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ABSTRACT 

Conductive polymers had opened a new era of engineering materials 

particularly for microelectronics applications. This is due to their corrosion resistance 

and the capacity to conduct electricity. However, there still exist challenges for high 

voltage applications due to the lack of high electron charge transfer, resulting from 

low electrical conductivity of conductive polymers. This leads to significant energy 

loss during current transmission thus restricting the use for high voltage applications.  

This project investigated a novel method using nanosilver doped polyphenylene 

sulfide to enhance the potential of conductive polymers for high voltage applications. 

Nanosilver particles were doped intrinsically into poly (p-phenylene sulfide) (PPS) to 

enhance its charge transfer through molecular diffusion of electrical carriers in the 

polymer matrix. Preliminary works had identified the effective mixing speed of the 

solid solution which provide homogeneous organometallic hybrid. Investigation on 

threshold melting temperature was in the range 300ºC to 480ºC which led to identify 

the effective melting temperature at 420°C despite the identification of threshold 

melting temperature was at 380°C. Investigating the influence of nanosilver 

concentration in PPS revealed that there is a threshold at which a significant change of 

conductivity observed and reached to the metalloids conductivity value at 1.5x10-01 

S/cm. Scanning Electron Microscopy micrographs and Fourier Transfrom Infra-Red 

analysis also further conforms such findings that the effects of the concentration on 

delocalization of the Π-bonds electron in the polymer chain. Thus, this study had 

established effective doping parameters for the development of highly conductive 

polymers towards high voltage applications with in-depth understanding of the doping 

mechanism.   
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CHAPTER 1 

INTRODUCTION 

 Research Background 

Almost all heavy industries such as power generation, marine and, oil and gas 

deals with high voltage applications. In these applications, metals play an important 

role as electric conductors. Metals are known as good electric conductors, however 

almost every metal is corrosive, especially if the metal is exposed to corrosive 

environment for a significant period. Metals are highly reactive due to their conductive 

properties which enables them to possess high electron mobility. Good electric 

conductors include; copper, gold and silver. However, all of them are corrosive.  

Polymers by nature are corrosive resistant due to strong covalent bonds and 

lack of free electron mobility. Generally, polymers are long chains of repeating units 

known as monomer and this provides properties significantly different from the 

monomer. Examples of polymers in everyday use are polyethylene (PE), 

polypropylene (PP) and polystyrene (PS) [1]. They are used for packaging purposes 

and molding with applications in fabricating automotive parts and household 
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appliances [2]. However, some polymers exhibit electrical properties such as electrical 

conductivity. These polymers are conductive polymer [3]. 

 Problem Statement 

Conductive polymers are challenged with limited charge transfer, and this has 

affected applications excluding microelectronics. For higher voltage applications, 

charge mobility is essential to allow high conductivity and reduce transmission loss. 

PPS has been known to be doped to enhance the conductivity with various material 

such as copper and carbon nanotubes [4, 5]. However, due to highest conductivity, 

silver is the most promising candidate [6]. Nevertheless, by reducing the size of silver 

to nanoparticles, the diffusion of nanosilver could be most effective. Nanosilver has 

been used in doping other types of conductive polymers such as polypyrole and 

PEDOT:PSS to enhance their electrical conductivity. PPS also has huge potential to 

be doped with nanosilver to produce high conductive polymer [7]. Nevertheless, 

studies reporting the use of nanosilver with PPS to improve the polymer electrical 

properties is scarce in literature. Introducing nanosilver in PPS, the Π-bond 

delocalization could be promoted where nanosilver has the affinity to distort the C-S 

bond in that PPS polymer chain due to the excitation of Π-electrons [8, 9]. Hence, 

further delocalized Π-bond leads to create additional pathways for charge mobility. 

This phenomenon is expected to potentially enhance the polymer electrical 

conductivity of the nanosilver doped PPS organometallic hybrid.  
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 Objectives 

The overall objective of this study is to increase the electrical conductivity of 

the polymer conductor to suit high voltage application. The specific objectives of this 

study are: 

1. To determine effective doping process parameters comprising mixing 

speed of solid solution and melting temperature in order to analyze the 

diffusion behavior of nanosilver in the polymer matrix during doping. 

2. To identify effective threshold doping concentration of nanosilver 

particles with PPS to allow for massive Π-electron delocalization to 

overcome the electrical insulation barrier into conductive region of PPS. 

3. To characterize the electrical behavior of newly developed hybrid material 

and correlate to doping process. 

 Scope of Study 

The scopes of this study are as follows: 

1. This study focused on few key parameters such as effective mixing speed 

of nano particle in PPS, threshold melting temperature and effective 

concentration of nano particles in polymer powder. 

2. This research is limited to PPS as the doped conductive polymer and silver 

nano particle as the dopant.  
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3. Corrosion test is not within the scope since polymers are corrosion resistant 

material.   

4. Mechanical testing of PPS is not be covered in this study.  

 Significance of Study 

The significance of this study is to determine the effective parameter of 

nanosilver into the PPS polymer matrix to allow high charge transfer capability 

much required in high-voltage transmission in marine and energy transfer in 

highly corrosive environment. 

 Introduction Summary 

In the following section, the type of polymers and their applications 

would be discussed in detail. The studies done on conductive polymer would 

be elaborated to reveal the research gap regarding nanoparticle doped PPS.  
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CHAPTER 2 

LITERATURE REVIEW 

 

2  

 Conductive Polymers 

Polymers are well known as an electric insulating agent as they have limited 

free-moving electrons. However, there are a group of polymers known as conductive 

polymers. Several conductive polymers include polypyrrole (PPy), polyaniline (PANI) 

and polythiophene derivative, poly (3,4-ethylenedioxythiophene) [10]. Table 2.1.1 

illustrates the commonly researched conductive polymers currently. Polypyrrole is 

well known for its good chemical stability and reasonably high conductivity under 

physiological conditions [11, 12]. Today, polypyrrole are useful as corrosion 

protection, in fuel cells construction and computer display. In medical field, 

polypyrrole also found application as microsurgical tools, biosensors, drug delivery 

system, neural probes, nerve guidance channels, blood conduits and as a biomaterial 
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in neural tissue engineering due to flexibility [13-21]. Polyaniline is used in 

biosensors, neural probes, controlled drug delivery and tissue engineering applications 

[22-26]. Poly (3,4-ethylenedioxythiophene) is mainly used in bio sensing and 

bioengineering applications such as neural electrodes, nerve grafts and heart muscle 

patches [7, 27-29]. Polyacetylene (PAC) and Polyphenylenevinylene (PPV) has 

limited application in microelectronics [30, 31]. These polymers allow the mobility of 

the charges by having conjugated backbones, or in other words, having alternated 

single and double bonds between their carbon atoms [12].  

Table 2.1.1: Examples of extensively researched conductive polymers [12, 32].  
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Figure 2.1.1. Chemical structure of Polyacetylene (PAC) 
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Figure 2.1.2: Chemical structure of Polyphenylenevinylene (PPV) 

2.1.1 Conduction Mechanisms in Conductive Polymers 

In understanding how conductivity happens in conductive polymers, the 

fundamentals of electrons orbitals and how it relates to the mobility of electron within 

the polymer chain must be understood.  
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2.1.1.1 Carbon Orbitals and Phenyl Ring Structure 

It is important to know that most conductive polymers are organic compound 

which are hydrocarbons. In conductive polymers, carbon orbitals are made by forming 

hybridization of electron orbitals of their 2s2 and 2p2 into sp2 orbitals (Figure 2.1.3).  

 

Figure 2.1.3: The hybridization of 2s2 and 2p2 electrons into sp2 hybrid orbitals. 

Moreover, some conductive polymers are made of phenyl rings like PPS. In 

this case, each of the six carbon atoms has p-orbital and sp2 orbitals forming a circle 

or ring. Due to the proximity and repulsion forces between the orbitals, the p-orbital 

electrons are then becoming delocalized Π-bonds arranged in a circle. The Π-bond are 

further delocalized in the phenyl ring [33]. The structure is best described by 

illustration in Figure 2.1.4. 
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Figure 2.1.4: The carbon atoms in phenyl rings has one p-orbitals of electrons each. The orbitals 

are delocalized and form the delocalized orbitals above and under the ring[33]. 

2.1.1.2 Conjugated Backbone; Alternating Single and Double Bonds 

The main character in conductive polymers which allows for charge 

movements are conjugated backbones. The backbones consist of alternating single and 

double bonds. These are made of σ-bonds and Π-bonds, for instance, when two 

acetylene molecules started to form a polymer, as illustrated in Figure 2.1.5. The σ-

bonds are generally stronger compared to Π-bonds and requires high amount of energy 

to break. However, in these polymers, the atoms are also bonded by the comparatively 

weaker Π-bond. These weak Π-bond are delocalized which makes conjugated polymer 

as conductive [34]. Dopants, when added into the pristine (pure) polymers, enhances 

the delocalization of the Π-electrons and thus increases the conductivity. 
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Figure 2.1.5: (a) σ-bond and (b) Π-bonds in acetylene [35]. (c) In polyacetylene, the polymer 

chains are made of these bonds in alternating manner.  

