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Abstract: 
 

The synthesis of polythiophenes functionalized with an alkyl group such as 

coumarin and naphthol were performed successfully. A previously - described technique 

of WS2 synthesis from thiourea and tungstic acid was utilized to synthesize exfoliated 

WS2, which was employed to synthesize nanocomposite materials. Also, novel exfoliated 

polythiophene and poly(3-alkylthiophene) with naphthol nanocomposites using various 

percentages of tungsten disulfide were prepared using in-situ polymerization of the 

monomer with iron (III) chloride in the presence of exfoliated WS2.  Additionally, the 

exfoliated nanocomposites of polyaniline were synthesized by an in-situ polymerization 

reaction of aniline with ammonium peroxydisulfate in the presence of exfoliated WS2. 

 

The poly(3-alkylthiophene) decorated with naphthol was characterized by using 

techniques such as NMR, FTIR, and TGA. These techniques were utilized to determine 

the difference between the monomers and their polymers. Both polymers displayed a 

noticeable improvement in thermal stability. The exfoliated nanocomposites of PThN-

WS2 were also characterized using techniques such as FT-IR and XRD.The results 

obtained suggest that there is an interaction between the polymer and the WS2 due to the 

vibrational change in the IR spectrum.  

 

Ozawa's method was applied to determine the decomposition kinetics of these 

exfoliated nanocomposites using the Thermogravimetric Analysis (TGA). The activation 

energies for PTh and their six different compositions of WS2 were measured under air. 

Each sample was studied using four selected heating rates: 5, 10, 20 and 40 
o 
C/min.  The 
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similar procedures were followed to compute Ea for PThN-WS2 nanocomposites. The 

results demonstrated that the incorporation of nanofillers has improved the Ea value for 

PTh-WS2 and PThN-WS2 nanocomposites. 

 

It was found that the presence of alkyl group (naphthol) on the thiophene ring has 

enhanced the Ea by approximately 65 kJ/mol compared to pure PTh with around 79.9 

kJ/mol. Furthermore, the values of the Ea for exfoliated PT-WS2 and PThN-WS2 

compositions were increased by incorporating higher percents of WS2 in comparison to 

that of pure PT or PThN. 

 

Ozawa's method was also applied to determine the activation energies for the pure 

polyaniline and their nanocomposites with WS2. All experiments were carried out in a 

TGA at four different heating rates under a nitrogen atmosphere. It was demonstrated that 

the incorporation of exfoliated WS2 in polyaniline showed an enhancement in the Ea 

values. Also, 12.5% of WS2-PANI composition recorded the highest Ea with 165 kJ/mol 

compared to that of Ea of pristine PANI with 129.8 kJ/mol. 
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1. Introduction: 
  

1.1. Overview. 
  

When we think or hear about polymers, we may immediately come up with an 

image of some products such as rubber, plastic and clothes. These materials are 

often insulators, but as a matter of fact, conducting polymers were known before 

their discovery in the late 1970s. 1 For example, Runge reported the polymerization 

of aniline via a chemical oxidation reaction in 1834, 2 although at that time, the 

electrical property of the conducting polymer was not known. Over a century later, 

however, in 1977, Shirakawa, Heeger, and MacDiarmid, reported the high electrical 

conductivity of polyacetylene. They were awarded the Nobel Prize in Chemistry in 

2000 for the discovery that doping polyacetylene with AsF5, increased the polymer’s 

conductivity by 220 S/cm at room temperature. 1 Since that discovery, many 

conducting polymers including poly(para-phenylene ethylene) (PPE), polyaniline 

(PANI), poly(para-phenylene vinylene) (PPV), polythiophene (PT), polypyrrole 

(PPY), Poly(para-phenylene) (PPP) many others have been produced, as can be seen 

in Figure 1.1. These conducting polymers are known as “organic semiconductors” or 

“synthetic metals.” 

 

Figure 1.1: structures of several common conjugated polymers. 
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Conducting polymers (CPs) are considered to be modern materials. Recently, 

these types of materials have been studied substantially as a result of their unique 

properties. A great deal of interest is focused on enhancing these materials so that they 

may replace the currently used semiconductors. Organic conducting polymers provide 

different beneficial features over inorganic semiconductors such as lightness in weight, 

resistance to corrosion, nearly infinite numbers of chemical structures of polymers, 

electronic and optical properties and ease of processability.
 3

 The key point of focus in 

CPs use for the development of devices in comparison to other polymers is attributed to 

their relatively low cost and the ease that they can be cast or molded into a preferable 

shape from solution or melt.  

 

The electrical properties of conducting polymers are attributed to the mobile 

charge carriers, which move through the π conjugation system that is constructed by the 

overlap of the delocalized p-orbitals of the polymer backbone. In contrast, in the undoped 

state, the conducting polymers display a low electrical conductivity at room temperature. 

 

 
Figure 1.2: Electrical property of conducting polymers in comparison with 

conventional materials.
 4
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Based on the Band Theory  4-7 all materials are classified into three groups: 

insulators, semiconductors, and conductors. As a result, this is important for 

understanding why conducting polymers act as either insulators, semiconductors or 

metals as shown in Figure 1.2. A band model can illustrate why some materials are 

conductive while others are not. In a band model, electronic bands can be generated 

due to the overlapping of molecular orbitals. 

 

The band gap (Eg) refers to the energy difference between the top of the valence 

band and bottom of the conduction band. The exceptional conductivity of metals is 

attributed to absence of a band gap, which can be due to band overlap or a partially filled 

band. In the case of insulators, the lack of conductivity of these materials is ascribed to 

the large band gap. The band gap is smaller in semiconductors than insulators, and the 

thermal or photon excitation can promote some electrons from the valence band to vacant 

spaces in the conduction band as illustrated in Figure 1.3. 

 

The π band (valence band) and π* band (conduction band) overlap in conducting 

polymers after doping by either n-doping or p-doping. The doped polymer undergoes a 

decrease in the distance between the valence band and conduction band, allowing the 

polymer to behave as a metal in term of conductivity.
 8

 Overall, the presence of a small 

band gap is the fundamental aim in the preparation conducting polymers. 
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Figure 1.3: The difference in band gaps for Metals, Semiconductors, and Insulators. 

 

 

1.2. Synthesis of conducting polymer: 

 

 

Conducting polymers can be produced by either electrochemical or chemical 

oxidation reaction of the corresponding monomers. 
 9,10

 The processes of synthesizing 

conducting polymers initiates with the oxidation of the monomer to produce a molecule 

with low molecular weight (an oligomer). Since the oligomer has a low oxidation 

potential compared to the monomer, it then undergoes further oxidation to produce the 

polymer. Ultimately, a polymer is obtained by either precipitation in an appropriate 

solvent or electrodeposition of the polymer onto an electrode.  

 

Ammonium persulfate (NH4)2S2O8 and Ferric chloride (FeCl3) are common 

chemical oxidizing agents. A polymer produced using these two agents is regarded as a 

(p-type) doped polymer. An anion A
-
 must also be added to balance the change on the 

polymer backbone, resulting in the production of a stable doped polymer. 
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 5 

 

Chemical polymerization produces a large amount of the polymer.  The synthesis 

of polypyrrole, for instance, can be easily obtained from aqueous solution, whereas, the 

successful preparation of polyaniline needs to be in acidic conditions since the level of 

protonation of the polyaniline is extremely sensitive in terms of the electrical 

conductivity of the polymer. Unlike polypyrrole and polyaniline, which require aqueous 

solutions for their polymer synthesis, polymerization of thiophene is often carried out in 

organic solvents such as acetonitrile because of its poor solubility in aqueous electrolytes. 

 

  It is worth mentioning that the oxidation polymerization reaction is not the only 

approach for synthesizing conducting polymers, but there are also other techniques such 

as the condensation polymerization reaction and organometallic aryl-aryl coupling.
 11,12

 

However, the doped or oxidized polymer can only be directly prepared by the approach 

of oxidative polymerization. In other techniques, the neutral polymer is synthesized first 

and then doped or oxidized in the following step.      

 

1.2.1. Polythiophene (PT) vs Poly(3-alkylthiophene) (P3AT) 

        

 

1-2-1-1.  Overview 

 

Among the many conducting polymers, polythiophenes have attracted 

considerable interest during the last two decades due to their environmental and thermal 

stability in both doped and undoped states, (42% weight loss at 900
o
C) and their very 
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high electrical conductivity ranging from 3.4×10
-4

 to 1.0×10
-1

 S/cm after doping with 

iodine.
 13

  

 

The first synthesis of polythiophene was reported in 1980, and gave an insoluble 

and unprocessable compound.
 14,15

The reason for the poor solubility of polythiophene is 

attributed to the strong π stacking between thiophenes rings. Various possible approaches 

of modifying the properties of (P3AT) can be achievable by substitution of an alkyl group 

in the β position of the thiophene ring. This substitution on the β position results in an 

improvement in solubility of P3AT in the organic solvents. Therefore, it enhances the 

ease of processing for many applications and facilitates the characterization of P3ATs,
 16

 

which have several practical applications such as in electrical conductor, smart windows, 

rechargeable batteries, LED polymers, solar cells, and sensors optical devices, etc. 
 10

 

Generally, the ability to manipulate the properties of P3AT by varying substituted 

alkyl groups at the β position has become a critical topic in term of design and creation of 

a novel series of P3AT, hence, promoting new advanced materials and their properties.  

1-2-1-2  Chemical Synthesis of Polyalkylthiophene ( P3ATs). 

 

 

        The chemical synthesis of P3AT has undergone several improvements. 

Polymethylthiophene (PMT) was the first synthesized substituted P3AT and was 

insoluble.
 17-19

 In 1985, Elsenbamer and his co-workers synthesized the first soluble and 

stable P3AT.
 20-22

 Shortly after, chemical and electrochemical syntheses of P3AT were 

reported.
 23-25

 It was deduced that the solution and melt processed into film was possible 
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with alkyl group longer than butyl with the electrical conductivity of 1×10
-5 

S/cm.
 20-25

 

The following are several techniques that have been used to prepare P3AT. 

 

Kumada followed the same procedures of synthesis polythiophene
 20-22

 to prepare 

P3AT and this reaction is known as cross – coupling polymerization, 
 26,27

 as shown in 

Scheme (1.1). In addition, it was found that common organic solvents such as 

chloroform, THF, acetonitrile, methylene chloride, benzonitrile, nitrobenzene, toluene, 

and xylene can dissolve any P3AT with alkyl group equal to or longer than butyl group. 

  

 

 

 

 

Scheme 1.1: the synthesic approach for Poly (3-alkylthiophene). 

 

The synthesis of P3AT was further developed in 1995 by Curtis el at,
 28

 2.5-bis 

(chloromercurio-3-alkylthiophene was polymerized in the presence of copper powder and 

PdCl2 in pyridine as shown in Scheme 1.2. In this method, the homopolymer and 

copolymer were produced, with 3-alkyl and 3- esteric substituents formed with respect to 

the copolymer. The molecular weight was observed to be 26 K, with a PDI of 2.5 for poly 

(3-butylthiophene).  

 

R= alkyl or esters 
Scheme 1.2: Curtis’ method for the synthesis of P3AT. 
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In 1986, Sugimoto and his co-workers successfully prepared P3AT using 

oxidizing agents such as ferric (III) chloride (FeCl3),
 23

 ruthenium(III) chloride (RuCl3) or 

molybdenum(III) chloride (MoCl3)
 29

 in dry chloroform. In general, FeCl3 as an oxidizing 

agent has frequently been used to synthesize P3AT.
 30-35

 The molecular weight of 

polymers prepared by this method ranges from 30 to 300 K with PDI ranging from 1.3 to 

5. 
 34,35

 Moreover, there is no α-β (2,4) coupling as a result of the FeCl3 method. The main 

drawback of this method is that remaining iron can settle in the polymer and alter the 

properties of the P3AT, which can influence devices performance for some applications 

such as transistors 
36

 and light-emitting diodes (LED).
 37

 

 

The preparation of PT
 29-36,38-45

 and P3AT
 46

 using FeCl3 is a highly effective and 

simple approach. This reaction is classified as an electrophilic substitution. The general 

mechanism of the polymerization reaction of 3-alkythiophene is illustrated in Scheme 

1.3. The major function of FeCl3 is to initiate the reaction by producing radical cations on 

the thiophene ring. Thereby, the polymerization chain reaction will continue until 

addition of methanol to terminate the reaction. 
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Scheme 1.3: The general mechanism of P3AT synthesis using FeCl3. 

 

 

 

1.2.1.3. Regioregular and Regioirregular. 

 

Due to the 3- substituent of the thiophene monomer, P3AT is converted to an 

asymmetrical molecule. This means that the linkages of the dimer provide three 

possibilities of coupling: 2,5 or head to tail (HT) coupling, 2,2 or head to head (HH) 

coupling, and 5,5 or tail to tail (TT) coupling.
 47,48

 These couplings are arbitrary 

structures, which are produced in the polymers of P3AT. However, three assorted 

couplings can generate four regioisomers in the case of P3AT. Scheme 1.4 displayed the 

three coupling orientations and the four regioisomers of P3AT. 
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Scheme 1.4:The possible regiochemical couplings in P3AT. 

 

The word “regioirregular” is a term given to a polymer, which has a mixture of 

these couplings such as HH or TT, which can affect the properties of the polymers. In HH 

and TT orientation couplings thiophenes are twisted due to the torsion point between 

thiophenes rings. The regioirregular coupling can affect the properties of P3AT such as 

loss of the conjugation system, a large band gap, destruction of the conjugated system 

and other attractive properties of P3AT. In addition, the formation π - π stacking of 

regioirregular P3AT has less probability to form in HH and TT couplings, which can 

affect the electronic properties of P3AT. 
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Figure 1.4: Regioirregular (H-H) coupling top and regioregular (H-T) coupling bottom. 

 

Regioregular P3AT, on the other hand, is a polymer which is formed by all head 

to tail linkages. This type of coupling has been explored enormously because it leads to 

remarkable properties such as high conductivity, high stability, and high electronic 

mobility. In addition, 3-dimensional structures can be formed in HT coupling, which 

leads to a planar configuration. The steric hindrance of the regioregular formation is 

diminished. In comparison, HH or TT couplings are not desirable coupling due to the 

increase of band gap and negative effect on the conjugated system of the P3AT.
 24
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Figure 1.5: Three-dimensional self - assembly of rr-P3AT.
 49

 

 

 

1.2.1.4. Controlling The synthesis of Regioregular Poly(3-alkythiophene). 

 

Various methods to control the synthesis of rr-P3ATs have been reported. 

