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 Polyanilines were synthesized using pulsed plasma generated from a theta-
pinch device and a pulsed inductively coupled plasma (PICP) device at same pressure 
of 2 Pa and discharging current of 125 kA. While a voltage of 20 kV was applied to 
the former, a voltage of 9.5 kV was used in the latter. The numbers of the plasma 
shots were varied from 5, 10, 15, 20, 25, to 30 shots and different types of gases 
including argon, oxygen and nitrogen were used. These parameters significantly 
affected the chemical structures of the obtained polyanilines as revealed by FTIR 
spectra. Polyanilines doped with sulfuric acid had better electrical and thermal 
properties than those doped with hydrochloric acid. The suitable condition that 
yielded polyaniline with highest conductivity of 10-7 S.cm-1 was at 20 shots of argon. 
In addition, it was found that using PICP device yielded polyanilines with better 
properties than using theta-pinch device. Therefore, PICP device was used for 
preparing polyanilines filled with silver particles.  
 Polyanilines filled with silver particles can be synthesized in one step by using 
the mixture of aniline in nitric acid solution and silver nitrate solution in plasma 
polymerization. The numbers of the plasma shots, the gas types and the concentration 
of silver nitrate solution were varied. These parameters significantly affected the 
chemical structures of the obtained polyanilines as revealed by FTIR spectra. 
Electrical conductivity of these polyanilines was about 10-4 S.cm-1 higher than that of 
unfilled polyanilines. They also had better thermal stability. FE-SEM images showed 
the spherical silver particles with diameters about 50-80 nm and the nanofibrils of 
polyaniline with diameters about 50-100 nm.   
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CHAPTER I 

INTRODUCTION 

 

  Polyaniline is one of the conducting polymers which show unique electrical, 

optical and thermal properties. It is significantly cheaper than other conducting 

polymers [1]. Polyaniline is generally synthesized by chemical [2-4], electrochemical 

[5-6] and other [7-8] methods. However, some of these methods require long and 

sophisticated synthetic routes. Conventional method based on the oxidation of aniline 

with an oxidant yields polyaniline in the powder form which is difficult for film 

formation due to its poor solubility [9]. On the other hand, in electrochemical method, 

polyaniline film can only be deposited on a conducting substrate. Therefore, plasma 

polymerization has been introduced as a method for preparing a polyaniline thin film 

on an insulator due to its fewer fabrication and simpler process than conventional 

methods [10].  

  Plasma is an ionized gas containing both charged and neutral species, 

including free electrons, ions, radicals, atom and molecules. Normal gases such as 

argon, oxygen or nitrogen and the monomers in gas phase such as ethylene can be 

used to generate the corresponding plasma. Plasma polymerization uses the active 

gaseous species to initiate the polymerization. The deposition of a polymeric film 

onto an insulator such as a glass substrate occurs during the process. However, it is 

necessary to employ additional acid-doping step to the obtained polyaniline in order 

to get the conducting property.  Continuous plasma has been proposed as a new way 

to synthesize polyaniline under dry condition. However, it induces intense molecular 

fragmentation through bond breaking leading to highly cross-linked and amorphous 

film [11]. Therefore, instead of using continuous plasma, pulsed plasma has been 

employed since its process is fast and environmentally friendly and it is easier to 

control the plasma exposure [12-17].  

  In addition, metal particles such as silver, gold or platinum can be added into 

polyaniline matrix in order to improve its properties such as optical, electrical and 

thermal properties [18]. Metal-added polymers are applied in many applications such 

chemical and biological sensors, batteries and electronic devices [19-20]. Silver is a 
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metal of choice due to its low price and its ease in preparation. It was reported that 

polyaniline filled with silver particles was prepared from the oxidation of aniline by 

silver nitrate. This method resulted in polyaniline with improved properties such as 

electrical and thermal conductivity [21-22]. It was found that the reduction of the 

silver salt in aqueous aniline yielded the silver nanoparticles which in turn catalyzed 

the oxidation of aniline into polyaniline [23]. 

  Therefore, in this research, one-step process for synthesizing a conductive 

polyaniline is studied. Aniline dissolved in acid solution is polymerized into 

polyaniline by pulsed plasma to ensure the polymerization occurs in conjunction with 

acid-doping. Different types of gases and various numbers of the plasma shots are 

employed. Two pulsed plasma generators operating based on the principle of pulsed 

inductively coupled plasma (PICP) are used in this research. They are a theta-pinch 

device and a PICP device which is a device modified from a theta-pinch device with 

lower voltages at equivalent energy of plasma [24]. After determining the suitable 

device, it is then used to synthesize polyanilines filled with various amounts of silver 

nanoparticles from aniline dissolved in acid solution and silver nitrate solution. It is 

expected that the plasma polymerization of aniline and the reduction of silver nitrate 

into silver nanoparticles should occur simultaneously. The characteristics and the 

properties of all synthesized polyanilines and polyanilines filled with silver 

nanoparticles are investigated. The objectives of this research can be summarized as 

follows: 

1. To synthesize polyanilines by plasma polymerization of aniline with acid 

doping in one step using pulsed plasma generated from a theta-pinch device and a 

PICP device and to determine the optimum condition for the synthesis. 

2. To synthesize polyanilines filled with silver particles by plasma 

polymerization of aniline with the reduction of silver nitrate in one step using pulsed 

plasma generated from a suitable device determined from the previous section of the 

research and to determine the optimum condition for the synthesis. 

3. To study the characteristics and properties of the obtained polyanilines and 

polyanilines filled with silver particles. 

   



CHAPTER II 

THEORY AND LITERATURE REVIEW 

 

2.1 Polyaniline 

  Polyaniline is one of the widely known conductive polymers. This group of 

polymers was discovered by Alan G. MacDiarmid and others [25] in 1976.   Before 

their discovery, all polymers were considered as the insulating materials. But their 

discovery which later earned them the Nobel Prize in Chemistry in 2000 found the 

simplest conductive polymers such as polyacetylene. After exposing to vapor iodine 

at room temperature, its doped form exhibited an increase in the conductivity. This 

discovery of polyacetylene has established a new field of the conducting polymers. 

 2.1.1 Principles of Conducting Polymers 

 „Intrinsically conducting polymers‟ or also called „Synthetic metals‟ are 

organic polymers which possesss the electrical and optical properties of a metal while 

retaining its mechanical properties and processability. These properties are intrinsic to 

the doped form of the polymer. Inherently conducting polymers have alternating 

double and single bonds, as so called the conjugated double bonds that provide the 

electronic conductivity after doping with suitable dopants. Therefore, the research 

involving with the synthesis of materials, structural characteristics, solubility and 

processability, structure-properties relationship, conducting mechanism and their 

applications have been widely studied and significant progresses have been achieved 

[26-28]. 

 Typical polymers including polyacethylene (PA), polyaniline (PANI), 

polypyrrole (PPy), polythiophene (PTh), polyfuran (PF), poly(phenylenevinylene) 

(PPV) and poly(p-phenylene) (PPP) have been reported as the conducting polymers 

[29-30]. Their molecular structures are given in Table 2.1. The common features of 

these conducting polymers consist of  bonds and π bonds. The covalent bonds 
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between the carbon atoms are described by immobiled  bonds. In addition, the 

polymer backbone in conducting polymers consists of π-conjugated chain, where are 

the π-electrons of the carbon atoms and the overlap of their wave function. The wave 

overlap is called conjugation, because it leads to a sequence of alternating double and 

single bonds, resulting in the unpaired electrons delocalized along the polymeric 

chain. As a result, unusual electronic properties such as low energy optical transitions, 

low ionization potentials and high electron affinities occurs in the polymer leading to 

special electrical properties of the conducting polymer [31]. However, the limits in the 

applications of a conducting polymer are the results of its insolubility and poor 

mechanical properties due to the presence of the π-conjugated in the polymer chain. 

 

Table 2.1 Molecular structures of common conductive polymers 

Name Structure 

Polyacethylene 
 

Polyaniline 

 
Polypyrrole 

 
Polythiophene 

 
Polyfuran 

 
Poly(phenylenevinylene) 

 
Poly(p-phenylene) 
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 As previously mentioned, the doped form of a conducting polymer shows an 

increase in its conductivity. Doping is the process used to converts an insulating 

polymer to a conducting polymer. On the other hand, the conducting polymer can be 

consequently reveresed to insulate state by de-doping. Therefore, the conductivity of 

the conducting polymers depends on the doping degree and can be altered to cover the 

conductivity range of insulator, semiconductor and metal as shown in Figure 2.1 [32]. 

 

 

Figure 2.1 Conductivity range of the materials 

  

 Doping of a conducting polymer is done via an oxidation (p-type) or a 

reduction (n-type) of the polymer backbone. The oxidation and reduction reactions 

can be induced by the chemical species such as iodine or attached the polymer to the 

electrodes. The processes are called chemical and electrochemical dopings, 

respectively. For example, the reactions of the oxidation and reduction of 

polyacetylene are written as follows: 

Oxidation with halogen :   [CH]n + 3x/2I2    →  [CH]n
x+  +  xI3

-          (2.1) 

Reduction with alkali metal :   [CH]n + xNa       → [CH]n
x-   +  xNa+       (2.2) 

 

  

 The conductivity can be controlled by the structure of the polymer (i.e. π-

conjugated length) and the nature of the dopant. Other doping methods such as 'photo 

doping' and 'charge-injection doping' are also applied. [33]. Another doping method 

called 'proton doping' is an efficient doping method for polyaniline [34]. In this 
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method, the number of electrons associated with the polymer chain does not change 

during the doping process which is different from redox doping. Doping reaction of 

polyaniline having the structure of emeraldine base by a protonic acid is shown in 

Scheme 2.1. 

 

 
Scheme 2.1 Doping reaction of polyaniline with emeraldine base structure by a 

protonic acid 

 

 To explain the conductivity of a material, the band theory is generally applied.  

The electronic structures of an insulator, a semiconductor and a conductor are shown 

in Figure 2.2. Quantum mechanics specify that the electrons of an atom can only have 

specific or quantized energy levels. However, in the lattice of a crystal, the electronic 

energy of individual atoms is altered. Therefore, the energy levels are form bands 

when the atoms are closely spaced. While the highest occupied band is called the 

valence band, the lowest unoccupied band is called the conduction band. The 

difference in the energy between the valence and conduction band levels is called the 

band gap. In classical semiconductors, thermal excitation of electrons across from the 

valence band to the conduction band due to narrow band gap leading to conductivity. 

While the insulators are insufficient to excite electrons across wider band gap 

resulting in a decrease in the conductivity, high conductivity is founded in the 

conductors since they have no band gap. 
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Figure 2.2 Energy bands of an insulator, a semiconductor and a conductor 

 

 However, for the conductivity polymers, the band theory cannot be applied. 

The conjugated π-systems of a conducting polymer can mobile charge carriers 

through doping resulting in the electrical conductivity which can be explained in 

terms of soliton, polaron and bipolaron. Conducting polymers such as polythiophene, 

polypyrrole, polyaniline, polyparaphenylene and their derivatives have nondegenerate 

ground states. These polymers are transformed into the conductors by doping with 

either an electron donor or an electron acceptor. For example, an electron is removed 

from the π-conjugated system of polypyrrole making a radical cation called polaron, 

which is delocalized over a polymer backbone. This creates a new localized electronic 

state in the gap with lower energy state being occupied by a single unpaired electron. 

In further oxidation, the free radical of the polaron is removed resulting in two 

possibilities. The electron can come from either a different segment of the polymer 

chain thus creating another independent polaron or from a polaron level (removal of 

an unpaired electron) to create a dication separating the domain of quinone bands 

from the sequence of aromatic-type bonds in the polymer chain, called a bipolaron. 

This is of lower energy than the creation of two distinct polarons. At higher doping 

levels it becomes possible that two polarons combine to form a bipolaron. With 

continued doping, the overlap between the bipolaron states forms two continuous 

bipolaron bands in the gap as shown in Figure 2.3 [26]. For a very heavily doped 

polymer, it is conceivable that the upper and the lower bipolaron bands merge with 

Conduction 
band 

Valence 
band 

Energy 

Insulator Semiconductor Conductor 

Overlap 
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the conduction and valence bands respectively to produce partially filled bands and 

metal-like conductivity. 

 

 

 

 

 

 
 
 
 
 
 
  
                               (a)                                 (b)                                      (c) 

 
Figure 2.3 Polypyrrole band structure (a) polaron formation (b) bipolaron formation 

(c) formation of bipolaron bands  

  

 2.1.2 Structures of Polyaniline 

  The general structure of polyaniline containing reduced repeating unit and 

oxidized repeating unit is shown in Figure 2.4. 

 

 
 

Figure 2.4 General structure of polyaniline 
 

    

  Polyaniline exhibits four idealized oxidation states including leucoemeraldine 

base, emeraldine base, pernigraniline base and emeraldine salt as shown in Figure 2.5. 
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The electrical conducting form of polyaniline is emeraldine salt which is a partially 

oxidized compound. Leucoemeraldine is a fully reduced compound corresponding to 

a value of y=1 with electrical insulating characteristic. Pernigraniline is a fully 

oxidized compound corresponding to a value of y=0 without conducting 

characteristic. Emeraldine base can be converted from an insulator to a conductor 

when it is protonated with a proton donor corresponding to a value of y=0.5.  

 

 

Leucoemeraldine base  

 

Pernigraniline base       

 

Emeraldine base           

 

Emeraldine salt             

 

Figure 2.5 Four idealized oxidation states of polyaniline 

 

  As previously mentioned, the emeraldine base can be converted into the 

conducting structure of the emeraldine salt by two following doping methods. 



10 
 

  1. Oxidation doping method via chemical reaction with a suitable oxidizing 

agent followed by electrochemical charge transfer reaction causing a change in the 

total number of π-electron on the conjugated chain.  

  2. Protonation doping method via acid-base reaction in an aqueous media with 

pH less than 2-3. There is no change in the number of π-electron. 

 Polyaniline is found in many forms such as granules, nanofibers, nanotubes, 

colloidal particles, nanospheres and microspheres depending on the type of the 

nucleation [35]. The dimensions of these forms are in the range of 50–250 nm 

depending on the experimental conditions and seem to be proportional to the 

molecular weight of polyaniline.  

  Most common form of polyaniline powder is the granular form usually 

prepared by precipitation polymerization using strong oxidants at high aniline 

concentrations and strongly acidic conditions [36]. On the other hand, the most 

common form found in the conducting polyaniline is nanogranules which may be the 

result of the random aggregation of the nucleates. This form occurs at a high 

concentration of the nucleates which are produced during the short induction period.  

  Nanofibers are classified as one-dimensional form with high aspect ratio. 

Their diameters are normally in the range of 20–100 nm whereas their lengths are in 

the range of several micrometers. They are most frequently found in the conducting 

polymer nanostructures. They are often branched and produce networks, arrays, 

bundles and more complex hierarchical structures. Polyaniline nanofibers can be 

prepared by the dilution method as reported by Shedd, B. and others [37].  

  Another one-dimensional form of polyaniline is nanotubes. They differ from 

the nanofibers in the cases of the presence of an internal cavity and a template is 

necessary for the growth of the nanotubes. The diameter of the cavity is usually in the 

range of 10–150 nm. On the other hand, the wall thickness is typically in the range of 

50–200 nm at given experimental conditions. They are occasionally found with the 

nanorods. In general, various forms of polyaniline can be found together including the 

hollow nanospheres and the globules. This may be due to an acidity drift during the 
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oxidation of aniline. Previous experiment done by Huang, Y.F. and coworkers [38] 

showed that the nanotubes can be prepared by oxidizing aniline (0.2 M) with 

ammonium peroxydisulfate (0.25 M) in aqueous solution of 0.4 M succinic acid. 

  The polymerization of aniline in the presence of suitable water-soluble 

polymers or nanoparticulate stabilizers yields the colloidal particles. They occur in 

various shapes and sizes usually in the range of 100–500 nm. They are the composites 

in nature and always comprise a stabilizer. Colloidal polyaniline nanoparticles are 

prepared by the oxidation of aniline in the presence of a suitable water-soluble 

polymer. This process is called a dispersion polymerization. In this process, the 

monomer is miscible with the reaction medium but the obtained polymer is insoluble. 

In the contrast to precipitation polymerization, the macroscopic separation of the 

polymer is prevented adding a steric stabilizer, and a colloid is formed [39].  

  Polyaniline nanotubes are sometimes accompanied by polyaniline nanospheres 

having average diameters lower than 200 nm [40]. However, these nanospheres have 

never been the dominating species. The spheres in sub-micrometer range have been 

prepared by oxidizing aniline hydrochloride in ethylene glycol using an excess 

oxidant [41]. The difference of the nanospheres and the microspheres are that the 

latter are larger and composed mainly of oligomers.  
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 2.1.3 Synthesis of Polyaniline  

 Polyaniline can be synthesized by various methods. The commonly used 

methods including chemical or electrochemical methods usually involve the oxidation 

reactions [42]. Both methods were synthesized using common strong acids such as 

sulfuric acid (H2SO4) and hydrochloric acid (HCl) as medium. Some previous studies 

found that the conductivity of polyaniline synthesized in H2SO4 is higher than that 

synthesized in hydrochloric acid. This may be because hydrogen chloride is a gas that 

partly diffuses out of the sample or causes the chlorination of aromatic rings or both           

[43,44]. However, some strong acids such as nitric acid can oxidize polyaniline 

during the polymerization resulting in a decrease in conductivity [45]. The advantages 

and disadvantages of these methods are summarized in Table 2.2. 

