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phthalocyanines from P(PNDEAMSt-co-St) as precursor. The SCP-ball type CoPcs were confirmed by FT-

IR, 
1
H-NMR, UV/Vis spectroscopy and MALDI-TOF-MS techniques. Activation energies of the thermal 

behavior, and electrical characterization of SCP-ball type CoPcs and their composites prepared with GO 

were carried out  
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ABSTRACT 

Dummy 

Thermal, Electrıcal and Dıelectrıc Propertıes of Copolystyrenes Bearıng 
Polar Side Groups and Theır Composıtes  

 

Abdullahi Musa ABUBAKAR  

 

Doctoral Thesis 
 

FIRAT UNIVERSITY 
Graduate School of Natural and Applied Sciences 

Department of Chemistry 

    

January 2022,   Page:  xiv  + 99 
 

 

The greenish single-chain polymeric molecule-ball type cobalt phthallocyanines (SCPM-ball type 

CoPcs) were prepared via the macrocyclization reaction of cobalt phthalocyanine from poly(styrene-co-

poly[4,4'-((((4-vinylbenzyl)azanediyl)bis(ethane-2,1diyl))bis(oxy))diphthalonitrile]) [P(PNDEAMSt-co-

St)] (linear copolymer precursor) under diluted conditions at 140-150 
o
C in presence of cyclohexanol. The 

ball-type phthalocyanine moieties were incorporated into one side of the polymer chain. Both linear 

copolymer precursor and formation of ball-type cobalt phthalocyanine within a single-chain polymer were 

confirmed by FT-IR,
 1

H-NMR, UV/Vis spectroscopy and MALDI-TOF-MS techniques. Particularly, the 

formation of SCP-ball type CoPc complexes were characterized by almost disappearance of –C≡N band at 
2230 cm

-1
 in the FT-IR spectrum and appearance of Q band between 600 and 673 nm in the UV-Vis 

spectrum. Two degradation models including Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose 

(KAS) methods were used to determine the apparent activation energies for approximately 70-80% for the 

thermal decomposition of linear copolymer precursor and SCPM-ball type CoPc at the range of room 

temperature and 500 
o
C at various heating rates. The SCPM-ball type CoPc/graphite oxide (GO) 

composites were prepared by Ultrasonic Homogeniser Sonicator. Dielectric constant of SCPM-ball type 

CoPc/GO composites show a slight increase with the increasing content of GO due to poor distribution and 

dispersion of GO in the SCPM-ball type CoPc. The composites treated with concentration-treated had a 

significant performance in dielectric constant but with a relatively higher dielectric loss compared with 

those of SCPM-ball type CoPc. The dc conductivity increased exponentially over the studied range of 

temperatures. The dc electrical conductivity of linear copolymer precursor/GO and SCPM-ball type 

CoPc/GO composites increased with increasing amount of GO. The conductivity mechanism of polymer 

composites exhibited Correlated Barrier Hoping (CBH) mechanism. 

 

Keywords: Single chain polymer, phthalocyanine, characterization, composite, kinetic  
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ÖZET 

dummy 

Polar yan gruplar taşıyan kopolistirenler ve kompozitlerinin termal, 
elektriksel ve dielektrik özellikleri 

 

Abdullahi Musa ABUBAKAR  

 

Doktora Tezi 
 

FIRAT ÜNİVERSİTESİ 
Fen Bilimleri Enstitüsü 

Kimya Anabilim Dalı 
    

Ocak 2022,   Sayfa:  xiv  + 99 
 

 

Yeşilimsi tek zincirli polimerik molekül-top tipi kobalt ftalosiyaninler (SCPM-top tipi CoPc), poli(stiren-

ko-poli[4,4'-((((4-vinilbenzil)azanediil)bis(etan-2,1diil))bis(oksi))diftalonitril])'den kobalt ftalosiyanin'in 

makrosiklizasyon reaksiyonu yoluyla hazırlandı. [P(PNDEAMst-co-St)] (lineer kopolimer öncüsü) 
seyreltik koşullarda 140-150 

oC'de sikloheksanol varlığında. top tipi ftalosiyanin birimleri, polimer 
zincirinin yan grupları olarak oluşturuldu. Tek zincirli bir polimer molekülü üzerinde hem lineer kopolimer 

öncüsü hem de top tipi kobalt ftalosiyanin oluşumu FT-IR, 
1
H-NMR, UV/Vis spektroskopisi ve MALDI-

TOF-MS teknikleri ile doğrulandı. Özellikle, SCP-top tipi CoPc komplekslerinin oluşumu, FT-IR'da 2230 

cm
-1

 deki –C≡N bandının neredeyse kaybolması ve UV-vis ölçümlerinde 600 ile 673 nm arasında Q 
bandının ortaya çıkması ile karakterize edildi. Lineer kopolimer öncüsü ve SCPM-top tipi CoPc'nin termal 

ayrışmasına yönelik yaklaşık %70-80'i için görünen aktivasyon enerjilerini belirlemek için Flynn Wall 

Ozawa (FWO) ve Kissinger-Akahira-Sunose (KAS) yöntemlerini içeren iki bozunma modeli kullanıldı. 
Oda sıcaklığı ve 500 oC aralığında çeşitli ısıtma hızlarında. SCPM-top tipi CoPc/grafit oksit (GO) 

kompozitleri, Ultrasonik Homojenleştirici Sonikator ile hazırlandı. SCPM-top tipi CoPc/GO 

kompozitlerinin dielektrik sabiti, SCPM-top tipi CoPc'de zayıf grafit oksit dağılımındand dolayı artan GO 
içeriğine bağlı hafif bir artış gösterir. Konsantrasyon işlemine tabi tutulmuş kompozitler, dielektrik 
sabitinde önemli bir artış gösterdi. Ancak SCPM- top tipi CoPc ile karşılaştırıldığında nispeten daha yüksek 
bir dielektrik kaybı vardı. DC iletkenliği, uygulanan sıcaklık aralığında katlanarak artış gösterdi. Lineer 
kopolimer öncüsü/GO ve SCPM-top tipi CoPc/GO kompozitlerinin dc elektriksel iletkenliği, artan GO 
miktarı ile artış gösterdi. Polimer komplekslerinin iletkenlik mekanizması Korelasyonlu Bariyer Sıçraması 
(CBH)’nı gösterdi.  

 

Anahtar Kelimeler: Tek zincirli polimer, ftalosiyanin, karakterizasyon, kompozit, kinetik. 
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1. INTRODUCTION  

Throughout the twentieth century, due to its large properties, polymers had replaced other 

materials in most applications. Today, most of the materials we use in our daily activities are 

made of polymers such as clothes, carrying bags, containers, packaging products, snacks, drink 

bottles, furniture, syringes and adhesives [1]. Polymers were also discovered in engineering 

aspect like gears and structural parts by chance or unexpected use. Their characteristics can be 

easily altered by selecting appropriate synthetic methods or environmental conditions, as well as 

adding additives in large-scale drug production using machinery [2]. Compared to other material 

classes most polymers can be handled very quickly. It allows the producer to generate a larger 

number of products that consume less energy [1]. Polymers are generally synthesized through a 

process called a polymerization process, in which a single unit or monomer reacts with each or to 

form a longer chain of polymeric molecules. A monomer unit is a molecule that has two or more 

reactive sites, forming a cross-linked network or long chain [3, 4]. The number of active sites that 

are reactive possessed in the monomer is called a functionality. These are important parameters 

which guide the structures of polymers [4]. 

1.1. Polymerization Reaction 

Polymerization is the technique whereby short molecules named monomers join to connect 

to form chains of polymer or networks of three-dimensional in a chemical reaction. There are 

many types of polymerization, and various classification mechanisms exist. Below shows 

polymerization of monomer of styrene to polystyrene chain indicated in the Figure 1.1 shows the 

scheme showing polymerization of styrene undergoing polymerization reaction to polystyrene 

chain [5]. Figure 1.1 shows polymerization of monomer of styrene under going polymerization 

reaction to polystyrene chain. 

 

 

Figure 1.1. Scheme showing polymerization of monomer of styrene under going polymerization reaction to 

polystyrene chain [5]. 
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Condensation or step polymerizations and addition polymerizations are two types of 

polymerization reactions [5, 6]. 

1.1.1. Condensation polymerization 

 The polymerization via condensation reaction occurred in stages. Throughout a 

polymerization, a unit monomer reacts with another unit of a monomer to form A polymer whose 

molecules are made up of a small number of repeated units called oligomers, which have a 

molecular weight that is less than that of the polymer itself [7]. Those oligomers condense to 

produce trimer, tetramer, and then a large polymer molecular weight at the completion in the 

polymerization reaction. The molecules should be able to possessed one or two functional 

groups (for example amine, carboxylic acid, or alcohol groups). The reaction take place between 

two same or monomers or different functional groups. It may happen from a dimer and oligomer, 

a monomer and a dimer or a polymer chain and different polymer chain. Smaller molecules are 

often combined to create higher weight molecules. The properties of either molecules and 

functional groups were considered [8, 9]. Figure 1.2 shows polymerization of monomer of styrene 

under going polymerization reaction to polystyrene chain. 

 

 

 

Figure 1.2. Condensation reaction of hexanedioc acid and ethane diol to form a polyester [1] 

The condensation product is a linear polymer, if all functional groups are difunctional. The 

polymer would be crosslinked whether one of the functional groups is tri-functional or tetra-

functional. Condensation polymerization is a process in which monomers which possessed 

functional groups go through condensation reactions forming a polymer chain. Esterification, 

amidation, urethane formation, and aromatic substitution are examples of such condensation 

reactions [8, 9]. Ring opening polymerization can also be used to produce condensation polymers 

https://byjus.com/chemistry/functional-groups/
https://byjus.com/chemistry/functional-groups/
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in addition to these reactions. A condensation polymerization reaction can be used in the 

manufacture of Nylon 66 from hexamethylene diamine and adipic acid [9]. 

1.1.2. Addition polymerization 

 The presence of active centers or activated species that may polymerize monomer units 

characterizes addition polymerization or chain growth polymerizations. This approach can be 

used to polymerize unsaturated monomers. Activated sites are both free radicals or ions/highly 

polarized molecules formed via a homolytical scission a kind of organic compound named 

initiators. These active centers will strike a monomer's double bond and generate a new active 

center as a result. Initiation is the name for this process [3, 8-10]. Newly formed active centers 

will target monomer groups, resulting in the formation of more active centers. Propagation is the 

name given to this process. Further addition reactions involve ionic polymerization, which is 

initiated and propagated by ions attacking a double bond rather than the free radical. Propagation 

go on until the active core dies or is terminated. Chain growth polymerization is shown by the 

conversion of propylene (CH2]CH(CH3) to polypropylene ([CH2=CH(CH3)]) [3, 8-10]. Generally, 

4 types of addition polymerization 

 Radical chain growth polymerization 

(a) In the initiation stage, involves the use of an initiator, a thermolabile compound that 

decomposes on heating to produce two active free radicals at the reaction mixture's 

temperature. Generally, two processs are involved in the initiation process first formation 

of radical and formation of radical monomer. Note that in radical monomer the free 

radical initiator attached to the monomer is called end group in the polymer chain. usually 

in free radical polymerization monomers containing vinyl group or unsaturation such as 

styrene and acrylonitrile [10].  

 

 

(b) In the propagation stage the radical monomer (initiator + monomer) react with another 

monomer to dimer, tetramer and so on, the reaction fallowed head to tail arrangement due 

to the radical formed is being stabilized by resonance hence electrons are delocalized. 

Head to head arrangement cannot occur due to the formation local electrons and steric 

hindrance. 
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(c) Last stage, the termination stage in this stage, termination can either occur by chain 

transfer, combination(coupling) and by disproportionation. termination by coupling two 

growing polymer chains react with each other head to head to form a long polymer chain 

and this process usually takes place at low temperature. The termination by 

disproportionation occurs when active polymer radical abstract a proton from another 

active polymer chain to two dead polymer chains one with saturated end, another with 

unsaturated end. In termination by disproportionation high temperature is required [10]. 

The Figure 1.3 shows the termination stage. 

 

Figure 1.3. The termination stage 

 Controlled radical polymerization (CRP) depends on absolutely pure reactions so that no 

impurities can cause termination. CRP stops only when all the monomer is used. The 

reaction continues in the presence of an additional monomer. Copolymers (block) are 

produced using this method. This polymerization can be terminated and start again at 

any period. This innovative technology facilitates the synthesize of tailored polymers 

with composition control and macromolecular structure [11]. Figure 1.4 shows the 

ATRP mechanism. 

  

Figure 1.4. Scheme showing the ATRP mechanism [11, 12] 

         Cationic chain growth polymerization 

Cationic polymerization is a method of chain-growth polymerization whereby an initiator 

(cationic) transfers a charge to a monomer (vinyl) therefore making it reactive. The formed 
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monomer which is a reactive formed polymer by reacting with other monomers. A lot of vinyl 

monomers in the presence of a very minute quantity of catalyst of the kind used in Friedel-Crafts 

reactions freely undergo polymerization. Catalysts of effective important are AlBr3, AlCl3, and 

BF3 e.t.c. The aforesaid catalysts are all Lewis acids examples with strong electron-acceptor 

capability. The presence of co-catalyst is required in other to achieve the effectiveness of the 

catalyst which are Lewis bases e.g. H2O and OH [10]. 

AlCI3 + H2O ⇔ H+AlCI3OH- 

Monomers such as styrene, vinyl alkyl ethers, alpha-methyl styrene polymerize in the 

presence of the aforementioned catalyst Let X represent the catalyst, co-catalyst by YH, and the 

monomer by M. Then the kinetics can be shown as follows In the Figure 1.5. below. 