McCullough and his co-worker mentioned the first synthesis of the regioregular head to 

tail P3AT with a yield of nearly 100%.
 50

 The key element of this method is to react 2-

bromo-3-alkyl thiophene with LDA at -76 
o
C followed by the addition of MgB2OEt2 to 

form 2-bromo-5-bromomagnesium-3-alkylthiophene, which is then polymerized with a 

catalytic amount of Ni(dppp)Cl2 via the Kumada cross–coupling method. This method 

affords a yield of approximately 44 – 69 % of rr-P3AT as shown in Scheme 1.5. In 

addition, 98-100 % HT-HT coupling was synthesized by the Mcullough method with a 

typical average molecular weight between 20 K- 40 K and PDI of 1 to 4. 
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Scheme 1.5: The synthesis of rr-P3AT via the McCullough approach. 

 

 

Rieke et al described another synthetic approach for preparing regioregular P3AT 

as illustrated in Scheme 1.6. In this method, the reaction between 2,5-dibromo-3-

alkylthiophene with highly reactive zinc results in the formation of an organozinc 

compound. Subsequently, nickel was utilized as a catalyst for polymerization.
 47,51-53

The 

regioregularity of the resulting polymer relies on the choice of the appropriate catalyst. 

For example, a regiorandom polymer is formed when using Pd(PPh3), while Ni(dppp)Cl2 

produces a regioregular polymer. The molecular weight and PDI of these polymers are 

from of 24 K-34 K and 1.4, respectively. 

 
 

Scheme 1.6: The synthesis of rr-P3AT via the Rieke approach. 
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The use of highly reactive zinc and multistep procedure are a major drawback of 

the two aforementioned methods. As a result, in 1999, McCullough developed a novel 

route for the synthesis of rr-P3AT. This method is widely known as Grignard metathesis 

(GRIM) method.
 54,55

 

 

 
 

 

Scheme 1.7: The synthesis of rr-P3AT via GRIM 

 

 

According to the GRIM method, one equivalent of RMgCl is reacted with 2,5- 

dibromo-3-alkylthiophene to produce an intermediate mixture as illustrated in Scheme 

1.7. The molecular weight of rr-P3AT produced by this method ranges from 20 k to 40 K 

with a PDI of 1.2 to 1.4. 

 

1-2-2 – Polyaniline 

1.2.2.1 Overview. 

Polyaniline (PANI) is one of the most attractive conducting polymeric materials. 

PANI was first discovered in 1934 by Runge.
 2

 This newly discovered polyaniline was 

known as “aniline black”, which is a result of an oxidation reaction. Runge observed that 

heating aniline nitrate and copper (II) resulted in a color change from dark green to black. 
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The incredibly unique properties of PANI, including high electrical conductivity, high 

stability, optical, electrochemical, low cost, and lightness
 56,57

 make it a promising 

polymer for future use in technological, and scientific applications such as rechargeable 

batteries, radar absorption, solar cells, catalysts, sensors, and non-linear optical and light-

emitting devices.
 58-65

 Polyaniline commonly refers to a large class of conducting 

polymers. Polyaniline’s structure composes of alternating reduced (benzenoid) and 

oxidized (quinoid) repeating units as illustrated in Figure 1.6. 

 

 

                                  (Reduced Unit)                                        (Oxidized Unit) 

 

Figure 1.6: General structure of polyaniline. 

 

The major feature of PANI is its ability to interconvert between conducting and 

insulating properties under specific conditions.
 66

 This process is known as protonic
 67

 

doping which is the main distinguishing property of PANI amongst other conducting 

polymers, and as a result, many properties that are relevant to PANI, including 

vibrational, electrochemical, chemical, and optical, and others properties can be highly 

altered depending on the incorporation of various dopant anions. Moreover, the oxidation 

state of PANI plays a crucial function in forming four different types of PANI as shown 

in Figure 1.7.
 68
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Leucoemeraldine (insulator) 

 

Emeraldine base (insulator) 

 

 

Emeraldine salts (conductive) 

 

 

Penigraniline (Insulator) 

Figure 1.7: Four different oxidation forms of polyaniline. 

 

Leucoemeraldine is a form of PANI, comprised solely of reduced units, and 

completely oxidized PANI is referred to as pernigraniline, which consists of solely 

oxidized units. Emeraldine base form of PANI is made up of an equal amounts of 

reduced and oxidized units. It is essential to mention that all the aforementioned forms of 

PANI are insulators. In contrast, the emeraldine salt of PANI is highly electrically 

conducting and stable. This form of PANI can be prepared by a chemical reaction of 

emeraldine base with protonic acids. The doped PANI (emeraldine salt) displays a 
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spectacular improvement in electrical conductivity of approximately 9 to 10 orders of 

magnitude compared to non-doped PANI, a conductivity of with 1 to 5 S/cm.
 69,70

  

 

1.2.2.2. Synthesis of Polyaniline 

PANI can be synthesized by either electrochemical or chemical polymerization 

methods by using an oxidizing agent in the presence of aqueous acid solution, yielding 

the emeraldine salt. Other polymerization methods have also been utilized such as 

enzyme-catalyzed polymerization and photochemically initiated polymerization.
 71,72

 

Regarding chemical polymerization, various oxidizing agents have been used to 

polymerize the aniline monomer, including ammonium peroxydisulfate (APS),
 73,74

 

hydrogen peroxide, ceric nitrate
 75

, and ferric chloride.
 76

 Among these oxidizing agents, 

the synthesis of PANI via APS produces a polymer with the highest electrical 

conductivity compared to other oxidizing agents.  

 

The electrochemical polymerization approach is another technique to synthesize 

PANI in aqueous medium or appropriate electrolytes using constant potential or current.
 

77-80
 Features such as controlling the degree of doping, and ease of preparation are some 

advantages of the electrochemical synthesis of PANI. However, some properties such as 

low conductivity and, lower crystallinity are drawbacks of the electrochemical 

polymerization of PANI. The mechanism of the polymerization reaction is the same 

regardless of which of the two synthetic methods is used, as can be seen in Scheme 1.8. 
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                                            (a)                      (b)                        (c)                       (d) 

 

Scheme 1.8: The resonance structures of aniline radical cation. 

 

The first step in synthesizing polyaniline is to generate a radical cation by an 

electron transfer from the 2s energy level of the aniline nitrogen. The radical cation is 

resonance stabilized and resonance structure (c) is the most reactive due to its significant 

substituent inductive influence and is lower sterically less hindered. The next step is to 

produce a dimer from the aniline monomer by a head to tail coupling between the radical 

cation (c) in an acidic medium. Subsequently, a new radical cation dimer is generated 

after oxidizing the dimer. Next, the radical cation dimer reacts with a radical cation 

monomer to synthesize the trimer. This process continues in a chain reaction. 

 

1.3. Doping of  Polymers. 

 

 

The term “doping” is borrowed from physics. However, in chemistry, it describes 

the insertion of either anions (p-doing) or cations (n-doping) into a material via 

electrochemical or chemical reactions. The notion of doping is mainly relevant to 

conducting polymers, which differentiates the intrinsically conducting polymers from 

other varieties of polymers. In the intrinsically conjugated polymer, the valence band is 

completely full by electrons and the conduction band is completely empty. There are two 

classes of conducting polymers; non-conductive form (non-doped) polymers and 

NH2
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conductive form (doped) polymers. In neutral polymers (non-doped state), all conducting 

organic polymers are either insulators or semiconductors.
 81

  

 

The procedure of converting the neutral form of the polymer chain into a charged 

conjugated polymer is called ‘doping’, and takes place when the neutral form of the 

polymer is treated by a small amount (≤ ~10 %) of dopant species. This causes the 

electrical, electronic structural, magnetic, and optical properties of the polymer to alter 

noticeably. In addition, the electrical conductivity of the doped polymer compared to the 

non-doped polymer is typically higher by 5 – 10 orders of magnitude. Polyacetelyene, for 

example, is the most common conducting polymer which when doped by an oxidizing 

agent such as iodine, experiences increase in the electrical conductivity up to 10 
4
 S/cm.

 4
  

 

Electrochemical and chemical processes are the general approaches to making 

doped and non-doped polymers. The degree of conductivity can be adjusted by 

controlling the level of doping. The incorporation of a doped polymer with a 

conventional polymer can produce conducting blends with the best properties of both 

types of polymers. Thus, it is possible to employ conducting blends for various 

applications.  

 

Redox doping such as chemical or electrochemical partial oxidation (p-doping), 

or partial reduction (n-doping) are classical approaches for doping conjugated polymer.
 82

 

Generally speaking, the doping process is required for the insulating polymer to be 

transformed into its conducting form. The doping process involves exposing the polymer 
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to either a solution or vapor of the doping agent such as FeCl3 or I2
 83

, arsenic 

pentachlride, NOPF6, or sodium naphthalide. The most important factor of the dopant 

agent is its capability of oxidizing or reducing the polymer. During the doping process, 

there is a rearrangement of the polymer chain into more planar conformation between the 

monomeric units. 
 84

 

  

In comparison to other conducting polymers, polyaniline is an exceptional 

polymer since it has four different oxidation states, leucomemeraldine (fully reduced), 

emeraldine (half-oxidized), pernigraniline (fully oxidized)
 85,86

 and emeraldine salt, which 

is the only electrically conductive form of the polymer. The emeraldine salt is produced 

by protonation of emeraldine base with an acid. As a result, polyaniline is very vulnerable 

to PH changes. Polyaniline has redox activity at a pH of 4 or lower. However, polyaniline 

will deprotonate and loss its redox activity at higher pH. 

 

 

 

Scheme 1.9: The protonic doping of Emeraldine base by HCl. 
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The level of oxidation and protonation is the key element of the electrical 

conductivity of polyaniline.
 85,86

 The process of preparing emeraldine salts from 

emeraldine base is known as “protonic acid doping”
 67

 as shown in Figure 1.9. The 

electrical conductivity of the emeraldine salts results in a spectacular increase of 

electrical conductivity to 4×10
2
 S/cm.

 70
  

 

Similarly, strong acids can be used to dope other polymers such as poly (3-

alkylthiophene), but result in a lack of solubility and processability. Moreover, the doping 

of polythiophenes by strong acid can convert the sp
2
 hybridization of the aromatic ring 

into sp
3
 hybridization as shown in Scheme 1.10. This can affect the π system along the 

polymer chain, which causes a reduction in conductivity and affects the optical properties 

of the conducting film.
 87

 

 

 

 

 

 

 

Scheme 1.10: Protonic doping of P3AT. 
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Polythiophenes can be reduced by a chemical agent such as sodium metal or by an 

electrochemical approach to produce a polymer with electrical conductivity. The 

effectiveness of this technique is extremely influenced by two major elements: the cation 

nature and its efficiency of the solvated size.
 88

 For example, the reductive doping of 

polythiophenes bearing crown-ethers becomes more stable under dry-air condition. 

Scheme 1.11 demonstrates the reduction reaction (doping) of the polythiophene with 

crown ether. However, this polymer still lacks stability under a humid atmosphere.
 89
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Scheme 1.11: The reduction doping of PT with a crown – ether. 

 

In contrast, the oxidative doping of the conjugated polymer can be accomplished 

upon various common polymers structure using different oxidizing reagents. However, 

because of the widespread use of this method, the doping reaction usually represents 

oxidation of the polymer backbone with the incorporation of anions. The crucial point of 

for effective oxidative doping is the reduction potential of the oxidant, which should be 

higher than that the oxidation potential of the polymer.  In case of poly(3-

alkylthiophene), some oxidizing agents include ferric chloride, gold(III) chloride, iodine, 

and a salt such as nitrosonium tosylate. 
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The difference between the oxidation and the reduction potentials of doping 

agents is governed either by the reversibility of the charge- transfer complex formations,
 

90,91
 such as the doping of polythiophenes by oxygen, or achieved electron transfer when 

poly(3-alkylthiophene) can be doped by ferric chloride, which is reduced as described in 

the equation 1: 

 

 

Concerning the doping of P3AT with FeCl3, the chemistry of the doped polymer 

may be influenced by any remaining reduced dopant [FeCl4
 -
] and the by-product FeCl2. 

Poly (3-alkylthiophene) doped with FeCl3 exhibits a low environmental stability, 

attributed to the photoreduction and photolysis of FeCl4
-
, resulted in electrons moving to 

a charge carrier in the conductive polymer.
 90,91

 This leads to a decrease in the amount of 

charge carrier in the doped polymer. Therefore, over time, the electrical conductivity is 

decreased. In general, the chemistry of any by-product during the doping reaction can 

have an effect on the stability of the conducting polymer. 

 

It is possible to overcome the problem of residual byproduct during the doping 

process by using a reaction known as the “full electron-transfer reaction.” This reaction 

decreases the amount of any by-product by employing oxidizing agents, which form 

volatile reaction products. For instance, poly(3-alkylthiophene) can be doped by 

nitrosonium triflate (ONOTf) with NO gas as a byproduct, as seen in equation (2). 

 e-  +  2 FeCl3 FeCl4
- + FeCl2  

(1) 
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In the case of doping P3AT with ONOTf, the characterization of the doped 

polymer indicates absence of the nitrogen as determined by elemental analysis. Also, the 

IR spectrum displays the lack of the C-N stretches. There is concrete evidence of the low 

presence of nitration along the polymer chain. Clearly, the [NO
+
] cation is driven out of 

the doped polymer as nitrous oxide.  

 

 

1.4. Mechanism of Electrical Conductivity.  

 

 

To describe the conductivity of electrically conjugated polymers, some concepts 

are borrowed from physics such as polaron, bipolaron, and soliton as shown in Figure 

1.8. The oxidation of conducting polymer (p-doping) results in removal of an electron 

from the top of the valence band, forming a radical cation which is known as (polaron). 

The radical cation, which has higher energy than energy in the conduction band, 

delocalizes only on several monomeric segments with a paramagnetic spin. When a 

further oxidation is applied to the polaronic state, the unpaired electron will be removed, 

formation of a special dication (bipolaron) which is not independent, formed with a 

spinless property. Furthermore, a high level of dopant produces many bipolaron levels 

and ultimately causes a formation of bipolaron band. The soliton is special formation and 

only exists when a polymer has two equivalent resonance forms (degenerate ground 

state). 