Table 2.2 Comparison of chemical and electrochemical polymerization of polyaniline 

 Advantages Disadvantages 

Chemical Method 

- Larger-scale production    

possible 

- Modification of bulk   

polyaniline posssible   

- Sophisticated synthetic 

routes to modify 

polyaniline backbone   

covalently 

- Cannot make thin films     

- Complicated process 

Electrochemical 
Method 

 

- Thin film synthesis 

possible 

- Ease of synthesis 

- Entrapment of molecules 

in polyaniline  

- Doping is simultaneous 

- Difficult to remove film  

from electrode surface 

- Modification of bulk 

polyaniline is difficult 
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 2.1.3.1 Chemical methods 

  Chemical synthesis of polyaniline is based on the chemical oxidation of 

aniline monomer in acidic medium with an oxidant. The common acids used are 

hydrochloric acid (HCl) and sulfuric acid (H2SO4). The oxidation are occurred with 

the oxidants such as ammonium persulfate ((NH4)S2O8), potassium dichromate 

(K2Cr2O7), potassium ferricyanide (K3(Fe(CN)6)) and hydrogen peroxide (H2O2). 

Chemical methods are categorized into solution, interfacial, seeding, metathesis, self-

assembling and sonochemical polymerizations. 

 Solution polymerization of aniline can be done in the presence of a 

solvent such as HCl and H2SO4 [46]. Generally, the processability of polyaniline is 

very poor because of its poor solubility in all available solvents. Therefore, 

polyaniline obtained by solution polymerization has better processability because it is 

already in the solution form. 

 Interfacial polymerization is carried out in the interfaces of two 

immiscible solvents. For example, aniline was dissolved in the organic phase such as 

hexane, benzene and toluene. While oxidizing agent such as ammonium persulfate is 

dissolved in aqueous phase such as water and chloroform in the presence of different 

acids acting as dopants. Then, the two solutions were mixed to generate interface 

between the two layers. The polyaniline products ranging from a one-dimensional 

radially aligned nanofiber to a spherical shaped are isolated by centrifugation. The 

shaped polyaniline depend on reaction parameter and reagents [7,47]. Chen and others 

[48] prepared polyaniline by interface polymerization method. The different shaped 

polyaniline including nanorods, spherical and bud-like structure were obtained by 

varying aniline to salicylic acid (dopant) ratio. 

 Seeding polymerization is carried out in the presence of the small 

amount of a foreign material such as some polyaniline powder acting as a seed. The 

morphology of polyaniline nanofiber depends on the type of seed, type of acid used, 

the acid concentration and the solvent used. Zhang and others [49] prepared the 

polyaniline by adding a small amount of various the nanofibers in diameter of 12-50 



14 
 

nm into the reaction solution of aniline and ammonium peroxydisulfate as oxidant. 

The products of seeded polyaniline was fibrillar with diameter about 20-60 nm.  

 Sonochemical polymerization is prepared by dropwise addition of an 

acidic APS solution to acidic aniline solution with aid of ultrasonic irradiation. Jing 

and others [50] successfully synthesized polyaniline with high polymer yield. 

Polyaniline nanofibers in diameters of 50 nm and lengths of 200 nm to several 

micrometers were prepared. In the conventional method, with continuing of the 

reaction, primary nanofibers grow and agglomerate into irregular shaped polyaniline 

particles in the mechanical stirred system, while in the case of the ultrasonic 

irradiation, the growth and agglomeration are effectively prevented. One of the 

advantages of this method is its scalability in comparison with other methods such as 

interfacial polymerization. 

 Self-assembling polymerization is carried out in a vapor phase as shown 

in Figure 2.6. The polyaniline films are directly grown on the polymeric film 

substrates. Yang and coworkers [51] prepared polyaniline copolymer from aniline and 

m-aminobenzene sulfonic acid using APS as oxidant on indium tin oxide as substrate. 

Kim and coworkers [52] prepared polyaniline films on polymeric substrates such as 

polystyrene. 10 wt% solution of oxidant was coated on the substrates by dipping or 

spin coating. Then the dry coated film was exposed to aniline vapor for 5-60 min in 

reaction chamber at different temperatures.  

 

 
Figure 2.6 Schematic procedure of self-assembling method 
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   2.1.3.2 Electrochemical methods 

   Three electrochemical methods can be used to synthesize polyaniline. 

These methods include a constant current (galvanostatic), a constant potential 

(potentiostatic) and a potential scanning/cycling or sweeping. In all process, a three 

electrode assembly compose the reactor vessel (a working electrode on which the 

polymer is deposited), a counter electrode also named auxiliary electrode (platinum 

grid) and a reference electrode (a saturated calomel electrode). However, polyaniline 

can be only deposited onto the conducting substrates such as glass covered by indium-

doped tin oxide electrode, iron and gold [2]. Langer and coworkers [53] prepared 

polyaniline by anodic oxidation of aniline hydrochloride in water or a water–methanol 

(1:1) mixture. Polyaniline microrods of almost uniform shape were obtained with a 

diameter of 0.7 μm and a length of 2–3 μm. 

  2.1.4 Improvement of Electrical Conductivity of Polyaniline  

 The electrical conductivity of polyaniline can be improved by adding silver 

particles [18]. It has been reported that polyaniline filled with silver particles can be 

prepared in three ways. The first method is that silver particles are embedded into 

polyaniline matrix during the conventional polymerization based on the oxidation of 

aniline with oxidant. However, a decrease in chain length results in low conductivity 

because of the incompatibility between organic and inorganic portions. In second 

method, polyaniline is used to reduce the silver salts into metal particles causing the 

reduction in polyaniline‟s conductivity due to the formation of a non-conductive form. 

For last method, the oxidation of aniline with silver nitrate can result in polyaniline 

with improved properties [19].  

  Gupta, K. and others [18] synthesized polyaniline-silver nanocomposite by 

chemical oxidative polymerization of aniline using ammonium peroxydisulfate as an 

initiator in presence of negatively charged silver nanoparticles. Silver nanoparticles 

were prepared by standard citrate reduction method. TGA and DSC results showed 

that polyaniline-silver nanocomposite had higher electrical conductivity and was more 
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thermally stable than those of pure polyaniline. The electrical conductivity of the 

nanocomposite increased with increasing silver nanoparticles content. 

   Blinova N. V. and others [21] obtained polyaniline-silver composites from the 

oxidation of aniline by silver nitrate in aqueous solutions of nitric acid according to 

Scheme 2.2. The oxidation products consisted of two conducting components, 

polyaniline and silver nanoparticles. The various structures of polyaniline were 

observed including the nanofiber having the thickness of 10-20 nm, the nanotubes and 

the nanorods of various diameters. Silver nanoparticles having diameter of 50 nm 

were obtained accompanying by macroscopic silver flakes. The reaction was slow and 

took several weeks to reach 10-15 %yield. The resulting composites contained 50-80 

wt% of silver nanoparticles. The conductivity of polyaniline-silver composites were 

10-1000 S/cm.   

 

 

 
 

Scheme 2.2 Oxidation of aniline by silver nitrate into polyaniline (emeraldine) nitrate 

    

   Bober, P. and others [22] prepared polyaniline-silver composites by the 

oxidation of aniline with silver nitrate in aqueous solutions of sulfonic acid. The silver 

nanoparticles having average size of 50 nm were dominating species accompanying 

by hairy polyaniline nanorods having diameter of 150-250 nm. It was proposed that 

interfaces between the polymer matrix and dispersed silver nanoparticles played a 

dominating role in macroscopic level of conductivity. 
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   Khanna P. K. and others [23] synthesized polyaniline-silver nanocomposite 

via in situ photoredox mechanism. The reduction of the silver salt in aqueous aniline 

yielded the silver nanoparticles which in turn catalyzed the oxidation of aniline into 

polyaniline.  

   Tamboli, M.S. and others [20] synthesized polyaniline-silver nanocomposite 

via in situ polymerization method using ammonium persulfate as an oxidant in the 

presence of dodeclybenzene sulfonic acid and silver nitrate. Thermal stability of the 

composites was enhanced when compared to pure polymer. In addition, the 

polyaniline-Ag nanocomposite showed antibacterial activity against model organisms.  

   Stejskal, J. and others [54] prepared polyaniline-silver composite by reducing 

silver nitrate to metallic silver with emeraldine form of polyaniline as shown in 

Scheme 2.3. The partial conversion of emeraldine salt to pernigraniline was 

associated with the reduced degree of protonation. Only the residual emeraldine units 

remained protonated and the original acid was replaced with nitric acid, which was a 

by-product. The conductivity of composite was in the range of 1.7x10-6 - 22.8 S cm-1 

depending on the type of the acids used for protonating polyaniline. The composites 

contained raspberry-like morphology of silver particles with the size of 40-80 nm. 

 

 

Scheme 2.3 Preparation of polyaniline-silver composite according to the method of 

Stejskal, J. and others 
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  Moreover, polyaniline/silver nanocomposites were prepared under extreme or 

non-classical conditions. The mechanisms were based on both hydroxyl and hydrogen 

radicals of water molecule acting as an oxidizing agent for the polymerization process 

of aniline monomer and as a reducing agent for silver ions, respectively [55].  

   The methods previously described for polyaniline synthesis and the 

improvement of its properties are based on chemical and electrochemical methods. 

Due to their disadvantages as given in Table 2.2, plasma polymerization has been 

introduced as a method for preparing a polyaniline thin film on an insulator due to its 

fewer fabrication and simpler process than conventional methods [10]. 

 

2.2  Plasma polymerization 

  2.2.1 Definition of Plasma 

 Plasma is often called the fourth state of a matter. As a substance is heated to 

the temperatures above the binding energies for particular states and it undergoes 

phase transitions. Plasma is a distinct phase different from the traditional solids, 

liquids and gases. Gas is heated to the point where a significant fraction of the atoms 

are dissociated into negatively charged electrons and positively charged ions to form 

an ionized gas. The fraction of the atoms that are dissociated is called the degree of 

ionization. Plasma is a partially ionized gas containing free electrons, ions, radicals, 

photons, atoms and molecules with equal numbers of positive and negative charge 

carriers [56].  The collisions process among the particles in the plasma may occur as 

four elementary processes as shown below. 

 Scattering  e  +  A  →  A  +  e 

 Excitation  e  +  A  →  A +  e 

 Ionization  e  +  A  →  A+  +  2e 

 Recombination  e  +  A+  →  A  +  h 

  

The scattering process results from elastic collision where the electron 

transfers a small fraction of its kinetic energy to an atom or ion. The excitation 
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process occurs when electron with sufficient energy lastically colliding with an atom 

or ion. Most of the excited states have a short life time. The excited electron decays 

back to its original level and then it emits a photon which is equivalent to the energy 

difference. If the colliding electron has sufficiently high energy, the atom or ion loses 

an electron to ionized process. They become one charge state. The last recombination 

process occurs when electron collides with ion and the electron is captured and 

occupies the vacancy inside the ion. Excess energy of electron is released in a form of 

photon. 

 Plasma states can be classified into two types as hot and cold plasma. Hot 

plasma or thermal equilibrium plasma are characterized by very high temperatures 

(>10000 K, close to 1 eV) of electrons and heavy particles both charged and neutral. 

They are close to maximal degrees of ionized (100%). For example, hot plasma are 

electrical arcs, plasma jets of rocket engines, nuclear fusion generated by 

thermonuclear reaction, etc. Cold plasma or non-thermal plasma is also partially-

ionized with low degrees of ionization (10-4-10%). The electric field for cold plasma 

is generated by power supplies such as direct current (DC), alternating current (AC), 

radio frequency (RF), microwave (MW) power and corona discharge. Plasma 

generation may also be performed at various pressures including low, high and 

atmospheric pressures. Cold plasma has been used in a wide variety of applications 

such as surface etching and polymerization due to low heat resistance of most 

polymeric materials [57]. However, cold plasma system involves continuous 

processes; therefore, the exposure of the material surfaces to the plasma is difficult to 

control [13, 15-17]. 

 2.2.2 Concept of plasma polymerization 

 Plasma polymerization is one of the important techniques used for fabricating 

polymer films. Plasma species such as electrons, ions, and radials initiate the 

polymerization of the monomer into its corresponding polymer. Most plasma-

polymerized polymers have different chemical compositions and chemical and 

physical properties compared to the polymers obtained from conventional 

polymerizations. This process offers the following advantages over conventional 

methods [58]. 
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 1. The starting feed gases used may not contain the type of functional groups 

  normally associated with conventional polymerization. 

 2. Such films are often highly coherent and adherent to a variety of substrates, 

 including conventional polymers, glasses, and metals.  

 3. Polymerization may be achieved without the use of solvents. 

 4. Polymer films can be easily produced with thicknesses of nanometers scale. 

 5. Ultrathin, “pin-hole” free films may be prepared through careful control of 

the polymerization parameters.  

 It is possible to tailor the films with respect to specific chemical functionality, 

thickness and  other chemical and physical properties.  

 This uniqueness results from the reaction mechanism of the polymer-forming 

process. Polymer formation in plasma polymerization contains plasma activation of 

monomers to radicals, recombination of the formed radicals, and reactivation of the 

recombined molecules. Plasma-polymerized polymers do not consist of the chains 

with regular repeating monomer units, but instead complicated units containing cross-

linked, fragmented, and rearranged units from the monomers. Figure 2.7 shows a 

postulated molecular model for plasma polymerized ethylene containing unsaturated 

groups, aromatic groups, and side branched [59]. In most cases, plasma-polymerized 

polymers have higher elastic modulus and do not exhibit a distinct glass transition 

temperature [60].  
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Figure 2.7 Model structure of plasma-polymerized ethylene film [59] 

 

 Many mechanisms for plasma polymerization have been proposed [61-62]. 

The overall polymer formation is the consequence of many complex reactions. 

Yusuda and others [63], proposed mechanism for plasma polymerization that take 

place at atmospheric pressure as shown in Figure 2.8. At low pressure, the excitation 

mechanism leading to the activated monomer (  
 or   

  ) is mostly due to collisions 

between the monomer (  
  with an electron inducing the breaking of a chemical 

bond leading to two radicals: 

       +  e-  →    
          

    +  e- 
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Figure 2.8 Mechanism for plasma polymerization at atmospheric pressure. 

 

 2.2.3 Plasma polymerization of aniline 

 Lahshmi G.B.V.S. and others [64] prepared polyaniline thin film by RF-

plasma polymerization onto silicon and glass substrates. Monomer vapors were 

continuedly fed in vacuum chamber to polymerize by radical mechanism under 

plasma conditions. However, the formation of highly cross-linked and amorphous 

film were formed by breaking of the benzene ring and main chain leading to lower 

values of conductivity and solubility in solvents and high mechanical strength. Cruz, 

G.J. and others [65] synthesized polyaniline and I2-doped polyaniline flims deposited 

on glass and metal surfaces. The characteristic peaks of polyaniline exhibited the 

presence of some benzene rings. The physical properties and solubility of the films 

suggested that the crosslinking occurred due to the continuous impact of the electrons. 

The electrical conductivities at 40% of relative humidity were 10-10 and 10-12 for 

polyaniline and 10-4 to 10-11 S/cm for I2-doped polyaniline. Wang, J. and others [10] 

showed that the structure of plasma-polymerized polyaniline were different from 

polyanilines synthesized by chemical and electrochemical methods.     

  On the other hand, Merian T. and others [12] revealed low scission of 

aromatic ring leading to linear structures rather than cross-linked polymers when 

pulsed plasma was used. In addition, the oxidative doping was more efficient than the 
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acidic doping leading to more poralons. Airoudj A. and others [11] prepared optical 

sensor based on pulsed plasma-polymerized aniline for ammonia detection. 

Polyaniline has a low absorption coefficient which is suitable as optical sensor. 

However, the ex situ (out of the plasma reactor) doping method was used. Two types 

of dopants are hydrochloric acid and iodine. This method consists of introducing 

polyaniline deposited on substrate into an aqueous solution of hydrochloric acid or 

into a chamber saturated with iodine vapors.  

  In addition, Shepsis, L.V. and others [66] presented a model for predicting the 

deposition rates of plasma-polymerized aniline films using pulsed inductively-coupled 

plasma reactor with RF generator. The model indicates a two-step deposition 

mechanism: electron impact dissociation of monomer and diffusion of radicals to the 

substrate. Generally, radical polymerization of aniline is proposed with three major 

steps: 

  Step 1 Initiation (Gas phase) : M  →  M*  

  Step 2 Propagation (Gas phase) : M* + M  →  M-M* 

     (Solid phase):   
  + M  →  Ms-  

   

     (Solid phase): Ms + M* →  Ms-  
   

  Step 3 Termination (Gas phase): M* + M* →  M-M 

     (Solid phase):   
  + *M →  Ms-Ms   

where M is a monomer unit, s is surface, and * represents a radical site. Plasma 

parameters such as initial electron temperature, electron density and dissociation 

cross-section are varied to confirm the data.  

  In this research, pulsed plasma generated from a theta-pinch device and pulsed 

inductively coupled plasma (PICP) device are selected for the polymerization of 

aniline in acidic solution since the plasma exposure is easier to control compared to 

conventional continuous plasma. Moreover, its process is fast and environmentally 

friendly. It is expected that plasma polymerization of aniline should occur in 

conjunction with acid doping process as shown in Scheme 2.4  
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2.3 Pulsed inductively coupled plasma   

2.3.1 Principle of pulsed inductively coupled plasma 

The principle of pulsed inductively coupled plasma (PICP) is that an increase 

in the magnetic field induces an electrical field opposing to the direction of the 

discharge current which produces plasma current that rapidly compresses toward the 

tube axis. The dynamic process of PICP is given in Figure 2.9. Figure 2.9(1) shows 

the cross-section of single turn coil and quartz tube filled with a gas. The discharge 

current is discharged inducing a uniform axial magnetic field as shown in Figure 

2.9(2). The next step, when the axial magnetic field is changing in time, it induces an 

electrical field that opposes the changing current. The maximum electric field usually 

occurs near the wall of quartz tube and ionizes the gas; consequently, a plasma current 

sheath is initiated, which flows opposite to the direction of the discharge current in the 

coil as shown in Figure 2.9(3). The last step, the force rapidly compresses the plasma 

current sheath toward the tube axis, and the gas is simultaneously ionized by the 

confliction of the sheath as shown in Figure 2.9(4). At last, the plasma density and 

temperature are simultaneously enhanced [24].  

