm-1, and 1107 cm-1 for C-H stretching, 

C=O stretching of acid, N-H stretching, C=C stretching of aromatic ring, -OH 

stretching of carboxylic acid, and C-N stretching, respectively.  

 

XRD analysis  

X-ray Diffraction (XRD) was used to study the structure of synthesised 3-

methyl (phenyl amino) propionic acid monomeric product and shown in Fig. 8. From 

this Fig. 8, we observed sharp peaks, which indicated the crystalline nature of 3-

methyl (phenyl amino) propionic acid (monomer) [42]. 

 

Figure 8. XRD plot of prepared 3-methyl (phenyl amino) propionic acid     

monomer (methyl acrylate and aniline) 

Synthesis of AA based PANI polymer 

FTIR, H1NMR, UV-Visible, and X-ray diffraction (XRD) spectral analysis 

of synthesised AA based PANI polymer were done for chemical structure analysis of 

synthesized AA based PANI.  

 

Synthesis of AA based PANI polymer 

For carrying the polymerization, both monomers and oxidant (APS) were 

taken in water phase. The oxidative coupling polymerizations of the both monomers 

were mediated at the aqueous medium. As compared to the experimental condition to 

synthesize substituted PANI, oxidative coupling polymerization was conducted 

between oxidant and monomers. From FESEM experiment, morphology of 
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synthesised polymeric product was analysed and it is shown in Fig. 9. The FESEM 

images (Fig. 9) show the crystals-like morphology of 3-methyl (phenyl amino) 

propionic acid, net-like structure of poly (3-methyl (phenyl amino) propionic acid, 

crystal plates of PAA, cauliflowers like morphology of PAA/PANI composites, 

globular shapes of AA doped PANI (APS in H2O), and nanofibers of AA doped PANI 

(APS in 1 M HCl). In net-like structure, it may be believed that substituted PANI 

chains are inter-linked, whereas small cauliflowers image shows that PANI chains are 

interacting with carboxylic group in PAA chains. The interaction is non-uniform. In 

case of fiber-like morphology, the average diameters of fiber is more than 50 nm, 

known as nanofiber. Conducting polymers were first nucleated at the interface through 

oxidative coupling between monomer of PANI and APS (oxidant) in the aqueous 

layer. These polymers were grown in the aqueous medium. A variety of FESEM 

images were found in morphology study as shown in Fig. 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. FESEM images of 3-methyl (phenyl amino) propionic acid (A), Poly (3-

methyl (phenyl amino) propionic acid) (B), PAA (C), PAA/PANI (PAA : aniline 

(w/w) =1 : 0.5) composite (D), PAA/PANI (PAA : aniline (w/w) =1 : 0.5) composite 

(E), AA doped PANI (APS in 1 M HCl) (F), AA doped PANI (APS in 0.5 M HCl) 

(G),  HCl doped PANI (H) and AA doped PANI (APS in water) (I) 

X-ray diffraction (XRD) analysis 
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In this work, X-ray diffraction (XRD) was done to exploit the 

crystalline/amorphous nature of synthesized AA based PANI polymer. From XRD 

patterns, AA doped PANI (APS in water), AA doped PANI (APS in 1 M HCl), PAA, 

PAA/PANI composite and HCl doped PANI are shown in Fig. 10. Broad peaks in Fig. 

10 indicate the amorphous nature of the polymer [43]. In case of HCl doped PANI, 

several diffraction peaks are observed in Fig. 10. This shows that PANI chains become 

more ordered after the doping [44]. On the contrary, two peaks at 19° and 25° are 

found in the patterns of AA based PANI. It indicates the presence of two polymers 

(PANI and PAA). This might happen during the polymerization process. Some of the 

acrylic acid was converted to PAA (polyacrylic acid). Similar pronounced diffraction 

peaks (at 19° and 25°) of PAA/PANI composite are found in the partten with high 

intensity. This indicates the presence of more PAA in the PAA/PANI composite.  

 

Figure 10. XRD pattern of the PAA (a), PAA/PANI (b), HCl doped PANI (c), AA 

doped PANI (APS in 1 M HCl) (d) and AA doped PANI (APS in water) (e) 

FTIR analysis 

FTIR spectra of AA acid based PANI (APS in water), AA acid based PANI 

(APS in 1 M HCl), poly (3-methyl (phenyl amino) propionic acid), PAA/PANI 

composite and HCl doped PANI are shown in Fig. 11. The different band positions 

and their assignments are presented in Table 2. The most important bands of AA acid 

doped PANI (APS in water) at 3445, 2919,1550, 1457 1125 and 1269 cm−1 have been 

attributed to N-H, C−H, quinoid, benzenoid, C=N and C−O stretching vibration of 

acid group, respectively [45]. This indicates that the required characters of the PANI 

are retained. The main features of AA acid based PANI (APS in 1 M HCl) are found 

at 3450, 1595, 1435, 1115, and 2924 cm−1 corresponding to N-H, quinoid, benzenoid, 

C=N stretching and C-H, respectively [45]. From our observation, quinoid (1595 
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cm−1) and benzenoid ring (1435 cm−1) vibrations are indicated for the AA doped PANI 

[45]. Also, main bands of prepared poly (3-methyl (phenyl amino) propionic acid) are 

found at 3450, 1568, 1473, 1120, 2932, 1685, 3681, 1294, and 1237 cm-1 

corresponding to N-H stretching, quinoid, C=C stretching of aromatic ring, C-N 

stretching, C−H stretching, C=O stretching of acid, O-H stretching and C-O stretching, 

respectively. The band positions of PAA/PANI composites are found at 3450, 1582, 

1491, 1120, 2932, 1710, 3693, 1377, and 1288 cm-1 for N-H stretching, quinoid 

stretching, C=C stretching of aromatic ring, C-N stretching, C−H stretching, C=O 

stretching of acid, O-H stretching and C-O stretching, respectively [46]. The 

characteristic band positions of HCl doped PANI are found at 3289, 1533, 1453, 1067, 

2965, 1375 and 1262 cm-1 for N-H stretching, quinoid stretching, C=C stretching of 

aromatic ring, C-N stretching, C−H stretching, C=O stretching of acid and C-O 

stretching, respectively [47]. 

 

Figure 11. Poly (3-methyl (phenyl amino) propionic acid) (A), AA doped PANI (B), 

PAA/PANI composite (C), PAA (D) 
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Table 2. FTIR Peak positions and their assignment of AA doped PANI, Poly (3-

methyl (phenyl amino) propionic acid), HCl doped PANI, PAA, PAA/PANI 

composite 

Peak 

assignments 

  Peak positions (cm-1) 

AA 

doped 

PANI 

N substituted 

PANI 

HCl 

doped 

PANI 

PAA  PAA/PANI 

composite 

NH stretch.  3445  3450  3289  ---  3450  

Quinoid 1550  1568  1533  ---  1582  
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H1NMR analysis 

Careful analysis of the H1NMR characterization of N-substituted PANI 

polymer [48] obtained from aniline monomer (AA and Ani mixture) product provides 

insight into the structure of the material. The H1NMR plot is shown in Fig. 12. In the 

repeat unit, various proton containing groups are presented. The characteristic C-H 

proton of phenyl ring are found at 6.635-6.915 and 7.019-7.751 ppm, 10 ppm (O-H), 

5.740 ppm, and 2.493 and 3.244-3.844 ppm (methylene proton linked to -COOH and 

-N-), respectively.  

 

Figure 12. H1NMR spectrum of N-substituted PANI polymer from acrylic acid and 

aniline mixture 

UV-Visible spectroscopic analysis 

It is reported that AA, Ani, 3-methyl (phenyl amino) propanoic acid, poly (3-

stretch.  

Benzenoid 

stretch.  

1457 1473  1453  ---  1491  

C=N stretch.  1125 1120  1067  ---  1120  

C−H stretch.  2919  2932  2965  3037  2932  

C=O stretch.  --- 1685  1728  1722  1710  

OH stretch. --- 3681 --- ---  3693 

CH (def.)  --- 1294  1375  1364  1377  

CH (bending)  1269  1237 1262  1217  1288  
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methyl (phenyl amino) propanoic acid), AA doped PANI and PAA/PANI composite 

are shown in Fig. 13 (a) and (b) in the range (250-800 nm). The type of UV-Visible 

band positions and their assignments are presented in Table 3.  The π-π* transition 

was observed at 258 nm due to the presence of π-bond (ethylenic group and C=O) in 

acrylic acid [49]. The π-π* band at 293 nm appeared in the aniline unit [Fig. 13 (a)] 

[50]. Two types of electronic transitions (band) were found at 276 nm and 317 nm in 

synthesised anilinic monomer (AA and Ani). The assignment may be due to the 

presence of combined aniline unit and acrylic acid unit in the as prepared salt. This 

signifies the absence of anilinic unit and excitation band. In the Fig. 13, no band is 

observed in PAA spectrum. PAA/PANI composite shows bands at 272 nm, 294 nm 

and 564 nm as shown in Fig. 13 (b). The peak observed at 564 nm is due to electronic 

excitation [46]. This signifies the formation of oxidation state, i.e., salt form of PANI 

[46]. Also, other two peaks (272 nm, 294 nm) are assigned for π-π*. These indicate 

the presence of aniline unit of PANI [46].  As well, AA doped PANI shows two types 

of bands (π-π* and excitation band). This signifies aniline unit and oxidation state of 

PANI, respectively [51]. Salt forms of PANI contain both amine groups and imine 

groups.  Imine group represents the doped state of PANI, i.e., the N atoms in the imine 

groups are protonated, N and its neighbouring quinoid ring become a semiquinoid 

radical cation [52]. The different absorption bands are observed in Fig. 13 (b). This 

may be happened due to the different rate of doping as well as synthetic procedure 

[52]. 

 

Figure 13. UV-Visible spectra of AA (A), Ani (B), 3-methyl (phenyl amino) 

propanoic acid (C) in (a), whereas HCl doped PANI (A), AA doped PANI (B), 

PAA/PANI composites (C), 3-methyl (phenyl amino) propanoic acid (D), and PAA 

(E) in (b) 

Table 3. UV-Visible peak positions and assignments for acrylic acid (AA) based PANI 

polymers (aAPS in H2O, bAPS in 1 M HCl) 
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assignments 
AA based 

PANIa 

AA doped 

PANIb 

HCl 

doped 

PANI 

N-substituted 

PANI 

PAA/PANI 

composite 

π-π* 268 & 347 276 & 369 277& 360 310 338 

Polaron band 580 706 614 625 630 

The electronic transitions were observed between two bands, which 

happened after photon absorption. Photon absorption (UV-Visible) semiconductor is 

followed by Tauc expression [53].   

( ) ( )n

ghAh −= 
 ........................... (1) 

Where α = optical absorption co-efficient, hν = photon energy, Eg = energy 

gap calculated from graph, A = absorption constant, n = represents the types of 

transition. Here, n = 2 indicates allowed indirect transitions and n = 1/2 indicates 

allowed direct transitions. The optically (direct) allowed transitions of AA doped 

PANI, Poly (3-methyl (phenyl amino) propanoic acid), and PAA/PANI composite are 

shown in Fig. 13 (c) and its value is presented in Table 4. For direct transition, we can 

plot 
( )  hvsh .

2

 and extrapolate the linear portion of it to 0=  value to obtain 

corresponding direct band gap. We estimated two gE
values corresponding to two 

types of transitions observed from Fig. 13 (c).  This band gap values are 3.65 and 2.79 

eV for HCl doped PANI, 3.08 eV for PAA/PANI composite, 2.90 eV for AA doped 

PANI and 2.83 eV for poly (3-methyl (phenyl amino) propanoic acid. There gE
values 

correspond to the wide band gap of the inorganic semiconductor [53]. This variation 

is probably due to the formation of PANI polymeric structure using different 

monomers [53], which means that the different polymeric structures have produced 

various electronic environments. This environment produces different repulsive 

electron-electron interactions between two electrons on the same monomer unit or on 

neighbouring carbons along the backbone. That’s why; we got various optical (direct) 

bands of prepared AA based PANI polymer [54]. 
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Figure 13(c). Optical (direct) band gap of AA doped PANI (a), PAA/PANI 

composite (b), poly (3-methyl (phenyl amino) propanoic acid) (c), HCl doped PANI 

at left corner 

DC conductivity 

Conductivity is the inherent property of intrinsically conducting polymers 

(ICPs). To work out the room temperature DC conductivity of using the relation




1
=

, where, 


 is resistivity [43]. The resistivity was measured using the relation









=

I

V
S 2

, where S  is the probe spacing (0.2 cm), I be the applied current in 

the four probe system (micro amp regime) and V be the corresponding obtained 

voltage in (V). At room temperature, the average DC conductivity was found to be 

4.79 × 10−4 S/cm for AA doped PANI (APS in water), 0.825 S/cm for AA doped PANI 

(APS in HCl), 0.135 S/cm for (poly (3-methyl (phenyl amino) propanoic acid) palette), 

0.1004 S/cm for PAA/PANI composites, 1.35 × 10-4 S/cm for HCl doped PANI, 

respectively. The DC conductivity values are indicating the semiconducting material 

range [43]. The reason may be due to the different strengths of acid dopants as well as 

monomer unit and that forms different oxidation states in PANI polymer backbone. 

Dopant helps to extend the conjugation of PANI polymeric structure evolved in the 

polymerization mechanism. Structural ordering is possible in the polymers and that 

may be happened due to the incorporation of the charged species [54]. There are 

signatures supporting these changes in the UV-Vis results. Estimated average DC 

conductivity at room temperature for AA based PANI is mentioned in Table 4. 

Table 4. Estimated average DC conductivity at room temperature and optical 

(direct) band gap of AA based PANI polymer 

Parameters Materials name 

AA 

doped 

PANI a 

AA 

doped 

PANIb 

Poly (3-

methyl 

(phenyl 

amino) 

propanoic 

acid 

PAA/PANI 

composite 

HCl 

doped 

PANI 

DC (av.) 

Conductivity 

4.79 × 

10-4 

0.8625 0.153 0.1004 1.35 × 10-4 
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(S/cm) 

Optical 

(direct) band 

gap (eV) 

2.56  

& 3.663 

2.90 2.74 3.09 2.82 & 

3.76 

The variation of DC conductivity with temperature is presented in Fig. 14(a) 

and (b) for the prepared materials. It is seen that the conductivity of the prepared 

materials is increased with the increase of temperature from 70 to 300 K. This 

behaviour is similar to the behaviour of inorganic semiconductor [25].  

 

Figure 14. Variation of DC conductivity with temperature of HCl doped PANI (A) 

and PAA/PANI composite (B) in plot (a), whereas Poly (3-methyl (phenyl amino) 

propanoic acid (A) and AA doped PANI (APS in 1 M HCl) in plot (b) 

DC conductivity of the prepared materials was measured at temperature from 

70-300 K in the presence and absence of magnetic field (0.4 T) for better 

understanding of the conduction mechanism. Several reports have described the metal-

insulator (M-I) transition behaviour that occurred in the semiconducting polymeric 

materials. In this transition, three different regions are identified such as metallic (ρr < 

2), critical (2 < ρr < 6) and insulating (ρr > 6) depending on resistivity ratio [28]. Since 

the resistivity ratio of our prepared materials are more than 2 and then, it is treated as 

insulating region [28].  

Some reports have mentioned about Anderson transition in three dimensional 

(3D) electronic systems [24]. In this system (3D), fluctuation increases due to random 

potential. That is why transition occurred from metal to insulator. Because of this 

transition, the nature of the electron wave functions changes under the influence of the 

disorder. Particularly in an insulating phase, a potential fluctuation is more and the 

wave is localised in the region of space [24]. When the Fermi energy lies in a region 

of localized states and the system is a Fermi glass insulator. In this region, the low 

temperature transport is possible by variable-range hopping (VRH) [24]. Thermally 

activated or hopping behaviour is studied by temperature dependent DC conductivity 

without magnetic field and it is shown in Fig. 14 (Arrhenius model) and Fig. 15 (3D 

VRH model). With the help of Mott’s expression (equation 2) and Arrhenius equation, 
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the more prominent transport behaviour was shown to occur either by thermally 

activated or hopping process in conducting polymer [25]. Mott’s expression and 

Arrhenius equation are shown in equation 2 and 3, respectively, whereas R-values are 

presented in Table 5. 

 

 

 

where T0 is the Mott characteristic temperature and σ0 the limiting value of 

conductivity at infinite temperature and the exponent ‘r’ is related to the 

dimensionality of the transport process via the expression r = [1/(1+d)], where d = 1, 

2 and 3 for one-, two- and three-dimensional conduction process, respectively. 

Arrhenius equation is obtained from rearrangement of Mott’s expression 

(equation 3). In Arrhenius plot (Fig. 14), we plotted lnσ vs 1000/T.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. (a): ln (Conductivity) vs reciprocal Temperature of HCl doped PANI (A) 

and PAA/PANI composite (B); (b): AA acid doped PANI (APS in 1 M HCl) (A) and 

poly (3-methyl (phenyl amino) propanoic acid (B) 

Arrhenius model (Fig. 15) or Mott’s variable range hoping (Mott’s VRH) 

model (Fig. 16) was fitted linearly. The outcomes of regression values are presented 

in Table 5. According to the regression value, the as prepared materials satisfies Mott 

VRH in three dimensions (3D) except for PAA/PANI composite (followed Mott 1D-

VRH). Mott 3D VRH (equation 4) and Mott 1D VRH (equation 5) equations are 

shown below. 
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Table 5. Regression values (R-values) after linear fitting of 3D-VRH, 1D-VRH 

and Arrhenius model of AA based PANI polymer 

Models Regression values (R-values) of various materials 

AA doped 

PANIa 

AA 

doped 

PANIb 

N-

substituted 

PANI 

PAA/PANI 

composite 

HCl 

doped 

PANI 

VRH (3D) 

model 

0.99048 0.997 0.99508 0.99208 0.99599 

VRH (1D) 

model 

0.97859 0.9926 0.99001 0.99712 0.9905 

Arrhenius 

model 

0.93928 0.9682 0.97226 0.99212 0.9724 

PANI a: APS in distilled water, PANIb: APS in 1 M HCl, N-substituted PANI: poly 

(3-methyl (phenyl amino) propanoic acid 
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Figure 16. 3D VRH model for temperature variations of DC conductivity of 

PAA/PANI composite (A) and HCl doped PANI (B) in plot (a), whereas plot (b) 

Poly (3-methyl (phenyl amino) propanoic acid (A) and AA doped PANI (APS in 1 

M HCl) (B) in plot (b) 

Since the temperature dependence of DC conductivity is characteristic of 

variable-range hopping, the densities of states are localized near the Fermi energy. 

Using Mott’s 3D-VRH (equation 4) and Davis expression (equation 6) and analysing 

resistivity data, we estimated density of states [N(EF)] at localised region. 