 

e- +  ONOTf NO (g) + OTf- (2) 



 25 

The definite mechanism of electrical transport along the polymer backbone is not 

entirely understood, although the well-known soliton and bipolaron are the major source 

of charge carriers. Most of the polymers are disordered, comprising a blend of crystalline 

and amorphous areas. It is very necessary to take into account the fact that the charge 

carriers move along, and between the polymeric units and tangled boundaries, and can 

affect the mechanism of charge transport. Thus, parameters such as temperature, 

magnetism, doping have been investigated to understand the effect of these factors on 

charge transport. Several mechanisms have been proposed, and the most commonly 

excepted explanation is the transformation of the charge carriers between the localized sites, 

or between polaron, bipolaron, and solitons. Another explanation is that a metallic island is 

dispersed in an insulating matrix which is created by inhomogenous doping species. The 

conduction is then dependent on the movement of the charge carriers between different 

conduction domains, which can also be affected by thermal activation.  This means that 

conduction is temperature dependent.
 4-7
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Figure 1.8: The polaron, bipolaron, and their band gaps.
 5
 

 

 

In conducting polymers, not only good charge transport, but also environmental 

stability is a fundamental factor. There are two classifications of the stability of 

conducting polymers: extrinsic and intrinsic stabilities. Extrinsic stability refers to the 

interaction of the surface of the conducting polymers with external environmental factors 

such as water, oxygen, and peroxide. The charged sites of the polymer are susceptible to 

attack by free radicals, nucleophilic, or electrophilic substances. As a result, the polymer 

has to be protected by a stable coating if it is extrinsically unstable. 
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The degradation mechanism even in the dry air and the lifetime of the conducting 

polymer play a crucial role in the stability of the polymer. This type refers to intrinsic 

stability, which is thermodynamic in origin. The intrinsic instability of the polymer can 

occur between the charged sites of the polymer and the dopant ion or between single and 

double bond system of the neutral chain by an irreversible chemical reaction. Thus, the 

conjugation system breaks and renders sp
3
-hybridized carbon. The thermodynamically 

can also lead to the intrinsic instability by making the polymer lose its dopant, and this 

arises once having unstable charge sites because of the structural changes in the polymer 

chain.
 7,92-94

 

 

 

Table 1.1 shows the comparison between some conducting polymers in terms of 

their conductivities, stabilities, and processing possibilities. Temperature, concentration, 

presence of electrode impurities, pressure, and current
 95

 all affect the properties of 

conducting polymers. Additionally, the monomer structure is a determining component in 

terms of conductivity. Also, the solubility and flexibility of conducting polymer can be 

improved by attaching alkyl groups.
 96-98
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Table 1.1: Stabilities and processing possibilities of conducting polymers.
 99

 

Polymer Conductivity 

S/cm 

Stability 

Doped state 

Processing 

possibilities 

Polyacetetylene 

 

10
3
 - 10

5
 poor limited 

Polyphenylene 

 

1000 poor limited 

Polyphenylenesulfide 

 

100 poor excellent 

Polyphenylenevinylene 

 

1000 poor limited 

Polypyrroles 

 

100 good good 

Polythiophenes 

 

100 good excellent 

Polyanilines 

 

10 good good 

 

 

 

1.5. Application of Conducting Polymers 

 

Since the negative environmental effects of metals have been reported, 

conducting polymers have been widely investigated for potential applications. Due to the 

electronic and conductive properties of conducting polymers, the applications are 

classified into two groups as shown in Table 1.2. The electrical conductivity of polymers 

is significant for various applications. Due to the lightweight, low cost, biological activity 

and ease of manufacturing, conductive polymers have an interesting field in many 

potential applications. Due to the presence of π electron along the conducting polymer, 

the reversible (oxidation and reduction) reaction can happen chemically or 

electrochemically. This feature renders a valuable opportunity to utilize conducting 

polymers for various modern applications.
 100
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Table 1.2: Two groups of applications for conducting polymers.
 4-7,101-110

 

  

Group 1- Conductivity 

 

Group 2 - Electroactivity 

 

Electrostatic materials 

Electromagnetic shielding 

Conducting adhesives  

 Ink jet printed material 

Antistatic clothing  

Piezoceramic  

 

 

Active electronics (diodes, transistors) 

Molecular electronics  

Rechargeable batteries and solid electrolyte 

Chemical, biochemical and thermal sensors 

Ion exchange membrane 

Electromechanical actuators 

“Smart windows”  

 

  

In corrosion protection, conducting polymers can be utilized for coating metals 

because of their lightweight and environmental safety. Since metals decompose in the 

presence of water or moisture and cannot endure long periods of time and have a negative 

impact on the environment, it has been proposed that coating metals with conducting 

polymers can effectively protect the metals from corrosion. Therefore, the direct contact 

between the reactive species such as water and moisture and the metals is avoided.  

 

Moreover, oxidation state plays a major role in transformation the electrical 

energy to mechanical work.
 100

 Baughman and his co-worker have reported that 

conducting polymers can be used as actuators.
 111

 

 

Batteries are one of the most significant applications of conducing polymers. The 

charge capacity of metal is slightly lower than conducting polymers per unit of mass due 
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to the polymer charge being located in three or four adjacent monomeric units. 

Conducing polymers and metals such as lithium can be used to generate high power 

densities because of the high potential difference between materials. Cellular phone, 

computers, cordless drills, and laptops are potential applications of rechargeable batteries.
 

100
 

 

Electrochromic devices (smart windows) are another application of conducting 

polymers. There is only a slight dissimilarity between rechargeable batteries and 

electrochromic device applications. In electrochromic devices, for example, there must be 

at least one transparent electrode to observe the color changes. In the performance of 

electrochromic windows, the doped and undoped states of conducting polymers will 

result from electric potential  (sunlight), and as a result, a positive potential is employed 

leading to p-doping (oxidative doping), which causing the color alters to be visible. 

Several conducting polymers have been investigated, including polythiophene, 

polyaniline, and polypyrrole, etc. for potential use in electrochromic devices.
 100

 

 

 

1.6. Transition Metal Dichalcogenides (TMDs): 

 

 

During the recent past, two- dimensional nanomaterials such as graphene and 

TMDs have received a tremendous amount of attention due to their outstanding as 

electrical,
 112,113

 optical
 114-121

and mechanical
 122,123

 properties.  Graphene is one of the 

well-known 2D nanosheet materials, which exists in atomic-layer thickness with a 

hexagonal structure. The incredible properties of graphene and its technological 

applications such as in electronic devices and batteries are attributed to its 2D structural 
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dimensionality. The properties of graphene do not remain in the case of bulk counterpart 

graphite. Despite the impressive characteristics of graphene and its applications, its inert 

reactivity is a major drawback. This means that graphene cannot be utilized in various 

applications unless it is functionalized with a desirable molecule. This can cause 

graphene to lose some of its exotic properties due to the functionalization.
 124

 

 

As a result of the discovery of graphene, a wide range of two-dimensional 

nanomaterials have rapidly gained a tremendous amount of interest. The 2D nanosheets 

of layered transition metal dichalcogenides are considered to be a breakthrough in the 

next technological generation. These materials have a high potential for use in various 

applications such as energy storage,
 125-131

 electronic devices,
 129,132-139

optoelectronic 

devices,
 140-142

 and gas sensing.
 129,143-147

 

 

The composition of TMDs is represented by a general formula of MX2, where M 

refers to the transition metal of group 4 to 10 and X refers to a chalcogen such as sulfur, 

selenium, and tellurium. In general, transition metals in groups 4 to 7 display layered 

structures. On the other hands, transition metals in groups 8 to 10 predominantly show 

non-layered structures. 

 

Structurally, the transition metal is typically sandwiched between two chalcogen 

layers with the association of weak van der Waals force between the TMD layers, while 

the bond between M-X is covalent in nature. The bonding state is filled by four electrons 

from the metal. The high environmental stability of TMDs materials stems from the 

absence of the dangling bond and terminal long – pair electrons of chalcogen on the 
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surface of TMDs. The monolayer of TMDs is comprised of a hexagonal or rhombohedral 

formation with the arrangement of octahedral or trigonal coordination and a thickness 

ranging from 6 to 7Å. 
 148

  

 

Various electronic properties can be exhibited by TMD nanomaterials including 

metallic, semiconductor, superconductor, and insulator. For example, HfS2 is an 

insulator, WS2 and MoS2 are semiconductors, WTe2 and TiSe2 are semimetals while 

NbSe2 and TaS2 are true metals. The versatile electronic properties of TMDs stems from 

the occupation of the non-bonding d band from group 4 to group 10 of the transition 

metals and poses metallic properties once the orbitals are partially occupied. In contrast, 

they show semiconductor properties once they are completely occupied. The presence of 

the chalcogen atoms has only a small effect on the electronic structure compared to that 

of the metal atoms. In contrast, the band gap of TMDs decreases with the increase of the 

atomic number of the chalcogen. The electronic properties of the layered TMDs are 

shown in Table 3.  
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Table 1.3: The Comparison of various layered TMDs’ electronic properties.
 148

 

Group Metal M Chalcogen X Properties 

4 Ti, Hf, Zr S, Se,Te Semiconducting (Eg = 0.2 ~ 2 eV) 

5 V, Nb, Ta S, Se, Te Narrow band metals or semimetals 

6 Mo, W S, Se, Te 
Sulfides and selenides are 

semiconducting. Telluride are 

semietallic 

7 Tc, Re S, Se, Te Small gap semiconductors. 

10 Pd, Pt S, Se, Te 
Sulfides and selenides are 

semiconducting. Telluride are 

metallic. PdTe2 is superconducting 

 

Many approaches have been reported for the synthesis of mono and few layers 2D 

nanocomposites via two main techniques: top-down and bottom-up methods. The most 

common examples of the top-down method are chemical Li intercalation and exfoliation 

with butyllithium (BuLi),
 149

 liquid phase exfoliation in the solvent,
 150

 and mechanical 

exfoliation method.
 151-153

 In the bottom-up method, chemical vapor deposition CVD 

synthesis
 154-159

 and wet chemical synthesis
 160-162

 are common ways to prepare 

nanocomposites.  

   

Among these techniques, the exfoliation technique is one of the most convenient 

and effective approaches for the synthesis of the nanocomposites. The exfoliation of bulk 

TMDs has two major advantages. First, the exfoliation of bulk TMDs does not usually 

affect the original properties of TMDs in a single layer. This leads to the second 

advantage, which is the possibility of design and creation of monolayer TMD materials 

with desirable properties. 
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This method was utilized to prepare polymer/MoS2 composite. The initial step is 

to soak MoS2 powder into a solution mixture of n-butyl lithium in hexane at room 

temperature to form LixMoS2 (x is ≈ 1). The following step is to soak the LixMoS2 into 

the water to accomplish the exfoliated layers of MoS2 and the guest. The value of x is ≈ 

1.  

In term of the chemical structure, MoS2 is the same as WS2; the exfoliation-

adsorption technique method was utilized to prepare WS2 layers, but it was difficult due 

to the low Li concentration x=0.4 gained in LixWS2, resulting in challenging to achieve a 

high degree of exfoliated WS2. Matte et al. described a technique for the synthesis of 

exfoliated WS2 few layers which required the use of thiourea and tungstic acid. The 

tungstic acid was mixed physically with an excess of thiourea. The ratio of tungstic acid 

to thiourea is 1:48 mole.  After that, the mixture was then heated to 500˚C under a 

nitrogen atmosphere. 

 

1.7. Polymer – Inorganic nanocomposite. 

 

 

Polymer–inorganic nanocomposites (PINCs) have received significant 

technological and scientific interest. In the late 1980s, polymer nanocomposites were 

improved in commercial research and academic laboratories. Toyota was the first 

company to use naylon-6/clay nanocomposite material. This composite showed 

outstanding mechanical integrity. Nanocomposite materials are considered multiphase 

materials, where one of these phases is a nanoscale particle with a dimension of 100 nm 

or lower.
 163

 The existence of these phases in one system and their synergistic influence 
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are anticipated to afford nanocomposites with unique properties. In addition, it is possible 

to design and create nanocomposites with highly desirable characteristics.  

 

Nanocomposites can be divided into three categories according to their matrix: 

ceramic matrix nanocomposites, metal matrix nanocomposites, and polymer matrix 

nanocomposites. The possibility of nanocomposites design and synthesis stimulates 

researchers to discover and create advanced nanocomposites with unusual physical and 

chemical properties, which opens a window into use nanocomposites in a diverse range 

of technological applications. 

 

Polymer- inorganic nanocomposites can be either in a form of exfoliated or 

intercalated state as shown in Figure 1.9. In the case of an intercalated nanocomposite, 

the organic polymer is inserted between the layers of inorganic materials leading to an 

expansion of inter-layer spacing. In an exfoliated case, the layers of the inorganic 

material are fully separated and dispersed throughout the organic polymer. Many 

approaches have been used to synthesize polymer-inorganic nanocomposite. In situ-

polymerization,
 164-166

 melt intercalation,
 167,168

 template synthesis,
 169,170

 sol-gel 

processes,
 171-173

 and the direct mixture of polymer and particulates
 174-176

 are the most 

common methods for preparing polymer-nanocomposites. 
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Figure 1.9: Intercalated and exfoliated nanocomposites. 

 

The main reason for using organic polymers are their characteristics such as 

durability and low-cost, processability, lightweight and ease of fabrication. The main 

challenge for the polymers is to extend their applications by preserving the 

aforementioned properties while improving some particular properties such as heat 

resistance, mechanical properties; strength and modulus.
 177,178

 In contrast, polymer 

properties such as mechanical, electrical and thermal are relatively poor when compared 

to metals and ceramic, although, the several forms of polymers such homo-polymer, co-

polymer and blended polymer are not adequate to compensate these properties.
 178

 

 

 

The incorporation of inorganic nanofillers into organic polymer has gained 

increased interest due to the appearance of spectacular resultant properties. The 

nanospecies are typically incorporated to improve particular properties of the polymer.
 179

 

The polymer nanocomposites based on nanoclays have attracted a tremendous interest 

because of their ability to enhance some properties such as thermal,
 180,181

 fire retardant,
 

182-186
 mechanical,

 187-189
 and barrier

 190,191
 properties of the polymer. In addition, the 



 37 

polymer nanocomposites have been displayed that at lower or equal loading showed 

equal or better properties than the polymer or conventional filler.
 192-197

 

 

Generally speaking, the produced nanocomposities exhibit advanced optical, 

electrical, electronic and mechanical properties. Thus, polymer-nanocomposities can be 

utilized as materials in different domains in nanotechnology and nanoscience applications 

such as automotive, aerospace industries, military equipment, safety, and optical and 

electronic devices. However, these applications often require further properties and 

functions such as high environmental stability, chemical resistance, electrical 

conductivity, mechanical properties, flame retardancy and reduced permeability to gasses 

and water, etc. The properties of the polymer and the nanofillers play a very important 

role in the effectiveness of polymer nanocomposites’ properties. Table 1.4 shows some 

potential applications of nanocomposite materials. 198,199 
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Table 1.4: Potential applications of various nanocomposites. 