 

Figure 2.9 Dynamic process of PICP discharge [24] 



26 
 

  2.3.2 Plasma generators 

   2.3.2.1 Theta-pinch device 

   Theta-pinch device is a pulsed plasma generator. It is relatively simple in 

its structure compared with other devices and originated from the research in the field 

of controlled thermonuclear fusion. It can produce a fully ionized gas having density 

in excess of about 1016 particles/cm3 and temperature in excess of some 106 K (1 eV= 

11,600 K). This device has been used in many applications, such as the deposition of 

thin films, including amorphous carbon film, -Si film, diamond like carbon film, etc. 

Moreover, it has been used to process the superconducting films for lithography, 

which reveals its potential advantages over other methods [67].  

 Figure 2.10 shows the components of a theta-pinch device [67]. AC 

current at 50 Hz and 220 V is applied to high voltage charger for charging. Plasma 

generating process begins when the capacitor bank is charged to a voltage of a few ten 

KVs by the charger. The switching of the spark gap controlled by a triggering unit is 

closed, resulting in discharging to a single turn coil. A typical theta-pinch coil consists 

of a single-turn coil that wraps cylindrically around the quartz tube filled with a gas. 

This gas is released from the gas inlet after the quartz tube is pumped to vacuum 

condition. The gas in the quartz tube is ionized to plasma [68] based on the process as 

previous described in section 2.3.1.    

Figure 2.10 The components of a theta-pinch device 
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 There have been several reports on surface modification of polymeric 

materials such as textiles and polymers with this device. 

 Chuenchon, S. [69] applied a theta-pinch device to modify the surface of 

man-made fibers, including polypropylene, polyester, and rayon fibers. The properties 

and morphology of treated fibers were investigated. Oxygen and nitrogen plasmas 

generated at different number of plasma shots caused and increased the roughness of 

the fiber surface. Because of this, tensile properties, linear densities and diameters of 

plasma-treated fibers were affected by the both type of gases and the number of 

plasma shots. However, the flammability of both treated and untreated fibers were 

comparable.  

 Khaymapanya, P. [70] modified surface of polyester, nylon, silk and 

cotton fabrics using 20 and 40 shots of plasma oxygen and nitrogen plasmas 

generated from a theta-pinch device. The morphology revealed etching effect on the 

surface and the wetting time measurement indicated the formation of hydrophilic 

groups on the fabric surface. It was found that oxygen and nitrogen plasma treatments 

did not affected dyeing properties and colorfastness to washing of highly hydrophilic 

silk and cotton fabrics. However, the gas type and the number of plasma shots 

significantly affected these two properties of PET and nylon 6 fabrics. In order to 

improve these properties, optimum conditions for surface modification of PET and 

nylon 6 fabrics were achieved when 20 and 40 shots of nitrogen plasma were applied, 

respectively. 

 Ngamaroonchote, A. [71] prepared adhesion free laminated 

poly(ethylene terephthalate) or PET films by surface modification of PET film using 

high temperature pulsed plasma generated from theta-pinch device before 

compression with metallized PET film at 220oC. The number of plasma shot varied as 

5, 10, 15 and 20 shots and three types of gas including nitrogen, oxygen and argon 

were used to determine the optimum condition for the treatment. When the films were 

stored for 7 and 14 days, the contact angle increased. The morphology revealed that 

after plasma treatment, average roughness of the film surface slightly decreased. It 

was also found that tensile strength of nitrogen plasma-treated PET films was 
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comparable to that of the untreated film, while those of oxygen and argon plasma-

treated PET films slightly decreased. Tensile properties and adhesion strength of 

plasma-treated laminated films were higher than those of laminated film prepared 

from the untreated one. Optimum condition for the treatment was to use oxygen 

plasma at 5 shots in order to achieve the laminated film having overall mechanical 

properties better than using other conditions. 

 2.3.2.2 PICP device 

 The components of a PICP device [24] are similar to theta-pinch device 

as shown in Figure 2.11. The difference is that a capacity of PICP device capacitor 

bank is 60 µF which is higher than 12 µF of a theta-pinch device capacitor bank. The 

capacitor bank is charged to a voltage of 9.5 kV by high voltage charger.  

 

 
Figure 2.11 The components of a PICP device  

 

   Chaisombat, S. [24] constructed a PICP device which modified from 

Theta-pinch device. The plasma dynamics and plasma properties of this device were 

studied. It was found that the energy stored of 1.4, 2.4 and 4.32 kJ in the capacitor 

bank produced the discharge current of 256, 336 and 430 kA, respectively. When 2.4 
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kJ of the energy was stored in capacitor bank at pressure 2 Pa, the electron 

temperature of Ar, O2 and N2 plasma were 1.61, 14.7 and 11.6 eV, respectively. In 

addition, the simulation models showed the electron temperature decreased with the 

operating pressure increased. The frequency of discharge current also affected the 

velocity of the plasma. 



CHAPTER III 

EXPERIMENT 

 

3.1 The experimental scope 

 This research was divided into 2 parts. The first part was to synthesize 

conductive polyanilines using pulsed plasma generated from a theta-pinch device and 

a pulsed inductively coupled plasma (PICP) device. For each experiment, aniline 

monomer was dissolved in an acid solution before plasma-polymerizing in both 

devices. The type of gas, the type of acid and the number of the plasma shots were 

varied. Suitable conditions and device for synthesizing a conductive polyaniline were 

determined after comparing the results obtained from several analyses and 

characterizations. The experimental procedure of this part is summarized as a flow 

chart in Figure 3.1(a).  

 The second part was to improve the properties of polyaniline by adding silver 

particles. The suitable device and the numbers of the plasma shots determine from the 

first part were selected for the synthesis of silver-added polyanilines. The type of gas 

and the concentration of silver nitrate were varied. Suitable conditions for the 

synthesis were determined after comparing the results obtained from several analyses 

and characterizations. The experimental procedure of this part is summarized as a 

flow chart in Figure 3.1(b). 
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Figure 3.1 The scope of the experiment for (a) synthesis of polyaniline (b) synthesis 

of polyaniline filled with silver particles 
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3.2 Materials 

Materials used in this research were summarized in Table 3.1.  

Table 3.1 Information of the materials  

Materials Grade Company 

Aniline monomer 99.5% reagent grade Sigma-Aldrich 

Silver nitrate 99.0% reagent grade Sigma-Aldrich 

Sulfuric acid (H2SO4) 98.0% analytical grade RCI LabScan Co., Ltd. 

Hydrochloric acid 

(HCl) 
fuming 37.0% Merck Co., Ltd. 

Nitric acid 65.0% analytical grade RCI LabScan Co., Ltd. 

Acetonitrile 99.7% analytical grade RCI LabScan Co., Ltd. 

Toluene 99.5% analytical grade RCI LabScan Co., Ltd. 

Hydrogen peroxide 30 wt% ACS reagent Sigma-Aldrich 

N-methyl-2-

pyrrolidone 
99.5% analytical grade RCI LabScan Co., Ltd. 

Water Deionized water 
Siam Beta Group Co., Ltd. 

(Thailand) 

Argon gas 99.9% purity 
Thai Industrial Gases Public 

Co., Ltd. 

Oxygen gas 99.9% purity 
Thai Industrial Gases Public 

Co., Ltd. 

Nitrogen gas 99.9% purity 
Thai Industrial Gases Public 

Co., Ltd. 

Glass substrate 

CAT.No. 7101. 

Thickness: 1-1.2 mm 

Dimension: 25.4 x 25.4 mm 

Sail brand (Chaina) 

Silicon substrate 

(SiO2) 
- 

Supported by Thai 

Microelectronics Center, 

Thailand 
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3.3 Instruments 

 The instruments used in this research were summarized in Table 3.2. 

Table 3.2 Information of the instruments  

Instrument/Device Model/Company 

Theta-pinch device 

 

Supported by Asian African Association 

for Plasma Training (AAAPT) 

Pulsed inductively coupled plasma 

(PICP) device 

Constructed by Plasma Technology and 

Nuclear Fusion Research Unit, 

Chulalongkorn University 

Spin coater 
SPINCOATER Model P6700 series, 

Specialty Coating System, Inc. USA. 

Fourier transformed infrared 

spectrophotometer (FTIR) 
Thermo Scientific Nicolet 6700 

Ultraviolet visible spectrophotometer 

(UV-VIS) 
Analytic jena SPECORD S 1000 

Field emission scanning electron 

microscope (FE-SEM) 
Jeol JSM-7001F 

X-ray diffractometer (XRD) Bruker AXS D8 

Thermogravimetric analyzer (TGA)   Mettler Toledo TGA/SDTA 851 

Electrical Conductor Two-probe method 

 

 



34 
 

3.4 Syntheses of polyanilines 

 3.4.1 Synthesis of polyaniline reference 

 Polyaniline used as a reference in this research was synthesized via a chemical 

method. Interfacial polymerization was performed in a 20 mL beaker. A 3.2 mmol of 

aniline was dissolved in 10 mL of toluene. This solution was slowly added to an 

acidic aqueous solution prepared from 10 mL of 1 M sulfuric acid and 0.8 mmol of 

hydrogen peroxide (H2O2). The polymerization was conducted without stirring at 

room temperature for 8 hours. The product was filtered, washed several times with 

water and dried. 

 3.4.2 Preparation of aniline solution for plasma polymerization 

  0.1 M of aniline in 1.0 M of a selected acid solution was prepared using 

deionized water and kept below 0oC before use. The acids used were H2SO4 and HCl. 

 3.4.3 Coating of aniline on the substrates for plasma polymerization 

 Acid solutions of aniline were coated on glass and silicon substrates by a spin 

coater as shown in Figure 3.2. The spin coater was operated in three steps as shown in 

Figure 3.3 in the presence of the nitrogen gas at room temperature. Generally, the 

value of the final step was reported as the rate of spin coating. In this research, the 

spin coating rate was 2000 rpm.   

  

Figure 3.2 SPINCOATER Model P6700 series spin coater 
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Step 1 

RPM 1 

RAMP 1 

HOLD TIME 1 

1200 rpm 

0010 sec 

0005 sec 

Step 2 

RPM 2 

RAMP 2 

HOLD TIME 2 

1500 rpm 

0010 sec 

0005 sec 

Step 3 

RPM 3 

RAMP 3 

HOLD TIME 3 

2000 rpm 

0010 sec 

0005 sec 

 RAMP 4 0025 sec 

Figure 3.3 Operation steps of spin coater 

 

 

 

 

 

 

 



36 
 

3.4.4 Plasma polymerization of aniline 

Two pulsed plasma generators were used in this research. They were a theta-

pinch device and a pulsed inductively coupled plasma (PICP) device. 

 3.4.4.1 Theta-pinch device 

  Polyanilines were synthesized using a theta-pinch device supported by 

Asian African Association for Plasma Training (AAAPT) as shown in Figure 3.4. 

Coated substrate was put on a top of the sample holder which was placed in the 

middle of the reaction chamber of this device as shown in Figure 3.5. Before starting 

the process, air and old gases had to be pumped out by the vacuum pump, thus almost 

a vacuum level was created in the reaction chamber. Afterward, a selected gas was 

introduced into this chamber. The process was done at a voltage of 20 kV, a pressure 

of 2 Pa and a discharge current of 125 kA. The number of the plasma shots and the 

type of gas were varied according to Table 3.3. 

 

 

Figure 3.4 AAAPT theta-pinch device 
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Figure 3.5 Schematic diagram and the position of the substrates in the chamber of 

AAAPT theta-pinch device 

 

Table 3.3 The conditions used in the syntheses of polyanilines using AAAPT theta-

pinch device 

Type of gas Number of plasma shots 

Argon 5 10 15 20 25 30 

Oxygen 5 10 15 20 25 30 

Nitrogen 5 10 15 20 25 30 
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 3.4.4.2 Pulsed inductively coupled plasma (PICP) device 

  Polyanilines were synthesized using a pulsed inductively coupled plasma 

device as shown in Figure 3.6. Coated substrate was put on a top of sample holder 

which was placed in the middle of the reaction chamber of this device as shown in 

Figure 3.7. Before starting the process, air and old gases had to be pumped out by the 

vacuum pump, thus almost a vacuum level was created in the reaction chamber. 

Afterward, a selected gas was introduced into the chamber. The process was done at a 

voltage of 9.5 kV, a pressure of 2 Pa and a discharge current of 125 kA. The number 

of plasma shots and the type of gas were varied according to Table 3.4. 

 

 

Figure 3.6 Pulsed inductively coupled plasma device 

 

 

 

 



39 
 

 

Figure 3.7 Schematic diagram and the position of the substrates in the chamber of 

PICP device 

 

Table 3.4 The conditions used in the syntheses of polyanilines using PICP device 

Type of gas Number of plasma shots 

Argon 5 10 15 20 25 30 

Oxygen 5 10 15 20 25 30 

Nitrogen 5 10 15 20 25 30 
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 After the process completed, polyanilines were removed from the 

chamber and dried in vacuum oven at 80oC for 4 hours. All samples were rinsed with 

ethanol before analyses and characterizations. 

 

3.5 Syntheses of polyanilines filled with silver particles 

 3.5.1 Preparation of aniline in silver nitrate solution 

  Silver nitrate solutions (0.5, 1.0, 1.5 and 2.0 M) in deionized water were 

mixed with 0.5 M of aniline in 1.0 M of HNO3 solution. These solutions were coated 

on glass substrate using the spin coater with a spinning rate of 2000 rpm as was 

described in 3.4.2.   

 3.5.2 Plasma polymerization of aniline in silver nitrate solution  

  The polymerization was done using the process and PICP device according to 

3.4.3.2. The number of plasma shots and the type of gas were varied according to 

Table 3.5. After the process completed, polyanilines were removed from the chamber 

and dried in vacumm oven at 80oC for 4 hours. All samples were rinsed with water 

and acetonitrile before analyses and characterizations. 

 

Table 3.5 The conditions used in the syntheses of polyanilines filled with silver 

particles 

Silver nitrate 

(mol/l) 

Number of plasma shots 

Argon Oxygen Nitrogen 

0.5 20 20 15 

1.0 20 20 15 

1.5 20 20 15 

2.0 20 20 15 
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3.6 Analyses and Characterizations 

 3.6.1 Chemical structure 

 3.6.1.1 Fourier transformed infrared spectroscopy (FTIR) 

 The chemical structures of polyanilines and polyanilines filled with 

silver particles were analyzed using Thermo Scientific Nicolet 6700 FTIR 

spectrophotometer as shown in Figure 3.8. Infrared spectra were recorded in the 

wavenumber range of 4000 - 400 cm-1 with 64 consecutive scans and 4 cm-1 

resolution. Samples were dispersed in potassium bromide and compressed into pellets. 

 

Figure 3.8 Thermo Scientific Nicolet 6700 FTIR spectrophotometer 

  

 3.6.1.2 Ultraviolet-visible spectroscopy (UV-VIS) 

 The characteristic absorption bands of polyanilines and polyanilines 

filled with silver particles were determined using Analytic jena SPECORD S 100 UV-

VIS spectrophotometer as shown in Figure 3.9. Each sample was dissolved in N-

methyl-2-pyrrolidone and scanned in the wavelength range of 200-900 nm. 
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Figure 3.9 Analytic jena SPECORD S 100 Ultraviolet-visible spectrophotometer 

 

 3.6.2 Morphology 

 Field Emission scanning electron microscope (FESEM) (Jeol JSM-7001F) as 

shown in Figure 3.10 was used to characterize the sample morphology and the 

thickness of the film. All samples were coated with thin evaporated layer of gold in 

order to improve the conductivity and prevent the electron charging on the surface 

before FESEM analysis. A FESEM is microscope that works with electrons instead of 

light. These electrons are liberated by a Schottky type field emission source with 

highest resolution of 1.2 nm at 30 kV. A positive acceleration voltage of up to 0.5-30 

kV on the first anode controls the amount of electron emission. FESEM photographs 

were taken at different angles of view with maximum magnification of 1,000,000X. 

Therefore, the structures observed from this technique may be as small as nanometer 

size. 
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Figure 3.10 Field emission scanning electron microscope (Jeol JSM-7001F) 

 

 3.6.3 Crystal structure  

 The crystal structures of polyanilines and polyanilines filled silver particles 

were determined by X-ray diffraction spectroscopy (XRD) using Bruker AXS model 

D8 diffractometer as shown in Figure 3.11 with Cu Kα radiation (40kV, 40 mA) and 

a wavenumber of 1.540 nm. The scan rate was 2.4o/min ranging from 5o to 80o(2θ). 

 

Figure 3.11 Bruker AXS model D8 X-ray diffractometer 
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 3.6.4 Thermal properties 

 Thermal properties of polyanilines and polyanilines filled silver particles were 

investigated by Thermogravimetric analysis (TGA) using Mettler Toledo TGA/SDTA 

851 as shown in Figure 3.12. About 3-10 mg of each sample were used and the 

instrument was operated using a heating rate of 20 oC per minute in N2 atmosphere 

over a temperature range of 50-1000oC. 