 Poly (p-phenylene Sulfide) 

Among the conductive polymers, Poly (p-phenylene sulfide), also written as 

poly (1, 4-phenylene sulfide) and poly (para-phenylene sulfide) had been known to be 

an excellent engineering polymer. PPS structure is a repetition of a phenyl ring 

attached with a heteroatom of sulfur, thus, it is a heteroatom-linked polyphenylenes as 

shown in Figure 2.2.1. The chemical formula for a monomer of PPS is C6H5S.  

(

c) 

(c) 
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Figure 2.2.1: Poly (p-phenylene sulfide)  

The preparation of PPS is a reaction of dichlorobenzene with sodium sulfide 

in a polar solvent such as N-methylpyrrolidin-2-one (NMP) [36-38]. PPS can be melt 

as well as solution processed  [39], which renders it to be highly-preferred in 

manufacturing [40]. In addition to its thermosetting-thermoplastic characteristics, PPS 

displays very good thermal stability, insolubility, resistance to chemical environments, 

and natural flame resistance [1, 2, 41-44]. The thermodynamic melting temperature of 

PPS is at 295°C in atmospheric pressure and decomposes into various gaseous of 

carbon monoxides, carbon dioxides and hydrogen sulfide at temperature above 400°C 

[45, 46]. Other important properties of PPS are presented in Table 2.2.1. 
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Table 2.2.1: Properties of PPS [32, 37, 47]. 

Properties of Polyphenylene Sulfide 

Abbreviation PPS 

Melting Temperature 285-290°C 

Glass Transition Temperature 150°C 

Ionization Potential ~6.3eV 

Specific Gravity 1.36g/cm3 

Hardness 
95 (Rockwell M) 

125 (Rockwell R) 

Drying Time 3-6 hrs. 

Drying Temperature 250-325°F (121-163°C) 

Surface Resistivity 6.0-2.5 x 1015 

There are many research interests in PPS in recent years due to the mentioned 

properties, though the studies mostly involved fabrication of PPS as a composite 

component. Zeng et al. studied PPS-fiber composites for the application in gas sensors 

[44]. The study revealed that PPS resistance increases remarkably when exposed to 

organic vapors with low permittivity. Kalkar et al. attempted to enhance the 

moldability of PPS and its composite with thermotropic liquid crystalline polymer 

(TLCP), and achieved remarkable effects on PPS crystallization which shows that the 

polymer has shorter activation energy to nucleate at lower temperature but with heat 

of crystallization reduced overall [48]. There is also a study to improve thermal and 

mechanical properties of PPS composites produced by high-energy ball milling. The 

study shows that the introduction of polyimide filler contributed to the loss of 
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crystalline regions of the PPS matrix which sharply increased the recrystallization 

temperature [22].  In another research, Benlhachemi et al. used PPS as a component 

of a high temperature superconductor polymer composite and concluded that it is much 

more feasible to manufacture conductor polymer composites by using PPS than the 

previous attempt of using Low-Density Polyethylene (LDPE) [49]. However, these 

studies mainly focused on the mechanical performances of PPS rather than electrical 

properties such as electrical conductivity. This is due to the fact that pristine PPS had 

known to be an excellent electrically insulator as high as 1022
 Ω [22]. 

However, there are a few studies conducted regarding electrical properties of 

PPS recently. Taherian had proposed experimental and analytical model of electrical 

conductivity properties of polymer-based nanocomposites including PPS-graphene 

composites [50]. Experimental studies were conducted by Diez-Pascual et al. on 

electrical properties of carbon nanotubes/polyphenylene sulfide composites 

incorporating polyetherimide and inorganic fullerene-like nanoparticles namely 

SWCNTs [51]. It was found that at 0.1% loading, the composite remains insulating, 

before an abrupt increment of about ten orders of magnitude was observed in the range 

0.1–0.5%. However, the conductivity rises gradually to ~10-3 S/cm due to further 

increase of SWCNTs. Goyal discussed about the sintering process of PPS-micro 

copper composite and investigated their thermal and electrical properties. [8]. This 

research work also found that the highest electrical conductivity was obtained at 60% 
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of Cu micro-copper at 4.2×10−7 S.cm−1, which is improved by four orders of 

magnitude. However, further increment of micro-copper concentration resulted in 

drop of electrical conductivity. 

 Nanomaterials as dopant for conductive polymers 

In recent years, the enhancement of various properties obtained from metal 

nanoparticles-polymer combinations have been drawn the focus of intense research 

[52]. The nanoparticles doping functions as a process that introduces the charge 

carriers into the polymer resulting in a conductive polymer. One example of 

nanocomposite would be polypyrrole nanotube-silver nanoparticle (PPy-NTs/Ag-

NPs) nanocomposite. The study shows that the AC conductivity of the PPy-NTs/Ag-

NPs nanocomposite had been significantly increased [53]. Saptarshi Dhibar et al. 

investigated on poly(aniline-co-pyrrole) multi-walled carbon-nanotubes that were 

doped with transition metals. In that study, chemical oxidative polymerization was 

utilized to fabricate copolymer of PANI and PPy for high performance supercapacitor 

electrode material [54]. Apart from that, graphene also have wide utilization as a 

dopant in conductive polymers. It is understood that graphene, with conductivity of 

electrical conductivity (σ = 106 ohm-1cm-1), it could improve the base polymer 

electrical behavior significantly [55]. Thus, Kandare et al. attempted at improving the 

thorough thickness electrical conductivity of fibre-reinforced polymer by inclusion of 

graphene nano platelets and silver nanoparticles/nanowires. It was found that at a 
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minimum of 70% improvement of conductivity was achieved in comparison of using 

graphene nano platelets alone [56]. These researches had utilized either compressing 

technique of polymer powders or chemical process using polyol to form 

nanocomposites. 

Aside of compressing techniques and chemical process to form 

nanocomposite, another method called dual doping was also employed for through 

doping of nanoparticles into the structure of the polymer. Yu Song et al. experimented 

on the dual doping of polypyrrole on graphene sheets using electrochemical anchoring. 

In their research, pyrrole was electro-polymerized on the partially exfoliated graphene 

sheet. The cyclic charge/discharge stability of the polymer were improved by the 

synergistic effect with partially exfoliated graphene [57]. These studies had revealed 

the potential of nanomaterials to enhance the properties of conductive polymers. 

However, those studies had not addressed the usage of nanosilver to dope PPS for 

improvement of the polymer electrical conductivity. 

 Silver Nano Particles 

Silver had been known as the highest conductive metal in its elemental form. 

It is due to the high charge mobility provided by its valence electron and subsequent 

electrons in its next lowest electron shell, the 4d10 orbitals. This high conductivity also 

can be explained by the large overlap of the Valence and Conductive Bands of silver, 
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where the electrons are free to move when the atoms of silver are close together, 

creating ‘free electron gas’ or Fermi gas [12, 58]. The electrical conductivity of silver 

is 6.30×107 S/m at 20 °C. Important properties of silver are illustrated in  

Table 2.4.1. 

Table 2.4.1: Properties of silver [58, 59]. 

Properties of silver 

Symbol Ag 

Appearance Lustrous white metal 

Group, Period 11,5 

Atomic Number 47 

Atomic Weight 107.87 

Atomic Radius 144 pm 

Covalent Radius 145±5 pm 

Van der Waals Radius 172pm 

Electronic Configuration [Kr]4d105s1 

Valence Shell 2, 8, 18, 18, 1 

Melting Temperature, Tm 1234.93K (961.78°C) 

Boiling Temperature, Tb 2435K (2162°C) 

Density 
10.49 g/cm3 @ 25°C 

9.320 g/cm3 @ Tm 

Molar Heat Capacity 25.350 J/mol.K 

Hardness 3.25 (Mohs Scale) 

Nanoparticle defined by particles with diameter of less than 100nm in one of 

its largest dimension according to United States Environmental Protection Agency 

US-EPA [60]. The advantage of using nanoparticles is due to the ultra-small particle 



 

 

 

  17 

 

size would mean larger amount of atoms are in contact with ambience and readily 

available for reaction [9]. Thus, the surface area per unit mass would be extra-large. 

Moreover, the ultra-small particle size enables the metal to diffuse into the structure 

of the polymer easily during the doping process. In this study, it is expected that the 

silver nanoparticles, when diffused effectively into the polymer matrix due to its very 

small size, will agitate the sulfur atom in the polymer chain.  