Nanocomposites Potential applications 

Polycarprolactone/SiO2 Bone-bioerodible for skeletal tissue repair 

PMMA/SiO2 Dental application, optical devices. 

Polyethylacrylate/SiO2 Catalysis support, stationary phase for 

chromatography. 

Poly(3,4-ethylene-dioxythiphene)/ 

V2O5 

Cathode materials for rechargeable lithium 

batteries. 

Shape memory polymers/SiC 
Medical devices for gripping or releasing 

therapeutics within blood vessels 

Polyimide/SiO2 Microelectronics. 

Polycarbonate/SiO2 Abrasion resistant coating. 

 

 

1.8. Decomposition Kinetics: 
 

The thermal stability of nanocomposite materials is a very important property. 

DSC and TGA are common characterization techniques for investigation of the thermal 

properties of materials. In particular, thermogravimetric analysis (TGA) is a powerful 

technique in which the amount and rate change of a substance’s weight as a function of 

temperature are measured an inert atmosphere.  

 

TGA data is very useful to determine the decomposition point of a substance and 

anticipate its stability at very high temperatures. TGA can be utilized to acquire further 

information regarding the decomposition kinetics of any material. The activation energy, 

for instance, is a very significant element for decomposition materials. Calculating the 
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activation energy can help to determine the appropriate applications for these materials. 

Ozawa method is one of the most common methods, which have been used to calculate 

the meaningful activation energy values. The integral method was deduced by Ozawa. 200 

The distinct feature of this method is that it does not need to assume any parameter in the 

kinetic equation. In addition, Ozawa’s method is a model-free method because it 

measures the temperatures proportional to a precise value of the convesion (α) at various 

heating rates β. Ozawa’s method is usually described by the following equation (3): 

     log β = log (
AE

R
) − 2.315 − 0.4567 (

E

RT
) − 𝑙𝑜𝑔 𝑔(𝛼)         (3) 

  

Where β is the heating rate, R is the molar gas constant  (8.314 J /mol.K), (α) is the 

decomposed fraction, A is an pre-exponential factor. From the above equation, a new 

expression can be derived as follows: 

                            𝑔(𝛼) = (𝐴𝐸/ βR) P(x)                      (4) 

 

 

Then the value of (x) can be determined by: 

 

                                         𝑥 =
𝐸

𝑅𝑇
                                  (5) 

The conversion of (α) can be computed from the weight loss data as described in the 

following expression: 

                     α = ( mo − m )/ ( mo − m∞)                 (6) 

Where mo is the initial weight, m∞  is final weight, m is the actual weight at any 

temperature during the experiment. A plot of log β against 1/T acquires from the 



 40 

thermogram at various heating rates is supposed to be a straight line. Therefore, the 

estimation of activation energy can be evaluated from the slope of these straight lines as 

described in the following expression: 

 

                                            Ea= - slope * (R/0.457)                                                      (7) 

 

1.9. Project Goals 

The incorporation of nanofiller into conducting polymers can enhance the properties 

of the produced nanocomposites such as electrical, thermal and optical properties. In this 

research, various conducting polymers have been used to investigate the effect of the 

incorporation of different percentages WS2 within PT, PThN, and PANI. The object of 

this research is to understand the thermal behavior of various compositions of WS2 

nanocomposites and Ozawa’s method was employed to calculate the activation energies 

of these nanocomposite materials. 
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Chapter 2: 

2.1. Introduction: 

Conducting polymers have recently attracted a considerable amount of interest 

due to their remarkable properties such as high electrical conductivity, high 

environmental and thermal stability, and ease of preparation. Among these polymers, 

polythiophene (PT) and its derivatives have been studied extensively, and they have 

emerged as the most promising conducting polymers for potential applications. The 

major drawback of PT is its lack of solubility in most organic solvents. However, 

substitution in the β position of the thiophene ring provides a wide variety of conducting 

polymers with remarkable properties, which have several potential applications such as in 

electrical conductor, smart windows, rechargeable batteries, LED polymers, solar cells, 

and sensors, etc. 
 10

 

 

Coumarin and its derivatives are extensively distributed in nature, and many of 

them provide varied and beneficial biological activities
 201,202

. Coumarin and its 

derivatives also have a large number of applications such as stimulation for the central 

nervous system (CNS),
 203

 anti-inflammatory,
 204-206

 antitumor and anti-HIV therapy,
 

207,208
 and antibacterial.

 209,210
 Moreover, coumarin derivatives are essential parts of 

fluorescence probes, switches, and sensors.
 211,212

The fluorescence of coumarin 

compounds is extensively utilized as a research tool in polymer science.
 213,214

They are 

also utilized as photo-initiators.
 215

 Naphthalene-containing monomers have been also 

synthesized for fluorescence applications because the ultraviolet radiation can be trapped 
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by naphthalene derivatives.
 216

 Also, β naphthol is a fluorescent compound which can be 

used in dye applications
 217

. 

 

Nanocomposites with transition metal chalcogenides have also been investigated 

for their improved optical, electrical and mechanical properties, etc. The preparation of 

nanocomposites can be either in exfoliated and intercalated states. Often, exfoliated 

composites are known as hybrid materials that contain a tiny amount of inorganic fillers. 

Polymer-based nanocomposites began to receive attention in the late 1980s, with Toyota 

being the first company using polymer nanocomposite in the 1990s 
20

. The interest in 

utilizing polymer is attributed to their properties such as light weight, ease of synthesis, 

low cost, processability, and other properties.
 218

 Therefore, the incorporation of inorganic 

species into conducting polymers results in the production of nanocomposite materials 

with outstanding properties. In this work, the exfoliated nanocomposites were prepared. 

In literature, the exfoliated composites exhibit an improvement in the decomposition 

temperature and flame retardancy, etc. 

 

In this work, P3AT with different alkyl group namely naphthalene and coumarin 

were chemically synthesized. In addition, PT-WS2 nanocomposites were prepared and 

characterized by Nicole Arsenault,
 219

 and PThN-WS2 nanocomposites were synthesized 

by the in situ polymerization method. These nanocomposites were prepared using 

different percentages by mass of WS2; 1%, 5%, 10%, 20%, 37%, and 64%. PThN-WS2 

nanocomposites were characterized using techniques such as IR and XRD, and it was 

found that exfoliated composites resulted from the combination of PThN and WS2. 
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Thermogravimetric Analysis (TGA) was used to determine the decomposition kinetics of 

WS2-PT and WS2-PThN nanocomposites. Ozawa’s method was used to compute the 

activation energies for decomposition of these nanocomposites decomposition. 

 

2.2. Experimental: 

      2.2.1. Material.  

All chemicals and solvents were purchased from Sigma Aldrich and used without any 

further purification. 

 

      2.2.2 Synthesis of the monomers.  

 

              2.2.2.1. Synthesis of monomer 1. 

The monomer synthesis occurred via a Steglich esterification reaction as 

illustrated in Scheme 2.1. In a solvent mixture of dichloromethane (DCM) and 

dimethyformaldhyde (DMF) (10 mL and 2 mL, respectively), 2-(3-thienyl) ethanol (1 

mmol) was reacted with coumarine-3-carboxylic acid with stirring while under N2 

atmosphere in the presence of N,N-dimethylaminopyridene (DMAP). The mixture was 

then cooled to 0
o
C for 30 minutes. After that, a solution of dicyclohexyl carbodiimide 

(DCC) (2 mmol) in 1-2 mL of DCM was added to the mixture to in order increase the 

reactivity. The reaction was stirred for 24 hours at room temperature, after which the 

solvent was removed in vacuo. After that, the crude product was dissolved in the freezer 

for 30 minutes in order to precipitate dicyclohexylurea (DCU). The DCU was removed 

from the product using vaccum filtration and was then further purified using 
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chromatography (EtOAc/hexane 1.5:1). Thienyl-coumarine (ThC) was obtained as an 

off-white product with a yield of 70%. 

 

Scheme 2.1: The esterification reaction of 3-thiophenecarboxylic acid with 2-

naphthol. 

 

            2.2.2.2. Synthesis of monomer 2. 

The synthesis of monomer 2 is shown in Scheme 2.2, and was prepared by 

reacting 3-thiophene carboxylic acid (1mmol) with 2–naphthol (1 mmol) in the presence 

of DMAP (2 mmol) using a solvent mixture of DCM/DMF (10 mL/2 mL) under N2 with 

stirring. A solution of DCC (2 m mol) in 1-2 mL of DCM was added to the mixture after 

30 minutes at 0
o
C. Solvents were removed in vacuo, and the product was redissolved 

again in DCM and put in the freezer for 30 minutes to precipitate the DCU, which was 

removed via vacuum filtration. A further purification was performed using column 

chromatography (EtOAc/hexane) to obtain thiophene-naphthalene (ThN), an off-white 

solid product, with a yield 70%. 

DCC, DMAP
DCM

S

HO

O
OH

S

O
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Scheme 2.2: The esterification reaction of 2-(3-thienyl) ethanol with coumarin-3-

carboxylic acid. 

 

 2.2.3. Synthesis of poly(3-alkylthiophene) with naphthalene and coumarin. 

The synthesis of poly(3-alkylthiophene) substituted with naphthalene was 

performed by an oxidation polymerization reaction using ferric chloride (FeCl3) as an 

oxidizing agent in a ratio of 1:2 for the monomer and FeCl3 
 220

. The naphthalene 

containing-monomer (0.5g, 1.96 mmol) was first dissolved in 5 mL of chloroform, which 

was then added dropwise to a solution of FeCl3 (0.638 g, 3.93 mmol) of in 15 mL of 

chloroform. The reaction solution was stirred under a gentle nitrogen purge for 3 hours at 

50 
o
C, and 21 hours at room temperature. The reaction was then terminated by pouring an 

excess of methanol. The black precipitated product was then filtered and washed several 

times with distilled water, acetone, methanol and 10% HCl to remove any impurities. The 

resultant polymer was then dried under vacuum for 4 hours, and the black product was 

found to be insoluble in most common organic solvents. The same procedures were 

followed to prepare P3AT with coumarin and the brown product was found to be soluble 

in CHCl3. 

 

 

S
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O

O
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  2.2.4. Synthesis of Exfoliated WS2: 

The synthesis of WS2 was achieved following the method described by Matte et al
 

221
. A mixture of thiourea and tungstic acid (3.656g, 48 mmol) was placed in a ceramic 

reaction vessel, which was then put into a ceramic tube placed in a split furnace under a 

constant flow of nitrogen purge. The split furnace was heated to 500
o
C for 3.5 hours. The 

reaction temperature was then reduced to room temperature and allowed to sit overnight 

under a constant flow of nitrogen. The vessel was then taken from the ceramic tube, and a 

black solid product was recovered. 

 

    2.2.5. Synthesis nanocomposite of Poly(3-alkylthiophene): 

The nanocomposites of WS2-polythiophene and WS2-poly(3-alkylthiophene) were 

produced using 1%, 5%, 10%, 20%, 37% and 64% by mass of WS2. All nanocomposites 

were synthesized using an identical procedures. The synthesis of 5% WS2-PThN is used 

as an example. 

  

Exfoliated of WS2 (0.0225g) was added to a 50 mL beaker in the presence of 15 mL of 

chloroform. A probe sonicator was used to disperse the exfoliated WS2 for 20 minutes. In 

a 250 mL Schlenk flask, 0.52 g of ferric chloride (FeCl3) was treated with 15 mL of 

CHCl3 while stirring under a nitrogen purge. The suspension of WS2 in CHCl3 was then 

added dropwise to the Schlenk flask. The solution mixture was left stirring under nitrogen 

for 30 mins. 0.46 g of ThN monomer was dissolved in 1 mL of CHCl3, and the solution 

was then added dropwise to the mixture of WS2-FeCl3. The reaction was stirred for 3 

hours at 42
o
C under nitrogen and was then left to sit for 1-2 days until the CHCl3 had 
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evaporated. The dark product was washed with a sufficient amount of methanol, and then 

dried under vacuum filtration.  

 

2.3. Result and Discussion. 

 

     2.3.1. NMR Analysis: 

 

An esterification reaction was conducted between 2-(3-thienyl) ethanol and 

coumarin-3-carboxlic acid. NMR analysis was performed to identify the ThC monomer 

and its polymer. Figure 2.1 represents the 
1
H and 

13
C NMR spectra of the ThC monomer. 

Aromatic protons of the heterocyclic thiophene and the coumarin appeared at a low field 

in the 
1
H NMR spectrum. However, the aliphatic protons of the 3AT were shown at high 

field. The disappearance of hydroxyl proton resonances of the 2-(3-thienyl) ethanol at 

4.67 ppm and the carboxylic acid proton resonance of coumarin-3- carboxylic acid at 

13.18 ppm were observed in the 
1
H NMR spectrum. It was deduced a successful 

synthesis of the ThC.  

 

New peaks were observed at 7.48ppm, 7.36ppm, and 7.12 ppm indicating the 

presence of the thiophene ring. Also, aliphatic protons showed noticeable shifted in the 

resonance at 3.05 ppm and 5.45ppm. In addition, 
13

C NMR analysis Table 2.2 was 

performed to confirm the successful synthesis of ThC monomer. There is a distinct peak 

detected at 162.52 ppm which refers to the ester carbonyl group while the quaternary 

carbon of coumarin-3-carboxylic acid next to the ester carbonyl shifted to 117.77 ppm. 
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Figure 2.1: 
1
H NMR (top) and 

13
C NMR (bottom) of the monomer ThC in CDCl3. 

 

The structural identity of the new PThC polymer was determined by using NMR 

spectroscopy. Figure 2.2 shows the 
1
H-NMR spectra of PThC and its 

13
C NMR. It can be 
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seen that the two spectra of the ThC in Figure 2.1 revealed some similarities and 

differences. For example, the aliphatic protons of both ThC and PThC at 3.27 ppm, while 

coumarin aromatic protons resonate at 7.31 ppm. However, differentiation between the 

two spectra provided evidence that the polymerization reaction had proceeded 

successfully. The disappearance of two aromatic protons of PThC in the α position at 7.0 

ppm and 7.14 ppm indicates that polymerization through α-α coupling has proceeded 

successfully. 