X + YH ⇔ H+XY- 

H+XY- + N → HN+XY- 

HNn
+XY- + N → HNn+1

+XY- 

HNn
+XY- → Nn + H+XY- 

HNn
+XY- + N → Nn + HN+XY 

Figure 1.5. Schematic representation of cationic polymerization 

 Anionic polymerization 
 

Anionic polymerization is a method of addition polymerization that covers the 

polymerization of monomers (vinyl) with groups that are strongly electronegative. Entirely, the 

strong electronegative substituent (monomers), in the presence of carbanions polymerize freely. 

Certain substituents which are electron-withdrawing that stabilize the negative charge via 

delocalization of charge and Therefore, allow anionic polymerization consist of cyanide and 

carboxylic acid e.t.c. Thus, monomers such as styrenes, acrylates, epoxides, and dienes freely go 

through anionic polymerization. The initiators (electron donors) are strong anions or electron 

transfer agents. The transfer of an electron from an initiator to the monomer (vinyl) front-runners 

to the creation of a carbanion known as anion radicals. Nucleophiles or Lewis bases are alkali 

group metals like lithium or sodium which are typical donors of an electron. Additional examples 

of strong nucleophilic initiators OH
-
, CN

-
, organometallic compounds like alkyl and Grignard 

reagents. Nucleophiles or lewis bases are alkali group metals like lithium or sodium which are 
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typical donors of an electron. Additional examples of strong nucleophilic initiators OH
-
, CN

-
, 

organometallic compounds like alkyl and Grignard reagents [10]. 

The kinetics of an anionic polymerization comprises of initiation and propagation. Let 

XMe be an organometallic compound that initiates polymerization and Mn a monomer. The 

distinct steps can be shown in Figure 1.6 [10]. 

XMe ⇔ Me+ + R- 

R- + Mn → RMn- 

RMn- + Mn → RMn2
- 

RMn-1
- + Mn → RMnn 

Figure 1.6. Schematic representation of anionic polymerization 

1.2. Single Chain Polymers  

SCT (single-chain technology) is an innovative approach to the creation of smart and 

autonomous soft nanodevices. Individual polymer chains, known as single-chain polymer 

nanoparticles (SCNPs), can now be converted into folded/collapsed unimolecular soft 

nanoparticles using SCT. Synthetic polymer compaction with SCNPs is somewhat close to 

protein folding close to its native form, but it's also a long way from perfection seen in a natural 

macromolecules [6]. During the last few years, important A lot of work has been done to provide 

bioinspired SCNPs with functions that attempt to replicate those present in natural polypeptides 

(both intrinsically disordered as well proteins folded proteins), for-instance enzymatic function 

and multi binding activity, selectivity as well as transport properties. First and foremost, a global 

representation of the conformation properties of SCNPs in solution has been given, spanning the 

entire concentration continuum from infinite dilution to melt density [6]. 

1.2.1. Synthesis of single chain polymer 

Controlled radical polymerization techniques like ATRP and RAFT had been considered 

adaptable synthetic methods for preparing a vast variety of linear homopolymer and linear 

copolymer precursors, which possessed correct molecular weight and composition. Higher 

molecular weight copolymer structures may be made from living polymers or copolymers. 

Different intrachain cross-linking reactions have been used to make irreversible SCNPs. The 

intrachain crosslinking reaction possibly permanent (covalent bonds) either reversible 

(noncovalent or dynamic covalent bonds) depending on its existence. Reaction of synthesis of 
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SCP-CoPc, poly(VBOP-co-St), CoCI2.6H2O, phthalonitrile and excess cyclohexanol as solvent. 

The Figure 1.7 shows reaction synthesis for SCP-CoPc. 

 

  

Figure 1.7.  Reaction synthesis for SCP-CoPc  

The intrachain homocoupling technique was used to synthesize permanent SCNPs under 

high dilution conditions for the first time. relied for the use of vinyl reactive functional groups in 

poly(alkyl methacrylate), poly(styrene), and poly( -caprolactone) based precursors. Poly(4-N-

Boc-aminostyrene) and poly(carbonate)-based SCNPs were also made with unsaturated 

functional groups. Polymer composites are materials that contain at least two polymeric phases. 

The polymeric materials combine with material properties both high specific and light weight 

specific properties or individual constituents retained their separate identities [1].  

1.2.2. Properties polymeric composites 

The polymeric composites have a lot of useful properties following as:  

a. stiffness and strength 

b. strong abrasion resistance, 

c. high resistance to fracture 

d. outstanding impact resistance 

e. excellent corrosion resistance 

f. a high level of exhaustion tolerance, and 

g. low price. 

1.2.3. Uses of polymeric composites 

a) They are commonly important as construction components in aircraft, electronic 

packaging for surgical devices, space vehicles, as well as in residential buildings [1].  
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b) Because of their resilience, stability in terms of temperature, desirable electrical 

properties and mechanical properties, and potential to stay undamaged or unchanged 

by unfavorable environmental factors, composite materials have sparked people's 

interest. Electromagnetic interference insulation, Wire and cable sheathing, and 

antistatic material are all examples of applications for such composites.  

1.2.4. The conductivity of composites 

Changing the amount and type of filler in such materials will improve their electrical 

properties. In some applications, graphite/polymer composites provide an appealing replacement 

to the metal conductors: Rubber is only seen in its purest form because it is mostly coated with 

carbon blacks. Carbon blacks are reasonably conductive, whereas filled rubber is generally an 

insulator. The conductivity of polymer composites can be because of the following factors: 

 The polymer/graphite composites conduct electricity only if there is proper dispersion of 

graphite in a polymer matrix [13]. A specific resistivity of the order of 10-100 Ω.cm
-1

 was 

achieved for conductive rubber. As the conductive particles creates a continuous network, 

the dc electrical conductivity of carbon black filled rubbers reaches a maximum possible 

value. This connection between filler material and composite conductivity reveals a sudden 

shift in the dispersal condition of the conducting particles, for examples, particle coagulation 

to create conducting networks that make electrical conduction across composites easier [14]. 

 The particles in the composites produced continuous conduction paths. The electrical 

conductivity of conducting composites is affected by the proportions and structure of loading 

particles. Commercial graphite fragments, for example, have plate-like forms and a sheet 

structure. Plate-like particles of graphite and Carbon fibers, talc, and mica were found to be 

easier to order in a polymer matrix along the mixing-mill direction than spherical particles. 

There is no doubt that the particle size determines the extent of dispersion of the particles of 

graphite, and the shape of the conduction cannels in the composite is proportional to size of a 

particle of a conducting graphite particles.  

1.3. Graphite 

Graphite, also referred to as plumbago, is a crystalline shape of carbon with atoms arranged 

in a hexagonal arrangement. It's the most stable source of carbon in normal conditions and exists 

naturally in this state. It turns to diamond at high temperatures and pressures. Graphite is a 

mineral that is found in pencils and lubricants. It is a strong heat and energy conductor. It is used 

in electrical devices due to its high conductivity [15]. 
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1.3.1. Structure 

The atoms in each sheet of graphite are arranged in a hexagonal fashion, and the layers are 

lined in the AB series. As a consequence, a hexagonal unit cell with dimensions of c = 6.71 A and 

a = 2.46 A has been formed. Figure 1.8 shows graphite structure. A and B in Figure 1.8 represent 

the four atoms that make up a unit cell. The atoms A and B are on the same layer plane, and the 

atoms A and B are on a layer plane that is half the crystallographic c-axis spacing, or 3.35 A. The 

atoms A and A˚ differ from the atoms B and B in that the A and A˚ atoms have neighbors in 

parallel layer planes immediately above and below them, while the B and B` atoms do not. The 

crystal structure belongs to the P63/mmc or space group, with the 63 screw axis resulting from 

the AB stacking. The arrangement has an inversion symmetry center halfway between the atoms 

A and A`[16].  

 

Figure 1.8. Graphite structure [16] 

Theoretically and experimentally, the equilibrium temperature and pressure conditions for 

the transformation between graphite and diamond have been developed. The intensity varies 

linearly from 1.7 GPa at zero degrees Celsius to 12 GPa at 5000 
o
C (diamond/graphite/liquid 

triple point). The stages, on the other hand, have a large area along this line where they can 

coexist. The stable form of carbon is graphite at natural temperature 20 °C (293 K) and pressure 1 

regular atmosphere (0.10 MPa), yet diamond is metastable and its rate of changing to graphite is 

marginal [21]. Diamond, on the other hand, quickly transforms to graphite at temperatures above 

around 4500 K. Speedy conversion of graphite to diamond necessitates well-pressured in excess 

of the line of equilibrium (A 35 GPa) pressure  is expected at 2000 K [15]. 
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1.3.2. Graphite oxide 

Graphite oxide is a series of functionalized graphene sheets made up predominantly of 

oxygen ,carbon, and hydrogen atoms. This substance may be seen as a precursor to graphene. The 

only difference between graphite oxide and graphite is the oxygenated groups found in Graphite 

oxide, which bring about the wider distance in the middle the graphene layers. The Figure 1.9 

shows  carboxyl graphite. 

 

Figure 1.9. Carboxyl graphite 

1.3.3. Properties of graphite oxide 

The major graphite oxide properties are the following: 

 It's an insulator, rather its conductivity changes according to it's own chemical properties 

and structural properties. GrO can be dispersed in both aqueous medium and organic 

solvents since it's an amphiphilic in nature. 

 GrO has antibacterial characteristics. 

1.3.4. Uses of graphite oxide 

 Because of these features, graphite oxide is used in a number of uses. Supercapacitors, for 

example, are a kind of capacitor that can store large amounts of energy. 

 Manufacture of the transparent conductors, the inhibition of tumorigenesis in a variety of 

cell lines in biomedical applications, for instance. 

1.3.5. Preparation of graphite oxide by the Brodie method  

Brodie's technique was used for graphite oxidation as well (GO-B). Finging nitric acid (200 

mL) were added at 0 
o
C. The 10 g graphite powder was applied to the flask and properly 

dispersed to prevents agglomeration. Since explosions may occur when adding potassium 

chlorate, extra caution is needed. Following termination of a reaction, the mixture was dissolved 

in pure water and filtered under vacuum until the pH of the filtrate were neutral [17, 18]. 
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1.3.6.  A modified version of Hummers' process for producing graphite oxide  

A modified Hummers system (GO-H) was used to prepare GO for commercial use. This 

process makes use of additional quantities of NaNO3 and KMnO4 in Hummers' reagents. The 

mixture containing graphite NaNO3 (7.5 g) was added with concentrated H2SO4 (360 mL), as well 

as mixture was dropped to 0 
o
C in an ice bath. To keep a hold on the reaction temperature below 

20 
o
C, KMnO4 (45 g) were eventually introduced in small amounts. The solution were heated to a 

temperature of 35 
o
C for 3 hours while stirring. Then 3 percent H2O2 (1.5 L) had been applied 

slowly. At 98  , 30 minutes were spent stirring the reaction mixture as well as the mixture had 

been eventually centrifuged for 30 minutes (3700 rpm), then decanted away from the supernatant. 

Then, the solid material that remains was washed and centrifuged again 600 milliliters (mL) 

water, repeating this step until the pH level was equal to zero (neutral) [17, 18]. 

1.3.7. Preparation of graphite oxide via staudenmair method 

The graphite oxide was produced adopting a staudenmaier technique. The all reagent grade 

chemicals was used. Fuming nitric acid, 97% H2S04 and KCIO3 (all Panreac), was oxidized by 

commercially powdered graphite (40-47 pm; 99.9 percent), made available by Fluka. Along with 

an ice bath, a 500 ml flask containing 97% H2SO4, (175 ml) and fuming nitric acid (90 ml) had 

been cools off to 273 K. KClO3 had been added to a solution which is under continuous stirring, 

after adding 10 g of graphite powder into the flask. The addition continued until the addition of 

110 g KClO3 was added. The solution of acid containing graphite was transferred to 10-11 ml of 

distilled water after this process. The solution was filtered immediately and a 5% HCl solution 

was washed with the graphite oxide filtrate until the sulfates has totally gone, and afterwards with 

purified water until the chloride ions had disappeared. Samples that produced had been dried for 

16 hrs under 323 K in the oven. There were ten samples produced by graphite oxidation at 

different periods, a period of time ranging from 24 to 240 hours, samples are labeled with a G 

during which there will be a period of hours of oxidation (for example G120 means 120 hours of 

graphite oxidized) [19]. 

1.3.8. Graphite Oxide Synthesis Procedure using Improved Hummers method.  

By the Improved Hummers Process, graphite oxide was synthesized. The initial step made 

up of the graphite oxidation using the oxidizing agent KMnO4. As a result, 360 mL of H2SO4 and 

40 mL of H3PO4 was added with continuous and vigorous shaking into the Erlenmeyer flask. The 

H2SO4/H3PO4 mixture was applied gradually to 9 g KMnO4 and 3 g graphite of the ratio (3:1). 

The reaction mixture was held for 12 hours at 50 °C. The resulting mixture was added after the 

oxidation stage to the beaker containing 400 g of crushed ice and 3 mL of H2O2 to initiate the 
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reaction system. It was filtered under vacuum by a filter of 10-20 μm. Finally, the compact cake 

was washed with 200 mL dry diethyl ether, filtrated and dried for 24 hours at 100 °C [20]. 

1.3.9. Characterization of GO 

 Elemental analysis 

Carbon compounds, hydrogen, and oxygen produced from the elemental analysis of 

samples are seen as a function of oxidation degree. 