For silver nanoparticle doped PPS, the valence electrons from nanoparticle 

jump into sulfur orbitals thus creating a double bond. The additions of the double bond 

into the polymer chain further enhance the delocalization of the electrons and 

introduce conjugation in the polymer chains. This is due to the lowest ionization 

potential (IP), also known as Ionization Energy (IE) of silver of 731kJ/mol in contrast 

to other atoms in the polymer [61]. Sulfur also has a high negative electron affinity 

(EA) of -200kJ/mol and have the highest tendency to attract the valence electron from 

silver apart from other element in the PPS [61]. This reactivity among sulfur and silver 

render high mobility of the electrons when there is an electrical potential across the 

silver-doped polymer length and thus will enhance the electrical conductivity of PPS. 

The comparison between PPS components atoms and silver in term of ionization 

energy and electron affinity are illustrated in Table 2.4.2.  

. The tarnishing of silverware is a classic example of reaction between sulfur 

and silver, where black precipitate of Ag2S produced on the surface of the silverwares 
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[59]. It is due to this interaction of silver and sulfur that enhance the electron mobility 

in the resulted organometallic hybrid. 

Table 2.4.2: Electron affinity and ionization energy of PPS elements, silver and copper [59, 62, 

63]. 

Element Carbon Sulfur Silver Copper 

Electron Affinity, EA -153.9 kJ/mol -200 kJ/mol -125.6 kJ/mol -118.4 kJ/mol 

Ionization Energy, Ei 1086.5 kJ/mol 999.6 kJ/mol 731 kJ/mol 745.5 kJ/mol 

 Critical Review 

This part of the discussion will concentrate on polyphenylene sulfide. Michael 

Rubner et al. in 1981 published a paper on the doping of PPS with nitrosyl salts. The 

doping ratios used in that research paper were varied with maximum concentration of 

nitrosyl salts at 38mol% [64]. However, it was found that the ratio that produced the 

highest conductivity was 36.3mol%. In 1983, N.E. Murthy et al. studied the structural 

changes during annealing of acceptor doping of PPS. The paper found that the 

crystallinity of the PPS film affects the conductivity of the polymer, with heavily 

doped unannealed sample having the conductivity of 0.18 S/cm whereas a film 

annealed at 125°C for 18 hours had a conductivity of 0.22 S/cm [65]. In 1984, Shizuo 

Tokito et al. studied the electrical conductivity and optical properties of PPS doped 

with several organic acceptors. The study discussed about the effects of doping PPS 
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with tetra-cyanothylene (TCNE), dicyanodichrolobenzoquinone (DDQ), p-chloranil 

and trinitrofluorenone (TNF). The results shows that of all four, only DDQ and TCNE 

increased the conductivity of PPS with a conductivity range between 10-9 and 10-11 

S/cm. This is due to the fact that both organic acceptors have higher electron affinity. 

The molar ratio, expressed as mole dopant/mole PPS, found to achieve the highest 

conductivity of 0.145 for TCNE and 0.067 for DDQ [66]. In 1986, S. Kazama studied 

the molecular structure of sulfur trioxide (SO3) doped PPS using proton nuclear 

magnetic resonance (1H N.M.R.), Carbon-13 cross-polarizing magic-angle 

spectroscopy (C CP-MAS) nuclear magnetic resonance and infrared spectroscopy. The 

study found substantial modification of the polymer structure when doped with SO3. 

The powder was heated to 100C in one condition and room temperature doping in 

another. However, the conductivity enhancement was limited as mentioned in the 

research paper [67]. In 1992, C. Arbizzani et al. studied the electrochemical doping of 

PPS in concentrated sulfuric acid. The paper studied the cyclic voltammetry curves, 

cyclic voltabsorptiometry curve and electronic spectra of the doping matrix but made 

no mention of the resulting conductivity of the doped polymer [68]. 

2.5.1 PPS doped with chemical dopants 

In 1986, Tsukamoto and Fukuda et al. reported on the conduction mechanism 

of doped polyphenylene sulfide, which studied the effects of doping PPS with tantalum 
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fluoride (TaF5) in nitromethane solution. This research focused on the doping of PPS 

using X-ray photoelectron spectroscopy (XPS), infrared spectroscopy and Carbon-13 

Nuclear Magnetic Spectroscopy (C-NMR). The XPS studies shows that the sulfur 

atoms were converted into radical cations. From the C-NMR study, which was 

measured using cross-polarizing magic-angle spectroscopy (CP-MAS), for a pure PPS 

film two peaks were observed at 135ppm and 127ppm whereas doped PPS saw a single 

peak at 132.1ppm. The single peak is due to the equalization of carbon atoms in the 

phenyl ring, which indicates that the electrons were delocalized in the polymer chain 

[69]. In the same year, D. R. Rueda et al. studied on the properties of PPS/PPP mixture 

doped with antimony pentafluoride, SbCl5. The study found that for compound mixing 

with PPP greater than 20%, the conductivity increases significantly (within the range 

of 100 S/cm) with good electrical stability in nitrogen atmosphere [70]. P. Hruzka et 

al. in 1990 studied the nuclear magnetic relaxation in polyphenylene sulfide doped 

with FeCl3. PPS was doped with FeCl3 using two different methods, 1M of FeCl3 and 

0.1M FeCl3 were added into nitromethane. This study discovered that PPS 

conductivity increased by multiple orders, peaking at 6 x 10-5 S/cm. The results also 

showed that conductivity of amorphous film was at least two orders of magnitude 

higher [71]. In 1989, Radhakrishnan et al. published a journal reporting the effects of 

doping PPS with iodine. It was found that doping iodine with pristine PPS (sintered at 

285-290°C) only improved its conductivity marginally. In this study, adding copper 

phthalocyanine (CuPH) dramatically improved the conductivity of PPS doped with 
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iodine even at low concentration with the lowest resistivity at 30mol% of CuPH [72]. 

In 2011, R. K. Goyal et al. fabricated PPS/copper compound. The copper powder used 

was within the micro range and prepared in an ethanol solvent using ultrasonic bath 

for 10 minutes. Five different compositions of copper were used in the study, in the 

range of 0-75wt% with mixture compacting temperature at 100℃. The result exhibited 

that with the highest conductivity achieved at 60wt% (4.2 x 10-7
 S/cm). However, 

conductivity decreased at 75wt%. Although metal particles are used, the copper are in 

micro size and the process employed is not involving of melting of PPS [8]. In 2016, 

Dandan Lian et al. published a report about enhancing the resistance against oxidation 

of PPS fibers with the addition of nanosized TiO2-SiO2 into its polymer matrix. The 

materials were prepared via melt spinning with masterbatch samples of 1.0, 2.0, 3.0 

and 4.0wt% of effective TiO2-SiO2 with the PPS. The paper however did not mention 

about any effects on conductivity of polymer [73]. 

More recently, Y.F. Zhao et al. demonstrated on the preparation and properties 

of electrically conductive PPS-expanded graphite (EG) mixture. It is reported that the 

conductivity of PPS significantly improved with expanded graphite (EG) and ultra-

sonicated expanded graphite (S-EG). At only 10% graphite composition, the 

conductivities were up to about 10-3 for EG and10-2 for S-EG [74]. In another research, 

Jinghui Yang et al. studied on the preparation and properties of PPS/multiwall carbon 

nanotube (MWCNT) compound mixture via melt compounding. The investigation 
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used a range of weight percentages of MWCNT (0.2, 0.5, 1, 2, 3, 5, 7, 9 and 11) melt 

blended with PPS powder. The electrical resistivity decreased in three stages during 

the carbon nanotube loading. The first stage showed gradual decrease in resistivity 

from 0.2 to 5wt% of CNT. A sharp decrease occurred between 5-7wt% (resistivity 

from 10-12 - 10-7 ohm/cm) but limited decrease noticed from 7-11wt%. This shows that 

5-7wt% of CNT loading offers the lowest resistivity. However, the highest achieved 

conductivity occurred at 11wt% [75]. Arash Golchin et al. investigated the influence 

of counter surface topography on tribological behavior of PPS/carbon filler mixture 

[76]. Multiwalled carbon nanotube (MWCNT) was used at 3-wt%, carbon graphite 

flakes at 10wt% and special carbon fiber (SCF) at 15wt%. However, the experiments 

focused more on the surface mechanical properties such as friction and wear of the 

polymer/carbon filler matrix and not the electrical conductivity.  