 

It was also found in 
13

C spectrum that the two aromatic carbons of thiophene in 

the α position appear at 122.37 ppm and 128.8 ppm as it is pointing up in the monomer. 

In the polymer, on the other hand, the same peaks shifted to 117.1 ppm and 149.6 ppm 

and pointing down which result in a higher intensity of these peaks in comparison to its 

monomer. Overall, the 
1
H-NMR and 

13
C NMR of PThC are not completely clear due to 

the partial solubility in CDCl3.   
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Figure 2.2: 
1
H NMR (top) and 

13
C NMR (bottom) of the PThC polymer in CDCl3. 

 

Table 2.1: 
1
H-NMR of the ThC monomer and PThC polymer. 

Compound Aromatic 
thiophene 

Aromotic cumarin Others 

ThC Monomers 7.01(m, 1H) 7.149 
(m, 1H) 

7.3(m, 2H), 7.59(m, 
2H) 

8.4 (S, 1H) 

3.13(s, 2H) 4.55(s, 
2H 

PThC polymer 7.62(s, 1H) 7.29 (s, 4H) 
8.5(s, 1H) 

3.17(s, 2H) 4.61(s, 
2H 

 

Table 2.2: 
13

C-NMR of the ThC monomer and PThC polymer. 

Compound Aromatic thiophene Aromotic cuomarin Others 
ThC Monomer 122.37,126.6 

129.99   137.4 
117.17      118.1 

125.2   128. 
134.87    149.29 
155.84    156.2 

 

66.61    29.32 
162.97 

PThC Polymers 117.1     155.7 

130.08 
118.49      118.7 

125.5 
134.87    149.72 
155.19   157.4 

 

66    28.9 
163.57 
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Another esterification reaction was also conducted between thiophene-3- 

carboxylic acid and 2-naphthol. NMR analysis was done to prove the synthesized ThN 

monomer is successful. Figure 2.3 depicts the 
1
H NMR and 

13
C NMR spectra of the ThN 

monomer. Aromatic protons of the heterocyclic thiophene and the naphthol were 

registered in the 
1
H NMR peaks in the low field. The disappearance of hydroxyl proton 

resonances of the thiophene-3- carboxylic acid at 12.64 ppm and the HO proton 

resonance of 2-naphthol at 9.74 ppm proved the synthesis of the monomer. 
13

C NMR 

analysis was also collected to confirm the synthesized monomer. The distinguish peak is 

the ester carbonyl that resonated at 160.79 ppm. 
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Figure 2.3: 
1
H NMR (top) and 

13
C NMR (bottom) of the ThN monomer in CDCl3. 

 

 

Table 2.3: 
1
H-NMR of the ThN monomer. 

Compound Aromatic thiophene Aromatic of 2-naphthol Others 

Monomers 7.01(m, 1H) 7.149 

(m, 1H) 

7.3(m, 2H), 7.59(m, 2H) 

8.4 (S, 1H) 

3.13(s, 2H) 4.55(s, 

2H 

 

Table 2.4
13

C-NMR of the ThN monomer. 

Other Aromatic of 2-

naphthol 

Aromatic thiophene Compond 

161.75 119.12   121.67 

126.19    126.40 

126.89      128.21 

129.89   132.03 

133.31    148.86 

127.07     128.69 

134.588    134.21 

Monomer 
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2.3.2. FT-IR Characterization. 

 

Fourier Transform Infra-Red spectroscopy was conducted on the ThN, ThC 

monomers, PThN, and PThC. FT-IR also was done on each nanocomposite of 

PThN/WS2. 

 

FT-IR analysis the monomer and the polymer were carried out. Table 2.1 

summarizes the FT-IR stretching band for both the ThN and the PThN, respectively. It is 

illustrated band in the range of 3123 to 3051 cm
-1

 referred to the C-H (α) and C-H (β) 

stretching of the thiophene ring. However, C-H (α) almost disappeared in the polymer. 

The exhibitions of intense peaks of the polymer at 734, 1067 and 1177 cm
-1

 are attributed 

to the C-H stretching of the aromatic ring. The low intensity of aromatic C-H bands is 

attributed to the occurrence of the polymerization on para position of the naphthalene
 222

. 

Also, the observation of a characteristic band at 1716 cm
-1

 is assigned to the carbonyl 

group stretching of the monomer, which appeared at a higher wavenumber for the 

polymer at 1732 cm
-1

. The FT-IR exhibited two bands 1398 cm
-1

 and 1511 cm
-1

, 

indicating to the C=C of the aromatic rings of the polymer, where they appeared at 1507 

cm
-1

, 1418 cm
-1

 and 1400 cm
-1

 in the monomer. Moreover, the C-H (α) bending is shown 

at 770 cm
-1

 in the monomer, while a deformation characteristic of thiophene occurred in 

the polymer, with a disappearance of this band in the polymer which is evidence that the 

polymerization reaction took place at the (α) - (α) coupling. Also due to the presence of 

C-H aromatic band, the assignment confounded with other peaks
 223

. For instance, two 

peaks in the FT-IR spectrum of the monomer were shown around 827 and 741cm
-1

. This 

may attribute to either C-H “oop” and C-S stretches. 
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Table 2.5: The FT-IR stretching band for both the ThN and the PThN. 

Assigments 

 

Monomer polymer 

C-H α- thiohene stretch 

 

3123 cm
-1

 ------- 

C-H β- thiophene stretch 

 

3051 cm
-1

 3051 cm
-1

 

C-H α- bending  

 

790 cm
-1

 ------- 

C=O 

 

1716 cm
-1

 1732 cm
-1

 

C=C aromatic 

 

1507 cm
-1

 1511 cm
-1

 

C-H aromatic 

 

2850 cm
-1

 2850 cm
-1

 

C-S  827 cm
-1

 815 cm
-1

 

 

 

 

 

FT-IR analysis of the monomer 2-(3-thienyl) ethanol with coumarin-3-carboxylic 

acid and its polymer were carried out. All assignments for the ThC monomer and the 

PThC polymer are listed in Table 2.2. The ThC monomer demonstrated bands at 3108 

and 3063 cm
-1

 represented the C-H (α) and C-H (β) stretching of thiophene ring. 

However, the C-H (α) stretch is disappeared in the polymer spectra, indicating that the 

polymerization reaction took place on (α) positions. The exhibitions of strong peaks of 

the polymer at 1564 cm
-1

 are attributed to C=C stretches of the aromatic ring, where they 

appeared at 1566 of the ThC monomer. Also, the observation of a characteristic band at 

1750 cm
-1

 in the polymer indicated to the carbonyl group, which it appeared at 1751 cm-1 

in the monomer spectrum. FT-IR spectrum of the PThC displayed the C-H stretch in 

plane bending at 1121 and 1005 cm
-1

, whereas they appeared at 1018 and 1125 cm
-1

 for 

the ThC. Moreover, due to the presence of CH2, C-S and the aromatic C-H (oop) bands, 

these bands can confound the assignments somewhat
 223
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Table 2.6: The FT-IR stretching band for both the ThC and the PThC. 

 

Assigments 

 
Monomer polymer 

C-H α- thiohene stretch 

 
3108 cm

-1
 ------- 

C-H β- thiophene stretch 

 
3063 cm

-1
 3051 cm

-1
 

C-H α- bending 

 
790 cm

-1
 ------- 

C=O 

 
1751 cm

-1
 1750 cm

-1
 

C=C aromatic 

 
1566 cm

-1
 1564 cm

-1
 

C-H aromatic 2828 cm
-1

 2832 cm
-1

 

C-H 
1125 cm

-1
 

  

1121 cm
-1

 

 

      C-S    794 cm
-1

   786 cm
-1

 

 

FT-IR spectroscopy for all nanocomposite materials showed changes in the 

vibrational stretches compared to that of the pristine PThN. Table 2.3 summarizes these 

changes which are attributed to the interaction between the exfoliated WS2 and the 

polymer. 

 

Table 2.3: The vibrational spectrum changes of the functional group for 1%WS2-

PThN nanocomposites in comparison to the pure PThN. 

Functional group Pure polymer 1%WS2-PThN 

nanocomposites 

C=O ester 1732 cm
-1

 (strong) 1722 cm
-1

 (medium) 

C-O ester 1196 cm
-1

 (strong) 1177 cm
-1

 (strong) 

C-H aromatic 2850 cm
-1

 (weak) 2852 cm
-1

 (medium) 

C=C aromatic 1511 cm
-1

 (medium) 1515 cm
-1

 (medium) 

C-H β- thiophene stretch 3051 cm
-1 

(weak) 3051 cm
-1 

(weak) 

C-H “oop” 734 cm
-1 

(strong) 

812 cm
-1 

(strong) 

725 cm
-1 

 (strong) 

811 cm
-1 

 (strong) 
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2.3.3. XRD Characterization. 

XRD was carried out to obtain some structural information of the monomer ThN 

and ThC monomers, WS2 and PThN-WS2 nanocomposites. The synthesized monomers 

ThN and ThC were demonstrated to be highly crystalline with several sharp peaks as 

shown in Figure 2.4. 

 

 

Figure 2.4: XRD of the (a) ThN and (b)ThC monomers. 
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However, powder XRD diffraction data were collected on the PThN and PThC, which 

were synthesized via an oxidation reaction using a ratio 1:2 of monomer 3-alkyl 

thiophene to FeCl3 as shown in Figure 2.5. 

 

 

 

 

Figure 2.5: XRD of the (a) PThN and (b) PThC polymers 
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The XRD diffractograms of the PThN and PThC demonstrated that they were 

highly amorphous with a disappearance of sharps peaks compared to their monomers. 

They also showed maximum peaks around 22
o
 and 25

o
, respectively. Therefore, it was 

suggested that the polymerization reaction was done successfully for both monomers. 

 

XRD data of the exfoliated WS2 which was synthesized from tungstic acid and 

thiourea with a ratio of (1:48) was also carried out to determine that if the exfoliated WS2 

was done successfully. 

 

 

Figure 2.6: XRD of the exfoliated WS2 (a), 1%WS2-PThN (b) and 10%WS2-PThN 

(c) and 64%WS2-PThN (d) nanocomposites. 
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The diffractogram of the exfoliated WS2 is shown in Figure 2.6 (a). Powder X-ray 

diffraction data of WS2 was a highly amorphous material with a lack of crystallinity with 

only 17.2%. XRD data of WS2 corresponded to the previous synthesis of the exfoliated 

WS2. 
 224

 The XRD data for the WS2-PThN nanocomposites in Figure 2.6 (b) has revealed 

that the XRD data of PThN-WS2 nanocomposites with the percent of WS2 1%, and 5% 

did not show a significant change compared to the XRD of pure PThN. This was 

anticipated because of the small amount of the nanofiller. However, the diffractogram of 

PThN-WS2 nanocomposites with the percents such as 20%, 37%, and 64% starts to 

behave similarly to the diffractogram of WS2 as shown Figure 2.6 (c). The 10% WS2-

PThN nanocomposites exhibited a clear diffractogram of the two peaks around 22
o
 and 

32
o
 which are attributed to the PThN and exfoliated WS2, respectively. The collected 

XRD data confirmed the successful synthesis of PThN-WS2 nanocomposites.   

 

      2.3.4. Thermogravimetric Analysis. 

The thermal stability is an essential factor to consider for a conjugated polymer in 

its possible applications.
 225,226

 The thermal properties of the polymer were investigated 

using TGA under air. Figure 2.7 shows the thermograms for the ThN monomer and 

PThN polymer. It was noticed that the polymer displays favorable thermal stability at 

high temperature with an onset decomposition temperature of 487
o
C. In comparison, the 

monomer exhibits weights loss at a lower temperature around 250 
o
C. 
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Figure 2.7:The TGA curve ThN monomer (a) and PThN polymer (b). 

 

The thermal stability was also investigated for the ThC monomer and its polymer.  

It was found that that Figure 2.8 shows the TGA curve for the ThC monomer and PThC 

polymer. It was found that PThC polymer demonstrated higher thermal stability at 

evaluated temperature with complete decomposition around 550 
o
C. In comparison, the 

ThC monomer, which showed weights lose at a lower temperature approximately 380
o
C. 
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Figure 2.8:The TGA curve ThC monomer (a) and PThC polymer (b). 
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Transmission electron microscopy (TEM) was utilized to study the PThN and its 

nanocomposites to obtain more information about the structure of the material. Figure 2.9 

displays an example of the TEM micrograph of PThN, which is fully featureless and 

disordered. 

 

 

 

Figure 2.9: TEM micrograph of bulk PThN. 
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      2.3.5. Decomposition Kinetic Measurements of PT-WS2 and Poly(3-

alkylthiophene) with naphthol- WS2 Nanocomposites. 

 
     Thermal degradation of P3AT/WS2 nanocomposites: 

 

Figure 2.9 represents the thermogram decomposition process of the pure PThN at 

a heating rate of 5
o
C/min. As shown in figure 2.10, the onset decomposition temperature 

of pure PThN occurs around 350
o
C with a full decomposition at around 500

o
C. 

 

 

 
 

Figure 2.10: The TGA curve of pure PThN at heating rate of 5
o
C/min. 

 

 

By applying Ozawa’s method, the activation energy of decompositions can be 

obtained from a set of TGA curves for every individual sample at four heating rates, (5, 

10, 20, 40 
o
C/min). These heating rates were employed to run all samples to get the 

activation energy from the TGA data. Figure 2.11 reveals the TGA curves of the PThN/ 

WS2 nanocomposites. 
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Figure 2.11: TGA of 10% of WS2 – PThN nanocomposites. 