 Thermogravimetric Analysis 

TGA analysis will measure absorbed water since approximately 5 percent by weight of the 

oxidized sample has a low water content of approximately 5 percent by weight. 

 FT-IR 

A broad band between 3000-3700 cm
-1

 is contained in the samples that have been most 

oxidized, showing 2 maximum absorptions at around 3190 cm
-1

  and 3403 cm
-1

  and a shoulder at 

absorption around 3590 cm
-1

. The existence of free and related hydroxyl groups because of 

adsorbed, inhibited water and structural hydroxyl groups of graphite oxides are the result of these 

bands. 

 x-ray  

Graphite oxidation transforms the crystalline structure into another different one, also 

laminar, but more open than the graphite structure, thus enabling the physical and chemical 

intercalation of molecules. Alternatively, depending on the techniques employed in the synthesis, 

air moisture, It is generally known that graphite oxide has a varied interplanar spacing, And other 

factors [19]. 

1.3.10.  Methods of manufacturing polymer/graphite nanocomposites 

The production of nanocomposites requires selecting the appropriate blending technique to 

meet up proper dispersion of nanofillers (graphite and other forms of nanocomposite material) all 

across the polymeric matrix.  

 Silient features for each method along with their limitations (if there are any) are As outlined in 

the following paragraphs [21, 22]. 

 In situ polymerization 

In situ polymerization is a kind of effective technique to contribute proper dispersion of the 

graphitic fillers all across the polymeric matrix. In this case, in the presence of the filler, the 

monomer or oligomer polymerizes, and because of this, the in situ compounding method 

strengthens interactions between the polymeric phase and the reinforcing filler [2, 14, 21]. 
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 Solution compounding 

During the solution compounding, a solvent is made to dissolve the polymer and in the 

resulting solution, a filler is dispersed. After the mixing is done, the solvent has been evaporated 

and after that, the bulk polymer substance comprising the fillers is normally molded to give the 

composite its shape. This method additionally results in composites of electrical conductivity as 

well as a low percolation threshold. Nevertheless, a large amount of solvent is used and The 

related environmental contamination caused by the removal of the solvent has hindered the 

widespread implementation of this technique for composites production [14]. 

 Melt blending 

From the standpoint of an industrial perspective, melt blending seems to be the 

advantageous compounding process for the production of composites as a result of the fact that it 

is a direct, method that is both cost-effective and environmentally safe, since no solvents are used 

in the composite's preparation. Traditional mixing equipment for example internal mixer, 

extruder, and two-roll mill can be formulated for the melt blending Action and are normally 

available most of the time in compounding units [14]. 

1.4.  Polymers and Monomers Containing Reactive Phthalonitrile Units as 

Terminal 

Polymers and monomers which are containing reactive phthalonitrile units as side group 

terminal or group pendants produce high-performance thermoset resins when curing. The 

additional nitrile group curing process results in hetero aromatic compounds that contribute to 

their excellent thermal stability phenolic compounds, aromatic amines metals, and their salts are 

examples of curing agents. and coordinating compounds can speed up the curing step[18]. The 

most efficient external healing additives for phthalonitrile polymers are found to be aromatic 

amines; even wt% percent of them may reduce the healing temperature to an acceptable level. But 

their existence in the polymer network can have an influence on the system's structural excellence 

[23]. Among the commonly known solutions to mitigate this issue is developing polymers with 

self-promoting healing behavior. Phthalonitrile polymers that contain amino or hydroxy groups 

that display self-catalyzed healing actions have been studied already [23]. Figure 1.10 shows the 

synthesis of phthalonitrile from 4-nitro phthalimide. 
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Figure 1.10. Reaction Synthesis of pthalonitrile from 4-nitro phthalimide 

1.4.1.  Synthesis of 4-nitrophthalonitrile from 4-nitro phthalimide  

The 4-nitrophthalonitrile has been synthesized according to the adapted method [24,72]. 

And, synthesis of pthalonitrile from 4-nitro phthalimide has been indicated in Figure 1.10. 

1.4.2. Reaction of phthalonitrile  

 To accomplish high yields under mild reaction conditions, aromatic nucleophilic 

replacement of active nitro compounds needs dipolar aprotic solvents like dimethylsulfoxide 

(DMSO), N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF), N-

methylpyrrolidone (NMP), and others [25]. 

1.4.3. Synthesis of monomer bearing phthalonitrile group, via nucleophilic substitution of 

nitro group 

4-[(4-Vinylbenzyl)oxy] phthalonitrile (VBOP) had been synthesized from the reacting of 4-

nitrophthalonitrile along with the suitable 4-hydroxymethyl styrene when there is potassium 

carbonate and dimethyl formamide (DMF) as solvent dependent on the procedure. For this 

method, 2 g (14.91 mol) of 4-hydroxymethyl styrene and 2.58 g (14.91 mol) 4-nitrophthalonitrile 

have been added to the round-bottom flask containing 10 mL anhydrous DMF. The excess 4.14 g, 

30 mol of K2CO3 was put into a reaction flask, and the reaction mixture was carried out at a 

temperature of 60 °C. 48 hours later, When the reaction mixture had cooled to room temperature 

and precipitated in a solution of ethyl alcohol and water in a 4:1 ratio. Finally, the sample product 

was dried at 40 °C in a vacuum [26]. Figure 1.11 shows a reaction synthesis of 4-[(4-

vinylbenzyl)oxy] phthalonitrile (VBOP). 
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Figure 1.11. Reaction synthesis of 4-[(4-vinylbenzyl)oxy] phthalonitrile (VBOP) 

1.4.4. Synthesis of substituted phthalocyanines complex from phthalonitrile compound 

A scheme of the tetra substituted phthalocyanine complex has been indicated in Figure 

1.12. 
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Figure 1.12. The scheme of the tetra substituted phthalocyanine complex [27]. 

1.4.5. Uses of polymers containing phthalonitrile 

Most of polymers which contain phthalonitrile is generally used as: 

 Modern aerospace vehicle structures require materials made of polymers with remarkable 

thermal stability to resist extremes to temperature conditions.  
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 They give an attractive blend of properties, for example, excellent thermo-oxidative 

stability, very good mechanical properties, low water absorptivity, and a higher level of 

flame resistance [25, 28]. 

1.5. Polymer metal complexes 

Another significant category of polymer composition is those polymers developed from 

coordination with transition metal ions to form polymer-metal complexes. The function of 

transition metal ion or ligand in the structural perimeter is considered one of the fundamental 

important factors for the purpose of determining magnitude for polymeric ligand to develop 

complexes along with metal ion [29]. The term "polymer ligand" refers to a group of substances 

that make up oxygen, nitrogen, sulfur, and phosphorus whose highest filled atomic or molecular 

orbital has the higher energy which is generally called donor atoms. Polymer-reinforced ligands 

are developed as chemically modified with different monomers. These monomers that are 

modified are important for ion changers since They have the ability to be synthesized to pursued 

selectivity along with appropriate ionophore reagents. These ligands possessed high chemical and 

mechanical stability[30]. Those ligands are enormously used for metal ion complexation due to 

their accessibility, hydrophilicity, and high capacity. These ligands may comprise, amides, 

hydroxylamines, iminodiacetates, schiff bases, and phosphonates. Figure 1.13 shows the 

polymer-bounded MC–metal complexes 

 

 

 

Figure 1.13. Scheme showing the polymer-bounded MC–metal complexes [31]. 
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1.5.1. Preparation of polymer metal complexes 

Normally, ligands like these are made by way of modification of crosslinked copolymers of 

polystyrene, poly(glycidyl methacrylate), poly(vinyl benzyl chloride), and polyacrylic acid. These 

polymers are of this kind that has a great deal of special practical characteristics. Not long ago, a 

lot of work in the past carried out on the polymer-metal complexes [30, 31]. 

1.6.  Thermal Methods 

The thermal analysis incorporates techniques to determine and record certain physical 

parameters of the system in relation to temperature (∆T). Measures according to the dynamic 

relation involving temperature and mass, reaction heat, and volume [32, 33]. The Table 1.1 shows 

analytical methods classification. A thermogram of two-stage decomposition weight loss against 

temperature is indicated in Figure 1.14. 

Table 1.1. Analytical methods classification [32, 33] 

Name Property measured Apparatus Involved 

Thermogravimetric Analysis Weight Change  Thermo balance 

Derivative 

Thermogravimetric Analysis 

Rate of Exchange of Weight Thermobalance 

DTA Heat absorbed or evolved DTA apparatus 

 

 

 

Figure 1.14.  A thermogram two-stage indicating weight loss against temperature [32]. 
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1.6.1. Thermogravimetric Analysis (TG) 

This is the technique in which the substance's weight, cooled or heated under a controlled 

rate in an environment, is calculated as a function of time or temperature. There are a lot of 

chemical substances that decompose upon heating in each case or every occasion or stage and 

The concept of heating a sample is a novel one to take note of changes in weight is the 

fundamental principle of TGA. Three TG Types, including Isothermal, Quasistatic TG, and 

Dynamic TG [32, 33] are used. 

 Principle 

The underlying principle of the feature can be demonstrated Using a compound weight loss 

graph. 

 

 Basic principles of thermal analysis 

The modern thermal analytical instrumentation is typically divided into four parts [32, 33]. 

 Instrumentation 

There are two techniques of analysis are used such as Dynamic TGA and Isothermal TGA 

[32, 34]. 

1.6.2.  Differential thermal Analysis 

   Principle 

Differential Thermal Analysis (DTA) consists of the procedure for determining the 

temperature differential between a sample and a reference material, either as a function of time or 

as a function of temperature. As a result, the differential thermogram is made up of a record of the 

temperature differences between the sample and reference temperatures. (∆T, differential 

temperature) plotted along with temperature (Ts) function. The substance together with the 

reference material shall be subject to a temperature regulation [32, 33].  

 Emission of heat (exothermic) 

 Absorption of heat (endothermic)  

Figure 1.15 shows a graph of DTA signal with temperature 
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Figure 1.15. DTA [32, 33] 

Endothermic peaks with sharp peaks demonstrate changes in processes of crystallinity or 

fusion while large endosperms mean a reaction to dehydration. Physical change results in 

endothermal curves while chemical reactions (particularly oxidative ones) give rise to exothermic 

peaks. DTA allows any chemical or physical change to be detected whether or not it is followed 

by the weight change [32]. 

1.6.3. Differential Scanning Calorimeter (DSC)  

DSC operating mechanism centered may be divided into 2 (two) types such as Heat flux 

DSC and Power Compensated DSC. The instrumentation is made up of the Sample Holder, 

Thermobalance, Sensors, Temperature Controller, and Furnace [33]. Figure 1.16 shows the Heat 

flux DSC and power compensated DSC and their Differences are shown in Table 1.2. 

 

 

Figure 1.16. Heat flux DSC and power compensated DSC [33] 
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Table 1.2. Heat flux DSC and power compensated DSC 

Heat Flux Power compensated DSC 

Sampleholder: reference and sample are connected by 

low-resistance heat flow path. Examples are: Aluminium 

sample pans, stainless sample pans, platium sample pans 

Sample Holder: examples are: Aluminium sample pans, 

platinum sample pans, stainless steel sample pans, 

Sensor: Temperature sensors usually thermocouples Sensor: Pt resistance thermocouples, separate sensors and 

heaters for reference and sample  

Furnace: one block for both sample and reference cell 

temperature 

Furnace: Separate block for both sample and reference 

cell temperature 

Temperature controller: the temperature difference 

between the sample and reference is measured 

Temperature controller: Temperature differential thermal 

power is supplied to the heaters to maintain the 

temperature of the sample and reference at the program  

 

The sample temperature would require less heat, by noticing the difference in the flow of 

heat between the reference and sample, DSC is capable to measure the amount of heat released or 

absorbed during such transition [33, 34]. 

 

Heat Capacity 

When Heat is applied to both samples, the difference in heat output between the two 

heaters will be plotted versus temperature by the computer. Signifies, the heat absorbed by the 

sample is being plotted against the temperature. where t represents the time, ∆T represents the 

increase in temperature and q represents the heat [34]. Figure 1.17 shows The DSC Curve has 

three phases. 

 

                 

 

       heat                 q/t 

      flow 

 

                        

                             temperature 

 Figure 1.17. The DSC curve has three phases 

 The glass transition temperature: A transition which is called endothermic 

transition which is the transition from solid to less viscous from 

 Crystallization: the second transition known as an exothermic transition which 

shows a sharp negative peaks disorder to determine the amount of latent heat in a 

glassy solid for example in a polymer 
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 Melting: lastly a transition called An endothermic transition which shows a sharp 

positive peak, order to the transition that are disordered transition [33]. 

Figure 1.18 shows the Tg measurement of amorphous and semicrystalline 

 

Figure 1.18. The Tg measurement of amorphous and semicrystalline [33]. 

1.7. MALDI-TOF Mass Spectrometry 

1.7.1. MALDI 

MALDI is a short form for "Matrix-Assisted Laser Desorption/Ionization." the MALDI 

sample is homogeneously mixed in a considerable amount of matrix. UV light (nitrogen laser 

light, 337 nm wavelength) is absorbed by the matrix and converted to heat energy. A little portion 

of the matrix heats up quickly (in a matter of nanoseconds) and vaporizes with the sample [35]. 

The Figure 1.19 shows a sample matrix mixture before and after laser irradiation. 

 

 

Figure 1.19. Sample matrix miture before and after laser irradiation 
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1.7.2. TOF-MS  

TOF MS is a short form for Time of Flight Mass Spectrometry, the diagram below 

illustrates how charged ions of different sizes are produced on the sample slide. The following 

stages: 

 Initially, samples are placed in the crystalline matrix and are subjected to laser 

bombardment after that, the molecules in the samples are vaporized and dispersed 

in the vacuum, and ionized concurrently 

 After that, a high voltage is used to accelerate the charged particle. 