In 2016, Wei Luo et al. investigated the surface morphology and mechanical 

behavior of poly (p-phenylene sulfide) and polytetrafluoroethylene (PPS/PTFE) 

composites reinforced with carbon fiber. The experiments were performed via melt 

blending at the range of temperatures from 265℃ to 295℃ [77] [77]. Meanwhile, 

Shuling Deng et al. studied a novel method to strengthen PPS by means of nano 

diamond as a nucleating agent. The mixing ratio between PPS and nano diamond used 

in weight percentage were 100:0, 99.9:0.1, 99.5:0.5, 99:1, 98:1, and 97:1. The mixing 

process was done via a twin-screw extruder. The temperature used in the experiment 
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was in a range between 220-290℃. In another study, Diez-Pascual et al. investigated 

the effects on mechanical and electrical properties of carbon nanotubes/PPS 

composites with the addition of polyetherimide and inorganic fluorine-like 

nanoparticles [51]. The study was performed to investigate the dynamic mechanical 

behavior of the composites and to improve the composites’ conductivity. The mixing 

process was done using a Haake Rheocord 90 extruder and the melting temperature 

used in the experiment was 320℃. These papers involved melt-processing via extruder 

machines and various melting temperatures. However, none of the nanoparticles used 

are nanometals such as nanosilver. 

2.5.2 PPS doping to improve electrical conductivity 

Other than nanoparticles, PPS has been known to work with chemical dopants 

such As F5 and CF3COOH, in gaseous and liquid form respectively to improve the 

polymer conductivity [10]. Tsukamoto et al. has found that PPS can be doped with 

TaF5 in nitromethane solution to increase its conductivity to the range of 10-4 to 10-3 

S/m [69]. PPS doped with strong electron acceptor such as ASF5, can have electrical 

conductivity as high as 0.01 S/m. Films produced with ASF3 solution of ASF5-doped 

PPS proven to have electrical conductivity as high as 2 S/m as demonstrated by 

Shacklette et al. [39]. Nevertheless, Clarke et al. reported the doping of PPS with AsF5 

had increased the conductivity to the range of 0.01 – 0.1 S/m [40]. The effects of TaF5-
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doped PPS which were annealed uniaxially and biaxially had been further investigated 

for electrical conductivity by Ko et al. The crystallinity of the PPS found to have 

effectively increased the conductivity of the TaF5-doped PPS. However, these studies 

resulted in conductivities only in the semiconducting region of 10-8-103 S/cm and the 

use of fluorine-based strong acceptor dopant [5]. Tanabe et al. had discussed the 

electronic structure of conductively stable SO3-doped PPS by steady state conduction 

spectra [78]. The SO3-doped PPS was found to have conductivity of 2S/cm and 

mobility of 3.6 cm2/Vs upon absorption of photo radiation. 

Apart from chemical dopant, other studies to improve the electrical 

conductivity was also investigated. Bratko studied ion irradiation to films of PPS by 

using ions of lithium, iodine and fluorine to study the effects of its conductivity. While 

iodine and fluorine ions significantly improve the conductivity, lithium ions were not 

found to have any substantial affect due to its too low depositions rates [5]. This study 

had been preceded by Mazurek, where halide ions were used in doping of PPS. In this 

study, bromine implanted PPS resulted in significant increase of conductivity in the 

second set of the experiment [79]. It was also suggested that the conductivity of iodine-

doped PPS could be stabilized by introducing dyes of violanthrenes, anthraquinones 

and phthalocyanine to the doped PPS [72]. However, stability issues regarding the 

iodine-doped PPS is a significant problem. Radhakrishnan suggested that PPS can be 

doped with FeCl3 and exhibit semiconducting behavior [80, 81]. Although more stable 
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than other dopants, FeCl3-doped PPS will be limited to semiconducting application 

due to low conductivity. Rubner also underlined that known dopant of PPS; AsF5 and 

SbF5 have tendency to form charge transfer complex that resulted it to be easily 

hydrolyzed in contact with water, resulting instability under normal conditions. Thus, 

they attempted to use nitrosyl salts at 38% mole ratio as potential stable dopant to PPS 

in nitromethane solution. However, only NOPF6 is relevant to be used but limited to 

vacuum environment. This is due to rapid decrease of conductivity observed during 

reaction with water vapor in air [64].  

Table 2.5.1 summarized the critical reviews on organic and inorganic dopants 

while Table 2.5.2 summarized the critical reviews into more recent nanomaterials 

dopants. 

Based on the above research work, it is realized that the mechanism of 

conductive polymer is due to the disturbance in the polymer chain. In PPS, it is 

particularly the delocalization of the Π-bond. The delocalization of Π-bond 

corresponds to the distortion of the polymer chain. For the distortion to happen, dopant 

must be able to intrigue the double bond characteristic of the C-S bond [5, 69, 82]. The 

temporary double bond formed between these atoms in the polymer chain will cause 

disturbance in the readily delocalized Π-electrons of Π-bonds in the phenyl rings of 

PPS. The disturbance will distort the polymer chain and enhance further delocalization 

of the Π-electrons in the polymer. The enhanced delocalization promotes electron 
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mobility and thus expected to increase overall polymer conductivity. Therefore, from 

this critical review, it appears that the doping of PPS with nanosilver to enhance the 

conductivity by distortion of the PPS polymer chain is yet to be investigated. Thus, 

several important parameters for the doping of PPS and nanosilver are therefore yet to 

be established.  

Table 2.5.1: Summary of Critical Review on PPS researches. 

Dopant Results/Observation 
References 

Authors 

Nitrosyl salts up to 

38mol% 

NOPF6 at 36.3mol% reveals highest conductivity 

Only NOPF6 relevant to be used and limited to 

vacuum environment 

Rapid decrease of conductivity observed due to 

reaction with water vapor in air. 

Michael 

Rubner et al. 

Annealed acceptor-

doped PPS 

Annealing effects on conductivity of acceptor-

doped PPS 

Unannealed - 0.18 S/cm 

Annealed - 0.22 S/cm 

N. E. Murthy 

et al. 

Organic acceptors 

(TCNE, TNF, p-

chloranil, DDQ) 

DDQ and TCNE increased the conductivity of 

PPS to 10-9 and 10-11 S/cm respectively. 

Shizuo Tokito 

et al. 

SO3 Conductivity enhancement are limited. 
S. Kazama et 

al. 

SO3 
2 S/cm and 3.6 cm2Vs upon absorption of photo 

radiation 
Tanabe et al. 
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Electrochemical doping 

in concentrate sulphuric 

acid 

Cyclic voltamertry curves, voltabsorptiometry 

and electronic spectra 

C. Arbizzani 

et al. 

Tantalum Flouride 

(TaF5) 
10-3 to 10-2 S/cm conductivity acheived 

Jun 

Tsukamoto, 

Seiji Fukuda 

Annealed uniaxially 

and biaxially TaF5 
Semiconducting region of 10-8-103 S/cm Ko et al. 

Antimony 

Pentaflouride (SbF5) 
20% PPP – 10 S/cm, in nitrogen atmosphere 

D. R. Rueda et 

al. 

FeCl3 in nitromethane 
6x10-5 S/cm after 3 hours in 0.1M solution of 

FeCl3 

P. Hruszka et 

al. 

Iodine with CuPH 

(Copper 

phthalocyanine) 

Marginal conductivity improvement without 

CuPH 

With CuPH, lowest resistivity is at 30 mol% at 

10-3 S/cm. 

Radakrishnan 

et al. 

ASF5 

0.01 S/m (maximum) 

Films produced with ASF3 solution of ASF5-

doped PPS - 2 S/m (0.01 – 0.1 S/m) 

Shacklette et 

al. 

ASF5 
0.01-0.1 S/m, instability in air and upon contact 

with water 
Clarke et al. 

Annealed uniaxially 

and biaxially with TaF5 
Semiconducting region of 10-8-103 S/cm Ko et al. 

Iodine, fluorine and 

lithium 

Iodine and fluorine significantly improved the 

conductivity 

Lithium ions have no substantial effect due to 

low depositions rate 

Bratko et al. 

Halide ions (Bromine) Significant increase in second set of experiment Mazurek et al. 
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FeCl3 Exhibit semiconducting behaviour 

Radakrishnan 

et al. 

Iodine (with dyes of 

violanthrene s, 

anthraquinones and 

phthalocyanine) 

Stable iodine-doped PPS 

 

Table 2.5.2: Critical review on PPS doped with nanomaterials and micro-copper 

Dopant(s) Results/Observation Nanomaterials Author(s) 

Multi-walled carbon 

nanotubes (MWCNT), 

Special carbon fibre 

(SCF) and carbon 

graphite flakes 

• Focus on surface 

mechanical properties 

• MWCNT at 3% 

• Carbon graphite 

flakes at 10% 

• SCF at 15% 

 

Arash 

Golchin et 

al. 

Carbon fibre 

reinforced PPS/PTFE 

• Surface morphology and 

mechanical behavior only 

• Melt blending at 

265-295C 

 

Wei Luo 

et al. 