 

It is obvious from the TGA plots of the 10 % by weight of WS2 – PThN 

nanocomposites profiles that same weight losses happened upon increasing the heating 

rates from 5 to 40
o
C/min. It is evident that the decomposition process of the polymer 

starts to occur at a lower temperature with a slower heating rate, and upon raising the 

heating rate, the decomposition onset temperature of the polymer increases. This is 

associated with the fact that the polymer does not have adequate time to decompose with 

an increased heating rate. Therefore, the polymer will not begin to decompose until a 

higher temperature. 

 

Thermal Degradation Kinetics:  

       In this research, each sample was examined using TGA at four heating rate. 

According to Ozawa’s method, the conversion (α) is a requirement parameter and can be 

determined using equation (6): 
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                  α = (  
mo − m

𝑚𝑜 − 𝑚∞
   ) 

 

Where α is the ratio of the actual weight loss to the total weight loss, mo is the initial 

sample weight, m is the sample weight at any temperature during the run, and m∞ is the 

weight of the sample at the end of the TGA. The conversion (α) was determined for 

each heating rate and then plotted as a function of temperature for each polymer 

nanocomposite. Figure 2.12 displays an illustration of the conversion profile for the 

PThN with 10 % WS2. 

 

 

Figure 2.12: The conversion α of 10 %WS2-PThN nanocomposite. 

 

 

Figure 2.13 shows the Ozawa plot of Log β versus the inverse of the temperature and it 
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Figure 2.13: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for PThN-WS2 10%. 

 

By utilizing the following equation, the activation energy can be estimated from these 

regression lines. 

                                    Ea= - slope * (R/0.457)                                     (7) 

 

Where R is the gas constant (8.314 J/mol.K). The value of the correlation coefficients (R) 

and the activation energies for the 10% PThN-WS2 nanocomposites are presented in 

Table 2.8. 
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Table 2.8: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 10% WS2-PThN. 

Ea (kJ/mol) R Conversion α Sample 

158.8 0.9956 0.1 10 % WS2 by weight 

153.0 0.9990 0.2  

148.4 0.9993 0.3  

143.4 0.9993 0.4  

138.4 0.9990 0.5  

138.0 0.9986 0.6  

141.2 0.9984 0.7  

139.6 0.9974 0.8  

143.4 0.9968 0.9  

144.9   Average 
 

The coefficient R is above 0.99 for each conversion. The value of the activation 

energy (Ea) was calculated for conversions (α) from 0.1 to 0.9 exhibited values varying 

from 138 kJ/mol to 158 kJ/mol for the nanocomposites of PThN with 10 % by weight 

WS2. The average of these activation energies for each conversion was 145.0 kJ/mol. The 

same methodologies were employed to determine the Ea for polythiophene (PTh), pure 

PThN, 1%, 5%, 10%, 20%, 37%, 64% by weight PTh/WS2, and PThN/WS2 

nanocomposites. The Ea values and their standard deviations for all nanocomposites are 

registered in Table 2.9. 

Table 2.9: The activation energy values of pure PTh, PThN and all the 

nanocomposites. 

 

% by weight of 
WS2 

Ea (KJ/mol) 
of PT 

Standard 

Deviations 

(KJ/mol) 

Ea (KJ/mol) of 
PThN 

Standard 

Deviations 

(KJ/mol) 
0 79.9 ±10.4 145.6 ±26.0 
1 83.5 ±7.2 144.9 ±7.1 
5 87.1 ±4.1 145.0 ±6.7 

10 78.5 ±9.1 149.1 ±7.2 
20 124.9 ±8.1 198.7 ±19.6 
37 97.0 ±2.1 209.5 ±19.0 
64 113.8 ±10.6 204.9 ±28.2 
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Overall, the values of the activation energies for nanocomposite were increased 

with incorporating higher percents of WS2 in comparison to that of pure PT or PThN. 

The pure PThN showed an enhancement in the Ea with 145.6 kJ/mol in comparison to 

pure PTh with 79.9 kJ/mol. In addition, at a lower percentage of WS2 such as 1%, 5, 

10%, the Ea values did not exhibit a major change in the activation energies for these 

nanocomposites. The activation energies against the weight percentages of WS2 is plotted 

in Figure 2.14 for PTh-WS2 and Figure 2.15 for PThN-WS2. 

 

 

Figure 2.14: The plot of activation energy of pure PTh and WS2 – PTh 

nanocomposites against the weight percentages of WS2. 
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Figure 2.15: The plot of activation energy of pure PThN and WS2 – PThN 

nanocomposites against the weight percentages of WS2. 

 

The Ea values for PTh - WS2 nanocomposites modified upon increasing the mass 

of WS2. As we can see in figure 2.15, 20 % by weight of WS2 demonstrated the greatest 

value of Ea 124.9 kJ/mol. However, 1%, 5% and 10% PThN - WS2 nanocomposites 

presented a nearly equivalent value of Ea with 83.1 kJ/mol, 85.3 kJ/mol and 78.5 kJ/mol, 

respectively. Moreover, 64% of WS2-PTh has illustrated an increase in the Ea by around 

34 kJ/mol in comparison to the Ea of pure PTh. 

 

On the other hand, the activation energy values for PThN - WS2 nanocomposites 

changed upon raising the amount of WS2. As we can see in Figure 2.14, 37 % by weight 

of WS2 revealed the largest value of Ea 209.5 kJ/mol. Also, 1%, 5% and 10% PThN - 

WS2 nanocomposites showed a relatively same value of Ea with 145.0 kJ/mol, 149.9 
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kJ/mol and 151.6 kJ/mol, respectively. Furthermore, around 52 kJ/mol, and 58 kJ/mol 

observed an enhancement of the Ea in comparison to the Ea of pure PThN for 20% and 

64% of WS2-PThN nanocomposites, respectively. 

 

2.3.6 Conclusion: 

 

This work demonstrated the kinetics decomposition measurement of several PTh-

WS2 and PThN-WS2 nanocomposites. Ozawa’s method was employed to measure the Ea 

of nanocomposite with several percents of WS2 hosting PTh and PThN using the TGA. 

 

It was found that the Ea of pristine PTh was 79.9 kJ/mol. Also, 20% and 64% wt 

of WS2-PTh composition showed a major improvement in the Ea value with 124.9 kJ/mol 

and 113.8 kJ/mol respectively. The Ea of exfoliated PTh nanocomposite at lower 

percentages such as1%, 5%, and 10% of WS2 did not display a noticeable change in the 

Ea.  

In contrast, the Ea of pure PThN was 145.6 kJ/mol, and the 37 % wt of WS2-

PThN composition demonstrating a significant development in the Ea with the greatest 

value, 209 kJ/mol. The remainder of the PThN-WS2 nanocomposite series exhibited 

enhanced activation energies ranging from 198 to 204 kJ/mol. On the other hand, the Ea 

of 1%, 5%, and 10% nanocomposites are almost the same as pure PThN. 

 

Generally speaking, the addition of the exfoliated WS2 exhibited a significant the 

activation energies values of the polythiophene and poly(3-alkylthiophene 

nanocomposites. The molecular connection between the polymer and nanofiller 



 71 

demonstrate a noticeable increase in the activation energy of the decomposition. 

Furthermore, the incoporation of nanofiller produce good heat distribution inside the 

polymer –nanocomposit. 
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Decomposition Kinetic Measurements of WS2 - polyaniline nanocomposites. 

 

3.1. Introduction 

In recent decades, conducting or electroactive polymers have been the subject of 

substantial interest due to their outstanding properties, including environmental stability 

in the doped and undoped state, high electrical conductivity
 227,228

 and ease of preparation.
 

229
 They also have potential applications such as rechargeable batteries

 230,231
, smart 

windows,
 232

 light emitting diode,
 233,234

 energy storage,
 235

 optical and electronic devices,
 

233,236-238
 and sensors.

 239
 The thermal stability of conducting polymers is one of the most 

important reasons for their use in many potential applications such as Light emitting 

diode (LED), optical materials, and electrochromic devices.
 237,238

 However, conducting 

polymers are vulnerable to undergoing different degradation reactions at elevated 

temperatures under any environmental conditions during the processing and service life. 

This may inhibit the use these materials in their potential applications due to the 

destruction of the required properties by degradations such as distortion of the conjugated 

system and a decrease of the efficiency of the mechanical properties.  

 

Recently, the incorporation of nanoparticles of layered inorganic compounds such 

as MoS2, V2O5, WS2, and MoO3 at the molecular level into organic conducting polymers 

such as polyaniline, polythiophene, and Polypyrrole has attracted significant attention. 

The resulting nanocomposite can compensate the relatively poor mechanical properties of 

the organic polymer and enhance its electrical conductivity and thermal properties 
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compared to the pure polymer.
 122,123,240,241

 For example, it has been reported that the 

exfoliated PANI/WS2 nanocomposites, which were synthesized by an in situ 

polymerization technique, has shown an enhancement in electrical conductivity was 9 

S/cm which is a three-fold increase compared to the pure PANI.
 242

 

 

In this study, the PANI/WS2 exfoliated nanocomposites were prepared via an in 

situ polymerization technique. The aim of this work is to understand the thermal behavior 

of different compositions of WS2 nanocomposites. This was performed by determining 

the impact of the different heating rates on the onset decomposition temperature, 

determining calculating the activation energy of various WS2 – polyaniline percentages 

nanocomposites using thermogravimetric (TGA) analysis in a nitrogen atmosphere. 

Furthermore, Ozawa’s method was utilized to compute the apparent activation energy of 

these filling materials.
 200

 

 

3.2. Experimental. 

 

3.2.1. Preparation of Polyaniline 

In a 500 mL Erlenmeyer flask, 2.51 g of distilled aniline was added to 40 mL 

of 1M HCl at 0oC in an ice bath. In a125 mL Erlenmeyer flask, 0.1623 g of APS was 

dissolved in 40 ml of 1M HCl. This solution was cooled to 0oC and then added 

dropwise to the aniline/HCl solution. The solution was then stirred for 1.5 hours 

with the temperature maintained between 0 to 5oC. The ratio of aniline to ASP was 

1:1. The resultant product was filtered and washed with 500 mL of 1M HCl. 
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3.2.2. In Situ polymerization of exfoliated 20% WS2- PANI nanocomposites. 

The PANI/WS2 nanocomposites were synthesized chemically via an in situ 

polymerization following a previously described procedure.
 224

 Distilled aniline (0.251g) 

was placed in a 500 mL Erlenmeyer flask in the presence of 40 mL 1M HCl. The 

solution was stirred and maintained at 0oC in an ice bath. In a 125 mL Erlenmeyer 

flask, 6.1134 g of APS was dissolved in 40 ml of 1M HCl, and the solution was cooled 

to 0oC.  

 

         In a 50 mL beaker, 0.5067g of exfoliated WS2 was added to 30 mL of deionized 

water. This suspension was ultrasonicated at 30% amplitude for 20 min, and was 

then added dropwise to the aniline/HCl solution. The APS/HCl solution was then 

added dropwise to the aniline/WS2 solution. The reaction was then stirred at 0oC for 

1.5 hours. A black product was obtained after vacuum filtration, which was then 

washed with 500 ml of 1M HCl. The same procedures were followed to synthesize 

others compositions of WS2; 1%, 5%, 7.5%, 10%, 12.5%, 15%, 20%, 37%, and 64%. 

 

3.2.3. Instrumentation. 

 

Thermogravimetric experiments were carried out in a TGA Q500 instrument 

under nitrogen environment. The nitrogen flow rate to the sample chamber was 

maintained at 60 mL/min by the instrument. Each sample was run at four different 

heating rates: 5, 10, 20 and 40
o
C/min. Thermogravimetric curves were obtained for each 

sample, and the kinetic measurements were collected for each trial. The activation energy 
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can be computed using the decomposition temperature of each sample and the 

information of weight loss at every heating rate.    

3.3. Result and Discussion. 

 
 

Thermal degradation of PANI/WS2 nanocomposites: 

 

The same previous procedures in chapter 2 were followed to calculate the 

decomposition kinetic of PANI-WS2 nancomposites. Figure 3.1 depicts the thermogram 

of the pristine polyaniline at a heating rate of 10
o
C/min. As shown in figure 1, the onset 

decomposition temperature of pure polyaniline begins around 340
o
C with a complete 

decomposition at approximately 600
o
C. 

 

 

 
           

 

Figure 3.1: The TGA curve of pure polyaniline at  heating rate of 10 
o
C/min. 

 

(5, 10, 20, 40 
o
C/min) heating rates were used to run each sample in order to obtain the 

activation energy from the TGA data. Figure 2.3 shows the TGA curves of the 

polyaniline/ WS2 nanocomposites at selected heating rate.  
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Figure 3.2: TGA of 12.5 of WS2 – polyaniline nanocomposite. 

 

 

It was apparent from the TGA curves of the 12.5 % by weight WS2 – polyaniline 

nanocomposites profiles that various trends of the weight losses occurred upon changing 

the heating rates from 5 to 40 
o
C/min. It is clear that the onset decomposition of the 

polymer occurred at a lower temperature with a slower heating rate, and upon increasing 

the heating rate, the onset decomposition temperature of the polymer increases. This 

phenomenon is attributed to the fact that the polymer does not have adequate time to 

decompose with an increased heating rate. Therefore, the polymer will not begin to 

decompose until a higher temperature. 

Thermal Degradation Kinetics:  

 

 

The conversion (α) is a prerequisite parameter and can be calculated using 

equation (6). Figure 3.3 shows an example of the conversion profile for the polyaniline 

nanocomposite with 12.5 % WS2. 
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Figure 3.3: The conversion of 12.5 %WS2 - PANI nanocomposite. 

 

 

The regression lines, according to Ozawa’s method, are plotted in Figure 3.4 as 

Log β against the inverse of the temperature and the slops were taken to compute the Ea. 

 

Figure 3.4: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for PANI-WS2 12.5 %. 
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The activation energy can be then calculated from the slope of these regression lines 

using equation (7). The value of the correlation coefficients (R) and the activation 

energies for the 12.5% polyaniline-WS2 nanocomposites are given in Table 3.1. 

 

Table 3.1: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 12.5 % WS2-PANI. 