 The second step is the time of flight mass spectrometry. After ionization, the 

particle will impinge on the linear detector in the linear mode within a few 

seconds. Molecules with a higher mass (high mass) arrive later than those with a 

lower mass (low molecule).  

Time of Flight Mass Spectrometry is a type of mass spectrometry that takes account of 

these phenomena [35]. The Figure 1.20 shows Time of Flight Mass Spectrometry of the Charged 

ions of various sizes are generated on the sample slide 

 

 

 
Figure 1.20. Time of Flight Mass Spectrometry of the charged ions of various sizes are generated on the   

                      sample slide 
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1.7.3. Advantages of MALDI-TOF Mass Spectrometry 

 Direct measurement of molecules mass distribution 

 Sample(maily singly charged ions mucheasily interpreted 

 Fast time result (takes few minutes) 

 Very high MW species can be analysed, for example Polymers 

 Capacity for Insoluble analytes such as Nanoparticles [36] 

The Figure 1.21 shows The MALDI-8020 is the latest in a long line of MALDI-TOF 

products from Shimadzu. 

 

 

 

Figure 1.21. The MALDI-8020 is the latest in a long line of MALDI-TOF products from Shimadzu 

1.8.  Electrical conductivity 

Electric conductivity, (σ) (in S/cm), of materials, in general, extends over a wide range, 

from 10
-20

 to 10
6
 S/cm  

 This range is subdivided into conductors (10
4 –10

6
), 

 semi-conductors(10
-6

 –10
2
 ), and  

 insulators (10
-20–10

-6
 ). The tremendous 

The transport of charge is referred to as electrical conductivity. The transporting charge 

may be delivered by unique species or different charge carriers. The Different carriers of charge 

might possess different masses, may interact differently to their environment, may react 

differently with changes in the external environments, might face various restrictions in relation 

to what they're capable of and what they are not. A charge carrier the most frequently found are; 

 Electron  

 Holes  

 and Ions. 
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This class will be about first look into Why is it important to concentrate our learning on 

electrical conductivity [37]. We'll noticed that there are different forms of charges carries that 

carry changed species and these species may display Different behaviors. and in the end We have 

a good understanding of how conductivity has been measured. When we consider the various 

device, we can see that devices we regularly utilized on a frequent basis these days, it's simple to 

realize, many technologies rely on, or take advantage of, electronic properties of the materials. 

electrical appliances, Toys, and cars are some examples in which electronic devices have taken 

their place or supplemented some mechanical systems. Previously, when opening and repairing 

toys were possible because They were built on mechanical principles, when you open today's 

toys, you're confronted with an electrical chip, and Normally, the process of repair comes to an 

end. There are many modern cars that possess high-tech electronics that are helpful to them 

optimize their fuel economy, control the braking process, or regulate the traction of the wheels, 

etc.[37, 38]. As already stated are only a couple of examples of How pervasive computer has 

become in modern society.  

1.8.1. Conductivity 

The property of conductivity is of great interest to us because of a few differences of the 

electronic properties that a material can display. To begin with, the term "conductivity" is 

probably the most widely used technologically, in the electronic property both in terms of high-

quality wire conductors and Insulation for the wires provided using bad conductors. The second 

point to consider is, It turns out that the excellent electrical conductors and the poor conductors of 

electricity, conductivity varies by more than 24 order of magnitude [39, 40]. Silver, silver for 

example has a conductivity of around 107 -1
 m

-1
, The conductivity of teflon is less than 10

-17
 -1

 

m
-1

. It exists virtually there is nothing else exhibiting such a large difference in its expression in 

many materials. From the technological standpoint, therefore, the study of electrical conductivity 

is attractive, because of its vast application, as well as from a scientific point of view, it is 

fascinating to see if it's possible to categorize theories that can account for such a large variation 

throughout the property. If we look more deeply at most of the features of conductivity, we can 

see that it is fundamental to comprehend that electrical conductivity is the carrying of charges in 

the broadest sense.  

1.8.2.  Electrical conductivity in polymers 

The electrical properties of polymer materials are composed of a wide spectrum. The 

electrical conductivity of polymer materials, for example, changes from insulators to conductors. 

These spread across the whole spectrum [41]. 
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1.8.3.  Electrical conductivity in Conjugated or Conducting polymers 

Insulators are the majority of polymeric materials. The number of polymers containing 

double bonds that have been conjugated starts to be electrically conducted via treatment with 

reducing or oxidizing agents. In 1977, a polymer was discovered to be capable of conducting 

electricity of this type of polymer. Different from or unlike saturated polymers which have no 

electronic interest because all of their carbon atom valence electrons are paired, conjugated or 

conductive polymers with one unpaired electron (p-electron) per carbon atom. They contain a p-

conjugated system in which the carbon pz orbital overlaps with other orbitals of the successive 

carbon atoms resulting in electron delocalization along the polymer chain's backbone. Examples 

are polyaniline, polyacetal, and polythiophene [40]. The Figure 1.22 shows scheme showing 

conjugated systems in polymers. 

 

 

 
 

 

Figure 1.22. Scheme showing conjugated systems in polymers [40]. 

 



26 

1.8.4. Electrical conductivity in Saturated polymers 

Through incorporating or adding fillers with high conductivity such as graphite, graphene, 

and carbon nanotubes, the insulating polymers' conductivity can be increased or enhanced to 

some extent. Such polymers are called polymer composites, the composites' response to an 

applied electrical field or the material's dielectric properties of the polymer composites are of 

great importance because of various electrical applications [40, 42].  

The ’ is a significant dielectric property (the material's electrical energy storage capacity). 

The application of polymers is common in many electrical applications like capacitors, because of 

their strong dielectric constant values. In the electronic industries, both low and high dielectric 

constants are needed. The low dielectric constant is mainly used as insulators [38]. They are also 

passivation materials [42]. Their applications included the separation of signal-carrying 

conductors from one another, rapid signal propagation, dielectric interlayer in order to reduce 

resistance-capacity (RC) time delays, high-density crosstalk and power dissipation, and high-

speed integration. They actually are important densely packed multi-layered ICs, where it is 

appropriate to suppress the coupling between very near metal lines in order to avoid system 

performance degradation [Packaging and encapsulation are part of that function. We detach 

interlayers in electronic packaging and provide isolated paths in multilayer printed circuit boards 

for connecting electrical devices. As when the trend towards miniaturization in the manufacture 

of microprocessors, any reduction in relative permittivity would reduce the deleterious impact of 

stray and coupling capacities. Additionally, dielectric materials are used to encapsulate the balls 

that bridged the die and substratum. A distinct encapsulation, which is referred to as underfill 

assists to protect any circuit failures as well as reduce the thermal mismatch between the layers of 

the bridges. Small dielectric encapsulation materials are used to insulate the lead frame housings 

[40, 42]. 

The most important property in thermal processes is thermal conductivity k which helps in 

quantifying the passage of heat through a substance [41] can be described, as the energy is 

transported is directly proportionally to the speed of sound. In this case, thermal conductivity 

according to the relation k₌ Cp P.u.l 

where u represents sound velocity and l represents the molecular separation. The thermal 

conductivity of amorphous polymers rises as the temperature increases, they're up to Tg (glass 

transition temperature). Over Tg, as the temperature rises, the thermal conductivity decreases 

[42]. Because of the increase in density based on solidification on the semi-crystalline 

thermoplastics, the solid-state has a higher thermal conductivity than the liquid state. However, 

when in the liquid stage, the thermal conductivity of semi-crystalline polymers decreases to the 
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level of amorphous polymers. Moreover, it should come as no surprise that, melt thermal 

conductivity rises as hydrostatic pressure rises [43, 44].  

1.9. Dielectric properties of polymers   

When a potential difference (voltage) is applied, the electrons are free to travel, and the 

flow of current occurs. The main long chain and side groups of polymers, as well as the electrons 

of the atoms that make them up, are firmly connected to the central long chain and side groups via 

"covalent" bonding. Because most common polymers can't enable electron mobility due to 

covalent bonding, they serve considered insulators. Electrons can move about when a potential 

difference (voltage) is applied, and when electrons can travel freely, current flows [45].  

1.9.1. Polar and non-polar polymers  

Not every polymer behaves in the same way when voltage is applied and to describe the 

differences in the behavior of plastics, they might be classed as polar or non-polar. The bonds 

between polar polymers are not totally covalent. and there is a little distortion in the molecule's 

electronic charge. This type behavior can be explained in a simple way, which would be the case 

of H2O (water molecule). A polar water molecule is typically shown as illustrated in the Figure 

1.23.  

The two atoms of hydrogen are joined to atom oxygen, and the molecule as a whole is 

neutral. Actually, Electrons tend to gather around oxygen atoms more than atoms of hydrogen, 

and This results in a slightly negative charge for oxygen and a little positive charge for hydrogen 

atoms. This is demonstrated in the image to the right, where the grey areas represent where 

electrons are found more frequently.  

 

 

                                

Figure 1.22. A polar water molecule  
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The water molecule as a whole is electrically neutral and does not carry any charge, but the 

electron imbalance generates a polar molecule. When there is an electric field present, this 'polar 

dipole' will move and try to align with the electric field in the exact same manner that the needle 

of a compass tends to align with the earth's magnetic field [46]. 

1.9.2. Dielectric Constant (alternating current)  

The dielectric constant is a measure of the effect of a dielectric on the capacitance of a 

condenser. It set on how usefully a substance is used to separate the plates in a capacitor and is 

explained as “the proportion of an electrode set's capacitance to the dielectric material's 

capacitance between them to the capacitance of the identical electrodes in the presence of a 

vacuum. For a vacuum, the dielectric constant is 1, but it is larger than 1 for all other materials 

[47]. The Figure 1.24 shows a condenser with dielectric constant for a vacuum and Figure 1.25 

indicates the condenser with dielectric material. 

 

Figure 1.23. The dielectric constant for a vacuum  

 

Figure 1.24. The Condenser with dielectric with material 

As a polar polymer, the alternating current frequency is a significant factor due to the time it took 

to line up the polar dipoles. Low-frequency implies the dipoles have the necessary amount of time 

to line up with the field before it reverses position and It has a high dielectric constant. high-

frequency implies, the dipoles don't have enough time to line up before the direction of the field 
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changes. Hence, the dielectric constant has decreased. In the middle frequency range the dipoles 

moves, but they haven't completed their move yet. prior to the field changes direction and they 

are required to realign with the changed field. Plastics that are polar, when the frequency is low 

(60 Hz) in general have dielectric values ranging from 3 to 9, and operate when the frequency is 

high (106 Hz). The dielectric constants of most materials are between 3 and 5. For plastics that 

are non- polar, the dielectric constant is independent in the alternating current frequency as a 

result, the polarization of electrons occurs almost instantly. Plastic that is non- polar always has 

dielectric constants of a minimum of  3 [48].  

1.9.3. Electrical Property Determination  

The capacitance, resistance, dissipation factor (dielectric constant), and dielectric loss 

factor are all accurately determined with an LCR meter at room temperature by adjusting 

frequencies. Square samples with a thickness of 3 mm, a length of 10 mm, and a width of 10 mm 

are commonly used. The samples were held in place by two electrodes.  

 The volume resistivity (ρ):  

The following equation can be used to compute it from a resistance, 

 ρ = RA/t  

so that, 

 A is the area of the sample's cross-section, R is the resistance of the sample, t is the 

thickness of sample 

 The dielectric constant (ε‘
) :  

This equation can be used to compute it from capacitance. 

ε‘
 = C/ε0A  

so that, ε0 is the permittivity of air (8.85 × 10–12
 Fm

–1
), C is the capacitance with dielectric 

[49], A is the area of cross-section of the sample, and t is the thickness of the material or sample.  

 The dielectric dissipation factor (tan δ) : As a result, the following can be deduced: 

tan(δ) = ε‘’/ε’ 
  [50] 

whereby ε‘’
 is the dielectric loss.  

 The dielectric loss factor (ε‘’
) :  

can be computed in the following manner::  

ε‘’
 = C/C0ω  

so that, C is capacitance of a material, C0 is the capacitance without dielectric, ω is the 

angular frequency 
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1.10. Literature Review 

Phthalocyanine-containing polymers [26, 51, 52] can be taken into account as strong and 

materials that can be processed in which the relative orientation of the constituent Pc units in 

control by strong covalent bonding. Because of this, the introduction of Pcs into macromolecules 

is a really effective tool to produce the latest materials possess excellent properties [53, 54]. 

Polymers containing PC can be identifiable by the manner in which the macrocycle is 

incorporated within the macromolecular structures, Specifically, as a side group, in the main 

chain, or in the formation of a polymeric network. [55]. Pcs can be used as side groups of a main 

polymeric chain [26, 56]. There are two approaches for achieving this goal. One of them involves 

the polymerization (or copolymerization) of unsymmetrically substituted Pcs, i.e., holding 

reactive sites at one of the isoindole subunits. The second one requires the preparation of a 

polymer with side functional groups that can react in a further step with an appropriately 

functionalized Pc. The integration of a polymer chain might affect the organization of various 

phthalocyanine molecules. Phthalocyanines and their metal complexes have been incorporated 

into macromolecular structures as a side group, in the main chain or in a polymeric network [57]. 

The distance between the two Pc units may affect the degree of interactions between the rings 

[58]. However, there have been reported a few examples of the polymers containing a terminal 

and side phthalocyanine group. McKeown and co-workers have reported on the liquid crystalline 

properties of asymmetric phthalocyanines with one poly(ethylene glycol) chain [59]. The 

electronic properties of ball-type Pcs can change dramatically depending on the bridging 

compounds or the central metal [60,61].  