 

Figure 3.12 Mettler Toledo TGA/SDTA 851 Thermogravimetric analyzer  

 

3.6.5 Electrical conductivity 

 The electrical conductivity is a measure ability of a material to conduct 

electricity or the reciprocal of resistivity. The resistivity is determined from a 

material's resistance (R), which is measured using a two-probe technique as shown in 

Figure 3.13. The current (I) was measured as a function of the applied voltage (V) 

from -10 to 10 V using function generator (Hewlett PACKARD 33120A) to generate 

a sweep sawtooth voltage source. Both the current and voltage were detected by 

oscilloscope (Tektronix TDS 3034). The resistance was calculated from I-V curve. 

Each value reported represents an average of at least 3 readings. 
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Figure 3.13 Electrical conductor using two-probe method 



CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Characteristics and properties of polyanilines synthesized using AAAPT 

theta-pinch device  

 4.1.1 Chemical structure  

 In order to compare the chemical structures of plasma-synthesized 

polyanilines, a polyaniline synthesized using a chemical method as described in 

section 3.4.1 was used a reference. Its FTIR spectrum is shown in Figure 4.1. The 

absorption peaks at 1568 and 1484 cm-1 are assigned to quinoid and benzenoid rings 

of polyaniline, which are the characteristic peaks of polyaniline. The absorption peaks 

at 1306 and 1144 cm-1 corresponding to C-N stretching of benzenoid structure and -

N=H+- vibration, respectively confirm the presence of the emeraldine salt as shown 

below.  

 

However, the absorption wavenumbers can be different depending on the methods or 

conditions used for the synthesis. For example, previous studies [72] reported that the 

spectrum of polyaniline obtained from the oxidation of aniline by hydrogen peroxide 

is different from the spectrum of that obtained from the oxidation by persulfate. The 

following phenoxazine structure is found in the former as represented by the peak at 

1242 cm-1 of C-O-C bond. In addition, the peak at 870 cm-1 disappears due to 1,4-

disubstitution in benzene ring. This suggests that the spectrum of this polyaniline 

reference may differ from the spectra of polyanilines synthesized by plasma 

polymerization.   
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Phenoxazine structure:              

 
Figure 4.1 FTIR spectrum of polyaniline reference  

  

 Figure 4.2 shows FTIR spectra of polyanilines obtained from the 

polymerization of aniline in H2SO4 solution using various shots of argon plasma 

generated from AAAPT theta-pinch device. All polyanilines exhibit the peak at 3420 

cm-1 which is assigned to N-H stretching of amine group. In addition, the peaks at 

1630 and 1403 cm-1 are observed due to C-C stretching of quinoid and benzenoid 

rings, respectively [11,64,73]. These peaks are the characteristic peaks of polyaniline. 

The peaks at 1177 and 870 cm-1 are due to C-H aromatic and 1,4-disubstitution in 

benzene ring, respectively. The –NH+= vibration peak is found at 1155 cm-1. In 

addition, the peaks at about 1690 cm-1 assigned to C-N stretching vibration of imine  

(-C=N-) [9] occur only in the spectra of polyanilines synthesized at 5, 10 and 15 

shots.  On the other hand, the peaks at 1200 cm-1 assigned to C-O stretching and the 

peak at 3208 cm-1 assigned to O-H stretching occur only in the spectra of polyanilines 

synthesized at 20, 25 and 30 shots. It was reported that the polymer surface can be 

etched by argon plasma resulting in the reactive species such as C+, CH+, O-, on the 

etched surface. These reactive species can react with oxygen in the atmosphere after 

the polymer exposed to the air [74]. It is obviously seen that the highest intensities of 

1568 1484 
1306 

1144 

1242 
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these peaks are found when 20 shots of argon plasma was applied. This may be 

because too much plasma etching at higher numbers of the plasma shots can remove 

the reactive species already formed on the polymer surface. 

   

 
Figure 4.2 FTIR spectra of polyanilines synthesized in H2SO4 solution using various 

shots of argon plasma generated from AAAPT theta-pinch device 

   

 FTIR spectra of all polyanilines synthesized with oxygen plasma as shown in 

Figure 4.3 exhibit the characteristic peaks of polyaniline at about 1630 cm-1 and 1403 

cm-1 which can be assigned to C=C stretching of quinoid ring and C=C stretching of 

benzenoid group. In addition, the peaks corresponding to C-H aromatic and C-H 

aromatic in plane bending at 1185 cm-1 and 867 cm-1 are observed. FTIR spectra of 

these polyanilines are comparable to those synthesized by conventional synthesis with 

slight shifts and broader peaks [75]. However, it is clearly seen that the number of the 
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plasma shots significantly affects the chemical structure of the obtained polyaniline. 

For example, as the numbers of plasma shots increase, the intensities of the peak at 

1403 cm-1 increase while those of the peak at 867 cm-1 decrease. The peaks at about 

1690 cm-1 assigned to C-N stretching vibration of imine (-C=N-) occur in the spectra 

of polyanilines synthesized at 10, 15 and 20 shots. Furthermore, it is obviously seen 

that at 20, 25 and 30 shots, the peak at 3172 cm-1 assigned to O-H stretching and the 

peak at 1100 cm-1 assigned to O-H deformation occur. This suggests the formation of 

oxygen-containing functional groups on polyaniline structure. This maybe because 

oxygen plasma exposure to polyaniline increases with increasing the number of the 

plasma shots resulting in higher reactions between the reactive species of oxygen 

plasma and polyaniline molecule. 

 

 
Figure 4.3 FTIR spectra of polyanilines synthesized in H2SO4 solution using various 

shots of oxygen plasma generated from AAAPT theta-pinch device 
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 It can be observed from Figure 4.4 that all polyanilines synthesized with 

nitrogen plasma exhibit the peak at 1627 cm-1 which can be assigned to C-C 

stretching of quinoid ring and the peak at 1403 cm-1 corresponding to C-C stretching 

of benzenoid ring. Moreover, the peaks at 1185, 3085 and 3384 cm-1 attributed to C-H 

aromatic bending, C-H aromatic stretching and N-H stretching of amine group, 

respectively are also obtained. Polyanilines synthesized at 5, 10, 15 and 20 shots of 

plasma show the peaks at 847 cm-1 and 579 cm-1 corresponding to 1, 4-disubstitution 

in benzene rings [65]. All spectra also show the peaks corresponding to C-N 

stretching vibration of imine at about 1690 cm-1. Moreover, those synthesized at 15 

and 20 shots of plasma exhibit at 1283 cm-1 due to the formation of the sulfonic acid 

functional group on the benzene ring or on the nitrogen atom of polyaniline [76]. This 

maybe because plasma exposure at 5 and 10 shots of plasma was not enough for the 

functionalization whereas plasma exposure at 25 and 30 shots was too high and 

instead causing the etching of this functional group. On the other hand, polyanilines 

synthesized at 25 and 30 shots of plasma exhibit the peak at 614 cm-1 assigned to 1,3 

disubstitution of benzene rings [65].            
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Figure 4.4 FTIR spectra of polyanilines synthesized in H2SO4 solution using various 

shots of nitrogen plasma generated from AAAPT theta-pinch device 

  

 4.1.2 Optical characteristics  

From Figure 4.5, it can be seen that polyanilines synthesized using 5, 10 and 

15 shots of argon plasma show only two absorption peaks at 250 and 290 nm. On the 

other hand, those synthesized using 20, 25 and 30 shots of argon plasma exhibit the 

peaks that can be assigned to π-π* transition at 260 nm, the π-polaron transition in 

benzene rings at 300 nm and the polaron-π* transition at 350 nm. This observation is 
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in good agreement with previous report [77] that polyaniline doped with H2SO4 

presents a sharp peak with high intensity at 350 nm in the π-π* transition. This 

suggests that the conducting form of polyaniline possibly occurred at the plasma shots 

of 20, 25 and 30 shots when argon plasma was used. However, as the number of the 

plasma shots increases, a decrease in the absorption intensity occurs. This may be 

caused by the lower delocalization of the charge carrier of polyaniline leading to 

lower conductivity [78]. Therefore, this suggests that using 20 shots of argon plasma 

yielded polyaniline with highest conductivity. 

 

 
Figure 4.5 UV-VIS spectra of polyanilines synthesized in H2SO4 solution using 

various shots of argon plasma generated from AAAPT theta-pinch device 

  

 UV-VIS absorption spectra of all polyanilines synthesized using oxygen 

plasma are shown in Figure 4.6. They exhibit strong absorption peaks at 260 nm 

which can be assigned to the π-π* transition of the undoped polyaniline [12]. 
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However, polyaniline synthesized using 20 shots of oxygen plasma shows the small 

absorption peak at 290 nm.  

 

 
Figure 4.6 UV-VIS spectra of polyanilines synthesized in H2SO4 solution using 

various shots of oxygen plasma generated from AAAPT theta-pinch device 

 

 Figure 4.7 shows all polyanilines synthesized using nitrogen plasma exhibit 

two absorption peaks at 260 and ~288 nm. This provides further evidence of the 

difference in the structure of plasma-polymerized polyaniline and chemically-

polymerized polyaniline. UV-VIS spectrum of the latter usually shows three 

absorption peaks of conjugated ring at 330 nm for π-π* transition, 430 nm for π-

polaron transition and 800 nm for polaron-π* transition [12]. On the contradictory, the 

former exhibits two dominant absorption peaks shifting to shorter wavelength at 

around 260 and 290 nm due to shorter chain obtained in plasma polymerization [10]. 

In this research, polyanilines synthesized at 5 and 10 shots exhibit the absorption peak 

at 260 nm and 283 nm corresponding to π-π* transition of phenyl ring present in 
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polyaniline [79].  However, polyanilines synthesized at 15 and 20 shots show the 

peaks shifting from 283 nm to 285 and 288 nm, respectively. This is possibly caused 

by the decrease in orbital overlapping between π-electrons of phenyl rings with lone 

pairs of nitrogen atoms in polyaniline molecules due to their interaction with sulfonic 

acid groups [1]. Since the amount of sulfonic acid groups was lower in polyanilines 

synthesized at 25 and 30 shots of plasma, their absorption peaks reappear at 283 nm 

as shown in Figure 4.6. 

 

 
Figure 4.7 UV-VIS spectra of polyanilines synthesized in H2SO4 solution using 

various shots of nitrogen plasma generated from AAAPT theta-pinch device 

 

 4.1.3 Electrical conductivity 

 Electrical conductivities of polyanilines synthesized using argon and oxygen 

plasma are given in Tables 4.1-4.2, respectively. It is clearly seen that polyanilines 

synthesized using argon plasma exhibit higher conductivity than those synthesized 

using oxygen plasma. Normally, the undoped polyaniline exhibits the electrical 
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conductivity between 10-10 and 10-12 S/cm [65]. These results are caused by the 

differences in the chemical structure of the obtained polyanilines previously 

confirmed by FTIR and UV-VIS spectra. Therefore, due to the number of oxygen 

species on polymer surface which can lead to an increase in the electrical conductivity 

[80] and the presence of the polaron-π* transition, polyaniline synthesized using 20 

shots of argon plasma shows the highest conductivity.   

 

Table 4.1 Electrical conductivities of polyanilines synthesized in H2SO4 solution 

using various shots of argon plasma generated from AAAPT theta-pinch device 

 

The number of plasma shots Conductivity [S/cm] 

5 (2.44  0.59) x 10-8  

10 (5.85 0.57)  x 10-8  

15           (7.52 0.40)  x 10-8  

20 (8.89 1.66)  x 10-7  

25 (5.85 1.34)  x 10-7  

30 (1.31 0.52)  x 10-7  

 

 

Table 4.2 Electrical conductivities of polyanilines synthesized in H2SO4 solution 

using various shots of oxygen plasma generated from AAAPT theta-pinch device 

 

The number of plasma shots Conductivity [S/cm] 

10 (1.18 0.01) x 10-10  

15 (1.350.14)  x 10-10  

20           (3.35 5.24) x 10-9 

25 (4.85 1.46) x 10-10  

30 (1.74 0.20) x 10-10  
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 However, polyaniline synthesized using nitrogen plasma did not form the dry 

film. Consequently, the measurement of electrical conductivity, the analyses of crystal 

structure and thermal properties of these films cannot be done. 

  

 4.1.4 Crystal structure 

Due to its highest conductivity, polyaniline synthesized using 20 shots of 

argon plasma was selected for XRD analysis. X-ray diffraction pattern of this polymer 

in Figure 4.8 reveals a semi-crystalline structure. The crystalline peaks of polyaniline 

appear at 15o and 34o, which can be assigned to the (001) and (004) reflections, 

respectively [81]. A broad peak centered at about 2Ɵ=25o of the doped polyaniline 

chain is amorphous in structure [82]. For polyaniline synthesized using oxygen 

plasma at 20 shots also exhibit the similar x-ray diffraction pattern as show in Figure 

4.9.  

 
 

Figure 4.8 XRD spectrum of polyaniline synthesized in H2SO4 solution using 20 

shots of argon plasma generated from AAAPT theta-pinch device 
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Figure 4.9 XRD spectrum of polyaniline synthesized in H2SO4 solution using 20 

shots of oxygen plasma generated from AAAPT theta-pinch device 

 

 4.1.5 Thermal properties  

Figure 4.10 shows TGA curve of polyaniline synthesized using 20 shots of 

argon plasma exhibiting three major stages of weight losses. The first stage at low 

temperature results from moisture evaporation. The weight loss at 270oC indicates the 

degradation of the polymer chain. After that, the weight loss in the third region 

ranging from 420 to 700 oC may be attributed to the breakaway of dopant or oligomer. 

Thermal stability of plasma-polymerized polyaniline can be explained from the 

presence of the quinoid and benenoid structure in polymer chain [24].  

 TGA thermogram of polyaniline synthesized using 20 shots of oxygen plasma 

is given in Figure 4.11. The first decomposition part with the weight loss around 2%-

5% is at about 100-180 oC due to water and solvents molecule. Rapid weight loss of 

the polymer structure occurs at 262 oC and the residue products begin to decompose at 

780 oC.  
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Figure 4.10 TGA thermogram of polyaniline synthesized in H2SO4 solution using 20 

shots of argon plasma generated from AAAPT theta-pinch device 

 

 
 

Figure 4.11 TGA thermogram of polyaniline synthesized in H2SO4 solution using 20 

shots of oxygen plasma generated from AAAPT theta-pinch device 

 

All the results suggest that polyanilines synthesized in H2SO4 solution using 

argon plasma at 20, 25 and 30 shots have the structure of emeraldine salt as confirmed 

by FTIR and UV-VIS spectra and conductivity measurement. On the other hand, 

those synthesized with 5, 10 and 15 shots exhibit the emeraldine base structure due to 
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the appearrance of the peaks attributed to -C=N- and -NH as shown in FTIR spectra 

and the absorption bands of the undoped structure as observed by UV-VIS spectra. 

These two structures are shown below: 

Emeraldine salt:  

    (green color) 

Emeraldine base:  

     (brown color) 

In the cases of oxygen and nitrogen, all the results suggest that all polyanilines 

have mainly the undoped structure of emeraldine base as confirmed by FTIR and UV-

VIS spectra and conductivity measurement. 

 

4.2 Characteristics and properties of polyanilines synthesized using PICP device 

 4.2.1 Polyanilines synthesized in sulfuric solution 

  4.2.1.1 Chemical structure  

  FTIR spectra of polyanilines synthesized in H2SO4 solution using 

various shots of argon plasma generated from PICP device are displayed in Figure 

4.12 and their peaks are interpreted and given in Table 4.3.  The peaks of C-H 

aliphatic absorption at around 2900-3000 cm-1 are observed in the spectra of 

polyanilines synthesized using the plasma shots more than 5 shots. This may be 

caused by a partial fragmentation of the benzene ring due to plasma etching. The 

characteristic peaks of polyaniline exhibit at about 1612 and 1400 cm-1 due to C=C 

stretching of quiniod ring and C=C stretching of benzeniod group, respectively. This 

result suggests the presence of the conjugated system and aromatic cyclic structure in 

the polymer chain. The peaks assigned to C-H aromatic and 1,4-disubstitution in 

benzene ring at 1166 and 854 cm-1 are slightly observed in the spectra of polyanilines 
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synthesized using 20, 25 and 30 shots. In addition, these polymers also exhibit the 

peaks assigned to O-H deformation at 3203 cm-1. As previously mentioned, the 

polymer surface can be etched by argon plasma resulting in the reactive species such 

as C+, CH+, O-, on the etched surface. These reactive species can react with oxygen in 

the atmosphere after the polymer exposed to the air. It is obviously seen that the 

highest intensities of these peaks are found when 20 shots of argon plasma was 

applied. This may be because too much plasma etching at higher numbers of the 

plasma shots can remove the reactive species already formed on the polymer surface. 