   

It is apparent that the coefficient R is above 0.99 for each case. The value of the 

activation energy (Ea) computed by the isothermal method for conversions (α) from 0.1 to 

0.9 exhibited values ranging from 159 kJ/mol to 173 kJ/mol for the nanocomposites of 

polyaniline with 12.5 % by weight WS2. The average of these activation energies for each 

conversion was 164 kJ/mol, which is higher than the activation energy of pristine 

polyaniline at 133 kJ/mol. The same procedures were used to calculate the activation 

energy for pure PANI, 1, 5, 7.5, 10, 15, 20, 37, and 64% by weight polyaniline/WS2 

nanocomposites. The activation energy value for each nanocomposite is listed in Table 

3.2 

 

Ea (kJ/mol) R Conversion α Sample 

164.9 0.9979 0.1 12.5 % WS2 by weight 

163.9 0.9989 0.2  

163.1 0.9991 0.3  

165.1 0.9993 0.4  

164.2 0.9998 0.5  

162.5 0.9999 0.6  

159.9 0.9999 0.7  

160.2 0.9999 0.8  

173.2 0.9980 0.9  

164.1   Average 



 79 

Table 3.2: The activation energy values of pure PANI and all of the PANI/WS2 

nanocomposites. 

 

% by mass of WS2 Ea (kJ/mol) Standard Deviations 

(KJ/mol) 
0 129.2 ± 6.9 

1 147.7 ± 4.7 

1 (b) 138.5 ±8.5 

5 131.1 ± 5.1 

5 (b) 138.5 ±22.4 

7.5 147.7 ± 19.0 

10 153.3 ± 3.8 

12.5 164.1 ± 3.8 

12.5 (b) 162.1 ± 4.5 

15 151.2 ± 4.5 

20  152.3 ±14.2 

20 (b) 151.5 ±21.1 

37 148.5 ± 5.8 

64 152.0 ±12.1 

 

In general, it is obvious that the values of the activation energy for each 

nanocomposite were increased in comparison to that of pure polyaniline. The activation 

energy against the weight percentages of WS2 is plotted in Figure 3.5. 
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Figure 3.5: The plot of activation energy of pure PANI and WS2–PANI 

nanocomposites against the weight percentages of WS2. 

 

  The activation energy values for polyaniline-WS2 nanocomposites vary upon 

increasing the amount of WS2. As we can see, 12.5 % by weight of WS2 displayed the 

highest activation energy value of 164 kJ/mol. In addition, the 1, 10, 15, 20, 37 and 64% 

polyaniline - WS2 nanocomposites exhibited good improvement in the value of the 

activation energy with 146 kJ/mol, 152.3 151 kJ/mol, 145 kJ/mol, 152.3 kJ/mol and 152 

kJ/mol respectively. However, 5% WS2-PANI nanocomposite showed no significant 

change in activation energy at the first run while in the second run displayed an 

enhancement by 10 kJ/mol in comparison to the pure polyaniline with 129.2 kJ/mol. 
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3.4. Conclusion: 

     This work illustrated the decomposition kinetics of various PANI-WS2 

nanocomposites. Ozawa’s method was applied to compute the activation energy of 

decomposition of the PANI-WS2 nanocomposite. The activation of decomposition of 

pristine polyaniline was 129 kJ/mol, with PANI-12.5 %WS2 composition displaying a 

significant increase in the activation energy of decomposition 165 kJ/mol. The remainder 

of the PANI-WS2 nanocomposite series displayed increased activation energies ranging 

from 147.7 to 152.7 kJ/mol, with the exception of the 5% nanocomposites which did not 

show a significant increase in activation energy. Overall, the incorporation of the 

exfoliated WS2 nanofiller enhanced the activation energies values of the polymer matrix. 

The molecular interaction between the polymer matrix and nanofiller enhance activation 

energy of the decomposition. Moreover, the incorporation of nanofiller affords better heat 

distribution within the polymer -nanocomposite. 

 

Chapter 4: Future Work. 

 

The current research has afforded us with interesting and exciting results of the 

exfoliated PTh, PThN, and PANI with various WS2 compositions, and more extensive 

research can be carried out in the future. 

 

One of the primary aims is to achieve a more extensive range in the variation of 

the composition of the WS2-PThN nanocomposites. Nanocomposites samples prepared in 

this project consisted of WS2 at 1, 5, 10, 20, 37, and 64 mass percentages. These 
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percentages of the nanofiller were randomly selected, and in the future, it would be 

advantageous to fabricate exfoliated nanomaterials with other percents of WS2 in order to 

obtain a comprehensive understanding of the effect of WS2 on the PTh and PThN.  

 

Finally, one of the possible future aims would be to attempt to incorporate exfoliated 

WS2 into the synthesis of various compositions comprising either substituted 

polyanilines, polythiophene and other electronically conductive polymers such as 

polyphenylene sulfide, polypyrroles, and poly(para-phenylene). These conducting 

polymers are preferred because they have gained a considerable amount of interest. 
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6-Apendix. 

Table 2.10: The vibrational spectrum changes of the functional group for 10%WS2-

PThN nanocomposites in comparison to the pure PThN. 

Functional group Pure polymer 10%WS2-PThN 

nanocomposites 

C=O ester 1732 cm
-1

 (strong) 1713 cm
-1

 (medium) 

C-O ester 1177 cm
-1

 (strong) 1180 cm
-1

 (strong) 

C-H β- thiophene stretch 3096 cm
-1

 (weak) 3073 cm
-1

 (medium) 

C=C aromatic 1511cm
-1

 (weak) 1584 cm
-1

 (weak) 

C-H “oop” 734 cm
-1

 (strong) 

812 cm
-1

 (strong) 

738 cm
-1

 (strong) 

807 cm
-1

 (strong) 

C-H aromatic 2850 cm
-1

 (weak) 2848 cm
-1

 (medium) 

 

Table 2.11: The vibrational spectrum changes of the functional group for 20%WS2-

PThN nanocomposites in comparison to the pure PThN. 

Functional group Pure polymer 20%WS2-PThN 

nanocomposites 

C=O ester 1732 cm
-1

 (strong) 1616 cm
-1

 (medium) 

C-O ester 1177 cm
-1

 (strong) 1180 cm
-1

 (strong) 

C-H β- thiophene stretch 3096 cm
-1

 (weak) 3048 cm
-1

 (weak) 

C=C aromatic 1511 cm
-1

 (weak) 1557 cm
-1

 (medium) 

C-H “oop” 734 cm
-1

 (strong) 

812 cm
-1

 (strong) 

749 cm
-1

 (strong) 

803 cm
-1

 (strong) 

C-H aromatic 2850 cm
-1

 (weak) 2854cm
-1

 (medium) 

 

Table 2.12: The vibrational spectrum changes of the functional group for 37 %WS2-

PThN nanocomposites in comparison to the pure PThN. 

Functional group Pure polymer 37%WS2-PThN 

nanocomposites 

C=O ester 1732 cm
-1

 (strong) 1622 cm
-1

(medium) 

C-O ester 1177 cm
-1

 (strong) 1194 cm
-1

 (strong) 

C-H β- thiophene stretch 3096 cm
-1

 (weak) 3041 cm
-1

 (weak) 

C=C aromatic 1511 cm
-1

 (weak) 1557 cm
-1

 (medium) 

C-H “oop” 734 cm
-1

 (strong) 

812 cm
-1

 (strong) 

747 cm
-1

 (strong) 

802 cm
-1

 (strong) 

C-H aromatic 2850 cm
-1

 (weak) 2845 cm
-1

 (medium) 
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Table 2.13: The vibrational spectrum changes of the functional group for 64%WS2-

PThN nanocomposites in comparison to the pure PThN. 

Functional group Pure polymer 

 

C=O ester 1732 cm
-1

 (strong) 1664 cm
-1

 (medium) 

C-O ester 1177 cm
-1

 (strong) 1197 cm
-1

 (strong) 

C-H β- thiophene stretch 3096 cm
-1

 (weak) 3037 cm
-1

 (weak) 

C=C aromatic 1511 cm
-1

 (weak) 1595 cm
-1

 (medium) 

C-H “oop” 734 cm
-1

 (strong) 

812 cm
-1

 (strong) 

727 cm
-1

 (strong) 

804 cm
-1

 (strong) 

C-H aromatic 2850 cm
-1

 (weak) 2849 cm
-1

 (medium) 
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Figure 2.15: The XRD of 5% (a), 20 (b), 37% WS2-PThN (c) nanocomposite. 
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Figure 2.16:TEM micrograph of 1% WS2-PThN (left), 20% WS2-PThN and 64% 

WS2-PThN nanocomposites. 

 
 
Figure 2.16: Overlay TGA of pure PTh at 5oC/min. 
 

 
 

Figure2.17: Overlay TGA of pure PTh at 10oC/min. 
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Figure 2.18: Overlay TGA of pure PTh at 20oC/min.  

 

 
 
Figure 2.19: Overlay TGA of pure PTh at 40oC/min. 
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Figure 2.20: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for pure PTh. 

 

Table 2.14: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for pure PTh. 

 
Ea (kJ/mol) R Conversion α Sample 

78.2 0.9882 0.1 0% WS2 by weight 

58.9 0.9963 0.2  

67.6 0.9635 0.3  

77.9 0.9614 0.4  

85.3 0.9780 0.5  
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88.1 0.9943 0.7  
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Figure 2.21: Overlay TGA of 1% WS2- PTh at 5oC/min. 

 
 

Figure 2.22: Overlay TGA of 1% WS2- PTh at 10oC/min 
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Figure 2.23: Overlay TGA of 1% WS2- PTh at 20oC/min. 

 
 

Figure 2.24: Overlay TGA of 1% WS2- PTh at 40oC/min. 
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Figure 2.25: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 1%WS2-PTh. 

 

Table 2.15: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 1%WS2-PTh nanocomposite. 

 
Ea (kJ/mol) R Conversion α Sample 

101.1 0.9989 0.1 1% WS2 by weight 
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Figure 2.26: Overlay TGA of 5 % WS2- PTh at 5
o
C/min. 

  

 
 
Figure 2.27: Overlay TGA of 5 % WS2- PTh at 10oC/min. 
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Figure 2.28: Overlay TGA of 5 % WS2- PTh at 20oC/min. 
 

 
Figure 2.29: Overlay TGA of 5 % WS2- PTh at 40oC/min. 
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Figure 2.30: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for pure 5%WS2-PTh. 

 

 

Table 2.16: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 5%WS2-PTh. 

Ea (kJ/mol) R Conversion α Sample 

96.9 0.9968 0.1 5% WS2 by weight 
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Figure 2.31: Overlay TGA of 10% WS2- PTh at 5oC/min. 

  
 

Figure 2.32 : Overlay TGA of 10% WS2- PTh at 10oC/min 
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Figure 2.33: Overlay TGA of 10% WS2- PTh at 20oC/min  

 

 
Figure 2.34: Overlay TGA of 10% WS2- PTh at 40oC/min 
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Figure 2.35: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 10%WS2-PTh. 

 
 
Table 2.17: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 10%WS2-PTh. 
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73.4 0.9975 0.9  
78.5   Average 
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Figure 2.36: Overlay TGA of 20% WS2- PTh at 5oC/min 

 
 

Figure 2.37: Overlay TGA of 20% WS2- PTh at 10oC/min 
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Figure 2.38: Overlay TGA of 20% WS2- PTh at 20oC/min 

 

 
Figure 2.39: Overlay TGA of 20% WS2- PTh at 40oC/min 
 

 
 



 129 

 
Figure 2.40: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 20 %WS2-PTh. 

 

 

 

 
Table 2.18: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 20%WS2-PTh. 

Ea (kJ/mol) R Conversion α Sample 

138.5 0.9977 0.1 20 % WS2 by weight 

133.3 0.9986 0.2  

128.5 0.9984 0.3  

123.6 0.9976 0.4  

119.4 0.9961 0.5  

116.5 0.9936 0.6  

115.5 0.9886 0.7  

118.2 0.9831 0.8  

130.4 0.9752 0.9  
124.9   Average 
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Figure 2.41: Overlay TGA of 37% WS2- PTh at 5oC/min 

  
Figure 2.42: Overlay TGA of 37% WS2- PTh at 10oC/min 
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Figure 2.43: Overlay TGA of 37% WS2- PTh at 20oC/min 

 
Figure 2.44: Overlay TGA of 37% WS2- PTh at 40oC/min 
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Figure 2.45: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 37 %WS2-PTh. 

Table 2.19: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 37%WS2-PTh. 

Ea (kJ/mol) R Conversion α Sample 

101.7 0.9971 0.1 37 % WS2 by weight 

97.3 0.9967 0.2  

97.3 0.9959 0.3  

97.6 0.9961 0.4  

96.6 0.9995 0.5  

95.6 0.9989 0.6  

94.1 0.9905 0.7  

95.1 0.9961 0.8  

97.2 0.9927 0.9  
124.9   Average 
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Figure 2.46: Overlay TGA of 64% WS2- PTh at 5oC/min 
 

 
 

Figure 2.47: Overlay TGA of 64% WS2- PTh at 10oC/min 
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Figure 2.48: Overlay TGA of 64% WS2- PTh at 20oC/min 
 

 
Figure 2.49: Overlay TGA of 64% WS2- PTh at 40oC/min 
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Figure 2.50: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 64 %WS2-PTh. 

 

 

Table 2.20: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 64%WS2-PTh. 

Ea (kJ/mol) R Conversion α Sample 

108.0 0.9974 0.1 64 % WS2 by weight 

109.8 0.9965 0.2  

110.1 0.9957 0.3  

107.4 0.9906 0.4  

110.9 0.9985 0.5  

106.5 0.9984 0.6  

107.5 0.9893 0.7  

135.6 0.9959 0.8  

128.7 0.9698 0.9  
113.8   Average 
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Figure 2.51: The TGA curve of pure PThN at heating rate of 5
o
C/min 

 

Figure 2.52: The TGA curve of pure PThN at heating rate of 20
o
C/min. 
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Figure 2.53: The TGA curve of pure PThN at heating rate of 40
o
C/min. 

 

Figure 2.54: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for pure PThN. 
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Table 2.21: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for pure PThN. 

Ea (kJ/mol) R Conversion α Sample 

182.8 0.9955 0.1 0 % WS2 by weight 

166.0 0.9923 0.2  

170.1 0.9873 0.3  

161.2 0.9916 0.4  

146.5 0.9949 0.5  

135.3 0.9957 0.6  

122.0 0.9952 0.7  

116.7 0.9939 0.8  

109.5 0.9883 0.9  

145.6   Average 
 

 
 

Figure 2.55: Overlay TGA of 1% WS2- PThN at 5oC/min 
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Figure 2.56: Overlay TGA of 1% WS2- PThN at 10oC/min 

 
Figure 2.57: Overlay TGA of 1% WS2- PThN at 20oC/min 
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Figure 2.58: Overlay TGA of 1% WS2- PThN at 40oC/min 
 

 

 

 

Table 2.22: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 1% WS2- PThN. 