In this paper, we describe the syntheses, thermal and dielectric properties of new 

peripherally substituted ball type cobalt phthalocyanine complexes via integration of Pcs into a 

single-chain polymer structure. The precursor linear copolymers prepared by free radical 

polymerization method were amphiphilic poly(PNDEAMSt-co-St) random copolymers 

containing PNDEAMSt units in the ratio of 2 and 6% by mol. According to our literature 

investigations, it has indicated that there is almost no information about ball type Pcs via 

integration of Pcs into a single-chain polymer molecule. Therefore, the objective of this 

investigation is to characterize and to develop a new single-chain polymeric system So, this study 

is an original study. The above gaps are partially filled with our current research. Thus, the 

Co(II)-mediated single-chain collapse of the precursor was carried out in the cyclohexanol being 

a good solvent for linear precursor copolymers prepared from DEAMSt and St monomers. 

Average apparent activation energies of the thermal degradation of SCP-ball type CoPc2 

calculated by three model-free methods in a period of α = 0.07–0.90 have been estimated. The ac 

dielectric measurements of the precursor linear copolymer2, SCP-ball type CoPc2 were 
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investigated at room temperature between 100 and 2 kHz depending on the alternating current 

conductivities. 

 

 



2. MATERIAL AND METHODS 

2.1. Materials 

 4-Nitrophthalonitrile  

 Anhydrous sodium carbonate  

 Cobalt(II)acetate tetrahidrat  

 Styrene was purchased form Sigma–Aldrich  

 Dimethylformamide (DMF)  

 Tetrahydrofuran (THF)  

 Diethanolamine was obtained from Saarchem 

All solvents were dried and purified. All the other reagents were used as received 

2.2. Characterization 

 Furier-Transform Infrared (FT-IR) analyses were conducted on a Perkin Elmer Spectrum 

One FT-IR spectroscopy. Infrared (FT-IR) spectroscopy were used to characterize all the 

samples. 

  
1
H and 

13
C-NMR spectra by means of a Bruker Avance III 400 spectrometer were 

recorded using CDCI3 and DMSO-d6 as solvent. 
1
H and 

13
C-NMR(400 MHz) spectra in 

presence of CDCl3 containing tetramethylsilane in the ppm level were recorded 

  The glass transition temperatures (Tg) the linear copolymer precursor, SCPM-ball type 

CoPc and their composites were measured using a Shimadzu Differential Scanning 

Calorimetry (DSC-50) instrument. The measurements were performed using virtually 5 

mg of sample at 20 
o
C/minute rate depending on increase in temperature up to 200 

o
C.  

   The Tg values were estimated from a midpoint of transition range. Thermogravimetric 

(TG) behaviors were investigated up to 500 
o
C using a thermogravimetric analyzer 

system under 10 ml/min argon flow (Shimadzu model, TGA-50). The dynamic weight 

loss measurements were conducted on a Shimadzu TGA-50 thermogravimetric analyzer 

(TGA). All the measurements were carried out in an argon gas flow (10 ml/min) using 

sample weights of 5 mg from 25
o
C to 500 

o
C at a scan rate of 10 

o
C/min.  

 UV–Vis absorption and diffuse reflectance spectra were obtained using a Aurora 4000 

TG-UV-NIR, UV–Vis–NIR spectrophotometer. 

  Mass spectra were recorded on a Rapiflex MALDI-TOF-MS. In the MALDI-TOF-MS 

experiments, 3 mg polymeric sample was dissolved in 1 ml THF. For the MALDI matrix 

solution, 20 mg of DCTB MALDI matrix was dissolved in 1ml methanol. Then, MALDI 

matrix solution and sample solution was mixed each other in 5:1 ration and finally 1 mL 
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from final solution was deposited onto the MALDI target and analyzed in MALDI-TOF-

MS. Mass calibration of MALDI-TOF-MS was performed by the peptide mixture 

standard solution (Bruker Daltonics, Bremen-GERMANY). 

  The dielectric and electrical behaviors of the polymer and composite materials were 

performed on tablets prepared under a pressure of four tons. For dielectric measurements, 

a QuadTech 7600 LRC Impedance Analyzer from 100 Hz up to 2 kHz was used. The 

electrical characterization measurements were carried out using the FYtronic Electric 

Characterization device. 

2.3. Experimental 

2.3.1. Modification of 4-chloromethyl styrene with diethanolamine to formed DEAMSt 

Monomer 

4-Chloromethyl styrene was modified in accordance with the method adapted from the 

literature [62] 15 g (0.098 mol) of the CMS was added to the 250 mL flask, followed adding in 

10mL THF and 20mL DMF. Diethanolamine 11.36 g (0.108 mol) and NaHCO3 12 g (0.143 mol) 

were put to the mixture. The reaction mixture was refluxed for one day. The reaction mixture was 

then filtered and the filtrate was evaporated to remove the solvent (THF and DMF). A reddish 

brown solution was obtained (DEAMSt). The modified monomer (DEAMSt) was shown in 

Figure 2.1. FT-IR, 
1
H-NMR, and 

13
C-NMR methods were used to determine the structure of 

DEAMSt monomer. The                                  Figure 2.1 shows the reaction of 4-chloromethyl 

styrene and diethanolamine to formed DEAMSt Monomer. Also, DEAMSt and St monomers 

were copolymerized by free radical polymerization method in presence of 1,4-dioxane at 60 
o
C. 

Reaction scheme of P(DEAMSt-co-St) was indicated in Figure 2.1. 

 
                                 Figure 2.1. Synthesis of DEAMSt monomer and P(DEAMSt-co-St)  
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2.3.2. Synthesis of 4,4'-((((4-vinylbenzyl)azanediyl)bis(ethane-2,1diyl))bis(oxy))  

Diphthalonitrile (PNDEAMSt) 

The target precursors were prepared by reaction of 4-nitrophthalonitrile and 4-

diethanolaminomethyl styrene. For this purpose, 4-diethanolaminomethyl styrene (1.05 g, 

0.00475 mol) and 4-nitrophthalonitrile (1.65 g, 0.0095 mol) were added with stirring to dry 

dimethyl formamide (DMF, 20 mL). The mixture was passed with nitrogen gas flow. The 

reaction was carried out at 70°C for 24 h. The reaction during it was added Na2CO3 (1.51 g, 

0.0142 mol) to the mixture over a period of 6 h. The solution was filtered. After this one, it was 

then poured into 200 mL of ice-water mixture and it was stirred for about 10 min. The 

precipitated PNDEAMSt in the aqueous mixture was filtered. Then, the PNDEAMSt was dried 

on air. The brown solid was soluble in chloroform, tetrahydrofuran (THF), dimethyl formamide 

(DMF) and dimethylsulfoxide (DMSO). Figure 2.2 shows the preparation of PNDEAMSt 

monomer and poly(PNDEAMSt-co-St). 
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Figure 2.2. Synthesis of PNDEAMSt monomer and poly(PNDEAMSt-co-St) 

Mechanism of  nucleophilic aromatic substitution reaction as a result of elimination of NO2 group 

on aromatic ring bearing nitril or nitrils was indicated in Figure 2.3. 
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Figure 2.3. Mechanism of  nucleophilic aromatic substitution reaction  

2.3.3.  Free radical copolymerization of  PNDEAMSt and Styrene 

The copolymerization of PNDEAMSt and styrene was carried out at 60 
o
C in presence of 

1,4-dioxane using AIBN as initiator. PNDEAMSt and styrene monomers, AIBN and 1,4-dioxane 

as solvent were mixed within two different polymerization tube. The mixture was passed from 

argon gas about 5 minutes, and then it was incubated in a preheated oil bath to 60 
o
C. After a 

desired time, the mixture of polymerization was cooled to about 25 
o
C. The prepared copolymers 

were isolated by precipitating within excess ethyl alcohol and purified by reprecipitation, and 

later the copolymer systems were dried under vacuum at 40 
o
C for one day.  

Figure 2.4. shows the  copolymerization of PNDEAMSt and styrene to produced 

poly(PNDEAMSt-co-St). 

                          

Figure 2.4. Copolymerization of PNDEAMSt and styrene to produced poly(PNDEAMSt-co-St) 
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2.3.4. Synthesis of Intramolecular Ball-Type Cobalt Phthalocyanine Complexes with 

Single-Chain Polymer Structure (SCP-ball-type CoPc2) 

The precursor copolymer, poly(PNDEAMSt6%-co-St), (320 mg, 0.156 mmol), 

Co(CH3COO)2.4H2O (19.6 mg, 0.078 mmol), phthalonitrile (116.8 mg, 0.91 mmol) and 150 ml 

cyclohexanol as solvent were added to a reaction flask. The mixture was refluxed by adding 2 

drops of DBU between 140-150 °C for 36 h under argon atmosphere. In addition, the SCP-ball 

type CoPc1 was synthesized using precursor copolymer, poly(PNDEAMSt2%-co-St), under 

similar conditions. The after cooling to room temperature, the reaction mixture was precipitated 

into excess cooled ethyl alcohol. The product was filtered, and the greenish products was dried 

under vacuum at 40°C. The Figure 2.5 and Figure 2.6 show the synthesis and representation  of 

SCP-ball type CoPc. 

 

 

 

Figure 2.5. Synthesis of SCP-ball type CoPc 
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Figure 2.6. Mechanism of phthalocyanine formation [63] 

 

Synthesis scheme of intramolecular ball-type cobalt phthalocyanine complexes with 

Single-chain polymer Structure (SCP-ball-type CoPc) was illustrated in the Figure 2.7. 
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Figure 2.7. Representation of SCP-ball type CoPc 

2.3.5. Preparation of linear copolymer precursor [P(PNDEAMSt 12%-co-Styrene)] 

PNDEAMSt (280 mg, 0.59 mmol) and styrene (1980 mg, 19 mmol) were copolymerized 

using AIBN as the initiator in the presence of 1,4-dioxane. Within about 10 minutes, the solution 

was passed from argon gas and then incubated to 60
o
C in a preheated oil bath. The 

polymerization mixture was cooled to room temperature after the required time. The produced 

copolymer was separated by precipitating in excess ethyl alcohol, and then the linear copolymer 

precursor was dried in vacuum for one day at 40 
o
C. 

 

                           

Figure 2.4 shows the copolymer structure of PNDEAMSt and styrene. 
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2.3.6. Synthesis of SCPM-ball type CoPc 

SCPM-ball type CoPc was prepared according to procedure as follow: the linear copolymer 

precursor, poly(PNDEAMSt12%-co-St), (400 mg, 134 mmol), Co(CH3COO)2
.
4H2O (50.0 mg, 

0.20 mmol), phthalonitrile (200 mg, 1.56 mmol) and 140 ml of cyclohexanol was added to the 

reaction flask as a solvent. The mixture was refluxed at 140-150 
o
C for 34 h under the argon 

atmosphere in 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (2-3 drops). The reaction mixture was 

cooled to room temperature, and it was slowly precipitated within cooled excess ethyl alcohol. 

The greenish polymer was filtered and dried under vacuum for 24 hrs at 40  . The Figure 2.8 

shows structure of; A) linear copolymer precursor B) SCPM-ball type CoPc. 

 

 

Figure 2.8. The structure of A) linear copolymer precursor B) SCPM-ball type CoPc  

2.3.7. Synthesis of Graphite Oxide 

Flakes of graphene oxide, Danubia NanoTech has produced, the method was adapted from 

Hummer's method (Han and coworkers) [64]. For this purpose, graphite (1 g) was treated with 

mixture of HNO3:H2SO4 (1:3; v/v) (25mL). Refluxing took place for 10 minutes, with the 

vigorous evolution of NO2. Next, upon reaching room temperature (2 hours), the oxidized 
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graphite was filtered off. Finally, graphite oxide was rinsed thoroughly with water to a pH=7.0. 

The graphite oxide was dried at a temperature of 85 
o
C for 12 hours. Figure 2.9 shows synthesis 

scheme graphite oxide prepared by Hummer's method. 

  

 

 

 

 

Figure 2.9.  Synthesis of Graphite Oxide  

2.3.8. Preparation P(PNDEAMSt 12%-co-St)/GO and SCPM-ball type CoPc/GO 

composites 

The preparation of P(PNDEAMSt12%-co-St)/GO and SCPM-ball type CoPc/GO 

composites was as follows. Initially, the dispersion of graphite oxide was carried out in the 

CGOLDENWALL Ultrasonic Homogeniser Sonicator Processor 300 W-500 mL Cell Distruptor 

Mixture for 3 hours at 50 W. The graphite oxide filler in the required amount was added into 

every of polymer matrix the predissolved in dichloromethane and mixed mechanically at a ratio 

of 3.6 wt%, 4.5 wt %, 6.5 wt% and 14 wt%. After this process, the mixture was subjected to 

ultrasonic dispersion for 5 minutes for a proper filler dispersion. The dichloromethane was 

removed from the polymer composites. Then, the composites were dried for 24 h under vacuum 

to constant weight at 40 
o
C.  

 



3. CHAPTER RESULTS  

3.1. Linear Copolymer Precursor1, P(PNDEAMSt2%-co-St) 

The characterization of copolymers was carried out using FT-IR and 
1
H-NMR analysis. 

3.1.1. Characterization of P(DEAMSt2%-co-St) 

The FT-IR spectrum of linear copolymer precursor1 or P(DEAMSt2%-co-St). The FT-IR 

spectrum of poly(DEAMSt2%-co-St) is indicated in the  Figure 3.1 and evaluated in Table 3.1. 