 

 

 

Where KB is the Boltzmann constant, N(EF) is the density of states at the 

Fermi level, Lloc is the localization length [28] and Mott’s temperature. In Mott’s 3D 

VRH, we plotted ln (Conductivity) vs. T-1/4 and it is fitted linearly. From the slope and 

intercept of the straight line, we found TMott and σo which are presented in Table 6.  

It was reported earlier that possible transitions also occur from the critical 

regime to insulating regime through variable-range hopping by the application of an 

external magnetic field [28]. Therefore, magnetic field would be required to achieve 

the localization of charge carrier [28]. The localization length (Lloc) can be done from 

resistivity data with magnetic field (0.4 T). According to the VRH theory, the 

resistivity with magnetic field can be expressed as [28] 

 

 

 

Where, t = 5/2016, LH = (hc/2πeH)1/2 = magnetic length, c = velocity of light 

(3 × 1010 cm/s), h = Planck’s constant (6.62 × 10-27 erg.sec), e = electronic charge (1.6 

× 10-19 C) and H = 0.4 T is the applied magnetic field. Fig. 17 shows the plot of ln [ρ 

(H)/ρ(0)] against T-3/4 and fitted linearly. From the slope, we estimated the values of 

Lloc and are listed in Table 6.  

The transport occurs via variable-range hopping among localized states on 

the insulating side of the M-I transition (where ln (Conductivity) vs T-1/4 is a straight 

line in zero field). By taking the values of TMott and Lloc for each sample from equation 

(6), the density of state values [N(E)F] was calculated. The values are presented in 

Table 6. Furthermore, the M-I transition temperature was found from plot of 

resistivity (ρ) vs temperature (T) and shown in Fig. 18. Using TMott, Lloc and M-I 

transition temperature, we estimated hopping distance (Rhop, Mott) and hoping energy 

(∆hop, Mott), i.e., the energy difference between the sites from the following equations 

(8) and (9) [28] and mentioned in Table 6.  
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Figure 17 (a). Plots of [lnρ (H)/ρ(0)] vs T−4/3 for HCl doped PANI (A) and 

PPA/PANI composite (B) at 0.4 T; (b): Plots of [lnρ (H)/ρ(0)] vs T−4/3 for poly (3-

methyl (phenyl amino) propanoic acid (A) and AA doped PANI (B)  at 0.4T with 

temperature range (70-300 K) 

 

Figure 18:(a). Plots of resistivity ( ) vs temperature (T) for HCl doped PANI (A) 

and PPA/PANI composite (B); (b): Plots of resistivity ( ) vs temperature (T) for 

poly (3-methyl (phenyl amino) propanoic acid (A) and AA doped PANI (B) with 
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temperature range (70-300 K) 

From overall results of DC conducting data as a function of temperature, it is 

concluded that HCl doped PANI shows lower localisation length (Lloc) and higher 

density of states [N (EF)] than other prepared PANI materials presented in this work. 

That indicates that PANI chains are compacted, i.e., very close to each other. This 

implies that the wave (electron) is localised more in the region of space in the 

insulating phase. 

 

 

Table 6. Conduction parameters obtained by analyzing the low temperature 

resistivity (with and without magnetic field) data of AA doped PANI 

Conducting 

parameters  

N 

substituted 

PANI 

AA doped 

PANI a  

HCl doped 

PANI  

AA 

doped 

PANIb  

PAA/PANI 

σ0  160.9 1.14 × 105  9.79 × 104 1355.6 13.91 

M-I transition 

temp. (K) 

144 96  100  125 103 

T Mott (K)  1.647 × 

106 

4.155 × 107  5.37 × 107 8.5 × 

105 

6.697 × 103 

L loc (nm)  231.4 25.49  24.88  40.7496 117.49 

N (EF) (no. 

states/eV/cm3)  

9.095 × 

1018 

2.697 × 

1025  

2.244 × 1025  3.227 × 

1021 

1.747 × 

1022 

R Hop, Mott  

(nm)  

897.34 245.168  252.73  138.75 124.17 

Δ Hop, Mott  

(meV )  

32.09  53.06  58.37  24.45 6.3 

k (eV/K)   8.62 × 10-5  8.62 × 10-5  8.62 × 

10-5  

8.62 × 10-5 

PANI a: APS in distilled water, PANIb: APS in 1 M HCl, N substituted PAN: Poly 

(3-methyl (phenyl amino) propanoic acid 

 

Thermogravimetric (Tg) Analysis  

Fig. 19 shows typical TGA curves of (a) PAA powder (Mol. weight ~1800), 

(b) PAA/PANI composite, (c) HCl doped PANI (aqueous APS solution), (d) 3-methyl 

(phenyl amino) propanoic acid, (e) poly (3-methyl (phenyl amino) propanoic acid) and 

(f) AA doped PANI measured under a nitrogen atmosphere from 28-700 °C. Various 
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percentages (%) of weight loss are presented in Table 7. For PAA powder, the weight 

losses (about 5 %) before 94°C of these samples are due to losses of adsorbed moisture 

[55]. The weights of these samples remain unchanged before 185 °C [55]. Total PAA 

mass is lost at 520 °C and that is observed from Fig. 19. From the TGA curve (e) and 

Table 7, it is clear that the PAA/PANI composite film indicates the four stages of 

weight loss.  First stage shows 9 %weight loss due to the loss of moisture and 9 % 

weight loss occurs in the second stage. This happened due to the loss of HCl 

molecules. Weight loss at the third stage (7 %) may be due to the loss of low molecular 

weight PAA. Weight loss at fourth stage (25 %) is due to the decomposition of PANI 

chain [46,56]. In case of HCl doped PANI, 9 % initial weight loss was observed. This 

may be happened due to the loss of moisture. PANI chain was lost upto 34 % [57]. 3-

methyl (phenyl amino) propanoic acid profile shows two main weight loss steps. It is 

well known that the first (56 °C) is due to the residual water in the prepared monomer.  

Table 7. Thermogravimetric (TG) analyses of 3-methyl (phenyl amino) propanoic 

acid (monomer), poly (3-methyl (phenyl amino) propanoic acid (polymer), AA 

doped PANI (APS in water), AA doped PANI (APS in 1 M HCl), PAA, 

PAA/PANI composite 

Different 

stages 

(%) of 

weight 

loss  

N-

substituted 

aniline 

N 

substituted 

PANI 

AA 

doped 

PANIa  

AA 

doped 

PANIb 

PAA PAA/PANI 

composite  

1st stage 6 10 12 13 6 9 

2nd stage 75 10 18 11 78 9 

3rd stage --- 5 4 4 --- 7 

4th stage  --- 20 22 22 --- 25 

5th stage  --- 5 10 11 --- --- 
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Figure 19. Thermogravimetric (TG) analysis of 3-methyl (phenyl amino) propanoic 

acid (a), poly (3-methyl (phenyl amino) propanoic acid) (b), AA doped PANI (APS 

in 1 M HCl) (c), PAA (d), PAA/PANI composite (e) and HCl doped PANI (f) 

The second (56–207 °C) indicates the mass loss of the prepared monomer. 

This loss is attributed to the complete decomposition of the prepared monomer. TGA 

curve of poly (3-methyl (phenyl amino) propanoic acid) is also shown in Fig. 19. 

Gradual weight losses over the wide temperature in the polymer can be attributed to 

moisture, HCl, side chains attached to this polymer and finally complete 

decomposition of PANI polymer which shows better thermal stability than AA doped 

PANI chain. From overall TGA results, it is concluded that HCl doped PANI (aqueous 

APS solution) shows better thermal stability than other prepared PANI materials 

presented in this work. 

 

DSC Analysis 

Our major interest was to study the effect of different form of acrylic acid on 

the thermal behavior of these acrylic acid based PANI and HCl doped PANI. Few 

reports are found on thermal properties like enthalpy energy and cross-linking 

temperature of the pristine polyaniline is presented in Table 8. Thermal behaviours of 

the prepared AA based PANI polymeric materials and AA substituted aniline 

monomer, i.e., 3-methyl (phenyl amino) propanoic acid have been compared with 

those of HCl doped PANI (aqueous APS solution) was investigated by DSC and 

plotted in Fig. 21 for study of enthalpy energy (∆H).  DSC curve of PAA shows two 

endothermic peaks [55]. The peaks are observed at 172 and 235 °C. At this position, 

the sample consumes energy values of 98.48 and 48.64 J/g. In addition, the curve 
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shows two exothermic peaks at 164.38 °C with emitted heat values of 437.1963 J/g, 

respectively. It signifies the stability of prepared HCl doped PANI polymer [57].  

 

Figure 21. Differential scanning calorimetry (DSC) thermograms of 3-methyl 

(phenyl amino) propanoic acid (A), poly (3-methyl (phenyl amino) propanoic acid 

(B), AA doped PANI (APS in water) (C), PAA/PANI composite (D), AA doped 

PANI (APS in 1 M HCl) (E), and PAA (F) 

 

Table 8. Differential scanning calorimetry (DSC) analyses of 3-methyl (phenyl 

amino) propanoic acid (monomer), poly (3-methyl (phenyl amino) propanoic acid 

(polymer), AA doped PANI (APS in water), AA doped PANI (APS in 1 M HCl), 

PAA, and PAA/PANI composite 

Paramet

ers 

N- 

substitut

ed  

aniline 

N  

substitut

ed  

PANI 

AA 

doped  

PANI a  

AA 

doped  

PANIb 

PAA PAA/PA

NI  

composit

e  

∆H (J/g) ∆H1=300

.3 

∆H2=8.0

2 

∆H1=345

.4 

∆H2=0 

∆H1=43

7.2 

∆H2=0  

∆H11=23

6.5 

∆H2=0 

∆H1=91

.5, 

∆H2=48

.6 

∆H1=251

.7 

∆H2=0 

Temp. at  

1st peak 

(°C) 

207.34 109.86 164.38 127.69 172.66 149.40 

Temp. at  243.04 --- --- --- 234.58 --- 
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2nd peak 

(°C) 

 

Solubility 

Many reports have mentioned the solubility of conducting polymers by 

incorporation of side chains in the polymer backbone [59-61]. For poly (3-

alkylthiophene), both solubility and fusibility have been reached due to the attachment 

of relatively long, flexible hydrocarbon side groups without changing the π-electronic 

structure. The qualitative solubility of the N-substituted polymers is summarized in 

Table 9. In contrast to polyaniline (without substitution), N-alkylated polyaniline 

bearing more than eight carbons of alkylated units already exhibit satisfactory 

solubilities in different solvents such as chloroform, toluene, THF, and also other 

common organic solvents. Polyanilines containing longer side chains like PANI-16, 

and PANI-18, may even be dissolved in hexane and methylene chloride. The main 

concept is “solvent bound” in the rigid polymers with flexible side chains. In addition, 

the solubility may affect the stiffness of polymeric chains and that is discussed later. 

On the other hand, polar solvents such as NMP, DMSO, and DMF are no longer good 

solvents for these heavily substituted polyanilines because they formed strong 

hydrogen-bonding interaction and contribute to the dissolution of polyaniline 

emeraldine base in NMP, DMSO, and m-cresol. Now as a consequence of the side 

chains, the substituted polyaniline contains the functional groups (-COOH) that can 

form hydrogen bonding and solvation occurred. In that way their solubility is 

increased with strong polar solvents. The solubility of the substituted polyaniline 

depends on the presence of the side chain with a certain concentration as well as the 

size of the pendant side chain [59-61]. 

Table 9. Solubility of AA based polyaniline in different solvents 

Materials  NMP DMSO THF n-

Hexane 

Water CHCl3 

N-substituted aniline ++ ++ ++ - ++ ++ 

N-substituted PANI + +  - - - 

AA doped PANI (APS 

in water) 

+ + + - + - 

AA doped PANI (APS 

in 1 M HCl) 

+ + + - + - 

PAA/PANI composite + + + - + - 

PANI + + - - - - 

PAA ++ ++ ++ - ++ + 
a Key: ++, well soluble; +, partially soluble; -, slightly soluble or insoluble, 
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2.4 Response of Liquified Petroleum Gas (LPG) (i.e., LPG SENSOR) 

LPG is one of the flammable gases. It is also called a hazards gas, which is 

create in both i.e., humans and an environment. It has highly flammable characteristics 

at ppm level of concentration. It poses a serious threat to humans and an environment. 

LPG is used in various sectors such as house hold, automotive industries, etc. With 

the progressive global population, many more peoples are being endangered by the 

effect due to the exposure of LPG. One of the potential uses of LPG is automotive fuel 

for vehicles or as a propellant for aerosols. In addition to automotive fuel, of LPG is 

widely used in cooking. Therefore, it urgent requires detecting precisely, fast and 

selectively for preventing the occurrence of accidental explosions. Till to date, good 

LPG sensor has not been found. Now, the problem is vital to industry as well as general 

public. To meet the requirement, significant research for new sensors is ongoing with 

enhancing the performance, compared with traditional sensors i.e., resistive metal 

oxide sensors. Metal oxide based LPG sensors is allowed to detect lower level LPG 

concentration and their selectivity low. The other important sensor operating 

parameter is temperature. High temperature is requires for their operation [62-64]. So, 

power consumption is more, which is reducing the sensor life. Room temperature 

sensor operation is an important parameter, which is supported to achieve intrinsically 

safe performance in potentially hazardous situations. This sensors exhibit a fast, 

reversible response at room temperature [65-67]. 

In current years, conducting polymer based materials have been used to 

detect various gas analytes [68-71]. The sensors work on the principle of barrier 

mechanism [72, 73]. Conversely, LPG response is pronounced at 473 K. For this 

response, it is required high power consumption and complexities in integration. For 

meeting the requirements, researchers put their effort to develop new sensor materials. 

The developed materials are used to analyse LPG gas and other poisoning species. It 

has better stability, selectivity and lower fabrication costs. The developed novel 

material is conducting polymer based one i.e., thin films, blends, or heterojunction. 

Polyaniline is potential member in the conducting polymer family. It is p-type 

semiconducting material and is used in junction devices [74, 75]. It showed high 

electrical conductivity in doping state. In the sensor material, I-V characteristic 

measured the LPG response at different LPG concentration exposure in room 

temperature. Exposure of LPG gas on sensor materials, current drastically decreased 

with increase in their concentration. This is due to the change in work function of the 

polyaniline. Therefore, the resistance of the polyaniline is increased. Hence, current 

decreases. Brief summary of LPG gas detection is presented in Table xxx. 

Table. xxx Brief summary of LPG gas detection 

Study Materials Perporfamce Optimum 

temperature 

(⁰C) 

Limitation 
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Kumar et 

al. [76] 

ZnO/ 

polyaniline 

Response time 

25 s 

Room 

Temperature 

High LPG 

concentration 

Singh et 

al. [77] 

PANI–Co3O4 

nanocomposite 

Sensitivity 

40% 

Room 

Temperature 

High LPG 

concentration 

Taheri  

 et al. 

[78] 

Reduced 

Graphene 

Oxide/Gold 

Nano-hybrid 

Response time 

5 s 

Room 

Temperature 

High LPG 

concentration  

Joshi et 

al.[79] 

n-CdSe/p-

polyaniline 

junction 

Response time 

50 and 100 s 

Room 

Temperature 

High LPG 

concentration  

Dhawale 

et al. [80] 

p-polyaniline/n-

TiO2 

heterojunction 

Response 63 

% 

Room 

Temperature 

High LPG 

concentration  

Dhawale 

et al. [81] 

n-CdS/p-

polyaniline 

heterojunction 

Response 80% Room 

Temperature 

High LPG 

concentration  

 

3.0 Conclusions  

Flexible PAA/PANI composite was synthesised using chemical oxidation 

method of aniline in an aqueous solution of PAA. Its morphology and structure show 

fiber like and amorphous nature. Retaining of chemical groups in the composite 

backbone is observed from FTIR spectrum. Also, due to the presence of polaron band 

emeraldine form of PAA/PANI composite is indicated. Room temperature DC 

conductivity is calculated. Different parameters of conduction mechanism support to 

understand the transport process. Thermal stability shows better results than HCl 

doped PANI.  

A new bifunctional monomer, i.e., 3-methyl (phenyl amino) propanoic acid 

incorporating both aniline and acrylic acid, was synthesized and fully characterized. 

In conjugated poly (3-methyl (phenyl amino) propanoic acid backbone, it is bearing 

an acrylic acid as side group produced by chemical oxidation polymerization method 

using ammonium persulfate as oxidant. FTIR, H1NMR, and ESI-MS spectroscopic 

characterizations have supported the prepared 3-methyl (phenyl amino) propanoic 

acid. FTIR shows the presence of various organic groups in the prepared monomer 

and polymeric backbone. UV-Visible spectrum indicates the emeraldine form of Poly 

(3-methyl (phenyl amino) propanoic acid. Calculated average DC conductivity was 

observed in the semiconducting range. Different transport parameters support to better 

understand the conduction mechanism. In this study, thermal stability of poly (3-

methyl (phenyl amino) propanoic acid shows better results than HCl doped PANI. AA 
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doped PANI results show feasible data to other AA based PANI polymer. In 

particulars, liquefied petroleum gas responses and mechanism of polyaniline based 

materials were discussed. 
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Abstract 

Different inorganic acids like HCl, HNO3, H2SO4 and H3PO4-doped based 

DL-PLA/PANI-ES composites were synthesized by in-situ chemical oxidation 

polymerization technique using liquid aniline as precursors.  The doped composite 

have observed fibril-like morphology with different average sized diameter (178 nm 

for HCl doped composite, 162 nm (H2SO4 doped composite), 153 nm (H3PO4 doped 

composite) and 163 nm (HNO3 doped composite), respectively. Analysis of presence 

of functional groups and other chemical groups of as prepared composites was done 

by FTIR experiment in ATR mode. The optical (direct) band gap was estimated from 

UV-Visible absorption spectra. The estimated band gap values are to be 160 eV, 1.37 

eV, 1.46 eV, and 1.69 eV for HCl, HNO3, H2SO4 and H3PO4-doped DL-PLA/PANI-

ES composite, respectively. The electrical conduction mechanism of HCl-, H2SO4- 

and H3PO4-doped DL-PLA/PANI-ES composites were taken to study the conduction 

mechanism in detail in the low temperature regime (77-300 K) with and without 

applied of the magnetic field. Different models such as variable range hopping (VRH) 

and Arrhenius model were taken to explain the conduction mechanism of as prepared 

composites. In the Mott type VRH model, the density of states at the Fermi level, 

which is constant in the temperature range of 77-300 K were estimated. In the absence 

of magnetic field, DC conductivity of HCl-, H2SO4- and HNO3-, H3PO4- doped DL-

PLA/PANI-ES composite was measured. Also, magnetoresistance (MR) was 

measured at room temperature for as prepared doped DL-PLA/PANI-ES composites 

and showed negative MR. In addition, we were discussed the response of hydrogen 

(H2) gas with polyaniline-based sensor materials. 