 

Figure 4.12 FTIR spectra of polyanilines synthesized in H2SO4 solution using various 

shots of argon plasma generated from PICP device 
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Table 4.3 Interpretation of FTIR spectra of polyanilines synthesized in H2SO4 

solution using various shots of argon plasma generated from PICP device 

Assignments 
Wavenumber (cm-1) 

5 10 15 20 25 30 

 

1. N-H stretching of 

aromatic amine 

2. O-H deformation 

 

3413 

 

- 

 

3426 

 

- 

 

3405 

 

3203 

 

3413 

 

3203 

 

3421 

 

3219 

 

3413 

 

3219 

3. C-H stretching of aromatic 3014 3077 3104 3097 3097 3091 

4. C-H stretching of aliphatic 

5. C=C stretching of quinoid 

ring 

6. C=C stretching of 

benzenoid group 

7. C-N+ stretching vibration 

in the polaron structure 

8. C-H bending of aromatic 

9. SO4
2-  group of 

polyaniline 

10. C-H out of plane 

blending (1,4-disubstitution 

in benzene ring) 

11. C-H out of plane 

blending (1,3-disubstitution 

in benzene ring) 

2905 

1617 

 

1378 

 

- 

 

  1164 

1064 

 

879 

572 

 

- 

 

 

2902 

1612 

 

1378 

 

- 

 

1164 

1064 

 

848 

570 

 

- 

2915 

1614 

 

1400 

 

1238 

 

1164 

1064 

 

854 

572 

 

- 

2908 

1612 

 

1400 

 

1238 

 

1166 

1064 

 

854 

572 

 

- 

 

 

2958 

1612 

 

1400 

 

- 

 

- 

1079 

 

- 

- 

 

607 

2985 

1612 

 

1400 

 

- 

 

- 

1087 

 

- 

- 

 

611 
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  FTIR spectra of polyanilines synthesized in H2SO4 solution using 

various shots of oxygen plasma generated from PICP device are shown in Figure 4.13 

and their peaks are interpreted and given in Table 4.4.  The similar characteristic 

peaks as in the spectra of those synthesized using argon plasma are observed. In 

addition, the peaks corresponding to O-H stretching and O-H deformation at about 

3195 cm-1 and 1095 cm-1, respectively are present in the spectra of polyanilines 

synthesized using 25 and 30 shots. This suggests the formation of oxygen-containing 

functional groups on polyaniline structure due to higher oxygen plasma exposure to 

polyaniline with increasing the number of the plasma shots. 

  FTIR spectra of polyanilines synthesized in H2SO4 solution using 

various shots of nitrogen plasma generated from PICP device are shown in Figure 

4.14 and their peaks are interpreted and given in Table 4.5.  The similar characteristic 

peaks as in the spectra of those synthesized using argon plasma are observed. In 

addition, those synthesized at 15 and 20 shots of plasma exhibit the peak at 1283 cm-1 

due to the formation of the sulfonic acid functional group on the benzene ring or on 

the nitrogen atom of polyaniline. This maybe because plasma exposure at 5 and 10 

shots of plasma was not enough for the functionalization whereas plasma exposure at 

25 and 30 shots was too high and instead causing the etching of this functional group. 

On the other hand, polyanilines synthesized at 25 and 30 shots of plasma exhibit the 

peak at 614 cm-1 assigned to 1,3 disubstitution of benzene rings. 
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Figure 4.13 FTIR spectra of polyanilines synthesized in H2SO4 solution using various 

shots of oxygen plasma generated from PICP device 
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Table 4.4 Interpretation of FTIR spectra of polyanilines synthesized in H2SO4 

solution using various shots of oxygen plasma generated from PICP device 

Assignments 
Wavenumber (cm-1) 

5 10 15 20 25 30 

 

1. N-H stretching of 

aromatic amine 

2. O-H stretching 

 

3413 

 

- 

 

3414 

 

- 

 

3421 

 

- 

 

3421 

 

3208 

 

3413 

 

3219 

 

3413 

 

3219 

3. C-H stretching of aromatic 3014 3014 3015 3015 3015 3015 

4. C-H stretching of aliphatic 

5. C=C stretching of quinoid 

ring 

6. C=C stretching of 

benzenoid group 

7. C-H bending of aromatic 

8. SO4
2-  group of 

polyaniline 

9. C-H out of plane blending 

(1,4-disubstitution in 

benzene ring) 

10. C-H out of plane 

blending (1,3-disubstitution 

in benzene ring) 

2912 

1614 

 

1378 

 

1164 

1064 

 

846 

572 

 

- 

 

 

2902 

1617 

 

1378 

 

1164 

1064 

 

848 

570 

 

- 

2902 

1617 

 

1400 

 

1164 

1064 

 

848 

572 

 

- 

2902 

1617 

 

1400 

 

1164 

1064 

 

848 

572 

 

- 

 

 

- 

1600 

 

1390 

 

- 

1078 

 

- 

- 

 

607 

- 

1600 

 

1390 

 

- 

1078 

 

- 

- 

 

607 
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Figure 4.14 FTIR spectra of polyanilines synthesized in H2SO4 solution using various 

shots of nitrogen plasma generated from PICP device 
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Table 4.5 Interpretation of FTIR spectra of polyanilines synthesized in H2SO4 

solution using various shots of nitrogen plasma generated from PICP device 

Assignments 
Wavenumber (cm-1) 

5 10 15 20 25 30 

 

1. N-H stretching of 

aromatic amine 

2. O-H stretching 

 

3394 

 

- 

 

3394 

 

- 

 

3394 

 

- 

 

3394 

 

- 

 

3394 

 

3228 

 

3394 

 

3214 

3. C-H stretching of aromatic 3012 3012 3012 3012 3012 3012 

4. C-H stretching of aliphatic 

5. C=C stretching of quinoid 

ring 

6. C=C stretching of 

benzenoid group 

7. C-H bending of aromatic 

8. SO4
2-  group of 

polyaniline 

9. C-H out of plane blending 

(1,4-disubstitution in 

benzene ring) 

10. C-H out of plane 

blending (1,3-disubstitution 

in benzene ring) 

- 

1617 

 

1388 

 

1160 

1064 

 

844 

570 

 

- 

 

 

- 

1617 

 

1388 

 

1160 

1064 

 

844 

570 

 

- 

- 

1617 

 

1398 

 

1160 

1064 

 

844 

570 

 

- 

- 

1617 

 

1398 

 

1160 

1064 

 

844 

570 

 

- 

 

 

- 

1617 

 

1398 

 

1160 

1064 

 

833 

- 

 

600 

- 

1617 

 

1398 

 

1160 

1064 

 

- 

- 

 

608 

 

 

  4.2.1.2 Optical characteristics  

  As shown in Figure 4.15, polyanilines synthesized using 5 and 10 shots 

of argon plasma exhibit only two UV-VIS absorption peaks at 260 and 290 nm which 

are attributed to π-π* transition and π-polaron transition, respectively. On the other 

hand, polyaniline synthesized using 15 and 20 shots of argon plasma show three 
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absorption peaks at about 260, 290 and 435 nm which can be assigned to π-π* 

transition, the π-polaron transition in benzene rings and the formation of polarons due 

to doped polyaniline [83], respectively. For those synthesized using 25 and 30 shots, 

three absorptions peaks are observed, but the last peak is shifted to 345 nm 

corresponding to the polarons of polyaniline emeridine base. This may be because at 

these conditions, plasma exposure was too high leading to the scission of polyaniline 

conjugated chain whereas plasma exposure at 5 shots was not enough to form long 

conjugated structure. 

 

Figure 4.15 UV-Vis spectra of polyanilines synthesized in H2SO4 solution using 

various shots of argon plasma generated from PICP device 

 

  UV-VIS spectra of polyanilines synthesized in H2SO4 solution using 

various shots of oxygen and nitrogen plasma are shown in Figures 4.16 and 4.17, 

respectively. It can be seen that all polymers exhibit two absorption peaks at 260 and 

290 nm which can be assigned to π-π* transition and π-polaron transition, 

respectively. While the former shows the highest intensity when 20 shots was used, 

the latter shows the highest intensity when 15 shots was used. 
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Figure 4.16 UV-Vis spectra of polyanilines synthesized in H2SO4 solution using 

various shots of oxygen plasma generated from PICP device 

 

Figure 4.17 UV-Vis spectra of polyanilines synthesized in H2SO4 solution using various 

shots of nitrogen plasma generated from PICP device 

   

 



69 
 

  4.2.1.3 Solubility 

  Generally, polyaniline is difficult to dissolve in common solvents but it 

is easily dissolved in N-methyl-2-pyrrolidone as same as aniline monomer as shown 

in Tables 4.6-4.8. However, its water solubility is completely different from that of 

aniline as also present these tables. While aniline is water-soluble in both neutral and 

alkaline conditions, polyaniline is insoluble in neutral water but partially soluble in 

water having alkaline condition. This suggests the formation of some acidic functional 

groups on polyaniline chain and the amounts of these functional groups depend on the 

type of the gas and the number of the plasma shots. When 15 and 20 shots of argon 

and nitrogen plasma were applied, polyanilines synthesized at these two conditions 

exhibit higher solubility than the others as shown in Table 4.6. On the other hand, in 

the case of oxygen plasma, higher solubility of the polymer was obtained when 15, 20 

and 25 shots were used.  

 

Table 4.6 Solubility of aniline and polyanilines synthesized in H2SO4 solution using 

various shots of argon plasma generated from PICP device 

Solvent Aniline 

Polyanilines synthesized at various 

numbers of plasma shots 

5 10 15 20 25 30 

water   

- 

 

- 

 

- 

 

- 

 

- 

 

- (neutral condition) +++ 

water   

+ 

 

+ 

 

++ 

 

++ 

 

+ 

 

+ (alkaline condition) +++ 

N-Methyl-2-pyrrolidone +++ +++ +++ +++ +++ +++ +++ 

(-)  insoluble  (+, ++)  partially soluble (+++)  fully soluble 
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Table 4.7 Solubilities of aniline and polyanilines synthesized in H2SO4 solution using 

various shots of oxygen plasma generated from PICP device 

Solvent Aniline 

Polyanilines synthesized at various 

numbers of plasma shots 

5 10 15 20 25 30 

water   

- 

 

- 

 

- 

 

- 

 

- 

 

- (neutral condition) +++ 

        

water   

- 

 

+ 

 

++ 

 

++ 

 

++ 

 

+ (alkaline condition) +++ 

  

N-Methyl-2-

pyrrolidone 

+++ +++ +++ +++ +++ +++ +++ 

(-)  insoluble  (+, ++)  partially soluble (+++)  fully soluble 

   

Table 4.8 Solubilities of aniline and polyanilines synthesized in H2SO4 solution using 

various shots of nitrogen plasma generated from PICP device 

Solvent Aniline 

Polyanilines synthesized at various 

numbers of plasma shots 

5 10 15 20 25 30 

water   

- 

 

- 

 

- 

 

- 

 

- 

 

- (neutral condition) +++ 

        

water   

+ 

 

+ 

 

++ 

 

++ 

 

+ 

 

+ (alkaline condition) +++ 

  

N-Methyl-2-

pyrrolidone 

+++ +++ +++ +++ +++ +++ +++ 

(-)  insoluble  (+, ++)  partially soluble (+++)  fully soluble 
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  4.2.1.4 Electrical conductivity 

  Electrical conductivity values of polyanilines synthesized using PICP 

device are summarized in Table 4.9. Their values are higher than those of polyaniline 

synthesized by chemical and electrical polymerization without doping in the range of 

10-10-10-12 S.cm-1.  It is clearly seen from Figure 4.18 that using argon plasma yielded 

polyanilines with highest conductivity at every plasma shots due to structural 

difference as confirmed by FTIR and UV-VIS spectra. Moreover, as corresponding to 

the highest intensities of UV-VIS absorption peaks, polyanilines which have highest 

conductivity for each type of plasma are those synthesized with 20 shots of argon 

plasma, 20 shots of oxygen plasma and 15 shots of nitrogen plasma.  

 

Table 4.9 Electrical conductivities of polyanilines synthesized in H2SO4 solution 

using PICP device 

The number  

of plasma shots 
Conductivity (S.cm-1) 

Ar O2 N2 

5 (1.100.08)x10-7 (1.640.19)x10-8 
 

(8.112.29)x10-10 

10 (1.400.02)x10-7 
 

(2.160.18)x10-8 
 

(7.402.53)x10-9 
 

15 (1.560.06)x10-7 
 

(2.690.05)x10-8 
 

(2.235.52)x10-9 
   

20 (4.46 0.17)x10-7 
 

(1.05 0.26)x10-7 
 

(2.090.10)x10-8 
 

25 (2.26 0.29)x10-7 
 

(5.97 0.11)x10-8 
 

(1.72 0.32)x10-9 
 

30 (1.86 0.17)x10-7 
 

(4.57 0.93)x10-8 
 

(2.58 0.31)x10-9 
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Figure 4.18 The effect of the type of gas on the conductivity of polyanilines 

synthesized in H2SO4 solution using PICP device  

 

Figure 4.19 The effect of the number of the plasma shots on the conductivity of 

polyanilines synthesized in H2SO4 solution using PICP device 
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  4.2.1.5 Crystal structure 

  X-ray diffraction patterns of polyanilines synthesized in H2SO4 solution 

using various shots of argon, oxygen and nitrogen plasma are shown in Figures 4.20-

4.22, respectively. The amorphous structure of polyanilines synthesized in all gases is 

confirmed with the presence of the broad peak at 2Ɵ = 25.98o at 5 and 10 shots of 

plasma shots. This peak in polyaniline may occur due to regular repetition of aniline 

monomer unit which is characteristic peak of polyaniline [18]. While plasma shots 

increase more over 10 shots, the polyaniline structure become to semi-crystalline 

structure. The XRD pattern of polyanilines synthesized at 15, 20, 25 and 30 shots 

show amorphous peak at 2Ɵ = 25.98o and major crystalline peak at 2Ɵ = 17.12, 34.16 

and 52.28 o corresponding to which can be assigned to the (011), (004) and (400) 

reflections, respectively [18,84]. The integrated intensity of the peaks can be used to 

indicate the crystallinity of polyaniline. The degree of crystallinity is estimated as the 

percentage ratio of the integrated crystalline intensity based on the integrated 

amorphous intensity of synthesized polyaniline to its both crystalline and amorphous 

components as shown in Table 4.10 [76,81]. The synthesized polyaniline at 5 shots of 

argon is selected for integrated amorphous intensity for calculation of all degree of 

crystallinity values because this condition shows lower integrated amorphous 

structure than others. The highest degree of crystallinity peak is found at 20 shots for 

argon and oxygen gas and 15 shots for nitrogen gas of plasma relatively highest 

intensity of crystalline structure in polyaniline confirmed by XRD. In addition, the 

diffraction peak at 2Ɵ = 25.98o of these polyanilines are most relatively intense due to 

an increase in the effective delocalization in polymer chain [85-86]. The intensity of 

these diffraction peaks decrease with increasing plasma exposure because too high 

energy can casue the scission of the polymer chain. 
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Figure 4.20 XRD patterns of polyanilines synthesized in H2SO4 solution using 

various shots of argon plasma generated from PICP device 
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Figure 4.21 XRD patterns of polyanilines synthesized in H2SO4 solution using 

various shots of oxygen plasma generated from PICP device 
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Figure 4.22 XRD patterns of polyanilines synthesized in H2SO4 solution using 

various shots of nitrogen plasma generated from PICP device 
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Table 4.10 The degree of crystallinity (%) of polyanilines synthesized in H2SO4 

solution using PICP device 

The degree of crystallinity (%) 

Gas Type The number of plasma shots 

5 10 15 20 25 30 

Argon - 3.44 76.19 80.23 75.25 54.18 

Oxygen - - 37.00 82.40 73.42 76.36 

Nitrogen 0.59 11.53 82.09 77.52 71.73 55.47 

 

  4.2.1.6 Thermal properties 

  The decomposition temperatures of polyanilines synthesized in H2SO4 

solution using PICP device are summarized in Table 4.11 and TGA thermograms are 

shown in Figures 4.23-4.25. The decomposition temperatures of polyanilines 

synthesized using argon plasma are in the range of 183-187 oC. They show a tendency 

to decrease with increasing the number of the plasma shots. This may be due to the 

presence of oxygen-containing functional groups on polyaniline structure which 

increase with increasing the number of the plasma shots as confirmed this functional 

groups by FTIR. Since these groups are less thermally stable than the other groups, 

higher amount of these groups results in lower decomposition temperature. After 25 

shots of plasma, too much plasma etching can remove these functional groups causing 

an increase in the decomposition temperature. In case of oxygen plasma, the 

decomposition temperatures of polyanilines are observed in the range of 182-187 oC. 

The similar trend as in the case of argon plasma is observed due to the same reason. 