 

 

 

Figure 3.1. FT-IR spectrum of poly(DEAMSt2%-co-St) 

Table 3.1. FT-IR spectrum evaluation of poly(DEAMSt2%-co-St) 

Wavelength (cm-1) Vibration Type 

3400 O-H stretching 

3025-2924 C-H stretching on the aromatic and aliphatic groups 

1601 C=C stretching 

1265 C-O stretching 

699 C-N stretching 

 

The Figure 3.2 shows the 
1
H-NMR spectrum of poly(DEAMSt2%-co-St) or linear copolymer 

precusor and evaluated in Table 3.2. 

 



43 

 

Figure 3.2. 
1
H-NMR spectrum of poly(DEAMSt2%-co-St) 

Table 3.2. 
1
H-NMR spectrum evaluation of poly(DEAMSt2%-co-St) 

Chemical Shift (ppm)         Signal Type 

1.25-1.9                                                        CH2- 

2.75         CH2N- 

3.42   

4.12        

 CH2O- 

                                  OH 

 

3.1.2.  Characterization of P(PNDEAMSt2%-co-St) 

The IR spectrum of linear copolymer precursor 1 P(DEAMSt2%-co-St) is given in Figure 

3.3 and its IR spectrum is evaluated in Table 3.3. 
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Figure 3.3. FT-IR spectrum of P(PNDEAMSt2%-co-St) 

Table 3.3. FT-IR spectrum evaluation of P(PNDEAMSt2%-co-St) 

Wavelength (cm-1) Vibration Type 

3025,2924 C-H stretching on the aromatic and aliphatic groups 

2233 CN stretching 

1601 C=C stretching 

1452 C-C stretching 

1254 C-O stretching 

699 C-N stretching 

 

The 
1
H-NMR spectrum of P(PNDEAMSt2%-co-St) is given in Figure 3.4 and evaluated in 

Table 3.4 

 
Figure 3.4. 

1
H-NMR spectrum of P(PNDEAMSt2%-co-St) (Solvent: CDCl3) 
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Table 3.4. 
1
H-NMR spectrum evaluation of P(PNDEAMSt2%-co-St) 

       Chemical Shift (ppm)                       Signal Type 

1.25-1.9                                 CH2- 

2.75                               CH2N- 

3.42   

1.25-1.9                

                       CH2O- 

                       CH2- 

3.2. SCP-ball type CoPc1 

The IR spectrum of SCP-ball type CoPc1 and P(PNDEAMSt2%-co-St) is given in Figure 

3.5 and its IR spectrum is evaluated in Table 3.5 and Table 3.6. 

 

Figure 3.5. FT-IR spectrum of a) P(PNDEAMSt2%-co-St) b)SCP-ball type CoPc1  

Table 3.5. FT-IR spectrum evaluation of P(PNDEAMSt2%-co-St) 

Wavelength (cm-1) Vibration Type 

3025,2924 

2230 

C-H stretching on the aliphatic CH2 

CN  stretching 

1601 C=C stretching 

           1452 C-C stretching 

                     1254 Ar-O-Ar stretching 

699 C-N stretching 
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Table 3.6. FT-IR spectrum evaluation of SCP-ball type CoPc1 

     Wavelength (cm-1) Vibration Type 

3025,2924 C-H stretching on the aromatic and aliphatic groups 

1601 C=C stretching 

1452 C-C stretching 

1254 Ar-O-Ar stretching 

699 C-N stretching 

 

3.2.1. UV-Vis spectroscopy Analysis of SCP-ball type CoPc1 and Scp-ball type CoP2 

The UV-Vis spectroscopy Analysis of SCP-ball type CoPc1 is given in Figure 3.6 and the 

UV-Vis spectroscopy analysis is evaluated in Table 3.7. 

 

Figure 3.6. UV-Vis spectroscopy interpretation of SCP-CoPc1 and SCP-CoPc2 
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Table 3.7. UV-Vis spectroscopy interpretation of CoPc1 

Absorption bands           Wavelength               Region 

     B-bands 320-350                         UV 

     Q-bands 600-700                  Visible region 

 

3.2.2. MALDI-TOF-MS Characterization of SCP-ball type CoPc1 

The MALDI-TOF-MS analysis of SCP-ball type CoPc1 is given in Figure 3.7 and  

evaluated in Table 3.8. 

 

 

 

Figure 3.7. MALDI-TOF-MS Analysis of of SCP-ball type CoPc1  

Table 3.8. MALDI-TOF-MS analysis of SCP-ball type CoPc1 is evaluated  

   Spacies           Chemical Formula              MW 

   a and b          H and OH                        16 Da 

   Repeating Unit 

   Pendent group 

         Styrene                           104 Da 

         Phthalocyanine             2010 Da 
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3.2.3. DSC measurements of SCP-ball type CoPc2 

DSC curves of SCP-ball type CoPc2 and pure polystyrene (PSt) prepared by free radical 

polymerization method were recorded at heating rate of 20 
o
C/min. The Figure 3.8 shows  DSC 

curves of SCP-ball type CoPc2 and pure polystyrene (PSt) and evaluated in Table 3.9. 

 

Figure 3.8. DSC curves of SCP-ball type CoPc2 and pure polystyrene (PSt)  

Table 3.9. DSC evaluation 

Polymer Tg (
oC) 

PSt   84.2      

SCP-ball type CoPc1                    75.8      

 

3.2.4. Thermogravimetric measurements and analysis of residue 

Thermal decomposition temperatures of pure PSt, P(PNDEAMSt6%-co-St)2, SCP-ball-

type CoPc1 and SCP-ball-type CoPc2 were estimated by thermogravimetric analysis. The Figure 

3.9 shows a TGA Analysis of pure PSt, P(PNDEAMSt6%-co-St)2, SCP-ball-type CoPc1 and 

SCP-ball-type CoPc2 and evaluated in Table 3.10. 
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Figure 3.9. TGA Analysis of pure PSt, P(PNDEAMSt6%-co-St)2, SCP-ball-type CoPc1 and SCP-ball-type 

CoPc2 

Table 3.10. TGA Evaluation 

Sample Tg/oC Ti
a /oC T %50 /

oC %Residue 

            Pure PS synthesized by FRP 102 305 402      2 

SCP-ball type CoPc1 106 224 424      6 

Precursor copolymer2 

SCP-ball type CoPc2 

105 

116 

303 

312 

442 

438 

   18 

   16 

 

3.2.5. FT-IR analysis for residue of SCP-ball type CoPc1  

FT-IR spectrum was recorded in presence of KBr for residue of SCP-ball type CoPc1 

heated to 600 
o
C. The Figure 3.10 shows FT-IR spectrum of residue for SCP-ball type CoPc1 

heated to 600 
o
C and evaluated in Table 3.11. 
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Figure 3.10. FT-IR spectrum of residue for SCP-ball type CoPc1 heated to 600 
o
C 

Table 3.11. FT-IR evaluation 

   Wavelength (cm-1)                        Vibration Type 

2995-2924 C-H stretching on the aliphatic CH2 

1625 C=C stretching 

             1424 C-C stretching 

667,579  Co-O stretching in the Co3O4  

3430,1630 H2O bending and stretching vibration 

 

3.2.6. The kinetic analysis of SCP-ball type CoPc1 

The kinetic analysis of the degradation of samples was performed by utilizing the 

thermograms obtained from the TGA. For this purpose, the dynamic thermal degradation 

measurements on SCP-ball type CoPc1 were performed at temperature range from room 

temperature to 600 
o
C, under a nitrogen flow (10 ml/min), at different heating rates (5.0, 10.0, 

15.0, 20.0, 25.0 and 35.0 
o
C/min). The Figure 3.11 shows TGA of SCP-ball type CoPc1), at 

different heating rates (5.0, 10.0, 15.0, 20.0, 25.0 and 35.0 
o
C/min). 
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Figure 3.11. TGA of SCP-ball type CoPc1 at different heating rates (5.0, 10.0, 15.0, 20.0, 25.0 and 35.0 
o
C/min) 

Figure 3.12 shows graph kinetic analysis using the specific results of application of 

Ozawa’s method for all type CoPc1 decomposition in argon gas flow. 
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Figure 3.12. shows graph kinetic analysis using the specific results of application of Ozawa’s method for 
all type CoPc1 degradation in argon gas flow 
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Table 3.12 shows the average apparent activation energy of the thermal degradation of 

SCP-ball type CoPc1 calculated by three model-free methods in a period of α = 0.07–0.90 

(weight loss (%). 

Table 3.12. Average apparent activation energy of the thermal degradation of SCP-ball type CoPc1 

calculated by three model-free methods in a period of α = 0.07–0.90  

    Weight loss (%)          Activation energies (Ea), kJ/mol 

   7      33,156  

  20            34.178  

  30                34.877  

  50           35.425  

  90                56.726  

 

Figure 3.13 shows the plots of activation energy as a function of conversion for 

extent of conversion. 
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Figure 3.13. Plot of activation energy as a function of extent conversion 

3.2.7. Optical and Dielectric behaviors for the SCP-ball type CoPc1 

Figure 3.14 shows refractive index, n, for the SCP-ball type CoPc1 as a function of 

wavelength and evaluated in Table 3.13. 
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Figure 3.14. Plot of refractive index, n, for the SCP-ball type CoPc1 as a function of wavelength. 

Table 3.13. Wavelength and Region for SCP-ball type CoPc1 

       Refractive index Wavelength(nm)               Region 

B-bands                                    488-600                          UV 

Q-bands       600-700                   Visible region 

3.2.8. Dielectric behavior investigation of precursor copolymer2 

The Figure 3.15 shows graphs of a) ’, b) ", c) tan and d) lnσac versus frequency for 

precursor copolymer2. 

 

 

 
 

  

Figure 3.15. Graphs of a) ’, b) ", c) tan and d) lnσac versus frequency for precursor copolymer2 
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3.2.9. Dielectric behaviors of SCP- ball type CoPc2 

Figure 3.16 shows graphs of a) ’, b) ", c) tan and d) lnσac versus frequency for SCP-ball 

type CoPc2.  

 

 

 

Figure 3.16. Graphs of a) ’, b) ", c) tan and d) ln σac versus frequency for SCP-ball type CoPc2 
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3.3. Characterization of P(DEAMSt12%-co-St) 

The IR spectrum of linear copolymer precursor or P(DEAMSt12%-co-St) is given in 

Figure 3.17 and the IR spectrum is evaluated in Table 3.14. 

 

 

 

Figure 3.17. FT-IR spectrum of poly(DEAMSty12%-co-St) 

Table 3.14. FT-IR spectrum evaluation of poly(DEAMSt12%-co-St) 

Wavelength (cm-1) Vibration Type 

3400 O-H stretching 

3025,2924 C-H stretching on the aliphatic CH2 

1601 C=C stretching 

1265 C-O stretching 

  

 

Figure 3.18 shows  
1
H-NMR spectrum of poly(DEAMSt12%-co-St) and evaluated in 

Table 3.15. 
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Figure 3.18. 
1
H-NMR spectrum of poly(DEAMSt12%-co-St) 

Table 3.15. 
1
H-NMR spectrum evaluation of poly(DEAMSt12%-co-St) 

Chemical Shift (ppm)         Signal Type 

1.25-1.9                                                       CH2- 

2.75        CH2N- 

3.42   

4.12        

CH2O- 

                                 OH 

3.3.1.  Characterization of  P(PNDEAMSt12%-co-St) 

The FT-IR spectrum of linear copolymer precursor or P(PNDEAMSt12%-co-St) is given in 

Figure 3.19 and evaluated in Table 3.16. 
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Figure 3.19. FT-IR spectrum of P(PNDEAMSt12%-co-St) 

Table 3.16. FT-IR spectrum evaluation of P(PNDEAMSt12%-co-St) 

Wavelength (cm-1)                        Vibration Type 

3025,2924 C-H stretching on the aliphatic CH2 

2233 CN stretching 

1601 C=C stretching 

1452 C-C stretching 

1254 C-O stretching 

699 C-N stretching 

 

The 
1
H-NMR spectrum of P(PNDEAMSt12%-co-St) is given in Figure 3.20 and evaluated 

in Table 3.17. 
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Figure 3.20. 

1
H-NMR spectrum of P(PNDEAMSt12%-co-St) (Solvent: CDCl3) 

Table 3.17. 
1
H-NMR spectrum evaluation of P(PNDEAMSt12%-co-St) 

       Chemical Shift (ppm)                       Signal Type 

1.25-1.9                                -CH2- 

2.75                             -CH2N- 

3.42   

1.25-1.9                

                     -CH2O- 

                     -CH2- 

3.4. SCP-ball type CoPc3 

3.4.1. The IR spectrum of SCP-ball type CoPc3 and P(PNDEAMSt12%-co-St) 

The FT-IR spectrum of SCP-ball type CoPc3 is given in Figure 3.21. 
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                                   Figure 3.21 

 

                                   Figure 3.21. FT-IR spectra of SCP-ball type CoPc3 

3.4.2. MALDI-TOF-MS of the SCPM-ball type CoPc3 

The SCPM-ball type CoPc3 structure having two double core or more double core 

phthalocyanine was confirmed by MALDI-TOF-MS in positive ion and reflection mode. The 

spectrum is indicated in Figure 3.22 and characterized in Table 3.18. 
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Figure 3.22. MALDI-TOF-MS spectrum of SCP-ball type CoPc3 sample acquired in positive ion mode. 