 

Keywords: Conducting polymer, Nanofibers, DC conductivity, VRH model, 

Activation energy, Magnetoresistance, Hydrogen gas response 
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1.0 Introduction 

Conductivity is a main characteristic of polymeric materials for their 

potential applications in different fields such as light emitting diodes, supercapacitors, 

sensors, [1-3].  The preparation constraints can be changed in a precise mode to get 

desired conductivity of the polymeric materials. Two methods such as doping and 

structural modification are generally used to increase the conductivity of polymeric 

materials. Hence, appropriate doping agent and polymeric materials prerequisite to 

select for improving the conductivity. In the connection, polyaniline (PANI) is one of 

the polymeric materials. It is commonly known as intrinsically conducting polymer 

(ICP). Generally, ICP is not established under ambient circumstance. Different 

methods are adopted to improve the stability of PANI. One of the ways is to be used 

to make composite form using thermoplastic polymer as base materials, which act as 

a stabilizer [4]. A variety of PANI composites have been prepared using different types 

of thermoplastic polymers such as poly (methyl methacrylate), polyvinyl chloride, 

polystyrene and polyurethane [5-8] as base materials. The detail electrical behaviours 

were studied with and without magnetic field [9-12].  

To realize the conducting behaviour of different doped conducting polymer, 

various models are anticipated. Predominantly, variable range hopping (VRH) model 

is employed to understand the transport phenomena. In the connection, Li and co-

workers proposed a VRH model and explained the conduction mechanism of HCl- 

and DBSA- doped polyaniline [13]. Kapil and co-workers [14] studied conduction 

mechanism of p-toluene sulphonic acid (PTSA) doped polyaniline by VRH model, 

Arrhenius model, and Kivelson model in the temperature range of 30−300 K. The 

conduction mechanism of polyaniline organic film and embedded metal particles in 

an insulating material were also described by VRH and charge-energy-limited-

tunnelling (CELT) models.  Similarly, the conductivity is measured with the variation 

of magnetic field at constant temperature, which is called magnetoresistance (MR).  It 

helps to realize the depth of transport phenomena. 

A few conducting polymers have shown positive MR such as PANI [15-18], 

polypyrrole [19-21], PEDOT films [22], and PANI composites at low temperature 

(0<10 K). The positive MR of conducting polymer is ascribed to the shrinkage of 

localised wave functions of electron in the presence of magnetic field [23] or electron-

electron interactions [24,25]. Moreover, there are also a few polymers which show 

negative MR. Lee et al. [26] reported the negative MR from highly conducting 

polyacetylene at low temperature (1.5 K), which was attributed to the weak 

localization effects.   

Our goal was to prepare an environmentally stable PANI-ES composite that 

would show better electrical properties and, therefore, can be potential for gas sensor 

and other electronic applications. We selected DL-PLA polymer in the composite 

preparation because of its high mechanical properties compared to other 

biodegradable polymer and strong interaction with ionic electroactive polymer such 

as PANI. Inorganic acids (HCl or H2SO4 or H3PO4) were doped into DL-PLA/PANI-

ES to improve the electrical properties of the as prepared composites by in situ 
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polymerization technique. The low and room temperature conductivity of HCl, H2SO4 

and H3PO4 doped DL-PLA/PANI-ES composite is investigated by DC conductivity 

measurement and possible conduction mechanism is proposed. Furthermore, MR of 

H2SO4 and H3PO4 doped DL-PLA/PANI-ES composite have been studied.     

 

2.0 Experimental Details 

2.1. Preparation Of DL-PLA Films and DL-PLA/PANI-ES Composites 

During the synthesized of doped DL-PLA/PANI-ES COMPOSITES, small 

sized DL-PLA films were first prepared by solution casting method by taking DL-

PLA beats and chloroform (CHCl3) as polymer and polar solvent, respectively at room 

temperature. 2 g of DL-PLA polymer was added to 20 mL of CHCl3 in a beaker (100 

mL) and stirred continuously for 3 h. The transparent viscous soluble product was 

formed and poured into a 10 cm diameter petridish. It was left 10 h for solvent 

evaporation. After solvent evaporation in the petridish, DL-PLA film formed. The 

films removed from petridish and cut into small pieces having 1.5 cm × 1.5 cm size. 

It was used for synthesizing composite and raw materials characterizations.  

 

Scheme 1. The flow chart of preparation of HCl doped DL-PLA/PANI-ES 

composite [28] 
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During the doped DL-PLA/PANI-ES composites synthesized, in situ 

technique via chemical-oxidation polymerization technique was employed. The 

polymerization reaction was carried out at room temperature using aniline and DL-

PLA film (1 cm2), which act as monomers and base material, respectively. During the 

polymerization process, 3 mL of liquid aniline was taken and was added to 105 mL of 

aqueous 1 M HCl solution. It was stirred for 0.5 h until slightly yellowish solution was 

formed and the solution was called Solution 1. After that, DL-PLA films (1.5 cm × 

1.5 cm) were put in solution 1. It was stirred for 12 h. During the preparation of 

solution 2, 7.47 g of ammonium perdisulphate (APS) was added to 60 mL of 1 M HCl 

solution. The solution 2 was added drop wise to the mixture which contained DL-

PLA and solution 1 with continuous stirring for 1 h. The polymerization reaction was 

carried out. The color of the reaction solution and DL-PLA film was changed from 

white to light green and finally to dark green as polymerization continue to progress. 

The polymerization reaction was continued to stir constantly for 10 h to complete the 

polymerization reaction. HCl doped DL-PLA/PANI-ES composite was finally 

prepared and washed with deionised water several times followed by drying in the 

ambient conditions [27, 28].  

Similar process was employed to synthesize other composites (HNO3, H2SO4 

and H3PO4 doped DL-PLA/PANI-ES composites). Schematic diagram of the flow 

chart of HCl doped DL-PLA/PANI-ES composites is exposed (Scheme 1). The 

prepared composites was used for different characterizations.  

 

2.2. Characterization Techniques.  

Fourier transformation infrared (FTIR) spectra were recorded in ATR mode 

on a Thermo Nicolt Nexus 870 spectrophotometer.  

Ultra-violet visible (UV-Vis) spectra were recorded by using a Micropack 

UV-VIS-NIR, DH 2000.  

Surface morphology was analysed by scanning electron microscopy (SEM) 

using Carl Zeiss Supra 40 scanning electron microscope. Gold coating was performed 

before doing SEM analysis.  

I-V characteristics and DC conductivity was measured using linear four-

probe technique at room temperature using Keithley 2400 programmable current 

source.  According to four probe method, the resistivity (ρ) was calculated using the 

expression [29]  

 









=

I

V
S 2

.............................(1) 

Here, S is the probe distance (cm), I  is applied current (mA) and V is 

measured voltage (mV). Conductivity (σ) was calculated using the relation [29] 
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Temperature variation resistivity with magnetic field was measured using a 

linear four-probe method for better understanding of transport mechanism of the 

prepared composite. During the measurement, helium compressor (HC) (model HC-

4E1)-sumitomo cryostat (model Gains research CO, INC) equipped with 0.8 T 

superconducting magnet (Lake shore electromagnet) was employed temperature 

controller (Lake shore 331). Keithley 220 programmable current source was used as a 

current source.  

 

2.3. Results and Discussion 

Fig. 1 (a), (b and c) and (d), (e), (f) indicate the SEM images of DL-PLA 

film, HCl, H2SO4 (low and higher magnification), H3PO4, and HNO3 doped DL-

PLA/PANI-ES composites, respectively.  

 

Figure 1. SEM images of (a) DL-PLA film, H2SO4 ((b) low and higher (c) 

magnification) H3PO4 (d), HNO3 (e) and HCl (f) doped DL-PLA/PANI-ES 

composite [28] 
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The pure DL-PLA film appears quiet smooth (Fig. 1a) whereas doped DL-

PLA/PANI-ES composites have fibrous morphology [Fig. 1 (b-f)]. Fig. 1c and 1d 

show the SEM images of H2SO4 doped DL-PLA/PANI-ES composite at two different 

type magnifications with a network type surface morphology (Fig. 1c) on the DL-PLA 

film. This network-type morphology is formed (Fig. 1c) after a DL-PLA film is put 

into the solution 1 (i.e., before polymerization). The change in the surface morphology 

is believed to be due to the reaction of hydrogenium ion (from dopant) and anillium 

salt with ester group present in DL-PLA chain. After the polymerization (slow 

addition of solution 2 into the solution 1) the network type morphology remains with 

the formation of additional fibrous morphology all over the surface of DL-PLA film 

at lower magnification. The magnified image of [Fig. 1(c)] shows the fibrous 

morphology of H2SO4 doped DL-PLA/PANI-ES composite. The average diameter of 

as grown fibers was measured to be 153 nm.  Similar type fibrous morphology is also 

obtained for H3PO4, HCl and HNO3 doped DL-PLA/PANI-ES [Fig. 1(d), 1(e) and 

1(f)] film with average fiber diameter of 163 nm, 178 nm and 162 nm, respectively. 

The different sized diameter is formed and it may be due to the presence of various 

sized counter ions in the as prepared composites. The formation of fiber morphology 

is favorable for the sensor application due to the inherent increase in the surface area 

of composite film. 

 

Figure 2. ATR-FTIR spectra of PANI-ES (A), DL-PLA (B), HCl (C), HNO3 (D), 

H2SO4 (E), H3PO4 (F) doped DL-PLA/PANI-ES composites [28] 

Fig. 2 indicates the ATR-FTIR spectra of DL-PLA, PANI-ES and HCl, 

H2SO4, H3PO4, HNO3 doped DL-PLA/PANI-ES composites. All the characteristic 

bands and their corresponding assignments to prepare above materials are presented 

in Table 1. The absorption bands of DL-PLA at 2995, 1759, 1616 and 1216 cm-1 have 

been attributed to C-H stretching, C=O stretching, C-O stretching of ester and C-O-C 
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stretching vibration, respectively, whereas the bands at 1453, 1361 and 1363 cm-1 

represent the stretching vibration of C-H deformation of DL-PLA polymer [27]. This 

indicates that the characteristic absorption features of DL-PLA polymer are retained 

in the prepared DL-PLA film. The main FTIR bands of PANI-ES are found at 1554, 

1475 and 1108 cm-1 corresponding to quinoid, benzenoid and C=N stretching, 

respectively [29]. From our observation, the presence of quinoid and benzenoid ring 

vibrations are exhibited at 1475 and 1554 cm-1 respectively, indicating the presence of 

oxidation state of PANI-ES. The characteristic band obtained in the ATR-FTIR 

spectrum of DL-PLA/PANI-ES composite film indicates the formation of conducting 

DL-PLA/PANI-ES composite films. From Table 1, it is observed that N-H bands of 

HCl doped DL-PLA/PANI-ES, H2SO4 doped DL-PLA/PANI-ES, H3PO4 doped DL-

PLA/PANI-ES appeared at 3289, 3291 and 3280 cm-1 respectively. The different N-

H stretching peak positions represent the strong dependency on acid strength. The 

C=N, C=O, C-O and C-O-C stretching bands do not change significantly. The entire 

bands indicate that both PANI-ES and DL-PLA are retained in the composites. 

Table 1. FTIR peak positions and their assignments of DL-PLA, PANI-ES, HCl, 

HNO3, H2SO4, and H3PO4 doped DL-PLA/PANI-ES composites [28] 

Peak 

assignments  

Peak positions (cm-1)  

DL-

PLA  

PANI-

ES  

HCl 

doped 

DL-PLA 

PANI-ES  

HNO3 

doped 

DL-PLA 

PANI-ES  

H2SO4 

doped 

DL-PLA 

PANI-ES  

H3PO4 

doped 

DL-

PLA  

PANI-

ES  

N−H 

(stretch.)  

---  3217  3289  3291  3291  3280  

Quinoid 

(stretch.)  

---  1554  1533  1537  1530  1531  

Benzoid 

(stretch.)  

---  1475  1453  1450  1451  1454  

C=N 

(stretch.)  

---  1108  1067  1085  1077  1067  

C−H 

(stretch.)  

2995  2926  2965  2968  2965  2968  

C=O  1759  ---  1728  1720  1725  1724  

C-O  1616  ---  1652  1650  1656  1653  

CH (def.)  1363  ---  1375  1363  1374  1374  

CH 

(bending)  

1268  ---  1262  1267  1259  1260  

C-O-C  1216  ---  1226  1223  1229  1226  
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It is found from literature that PANI-ES show π-π* of benzene ring, polaron 

to π*, benzenoid to quinoid ring and polaron transition respectively [30]. It is noticed 

from Fig. 3 (A) that there is no transition in DL-PLA film [31]. Various transitions are 

observed in HCl, HNO3, H2SO4 and H3PO4 doped DL−PLA/PANI-ES composites, 

which is shown in Fig. 3. Its peak positions with their assignments are mentioned in 

Table 2. From the Fig. 3 and Table 2, we found two types of bands such as π to 

localised polaron band and π-π* band of benzenoid ring for HCl, HNO3, H2SO4 and 

H3PO4 doped DL-PLA/PANI-ES composite. Both π-π* band of benzenoid ring and 

polaron band are suggested to the presence of anilinic unit and oxidation unit in 

emeraldine salt form of composite films [30, 32]. The different peak positions and also 

peak areas may be happened due to the presence of a variety of nano regime PANI-

ES chains on DL-PLA polymer film. This indicates the conjugation lengths which 

affect the band gap energy. Hence, electrons are delocalised in the excitation band 

[32].      

 

Figure 3. UV-V is spectra of neat DL-PLA (A), HNO3 (B), H2SO4 (C), HCl (D), and 

H3PO4 (E) doped DL-PLA/PANI-ES composites [28] 

The photon absorption in UV-Vis region of semiconducting materials is 

observed by Tauc expression [33] 

( ) )1.(..............................EhAh
n

g−=
 

Where α = Optical absorption co-efficient, hυ = photon energy, Eg = Energy 

gap calculated from graph, A = absorption constant, n = Represents types of transition 

occurs. n = 2 indicated allowed indirect transitions and n =1/2 indicated allowed direct 

transitions. We have plotted (αhυ)2 vs. hν for direct band energy analysis of prepared 

samples and are shown in Fig. 4. It extrapolated the linear portion of it to α = 0 value 

to obtain direct band gap energy. The band gap energy value is found to be 1.60 eV 

for HCl doped DL-PLA/PANI-ES composite, 1.69 eV for HNO3 doped DL-

PLA/PANI-ES composite, 1.46 eV for H3PO4 doped DL-PLA/PANI-ES composite 
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and 1.37 eV for H2SO4 doped DL-PLA/PANI-ES composite, respectively.  The 

difference in band energy occurred due to the effect of acid strength during the 

formation of PANI-ES on DL-PLA polymer film. It is observed from Table 2, the 

H2SO4 doped DL-PLA/PANI-ES composite showed highest band gap value than other 

three prepared composites. It may be happened due to the higher strength of H2SO4. It 

forms higher conjugation of PANI-ES chains and affect the band gap energy [30-33].   

 

Figure 4. Optical (direct) band gap of HCl (A), H2SO4 (B), HNO3 (C), H3PO4 (D) 

doped DL-PLA/PANI-ES composites [28] 

Table 2. UV-Visible peak positions and their assignments and direct band gap of 

DL-PLA, HCl, HNO3, H2SO4, H3PO4 doped DL-PLA/PANI-ES composites [28] 

Materials Polaron band  π-π* Band gap (eV)  

DL-PLA  --- --- --- 

HCl doped DL-PLA/PANI-

ES composite  

780 383 1.60 

H2SO4 doped DL-

PLA/PANI-ES composite  

797 344 1.37 

H3PO4doped DL-PLA/ 

PANI-ES composite  

787 381 1.46 

HNO3 doped DL-PLA/ 

PANI-ES composite  

791 344 1.69 

The DC conductivity of HCl, HNO3, H2SO4, and H3PO4 doped 

DL−PLA/PANI-ES composites along with DL-PLA polymer film was measured at 

room temperature using linear four-probe technique. The used expression is σ = 1/ρ, 


 is resistivity. The resistivity was measured from the relation ρ = 2πS (V/I), where 
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S  is the probe spacing (0.15 cm) I  is the supplied current (in nA) and V  is the 

corresponding voltage (in mV). Fig. 5 shows the I-V characteristics of HCl, HNO3, 

H2SO4 and H3PO4 doped DL−PLA/PANI-ES composites at room temperature. The 

measured I-V characteristics show the linear behaviour. The linear fit straight line 

passes through origin indicating the ohmic behavior. The conductivity measured from 

I-V data for the HCl, HNO3, H2SO4 and H3PO4 doped DL−PLA/PANI-ES composites 

is presented in Table 3. The conductivity of H2SO4 doped DL−PLA/PANI-ES 

composite (0.15 × 10−2 S/cm) is found to be higher than that of HCl, HNO3, and H3PO4 

doped DL−PLA/PANI-ES composite (0.285 ×10-4, 0.774 ×10-3 and 0.309 × 10−3 

S/cm). This could be due to that stronger H2SO4 dopant, which exerts more force 

towards better ordering of PANI polymer chains leading to higher conjugation. The 

conjugation is a favorable factor for the intramolecular mobility of charged species 

along the chains and to some extent on the intermolecular hopping because of proper 

arrangement of polymeric chains [34]. Additionally, H2SO4 doped composite 

produces more semiquinone conducting group and PANI-ES as compared to HCl, 

HNO3 and H3PO4 doped composite because of highly reactive nature of H2SO4 dopant 

[35, 36].  

 

Figurer 5. DC conductivity of HCl (A), H2SO4 (B), HNO3 (C) and H3PO4 (D) doped 

DL-PLA/PANI-ES composites measured at room temperature [28] 

The temperature dependent DC conductivity is shown in Fig. 6. It shows the 

conductivity of HCl, H2SO4 and H3PO4 doped DL−PLA/PANI-ES composites as a 

function of temperature. It is evident from Fig. 6 that the composites showed increase 

in conductivity with increase in the temperature from 77 to 300 K, which is similar to 

an inorganic semiconductor. Hence, it can be called as organic semiconductor [37].  

Various models including variable range hopping (VRH) were used as to 

understand the probable mechanism of current transport in the organic semiconductor 

[38-41]. 
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Table 3. DC conductivity of HCl, H2SO4, HNO3 and H3PO4  doped DL-

PLA/PANI-ES composites at room temperature [28] 

Materials Name DC Conductivity (S/cm) 

DL-PLA 6.05 ×10-15 

HCl doped DL-PLA/ PANI-ES 

composite 

0.285 ×10-4 

H2SO4 doped DL-PLA/ PANI-ES 

composite 

0.162 ×10-2 

H3PO4 doped DL-PLA/ PANI-ES 

composite 

0.1097 ×10-3 

HNO3 doped DL-PLA/ PANI-ES 

composite 

0.774 ×10-3 

According to VRH, the temperature (T) dependence of DC conductivity 

follows the Mott’s expression [38-41]. 

     

Where 0T
 is the Mott characteristic temperature and 0

 the limiting value 

of conductivity at infinite temperature and the exponent ‘ r ’ is related to the 

dimensionality of the transport process via the expression r = 1/(1+d) here, d = 1, 2 

and 3 for one-, two-, and three-dimensional (1D, 2D and 3D) conduction process, 

respectively. Out of three processes, three dimensional processes are more fitted.  