Nano-diamond 
• Nano-diamond as 

nucleating agent 

• PPS:nanodiamond; 

100:0 to 97:1 

• Melt blending with 

twin-extruder 

machine at 220-

280C 

Shuling 

Deng et 

al. 
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Carbon Nanotubes 

(CNT) 

• Dynamic mechanical and 

electrical properties 

• With addition 

polytherimide and 

inorganic fluorine-like 

nanoparticles 

• Melt mixing using 

extruder at 320°C 

Diez-

Pascual et 

al. 

Nano TiO2-SiO2 into 

PPS fibers 

• No effects on 

conductivity. 
 

Dandan 

Lian et al. 

Expanded Graphite 

(EG) and 

Ultrasonicated 

Expanded Graphite (S-

EG) 

• Conductivity with EG – 

10-2 S/cm. 

• Conductivity with 

Ultrasonicated EG – 10-3 

S/cm. 

• Both at 10% 

graphite 

compositions. 

Y. F. 

Zhao et al. 

Multi-walled Carbon 

Nanotubes (MWCNT) 

• Stages of resistivity drop: 

1.Gradual for 0.2 to 5% 

2.Sharp decrease 5-7wt% 

10-12 - 10-7 Ohm.cm 

3.Limited decrease 7-

11wt% 

• Range of 0.2 – 11% 

• Melt blended 

 

Jinghui 

Yang et 

al. 

Micro particles of 

copper in ethanol 

solvent 

• The highest conductivity 

achieved at 60wt% of 

copper (4.2 x 10-7 S/cm). 

• Conductivity decreased at 

75wt%. 

• 0, 30, 45, 60, and 

75wt% of copper 

• Experimental 

temperature at 

100℃. 

R. K. 

Goyal et 

al. 
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CHAPTER 3 

MATERIALS AND METHODOLOGY 

3  

 Overall Methodology 

The focus of this research is the doping of nanosilver into PPS. The overall 

methodology is described in Figure 3.1.2. The preliminary approach was to identify 

the effective mixing speed for the solid solution of nanosilver and PPS. To determine 

the effective mixing speed for the doping process, a series of experiments were 

conducted. The experiments in six different mixing speeds were selected as 60rpm, 

80rpm, 100rpm, 120rpm and 140rpm. The surface morphology of the samples was 

studied using the Optical Micrography and the effective mixing ratio were revealed. 

Then, the first objective was to identify the effective mixing temperature. The 

threshold melting temperature was determined as 380℃ after heating the solid solution 

in different temperatures in the range of 300−400℃. After the threshold temperature 

was established, the effective melting temperature of the organometallic hybrid was 

investigated in the range of 400-480°C. The thermal temperature behavior of the 
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hybrid material investigated under SEM and the most effective temperature was 

revealed thus Objective 1 was satisfied. 

Then, the concentration of nanosilver in PPS was varied and processed with 

the effective temperature found in Objective 1. The concentrations ranged between 10 

to 60% according to the research work conducted by Zhao et al. and Diez-Pascual et 

al. [51, 74]. The surface morphology and material properties of the samples were 

analyzed by using SEM and FTIR to study the effective melting temperature and the 

effect of concentration of the organometallic hybrid, thus Objective 2 was satisfied. 

After Objective 2 was achieved, each of the samples were subjected to 

electrical insulation tester and high voltage conductivity to obtain electrical resistivity 

of the newly developed organometallic hybrid, thus Objective 3 were satisfied. The 

results were collected, and conclusion were made based upon the analysis.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.2 
Figure 3.1.1: Overall Experimental Methodology 



 

 

 Materials 

All materials used in this study were supplied by Sigma-Aldrich. The PPS is in 

powder form of molecular number of approximately 10,000Mn. The nanosilver 

powders are 99.5% trace metal basis. 

 Preliminary Experiments 

The preliminary experiment involves two main studies. The mixing ratio 

between PPS and nanosilver are fixed at 3:1. The first objective is to find the effective 

mixing speed to mix the PPS powder and nanosilver particles for a homogenous solid 

solution. The solid solutions were then melted at temperatures varied between 300°C 

to 400°C at 20°C intervals to determine the threshold melting temperature.  

3.3.1 Solid Solution Mixing Speed  

The effective mixing speed and mixing time were studied. 1 gram of nanosilver 

were added into a beaker with 3 grams of PPS powder. The solid solutions were stirred 

for 15 minutes by 5mm magnetic bar with the speeds varied from 60rpm until 140rpm 

with 20rpm increment in between. The mixed solutions were then excited at 420°C 

which was determined during threshold melting temperature investigation and 

explained in Section 4.2.2. The behavior of the solid solutions after 15 minutes of 

melting was observed. The samples were then examined under optical microscopy for 

surface characterization analysis to determine the most effective mixing speed to 

produce the solid solution.  
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3.3.2 Threshold Melting Temperature 

A range of temperature were investigated to determine the effective threshold 

temperature for melting the mixture. From the critical reviews, the melting temperature 

range of pure PPS was between 285°C-295°C [8]. Those experiments however, used 

PPS in pellet form and employed processes of sintering or melt-mixing using extruder 

machines which is completely different from the melting by using solid solution. In 

this study, the PPS powder and nanosilver mix were melted in a beaker. The addition 

of nanosilver into the PPS polymer matrix affected the melting temperature due to the 

presence of metal particles which will absorb the heat prior to heat transfer to the 

polymer according to the first law of thermodynamics. 

In this experiment, known PPS melting temperature was used as the starting 

point for melting process for the solid solutions. The mixture of PPS and nanosilver 

were pre-mixed by using a magnetic stirrer at 80 rpm, of which was found to be the 

effective mixing speed of the solution for 15 minutes. After then, the solid solutions 

were excited in the temperatures ranged from 300-400°C for 15 minutes, three samples 

from each melting temperatures that were successfully melted were cured at 30°C for 

24 hours. 
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 Structural Properties at Various Melting Point of Nanosilver Doped PPS 

The previous study of threshold melting temperature revealed that there is a 

critical melting temperature for the mixture of PPS and nanosilver. The PPS powder 

were found to not entirely melted in the typical temperature of 285-295°C [8, 74, 75, 

77] due to the existence of nanosilver particles which explained by first law of 

thermodynamics. Thus, in this experiment, the information obtained from the previous 

research were used to study the effect of melting temperature to the behavior of 

nanosilver in PPS. With results of effective mixing speed obtained in 4.2.1, the 

temperatures ranging from 400 to 480°C with the increment of 20°C in between are 

used. The samples from the melting process were examined for morphology analysis 

and electrical behavior test were performed to identify the most effective melting 

temperature of the organometallic hybrid. The findings were presented and discussed 

in Section 4.2.3. 

With reference to the previous study of effective melting temperature, the 

effect of concentration of nanosilver in PPS were performed. In this study, the PPS 

were doped with nanosilver concentrated in the range of 0-60% by weight. The solid 

solution was prepared by mixing the powders with the effective mixing speed and were 

melted using the effective melting temperature which was found earlier. The samples 

were then undergone electrical behavior tests and the morphology studies supported 



 

 

 

  36 

 

by SEM and FTIR. The finding of the correlations between electrical behavior to the 

morphology and FTIR spectra were presented in Section 0. 

 Characterization 

Each sample produced from the experiment are put unto a sample slide. All 

samples prepared underwent characterization by optical micrography on preliminary 

experiments to observe the significant surface morphology. Then, Scanning Electron 

Microscopy (SEM) of up to 5000X magnification were employed to determine thermal 

effects of melting temperature and evolution of morphology due to varying 

concentrations. The evolutions of the morphology for each sample were observed in 

term of the distribution of the nanosilver and nucleation formation. 

FTIR spectroscopy were also done to indicate the change in the molecular 

structures of the organometallic hybrid especially the C-S bond characteristic. The 

trend of which the absorption of the infrared across the wavelength in each sample 

were observed.  

 Electrical Behavior Testing 

All samples produced underwent electrical behavior testing using insulation 

tester and high voltage digital multimeter to determine their resistivity. The typical 

process of taking the resistivity and conductivity measurement by using the equipment 

strobe are shown in Error! Reference source not found.. The value retrieved were t
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hen recorded and the resistivity value were obtained from the insulation 

tester/multimeter.  

 

The test was repeated 3 times for each sample by varying the point of which 

the test pen is touching the sample. The values obtained on the insulation 

tester/multimeter are then taken and the conductivity/resistance of the sample are then 

calculated using the formula shown below: 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦, 𝜎 =
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑙)

𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑂ℎ𝑚 (𝑟)𝑥 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (78.54𝑐𝑚2)
 

The conductivity values of each sample are then tabulated and standard 

deviations of the conductivities were calculated.  