All the species are ionized in silver adduct forms 

Table 3.18. MALDI-TOF-MS spectrum of SCP-ball type CoPc3  

   Spacies        Chemical Formula              MW 

   a and b H, and OH                        16 Da 

   Repeating Unit 

   Pendent group 

Styrene                           104 Da 

Phthalocyanine             2010 Da 

 

 

The Figure 3.23 shows the FT-IR spectra of a) poly(PNDEAMSt12%-co-St) and b) SCP-

ball type CoPc3 as comparison. 
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Figure 3.23. FT-IR spectra of a) poly(PNDEAMSt12%-co-St) and b) SCP-ball type CoPc3 

3.4.3. UV-vis spectrum of SCP-ball type CoPc3 

The UV-vis spectrum having two broad peaks at 598 nm and 660 nm of SCPM-ball type 

CoPc3 is indicated in Figure 3.24 and evaluated in Table 3.19. 
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Figure 3.24. UV-vis spectrum of SCP-ball type CoPc3 

Table 3.19. UV-vis spectrum of SCP-ball type CoPc3 characterization 

Absorption bands           Wavelength               Region 

      B-bands 320-350                         UV 

      Q-bands 600-700                  Visible region 

3.4.4. SEM Analysis of SCPM-ball type CoPc3 

The Figure 3.25 shows a SEM micrograph of the plan view in the different magnitudes of 

SCPM-ball type CoPc3.  
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Figure 3.25. SEM images of the SCPM-ball type CoPc3 structure at different magnifications  

3.4.5. DSC curves of SCPM-Ball Type CoPc3 and P(PNDEAMSt12%-co-St) GO 

Composites 

The DSC curves of P(DEAMSt12%-co-St), P(PNDEAMSt12%-co-St), P(PNDEAMSt12%-co-

St)/GO 3.6% (by wt), P(PNDEAMSt12%-co-St)/GO 4.5% (by wt) and SCPM-ball type CoP were 

indicated in Figure 3.26. 
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Figure 3.26.  DSC curves of P(DEAMSt12%-co-St), P(PNDEAMSt12%-co-St), P(PNDEAMSt12%-co-

St)/GO 3.6% (by wt), P(PNDEAMSt12%-co-St)/GO 4.5% (by wt) and SCPM-ball type CoPc 

3.4.6. Thermo-Gravimetry (TG) of  SCPM-ball type CoPc3 and P(PNDEAMSt12%-

co-St)  

Thermal stabilities of P(DEAMSt12%-co-St) and linear copolymer precursor and SCPM-

ball type CoPc were investigated, and their TG curves were showed in Figure 3.27 and Figure 

3.28 and are evaluated in Table 3.20.  
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Figure 3.27. TGA curves of P(DEAMST12%-co-St) at different heating rate 

 

Figure 3.28. TGA curves of SCP-ball type CoPc measured at different heating rate 

 



66 

Table 3.20. TGA results of TGA data for P(DEAMSt12%-co-St), lineer copolymer precursor and SCP-ball       

type CoPc 

Sample Tinitial (
oC) T%50 (

oC) Tf 

 

% Residue at 

      500oC 

P(DEAMSt12%-co-St) 243 437  480          8 

P(PNDEAMSt12%-co-St) 300 382 500>         25 

SCPM-ball type CoPc                                       
298 440 500>         22 

 

3.4.7. Kinetic Analysis 

The kinetic properties of decomposition of the linear copolymer precursor and SCPM-ball 

type CoPc were revealed by calculating the activation energy (Ea) by the FWO and KAS models, 

which are iso-conversional methods. The Figure 3.29 and Figure 3.30 show the determination of 

the activation energy of the SCPM-ball type CoPc calculated by the methods; (a) FWO and (b) 

KAS, respectively. 

 

 

 
Figure 3.29. Determination of the activation energy of the SCPM-ball type CoPc3 calculated by the    

                     methods (a) FWO and (b) KAS methods 
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Figure 3.30. Determination of the activation energy of the SCPM-ball type CoPc3 calculated by the 

methods (a) FWO and (b) KAS (Continue) 

The Figure 3.31 shows the  activation energy variation versus conversion plots for F-W-O 

and KAS methods for P(PNDEAMSt12-co-St) and SCPM-ball type CoPc values of Ea are 

evaluated in Table 3.21 for each conversion. 



68 

0.0 0.2 0.4 0.6 0.8

100

200

300

400

A
c
ti

v
a
ti

o
n

 E
n

e
rg

y
 (

k
J 

m
o

l-1
)

Conversion (a)

   P(PNDEAMSt12%-co-St) using FWO Method

   P(PNDEAMSt12%-co-St) using KAS Method

   SCPM-ball type CoPc using FWO Method

   SCPM-ball type CoPc using KAS Method

 

Figure 3.31. Activation energy variation versus conversion plots for F-W-O and KAS methods. 

Table 3.21. Values of Ea for each conversion for F-W-O and the KAS methods 

Linear copolymer precursor SCP-ball type CoPc 

a Ea (kJ/mol) 

(F-W-O) 

Ea (kJ/mol) 

(KAS) 

Ea (kJ/mol) 

(F-W-O) 

Ea (kJ/mol) 

(KAS) 

0.1 99.73 110.57 99.73 96.52 

0.2 106.13 117.47 106.13 102.76 

0.3 108.90 117.47 108.90 105.25 

0.4 128.18 127.70 128.18 123.96 

0.5 149.84 130.03 149.84 144.91 

0.6 159.64 132.10 159.64 154.30 

0.7 173.15 133.19 173.15 163.37 

0.8 369.62 123.87 369.62 339.37 

Average 128.77 124.05 161.90 153.80 
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3.4.8. Electrical Characterization of Linear Copolymer Precursor P(PNDEAMSt12%-co- 

St) 5% by wt loaded GO 

Figure 3.32, Figure 3.33 and Figure 3.34 show  frequency dependence of dielectric 

constant, dielectric loss factor and tan at different temperatures (40, 90 and 130
o
C), 

P(PNDEAMSt12%-co-St) 6.5% (by wt) loaded GO. 

 

Figure 3.32 Frequency dependence of dielectric constant, at different temperatures (40, 90 and130 
o
C), 

P(PNDEAMSt12%-co-St) 6.5% by wt loaded GO. 

 

Figure 3.33. Frequency dependence of dielectric loss factor, measured at different temperature (40, 90 

and130 
o
C), for P(PNDEAMSt12%-co-St) 6.5% by wt loaded GO. 
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Figure 3.34. Frequency dependence of tanmeasured at different temperature (40, 90 and130 

o
C), for    

                    P(PNDEAMSt12%-co-St) 6.5% by wt loaded GO. 

3.4.9.  Electrical Characterization of SCP-ball Type CoPc3 Loaded GO 

Figure 3.35 and Figure 3.36 show  frequency dependence of dielectric loss factor and tan 

at different temperatures (40, 90 and 130 
o
C), for SCP-ball type CoPc3 14 wt % GO composite.  
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Figure 3.35. Frequency dependence of dielectric loss factor,measured at different temperature (40, 90 and 

130 
o
C), for SCP-ball type CoPc3 14% wt GO composite. 
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Figure 3.36. Frequency dependence of tanmeasured at different temperature (40, 90 and 130 
o
C), for 

SCP-ball type CoPc/14 wt% GO composite 

The Figure 3.37 shows the ac conductivity versus frequency at two different temperature of 

linear copolymer precursor 6.5% by wt GO and SCP-ball type CoPc14% by wt GO composites. 
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Figure 3.37. Ac conductivity versus frequency at two different temperature of linear copolymer precursor  

6.5% by wt GO and SCP-ball type CoPc314% by wt GO composites 
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 The Figure 3.38 shows dc conductivity dependence of temperature for linear copolymer 

precursor 3.6% by wt GO. 

 

 

 

Figure 3.38. Dc conductivity dependence of temperature for linear copolymer precursor 3.6% by wt GO. 

The Figure 3.39 shows dc conductivity dependence of temperature for linear copolymer 

precursor 4.5% by wt GO 

 

 

Figure 3.39. Dc conductivity dependence of temperature for linear copolymer precursor 4.5% by wt GO 
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Figure 3.40 shows dc conductivity dependence of temperature for linear copolymer 

precursor 6.5% by wt GO. 

 

Figure 3.40. Dc conductivity dependence of temperature for linear copolymer precursor 6.5% by wt GO 

The Figure 3.41 shows dc conductivity dependence of temperature  SCP-ball type CoPc3 

14% by wt GO composites. 

 

Figure 3.41. Dc conductivity dependence of temperature  SCP-ball type CoPc3 14% by wt GO composites 

The Figure 3.42 shows graph of current versus voltage linear copolymer precursor 

composites. 
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Figure 3.42. Graph of current versus voltage linear copolymer precursor composites 

 

 

 

 



4. DISCUSSION 

 SCP-ball type CoPc prepared from three different linear copolymer precursors carrying 

phthalonitrile pendant groups (prepared by free radical polymerization) followed by 

macrocyclization of the pendant groups to form CoPcs.  

4.1. Linear copolymer precursor 1 and 2, SCP-CoPc 1 and 2 

The styrene monomer containing phthalonitrile group [4,4'-((((4-vinylbenzyl)azanediyl) 

bis-(ethane-2,1diyl)) bis(oxy))diphthalonitrile, (PNDEAMSt) was synthesized via a nucleophilic 

aromatic substitution reaction according to the synthetic route (as shown in Figure 2.2) between 

4-diethanolaminomethyl styrene and 4-nitrophthalonitrile in presence of Na2CO3 at 70 
o
C. The 

some important signals as to structure of PNDEAMSt synthesized are summarized following as: 

FT-IR (cm
-1

) 3115, 3083, 3046 (aromatic C-H stretching), 2833-2948 (aliphatic C-H stretching, 

2230 (CN stretching), 1628 (C=C stretching in the CH2=CH-) 1598 (C=C stretching on the 

aromatic ring), 1253 (C-O stretching on the aryl group). 
1
H-NMR (ppm) : 3.11 (two CH2 next to 

nitrogen), 3.83 (CH2 between phenyl and nitrogen atom), 4.13 (two CH2 next to -O-aryl), 5.28 (cis 

H in the CH2=CH-phenylene-), 5.77 5.28 (trans H in the CH2=CH- phenylene-), 6.63 (CH2=CH-

phenylene-), 7.13-7.29 (another aromatic protons), 7.69 (aromatic ring protons (4H) adjacent to 

CN group).
13

C-NMR (ppm) : 53.28 3.11 (CH2 next to nitrogen), 59.5 (CH2 between phenyl and 

nitrogen atom), 68.04 (CH2 next to -O-aryl), 114 and 115 (C in the CN). 

 Two different copolymers prepared with PNDEAMSt and styrene were synthesized by 

free radical polymerization method at 60 
o
C (as shown in Figure 2.4.) 

 

 

New binuclear, SCP-ball-type CoPcs were prepared by the reaction of poly(PNDEAMSt2-

co-St) and poly(PNDEAMSt6-co-St) with Co(CH3COO)2.4H2O in presence of excess 

pthalonitrile under diluted conditions. The structure and purity of the ball-type SCP-ball type 

CoPcs were confirmed by UV–Vis, FT-IR and MALDI-TOFF-MS. The both of SCP- ball-     
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type CoPcs were well soluble in most of routine organic solvents such as dichloromethane, 

tetrahydrofuran, DMSO, THF and CHCl3. The composition of copolymers synthesized by free 

radical copolymerization of PNDEAMSt and St at 60 
o
C were estimated via 

1
H-NMR spectra (as 

shown in Figure 3.4). The characteristic peaks of the PNDEAMSt were observed for protons 

being next to etheric oxygen (δ = 3.0 ppm) and aromatic proton (δ =7.8 ppm) in the 1
H-NMR 

spectrum. 
1
H-NMR spectra of poly(PNDEAMSt-co-St)1 and poly(PNDEAMSt-co-St)2 showed a 

characteristic some broad signal at 7.8 ppm, which is assigned to four protons the peripherally 

positioned proton (12 and 13 numbered protons on the Figure 2.4) on the CN-Ar-H moiety. Also, 

11 numbered proton overlaps with other aromatic protons. In 
1
H NMR spectrum of 

poly(PNDEAMSt-co-St)2 the total integration height of protons 12 and 13 numbered is 0.12. Mol 

number of PNDEAMSt moiety was estimated as 0.03 (0.12/4), and those of 11 and total aromatic 

protons are 2.60. PNDEAMSt moiety has 0.06 for 11 numbered protons and 0.21 for its aromatic 

protons, those integral height (0.06 and 0.21) 0.27 was removed from 2.6 and estimated 2.33. 