Plot (a) and (b) in Fig. 7 show the 3D-VRH plots and Arrhenius plots on 

measured conductivity in logarithmic scale for HCl, H2SO4 and H3PO4 doped 

DL−PLA/PANI-ES composites in the temperature range of 77−300 K, respectively. 

The conductivity data were carefully fitted linearly to both the 1D- and 3D-VRH as 

well as Arrhenius plots for conduction processes.  The obtained regression values are 

presented in Table 4. It is clear from Table 4 that Mott’s 3D VRH model of as 

prepared composite fits better into the experimental data (Regression values) than that 

of 1D model and Arrhenius model. This suggests that charge carrier can hop both in 

between the chains, i.e., interchain hopping and along the chain, i.e., intrachain 

hopping as PANI has the chain structure [38-41].  

In the 3D−VRH model, the temperature dependence of DC conductivity can 

be written as  
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Fig. 7 (a) shows that the linear dependence of ln vs 
4

1
−

T  is better than 

that of ln   vs 
2

1
−

T .  The estimated linear factor, i.e., regression values (R-values) 

for 3D−VRH model (0.9976) was better than that of 1D−VRH model (0.974), 

supporting the reported literature [42-45]. 0T
 and 0

 values were also calculated 

from the VRH plot of H2SO4 doped DL−PLA/PANI-ES composite and presented in 

Table 5. Unlike the H2SO4 doped, the regression value for H3PO4 doped 

DL−PLA/PANI-ES composite was measured to be almost same, i.e., 0.9937 and 0.993 

from the 3D and 1D fitted VRH model, respectively. This indicates that 3D VRH 

model can be applied to describe the conduction mechanism in the H3PO4 doped 

DL−PLA/PANI-ES composite. In the H2SO4 doped DL−PLA/PANI-ES composite, 

sulphuric acid (H2SO4) is strong dopant which exerts stronger force leading to 

alignment of chains and increase in the compactness [34]. Therefore, charge carriers 

could hop easily from one chain to another chain obeying the 3D−VRH conduction 

mechanism model.  

 

 

 

 

 

 

 

 

Figure 7. 3D VRH plot (left side) and Arrhenius plot (right side) of HCl (A), H2SO4 

(B) and H3PO4 (C) doped DL−PLA/PANI-ES composites [28] 

Other than the regression values, other parameters like density of states, 

hopping distance, hopping energy is supported to understand the conduction 

mechanism. Estimation of localisation length (Lloc) is an important parameter for the 

calculation of density of states, hopping distance, and hopping energy. Resistivity of 

HCl, H2SO4 and H3PO4 doped DL−PLA/PANI-ES composite was measured as a 

function of temperature in presence of magnetic field (0.4 T). We analyzed the 

resistivity data at 0.4 T (Fig. 8) along with the 3D−VRH model described by Mott’s 

law [13] and given below and calculated localization length (Lloc) and density of states. 

Using these important parameters, we calculated hopping distance (Rhop, Mott) and 

hopping energy (∆hop, Mott). The above estimated parameters help to understand the 

transport phenomenon.  
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Where BK
 is the Boltzmann constant, 

( )FEN
 is the density of states at the 

Fermi level, and Lloc is the localization length. The plot of 
ln

vs 
4

1
−

T  exhibits a 

straight line for HCl, H2SO4 and H3PO4 doped DL−PLA/PANI-ES composites (Fig. 

8). MottT
 can be evaluated from the slope of the straight line and is listed in Table 5. 

The localization length locL
 can also be calculated from magnetoresistivity data as 

shown in Fig. 8. From the VRH model, the resistivity at different temperatures at a 

particular magnetic field can be written as [46] 
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 is magnetic length, c = velocity of 

light (3 × 1010 cm/s), h = Planks constant (6.62 × 10−27 erg.sec), e = electronic charge 

(1.6 × 10−19 C) and H = 0.4 T is the applied magnetic field. From the slope of curves 

in Fig. 8, we determined the locL
values and listed in Table 5.  

 

 

 

 

 

 

 

 

 

 

Figure 8. Plots of [lnρ(H)/ρ(0)] vs T−4/3 for HCl (A), H2SO4 (B), H3PO4 (C) doped 

DL-PLA/PANI-ES composite at 0.4 T (77-300 K) [28] 
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Using the MottT ,0  and locL
of HCl, H2SO4 and H3PO4 doped DL−PLA/PANI-

ES composite in equation (5), the density of states 
( )( )FEN

can be calculated.  

The MottT ,0
, 

locL
, and 

( )( )FEN
 values were used to calculate the mean hopping 

distance hopR
and the energy difference between sites 

( )hop
 by using the following 

expression [13, 46] and presented in Table 5. 
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By putting required parameters in the above expressions, the MotthopR ,
 and 

Motthop,
 values were calculated at M-I transition temperature (125 K), which is 

presented in Table 5. In addition, the obtained hopping parameters were found to 

satisfy the 3D−VRH criteria. 

Table 5. VRH conduction parameters obtained by analyzing the low 

temperature resistivity (with and without magnetic field) data of HCl, H2SO4, 

H3PO4 doped DL-PLA/PANI-ES composites [28] 

Conducting 

parameters  

LH (Magnetic 

Length in 

°A) 

HCl doped 

DL-PLA / 

PANI-ES 

composite  

H2SO4 doped 

DL-PLA / 

PANI-ES 

composite  

H3PO4doped 

DL-PLA/ 

PANI-ES 

composite 

Slope at 0 T 

(3D-VRH) 

49.39 -17.8081 -55.21167 -47.7966 

Slope at 0.4T  187.399 386.08 291.918 

T Mott (K)   1.005 × 105  9.29 × 106  5.21 × 106 

L loc (°A)   95.11  48.48  50.28 

N (EF) (no. 

states/eV/cm3)  

 2.14 × 1018  1.755 × 1017  2.08 × 1017 

R Hop, Mott  

(°A) at 125 K  

 189.74  300.18  269.47 

Δ Hop, Mott  

(meV  

at 125 K)  

 19.34  44.48  38.49 

Temp. at M-I 

(K)  

 125 125 125 
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Newly, the negative MR of hopping systems has been explored and various 

possible way of hopping path was interpreted by quantum interference effect of spins 

in presence of magnetic field [47-50]. This effect is ascribed to the statistics of self-

crossed trajectories in conductors, i.e., phase coherence of the electron’s wave 

function between different conduction paths is destroyed in presence of magnetic field 

[26]. In the present work, the low temperature conductivity has indicated the hoping 

conduction mechanism but not the weak localization system. The concept of weak 

localisation effect is valid for diffusive motion of current carriers, and can be extended 

to hopping conduction [47, 48].  In the weak field region, the negative MR can be 

expressed as [47, 48].   

( ) ( )
( ) 







 −
=

0

0

R

RHR
MR

   −𝐻𝑥𝑇−𝑦 . . . . . . . . . . . . . . . . . . . . . . . . . . . . (9)  

Where the exponent x  = 1[47] or x  = 2 [48] 
y

 = 4

3

 for 3D − and 
y

 = 2

3

 

for 1D−VRH. The interesting observation was found by Sivan et al. [47] and predicted 

quadratic field dependence over most of the weak-field range. Also, Nguyen et al. [48] 

reported the negative MR, which is linear in the field. Using equation (9), MR values 

of   H2SO4 and H3PO4 doped DL−PLA/PANI-ES composites was calculated at room 

temperature. Fig. 9 shows the plot of negative MR as a function of magnetic field (H). 

In the case of H2SO4 doped DL−PLA/PANI-ES composites, MR were found to 

linearly decrease with increase in the magnetic field whereas in case of H3PO4 doped 

DL−PLA/PANI-ES composites, the MR value was found to slightly increase above 

0.4T. The above negative MR results are in qualitative agreement with the predicated 

features [47, 48]. 

 

 

 

 

 

 

 

 

 

Figure 9. Magnetoresistance (MR) of H3PO4 (A) and H2SO4 (B) doped DL-

PLA/PANI-ES composites at room temperature [28] 
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2.4. Response Of Hydrogen (H2) Gas (i.e., H2 Gas Sensor) 

Hydrogen (H2) is one of the flammable gases. Also, H2 gases are found to be 

highly explosive. It is becoming the fuel of the next generation of automobiles. 

Therefore, the detection of low concentration i.e., ppm level of H2 is highly essential 

in houses, vehicles, or industrial places is potentially important. The prominence of 

environmental gas monitoring system is well understood and much research has 

focused on the development of suitable sensor material [49]. In addition, Hydrogen is 

the cleanest, sustainable and renewable energy carrier for future fuel. Hydrogen gas is 

flammability when H2 gas comes in presence 4% air or more [50]. Hence monitoring 

systems are essential to sense hydrogen gas at room temperature. Most of the 

monitoring systems available on the market are metal oxide semiconductor based 

sensors, which is operated at high temperature. The obtained sensor sensitivity and 

selectivity is significant [51-53]. The researcher is focused much more on room 

temperature operated sensor system. Some reports are available on conducting 

polymer based sensors.  

Table 6. Brief summary of H2 detection 

Study Materials Perporfa

mce 

Optimum 

temperat

ure (⁰C) 

Limitation 

Conn et 

al. [65] 

polyaniline-platinum oxide Response 

time 25 s 

Room 

Temperatu

re 

High H2 

Concentrat

ion 

Sadek et 

al. [66] 

Polyaniline (PANI) 

nanofiber 

Response 

time xxx 

Room 

Temperatu

re 

High H2 

concentrati

on 

Conn et 

al. [49] 

Polyaniline Response 

time 20 s 

Room 

Temperatu

re 

High H2 

concentrati

on 

Sadek et 

al. [67] 

Polyaniline Nanofiber Response 

time 28 s 

Room 

Temperatu

re 

High H2 

concentrati

on 

Al-

Mashat et 

al. [68] 

Graphene/Polyaniline 

Nanocomposite 

Sensitivity 

1 % 

Room 

Temperatu

re 

High H2 

concentrati

on 

Arsat et 

al. [68] 

Ordered polyaniline 

nanofibers 

 Room 

Temperatu

re 

High H2 

concentrati

on 

Sandaruw

an et al. 

[70] 

Polyaniline/palladiumnano

hybrids 

Frequency 

change 

Room 

Temperatu

re 

High H2 

concentrati

on 

The benefits of the conducting polymers have sensitive layer of gases, 

intrinsic conductivity, fast response, low cost, light weight, ease of synthesis, stability 

in air and particularly, their sensitivity at the room temperature [54-56]. Few reports 



DL-Polylactide (DL-PLA) Based Polyaniline Composite for Hydrogen Gas Sensors 

165 

are mentioned that conducting polymers may have ability to store hydrogen [57, 58]. 

Polyaniline is one of the members of conducting polymer family. Since, it has 

chemically stable and easy to synthesize. Polyaniline can exist as two different 

emeraldine forms. One is called polyaniline emeraldine base, which is insulating (σ 

∼10−5 S/cm) and other one is polyaniline emeraldine salt, which is metallic in nature 

(σ < 1000 S/cm). The metallic nature is obtained by doping process [59-64]. Both 

classes are completely different with their own chemical and physical properties. The 

unique nature of this attractive class of polyaniline highlights its potential importance 

in a new type of H2 reaction. Due to versatile nature of polyamine, it is used as an 

active layer for H2 gas sensors. Brief summary of H2 gas detection is presented in 

Table 6. 

 

2.4 Conclusions  

HCl, H2SO4, HNO3, and H3PO4 doped DL-PLA/PANI-ES composites were 

synthesized successfully by chemical-oxidation polymerization process. The 

composites showed different diameter sized fibrous morphology. Presences of 

preferred groups of the composites are observed from ATR-FTIR spectra. Emeraldine 

salt form of the composites is found from UV-Visible spectra. Room temperature I-V 

characteristics of the doped composites have shown ohmic behaviour. Among the 

composites, H2SO4 doped DL-PLA/PANI-ES composite (0.15 × 10-2 S/cm) was found 

to be higher room temperature DC conductivity than that of HCl (0.285 ×10-4 S/cm) 

and H3PO4 doped (0.309 × 10-3 S/cm) DL-PLA/PANI-ES composite. Also, the DC 

conductivity of as prepared composites was observed to increase as a function of 

temperature. In Mott’s 3D-VRH model, the temperature variation DC conductivity 

data’s are more fitted and explained the conduction mechanism of the doped 

composites. The temperature variation (77-300 K) resistivity measurement of HCl, 

H2SO4 and H3PO4 doped DL-PLA/PANI-ES composites with magnetic field (0.4 T) 

were performed. The Lloc was estimated and found to be 95.11, 48.48 and 50.28 °A 

for HCl, H2SO4 and H3PO4 doped DL-PLA/PANI-ES composites, respectively. Using 

the resistivity at 0.4 T data’s and 3D-VRH model data’s of as prepared composites, 

different conduction mechanism parameters such as 
( ) andRLTEN hoplocMottF ,,,,

hop
 were estimated. In particulars, hydrogen gas responses and mechanism of 

polyaniline based materials were studied. 
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Abstract 

Inorganic acids (HCl, H2SO4, and H3PO4) doped-PMMA/PANI composites 

are prepared by in-situ technique via oxidation-polymerization process. Different 

techniques such as XRD, FTIR, UV-Visible, four-probe method are used to 

characterize the composite. Presence of different chemical group of the doped 

composites is analysed by ATR-FTIR spectroscopic analysis. Charge carrier 

behaviour of the doped composite is analyzed by UV-Visible spectroscopy. Band gap 

(Eg) of the doped composites is determined from UV-Visible absorption analysis using 

Tauc expression. The estimated direct band gap energy (Eg) is found to be 1.93 eV 

(for HCl doped PMMA/PANI composite), 1.19 eV (for H2SO4 doped PMMA/PANI 

composite), and 1.71 eV (for H3PO4 doped PMMA/PANI composite), respectively. 

DC-conductivity is measured with and without magnetic field. Temperature 

dependent DC conductivity is also measured.  In addition, we were discussed the 

response of ammonia (NH3) gas with polyaniline-based sensor materials. 

 

Key Words: PMMA, PANI-ES, Dopant, UV-Visible, Band Gap, Conductivity (with 

and without) magnetic field, Organic Semiconductor 

 

Introduction 

 Conducting polymers with extended π-electrons conjugation are highly 

susceptible to chemical or electrochemical oxidation or reduction. Conducting 

polymers have established to have suitable properties for technological applications 

such as electroluminescent device [1], field effect transistor [2], chemical sensor [3], 

electrode [4], metal anticorrosion [5], marine fouling prevention [6].  

https://doi.org/10.34256/ioriip2126
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In the conducting polymer family, polyaniline (PANI) occupies an important position 

in the family, which is inherently present conductivity. The conducting polymer is 

called intrinsic conducting polymer (ICP). PANI is synthesized by different routes 

such as chemical and electrochemical method. It has low cost of synthesis with good 

environmental stability and unique acid-base doping-dedoping [7-9]. In spite of its 

several desirable properties, there is some limitations viz. insolubility in conventional 

solvents for processing [10] and poor mechanical strength [4,5]. One of the ways to 

overcome these demerits that is to prepare conducting composites using an insulating 

polymer matrix [11]. Researchers have devoted to prepare polyaniline composite with 

insulating polymers. The composite show enhanced structural and electronic stability 

in different atmospheres. Several popularly used matrix polymers employed are poly 

(vinyl acetate) [12], poly (vinyl chloride) [13], poly(methyl methacrylate) [14], 

polystyrene [15], poly urethane [16], polylactide [17], and poly(vinyl pyrrolidone) 

(PVP) [18]. PVP surface can adsorb the electroactive polymer, forming a solvated 

steric barrier around individual particles, thus preventing aggregation and increasing 

dispersion [18]. If PANI is encapsulated, PVP can enhance the electrical conductivity 

of polyaniline by trapping gases inside its matrix, thus allowing increased gas surface 

interactions between the analytes and PANI particles. Guixin et al. [19] prepared 

electrically conductive biodegradable composite from polypyrrole and poly (D,L-

lactide) by emulsion polymerization followed by precipitation. Huang and his co-

workers [20] synthesized a block copolymer having polylactide covalently bonded to 

an electroactive polymer, such as PANI which could exhibit improved solubility, and 

processibility of electroactive materials.   

 To investigate the optical properties of conducting polymer composite have 

attracted great attention because of their technological applications such as optical 

sensors [21], antireflective coatings [22]. Both optical band gap and refractive index 

are the key parameter of an optical material. Since, these are closely related to the 

electronic properties of materials.  

In the current work, author is reported synthesis of doped PMMA/PANI 

composites using liq. aniline as precursor via in situ polymerization route. HCl, 

H2SO4, and H3PO4 are used as dopants, which is inorganic in nature. We analyzed the 

effect of dopants i.e.,  HCl, H2SO4, H3PO4 on crystallinity, charge transfer spectra, 

band gap and room temperature DC conductivity with and without magnetic field in 

doped PMMA/PANI composite(s).  Also, estimated temperature variation DC 

conductivity. 

 

Experimental Details 

Chemicals and Materials 

 Reagent grade chemicals such as aniline liquid, ammonium persulfate, 

hydrochloric acid, sulphuric acid, ortho-phosphoric acid, diethyl ether are procured 

from Merck, India. Poly (methylmethacrylate) (PMMA) is used as base materials, 

which is purchased from local market as sheet. This is used during the preparation of 
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PMMA/PANI composite.  

 

Pmma/Pani Composite Preparation (In-Situ) 

 Both polymer (i.e., PMMA polymer piece, small) and chloroform (i.e., 

CHCl3) are taken In a 100 mL beaker. The mixture is stirred (upto 3 h) to form a 

transparent mass solution. The mass solution is poured and cast into a flat petridis 

(diameter= 5 inches). The film (i.e., cast mass) is removed from petridis after solvent 

evaporation. The film is cut into small pieces (1.5 ×1.5 cm) and is used during the 

preparation of composite. 

PMMA/PANI composite is prepared by chemical-oxidation method using 

liquid aniline (conducting polymeric material) and PMMA film (base materials). The 

composite preparation is carried out at room temperature [23]. The composite is 

prepared in three steps. In step one; dopant solution is prepared by taking distilled 

water and concentrated HCl in appropriate proportion. In step two, oxidant solution 

is taken into account. 7.47 g of ammonium persulphate (APS) is added slowly to 60 

mL of 1(M) HCl solution with shaking (5 minutes).  3 mL of liquid aniline and PMMA 

films (1.5 cm × 1.5 cm) are put into the 500 mL conical flask contained 105 mL of 1 

(M) HCl solution. It is stirred (with 600 rpm) up to 12 h in a magnetic stirrer. To this 

solution, APS solution is added drop wise with continuous stirring. The 

polymerization is carried out and is mentioned in third step. The reaction mixture is 

stirred for 10 h. The color of transparent PMMA films became light green to dark 

green.  The composites are washed with distilled water several times followed by dry 

up in air for 6 h. For comparison, H2SO4, doped PMMA/PANI composite and H3PO4 

doped PMMA/PANI composites are also prepared under same conditions.   