 

Figure 3.6.1: Electrical Behavior Test 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

4  

 General Introduction 

This chapter discusses and analyses the results of all experiments conducted in 

the previous chapter. Effective mixing speed were found by varying mixing speed 

from 60-140rpm. The threshold melting temperature was determined by melting 

process in the range of 300-400°C. The effective melting temperatures were observed 

by melting the solid solution from 400-480°C. Morphology evolutions from these 

experiments were studied using SEM. The morphology findings were utilized to 

correlate with the electrical behavior and molecular changes in FTIR spectroscopy. All 

observations were discussed in the following sections. 
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 Preliminary Experiments 

The effective mixing speed and threshold melting temperature were found 

during the preliminary experiments. It was revealed that there is an effective mixing 

speed to produce a homogenous solid solution. The solid solution produced were then 

used to find the threshold melting temperature of the solid solution which expected to 

be shifted due to introduction of nanosilver. The results of these preliminary 

investigations are discussed and presented in the following section. 

4.2.1 Solid Solution Mixing Speed  

Figure 4.2.1 shows the trend of the distribution and uniformity of the sample 

surface under 1000X magnification. At 60rpm, the formation and homogeneity of the 

sample were observed to be non-homogenous as shown in Figure 4.2.1(a). There were 

two large bright spots in a dark ring as nanosilver which surrounded the compacted 

PPS powders. The non-homogeneity was due to the amount of kinetic energy supplied 

to the solid solution. At 60rpm, the kinetic energy supplied is not enough to diffuse the 

powders together and caused the materials to be kept segregated. Further increase of 

the mixing speed at 80rpm, the surface observed to be more evenly distributed and 

homogenous throughout as shown in Figure 4.2.1(b). Similar result could also be seen 

on sample mixed with 100rpm mixing speed.  
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At 120rpm, the surface formation shows the surface becoming less 

homogenous again. There are some distinct bright spots at which the polymer powder 

was found compacted. Nevertheless, no big dark areas of nanosilver i.e. dark ring were 

found which indicates it was dispersed throughout the solid solution except for the 

compacted PPS. At 140rpm, the large bright spots became as large as in 60rpm. This 

indicated that the homogeneity is becoming even less as mixing speed increased above 

100rpm. This showed that the higher mixing speeds of 120rpm and 140rpm deemed 

not effective to produce homogenous organometallic hybrid. The energy supplied was 

found to be in excess and caused the components to be compacted by the centrifugal 

movement of the magnetic stir bar. The compacting of the PPS powder was hindering 

further diffusion of nanosilver into PPS similar to study made of mechanical mixing 

of polythiophene with nano copper [83]. 

As a conclusion, the effective mixing speed of the solid solution of nanosilver 

doped PPS is between 80rpm and 100rpm. At these two speeds, the samples appeared 

to have homogeneity as per microscopy images. Therefore, the effective mixing speeds 

to dope the nanosilver into PPS is identified between 80rpm and 100rpm. Nevertheless, 

80rpm was chosen as the effective mixing speed in this investigation. 
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Figure 4.2.1: Micrography images of variable mixing speed of solid solution for nanosilver 

doped PPS; (a) 60rpm, (b) 80rpm, (c) 100rpm, (d) 120rpm and (e) 140rpm. 
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4.2.2  Threshold Melting Temperature  

Table 4.2.1 summarizes the melting start time of the mixture and thorough 

melting of the solution. In the temperatures from 300°C to 360°C, it was observed that 

the solid solution had not melted completely within the 15 minutes period. In other 

words, at these temperatures the heat supplied were insufficient to excite the entire 

mixture. The mixture had not absorbed enough heat energy from the source to increase 

their overall temperature sufficient for melting and triggers diffusion. When the 

temperatures were increased to 380°C and 400°C, complete melting of the solid 

solution happened. The time taken when the mixture started to melt were found to be 

dropped significantly to below 8 minutes when the melting temperature were increased 

from 380°C. It is assumed that there is sufficient heat absorbed by the nanosilver for 

the continuous heat supplied to be melt the polymer. The typical sample of incomplete 

and completed melting of the solid solution are shown in Figure 4.2.2. 
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Table 4.2.1: Mixture Melting Temperature Experiment Observation 

Temperature, °C Melting Start Time, minutes Observation 

300 N/A Incomplete melting 

320 35.0 Incomplete melting 

340 20.0 Incomplete melting 

360 16.0 Partial melting after 15 minutes 

380 7.5 Thorough melting after 15 minutes 

400 6.2 Thorough melting after 15 minutes 

 

   

Figure 4.2.2 (a) The typical conditions of incomplete melting of solid solution below the 

threshold temperature (b) The complete organometal hybrid melted above threshold 

temperature of 380°C 

The organometallic hybrid observed to have completely melted at 380°C above 

(400°C) within 15 minutes. This indicates that the threshold temperature for melting 

the solid solution is 380°C. This temperature is significantly higher than the typical 

melting temperature of solid PPS found in the literatures of around 280-290°C [8, 45, 

(a) (b) 
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77, 84]. This threshold temperature for melting led the process of finding the 

correlation of thermal effect to the effective melting temperature of the mixture.  

The relation between the complete melting time and melting temperature are 

shown in Figure 4.2.3. The complete melting time had a significant behavior change 

from 300°C to 380°C. It is observed that the most significant drop occurred between 

320°C to 340°C. From temperatures 340°C to 380°C, the time taken to melt were 

stabilized afterwards at around 6 minutes. 

  

Figure 4.2.3: Graph of Melting Temperature vs Melting Start Time. Melting start time reduced 

significantly at 340⁰C and stabilized at 380⁰C to 480⁰C. 

The phenomenon is best explained by thermal behaviour of most nano 

particles, which found to be very effective in heat absorption as also utilized by the 
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studies. In the researches, the addition of nano particles increased the heat absorption 

rates of nanofluids [85-87]. The behavior is explained by the first law of 

thermodynamics according to Clausius statement as follows: 

𝑑𝑄 = 𝑑𝑈 + 𝑑𝑊 [88] 

In relation to this research, dQ is the energy supplied, and dU is the change of 

internal energy and dW is the external work done in the heated system. Change of 

internal energy dU would occur through the absorbance of the heat required to 

completely breakdown the intermolecular bond which exists between the polymer 

chains i.e. cause the melting and dW is the external work done through exciting the 

nanosilver for it to diffuse into the polymer matrix. Hence, the heat supplied was not 

sufficient to melt the solid solution and excite the nanosilver to promote diffusion of 

both materials to form a hybrid [9]. This explain the observed shifting behavior of 

melting point of the nanosilver doped PPS hybrid. 

4.2.3 Structural Properties at Various Melting Point of Nanosilver Doped PPS 

Thermal behavior of the organometallic was studied in the range of 

temperature of 400-480°C. The samples were labeled as such; ST400 is for sample 

melted at 400°C, ST420 for 420°C and such. The trend in nucleation formation was 

observed. In Figure 4.2.4, the images of ST400 displays the significant surface 
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roughness where there are bright masses visible across the sample. These are non-

uniformly distributed non-melting PPS coagulations due to insufficient heat supplied 

and high heat absorption by the nanosilver as discussed in 4.2.1. However, in this case, 

the coagulations are much smaller and could only be seen under SEM microscopy. 

 

Figure 4.2.4: SEM Image of ST400. Some coagulations can be found (red circles) indicating 

incomplete melting of the PPS at 400⁰C. 

The morphology was found to be the most even at 420°C. As observed on the 

sample ST420 in Figure 4.2.5, less localized and smaller bright spots are visible. It is 

observed to having almost no porosity compared to other samples, proving that 

minimum gases are trapped indicating minimum amount were produced at this 

temperature. This shows that at this temperature, enough heat energy was supplied and 

absorbed throughout the solid solution. This sufficient energy supplied assisted in the 

coagulations 
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production of homogenous diffusion of nanosilver prior to dehydrogenation of PPS. 

Apart from homogeneity, nucleation were also observed in this sample.  

 

Figure 4.2.5: SEM image of ST420. Arrow shows nucleation of which starting to form at this 

melting temperature of 420⁰C. 

However, significant changes of morphology behavior happened around 440-

480°C. In Figure 4.2.6, contrasting bright spots can be seen dispersed throughout the 

sample’s scanned area. As the temperature increased from 440°C to 480°C, the 

populations of the bright spots were also appeared to be increased. In these 

temperatures, it is known that PPS undergone primary decomposition process into 

several cyclic oligomers. It is observed that the porosity on these samples are becoming 

more obvious as the temperature raised. The voids might be caused by the by-products 

of dehydrogenation in the higher decomposition temperature of PPS [89]. It is 

important to note that, at these temperatures, significant fumes were released during 

nucleation 
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melting process of the solid solution as more gases such as hydrogen sulfide, hydrogen, 

methane and benzene released [45, 46, 90]. Thus, the higher the melting temperature, 

the higher level of porosities are found. 