The decomposition temperatures in the range of 182-188 oC are observed in the case 

of nitrogen plasma with lowest decomposition temperature at 15 shots due to the loss 

of sulfonic acid functional group on polyaniline as seen by FTIR.  
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Table 4.11 Decomposition temperatures of polyanilines synthesized in H2SO4 

solution using PICP device 

Gas 

Type 

The number of 

plasma shots 

Decomposition Temperature 

(oC) 

Ar 

5 184.51 

10 187.13 

15 185.68 

20 184.73 

25 183.09 

30 185.30 

O2 

5 187.70 

10 187.94 

15 187.37 

20 182.57 

25 188.55 

30 187.83 

N2 

5 186.15 

10 188.04 

15 182.30 

20 182.45 

25 184.10 

30 186.99 
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Figure 4.23 TGA Thermograms of polyanilines synthesized in H2SO4 solution using 

various shots of argon plasma generated from PICP device 

 

 

Figure 4.24 TGA Thermograms of polyanilines synthesized in H2SO4 solution using 

various shots of oxygen plasma generated from PICP device 
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Figure 4.25 TGA Thermograms of polyanilines synthesized in H2SO4 solution using 

various shots of nitrogen plasma generated from PICP device 

   

  4.2.1.7 Morphology 

  Generally, polyaniline can be founded in several structures such as fibril, 

granular, cluster, etc. [35]. In this research, synthesized polyanilines exhibit fibrils and 

granulars structure depending on the type of gas and the number of plasma shots as 

shown in Figures 4.26-4.28. In case of argon, all polyanilines show the fibril structure 

with diameter of 1007 nm as seen in Figures 4.26 (a-f). An increase in the number of 

the plasma shots leads to higher amounts of fibrils. Shorter length of fibril was 

observed when 25 and 30 shots of plasma were applied due to plasma etching at high 

plasma exposure. In case of oxygen and nitrogen, granular structure with grain size 

about 15011 nm were observed in polyanilines synthesized with 5 and 10 shots of 

plasma as shown in Figures 4.27 (a-b) and Figures 4.28 (a-b). Fibrils structure with 

diameter of 100 nm was observed in the others as shown in Figures 4.27 (e-f) and 

Figures 4.28 (e-f). Additionally, the amount of shorter fibril increases with increasing 

the number of the plasma shots as previously explained. 
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Figure 4.26 FE-SEM images of polyanilines synthesized in H2SO4 solution using 

 (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 (f) 30 of argon plasma generated from PICP device 

 

(a) 

(f) (e) 

(d) (c) 

(b) 
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Figure 4.27 FE-SEM images of polyanilines synthesized in H2SO4 solution using 

 (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 (f) 30 of oxygen plasma generated from PICP device 

 

 

(a) 

(f) (e) 

(d) (c) 

(b) 
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Figure 4.28 FE-SEM images of polyanilines synthesized in H2SO4 solution using 

 (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 (f) 30 of nitrogen plasma generated from PICP device 

 

(a) 

(f) (e) 

(d) (c) 

(b) 
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All the results suggest that the structures of polyaniline synthesized in H2SO4 

solution using argon plasma consist of the mixtures of the emeraldine salt and 

emeraldine base as shown below depending on the number of the plasma shots. On 

the other hand, those synthesized using oxygen and nitrogen plasma exhibit mainly 

the undoped structure of emeraldine base as also confirmed by FTIR and UV-VIS 

spectra and conductivity measurement. 

Emeraldine salt:  

    (green color) 

Emeraldine base:  

     (brown color) 

 

 4.2.2 Polyanilines synthesized in hydrochloric solution   

   4.2.2.1 Chemical structure  

   FTIR spectra of polyanilines synthesized in HCl solution using various 

shots of argon plasma generated from PICP device are displayed in Figure 4.29 and 

their peaks are interpreted and given in Table 4.12. FTIR spectra show broad 

absorption peak at 3421 cm-1 corresponding to N-H stretching of aromatic amine at all 

the number of plasma shots. The main peak at 1612 cm-1 is assigned to quinoid ring 

stretching deformation. The peaks at 1378 cm-1 assigned to C-N stretching in the 

neighbourhood of a quinoid ring of undoped polyaniline or polyaniline emeridine 

base [87-90] are found when the plasma shots higher than 10 shots were applied. 

Moreover, a decrease in the absorption peaks at 1048 cm-1 corresponding to the 

characteristic skeletal vibrations of halogen substituted aromatic rings are also 

observed [87]. This may be due to too high energy of plasma exposure resulting in 

increasing plasma etching. In addition, the absorption peaks at 740 and 680 cm-1 
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corresponding to 1,4-disubstitution of benzene ring were not found in these 

conditions. 

 

 

Figure 4.29 FTIR spectra of polyanilines synthesized in HCl solution using various 

shots of argon plasma generated from PICP device  
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Table 4.12 Interpretation of FTIR spectra of polyanilines synthesized in HCl solution 

using various shots of argon plasma generated from PICP device 

Assignments 
Wavenumber (cm-1) 

5 10 15 20 25 30 

 

1. N-H stretching of 

aromatic amine 

2. O-H stretching 

 

3421 

 

- 

 

3421 

 

- 

 

3421 

 

3206 

 

3421 

 

3206 

 

3421 

 

3206 

 

3421 

 

3206 

3. C-H stretching of aliphatic 

4. C=C stretching of quinoid 

ring 

5. C=C stretching of benzene 

ring 

6. C-N stretching in the 

neighbourhood of quiniod 

ring 

7. Halogen substituted 

aromatic rings 

8. C-H out of plane blending 

(1,4-disubstitution in 

benzene ring) 

2908 

1612 

 

1490 

 

- 

 

 

1048 

 

740 

680 

 

2908 

1612 

 

1490 

 

- 

 

 

1048 

 

740 

680 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

  

  FTIR spectra of polyanilines synthesized in HCl solution using various 

shots of oxygen plasma generated from PICP device are displayed in Figure 4.30 and 

their peaks are interpreted and given in Table 4.13. The similar characteristic peaks as 

in the spectra of those synthesized using argon plasma are observed. However, the 

peaks at 1378 cm-1 assigned to C-N stretching in the neighbourhood of a quinoid ring 

of undoped polyaniline or polyaniline emeridine base are found and a decrease in the 

absorption peaks at 1048 cm-1 corresponding to the characteristic skeletal vibrations 
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of halogen substituted aromatic rings are also observed when the plasma shots higher 

than 15 shots were applied.  

   FTIR spectra of polyanilines synthesized in HCl solution using various 

shots of nitrogen plasma generated from PICP device are displayed in Figure 4.31 and 

their peaks are interpreted and given in Table 4.14. The similar characteristic peaks as 

in the spectra of those synthesized using argon plasma are observed. On the other 

hand, the peaks at 1378 cm-1 assigned to C-N stretching in the neighbourhood of a 

quinoid ring of undoped polyaniline or polyaniline emeridine base are found and a 

decrease in the absorption peaks at 1048 cm-1 corresponding to the characteristic 

skeletal vibrations of halogen substituted aromatic rings are also observed when the 

plasma shots higher than 5 shots were applied. In addition, the peaks at 3078 cm-1 

assigned to C-H stretching of aromatic occur only at 15 and 20 shots of the plasma 

were applied resulting from the presence of the aromatic ring due to longest 

conjugated chain of polyaniline.  
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Figure 4.30 FTIR spectra of polyanilines synthesized in HCl solution using various 

shots of oxygen plasma generated from PICP device  
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Table 4.13 Interpretation of FTIR spectra of polyanilines synthesized in HCl solution 

using various shots of oxygen plasma generated from PICP device 

Assignments 
Wavenumber (cm-1) 

5 10 15 20 25 30 

 

1. N-H stretching of 

aromatic amine 

2. O-H stretching 

 

3421 

 

- 

 

3421 

 

- 

 

3421 

 

- 

 

3421 

 

3210 

 

3421 

 

3210 

 

3421 

 

3210 

3. C-H stretching of aliphatic 

4. C=C stretching of quinoid 

ring 

5. C=C stretching of benzene 

ring 

6. C-N stretching in the 

neighbourhood of quiniod 

ring 

7. Halogen substituted 

aromatic rings 

8. C-H out of plane blending 

(1,4-disubstitution in 

benzene ring) 

2908 

 1612 

 

1490 

 

- 

 

 

1048 

 

740 

680 

 

2908 

1612 

 

1490 

 

- 

 

 

1048 

 

740 

680 

 

2908 

1612 

 

1490 

 

- 

 

 

1048 

 

740 

681 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 
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Figure 4.31 FTIR spectra of polyanilines synthesized in HCl solution using various 

shots of nitrogen plasma generated from PICP device  
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Table 4.14 Interpretation of FTIR spectra of polyanilines synthesized in HCl solution 

using various shots of nitrogen plasma generated from PICP device 

Assignments 
Wavenumber (cm-1) 

5 10 15 20 25 30 

 

1. N-H stretching of 

aromatic amine 

2. O-H stretching 

 

3421 

 

- 

 

3421 

 

- 

 

3421 

 

3181 

 

3421 

 

3176 

 

3421 

 

3214 

 

3421 

 

3206 

3. C-H stretching of aliphatic 

4. C-H stretching of aromatic 

5. C=C stretching of quinoid 

ring 

6. C=C stretching of benzene 

ring 

7. C-N stretching in the 

neighbourhood of quiniod 

ring 

8. Halogen substituted 

aromatic rings 

9. C-H out of plane blending 

(1,4-disubstitution in 

benzene ring) 

2908 

 - 

1612 

 

1490 

 

- 

 

 

1048 

 

740 

680 

 

- 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

3078 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

3078 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 

 

- 

- 

1612 

 

- 

 

1378 

 

 

1048 

 

- 

- 
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  4.2.2.2 Optical characteristics 

  As shown in Figure 4.32, polyanilines synthesized using 5 and 10 shots 

of argon plasma exhibit three absorption bands at about 260, 290 and 345 nm which 

are attributes to π-π* transition, the π-polaron transition in benzene rings and the 

polarons of polyaniline emeridine base, respectively. The number of plasma shots at 

15 ,20 and 25 shots exhibit two peaks at 260 and 290 nm assigned to π-π* transition 

and π-polaron transition, respectively. In addition, high plasma exposure at 30 shots 

was too high to break down on conjugated chain of polyaniline resulting in the 

presence of one absorption peak at 260 nm.  

 

Figure 4.32 UV-Vis spectra of polyanilines synthesized in HCl solution using various 

shots of argon plasma generated from PICP device 

   

  UV-VIS spectra of polyanilines synthesized in HCl solution using 

various shots of oxygen are shown in Figures 4.33. It can be seen that polyaniline 

synthesized at 5 shots was exhibited three absorption bands at about 260, 290 and 345 

nm assigned to π-π* transition, the π-polaron transition in benzene rings and the 

polarons of polyaniline emeridine base, respectively. The number of plasma shots at 

10 and 15 shots exhibit two peaks at 260 and 290 nm assigned to π-π* transition and 
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π-polaron transition, respectively. In addition, high plasma exposure at 20, 25 and 30 

shots were too high to break down on conjugated chain of polyaniline resulting in the 

presence of one absorption peak at 260 nm. 

 

 

Figure 4.33 UV-Vis spectra of polyanilines synthesized in HCl solution using various 

shots of oxygen plasma generated from PICP device 

  

 UV-VIS spectra of polyanilines synthesized in HCl solution using various 

shots of nitrogen are shown in Figures 4.34. It can be seen that polyaniline 

synthesized at 5, 10 and 15 shots was exhibited three absorption bands at about 260, 

290 and 345 nm assigned to π-π* transition, the π-polaron transition in benzene rings 

and the polarons of polyaniline emeridine base, respectively. The number of plasma 

shots at 20, 25 and 30 shots exhibit two peaks at 260 and 290 nm assigned to π-π* 

transition and π-polaron transition, respectively.  
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Figure 4.34 UV-Vis spectra of polyanilines synthesized in HCl solution using various 

shots of nitrogen plasma generated from PICP device  

   

  4.2.2.3 Solubility 

  Generally, polyaniline is difficult to dissolve in common solvents but it 

is easily dissolved in N-methyl-2-pyrrolidone as same as aniline monomer as shown 

in Table 4.15-4.17. However, its water solubility is completely different from that of 

aniline as also present in Table 4.18. While aniline is water-soluble in both neutral 

and alkaline conditions, polyaniline is insoluble in neutral water but partially soluble 

in water having alkaline condition. This suggests the formation of some acidic 

functional groups on polyaniline chain and the amounts of these functional groups 

depend on the type of the gas and the number of the plasma shots. When 5 and 10 

shots of argon were applied, polyanilines synthesized at these two conditions exhibit 

higher solubility than the others as shown in Table 4.20. On the other hand, in the 

case of oxygen plasma, higher solubility of the polymer was obtained when 5, 10 and 

15 shots were used. While higher solubility of the polyaniline synthesized was 

obtained to 5 shots of nitrogen plasma.  
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Table 4.15 Solubility of aniline and polyanilines synthesized in HCl solution using 

various shots of argon plasma generated from PICP device 

Solvent Aniline 

Polyanilines synthesized at various 

numbers of plasma shots 

5 10 15 20 25 30 

water   

- 

 

- 

 

- 

 

- 

 

- 

 

- (neutral condition) +++ 

        

water   

++ 

 

++ 

 

+ 

 

+ 

 

+ 

 

- (alkaline condition) +++ 

  

N-Methyl-2-

pyrrolidone 

+++ +++ +++ +++ +++ +++ +++ 

(-)  insoluble  (+, ++)  partially soluble (+++)  fully soluble 

 

Table 4.16 Solubility of aniline and polyanilines synthesized in HCl solution using 

various shots of oxygen plasma generated from PICP device 

Solvent Aniline 

Polyanilines synthesized at various 

numbers of plasma shots 

5 10 15 20 25 30 

water   

- 

 

- 

 

- 

 

- 

 

- 

 

- (neutral condition) +++ 

        

water   

++ 

 

++ 

 

++ 

 

+ 

 

+ 

 

- (alkaline condition) +++ 

  

N-Methyl-2-

pyrrolidone 

+++ +++ +++ +++ +++ +++ +++ 

(-)  insoluble  (+, ++)  partially soluble (+++)  fully soluble 
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Table 4.17 Solubility of aniline and polyanilines synthesized in HCl solution using 

various shots of nitrogen plasma generated from PICP device 

Solvent Aniline 

Polyanilines synthesized at various 

numbers of plasma shots 

5 10 15 20 25 30 

water   

- 

 

- 

 

- 

 

- 

 

- 

 

- (neutral condition) +++ 

        

water   

++ 

 

+ 

 

+ 

 

+ 

 

+ 

 

- (alkaline condition) +++ 

  

N-Methyl-2-

pyrrolidone 

+++ +++ +++ +++ +++ +++ +++ 

(-)  insoluble  (+, ++)  partially soluble (+++)  fully soluble 

 

  4.2.2.4 Electrical conductivity  

  Electrical conductivity values of polyanilines synthesized using PICP 

device are summarized in Table 4.9. Their values are higher than those of polyaniline 

synthesized by chemical and electrical polymerization without doping in the range of 

10-10-10-12 S.cm-1.  It is clearly seen from Figure 4.35 that using argon plasma yielded 

polyanilines with highest conductivity at every plasma shots due to structural 

difference as confirmed by FTIR and UV-VIS spectra. Moreover, as corresponding to 

the highest intensities of UV-VIS absorption peaks, polyanilines which have highest 

conductivity for each type of plasma are those synthesized with 5 shots of argon, 

oxygen and nitrogen plasma. 
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Table 4.18 Electrical conductivities of polyanilines synthesized in HCl solution using 

PICP device 

The number  

of plasma shots 

Conductivity (S.cm-1) 

Ar O2 N2 

5 (4.640.35)x10-8 
 

(2.960.12)x10-8 
 

(1.940.23)x10-8 
 

10 (4.050.07)x10-8 
 

(2.520.10)x10-8 
 

(1.570.13)x10-8 
 

15 (3.520.15)x10-8 
 

(2.470.04)x10-8 
 

(1.160.14)x10-8 
 

20 (2.680.48)x10-8 
 

(1.88 0.08)x10-8 
 

(8.570.03)x10-9 
 

25 (1.590.08)x10-8 
 

(1.380.16)x10-8 
 

(7.240.61)x10-9 
 

30 (1.560.11)x10-8 
 

(1.190.11)x10-8 
 

(6.120.14)x10-9 
 

 

Figure 4.35 The effect of the type of gas on the conductivity of polyanilines 

synthesized in HCl solution using PICP device  
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Figure 4.36 The effect of the number of the plasma shots on the conductivity of 

polyanilines synthesized in HCl solution using PICP device 

   

  4.2.2.5 Crystal structure 

   X-ray diffraction patterns of polyanilines synthesized in HCl solution 

using various shots of argon, oxygen and nitrogen plasma are shown in Figures 4.37-

4.39, respectively. Most of polyanilines exhibit the amorphous structure with broad 

peak at 2Ɵ = 25.98o. For argon plasma, polyanilines synthesized at 5 and 10 shots 

show small crystalline peak at 2Ɵ = 31.84o which can be assigned to the (212) 

reflections of polyaniline [81]. This peak appears when the number of the plasma 

shots of 5 to 25 shots for oxygen and 5 and 10 shots for nitrogen were applied. This 

peak was not found at high plasma shots. In addition, the diffraction peak at 2Ɵ = 

25.98o of these polyanilines are most relatively intense due to increase of effective 

delocalization in polymer chain. This crystalline peak of polyaniline synthesized 

indicated that it is semi-crystalline structure. The integrated intensity of the peaks can 

be used to indicate the crystallinity in polyaniline as shown in Table 4.19. The 
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synthesized polyaniline using 5 shots of oxygen plasma is selected for integrated 

amorphous intensity for calculation of all degree of crystallinity values because this 

condition shows lower integrated amorphous structure than others.  
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Figure 4.37 XRD patterns of polyanilines synthesized in HCl solution using various 

shots of argon plasma generated from PICP device 
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Figure 4.38 XRD patterns of polyanilines synthesized in HCl solution using various 

shots of oxygen plasma generated from PICP device 
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Figure 4.39 XRD patterns of polyanilines synthesized in HCl solution using various 

shots of nitrogen plasma generated from PICP device 
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Table 4.19 The degree of crystallinity (%) of polyanilines synthesized in HCl solution 

using PICP device 

The degree of crystallinity (%) 

Gas Type The number of plasma shots 

5 10 15 20 25 30 

Argon 8.38 8.78 - - - - 

Oxygen 5.38 11.37 20.15 6.78 10.37 - 

Nitrogen 16.16 15.36 - - - - 

 

  4.2.2.6 Thermal properties 

  The decomposition temperatures of polyanilines synthesized in HCl 

solution using PICP device are summarized in Table 4.20 and TGA thermograms are 

shown in Figures 4.40-4.42. Similar trend as observed in the case of polyanilines 

synthesized using sulfuric acid was found. However, the decomposition temperatures 

of those synthesized using sulfuric acid are higher. This may be because of the 

difference in the structures of the obtained polyanilines. 
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Table 4.20 Decomposition temperatures of polyanilines synthesized in HCl solution 

using PICP device 

Gas 

Type 

The number of 

plasma shots 

Decomposition Temperature 

(oC) 