 

Characterization Techniques 

X-ray diffraction experiments PMMA film, PANI, and doped PMMA/PANI 

composite are executed using a Phillips PW-1710 advance wide angle X-ray 

diffractometer, Phillips PW-1729 X-ray generator, CuKα radiation, λ = 0.154 nm. The 

generator is operated at 40 kV and 20 mA. The film/powder samples are tested. 

Samples are placed on a quartz sample holder at room temperature. The scanned 

diffraction angle is 10° to 50° (2θ) with scanning rate (2°/min). 

ATR-FTIR spectra are recorded on a Thermo Nicolt Nexus 870 

spectrophotometer (from 400 to 4000 cm-1). ATR-FTIR spectrometer settings are kept 

constant (50 scan at 4cm-1 resolution, Absorbance measurement mode). Film/powder 

samples are tested. For powder samples particularly PANI, palate is prepared using 

potassium Bromide (KBr) through compression molding with pelletizer. Before 

running the samples, a background spectrum is collected. Then samples are put in a 

sample holder and data are collected.  

 Doped PMMA/PANI composite is used during UV-Visible analysis. The 

spectra of the composites are recorded by using a Micropack UV-VIS-NIR, DH 2000. 
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The wave length region of the analysis is 250-1000 nm. Base line is corrected before 

recording the spectra. Optical band gaps are determined from UV-Visible analysis. 

 Raman spectra are noted on a Renishaw Raman imaging microscope (System 

3000) containing a Olympus metallurgical microscope and a CCD detector (cooled by 

a Peltier) using 632.8 nm exciting radiation (He-Ne laser, Spectra Physics, model 127). 

457.9, 488.0, and 514.5 nm exciting radiations (Ar+ laser, Omnichrome model 543-

AP) are done. The laser beam is focused on the sample in a roughly 1 ím spot by a × 

80 lens. The laser power is always kept below 0.7 mW for avoiding sample 

degradation. FT-Raman spectra of the samples are recorded in an RFS 100 FT-Raman 

Bruker spectrometer with the 1064 nm radiation (Nd:YAG laser). Solid samples are 

taken for Raman study. 

Surface morphology of PMMA polymer film, PANI, and PMMA/PANI 

composite are analyzed by scanning electron microscopy (Carl Zeiss Supra 40). 

Samples are coated with gold before the measurement. 

DC-conductivity of the doped composite (with and without magnetic field) 

at room temperature is measured using a linear four-probe technique. DC-conductivity 

are calculated using the relation ρ=2πS (V/I) where S is the probe spacing (mm), ‘I’ is 

the supplied current (nA) and ‘V’ is the corresponding voltage (mV). The conductivity 

(σ) is calculated using the expression σ=1/ ρ [23].  

Magneto-resistivity is investigated using a Helium Compressor (HC) (model 

HC-4E1) –sumitomo cryostat (model Ganis research CO, INC) equipped with 0.8T 

superconducting magnet (Lake shore electromagnet). Lake Shore 331 temperature 

controller is used. The measurement(s) are performed in the  temperature range 77-

300 K using a computer-controller measuring system.  

 

Results and Discussion 

XRD patterns for HCl doped PMMA/PANI composite, H2SO4 doped 

PMMA/PANI composite, and H3PO4 doped PMMA/PANI composite are shown in 

Figure 1. The PMMA film show a highly broaden peak, indicating their amorphous 

nature [24]. But, doped PMMA/PANI composites show certain peaks which is due to 

crystalline structure exhibit well defined crystalline peaks at 2θ of 22.4◦, 30◦, and 42◦, 

respectively. It is also observed that the peak area is reduced and is slightly shifted to 

higher angle in the composites. Therefore, This may be happened due to the combined 

effect of polyaniline and presence of dopant (HCl or H2SO4 or H3PO4) with retaining 

PMMA structure [25].   

The typical absorption peaks of PMMA film, PANI-ES and doped 

PMMA/PANI composites are shown in Figure 2. The bands of PMMA film are 

observed at 2965, 1751, 1626, 1221 cm-1 in the Figure 2 [25]. It is attributed to   C-H 

stretching, C=O stretching, C-O stretching of ester, and C-O-C stretching vibration 

respectively.  The bands at 1448, 1364, 1358 cm-1 represent the stretching vibration of 

C-H deformation of PMMA film. The peaks at 1253, 1184, 1134, 1047 cm-1 
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correspond to aliphatic –C-H in plane bending of PMMA [25]. These indicate that the 

characteristic absorption features of PMMA film are retained in the prepared PMMA 

films. FTIR bands of PANI are found at 1554, 1475, 1108 cm-1. This is corresponded 

to quinoid, benzenoid, and C=N stretching respectively [25].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. XRD pattern of HCl (A), H2SO4 (B), and H3PO4 (C) doped 

PMMA/PANI composites 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. ATR-FTIR spectra of PMMA film (A) and H2SO4 doped PMMA/PANI-

ES composites (B) 
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From our remark, spectrum of H2SO4 doped PMMA/PANI composites are 

exhibited the presence of quinoid and benzenoid ring vibrations at 1475, and 1554 cm-

1 respectively. This is indicated the occurrence of oxidation state of PANI [24]. This 

indicates the formation of conducting PMMA film.  

In the literature, PANI shows different electronic transitions such as π-π* of 

benzene ring, polaron to π*, benzenoid to quinoid ring and polaron transition, 

respectively [26, 27]. No polaron transition is found in spectrum of PMMA film [24]. 

H2SO4 doped PMMA/PANI composite is conducted optical studies with the use of a 

UV-visible (UV-VIS) spectroscopic technique and is shown in Figure 3. Results show 

that the absorption of photon energy by organic molecules in the UV-VIS region 

caused an upward transition of electrons in the n, σ, and π orbitals. Various electronic 

transitions correspond to the different bands present in the samples. In Fig. 3, bands 

like π to localized polaron band of H2SO4 doped PMMA/PANI composite is observed. 

Polaron band is suggested to the presence of oxidation unit i.e., formed emeraldine 

salt [26, 27]. Hence, electrons are delocalized in the excitation band [26, 27] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. UV-Vis spectrum of H2SO4 doped PMMA/PANI composites 

The photon absorption of organic semiconductor is observed by Tauc 

expression [28, 29].  

(hν) = A (hν-Eg)n   ………………….. (1) 

Where = optical absorption co-efficient, hν =photon energy, Eg=Energy gap 

calculated from graph, A= absorption constant, n= represents the type of transition 

occurs. If m =2 indicated allowed indirect transitions and m=1/2 indicated allowed 

direct transitions [28, 29].  
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A= bc =-lnT ………………………… (2) 

=-lnT/bc   …………………………... (3) 

Substituting ‘’ in equation (1),  

Then, [(-lnT/bc) hν] =A (hν-Eg)m  

[(–lnT) (hν)] =B(hν-Eg)m 

Where;  

b= thickness of samples  

c=concentration of samples  

T=transmittance 

B=another constant. 

 

Table 1 Direct and indirect band gap of doped PMMA/PANI Composites 

Prepared materials name 
Direct allowed 

band gap (eV) 

Indirect allowed 

band gap (eV) 

 

H2SO4 doped PMMA_PANI_Composite  

 

1.19 

 

0.17 

 

H3PO4_ doped PMMA_PANI_Composite  

 

1.71 

 

0.65 

 

HCl_ doped PMMA_PANI_Composite  

 

1.93 

 

0.853 

For direct transition can plot (hν)2 vs hν, and extrapolate the linear portion 

of it to =0 value to obtained corresponding direct band gap. Similarly, the intercept 

of these curves on the photon energy axis (hν) gives the indirect band gap [28, 29].  

The direct and indirect allowed transitions energies of three prepared composites are 

listed in Table xxx. To estimated direct band gap of doped PMMA/PANI (1M H2SO4), 

doped PMMA/PANI (1M H3PO4) and doped PMMA/PANI (1M HCl) are found to be 

1.19 eV, 1.71 eV, and 1.93 eV respectively. The variations of band gap values are due 

to the incorporation of used dopants into the polymer chain. The dopants strength is 

in the order of HCl < H3PO4 < H2SO4. The lower strength dopant exerts less force 

against ordering and closing of the polymer chains leading to a lower density of states 

into the visible region [28, 29].  

The morphologies of PMMA film and PMMA/PANI composite are 

evaluated with Raman spectrophotometer and is shown Figure 4. Figure 4A i.e., 

morphologies of PMMA film shows different sizes speherical domains. Magnification 

of the image is 10X.  The morphology of H2SO4 doped PMMA/PANI composite is 

indicated in Figure 4B with 10X magnification. H2SO4 doped PMMA/PANI 

composite is getting solid fibers or rods. This is happerened due to reaction of H2SO4 
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dopants and polyaniline salt with PMMA films. 

Figure 4. Image of PMMA flim (A) and H2SO4 doped PMMA/PANI Composite 

(B) 

SEM images for pure PMMA polymer film and doped PMMA/PANI 

Composites are shown in Figure 1.  

Figure 1 FESEM images of PMMA polymer film (A), 1 M HCl doped 
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PMMA PANI composite (B), 1 M H3PO4 doped PMMA PANI composite (C), and 

1 M H2SO4 doped PMMA PANI composite (D) 

Smooth texture is observed in Fig.1A, whereas fibrous structures are showed 

in all doped PMMA/PANI Composites. Three dopants viz., HCl, H2SO4 and H3PO4 

are used to prepare doped PMMA/PANI Composites. It is also found that size and 

formation probability of PANI is strongly dependent on dopant strength, structure and 

reaction conditions. Moreover, the diameter size of PANI nano-fibrous is affected by 

dopant structure. Average (av.) diameters of PMMA/PANI composites are found to 

be 178 nm, 152 nm, and 165 nm, respectively. The diameter is related to aspect ratio 

i.e., surface area/volume. The surface area of nanofibers increases as the average 

diameter of nanofibers decreases. it could be important, particularly for gas sensor 

application. 

The plot of room temperature DC-conductivity of HCl-, H2SO4- and H3PO4-

doped PMMA/PANI composites are shown in Figure 5. It is observed from the Figure 

5; the voltage (mV) is linearly related with current (nA) and passes through origin, 

indicating that the ohmic behaviour. The conductivity of prepared conductive 

composite is presented in Table 1, it is clear from the Table, the conductivity of H2SO4-

doped PMMA/PANI composite showed 0.1497 × 10-2 S/cm at 0 Tesla which is higher 

than other two as-prepared doped PMMA/PANI composite at 0 tesla. This is due to 

higher strength dopant. The higher strength dopants exert less force against ordering 

and closing of polymer chains leading to higher compactness of polymer chains. The 

compactness is a favorable factor for intramolecular mobility of charged species along 

the chain and some extent inter molecular hopping because of better and closer 

packing and hence, higher conductivity than the later one [8]. Also, The DC 

conductivity is observed for H2SO4-doped PMMA/PANI composite (0.1421 × 10-2 

S/cm) at 0.4 tesla. 
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Figurer 5 DC conductivity of HCl (A), H2SO4 (B), and H3PO4 (C) doped 

PMMA/PANI composites measured at room temperature without magnetic field 

The plot of room temperature DC-conductivity with magnetic field (from 0 

Oe to 7500 Oe) of HCl-doped PMMA/PANI composites is shown in Figure 6. It is 

observed from the Figure 6 that the DC conductivity decreses with increase in 

magnetic field. This is due to electron-scattering mechanisms of the composite [31]. 

 

 

 

 

 

 

 

 

 

 

 

Figurer 6. DC conductivity of HCl doped PMMA/PANI composites measured at 

room temperature with magnetic field 

Figure 7 indicates temperature variation DC conductivity of HCl doped 

PMMA/PANI composite. It is evident from the Figure 7, DC conductivity of 

composite increases with increase in temperature. 
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Figurer 7. Temperature dependent DC conductivity of HCl doped 

PMMA/PANI composites measured at 0 Oe magnetic field 

 It means that prepared conductive composite represent a temperature 

dependent conductivity, which is similar behaviour to a inorganic semiconductor. 

Henceforth, it is termed as organic semiconductor [8]. 

 

Response of Ammonia (Nh3) Gas 

 Monitoring of ammonia gases is a vital issue in the environment due to their 

high toxic nature of the gas. The toxicity limit of ammonia for human exposure is 

found to be 25 ppm for 8 h [31]. Traditional method for detecting ammonia gas by 

chemical analysis is a time-consuming and complicated process. This method is not 

suitable for analyzing the NH3 gas. Hence, there is an increasing mandate for a sensor, 

which has fast, non-destructive and reliable. Metal oxide based sensors such as SnO2 

or Fe2O3 are sensitive to detect low levels of concentration. The operation of sensors 

requires high temperatures, which increases cost and complexity of these devices [32]. 

Researchers put their effect to discover monitoring system, which is operated at 

ambient temperature. The new type of sensor materials are conducting polymer based 

materials and it is operated at room temperature [33] at lower concentration level.   

Conducting polymers are a new class of sensors material due to their 

diversity, ease of synthesis, doping/de-doping behaviour and sensitivity at ambient 

temperature [34-36]. The gas sensor performance of a conducting polymer based 

sensor materials is depended on electrical or optical properties. The changes of 

electrical properties are directly related to the adsorption of analytes concentration at 

ppm levels on sensor materials surface [37, 38]. Some reports on specificity and 

sensitivity of conducting polymer based sensors are available even at low 

concentration (ppm) of analytes gases. It is achieved either by incorporating functional 

groups or doping to the main chain of conducting polymer [39, 40]. A few works are 

reported on the ammonia gas sensing of polyaniline, polypyrrole, Polythiophene and 

their composites [41-43]. Conducting polymer films devices have been used to sense 

ammonia gas in the range of 10–5000 ppm concentration. Sensor characteristics such 

as fast response, rapid recovery and detection at low concentration level i.e., ppm level 

are still key concerns to commercialize the conducting polymer-based sensor. 

Conducting polymer thin films based sensor materials are projected to give better 

response and recovery than conducting polymer based sensor. The schematic diagram 

of possible ammonia sensing mechanism is shown in Figure 8. 
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Figure 8. Possible polyaniline with ammonia sensor mechanism [44] 

Particularly, polyaniline is one of the conducting polymer families. It is 

controlled by acid/base reactions in doped state. Therefore, polyaniline is extensively 

used to detect acidic and basic gases. When exposed ammonia gas on polyaniline, it 

undergoes dedoping by deprotonation [45-50]. The protons on –NH– groups of 

polyaniline backbone are transferred to NH3 molecules and formed ammonium ions. 

Polyaniline itself formed base. The process is reversible. When ammonia atmosphere 

is removed, the ammonium ion can be decomposed to ammonia gas and proton. 

The extent of response and rapid recovery is dependent on the methods used 

to prepare thin film. Ultra-thin films of conducting polymers have very high aspect 

ratio. It can allow the gas molecules on the film surface to produce large and rapid 

change of the chemical or physical properties, which is leading to enhance sensitivity 

of the device [51]. 

Table 2. Brief summary of CO detection 

Study Materials Perporfamce 
Optimum 

temperature 
Limitation 

Yadav et al. 

[54] 
PANI-DBSA 

Response 

time 329 s 

Room 

temperature 

Contact 

potential 

suddenly 

increased 

Lv et 

al.[55] 

PSS-

PANI/PVDF 

composite 

Response 

70% 

Room 

temperature 

Low NH3 

concentration 

Sutar et al. 

[56] 

Polyaniline 

nanofiber 

Response 

time 1-5 s 

Room 

temperature 

Low NH3 

concentration 

Crowley et 

al.[57] 

polyaniline 

nanoparticles 

Response 15 

s 

Room 

temperature 

Humidity 

dependency 

Matsuguchi 

et al. [58] 

PANI–PMMA 

blend film 
RH 68% 

Room 

temperature 

Humidity 

dependency 

and 

conductivity 

decreases on 

exposing 

ammonia gas 

Matsuguchi 

et al.[59] 

PANI–PMMA 

blend film 
 

Room 

temperature 

High 

concentration 

of NH3 gas 

(600 ppm) 

Deshpande 

et al.[60] 

Polyaniline 

SnO2 

nanocomposite 

Response 

37% 

Room 

temperature 

High 

concentration 

of NH3 gas 

(500 ppm) 
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Tai et 

al.[61] 

PANI/TiO2 

thin film 
 

Room 

temperature 

High 

concentration 

of NH3 gas 

(2500 ppm) 

In this perspective, one of the thin film technologies is Langmuir–Blodgett 

technique. It can be used to produce very regular multilayers, and well-defined 

molecular orientation [52, 53]. The sensor materials fabricated using this technique is 

expected to have higher sensitivity, faster response time and good reproducibility. The 

brief summary carbon monoxide detection is presented in Table 2. 

Fig. 9 shows the relative response of a typical material as a function of NH3 

concentration. Relative response is estimated using (R−R0)/R0, where R0 is the initial 

resistance in the absence of NH3 and R is the saturation value of resistance measured 

on exposure to gas. It is saturate at higher concentrations. This is due to the availability 

of a limited number of reactive species in the layer of sensing materials. The fast 

response is accredited to high aspect ratio, which is offered by nanofibrous 

morphology. Hence, nanostructures help to easy diffusion of NH3 gas. The different 

ammonia concentration exposure vs time of polyaniline based martials is shown in 

Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Plot of different ammonia concentration exposure vs time of polyaniline 

based martials [56] 

 

Conclusions 

 PMMA/PANI composite films are prepared by insitu polymerization 

technique. HCl, H2SO4, and H3PO4 are used dopants, separately, during the 
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polymerization reaction. Different desired chemical groups of PMMA film, PANI and 

PMMA/PANI composites are confirmed from ATR-FTIR spectroscopy. Polaron band 

is shown in UV-Visible data and are confirmed the formation of emeraldine salt (ES). 

A drastic increment of band gap of the doped samples is found.  I-V characteristics 

without magnetic field of doped PMMA/PANI composites are revealed ohmic 

behaviour at room temperature. Highest DC conductivity without magnetic field is 

found to be 0.1421 × 10-2 S/cm for H2SO4 doped PMMA/PANI composite. Decreased 

DC conductivity data with increased magnetic field is observed.  Temperature 

dependent DC conductivity data of HCl doped composite is indicated the 

semiconducting behaviour. In particulars, ammonia gas responses and mechanism of 

polyaniline-based materials are discussed. 
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Abstract 

Polyaniline (PANI) nonofibriles have been successfully synthesised by 

simple chemical-oxidation polymerization method using aniline as a predecessor at 

room temperature. It was synthesized using H3PO4 dopants. The structure, chemical 

groups, and electronic transition were investigated by SEM, FTIR, and UV Visible. 

We present the methane gas response of as-prepared H3PO4 doped DL−PLA/PANI-

ES composite film at different concentration. The percentage (%) methane gas 

response was found to be 9 % at 500ppm. 