  

  

Figure 4.2.6: SEM images of (a) ST440, (b) ST460 and (c) ST480. Arrows shows the porosities 

that formed through this temperature range (440-480⁰C). 
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4.2.4 Electrical Behavior 

Figure 4.2.7 shows the result of the resistivity of the organometallic hybrid 

against the melting temperature. It is observed that all sample exhibit resistivity of pure 

PPS at 1.6x10-16 Ω.cm. In other word, the variation of melting temperature has no 

significant effect on electrical behavior of nanosilver doped PPS. This is due to the 

fact that at these energy level, such diffusions of nanosilver were not sufficient to 

initiate adequate delocalization of electrons. 

 

Figure 4.2.7: Electrical conductivity of nanosilver doped PPS as a function of melting 

temperature. 
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 Influence of Doping Concentration on Nanosilver Doped PPS 

In this section, the influence of concentration on the electrical behavior as well 

as morphology of the organometal were studied and the coherence between the two 

are explained. Furthermore, the FTIR spectra were explained which are in good 

agreement with both findings. 

4.3.1 Morphology 

In this section, the morphology of the organometal hybrids with different 

concentrations of nanosilver were discussed. Interesting formation of cluster and 

nucleation of silver particles were observed as the concentrations were increased. The 

progressive development of the nucleation are described in details. 

In Figure 4.3.1, pure PPS morphology is shown. In this image, it is clearly 

exhibited that there are no bright spots of nanosilver found. In addition to the absent 

of bright spots, it is seen as smooth. This pure PPS morphology is taken as a benchmark 

on how the morphology transformed over the increment of nanosilver concentrations. 
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Figure 4.3.1: Morphology of pure PPS (SR-0). Smooth surface shows no trace of nanosilver. 

Meanwhile, as the nanosilver added into the PPS matrix by 10% concentration, 

the existence of nanosilver particles are observed in Figure 4.3.2. Very limited bright 

spots could be clearly visible throughout the scanned area. These bright spots are 

nanosilver inside the polymer matrix of PPS. The bright spots are dismal in size and 

there is no apparent nucleation could be identified. 
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Figure 4.3.2: Image of SR-10 of PPS with 10% nanosilver content. Dismal sized bright spots 

without apparent nucleation could be identified. 

The bright spots are becoming obvious as the concentration increased to 20%. 

In Figure 4.3.3, the nanosilver are observed to be well dispersed across the image. The 

nanosilver were found to be larger in size in comparison of spots in SR-10 which is 

becoming apparent as the nanosilver are starting for form clusters of larger sizes. 

    

Figure 4.3.3: Image of SR-10 of PPS with 20% nanosilver content. Obvious bright spots of the 

nanosilver in clusters are observed. 
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The formation of cluster progressed as concentration is further increased to 

30% as observed in Figure 4.3.4. The nanosilvers formed clusters that grown even 

larger and localized in groups of clusters. However, the clusters are still found to be 

indistinct and dispersed throughout. The nucleation are similar to SR-20.  

  

Figure 4.3.4: Image of SR-30 of PPS with 30% nanosilver content. Larger localized clusters of 

nanosilver are observed. 

The morphology progressed rapidly with the increment of another 10% of 

nanosilver content in SR-40 as observed in Figure 4.3.5. The organometal underwent 

very distinct nucleation formations which the borders of the clusters could be observed 

unlike in the hybrids below 30%. The nucleation also spread widely across the polymer 

matrix. It is recognized to be very discreet in comparison of the organometals from 

30% concentration and below. 
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Figure 4.3.5: Image of SR-40 of PPS with 40% nanosilver content. Very distinct nucleation 

formations which the borders of the clusters could be observed unlike in the hybrids below 30%. 

The nucleation further progressed in SR-50 as shown in Figure 4.3.6. The 

morphology presumed to have reached a well-established level as the nanosilver are 

observed. The nucleation are clearly seen as massive and beginning to saturate. 

 

Figure 4.3.6: Image of SR-50 of PPS with 50% nanosilver content. Well-established nucleations 

clearly seen as indication of saturation. 
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As expected from the observation in SR-50, the SR-60 clearly seen to have 

reached a saturation state as exhibited in Figure 4.3.7. The nucleation is seen as 

combined and the nanosilver dominated the hybrid material. This happened as there is 

no longer space in the polymer matrix to occupy the nanosilver particles resulting in 

the accumulations accrued outside the polymer matrix. 

    

Figure 4.3.7: Image of SR-60 of PPS with 60% nanosilver content. Surface are dominated by 

combined nucleation of nanosilver. 

Figure 4.3.8 summarizes the significant changes of the overall matrix 

morphology due to variation of the nanosilver concentration. As the concentration 

varied from 0-30% (Figure 4.3.8a-1d), distinct bright nucleation of nanosilver was 

formed progressively with the increase of concentrations. Further increased to 40%, it 

was clearly observed a rapid morphological change of nucleation compared to 30% 

and below. In this case (Figure 4.3.8e), nanosilver particles tend to form discrete small 

clusters rather than aggregates as a network of metal particles in polymer matrix. Such 
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behavior is entirely different as observed in micro-copper network of PPS polymer 

matrix[8]. As more silver nanoparticles incorporated into the matrix, it facilitated more 

contact of silver to the atoms in polymer chain especially with sulphur atom in C-S 

chain of the polymer. Moreover, the enhanced proximities of the nanosilver intrigues 

silver atoms to Π-bonding of phenyl rings. Such behavior initiates the electron 

delocalization through the distortion in PPS chain and form the sulfur cation i.e. 

increase the C-S double bond characteristics [69]. Further increased to 50% of 

nanosilver (Figure 4.3.8f), the morphology of well-established clusters of nanosilver 

is evident as it reached to a matured state. In contrast, the overall morphology became 

saturated at 60% concentration (Figure 4.3.8g).  
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Figure 4.3.8: The summary of SEM images of samples (a) SR-0, (b) SR-10, (c) SR-20, (d) SR-30, 

(e) SR-40, (f) SR-50 and (g) SR-60. Nucleation are formed progressively in size from 30-50% 

until saturation at 60% of nanosilver.  
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4.3.2 Electrical Behavior 

Table 4.3.1 and Figure 4.3.9 shows the correlation of the resistivity of the 

compounds with concentrations of nanosilver. It reveals that from 0-30% of nanosilver 

particles in PPS, there is no change in conductivity from the pristine PPS. This 

indicates that there is insufficient amount of nanosilver to intrigue successive phenyl 

rings in pristine PPS C-S-C plane [5, 69]. Hence, at this stage, doped polymer act as 

an insulator due to obstructed Π-electrons delocalization in polymer. However, 

increasing the concentration to 40wt%, the conductivity raised significantly higher to 

around 1.0x10-02 S/cm. This conductivity value is only slightly lower than doping of 

PPS with AsF5 and TaF5. Nevertheless, it is higher than silicone and surpassed the 

conductivity of micro-copper doped PPS at 4.2x10-7 S/cm [8]. In contrary to the study, 

in Figure 4.3.8e, it is clearly shown that the structure of the organometallic hybrid has 

distinct clusters formation. The conductivity has been achieved by massive electrons 

excitation enhancement in the doped polymer. This is due to the enhanced 

delocalization of the Π-electrons in the phenyl rings in nanosilver doped PPS polymer 

[5]. At this concentration, there is sufficient silver in the polymer matrix to disrupt the 

Π-electrons and distort the PPS polymer chain and increase the C-S double bond 

characteristic as suggested by the study of conductivity mechanism in PPS [69].  

Hence, the C-S bonds in the polymer tend to form the sulfur cation. Thus, the overlaps 
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of orbitals in the hybrid material were enhanced and provide higher mobility to the 

electron between the polymer matrix. 

Further increase the concentration to 50%, the conductivity only raised 

marginally to about 1.0x1001 S/cm which is only around one-fold improvement from 

the value in 40%. This is due to the maturing of the doped polymer proven by the well-

established morphology in Figure 4.3.8e. At this level, there is only limited space left 

for nanosilver to fill in the polymer matrix to interface with sulphur atoms and disrupt 

the Π-electrons. At 60% concentration, the conductivity is seen as plateauing at around 

1.5x1001 S/cm due to the saturation of the nanosilver as seen in Figure 4.3.8g. 

Nevertheless, this is remarkably close to germanium and graphene values [91]. The 

nanosilver becoming more saturated in the polymer hence limiting further conductivity 

increase. 