Ar 

5 176.04 

10 175.33 

15 173.65 

20 169.33 

25 172.13 

30 174.66 

O2 

5 159.22 

10 159.28 

15 166.25 

20 166.54 

25 162.51 

30 169.37 

N2 

5 175.82 

10 158.15 

15 158.81 

20 158.77 

25 158.72 

30 177.65 
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Figure 4.40 TGA Thermograms of polyanilines synthesized in HCl solution using 

various shots of argon plasma generated from PICP device 

 

Figure 4.41 TGA Thermograms of polyanilines synthesized in HCl solution using 

various shots of oxygen plasma generated from PICP device 
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 Figure 4.42 TGA Thermograms of polyanilines synthesized in HCl solution 

using various shots of nitrogen plasma generated from PICP device 

 

   4.2.2.7 Morphology 

  Polyanilines synthesized using HCl solution exhibit rod-like and 

granular structures depending on the type of gas and the number of plasma shots as 

shown in Figures 4.43-4.45. In case of argon, all polyanilines show granular and rod-

like structure as seen in Figures 4.43 (a-f). An increase in the number of the plasma 

shots leads to lower amounts of rod-like structure. However, the granules still occur 

and they agglomerate at 30 shots of plasma (Figure 4.43f). In case of oxygen (Figure 

4.44) and nitrogen (Figure 4.45), small clusters of the bulk-like structure were 

observed in all synthesized polyanilines. The number of plasma shots affects the size 

of these clusters and their dispersion. It was found that for polyanilines synthesized at 

low plasma shots, the clusters were much dense than those synthesized at high plasma 

shots.  
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Figure 4.43 FE-SEM images of polyanilines synthesized in HCl solution using 

 (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 (f) 30 of argon plasma generated from PICP device 

 

(a) 

(f) (e) 

(d) (c) 

(b) 
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Figure 4.44 FE-SEM images of polyanilines synthesized in HCl solution using (a) 5 

(b) 10 (c) 15 (d) 20 (e) 25 (f) 30 of oxygen plasma generated from PICP device 

(a) 

(f) (e) 

(d) (c) 

(b) 
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Figure 4.45 FE-SEM images of polyanilines synthesized in HCl solution using (a) 5 

(b) 10 (c) 15 (d) 20 (e) 25 (f) 30 of nitrogen plasma generated from PICP device 

 

(a) 

(f) (e) 

(d) (c) 

(b) 
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All the results suggest that all polyaniline synthesized in HCl solution using 

argon, oxygen and nitrogen plasma exhibit the emeraldine base structure in 

conjunction with lower amount of the emeraldine salt as shown below depending on 

the number of the plasma shots as confirmed by UV-VIS spectra and FTIR spectra 

and the conductivity measurement. 

 

Emeraldine salt:  

    (green color) 

Emeraldine base:  

     (brown color) 

  

 When compared all polyanilines synthesized in H2SO4 and HCl solutions 

using PICP device, the results indicate that polyaniline synthesized in H2SO4 solution 

using 20 shots of argon plasma exhibit highest electrical conductivity. Therefore, this 

polyaniline was selected for investigating the potential for film formation on other 

substrates such as silicon instead of the glass substrate. Figure 4.46 shows that this 

polyaniline can be synthesized and form the film on silicon substrate.  

 

 
 

Figure 4.46 FE-SEM image of polyaniline film on silicon substrate 
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4.3 Characteristics and properties of polyanilines filled with silver particles  

  In this part of the experiment, PICP device was selected for the synthesis 

instead of theta-pinch device because it operates at lower voltage and polyaniline 

obtained from this device has higher conductivity. Nitric acid was also used instead of 

sulfuric acid because using the later may result in the precipitation of silver salt [22]. 

The number of the plasma shots used for each gas was selected from the conditions 

that yielded polyanilines with highest conductivity which were 20 shots for argon and 

oxygen and 15 shots for nitrogen. 

 4.3.1 Chemical Structure 

  FTIR spectra of polyanilines filled with silver particles synthesized using 

argon, oxygen and nitrogen plasma at different concentrations of silver nitrate 

solution are shown in Figures 4.47-4.49 and their peaks are interpreted and given in 

Table 4.21-4.23., respectively. Their spectra are quite comparable. The positions of 

quinonoid and bezenoid stretching vibrations are observed at 1630 and 1493 cm-1. 

The absorption peak at 1300 cm-1 can be assigned to C-N vibrations. The sharp peak 

at 1383 cm-1 corresponds to nitrate counter-ions in the protonated form of polyaniline 

[21,91] as shown in Scheme 2.4. However, the peak at 1376 cm-1 assigned to 

characteristic of polyaniline base is not found. The peak at 1144 cm-1 is contributed to 

the vibration mode of –NH+= structure of conducting polyaniline [87]. However, a 

slight shift of this peak to 1156 cm-1 occurs when the concentrations of silver nitrate 

of 1.5 and 2.0 M were applied. The peaks at 820 and 688 cm-1 are assigned to C-C 

and C-H stretching of benzenoid unit and out of plane C-H vibration of polyaniline, 

respectively [18]. 
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Figure 4.47 FTIR spectra of silver-filled polyanilines synthesized using argon plasma 

at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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Table 4.21 Interpretation of FTIR spectra of silver-filled polyanilines synthesized 

using argon plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Assignments 
Wavenumber (cm-1) 

0.5 1.0 1.5 2.0 

 

1. N-H stretching of 

aromatic amine 

 

3434 

 

 

3437 

 

 

3437 

 

 

3437 

 

2. C-H stretching of aliphatic  2934 2931 2925 2925 

3. C=C stretching of quinoid 

ring 

4. C=C stretching of 

benzenoid group 

5. Nitrate counter-ions 

6. C-N stretching of 

vibrations 

7. NH+= vibration mode  

8. C-H out of plane blending 

9. C-H vibration  of 

polyaniline 

1556 

 

1495 

 

1383 

1300 

 

1144 

823 

691 

1556 

 

1495 

 

1383 

1300 

 

1144 

823 

691 

1556 

 

1495 

 

1383 

1297 

 

1156 

823 

688 

1556 

 

1495 

 

1383 

1294 

 

1156 

823 

688 
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Figure 4.48 FTIR spectra of silver-filled polyanilines synthesized using oxygen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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Table 4.22 Interpretation of FTIR spectra of silver-filled polyanilines synthesized 

using oxygen plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

   

 

 

 

 

 

 

 

 

 

 

 

 

Assignments 
Wavenumber (cm-1) 

0.5 1.0 1.5 2.0 

 

1. N-H stretching of 

aromatic amine 

 

3437 

 

 

3437 

 

 

3440 

 

 

3440 

 

2. C-H stretching of aliphatic  2919 2925 2931 2931 

3. C=C stretching of quinoid 

ring 

4. C=C stretching of 

benzenoid group 

5. Nitrate counter-ions 

6. C-N stretching of 

vibrations 

7. NH+= vibration mode  

8. C-H out of plane blending 

9. C-H vibration  of 

polyaniline 

1556 

 

1495 

 

1383 

1300 

 

1144 

823 

691 

1556 

 

1495 

 

1383 

1300 

 

1144 

823 

688 

1556 

 

1495 

 

1383 

1300 

 

1156 

823 

685 

1556 

 

1495 

 

1383 

1291 

 

1156 

823 

685 
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Figure 4.49 FTIR spectra of silver-filled polyanilines synthesized using nitrogen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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Table 4.23 Interpretation of FTIR spectra of silver-filled polyanilines synthesized 

using nitrogen plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

   

 

 

 
 
 

 

 

  

 

 

  

 

 

 4.3.2 Optical characteristics 

 As seen from Figure 4.50, UV-VIS spectra of silver-filled polyanilines 

synthesized using argon plasma at all concentrations of silver nitrate exhibit 4 

absorption peaks. From Table 4.24, the peaks attributed to π-π* transition and π-

polaron transition of polyaniline filled with silver particles occur at 260 and 294 nm, 

respectively. Other characteristic peaks of polyaniline filled with silver particles 

corresponding to π-π* transition in benzenoid ring and the excitation in quinoid rings 

also occur at 320-326 and 590-620 nm, respectively [18,21,23]. However, the surface 

plasmon absorption peaks of silver particles normally found in wavelength range of 

Assignments 
Wavenumber (cm-1) 

0.5 1.0 1.5 2.0 

 

1. N-H stretching of 

aromatic amine 

 

3443 

 

 

3443 

 

 

3443 

 

 

3440 

 

2. C-H stretching of aliphatic  2925 2928 2934 2937 

3. C=C stretching of quinoid 

ring 

4. C=C stretching of 

benzenoid group 

5. Nitrate counter-ions 

6. C-N stretching of 

vibrations 

7. NH+= vibration mode  

8. C-H out of plane blending 

9. C-H vibration  of 

polyaniline 

1556 

 

1495 

 

1383 

1303 

 

1156 

823 

688 

1556 

 

1495 

 

1383 

1300 

 

1156 

823 

688 

1553 

 

1492 

 

1383 

1300 

 

1156 

823 

688 

1553 

 

1492 

 

1383 

- 

 

1156 

823 

688 
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400 to 520 nm depending on the particle size does not occur in these spectra. This 

may be overlapped by the strong absorption maximum of polyaniline, and may cause 

the shift of emeraldine salt polyaniline to lower wavelengths [22].  

 

Figure 4.50 UV-VIS spectra of silver-filled polyanilines synthesized using argon 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution  

 

Table 4.24 UV-VIS absorption peaks of silver-filled polyanilines synthesized using 

argon plasma 

Conc. of silver nitrate solution 

(mol/l) 

λmax (nm) 

1 2 3 4 

0.5 260 294 326 620 

1.0 260 294 326 617 

1.5 260 294 320 600 

2.0 260 294 320 590 
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 As seen from Figure 4.51 and Table 4.25, silver-filled polyanilines synthesized 

using oxygen plasma exhibit UV-VIS absorption phenomena similar to those 

synthesized using argon plasma. On the other hand, those synthesized using nitrogen 

plasma show slightly different spectra as shown in Figure 4.52 and Table 4.26 due to 

different functional groups present. 

 
 

 

Figure 4.51 UV-VIS spectra of silver-filled polyanilines synthesized using oxygen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

 

Table 4.25 UV-VIS absorption peaks of silver-filled polyanilines synthesized using 

oxygen plasma 

The concentration of silver 

nitrate  

λmax (nm) 

1 2 3 4 

0.5 260 294 330 623 

1.0 260 294 330 620 

1.5 260 294 320 610 

2.0 260 294 320 600 
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Figure 4.52 UV-VIS spectra of silver-filled polyanilines synthesized using nitrogen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

 

Table 4.26 UV-VIS absorption peaks of silver-filled polyanilines synthesized using 

argon plasma 

The concentration of silver 

nitrate  

λmax (nm) 

1 2 3 4 

0.5 260 290 330 - 

1.0 260 290 330 - 

1.5 260 290 330 595 

2.0 260 290 330 595 
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 4.3.3 Electrical Conductivity 

 Electrical conductivity values of polyaniline filled with silver particles are 

given in Table 4.27. These values are higher than that of unfilled polyanilines as 

shown in previous sections. Generally, the electrical conductivity of silver is 6.3x105 

S.cm-1 at 20oC [92] but the electrical conductivity of silver-filled polyanilines exhibits 

just 10-4 S.cm-1. This result may be caused by the interfaces between polyaniline and 

silver particles. This interface may produce barriers to the charge-carries and restrict 

the participation of silver in conduction [23]. The conductivity may depend on other 

results such as the morphology of both polyaniline and silver particles [35]. Such the 

nanofibers structure of polyaniline show higher well-oganized than the microfibers, 

brushes and spheres [93-94]. The highest conductivities for the synthese using argon, 

oxygen and nitrogen plasma are 3.31 x10-4, 2.31 x10-4, 1.32 x10-4 S.cm-1, respectively 

at 1.0 M of silver nitrate solution. These conditions show that nanofibers have longer 

and thinner shape than the others as confirmed by FE-SEM images. 

 

Table 4.27 Electrical Conductivity of polyanilines filled with silver particles 

The concentration 

of silver nitrate 

(mol/L) 

Conductivity (S.cm-1) 

Ar O2 N2 

0.5 (2.840.08)x10-4 
 

(2.14 0.09)x10-4 
 

(1.26 0.04)x10-4 
 

1.0 (3.310.23)x10-4 
 

(2.31 0.13)x10-4 
 

(1.32 0.02)x10-4 
 

1.5 (2.550.03)x10-4 
 

(1.82 0.09)x10-4 
 

(1.12 0.02)x10-4 
 

2.0 (1.920.05)x10-4 
 

(1.300.04)x10-4 
 

(1.08 0.04)x10-4 
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Figure 4.53 The effect of the gas type on the conductivity of polyanilines filled with 

silver particles 

 

4.3.4 Crystal Structure 

 X-ray diffraction patterns of polyanilines filled with silver particles 

synthesized using argon, oxygen and nitrogen palsma are shown in Figures 4.54-4.56, 

respectively. The presences of silver particles and polyaniline are observed. The broad 

peak at 2θ = 25o assigned to characteristic of polyaniline is present. Moreover, it also 

exhibits the sharp peaks at 11 and 22o [95]. The sharp peaks centered at 2θ = 38, 44, 

64 and 77o corresponding to (111), (200), (220) and (311) plane of face-centered 

cubic phase of silver particles (JCPDS standard no. 40-0783) [95-96] are present. The 

crystallite sizes of silver particles can be calculated from Scherrer’s equation [97] as 

follows:  

D=kλ/(cosθ) 
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Where λ is the X-ray wavelength (0.1540 nm), k = is the shape factor (0.89), D is the 

average diameter of the crystals (in Armstrong units), θ is the Bragg angle (in degree), 

 is full width at half maximum (FWHM) of the peak intensity (in 2θ units). The 

value at 2θ=38o is used to determine in Scherrer’s equation due to highest intensity 

than those peaks of silvers particles. From calculation obtained 50 nm of diameter of 

silver particles. In addition, an increasing in the peak intensity corresponds to an 

increase in the particle size. Moreover, the crystalline peak at about 36o was observed 

with increasing the concentration of silver nitrate because silver azide is presented 

(JCPDS standard no. 00-003-0906) [98].  
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Figure 4.54 XRD patterns of silver-filled polyanilines synthesized using argon 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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Figure 4.55 XRD patterns of silver-filled polyanilines synthesized using oxygen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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Figure 4.56 XRD patterns of silver-filled polyanilines synthesized using nitrogen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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4.3.5 Thermal Properties 

 The decomposition temperatures of silver-filled polyanilines synthesized using 

PICP device are summarized in Table 4.20 and TGA thermograms are shown in 

Figures 4.57-4.59. The decomposition tempearatures of these polyanilines are in the 

range of 187-243 oC which are better than those of pure polyaniline suggesting that 

silver particles can improve thermal properties of polyaniline. The decomposition 

temperature of silver-filled polyanilines started with the degradation of low molecular 

weight fragments of the polymer. Consequently, at low concentration of silver nitrate, 

polyanilines synthesized using all types of plasma show higher decomposition 

temperatures due to longer fibrils corresponding to results from the electrical 

conductivity and FE-SEM results.  
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Table 4.28  Decomposition temperature of silver-filled polyanilines synthesized using 

PICP device 

Gas Type 

The concentration of 

silver nitrate  

(mol/L) 
Decomposition Temperature (oC) 

Ar 0.5 209.47 

1.0 243.53 

1.5 189.50 

2.0 200.01 

O2 0.5 211.05 

1.0 210.06 

1.5 194.93 

2.0 193.58 

N2 0.5 204.30 

1.0 201.60 

1.5 198.99 

2.0 187.93 
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Figure 4.57 TGA thermograms of silver-filled polyanilines synthesized using argon 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

 

Figure 4.58 TGA thermograms of silver-filled polyanilines synthesized using oxygen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 
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Figure 4.59 TGA thermograms of silver-filled polyanilines synthesized using 

nitrogen plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

 

4.3.6 Morphology  

Figures 4.60-4.62 reveal that all synthesized polyanilines filled with silver 

particles exhibit the fibril structure of polyaniline with average diameter of 50-100 nm 

and the spherical structure of silver particles with diameter about 50-80 nm. The 

amounts of silver particles increase with increasing the concentration of silver nitrate 

solution. 
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Figure 4.60 FE-SEM images of silver-filled polyanilines synthesized using argon 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.61 FE-SEM images of silver-filled polyanilines synthesized using oxygen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution  

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.62 FE-SEM images of silver-filled polyanilines synthesized using nitrogen 

plasma at (a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 mol/l of silver nitrate solution 

 
All the results suggest that silver-filled polyanilines synthesized using argon, 

oxygen and nitrogen plasma exhibit the following emeraldine salt structure as 

confirmed by FTIR and UV-VIS spectra and the conductivity measurement.  