 

Keywords: Polyaniline, Polylactide, Doping, Composite, Methane gas sensing 

 

Introduction 

 Methane is the chief constituent of natural gas which is hazardous for both 

human and environment. Due to its highly flammable and explosive characteristics, 

even at low level (5−14%) concentration poses a serious threat. With the global 

population boom, more and more human lives are being endangered by the effect of 

CH4 gas exposure [1]. That creates a demand for monitoring CH4 gas for making the 

safety environments in homes, industries and mines. It is in great need of development 

of sensors for detecting methane gas quickly and accurately in the coal mine at ambient 

condition. Generally, metal oxide-based gas sensors such as ZnO [2], MoO3 [3], SnO2 

[4], TiO2 [5], ZrO2 [6], spinel compounds [7] etc. have been used. All the above 

sensors require high temperature for sensor operation, which is expensive. 

Researchers have put their effort for making room temperature-based sensors. In spite 

of considerable efforts, room temperature-based sensors for CH4 gas sensing has not 

been found hitherto, the problem being of vital to industry as well as general public. 
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To meet this demand, a new class of sensor materials is underway, including efforts 

to prepare the sensor, such as conducting polymer based sensor, which can work at 

ambient condition. In the conducting polymer family, PANI is one of the members 

with good environmental and thermal stability coupled with ease of processability [8] 

and doping-dedoping features [9]. In spite of above advantages, PANI film is brittle 

and highly moisture sensitive. This is due to the ionic electroactive nature of PANI 

polymer and it makes the limits for commercial applications. The stability of PANI 

polymer can be improved by making in composite with thermoplastic polymer such 

as poly (methyl methacrylate) (PMMA), polyvinyl chloride (PVC), polystyrene (PS), 

and polyurethane (PU) as stabilizer [10−13]. The stability of PANI polymer could be 

enhanced by covalently grafting with polymers [14,15]. We selected DL-PLA 

polymer in the composite preparation because of its strong interaction with ionic 

electroactive polymer such as PANI polymer. This interaction can change potentially 

the surface properties such as surface charge, wettability, conformational and 

dimensional changes on bioactive materials. Despite of all above mentioned 

properties, one of the most important issues related to the applications of 

biodegradable polymer in electronic engineering is to reduce the degradation of 

conducting polymers. There are some reports on the use of PLA with multiwalled 

carbon nanotubes (MWCNT) [16], conducting polymers such as PANI [17], and 

polypyrrole [18] to form composites. That showed improved surface 

resistance/conductivity properties compared with neat one. Therefore, the use of 

biodegradable polymer with conductive polymers is a very important and challenging 

task. Our goal was to prepare an environmental stable PANI composite having better 

electrical properties for sensor and other electronic applications.  

In this chapter, we have reported the methane gas sensing characteristics of 

H3PO4 doped DL-PLA/PANI-ES composite.  Such characteristics of H3PO4 doped 

DL-PLA/PANI-ES composite we have demonstrated first time to achieve CH4 gas 

response at room temperature.  

 

Experimental Details 

At first, DL-PLA films were prepared by solution casting technique. During 

the DL—PLA preparation, DL-PLA and CHCl3 were used as polymer and solvent, 

respectively. 2 g DL-PLA was put to 20 mL of CHCl3 in a 100 mL beaker. It is 

continuously stirred for 3 h at room temperature. The transparent soluble product was 

poured into a ptridish having diameter 10 cm. It is left in air for the solvent 

evaporation. After solvent evaporation, DL-PLA film formed. The films removed 

from ptridish and cut into small pieces, which are used for their characterizations and 

preparation of composites.  

Room temperature H3PO4 doped DL-PLA/PANI-ES composites was 

prepared by in situ technique through chemical oxidation polymerization method. 

During the composite preparation, aniline and DL-PLA film (1 cm2) was taken as 

monomer and base material, respectively. In this composite preparation, 3 mL of 

aniline was added to 105 mL of aqueous 1 M H3PO4 solution. The solution was stirred 
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continuously for 0.5 h and slightly yellowish solution (Solution 1) was obtained. Then 

a DL-PLA film (1 cm2) was put into solution 1. It is also stirred continuously for 12 

h. Solution 2 was prepared by adding 7.47 g of ammonium perdisulphate (APS) in 60 

mL of 1 M H3PO4. Then solution 2 was added drop wise to the DL-PLA mixed 

solution 1 for 1 h for the polymerization to occur. The color of DL-PLA film was 

observed to change from white to light green and finally to dark green as 

polymerization continue to proceed. The reaction mixture was maintained under 

constant stirring for 10 h to complete the polymerization. The resulting H3PO4 doped 

DL-PLA/PANI-ES composite was finally washed with deionised water several times 

and dried in the ambient atmosphere [19]. The flow chart of preparation of HCl doped 

DL-PLA/PANI-ES composites is shown in Scheme 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. The flow chart of preparation of H3PO4 doped DL-PLA/PANI-

ES composite 

 

Characterization Techniques 

 Surface morphologies of DL-PLA film and H3PO4 doped DL-PLA/PANI 

composites were analyzed using scanning electron microscope (SEM, Carl Zeiss 

Supra 40). Samples were needed gold coating before start SEM measurements.  

In ATR-FTIR analysis, DL-PLA film and H3PO4 doped DL-PLA/PANI 
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composites were characterized by Thermo Nicolet Nexus 870 spectrophotometer in 

the range 400−4000 cm−1.  

The prepared material in the UV−Visible region was studied by UV−Visible 

(Micropack UV−VIS−NIR, DH 2000) spectroscope.  

For gas sensing studies, the prepared doped composite film (∼25 ⁰C) was 

taken. For this measurement, the surface of the material is electroded with silver paste 

strip of 8 mm length, 1.5 mm width, and separated from each other by 4 mm. The 

methane gas sensing behaviour was estimated by measuring the resistance change 

before and after gas exposure. This measurement was done usingThe CH4 gas sensing 

performances of these materials are characterized by DC resistance measurements. 

From this measurement, the response (S) is estimated through the resistance change 

between air (Ra) and in test gas environment (Rg), using the following relations [19]: 

( ) 100%Re 
−

=
a

ga

R

RR
sponse

 

Results and Discussion 

Figure 1 shows SEM images of DL−PLA film (A) and H3PO4 doped 

DL−PLA composite (B).  In Figure 1 (a), it is observed that no nanowires were 

deposited on DL−PLA film at room temperature. Smooth surface was observed for 

neat DL−PLA film. H3PO4 doped composite film [Figure 1 (b)] indicates fibrous-like 

morphology. The diameter of the fibre was found in nano regimes. The nanofiber 

appears to be non−uniform as distributed over the DL-PLA film. The average diameter 

was estimated and was 131 nm. This might occur after establishing the polymerization 

reaction. Because of high surface area of polyaniline, it is favorable for the sensor 

application. 

Figure 1. SEM image of DL-PLA film (A) and H3PO4 doped DL-PLA/PANI 

Composite (B) [19] 
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ATR−FTIR spectra of DL−PLA, H3PO4 doped PANI composite were shown 

in Figure 2. The absorption band position(s) and its assignments of as two materials 

such as DL−PLA, H3PO4 doped PANI composite were specified in Table 1. 

Absorption bands of DL−PLA was found at 2995, 1759, 1616 and 1216 cm−1 and have 

been attributed to C−H stretching, C=O stretching, C−O stretching of ester and 

C−O−C stretching vibration, respectively. The other bands were observed at 1453, 

1361 and 1363 cm−1 and has been represented the stretching vibration of C−H 

deformation [19]. This signifies that all the bands of DL−PLA polymer are retained. 

The important absorption band positions and it assignments of H3PO4 doped PANI 

were found at 1554, 1475 and 1108 cm−1 corresponding to quinoid, benzoid and C=N 

stretching, respectively [19]. The presence of quinoid (1475 cm−1) and benzoid ring 

(1554 cm−1) vibrations, these groups are indicated the salt form of polyaniline 

(PANI−ES) [19]. From Table 1, it is observed that N−H bands of H3PO4 doped 

DL−PLA/PANI composite appeared at 3289 cm−1. The N−H stretching bands 

appeared. This is due to the existence of amine group on DL−PLA polymer film. The 

C=N, C=O, C−O and C−O−C stretching bands do not change considerably. 

 

 

 

 

 

 

 

 

 

 

Figure 2. FTIR spectrum of H3PO4 doped DL−PLA/PANI composite [19] 

Figure 3 is shown UV Visible spectrum of H3PO4 doped DL-PLA/PANI 

Composite.  PANI−ES shows mainly two type of electronic transitions i.e., π−π* and 

polaron transitions, respectively within the range of 250−1000 nm of UV Visible 

spectrum [19]. 

There is no such transitions are found in DL−PLA film [19]. This indicates 

the absence of conducting sites in DL−PLA film. Both π−π*, and polaron band types 

transitions were found in H3PO4 doped PANI salt film. This indicates the oxidation 

form of aniline [19]. 

The H3PO4 doped DL-PLA/PANI-ES composite was prepared for testing the 

CH4 gas in different concentrations and balanced with synthetic air. During this gas 

sensing testing, the different gas concentrations (50 ppm, 100 ppm, 200 ppm, and 500 

ppm) are used. 

 

 

 

 

 

 

 

 

Figure 2 FTIR spectrum of H3PO4 doped DL−PLA/PANI composite [19] 
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Figure 3. UV-Visible spectrum of H3PO4 doped DL−PLA/PANI 

composite [19] 

The sensing measurement is operated at room temperature. Some have 

reported that PANI polymeric nanofibers are a well-known sensing material for 

hydrocarbon gases such as CH4, H2 [19, 20]. H3PO4 doped DL-PLA/PANI-ES 

composite is employed for sensor performance against a well-known polymer system. 

Fig. 4 shows the dynamic responses of methane gas using H3PO4 doped DL-

PLA/PANI sensor material as film. The sensor response is recorded typical resistance 

transients of the tested materials. From the Fig. 4, it is the clear that the test gas i.e., 

CH4 gas is on, the resistance of sensor materials is decreased. During the recovery 

(i.e., when the synthetic air is on), the resistance is increased. This means that the base 

resistance is regained. The percentage of response is assessed at room temperature 

using the expression  

( ) 100%Re 
−

=
a

ga

R

RR
sponse

 

Here, (Ra) and (Rg) are the sensor resistance, which is measured by the 

exposure of air and test gas respectively. Using the above expression, the percentage 

of response (%) was estimated to be 0.00288 %, 0.4255 %, 3.5 % and 9 % for 50 ppm, 

100 ppm, 250 ppm and 500 ppm concentration of methane, respectively. Minimal 

base-line is drifted, which is indicated in the Figure 4. It is observed when the sensing 

element is switched back and forth between air and test gas environment. In addition, 

the base line is found to be shifted downward as indicated in Fig. 4 and 5. From the 

Figure 4 and 5, it clears that the % response increases with the increase in CH4 gas 

concentration. Also, it is found to be non-linear in nature [20- 22]. The resistance 

change in sensor materials is due to the interaction between the used materials surface 
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and CH4 gas molecules [23,24]. The highest resistance is found to be 1.174   at 

500 ppm CH4 gases. Also, the lowest resistance is measured to be 0.0384   at 50 

ppm CH4 gases. It is believed that the smaller number of methane gas (i.e., at 50 ppm) 

molecules are expected to interact with prepared sensor materials surface i.e., PANI 

surface. It results poor response, i.e., small change in the resistance [25].   

During the exposure to 50 ppm of CH4 gas balanced in synthetic air, the 

prepared sensor responded negligibly (0.00288 %). Different concentration exposers, 

i.e., 50 ppm to 100 ppm, 250 ppm, and 500 ppm of CH4 gas, the sensor materials 

response differently. J. D. Fowler et al. [26] suggested that the chemically absorbed 

H2 gas molecules can react with oxygen molecule, which is present in the environment 

to form H2O. They also exposed that the occurrence of H2O molecules ruins the ability 

of PANI to sense CH4 gas analytes. Presence of H2O molecules in the sensing 

environment, it might also deteriorate the polyaniline-based sensor materials at high 

CH4 gas concentrations (Fig. 4 and 5). This is due to the existence of 21 % oxygen in 

used synthetic air. Also, it was noticed that the diameter of the polyaniline nanofibers 

has a direct effect on their sensing performance [23]. 

CH4 is a reducing gas. The interactions with the sensing materials are largely 

governed by the chemical properties of each material. CH4 gas sensing mechanism for 

polyaniline-based sensor materials is still not understood.  Chemisorption may occur 

between CH4 gas molecules and the charged amine nitrogen sites of the polyaniline 

chain. The dissociation of the CH4 bond leads to the formation of new N-H bonds with 

the amine nitrogen in the polyaniline chain. Consequently, the charge transfer between 

neighbouring nitrogen atom of amine. This signifies the polaronic form of polyaniline, 

i.e., called doped state of polyaniline. After removal of the methane gas from the gas 

source, synthetic air expose to the sensor materials (contained polyaniline chains).  

 

 

 

 

 

 

 

 

 

 

Figure 4: The resistance transient of H3PO4 doped DL-PLA/PANI-ES 

composite film measured at various CH4 gas concentrations (ppm) in ambient 

condition [19] 
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Figure 5: The % response with different concentration of H3PO4 doped DL-

PLA/PANI-ES composite [19] 

It is a completely reversible reaction [21]. The doped state of polyaniline is 

the highest conducting state and hence, conductivity is more. Therefore, during the 

exposure of test gas, the PANI film resistance is decreased (as observed from Fig.4 

and 5).  The methane gas molecules diffuse more because the polyaniline nanofibers 

provide more surface area for gas diffusion. PANI nanofibers have been observed in 

SEM image, which is presented in Figure 1. Therefore, the charged amine nitrogen 

sites on the PANI backbone are largely accessible to CH4 gas molecules resulting in 

the dominant PANI CH4 gas sensing mechanism. 

 

Conclusions  

H3PO4 doped DL−PLA/PANI-ES composite have successfully prepared by 

chemical-oxidation polymerization process. We have investigated the CH4 gas sensing 

performance at room temperature of H3PO4 doped DL−PLA/PANI-ES composite. We 

have found that the H3PO4 doped DL-PLA/PANI-ES composite based gas sensor 

response (%) is 9 % at 500 ppm of CH4 gas. The response (%) was calculated to be 

0.00288 %, 0.4255 %, 3.5 % and 9 % for 50 ppm, 100 ppm, 250 ppm and 500 ppm 

concentration of methane, respectively.  
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Abstract 

Simple in situ chemical oxidation method was employed to prepare different 

molar of HCl doped DL−PLA/PANI composites using AnHCl as precursor. Surface 

morphology, ATR−FTIR, UV–Visible, and band gap were studied. PANI nanowires 

with different diameter and smooth surface were observed for composites. The lowest 

direct band gap was found to be 1.68 eV for 2 (M) HCl doped DL−PLA/PANI.  DC 

conductivity at room temperature was measured and followed the ohmic behaviour. 

The calculated highest DC conductivity at room temperature was found to be 0.1628 

× 10−2 (S/cm) for 2 (M) HCl doped DL−PLA/PANI. Temperature variation (70−300 

K) DC conductivity without magnetic field of as prepared composites was analysed 

using linear four probe techniques and showed semiconducting nature. The 

conductivity in the range of temperature (70−300 K) follows 3D VRH hopping 

mechanism. In kivelson model, the exponents are increased with increasing dopant 

concentration and was obeyed the power law. MR of the prepared DL−PLA/PANI 

composite films is strongly dependent on temperature, magnetic field, and 

concentration of HCl dopant. Negative MR is discussed in terms of a wave 

function−shrinkage effect on hopping conduction. In addition, we were discussed the 

response of carbon monoxide (CO) gas with polyaniline-based sensor materials. 

 

Keywords: Composite, Nanofiber, Band gap, DC conductivity, 

Magnetoconductivity, Carbon monoxide Sensor 

 

Introduction 

 The past few decades has witnessed rapid growth in research on conjugated 

polymer nanostructures, which has been driven by their unique electrochemical and 
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electronic properties as well as by the processing advantages of polymers relative to 

other electronic materials. The applications of conducting polymer nanostructures 

have been recently reviewed [1, 2]. Recently, conducting polymer nanowire and 

nanotube have been proposed as active materials for various potential commercial 

applications such as antistatic shielding, light emitting diodes (LED), supercapacitors, 

rechargeable batteries, artificial muscles, corrosion inhibitors and sensors [3-11].    

In the conducting polymer family, PANI is one of the members with good 

environmental and thermal stability along with easy processing and oxidation− 

reduction mechanism, high conductivity [12-14].  Notwithstanding above advantages, 

PANI film has certain limit such as brittleness and moisture sensitivity that creates 

problems for its commercial applications. In various ways, researcher was tried to 

improve their stability. One of the effective ways was found in literature to improve 

the stability of PANI salt by making in composite form with thermoplastic polymer 

act as stabiliser [13]. A variety of doped PANI composite have been prepared using 

many types of thermoplastic polymers such as poly (methyl methacrylate), polyvinyl 

chloride, polystyrene and polyurethane and their conductivity was studied with and 

without magnetic field at room temperature and temperature variation (50−300 K)  

[15-18].  

For future prospectus, researchers are introduced biodegradable polymers 

into the preparation conducting films with conducting polymer like PANI and 

polypyrrole (PPy).This is because biodegradable polymers have polar character 

(presence of polar groups) and conducting polymers have  also polar character. The 

covalent interaction may be happened after composite preparation. Few reports are 

reported on composite that was made from biodegradable polymer and conducting 

polymers [19-21].  DL−PLA is one of the biodegradable polymers in biodegradable 

family. We chose DL−PLA biodegradable thermoplastic polymer has reported to the 

comparable good mechanical, bioresrorable, compatibility, surface properties with 

other biodegradable polymer and covalent interaction with conducting polymers. 

These materials can be used in different fields such as biosensor [21], intelligent 

scaffold materials [19], biochips [20] and gas sensing materials (present work).   

It is well known that conductivity is key parameter for conducting polymer 

throughout its back bone. Conductivity was occurred only for charge transport 

phenomena in intra – and inters chains of the conducting polymer. For gas sensing 

applications, conductivity in terms of resistance change plays vital role and therefore, 

it is important to understand the charge transport in nanofibers because the charge 

transport mechanisms can have important consequences in term of the sensor signal 

to noise ratio. Some reports of thin film [22] and nanowires [23] are reported the 

complex electronic behaviour. The present scenario comes from structure of polymer. 