 

Ea (kJ/mol) R Conversion α Sample 

158.8 0.9956 0.1 1 % WS2 by weight 

153.0 0.9990 0.2  

148.4 0.9993 0.3  

143.4 0.9993 0.4  

138.4 0.9990 0.5  

138.0 0.9986 0.6  

141.2 0.9984 0.7  

139.6 0.9974 0.8  

143.4 0.9968 0.9  

144.9   Average 
 

 



 141 

 

Figure 2.59: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 1% WS2- PThN. 
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Figure 2.60: Overlay TGA of 5% WS2- PThN at 5oC/min 

 
 

Figure 2.61: Overlay TGA of 5% WS2- PThN at 10oC/min 
 

 
Figure 2.62: Overlay TGA of 5% WS2- PThN at 20oC/min 
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Figure 2.63: Overlay TGA of 5% WS2- PThN at 40oC/min. 

 

 
 

Figure 2.64: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 5% WS2- PThN. 
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Table 2.23: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 5% WS2- PThN. 

Ea (kJ/mol) R Conversion α Sample 

145.0 0.9936 0.1 5 % WS2 by weight 

134.3 0.9977 0.2  

142.6 0.9985 0.3  

137.4 0.9996 0.4  

168.1 0.9982 0.5  

159.0 0.9982 0.6  

154.6 0.9566 0.7  

163.9 0.9902 0.8  

143.9 0.9924 0.9  

149.9   Average 
 

 

 

 
 

Figure 2.65: Overlay TGA of 10% WS2- PThN at 5oC/min. 
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 Figure 2.66: Overlay TGA of 10% WS2- PThN at 10oC/min. 

 
Figure 2.67: Overlay TGA of 10% WS2- PThN at 20oC/min. 
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Figure 2.68: Overlay TGA of 10% WS2- PThN at 40oC/min. 
 
 

  
 

Figure 2.69: Overlay TGA of 20% WS2- PThN at 5oC/min 



 147 

  
 
Figure 2.70: Overlay TGA of 20% WS2- PThN at 10oC/min 

  
Figure 2.71: Overlay TGA of 20% WS2- PThN at 20oC/min 



 148 

 
 
Figure 2.72: Overlay TGA of 20% WS2- PThN at 40oC/min 

 
 
 

 
 

Figure 2.73: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 20% WS2- PThN. 
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Table 2.24: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 20% WS2- PThN. 

Ea (kJ/mol) R Conversion α Sample 

187.1 0.9898 0.1 20 % WS2 by weight 

192.3 0.9737 0.2  

217.7 0.9048 0.3  

230.7 0.8874 0.4  

214.1 0.9587 0.5  

205.7 0.9992 0.6  

192.6 0.9962 0.7  

174.2 0.9891 0.8  

174.2 0.9778 0.9  

198.7   Average 
 

 

  
 

Figure 2.74: Overlay TGA of 37% WS2- PThN at 5oC/min 
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Figure 2.75: Overlay TGA of 37% WS2- PThN at 10oC/min 
 

 
Figure 2.76: Overlay TGA of 37% WS2- PThN at 20oC/min 
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Figure 2.77: Overlay TGA of 37% WS2- PThN at 40oC/min 
 

 

 

 

 
 

Figure 2.78: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 37% WS2- PThN. 

0.6

0.8

1

1.2

1.4

1.6

1.8

0.0011 0.00115 0.0012 0.00125 0.0013 0.00135 0.0014 0.00145 0.0015

a=0.1

a=0.2

a=0.3

a=0.4

a=0.5

a=0.6

a=0.7

a=0.8

a=0.9

1/Temperature (K-1) 

L
o

g 
β

 



 152 

 

Table 2.25: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 37% WS2- PThN. 

Ea (kJ/mol) R Conversion α Sample 

200.6 0.9932 0.1 37 % WS2 by weight 

191.8 0.9977 0.2  

221.6 0.9945 0.3  

241.8 0.9949 0.4  

214.5 0.9988 0.5  

231.8 0.9999 0.6  

202.3 0.9988 0.7  

194.0 0.9993 0.8  

187.1 0.9969 0.9  

209.5   Average 
 

 
 

  
 
Figure 2.79: Overlay TGA of 64% WS2- PThN at 5oC/min 
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Figure 2.80: Overlay TGA of 64% WS2- PThN at 10oC/min 

  
Figure 2.81: Overlay TGA of 64% WS2- PThN at 20oC/min 
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Figure 2.82: Overlay TGA of 64% WS2- PThN at 40oC/min 

 
 

 

 
 

Figure 2.83: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 64% WS2- PThN. 
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Table 2.26: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 64% WS2- PThN. 

 

Ea (kJ/mol) R Conversion α Sample 
165.7 0.9999 0.1 64 % WS2 by weight 

176.9 0.9981 0.2  

194.2 0.9995 0.3  

195.2 0.9954 0.4  

187.9 0.9998 0.5  

206.1 0.9978 0.6  

241.2 0.9594 0.7  

238.5 0.9815 0.8  

238.4 0.9954 0.9  

204.9   Average 
 

  
Figure 3.6: Overlay TGA of pure PANI at heating rate 5 oC/min 
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Figure 3.7: Overlay TGA of pure PANI at heating rate 20 oC/min 

 
Figure 3.8: Overlay TGA of pure PANI at heating rate 40 oC/min 
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Figure 3.9: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for pure PANI. 

Table 3.3: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for pure PANI. 

Ea (kJ/mol) R Conversion α Sample 

135.8 0.9982 0.1 0 % WS2 by weight 

136.6 0.9963 0.2  

135.3 0.9935 0.3  

133.9 0.9889 0.4  

132.1 0.9832 0.5  

129.4 0.9768 0.6  

125.5 0.9671 0.7  

120.9 0.9569 0.8  

117.4 0.9367 0.9  

129.6    Average 
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Figure 3.10: Overlay TGA of 1% WS2-PANI at 5 oC/min. 

 
 

Figure 3.11: Overlay TGA of 1% WS2-PANI at 10 oC/min. 
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Figure 3.12: Overlay TGA of 1% WS2-PANI at 20 oC/min. 

 
 

Figure 3.13: Overlay TGA of 1% WS2-PANI at 40 oC/min. 
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Figure 3.14: The regression lines for conversion of 0.1 -0.9 based on the Ozawa’s 

method for 1 % WS2-PANI. 

 

 

Table 3.4: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 1 % WS2-PANI. 

Ea (kJ/mol) R Conversion α Sample 
152.6 0.9094 0.1 1 % WS2 by weight 

143.1 0. 8867 0.2  

140.1 0. 8699 0.3  

142.1 0. 8593 0.4  

146.6 0. 8483 0.5  

151.2 0. 8354 0.6  

152.9 0. 8030 0.7  

150.4 0. 7434 0.8  

147.2 0. 7434 0.9  

147.7   Average 
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Figure 3.15: Overlay TGA of 5% WS2-PANI at 5oC/min. 

 

 
Figure 3.16: Overlay TGA of 5% WS2-PANI at 10oC/min. 
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Figure 3.17: Overlay TGA of 5% WS2-PANI at 20oC/min. 

 

 
Figure 3.18: Overlay TGA of 5% WS2-PANI at 40oC/min. 
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Figure 3.19: The regression lines for conversion α of 0.1 -0.9 based on the Ozawa’s 

method for 5% WS2-PANI. 

Table 3.5: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 5% WS2-PANI. 

Ea (kJ/mol) R Conversion α Sample 
144.1 0.9873 0.1 5% WS2 by weight 
135.2 0.9899 0.2  

131.3 0.9897 0.3  

129.7 0.9905 0.4  

130.5 0.9915 0.5  

130.2 0.9928 0.6  

128.5 0.9944 0.7  

127.4 0.9941 0.8  

128.4 0.9928 0.9  

131.7   Average 
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Figure 3.20: Overlay TGA of 7.5% WS2-PANI at 5 oC/min. 

Figure 3.21: Overlay TGA of 7.5% WS2- PANI at 10 oC/min. 



 165 

Figure 3.22: Overlay TGA of 7.5% WS2-PANI at 20 oC/min. 

 Figure 3.23: Overlay TGA of 7.5% WS2- PANI at 40 oC/min. 
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Figure 3.24: The regression lines to conversion α of 0.1 -0.9 based on the Ozawa’s 

method for 7.5 % WS2-PANI. 
Table 3.6: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 7.5 % WS2-PANI. 
Ea (kJ/mol) R Conversion α Sample 

101.2 0.9383 0.1 7.5 % WS2 by weight 

126.2 0.9716 0.2  

135.8 0.9810 0.3  

141.3 0.9864 0.4  

143.9 0.9953 0.5  

142.4 0.9982 0.6  

142.5 0.9997 0.7  

142.0 0.9996 0.8  

147.4 07927 0.9  

147.7   Average 
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Figure 3.25: Overlay TGA of 10% WS2- PANI at 5oC/min. 

 

Figure 3.26: Overlay TGA of 10% WS2- PANI at 10 oC/min. 
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Figure 3.27: Overlay TGA of 10% WS2- PANI at 20oC/min. 

 

Figure 3.28: Overlay TGA of 10% WS2- PANI at 40oC/min. 
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Figure 3.29: The regression lines to conversion α of 0.1 -0.9 based on the Ozawa’s 

method for 10 % WS2-PANI. 

 

Table 3.7: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 10 % WS2-PANI. 

Ea (kJ/mol) R Conversion α Sample 
146.3 0.9383 0.1 10 % WS2 by weight 

154.9 0.9716 0.2  

156.6 0.9810 0.3  

156.8 0.9864 0.4  

157.8 0.9953 0.5  

152.8 0.9982 0.6  

154.7 0.9997 0.7  

149.4 0.9996 0.8  

149.7 07927 0.9  

153.3   Average 
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Figure 3.30: Overlay TGA of 12.5% WS2-PANI at 5 oC/min 
 

Figure 3.31: Overlay TGA of 12.5% WS2-PANI at 10 oC/min 
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Figure 3.32: Overlay TGA of 12.5% WS2-PANI at 20 oC/min 

 Figure 3.33: Overlay TGA of 12.5% WS2- PANI at 40 oC/min
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 Figure 3.34: Overlay TGA of 15% WS2-PANI at 5 oC/min 
 

Figure 3.35: Overlay TGA of 15% WS2-PANI at 10 oC/min 
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Figure 3.36: Overlay TGA of 15% WS2-PANI at 20 oC/min 

Figure 3.37: Overlay TGA of 15% WS2-PANI at 40 oC/min 
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Figure 3.38: The regression lines for conversion α of 0.1 -0.9 based on the Ozawa’s 

method for 15 % WS2- PANI. 

Table 3.8: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 15 % WS2- PANI. 

Ea (kJ/mol) R Conversion α Sample 

145.7 0.9866 0.1 15 % WS2 by weight 

144.5 0.9914 0.2  

147.2 0.9914 0.3  

150.8 0.9944 0.4  

153.3 09959 0.5  

152.2 0.9979 0.6  

149.6 0.9987 0.7  

150.2 0.9983 0.8  

159.7 0.9966 0.9  

150.3   Average 
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Figure 3.39: Overlay TGA of 20% WS2- PANI at 5 oC/min. 

Figure 3.40: Overlay TGA of 20% WS2-PANI at 10oC/min. 
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Figure 3.41: Overlay TGA of 20% WS2-PANI at 20 oC/min. 

 Figure 3.42: Overlay TGA of 20% WS2-PANI at 40 oC/min. 
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Figure 3.43: The regression lines to conversion of 0.1 -0.9 based on the Ozawa’s 

method for 20 % WS2-PANI. 

Table 3.9: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 20 % WS2-PANI. 

Ea KJ/mol R Conversion α Sample 

144.2 0.9873 0.1 20 % WS2 by weight 

135.3 0.9899 0.2  

131.3 0.9897 0.3  

129.8 0.9905 0.4  

130.5 0.9910 0.5  

130.2 0.9928 0.6  

128.6 0.9944 0.7  

127.4 0.9941 0.8  

128.4 0.9928 0.9  

131.7   Average 
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Figure 3.44: Overlay TGA of 37% WS2-PANI at 5 oC/min 

Figure 3.45: Overlay TGA of 37% WS2- PANI at 10 oC/min 
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Figure 3.46: Overlay TGA of 37% WS2-PANI at 20 oC/min 

Figure 3.47: Overlay TGA of 37% WS2-PANI at 40 oC/min 
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Figure 3.48: The regression lines to conversion of 0.1 -0.9 based on the Ozawa’s 

method for 37 % WS2-PANI. 

Table 3.10: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 37 % WS2-PANI. 

Ea (kJ/mol) R Conversion α Sample 

141.5 0.9811 0.1  37 % WS2 by weight 

142.7 0.9728 0.2  

145.5 0.9620 0.3  

151.2 0.9515 0.4  

155.9 0.9503 0.5  

157.4 0.9592 0.6  

152.4 0.9710 0.7  

146.1 0.9786 0.8  

143.8 0.9951 0.9  

148.5   Average 
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Figure 3.49: Overlay TGA of 64% WS2-PANI at 5 oC/min 

Figure 3.50: Overlay TGA of 64% WS2-PANI at 10 oC/min 
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Figure 3.51: Overlay TGA of 64% WS2-PANI at 20 oC/min 

Figure 3.52: Overlay TGA of 64% WS2-PANI at 40 oC/min 
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Figure 3.53: The regression lines for conversion α of 0.1 -0.9 based on the Ozawa’s 

method for 64 % WS2-PANI. 

 
Table 3.11: The correlation coefficient (R) and the activation energy (Ea) obtained 

using Ozawa's method for 64 % WS2-PANI. 

Ea (kJ/mol) R Conversion α Sample 

133.2 0.9995 0.1 64 % WS2 by weight 

137.6 0.9986 0.2  

145.4 0.9977 0.3  

150.7 0.9978 0.4  

155.7 0.9979 0.5  

164.8 0.9938 0.6  

169.5 0.9974 0.7  

159.3 0.9949 0.8  

158.3 0.9969 0.9  

152.7   Average 
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