 

Emeraldine salt:  

    (green color) 

 

(a) (b) 

(c) (d) 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

  In this research, polyanilines and polyanilines filled with silver particles were 

successfully synthesized by plasma polymerization using pulsed plasma generators. In 

the case of polyanilines, they were synthesized using AAAPT theta-pinch device and 

pulsed inductively coupled plasma (PICP) device. The effects of the gas type and the 

number of the plasma shots on the characteristics and the properties of the obtained 

polyanilines were studied. It was found that plasma polymerization of aniline into 

polyaniline and acid doping can be done in one step. The results can be concluded as 

follows:  

 1. Polyanilines obtained from the syntheses in H2SO4 solution using AAAPT 

theta-pinch device exhibited the characteristic peaks of polyaniline including quinoid 

and benzenoid rings at 1630 and 1403 cm-1 in FTIR spectra, respectively. The 

structures of emeraldine salt and emeraldine base were formed depending on the gas 

type and the number of the plasma shots. UV-VIS spectra showed the absorption 

peaks of doped polyaniline with highest intensity when 20 shots of argon and oxygen 

plasma and 15 shots of nitrogen plasma were applied. Using 20 shots of argon plasma 

yielded a semi-crystalline polyaniline with highest conductivity and decomposition 

temperature at 262 oC. 

 2. Polyanilines obtained from the syntheses in H2SO4 solution using PICP 

device exhibited the characteristic peaks of polyaniline including quinoid and 

benzenoid rings around 1612 and 1400 cm-1 in FTIR spectra, respectively. The 

structures of polyaniline synthesized using argon plasma consisted of the mixtures of 

the emeraldine salt and emeraldine base depending on the number of the plasma shots. 

On the other hand, those synthesized using oxygen and nitrogen plasma exhibited 

mainly the undoped structure of emeraldine base. Consequently, the former exhibited 
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highest conductivity at every plasma shots. The obtained semi-crystalline polyanilines 

were easily dissolved in N-methyl-2-pyrrolidone, insoluble in neutral water but 

partially soluble in water having alkaline condition. Their decomposition temperatures 

were in the range of 182-188oC depending on the gas type and the number of the 

plasma shots. Fibril structures with diameter of 100±7.4 nm were observed in all 

polyanilines except for those synthesized with 5 and 10 shots of oxygen and nitrogen 

plasma. The latters had the granular structure with grain size about 150±10.7 nm. An 

increase in the number of the plasma shots leads to higher amounts of fibrils but 

shorter length due to plasma etching at high plasma exposure.  

 3. Polyanilines obtained from the syntheses in HCl solution using PICP device 

exhibited the characteristic peaks of polyaniline including quinoid and benzenoid 

rings around 1612 and 1378 cm-1 in FTIR spectra, respectively. All polyanilines 

synthesized in HCl solution using argon, oxygen and nitrogen plasma exhibited the 

emeraldine base structure in conjunction with lower amount of the emeraldine salt 

depending on the number of the plasma shots. Using 5 shots of these plasma yielded 

polyanilines with highest conducitivity. The obtained semi-crystalline polyanilines 

were easily dissolved in N-methyl-2-pyrrolidone, insoluble in neutral water but 

partially soluble in water having alkaline condition. Their decomposition temperatures 

were in the range of 158-178oC depending on the gas type and the number of the 

plasma shots due to structural difference. Polyanilines synthesized using argon plasma 

exhibited granular and rod structures. On the other hand, those synthesized using 

oxygen and nitrogen plasma exhibited small clusters as the bulk-like structure. 

 4. The above results indicated that PICP device was more suitable than theta-

pinch device for the synthesis of polyaniline with acid doping in one step since it 

yielded polyanilines with higher conductivity. Therefore, this device was selected for 

the synthesis of polyanilines filled with silver particles in later section of the 

experiment. 
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5. The above results also indicated that using sulfuric acid resulted in 

polyanilines with higher conductivity and higher decomposition temperatures than 

using hydrochloric acid.  
 

 In the case of polyanilines filled with silver particles, they were synthesized in 

nitric acid solution using PICP device. The effects of the gas type and the 

concentration of silver nitrate on the characteristics and the properties of the obtained 

polyanilines were studied. It was found that the obtained polyanilines exhibited the 

characteristic peaks of polyaniline including quinoid and benzenoid rings around 1556 

and 1495 cm-1 in FTIR spectra, respectively. All polyanilines synthesized using argon, 

oxygen and nitrogen plasma had the emeraldine salt structure as confirmed by FTIR 

and UV-VIS spectra. Their conductivities and decomposition temperatures were 

higher than pure polyaniline. They exhibited the fibril structure of polyaniline with 

average diameter of 50-100 nm and the spherical structure of silver particles with 

diameter about 50-80 nm. The amounts of silver particles increase with increasing the 

concentration of silver nitrate solution. These results indicated that plasma 

polymerization of aniline into polyaniline and the synthesis of silver particles can be 

done in one step. 

5.2 Recommendations 

 1. The effect of other operating conditions of the plasma generator such as 

pressure should be studied. 

 2. The effect of other types of metal particles such as copper and gold should 

be studied. 

 3. The applications of the obtained polyanilines and polyanilines filled with 

silver particles such as for sensors should be studied.  
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Appendices 



Appendix A 

 

Determination of Ohmic Linear Regime 

  

  Linear regime or ohmic regime is the regime that applied voltage depends 

directly on the apply current according to ohmic law in equation A1. Linear regime 

was determined by plotting applied voltage (V) versus current (I). The range that 

gives the straight line is acceptable for using in conductivity measurement. 

 

    V  =  IR      (A1) 

where   V  =  applied voltage (V) 

   I  =  current (A) 

   R  =  resistance (Ω) 

  

 In this study, resistivity is determined from a resistance (R) of material using a 

two-point probe technique. Two voltage probes are at a fixed spacing distance. 

Current is sent through one probe and exist through the second probe. The voltage 

between the two probes is measured be a voltmeter. Two point probe test set up is 

shown in Figure A1. Most surface resistivity measurements are made on thin films on 

a small surface area substrate. The specific conductivity was calculated from equation 

A2 

 

 

    σ  =    =       (A2) 

  
  Where σ is the specific conductivity (S/cm), ρ is the specific resistivity 

(Ω.cm), V is applied voltage to tips, I is the measured current, and S is the distance 

between the voltage measurement and the current probe. 
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Figure A1 Two point probe test set up 
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Appendix B 

 

Electrical conductivity of Sample 

 

Table B1 Electrical conductivity of plasma synthesized PAni/H2SO4 with argon gas 

using AAAPT Theta-pinch device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 3.88 × 107 5.59 × 107 3.39 × 107 2.58 × 10-8 1.79 × 10-8 2.95 × 10-8 2.44 × 10-8 

10 sh 1.74 × 107 1.88 × 107 1.55 × 107 5.76 × 10-8 5.33 × 10-8 6.46 × 10-8 5.85 × 10-8 

15 sh 1.38 × 107 1.25 × 107 1.37 × 107 7.25 × 10-8 7.98 × 10-8 7.32 × 10-8 7.52 × 10-8 

20 sh 9.35 × 105 1.17 × 106 1.34 × 106 1.07 × 10-6 8.52 × 10-7 7.44 × 10-7 8.89 × 10-7 

25 sh 1.41 × 106 2.26 × 106 1.65 × 106 7.08 × 10-7 4.43 × 10-7 6.05 × 10-7 5.85 × 10-7 

30 sh 1.23 × 107 5.41 × 106 7.87 × 106 8.14 × 10-8 1.85 × 10-7 1.27 × 10-7 1.31 × 10-7 

 

Table B2 Electrical conductivity of plasma synthesized PAni/H2SO4 with oxygen gas 

using AAAPT Theta-pinch device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh - - - - - - - 

10 sh 8.40 × 109 8.40 × 109 8.55 × 109 1.19 × 10-10 1.19 × 10-10 1.17 × 10-10 1.18 × 10-10 

15 sh 8.06 × 109 6.67 × 109 7.69 × 109 1.24 × 10-10 1.50 × 10-10 1.30 × 10-10 1.35 × 10-10 

20 sh 2.53 × 109 3.82 × 109 1.06 × 108 3.96 × 10-10 2.62 × 10-10 9.40 × 10-9 3.35 × 10-9 

25 sh 1.53 × 109 2.46 × 109 2.53 × 109 6.53 × 10-10 4.06 × 10-10 3.96 × 10-10 4.85 × 10-10 

30 sh 5.15 × 109 6.49 × 109 5.78 × 109 1.94 × 10-10 1.54 × 10-10 1.73 × 10-10 1.74 × 10-10 
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Table B3 Electrical conductivity of plasma synthesized PAni/H2SO4 with argon gas 

using PICP device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 8.62 × 106 8.85 × 106 1.00 × 107 1.16 × 10-7 1.13 × 10-7 1.00 × 10-7 1.10 × 10-7 

10 sh 7.04 × 106 7.19 × 106 7.19 × 106 1.42 × 10-7 1.39 × 10-7 1.39 × 10-7 1.40 × 10-7 

15 sh 6.29 × 106 6.29 × 106 6.71 × 106 1.59 × 10-7 1.59 × 10-7 1.59 × 10-7  1.56 × 10-7 

20 sh 1.33 × 106 3.23 × 106 3.61 × 106 7.51 × 10-7 3.10 × 10-7 2.77 × 10-7  4.46 × 10-7 

25 sh 4.78 × 106 4.78 × 106 3.86 × 106 2.09 × 10-7 2.09 × 10-7 2.59 × 10-7 2.26 × 10-7 

30 sh 5.75 × 106 4.85 × 106 5.59 × 106 1.74 × 10-7 2.06 × 10-7 1.79 × 10-7 1.86 × 10-7 

 

 

Table B4 Electrical conductivity of plasma synthesized PAni/H2SO4 with oxygen gas 

using PICP device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 5.68 × 107 5.68 × 107 7.09 × 107 1.73 × 10-8 1.76 × 10-8 1.41 × 10-8 1.64 × 10-8 

10 sh 4.22 × 107 4.85 × 107 4.85 × 107 2.37 × 10-8 2.06 × 10-8 2.06 × 10-8 2.16 × 10-8 

15 sh 3.36 × 107 3.47 × 107 4.52 × 107 2.98 × 10-8 2.88 × 10-8 2.21 × 10-8  2.69 × 10-8 

20 sh 7.58 × 106 1.24 × 107 9.71 × 106 1.32 × 10-7 8.05 × 10-8 1.03 × 10-7  1.05 × 10-7 

25 sh 1.80 × 107 1.62 × 107 1.62 × 107 5.57 × 10-8 6.16 × 10-8 6.19 × 10-8 5.97 × 10-8 

30 sh 1.57 × 107 3.39 × 107 2.28 × 107 6.38 × 10-8 2.95 × 10-8 4.39 × 10-8 4.57 × 10-8 
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Table B5 Electrical conductivity of plasma synthesized PAni/H2SO4 with nitrogen 

gas using PICP device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 1.08 × 109 1.83 × 109 1.04 × 109 9.28 × 10-10 5.47× 10-10 9.58 × 10-10 8.11 × 10-10 

10 sh 1.01 × 108 2.05 × 108 1.35 × 108 9.94 × 10-9 4.87 × 10-9 7.40 × 10-9 7.40 × 10-9 

15 sh 3.45 × 108 8.00 × 108 3.92 × 108 2.90 × 10-9 1.25 × 10-9 2.55 × 10-9  2.23 × 10-9 

20 sh 2.67 × 107 7.41 × 107 8.47 × 107 3.74 × 10-8 1.35 × 10-8 1.18 × 10-8 2.09 × 10-8 

25 sh 5.03 × 108 7.30 × 108 5.56 × 108 1.99 × 10-9 1.37 × 10-9 1.80 × 10-9 1.72 × 10-9 

30 sh 5.38 × 108 2.26 × 108 6.90 × 108 1.86 × 10-9 4.42 × 10-9 1.45 × 10-9 2.58 × 10-9 
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Table B6 Electrical conductivity of plasma synthesized PAni/HCl with argon gas 

using PICP device 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 2.06 × 107 2.36 × 107 2.07 × 107 4.85 × 10-8 4.24 × 10-8 4.83 × 10-8 4.64 × 10-8 

10 sh 2.52 × 107 2.43 × 107 2.46 × 107 3.97 × 10-8 4.11 × 10-8 4.07 × 10-8 4.05 × 10-8 

15 sh 2.90 × 107 2.92 × 107 2.71 × 107 3.45 × 10-8 3.43 × 10-8 3.69 × 10-8 3.52 × 10-8 

20 sh 4.13 × 107 3.10 × 107 4.18 × 107 2.42 × 10-8 3.23 × 10-8 2.39 × 10-8 2.68 × 10-8 

25 sh 5.99 × 107 6.29 × 107 6.58 × 107 1.67 × 10-8 1.59 × 10-8 1.52 × 10-8 1.59 × 10-8 

30 sh 6.62 × 107 5.95 × 107 6.76 × 107 1.51 × 10-8 1.68 × 10-8 1.48 × 10-8 1.56 × 10-8 

 

 

 

Table B7 Electrical conductivity of plasma synthesized PAni/HCl with oxygen gas 

using PICP device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 3.51 × 107 3.39 × 107 3.24 × 107 2.85 × 10-8 2.95 × 10-8 3.09 × 10-8 2.96 × 10-8 

10 sh 3.98 × 107 3.82 × 107 4.12 × 107 2.51 × 10-8 2.62 × 10-8 2.43 × 10-8 2.52 × 10-8 

15 sh 3.98 × 107 4.10 × 107 4.07 × 107 2.51 × 10-8 2.44 × 10-8 2.46 × 10-8 2.47 × 10-8 

20 sh 5.10 × 107 5.56 × 107 5.32 × 107 1.96 × 10-8 1.80 × 10-8 1.88 × 10-8 1.88 × 10-8 

25 sh 6.94 × 107 6.71 × 107 8.33 × 107 1.44 × 10-8 1.49 × 10-8 1.20 × 10-8 1.38 × 10-8 

30 sh 7.69 × 107 8.33 × 107 9.35 × 107 1.30 × 10-8 1.20 × 10-8 1.07 × 10-8 1.19 × 10-8 
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Table B8 Electrical conductivity of plasma synthesized PAni/HCl with nitrogen gas 

using PICP device 

 

The 
number of 

plasma 
shots 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

5 sh 5.95 × 107 4.93 × 107 4.76 × 107 1.68 × 10-8 2.03 × 10-8 2.10 × 10-8 1.94 × 10-8 

10 sh 6.21 × 107 6.99 × 107 5.95 × 107 1.61 × 10-8 1.43 × 10-8 1.68 × 10-8 1.57 × 10-8 

15 sh 9.09 × 107 9.35 × 107 7.58 × 107 1.10 × 10-8 1.07 × 10-8 1.32 × 10-8 1.16 × 10-8 

20 sh 1.21 × 108 1.13 × 108 1.16 × 108 8.28 × 10-9 8.83 × 10-9 8.59 × 10-9 8.57 × 10-9 

25 sh 1.47 × 108 1.26 × 108 1.43 × 108 6.81 × 10-9 7.94 × 10-9 6.98 × 10-9 7.24 × 10-9 

30 sh 1.66 × 108 1.59 × 108 1.65 × 108 6.02 × 10-9 6.28 × 10-9 6.05 × 10-9 6.12 × 10-9 
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Table B9 Electrical conductivity of plasma synthesized polyaniline filled with silver 

particles at different the concentration of silver nitrate with argon gas using PICP 

device.  

 

The 
concentration 

of Silver 
nitrate 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

0.50 3.52 × 103 3.42 × 103 3.62 × 103 2.84 × 10-4 2.92 × 10-4 2.76 × 10-4 2.84 × 10-4 

1.00 2.99 × 103 2.84 × 103 3.26 × 103 3.35 × 10-4 3.52 × 10-4 3.07 × 10-4 3.31 × 10-4 

1.50 3.92 × 103 3.97 × 103 3.88 × 103 2.55 × 10-4 2.52 × 10-4 2.58 × 10-4 2.55 × 10-4 

2.00 5.05 × 103 5.21 × 103 5.35 × 103 1.98 × 10-4 1.92 × 10-4 1.87 × 10-4 1.92 × 10-4 

 

 

Table B10 Electrical conductivity of plasma synthesized polyaniline filled with silver 

particles at different the concentration of silver nitrate with oxygen gas using PICP 

device.  

 

The 
concentration 

of Siler 
nitrate 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

0.50 4.46 × 103 4.72 × 103 4.88 × 103 2.24 × 10-4 2.12 × 10-4 2.05 × 10-4 2.14 × 10-4 

1.00 4.07 × 103 4.52 × 103 4.44 × 103 2.46 × 10-4 2.21 × 10-4 2.25 × 10-4 2.31 × 10-4 

1.50 5.85 × 103 5.32 × 103 5.38 × 103 1.71 × 10-4 1.88 × 10-4 1.86 × 10-4 1.82 × 10-4 

2.00 7.52 × 103 7.94 × 103 7.69 × 103 1.33 × 10-4 1.26 × 10-4 1.30 × 10-4 1.30 × 10-4 
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Table B11 Electrical conductivity of plasma synthesized polyaniline filled with silver 

particles at different the concentration of silver nitrate with nitrogen gas using PICP 

device.  

 

The 
concentration 

of Siler 
nitrate 

Resistivity (Ω.cm) Conductivity (S/cm) 

1 2 3 1 2 3 Average 

0.50 7.75 × 103 8.26 × 103 7.81 × 103 1.29 × 10-4 1.21 × 10-4 1.28 × 10-4 1.26 × 10-4 

1.00 7.58 × 103 7.52 × 103 7.69 × 103 1.32 × 10-4 1.33 × 10-4 1.30 × 10-4 1.32 × 10-4 

1.50 9.17 × 103 8.77 × 103 8.93 × 103 1.09 × 10-4 1.14 × 10-4 1.12 × 10-4 1.12 × 10-4 

2.00 9.17 × 103 8.93 × 103 9.62 × 103 1.09 × 10-4 1.12 × 10-4 1.04 × 10-4 1.08 × 10-4 
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