The polymeric structure mainly depends on synthetic condition, doping level, and 

balancing counter ions. Till now, the research is going on the study of transport 

behaviour throughout the conducting polymer. Such behaviour are found to be variety 

ways as electrical conductivity, magnetoresistance, frequency dependent conductivity, 

magnetic susceptibility, thermoelectric power have been intensively explored in the 
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last two decades [24, 25]. Out of above electrical properties, magnetoresistance is one 

important electrical property and that has been used to apply in various fields such as 

magnetic field sensor for studying high Tc – superconductor taps [26 ], vibration 

measurements in MEMS [26], manufacturing magnetocoupler device [26], detecting 

DNA or Protein binding to capture molecules in a surface layer [26]. Various reports 

have been studied magnetoresistance with temperature variation at particular magnetic 

field [27-29] or various magnetic fields at particular temperature [27-29] studying 

conducting behaviour. Different important parameters such as density of states (NF), 

localization length (Lloc), characteristic temperature (T), hopping distance (R hop) and 

hopping energy (Δ hop) related to conduction mechanism were estimated for studying 

magnetoresistance with temperature variation at particular magnetic field.  

Our purpose is to prepare an environmentally stable PANI composite that 

would show considerable good electrical properties. Also, it can be potential for sensor 

and other electronic applications. Looking for the above properties, biodegradable 

polymer such as poly (lactide) (DL-PLA) polymer is one of the thermoplastic 

polymers, which is used to prepare novel conductive material. It has good electrical 

conductivity, good durability, good environmental stability and easy processability.  

In this input, author investigates the ethanol sensing of 2M HCl doped 

DL−PLA/PANI composites (different sized nanofibers) are prepared by in situ 

polymerization method. Also, the DC conductivity at room temperature and with 

temperature variation (presence and absence of magnetic field), response of CO, 

ATR−FTIR spectra, and UV−Visible with direct band gap has been studied.  

 

Experimental Section 

Chemicals And Materials  

Laboratory grade chemicals such as aniline hydrochloride (AnHCl), 

hydrochloric acid (HCl), chloroform (CHCl3), and ammonium perdisulphate (APS) 

are purchased from Merck, India. DL−PLA polymer is procured from Cargill Dow 

Bair; US−NE. Distilled water is used throughout the preparation of doped PANI 

composites.  

DL−PLA films are prepared by solution casting technique. Both DL−PLA 

polymer (3 g) and CHCl3 (30 mL) are taken as components during the DL−PLA film 

preparation. DL−PLA polymers are put in CHCl3 contained beaker (100 mL). The 

mixture is stirred (3 h) by magnetic stirrer. It is observed that transparent soluble 

product is formed. The products are poured into ptridish (10 cm diameter). After 

CHCl3 evaporation, films are removed from ptridish and cut into small pieces (1.5 cm 

× 1.5 cm).  The schematic representation of DL−PLA film preparation is mentioned 

as flow chart and presented in Scheme A. 

At ambient condition, various molar of HCl doped DL−PLA/PANI 

composites are prepared by in situ method through chemical oxidation polymerization 

route from AnHCl (monomer) and DL−PLA film as substrate. 0.03 moles (2.59 g) 
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AnHCl is added to 50 mL of 1 (M) HCl in 250 mL conical flask, called “solution A”.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme A. The schematic representation of detail preparation of DL−PLA film is 

mentioned as flow chart and presented in Scheme A 

DL−PLA films (1 cm × 1 cm) is dipped to “solution A” and stirred for 12 h. 

0.045 moles (10.24 g) of APS was put to 50 mL of 1(M) HCl to form “solution B”. 

To the “solution A”, “solution B” is added drop wise for 1 h to form “solution C” and 

continued the stirring to 4 h. The polymerization is carried out in “solution C”. The 

color of “solution C” and DL−PLA films became light green to dark green. The 

reaction mixture is stayed overnight. The resulting composites are washed with 

deionised water several times followed by dried in air for 6 h [30].  
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Scheme B. The flow chart of preparation of HCl doped DL-PLA/PANI-ES 

composite 

For comparison study, 2(M) −, and 3(M) – HCl doped DL−PLA/PANI 

composites are also prepared under similar conditions to those mention above. The 

flow chart of the preparations is illustrated in Scheme B. 

 

Characterization Section 

 Surface morphologies of the as prepared materials are analyzed by scanning 

electron microscope (SEM, Carl Zeiss Supra 40). All samples are needed gold coating 

before doing SEM measurements.  

For studying electronic transitions of all the prepared materials are needed 

UV−Visible (Micropack UV−VIS−NIR, DH 2000) spectral analyses. Band gap is 

estimated by Tauc expression. 

In support of ATR−FTIR spectra, functional groups of all as prepared 

materials are recorded on a Thermo Nicolt Nexus 870 spectrophotometer in the range 

400-4000 cm−1.  

Both room− and low temperature DC conductivity of all as prepared 

composites are measured using a linear four probe technique. Also, Magnetoresistivity 

is measured using a linear four probe technique. Magnetoresistivity is investigated 

using a helium compressor (HC) (model HC-4E1)-sumitomo cryostat (Model Gains 

Research CO, INC) equipped with 0.8 T superconducting magnet (Lake shore 

electromagnet). Lake shore 331 temperature controller is used. Magnetoresistivity 

measurements are performed at 0.5T with varying temperature 50-300 K temperatures 

range using a computer controlling measuring system. In above electrical experiments, 

prepared film samples (thickness~0.51 mm) are contacted with conducting silver 

paste. A constant current ( I ) from a current source (Keithley 220 programmable 

current source) is allowed to pass through two terminals leads of four probe and the 

voltage (V ) across the other two leads is measured using a multimeter (2182 

NANOVOLTAMETER Keithley).      

 

Results and Discussion  

Figure 1 shows the variety of SEM images of prepared materials such as neat 

DL−PLA, neat 1 (M) HCl−doped PANI films, and PANI nanowires on DL−PLA film 

at room temperature. Smooth surface was observed in neat DL−PLA film (Figure 1 

A) below 1 kX magnification whereas neat PANI and all HCl doped composites 

(Figure 1 B, C, D and E) have fibrous structure was observed in magnified SEM 

images having diameter in nanoregime, so called nanofiber. Non−uniformly 

distribution of nanofiber was observed in HCl doped composites and HCl doped PANI 

salt film. The average diameter of as prepared HCl doped materials was found to be 

185.3 nm for HCl doped 1(M) DL−PLA/PANI composite, 165.1 nm for HCl doped 

2(M) DL−PLA/PANI composite, and 211. 3 nm for HCl doped 3(M) DL−PLA/PANI 
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composite, respectively. The fiber like morphology was observed after 

polymerization start. This may be happened due to the reaction of hydrogenium ion 

from HCl and anillium salt with ester group present in DL−PLA film with drop wise 

addition of APS (oxidant) solution on a solution that contain anillium salt with 

DL−PLA (monomer and HCl treated) film. The formation of Nanofiberic structure is 

favourable for the sensor application due to increase in surface area of PANI.  This 

high surface area provides fast diffusion of gas molecules into the PANI nanofibers. 

Figure 1. shows the variety of SEM images of prepared materials such as neat 

DL−PLA, 1 (M) HCl-doped DL-PLA/PANI composite (B), 2 (M) HCl-doped DL-

PLA/PANI composite (C), and 3 (M) HCl-doped DL-PLA/PANI composite (D) 

films 

Chemical structure of prepared materials was observed by analysis of 

ATR−FTIR spectra. Figure 2 indicates the ATR−FTIR spectra of DL−PLA, PANI−ES 

(1 M) and all prepared conductive composites. All the characteristic absorption peak 

positions of all prepared materials and its assignments are given in Table 1. The 

ATR−FTIR spectra of DL−PLA film was presented in Figure 2 (A). The variety of 

absorption bands of DL−PLA was found at 2995, 2944, 1759, 1616 and 1216 cm−1, 

respectively. That bands have been attributed to C−H stretching, C=O stretching, C−O 

stretching of ester and C−O−C stretching vibration, respectively. The stretching 

vibration of C−H deformation band of DL−PLA polymer was found at 1453, 1361 

and 1363 cm−1 [31] 

This represents the characteristic absorption features of DL−PLA polymer 

and that are retained in the prepared DL−PLA film. An ATR−FTIR spectrum of HCl 
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doped PANI was observed in Figure 2 (C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. ATR−FTIR spectra of pristine DL−PLA ‘A’, PANI ES film ‘B’, 

DL−PLA/PANI 1 (M) HCl ‘C’, DL−PLA/PANI 2 (M) HCl ‘D’, and DL−PLA/PANI 

3 (M) HCl ‘E’ 

The bands are found at 1554 cm−1 for quinoid, 1475 cm−1 for benzoid, and 

1108 for C=N cm−1 stretching, respectively [32].This corresponds to the oxidation of 

PANI. The ATR−FTIR spectra of all composites are presented in Figure 2 (C), (D), 

and (E). Considering all the band features of as−prepared composites and comparing 

Peak positions (cm−1)

DL−PLA    PANI DL−PLA/PANI    DL−PLA/PANI DL−PLA/PANI Peak

ES 1 (M) HCl            2 (M) HCl  3 (M) HCl assignments

Table 1 for ATR−FTIR peak positions and peak assignments of as−prepared materials

2995 2995 2969, 2968 2968

2944 --- 2944 2922 2925 CH stret.

--- 3227 (W) 3287 3289 3295 NH  stret.

3429 (S) --- --- --- NH stret.

1759 --- 1739 1725 1725 C=O  stret.

1616 --- 1616 1652 1652 C − O  stret.

--- 1564 1570 1530 1530 Quinoid stret.

--- 1479 1482 1451 1454 Benzoid stret.

--- 1116 1042 1070 1070 C=N stret.

1216 --- 1214 1226 1226 C − O − C stret.

1453 --- 1434 1411 1411

1363 --- 1361 1451 1454

1361 --- --- 1371 1373

1338 1345 CH − deform.
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with the band features of DL−PLA and HCl doped PANI, we conclude that salt form 

PANI is formed on DL−PLA film.  From Table 1, it is observed that N−H bands of 

HCl−doped DL−PLA/PANI 1(M), HCl doped DL−PLA/PANI 2(M), HCl doped 

DL−PLA/PANI 3(M) appeared at 3291, 3289, and 3295 cm−1, respectively. The 

variation of N−H stretching bands between prepared composites was strongly 

depended on concentration of HCl. The C=N, C=O, C−O and C−O−C stretching bands 

do not change significantly.  

Variety of electronic transitions of as−prepared materials was established by 

studying UV−Visible spectra.  This spectrum was existed in Figure 3. The band 

positions and band assignments of each prepared materials are mentioned in Table 2. 

From Figure 3 (A), it is noticed that no electronic transitions are found in DL−PLA 

film [33].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 UV−Visible spectra of pristine DL−PLA ‘A’, PANI ES film ‘B’, DL−PLA/ 

PANI 1 (M) HCl ‘C’, DL−PLA/PANI 2 (M) HCl ‘D’, and DL−PLA/PANI 3 (M) 

HCl ‘E’ 

It is mentioned from literature that PANI−ES shows various types of 
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electronic transitions such as π−π̽ of benzene ring, polaron to π̽, benzoid to quinoid 

ring and polaron transition, respectively [34]. An UV−Visible spectrum of HCl doped 

PANI (1 M) film is indicated in Figure 3 (B).  Polaron band and π−π̽ were found at 

382 nm and >600 nm. This represented as the oxidation form PANI [27].  All the as 

prepared composites were generally showed in Figure 3 two types of transitions such 

as π to localised polaron band transition and π−π ̽transition of benzoid ring. The peak 

positions were found 865 nm and 412 nm for HCl doped DL−PLA/PANI (1 M), 829 

nm and 373 nm for HCl doped DL−PLA/PANI (2 M), and 786 nm and 375 nm for 

HCl doped DL−PLA/PANI (3 M), respectively. Both π−π̽ transition of benzoid ring 

and polaron band are suggest to the presence of aniline unit and oxidation unit in 

emeraldine salt form of composite films.  

Electronic transitions were occurred between two bands and that happened 

after photon absorption. From many literatures [35] was mentioned that the photon 

absorption of organic semiconductor is followed by Tauc expression as 

( ) ( )nghAh −= 
  (2) 

Where   = Optical absorption co−efficient, h  = photon energy, gE
 = 

Energy gap calculated from graph, A = absorption constant, n = Represents types of 

transition occurs. If n = 2 indicated allowed indirect transitions and 2

1
=n

 indicated 

allowed direct transitions. 

Table 2. UV−Visible band positions and its assignments of indicated materials. 

Materials Identification  
Peak positions (nm) 

Band gap (Eg) in 

eV 

 π−π*     Polaron band  

DL−PLA --- --- --- 

PANI ES film 382 >650 1.08 

DL−PLA/PANI (1M HCl doped) 412 >865 >865 

DL−PLA/PANI (2M HCl doped)  373 >829 1.68 

DL−PLA/PANI (3M HCl doped) 375 >786       1.82 

Note: ‘M’ stands for molar, ‘nm’ stands for nanometre and ‘eV’ stands for electron‒

volt 

For direct electronic transition, plot was made between ( )2h and h . From 

the plot, to extrapolate the linear portion of it to   = 0 value to obtained corresponding 

direct band gap. Direct allowed transitions, all the prepared composites are shown in 

Figure 4 and its (band gap) values are presented in Table 3.   It is observed from Table 

3, 2 (M) HCl doped of DL−PLA/PANI composite have obtained lowest direct band 

gap value as compared to other HCl doped composites. The reduction in band gap 
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occurred due to the incorporation of H+ ion concentration into the polymer chain; but 

there is certain limit and that affect the density of states, which is more into the visible 

region as compared to excess dopant used for composite preparation [35].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Estimation of direct band gap using Tauc expression of pristine PANI ES 

film ‘A’, DL−PLA/PANI 1 (M) HCl ‘B’, DL−PLA/PANI 2 (M) HCl ‘C’, and 

DL−PLA/ PANI 3 (M) HCl ‘D’ 

Conductivity is an important spirit for conducting materials. This character 

was measured by various ways. Linear four probe technique is one technique out of 

them and this technique was favoured for the researchers due to the minimization of 

voltage drop.  

The DC conductivity of as prepared composites was measured using linear 

four probe technique and the expression is shown below [36]. 









=

I

V
S2

  (3) 
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and 


1
=

  (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Room temperature DC conductivity of HCl doped 1 (M) ‘A’−, 2 (M) ‘C’−, 

3 (M) ‘B’–DL−PLA/PANI composites, respectively. 

ρ = resistivity, S = distance between two consecutive probes (0.15 cm), I be 

the applied current in the four probe system (nA) and V  be the corresponding output 

voltage in (mV). The room temperature VI −  characteristics of HCl doped 

DL−PLA/PANI composites were shown in Figure 5. This indicates that the VI −

characteristics show linear behaviour ( I  and V ) and passing through origin (after 

linear fit). This nature follows similar to the ohmic behaviour and is reported as [36]. 

The average (av.) DC conductivity values of HCl doped DL−PLA/PANI composites,   

and DL−PLA polymer film were presented in Table 3. It is cleared from the Table 3, 

the measured DC conductivity at room temperature of DL−PLA film are found to be 

6.07 × 10−15 S/cm and it is pointing to an insulating materials [37]. Also, from Table 

3 it is found that the av. DC conductivity of 2(M) HCl doped DL−PLA/PANI 

composites are found to be higher than rest of prepared composites. Conductivity may 

obtain due to the mobility of charge carrier. This carrier mobility mainly depends on 

the presence of reduced unit in PANI structure and that was happened due to the 

improvement of PANI salt structure at 2 (M) HCl doped prepared composite [38]. But 

excesses dopant concentration, that create a barrier for their charge transport in intra− 

and inter−PANI chains. Hence, the results are agreed with literature [38]. 
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Figure 6. Temperature dependent DC conductivity of HCl doped 1(M) ‘A’−, 3(M) 

‘B’−,2(M) ‘C’−DL−PLA/PANI composites, respectively and 70−115 K for localised 

state or insulating state and 115−300 K for metallic state are observed. 

Until, charge transport process is difficult to understand of conducting 

materials. For understanding of conduction mechanism of as prepared composites, low 

temperature DC conductivity experiments were performed. Temperature variation 

(78−300 K) DC conductivity of HCl doped DL−PLA/PANI composites were showed 

in Figure 6. It is observed from Figure 6 that the conductivity of as prepared 

composites is proportionally increased with increase in temperature. Analogous nature 

was found from semiconducting materials [36].  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Temperature dependent DC conductivity in logarithmic scale following 

Kivelson model of HCl doped 1(M) ‘A’−, 3(M) ‘B’−,2(M) ‘C’−DL−PLA/PANI 

composites, respectively and slopes are corresponding to the exponent. 
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Hence, it is called as organic semiconductor. The temperature dependence of 

electronic conductivity was obtained from prepared nanofibers with different 

diameter. Figures 6 are shown the conductivity of all prepared composite samples and 

were exhibited two characters [27]. One is metallic character and that was observed in 

the temperature range 115−300 K. Other one is localised behaviour and that was found 

below 115 K. This behavior agrees with the Bloch−Gru¨neisen theory on the 

electron−acoustic phonon scattering mechanism. On the other hand, the smaller 

sample shows two distinct characteristics for the electron transport. 

 Different scattering mechanism was involved to determine the temperature 

dependence conductivity. At high temperatures (T > 115 K), the scattering mechanism 

seems to be predominant and the conductivity rises with increasing temperature 

(metallic phase) [27]. As the temperature is lowered, phonon scattering mechanisms 

become predominant [27], giving rise to a distinct temperature−dependent 

conductivity for T < 115 K, which explains in part the general features of the curve 

presented in Figure 6. At low temperature regime, the scattering mechanism can be 

related with the size of the nanofibers: as the nanofibers cross section decreases, the 

boundary scattering becomes relatively more important than for larger fibers because 

a larger portion of the carriers are located near the fibers boundary. Then (1) for 

small−dimension nanofibers, the disorder coming from processes like collisions with 

the boundaries [39, 40] provides the necessary disorder to randomize electron energy, 

resulting in a localized character for the transport; (2) this will increase the 

electron−electron interaction as well [41]. It is important to emphasize that the 

conductivity below 110 K is not related with strong localization: the disorder from 

boundary scattering, randomizing the electron potential, is not enough to promote 

strong localization. In fact, successive attempts in order to distinguish an activation 

law (Arrhenius model) or a variable range hopping (VRH) behaviour have failed [42-

45]. 

In order to explain the current transport i.e. electron−electron or electron 

phonon or mixed charge carrier in localised state in the temperature range T < 115 K 

(below the solid line) was presented in Figure 7.  The experimental data for T < 115 

K was the best fitted, such model called Kivelson model [45]. According to this model, 

the temperature dependence conductivity is expressed as [45] 

( ) ( )nTAT =
   (5) 

Where A is some constant and n is the exponent. According to this model, 

we plotted lnσ vs. lnT. The ‘n’ is equal to the slope of the straight line. The values of 

‘n’ were found to be 0.229 eV, 2.72 eV, and 3.316 eV for 1 (M) DL−PLA/PANI 

composite, for 2 (M) DL−PLA/PANI composite, for 3 (M) DL−PLA/PANI 

composite, respectively. This value is deviate the values of one dimensional 

electron−electron scattering and this should be addressed mixed charge carrier below 

the 115 K [45]. 
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Figure 8.Temperature dependent DC conductivity of HCl doped 1 (M) ‘A’–, 2 (M) 

‘B’–, 3 (M) ‘C’–DL−PLA/PANI composite, respectively and showed (a) for 3D (a) 

− and 1D (b) −VRH model. 