Table 4.3.1: Concentration vs Mean Conductivity/Resistance Values 

Concentration Test 1 Test 2 Test 3 Insulation/ 
Conductivity 

Mean Standard 
Deviation 

10 1.10x10-16 1.00X10-16 1.80x10-16 1.00x10-16 1.00x10-16 4.36x10-17 

20 1.80x10-16 9.00x10-17 2.00x10-15 1.00x10-16 9.00x10-17 1.08x10-15 

30 4.80x10-10 6.00x10-10 5.00x10-10 5.00x10-10 4.80x10-10 6.43x10-11 

40 2.09x10-02 2.19x10-02 2.34x10-02 2.19x10-02 2.09x10-02 0.001258 

50 3.46x10-01 3.28x10-01 3.26x10-01 3.26x10-01 3.26x10-01 0.011015 

60 2.23 2.27 2.24 2.27 2.23 0.020817 
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Figure 4.3.9: Electrical conductivity of nanosilver doped PPS as a function of nanosilver 

concentrations. 
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4.3.3 FTIR Spectra Analysis 

In Figure 4.3.10, the FTIR spectra for nanosilver doped PPS in various 

concentration are presented. It is interesting to note that there is a distinct characteristic 

change as the concentrations of the nanosilver in PPS are increased. As shown in 

Figure 4.3.10(a), the pristine PPS spectra shows a very flat and horizontal trend as the 

wavelength decreases from 4000nm to 700nm. As the concentration of the nanosilver 

increased, so does the absorption rate of the infrared that has been clearly noticed by 

increase of deviation along the wavelength, thus the spectra curved upwards more. 

This is the same as shown by Tsukamoto et al. in the study of conductivity mechanism 

of PPS. In that study, it is shown that, as the dopant introduced in the PPS matrix, the 

spectra absorption level across the infrared spectrum was increased. The spectra 

absorption rate curved upward as the wavelength decreased as shown in Figure 4.3.11 

[69].  
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Figure 4.3.10: FTIR Spectra of nanosilver-PPS hybrids in various concentrations. Blue dashed 

lines show the trend of the FTIR absorption rate as the infrared wavelength reduced from 

4000nm to 700nm. 
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Figure 4.3.11: The FTIR spectra of pure vs doped PPS [69] 

To further analyses the FTIR spectra of doped PPS, it is important to 

understand the philosophy of FTIR absorption by molecules. Electrons in organic 

molecules like PPS polymer could be in a strong σ-bond, weak Π-bond or non-bonding 

(denotes by n). These electrons in σ and Π-bond, could be excited and elevated to anti-

bonding states, denoted by σ* and Π*. These antibonding states correspond to certain 

well-defined wavelengths in the spectra. In PPS, C-S bond of which has σ-bond and 

could be enhanced by having double bond with introduction of Π-bond in the polymer 

chain play an important role in their conductivity mechanism. This C-S bond 

corresponds to the wavelength in 1200-1000cm-1 and 700-500 cm-1, thus explained 

upwards curving of the spectra across the wavelength [69]. In interpreting the FTIR of 

doped PPS, observation need to be the valued between the moiety (two extremes) of 

the spectra. In this case, the differences of absorption rate at 4000nm to the highest 

peak seen on each spectrum. For example, in Figure 4.3.10a and Figure 4.3.10b, the 
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difference between the absorbance value at 4000nm and the highest peak at around 

800nm are around 0.4. In Figure 4.3.10d until Figure 4.3.10g, shows the absorbance 

decreases in the range of 0.1-0.2 and stabilized. This absorbance value corresponds 

well to the threshold of conductivity. This finding is in very good agreement with the 

stabilization of conductivity found in electrical behavior test. In other word, both FTIR 

absorbance and electrical conductivity are very coherent with each other. Both 

characteristics were coherent to the morphology shown in Figure 22. 

In this section, PPS was doped with nanosilver at various concentrations and 

their influences on the electrical behavior of the organometallic hybrid were 

investigated. It is revealed that there is threshold concentration of nanosilver which 

initiates the delocalization of Π-bonding in the phenylene ring of PPS chain. It is also 

observed that at 40wt% concentration, electron delocalization is triggered through the 

distortion in PPS chain and form the sulfur cation i.e. increase the C-S double bond 

characteristics. Hence, massive charge mobility observed as the electric conductivity 

reached metalloids level at around 1.0x10-02 S/cm and at 50% concentration, such 

clusters becomes well-developed and the conductivity plateauing at around 1.5x1001 

S/cm. However, above 50% concentration, the organometallic hybrid reached to 

saturated conductive state whereas on the contrary, below 30%, this appeared as 

insulated state.   
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CHAPTER 5 

CONCLUSION 

5  

 General Conclusion  

In this research, the PPS polymer had been doped with nanosilver to produce 

electrically conductive organometallic hybrid. It is hypothesized that the nanosilver 

could increase the conductivity of pure PPS polymer by distortion in the polymer chain 

particularly by increasing the double bond characteristic in the C-S connection. The 

distortion would enhance the delocalization of Π-bond electrons. The delocalization 

of Π-bond electrons are expected to form complex orbitals in the organometallic 

hybrid, in which will increase high charge mobility. High charge mobility is crucial to 

produce a high conductive polymer for high voltage application.  

To achieve this, various parameters such as effective mixing speed of solid 

solution, threshold melting temperature and effective melting temperature had been 

studied. Finally, the investigation revealed that the influence of nanosilver 
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concentration plays the dominant role in the electrical conductivity change or the 

organometal. This research also concluded that there is a threshold concentration at 

which the conductivity of hybrid increased significantly resulted in enhancement of 

electrical conductivity up to germanium metalloid level which was explained by 

morphology and FTIR analysis. 

The effective mixing speed of nanosilver-PPS solid solution was found by 

varying the speed of the stir bar in the range of 60-140rpm. Observation with optical 

microscopy revealed that at 60rpm, the mixing speed was insufficient to produce a 

homogenous organometal after melting process. Furthermore, higher mixing speeds of 

over 100rpm was also found to be ineffective as the resulting hybrid material 

uniformity had not been achieved. It was the mixing speed in the range of 80-100rpm 

that produce the most homogenous organometal.  

The objective to find the threshold melting temperature of the solid solution 

was performed in the temperatures of 300-400°C. By observing the completeness of 

the melting process against the melting time of the solid solution, it is found that the 

melting point significantly increased to 380°C as compared to the range of 285-295°C 

for pure PPS. This finding has led to the research of the effective melting temperature.  

The second objective to find the effective melting temperature of the solid 

solution in the range of 400-480°C. It was observed that at 420°C, apart from the 
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minimal porosity, the nucleation of nanosilver particles appeared. Whereas, the 

temperature of 400°C provide insufficient heat energy and the temperature beyond 

440°C led to significant porosities and no nucleation was apparent. Nevertheless, the 

experiment had not indicated any changes in the electrical behavior due to the 

insufficient Π-electron delocalization of the C-S bond in polymer chain. 

Lastly, the study of the concentration influence on nanosilver doped PPS 

produced very interesting results. It was observed that there is a threshold 

concentration which was found to significantly change the electrical behavior of the 

hybrid material. 40% of nanosilver allows sufficient Π-electron delocalization that 

distorts the C-S bond in the polymer chain and thus increase the overall nanosilver 

doped PPS conductivity. The morphology also revealed that the nanosilver nucleation 

formation had an apparent effect to the electrical behavior of the organometallic 

hybrid. The electrical behavior was reflected in FTIR study, which showed that as 

nanosilver dopant progressively increased to 40%, the FTIR absorbance between the 

nominal level and the peak level significantly reduced. The FTIR spectrum also 

significantly curved upwards across the wavelength as the concentration increased 

indicating improved C-S bond characteristics in the polymer. 
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 Specific Conclusion  

A few significant parameters had been established in this study. The effective 

mixing speed, a threshold melting temperature and effective melting temperature had 

been found. A coherent relationship between nanosilver concentration to the electrical 

behavior, nanosilver nucleation and FTIR spectra was also observed. In short, the 

study had contributed to the establishment of the following: 

1. The effective mixing speed for solid solution is 80rpm. 

2. More significant amount of heat is required to melt the solid solution due to the 

addition of nanosilver particles thus reveals the mixture threshold melting 

temperature as 380°C. 

3. The effective melting temperature to obtain nanosilver nucleation was revealed 

at 420°C. 

4. The threshold doping concentration was revealed at 40% which increased the 

electrical conductivity to 1.5x10-01 S/cm reaching germanium (metalloid) level.  

 Future Work 

The doping of nanosilver with PPS should be investigated further. The 

following are future works to further expand the research regarding nanosilver doped 

PPS, which are: 

1. To study moldability to produce large enough sample. 



 

 

 

  69 

 

2. To investigate the use of different mold materials rather than glass such as metal 

and ceramic. 

3. To perform Mechanical properties study of doped polymer.
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