Variety of models was proposed to understand the conduction process of the 

conducting polymers. Generally, Mott’s variable range hoping (Mott’s VRH) model 

has been applied to organic semiconductor for understanding the hopping mechanism 

for conduction and that can be observed from temperature dependent conductivity. In 

this report, we mentioned the temperature dependence (78−300 K) conductivity 

(Figure 8) for studying Mott’s VRH form of HCl doped DL−PLA/PANI composites. 

The temperature dependence DC conductivity as follows the eqn (5) [42-45] and this 

is called Mott’s expression.  

X

0
0

T

T
exp 








−=

  (6) 
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Where T0 is the Mott characteristic temperature and σ0 the limiting value of 

conductivity at infinite temperature and the exponent ‘r’ is related to the 

dimensionality of the transport process using the relation ( )d1

1
x

+
=

, where d  =1, 2 and 

3 for one−, two− and three−dimensional (1D, 2D and 3D) transport process, 

respectively.  

The 3D VRH plots on measured ln (conductivity) vs.  T−1/4 for HCl doped 

DL−PLA/PANI composites in the temperature range 78−300 K were shown in Figure 

8 (a). This conductivity data were well linearly fitted to the 3D conduction process. 

Similarly, 1D−VRH plots were shown in Figure 8 (b). It is cleared from all VRH plots, 

Mott’s 3D VRH model of 2(M) HCl doped DL−PLA/PANI composite fits better into 

the experimental data than that of other VRH model. The linearly fit behaviour is 

observed from regression values and these values are presented in Table 3. Higher the 

regression values (i.e. close to unity) suggest the more charge carrier can hop in intra– 

and inter–hopping processes because of PANI chain structure, supporting the reported 

literatures [42-45]. In the 3D−VRH model, the temperature dependence of 

DC−conductivity can be presented in equation (2)  























−=

4

1

0
0

T

T
exp

   (7) 

as can be seen in Figure 8 (a), the linear dependence of ln  vs. 4

1
−

T  is well 

fitted. T0 and σ0 was also calculated from 3D−VRH plot of HCl−doped 

DL−PLA/PANI composites and presented in Table 3. It concluded that charge carriers 

could hop easily in 2 (M) HCl−doped as prepared composite than rest prepared and 

follow the conduction mechanism [43].  

 

 

 

 

 

 

 

 

Figure 9. Plots on ln  vs. 1000/T−1 of HCl doped 1(M) ‘A’−, 3(M) ‘B’−, 2(M) 

‘C’−DL−PLA/PANI composites, respectively and Arrhenius models are followed. 

Another important model i.e. Arrhenius model was employed to estimate the 

activation energy (minimum amount of energy needed to hop the inter chain) of 

prepared composite and this model is shown in Figure 9. Accordingly, Arrhenius eqn. 

is represented as a function of temperature and the electronic conductivity is inversely 
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related i.e. σ =
( )

T

103

f
. The following expression is investigated from literature to 

Arrhenius model [44] in the temperature regime 78 to 300 K.  

σ = σ0 exp 








−

kT

Ea

  (8) 

Where Ea is the thermal activation energy of the electrical conduction, σa is 

a constant and that is depending on the semiconducting behaviour, T is the absolute 

temperature in Kelvin scale, and k is the Boltzmann constant and its value is 8.62 × 

10−5 (eV/K).  

From Figure 9 shows that the conductivity value does not exhibit linear 

dependency but markedly curved which indicates that the conductivity does not 

correspond to a thermally activated mechanism [44].Taking slope value obtained from 

plot of ln σ vs. 103/T (after linear fit), the activation energy was calculated and its 

value is found to be 0.0195 eV for HCl doped DL−PLA/PANI 1(M) composite, 

0.04974 eV for HCl doped DL−PLA/PANI 2(M) composite, and 0.0334 eV for HCl 

doped DL−PLA/PANI 3(M) composite, respectively. This different value of 

activation energy was observed and this may be happened due to the formation of 

different nanosized PANI chains.  

In addition, the temperature variation (50−300 K) resistivity of HCl−doped 

DL−PLA/PANI composites in the presence of magnetic field (0.5 Tesla) was plotted 

in Figure 10.  

 

 

 

 

 

 

 

 

 

Figure 10. Plots of ln () vs. 4

3
−

T  for HCl 1 (M) ‘A’–, 2 (M) ‘B’–, and 3 (M) 

‘C’–doped DL−PLA/PANI composites at 0.5T in the temperature range of 50–300 

K. Taking slopes (from these plots), Mott’s characteristic temperature (T0), 

localization length, density of states, hopping distance, and hopping energy were 

estimated. 

This characterization is very essential to support for better understanding of 

conduction mechanism. From this, we are calculated the important electrical 

parameters such as density of states [N(EF)], localization length (Lloc), hopping 

distance between the chains (Rhop, Mott), and hopping energy i.e. the energy required to 
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hop the electron ( Mott,hopE
). 

From resistivity data (3D−VRH model), Mott’s law is described [27] and the 

expression is given below. 

( )
4

1

0










=
T

TMott

eT 
   (9) 

( ) locFB

Mott
LENK

T
3

16
=

  (10) 

Where BK is the Boltzmann constant; ( )FEN  is the density of states at the 

Fermi level; and locL , the localization length. MottT  is an important parameter for 

calculation of ( )FEN , and locL
. In 3D VRH model, we have plotted ln  vs. 

4

1
−

T  of 

HCl−doped DL−PLA/PANI composites and shown in Figure 8 (a). From slope of the 

straight line, TMott was estimated and listed in Table 3. 

 

Table 3 Several parameters estimated from using the Band gap (direct), DC 

conductivity, VRH model, Power model, and Arrhenius model of prepared HCl 

doped DL−PLA/PANI Composite 

Sample  

parameters 

Symbol for materials identifications 

A B C D E 

 (S/cm) 6.07×10−15 0.910 

×10−3 

0.3115×10−4 0.1628× 

10−2 

0.410×10−3 

 

0
 

--- --- 0.01057 266.93 8.12049 

LH (nm) --- --- 0.0155 0.0155 0.0155 

locL
 (nm) 

--- --- 31.20 146 87.80 

( )FEN
(no. states/ 

eV/cm3) 

--- --- 3.41 × 1027 2.845× 1023       5.847× 1024 

MotthopR ,
 

(nm) at 300 K 

--- --- 102.80 1582.8 654.66 

Motthop,
 ( meV

at 300 
( )K

 

--- --- 56.80  186 128.54 

 

MottT
 

( )K
 

--- --- 1.79 × 106 2.096 ×108 4.69 × 107 

k  = Boltzmann constant, MottT
 
( )K

= Motts characteristics temperature in Kelvin, σ0 = intercept value 

obtained from 3D VRH model, σ be the conductivity at room temperature and unit can expressed as 

S/cm. k (eV/K) = 8.62 × 10−5, locL
 = the localization length in (nm), 

( )FEN
 = Density of states at 

Fermi level (no. states per electron volt per centimetre cube), MotthopR ,  (nm) at 300 K = Mott’s hoping 

distance in nanometre scale and the energy difference between the sites in the Mott’s limits. 

A, B, C, D, and E are the symbol for prepared materials identification: DL−PLA = A, PANI film (0.61 

mm) = B, DL−PLA/PANI (1 M HCl doped) = C, , DL−PLA/PANI (2 M HCl doped) = D, 
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DL−PLA/PANI (3 M HCl doped) = E. 

From magnetoresistivity data, we have plotted 
( )

( )








0
H

ln
 vs. 

4
3

T
−

. The 

equation for magnetoresistivity with varying temperature at a particular magnetic field 

was shown as follows [27] 

( )
( )

4

3

Mott4

Hloc

0 T

T
L/Lt

H
ln 








=













  (11) 

Where, 2016

5
=t

 and 

2

1

H
eH2

h
L 










=

is magnetic length, h = Planks constant 

(6.62×10−34 joule.sec), e = electronic charge (1.6×10−19 C), H = 0.5 T is the applied 

magnetic field, ρ (H) be the resistivity with magnetic field and ρ (0) is the resistivity 

without magnetic field. The locL
 can be calculated from slope of the magneto− 

resistivity data is shown in Figure 10.  

The obtained locL
is presented in Table 4. Putting MottT ,0  and locL

 values in 

eqn (5), (7), and (8), ( )FEN , 
( )

hopR
, and 

( )
hop

 were calculated and was presented in 

Table 4. The eqn (7) and (8), was found from literature as referred 27.  
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4
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BMott,hop 
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  (13) 

By putting required parameters in the above expressions, the values of 

MotthopR , and Motthop,
 were calculated at 100 K and presented in Table 4. In addition, the 

obtained hopping parameters were found to satisfy the 3D−VRH criterions. 

MC is a one of the important physical properties of conducting polymer. This 

property is informed to the disorderness of the materials in quantitatively. For this 

purpose, we performed MC measurements. Some reports are reported that weak 

disorder leads to a weak localization due to constructive quantum interference of 

time−reversed electron trajectories [46]. Below 115 K temperature, the localised 

character of prepared samples should be controlled by quantum interference effects, 

which in turn should be observed in the magnetoconductivity of the prepared 

nanofibers. Figure 11 shows the magnetoconductivity data obtained at 50K, 100K, 

200K, and 300K temperatures, using the usual B ┴ I geometry (Taking I = 50 nA), with 

the magnetic field B ranging from 0 to 0.8 T. The presence of the electron quantum 

interference effects was then readily observed: (1) the increase of the conductivity 

with increasing magnetic field at 50K, 100K, and 200K temperature but the reverse 

effect was observed at 300K for HCl−doped DL−PLA/PANI (1M) composite in 
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Figure 11 (a) 

 

 

 

 

 

 

 

 

 

 

 

Figure 11(a) Plots on negative Magnetoconductivity vs. Magnetic field (MF) of HCl 

3 (M)− ‘A’ at 50 K, 3 (M)− ‘B’ at 100 K, 3 (M)− ‘C’ at 200 K, and 3 (M)− ‘D’ at 

300 K−doped DL−PLA/PANI composites, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11(b) Plots on negative magnetoconductivity vs. Magnetic field (MF) of HCl 

2 (M)− ‘A’ at 50 K, 2 (M)− ‘B’ at 100 K, 2 (M)− ‘C’ at 200 K, and 2 (M)− ‘D’ at 

300 K−doped  DL−PLA/PANI composites, respectively. 
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Figure 11(c) Plots on negative Magnetoconductivity vs. Magnetic field (MF) of HCl 

1 (M)− ‘A’ at 100 K, 1 (M)− ‘B’ at 200 K, and 1 (M)− ‘C’ at 300 K−doped 

DL−PLA/ PANI composites, respectively. 

In addition, the decrease of conductivity with increasing magnetic field at different 

temperature was observed in the Figure 11 (b and c) for 2 M− and 3M−HCl doped 

DL−PLA/PANI composites, respectively used for this experiments. The above 

negative MC results are agreement with the one−dimensional character of the samples 

[28].   

 

Response of Carbon Monoxide (Co) Gas  

Monitoring of Carbon monoxide (CO) is a key issue in the environment 

because of their toxic nature. Other than the toxic nature, CO is a colorless, colorless, 

and tasteless gas in the environment. CO is usually obtained in both sources such as 

natural sources and artificial sources. The major percentage of CO is come from 

indoors such as garages, kitchens, etc. Also, CO is produced during the combustion of 

engines, stoves, water heaters, generators, lanterns, and gas ranges or during burning 

charcoal and wood [47].  Huge amounts of CO are obtained from during the burning 

of any fossil fuel. Long-term with constant CO exposure is produced from automotive 

exhaust, smoke, and industrial sources (foundries, mills etc.) [48-52]. CO takes place 

following chemical reactions with hemoglobin. It can produce carboxyhemoglobin via 

bonding with hemoglobin, which is present in red blood cells. Due to the formation of 

carboxyhemoglobin, the extent of binding between the red blood cells and oxygen is 

reduced. Hence, the transport of oxygen in the human body decreases. This is resulted 

in the decrease in oxygen levels of the body and causes histotoxic hypoxia. Therefore, 
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it is resulting common health issues such as headache, nausea, vomiting, inertia, 

unconsciousness, weakness, hypotension, coma, inflammation of existing diseases, 

confusion, depression, hearing problems, etc. [48, 49]. Also, CO can cause for 

diabetes, parkinsonism, rhabdomyolysis, motion disorders. It may also cause the 

health issues of children and pregnant women. Inhalation of a small amount of CO 

over a long period of time or a large amount of CO in a short period of time can kill a 

person. Because of that, it is needed to monitor the toxic CO gas by best material and 

technology. Thus, researchers put their effort by taking many materials for their 

optimization. They are prepared materials using different methods and techniques. 

The prepared materials are used to detect this gas. The CO gas is also created in 

residential and household environments. So, it is very essential to develop mini or 

micro sensor, which is cost effective and efficient in these environments. It detects CO 

in parts per million (ppm) and parts per billion (ppb) levels.  

Generally, Metal oxide semiconductor sensors are available on the market. 

The operational temperature of such sensor system is high. The performance 

(sensitivity and selectivity) of the sensor is significant [53-55]. The Scientific 

community is focused to work on room temperature operated sensor system. Some 

reports are available on conducting polymer based sensors. It is operated at room 

temperature. The advantages of the sensor materials are sensitive layer of gases, 

intrinsic conductivity, fast response, low cost, light weight, ease of synthesis, stability 

in air and particularly, their sensitivity at the room temperature [56-58]. In conducting 

polymer family, one of the members is polyaniline. It is exist in two forms. Former is 

called polyaniline emeraldine base and is insulating (σ ∼10−5 S/cm) nature. Later one 

is polyaniline emeraldine salt and is metallic nature (σ < 1000 S/cm). The metallic 

nature is acquired by doping process [59-64]. Two forms of polyaniline polymer are 

completely different their chemical and physical properties. Several reports are 

available to CO sensing mechanism of polyaniline based sensor materials [65-68]. 

There is a partial charge transfer from polyaniline nitrogen atom to carbon atom of 

CO molecules, which leads to an alternation in the conductivity of a conducting 

polymer [65-68]. So, the possible sensing mechanism is shown in the Figure 12 [66, 

68]. 

Figure 12. [78, 80] Possible carbon monoxide and polyaniline gas sensing mechanism 

The chemistry of partial charge transfer from amine nitrogen: –NH– which 

have lone pair of electrons to stable resonating structure of +C≡O− having the positive 

charge at the carbon atom. Hence, the positive charge at the carbon atom is shifted to 

amine nitrogen atom. It results in a net increase in positive charge carriers on the 

polymer backbones. Therefore, conductivity of the material in increased. A summary 
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of health problems caused by exposure to CO is presented in Table 5 and brief 

summary of conducting polymer based CO detection is mentioned in Table 6. 

 

Table 5. Health problems according to carbon monoxide (CO) concentration and 

exposure time 

Concentration of CO (Exposure Time) Created health problems 

35 ppm (6-8 h), 100-200 ppm (2-3 h), 400 ppm (1-2 

h), 800 ppm (45 min), 1600 ppm (20 min), 3200 

ppm (5-10 min), 6400 ppm (1-2 min) 

Headache, dizziness, 

nausea, loss of judgement 

and convulsions 

1600 ppm (2h)3200 ppm (30min.), 6400 ppm (less 

than 20 min.), 12,800 ppm (less than 3 min.) 

Respiratory arrest, severe 

conditions (coma) and 

death 

 

Table 6. Brief summary of CO detection 

Study Materials Perporfamce Optimum 

temperature 

(⁰C) 

Limitation 

Zhao et 

al.[69] 

Polyaniline coated 

nanofiber  

Response 

time 20 s 

Room 

temperature 

Low 

concentration 

CO  

Liu et 

al. [70] 

polyaniline nanofiber Response 

400 s 

Room 

Temperature 

Low CO 

concentration 

Jian et 

al. [71] 

Polyaniline/SnO2 

Nanocomposite 

Response 

time 160 s 

Room 

Temperature 

Low CO 

concentration  

Ram et 

al. [72] 

Ultrathin conducting 

polymer/metal oxide 

(SnO2 and/or 

TiO2) films 

Response 

time 60 s 

Room 

Temperature 

High CO 

concentration 

 

Conclusions 

 At room temperature, HCl doped DL−PLA/PANI composites were 

successfully prepared by in situ polymerization technique. SEM characterization 

reveals that the prepared composites were showed fibrous morphology. ATR−FTIR 

spectroscopic experiment of DL−PLA polymer and PANI salt indicate that the main 

chemical structures are identical to those of DL−PLA polymer, the emeraldine salt 

form of PANI while DL−PLA/PANI nanofibers point to the combination of DL−PLA 

polymer and PANI salt. UV−Vis’s spectra measurements show that the electronic 

transitions of prepared materials are indicated the emeraldine salt form of PANI on 

DL−PLA film. Room temperature DC conductivity of prepared composites has shown 

ohmic behaviour and its value was found to be higher for 2 (M) HCl  doped 

DL−PLA/PANI composite (0.1628 × 10−2 S/cm) than  prepared other composites. In 

addition, we measured DC conductivity as a function of temperature (70−300 K) of 
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HCl doped DL−PLA/PANI composites and obeyed semiconducting behaviour. 

Conduction mechanism was studied using temperature dependence of the DC 

conductivity experiment. In this experiments, metallic (T > 110 K) and localised 

systems (T<110 K) were observed. The conductivity was found to be controlled by 

the electron−electron scattering and electron−phonon scattering in case of metallic and 

localised character, respectively. The temperature dependence magnetoresistivity of 

HCl doped DL−PLA/PANI composites were performed in the range of 70−300 K at 

0.5 T to estimate the Lloc of 31.20 nm, 146 nm, and 87.80 nm for 1 (M)−, 2 (M)−, and 

3 (M) HCl−doped DL−PLA/PANI composites, respectively. As well, we calculated 

important transports parameters like 
( ) andRLTEN hoplocMottF ,,,,

hop
for better 

understanding of conducting process. The main results obtained from MC are 

summarized as follows: (1) The sign of MC in the prepared composite films is negative 

at different temperatures i.e. 50 K, 100 K, 200 K, 300 K in the range of magnetic field 

(0.1−0.7 tesla). The negative MC increases with lowering temperature. (2) The 

negative MC is discussed in terms of a quantum interference effect in hopping 

conduction process. These results suggest that the MC in the composite films made of 

is controlled by a random network of inter−fibril contacts. Moreover, the prepared 

composites show features of coherent transport of electrons that persist until high 

temperatures, making them attractive for further investigations aimed at development 

of novel devices. In summary, the present work reports the preparation, detailed 

morphological and spectral, electrical properties with mechanism of HCl doped 

DL−PLA/PANI composites. In particulars, carbon monoxide gas responses and 

mechanism of polyaniline-based materials were studied. 
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