Here, mol number of styrene moiety estimated as 0.466 (2.33/5). In this context, mol fractions of 

PNDEAMSt and St in the precursor copolymer2 was found as 6% and 94%, respectively. In 

similar fashion, in 
1
H NMR spectrum of precursor copolymer1, mol fractions of PNDEAMSt and 

St were estimated as 2% and 98%, respectively. Green colored SCP-ball type CoPc1 and SCP-

ball type CoPc2 were prepared by cyclotetramerization of precursor copolymer1 and 2 with 

Co(CH3COO)2 and phthalonitrile in cyclohexanol. Structure of green colored SCP-ball type CoPc 

has been showed in the Figure 2.5 The precipitated polymers occured during reaction. For the 

efficient formation of CoPcs in SCP, the phthalonitrile was added to the reaction medium. The 

use of excess of solvent in the reaction was considerably required to minimize intermolecular 

coupling reactions of SCP-ball type CoPcs resulting in insoluble impurities. Before the reaction, 

although the mixture is colorless the color of the solution changed from light yellow to greenish 

together the macrocyclization step. Any precipitant not occured at end of reaction. This behavior 

implies that intermolecular coupling reactions are not occured due to excesses used 

cyclohexylalcohol and added phthalonitrile. The vibronic peaks of the nitrile groups in FT-IR 

spectra of the PNDEAMSt unit after copolymerization (as seen in the Figure 3.5) were observed 

at 2230 cm
-1

 and the precursor copolymers showed Ar-O-Ar vibrational band bands at 1254 cm
-1

 

in the FT-IR spectrum. To confirm the formation of SCP-ball type CoPcs, it was characterized 

using FT-IR and UV-Vis spectroscopy. FT-IR spectra of green colored SCP-ball type CoPc1 and 

SCP-ball type CoPc2 indicate that the peak corresponding to the CN vibrational peak at 2230 

cm
-1

 completely disappeared and a new band (-C=N- for imine group) appeared at 1720 cm
-1

 after 

cyclotetramerization (Figure 3.5 a and b). FT-IR spectra of both SCP-ball type CoPcs indicated a 

imin (-C=N-) band at 1720 cm
-1

. Those data confirmed the formation of the desired green colored 

SCP- SCP-ball type CoPc complexes. The phthalocyanines show typical electronic spectra with 



77 

two significant bands (B-bands) in the UV region (320–350 nm) and the visible region (600–700 

nm, the Q-band). A strong intermolecular interaction between the Pc rings in ball-type CoPc 

complexes is expected to result in a splitting of the molecular orbitals. The UV–Vis spectra of 

SCP-ball type CoPc1 and SCP-ball type CoPc2 complexes in CH2Cl2 are in accordance with the 

trend found in the literature, as indicated in the Figure 3.5a and b. The characteristic Q-band 

transition of metallophthalocyanines is observed as a single band of high intensity in the visible 

region. Aggregation in metallophthallocyanines is understood by broadened or split Q band. A 

well-defined band between 600 nm and 675 nm in ball type phthalocyanines is due to exciton 

coupling between the two Pc rings [65-67]. The copolymers SCP-ball type CoPc1 and SCP-ball 

type CoPc2 showed characteristic absorptions around 601 and 673 nm in the Q band region. As 

expected, well splitting of the Q band in the spectrum of SCP-ball type CoPc1 and SCP-ball type 

CoPc2 was observed. It was found that the shape of their Q bands changed considerably in 

comparison with the SCP-ball type CoPc1 and SCP-ball type CoPc2 complexes. The spectral 

changes consist of a shift in the Q-band from 663 to 673 nm. The UV-Vis spectrum of SCP-ball 

type CoPc1 complex as indicated in the Figure 3.6a showed some broad band in the 663 nm 

region, which could be a combination of vibronic bands and the band due to exciton coupling 

between the two rings. Whereas, that of SCP-ball type CoPc2 illustrated in Figure 3.6b was 673 

nm. This can be attributed to strong intramolecular interactions between the Pc rings in the SCP-

ball type CoPc2 complexes, probably due to the ball-type cofacial structure and aggregation. The 

absorption spectrum provided information about the type of aggregated structure, such as cofacial 

(face-to-face)[68]. The p-p stacking among the cofacial phthalocyanine groups provides a driving 

force for self-organization of polymers. In addition, the another bands revealing as result splitting 

of the Q band for SCP-ball type CoPc1 and SCP-ball type CoPc2 are 601 nm and 622 nm, 

respectively. The spectra of complex SCP-ball type CoPc1 in dichloromethane shows bands in 

the 601 nm region, which could be a combination of vibronic bands and the band due to exciton 

coupling between the two rings. That of SCP-ball type CpPc2 complex was 622 nm. This can be 

attributed that b substitution results in blue shifting of the spectra in metallo Pcs, this is due to the 

electron density decrease caused by the substitution at the peripheral position. Also, as expected 

for ball type structures, SCP-ball-type CoPc1 and SCP-ball type CoPc2 complexes have broad 

spectra. A well-defined absorption at 622 nm in ball type phthalocyanines at our study has been 

associated with exciton coupling between two Pc rings, and it can be attributed to intramolecular 

interactions [69-71]. 

The synthesized SCP-ball type CoPc1 having double core phthalocyanine was analyzed by 

MALDI-TOF-MS in reflectron mode and the spectrum is given in Figure 3.7. MALDI-TOF-MS 

spectrum showed a polymeric distribution following 104 Da mass difference that have styrene 

repeating unit used in synthesis of phthalocyanine containing polymer. Mass of cobalt complex of 
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double core phthalocyanine without monomer units was 2010 Da nominal mass. When each peak 

mass was evaluated, it was noticed that the polymer having cobalt complexed phthalocyanine 

core was initiated with hydrogen and ended again by hydrogen. Also, each polymeric species was 

ionized by potassium adduct. All peak masses corresponded these phenomena. On the other hand, 

each peak followed another repeating peak which have 16 Da mass higher than the intense peaks. 

These peaks showed us another polymeric species initiated by hydrogen and ended by OH group. 

The peaks calculated theoretical was matched exactly with the isotopic mass distribution of the 

experimentally obtained. Finally, it could be concluded that the polymeric structure having cobalt 

complexes core phthalocyanine was synthesized in the desired form. The synthesized form of the 

polymeric and cobalt complexed phthalocyanine compound was showed a polymeric distribution 

which have almost between n=3–25 styrene monomer repeating units. 

DSC curves of SCP-ball type CoPc2 and pure polystyrene (PSt) prepared by free radical 

polymerization method were recorded at heating rate of 20 
o
C/min, and are shown in Figure 3.8. 

For comparison, DSC curve of pure polystyrene (PSt) is also shown in Figure 3.8. While the glass 

transition temperature (Tg) of pure PSt was estimated as 102 
o
C from DSC curve. Whereas, that 

of SCP-ball type CoPc2 was 116 
o
C, and thereby increased the endothermic peak. The shift in 

endothermic peak, that is the Tg increase of the later sample can be ascribed to Pc tetramerization 

in the single chain polymer structure meaning that has restricted chain mobility. Also, the Tg of 

SCP-ball type CoPc1 was measured between polystyrene and SCP-ball type CoPc2  

Thermal decomposition temperatures of pure PSt, P(PNDEAMSt6%-co-St)2, SCP-ball-

type CoPc1 and SCP-ball type CoPc2 were estimated by thermogravimetric analysis (TG). They 

were indicated compared to each other as indicated in Figure 3.9. The weight loss (TG) curves of 

pure PSt, SCP-ball type CoPc1 and SCP-ball type CoPc2 at a heating rate of 10
o
C/min under an 

argon flow are displayed in Figure 3.8. All the TG curves of SCP- ball type CoPcs have a similar 

trend, but the starting (Ti) and residue amounts (%) in completion (Tf) temperatures, and the 

temperature at the maximum decomposition rate (Tp) for all the curves showed difference from 

each other. From the TG curves, the initial decomposition temperature, the temperature at 50% 

weight loss (T%50), final degradation temperature and residue% were estimated. Compared to pure 

polystyrene, thermal stability of the SCP-ball type CoPc1 and SCP-ball type CoPc2 are always 

higher and residual% and maximum decomposition temperature appears to increase as the content 

of CoPc in the single chain polymer structure increases. So, while pure PSt exhibits degradation 

occurring in a single stage, which is in the temperature range from 305 °C to 600 °C, with weight 

losses 98%, and those of SCP-ball type CoPc1 and SCP- ball type CoPc2 showed a degradation 

with weight loss 96% and 84%, respectively. For instance, the temperature at 50% weight loss of 

SCP- ball type CoPc1 and SCP-ball type CoPc2 is 31
o
C and 34

o
C, respectively higher than that of 

pure polystyrene. This behavior can be atributed to more energy absorbtion of CoPc units in the 
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single chain polymer molecules. The thermal degradation pathway of pure polystyrene has been 

in detail investigated. The possibility that the presence of the inorganic filled causes some 

chemical changes in the degradation pathway of polystyrene composites was emphasized. Those 

research results have implied that thermal stability of polystyrene considerably increased [72, 73]. 

The results of TG measurement were summarized in Table 3.10. 

FT-IR spectrum recorded in presence of KBr for residue of SCP-ball type CoPc1 heated to 

600 
o
C has been showed in Figure 3.10. It showed important bands at 1625 cm

-1
, 1424 cm

-1
, 1134 

cm
-1

 (C-O), 667 cm
-1 

and 579 cm
-1

. The weak band at 1625 cm
−1

 is due to the bending mode of 

water molecules. Two distinctive bands at 667 cm
−1

 and 579 cm
−1

 are the characteristics of the 

Co-O stretching vibrations being characteristic for formation of Co3O4 [74]. Also, the weak 

adsorptions at 3430 cm
−1

 and 1630 cm
−1

 correspond to the bending and stretching vibration 

modes of absorbed water molecules on the surface. The strong peak at about 3500 cm
−1

 is 

attributed to the stretching vibration of the O-H group of molecular water and hydrogen-bond O-

H groups [75-77]. The weak band at 1625 cm
−1

 (O-H) is due to the bending mode of water 

molecules. While the band at 962 cm
−1

 is ascribed to  (Co-OH) bending modes and the band at 

512 cm
−1

 is ascribed to (Co-OH) vibration [78]. Whereas, for residue in the 600 
o
C of SCP-ball 

type CoPc2, the new distinctive bands at 667 and 579 cm
−1

 revealed. They are the characteristics 

of the Co-O stretching vibrations being characteristic for formation of Co3O4. This case implies 

that residue converts from Co(OH)2 to Co3O4. 

The kinetic parameters of thermal degradation are possible to estimate from the TGA 

curves using various methods. One of them is multiple heating rate kinetics (MHRK) method. Ea 

(activation energy) of a system is associated with the energy barrier, A with the frequency of 

vibrations of the activated complex [29]. In this context, the Ea for the thermal decomposition of 

SCP-ball type CoPc1 was determined by Flynn–Wall–Ozawa method, which is widely used. 

The kinetic analysis of the degradation of samples was performed by utilizing the 

thermograms obtained from the TGA curves. For this purpose, the dynamic thermal degradation 

measurements on SCP-ball type CoPc1 were performed at temperature range from room 

temperature to 600 
o
C under a nitrogen flow (10 ml/min), at different heating rates (5.0, 10.0, 

15.0, 20.0, 25.0 and 35.0 
o
C/min). Increase in the heating rate results in a shift toward higher 

temperatures in the thermograms as indicated in the Figure 3.11 The reason for this behavior is 

that the sample needs shorter time to catch a given temperature for a faster heating rate. If a series 

of experiments are carried out at different heating rates, Ea can be estimated from the slope of the 

linear plot of log(heating rate) (logb) versus 1/T. For a study of the kinetic in the thermal 

degradation of polymers, TG (thermogravimetry) or ITG (isothermal thermogravimetry) at 

different heating rates can be selected. It is shown in Figure 3.13 that the fitted lines are nearly 

parallel, which indicates approximate activation energies at different conversions and 
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consequently implies the possibility of the unification of multiple reaction mechanisms. 

According to the Flynn–Wall–Ozawa (FWO) method [30], Ea of the apparent thermal 

decomposition can be defined from the TGA thermogram measurements. The TGA curves were 

recorded at the end of each measurement and the weight losses were then transferred to a 

computer at diverse temperatures. Also, Figure 3.12 shows kinetic analysis using the specific 

results of application of Ozawa’s method for ball type CoPc1 degradation in argon gas flow. The 

curves obtained at different conversion rates are observed to be roughly parallel to each other and 

the correlation coefficient of the linearity for the calculation of each activation energy are larger 

than 0.97. Also, there is no systematic divergence from linearity. Therefore, it is suggested that 

the method fitted well for the nonisothermal degradation of SCP-ball type CoPc1 and rate order 

of degradation is 1 in the SCP-ball type CoPc1. The plot logb vs. 1/T obtained from a series of 

experiments performed at several heating rates, should be a straight line whose slope allows 

evaluation of Ea: 

 

  (4.1) 

where R is a constant and b is the heating rate (
o
C/min). According to Equation (4.1) above 

monitored, the Ea of decomposition can be obtained from the slope of the linear relationship 

between log(heating rate) and the reciprocal of the temperature, as indicated in Figure 3.12; it was 

found that the activation energy for weight loss from 7% to 90% was increased 33.1 and, 56.7%, 

respectively. Average apparent activation energies of the thermal degradation of SCP-ball type 

CoPc1 calculated by three model-free methods in a period of α = 0.07–0.90 have been 

summarized in Table 3.12. Figure 3.13 shows the plots of activation energy as a function of 

conversion for, extent of conversion, α = 0.07–0.90 for SCP-ball type CoPc1 based on iso-

conversional method. The estimated activation energy range is clearly observed in Figure 3.13 

with a “band” shape between 33 and 57 kJ/mol. The sharply increase of activation energies 

after α = 0.5 implied the possible occurrence of accelerated decomposition process of main 

composition which is approaching balance in the initial stage. It is noted that this accelerated 

process might be different from the one at the very beginning period (α = 0–0.07), which is 

mainly caused by the decomposition of low molecular composition. The reaction mechanism, 

however, also might change in comparatively higher conversion periods according to unsatisfied 

parallel line of α = 0.6. 

Figure 3.14 shows refractive index, n, for the SCP-ball type CoPc1 as a function of 

wavelength. It is seen that the values of n are decreased with increasing wavelength. It is well 

known that they possess two kinds of energy bands. One of them is called the Q band, and other 

one is called the B band. It was observed from Figure 14 that the refractive index is very low in 
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the Q band region and in the B band region the refractive index is high. The large decrease in the 

reflectance about from 480 to 600 nm is due to a decrease in the refractive index. The refractive 

index has not almost changed between 600 and 700 nm. This range is related to the visible region 

(600–700 nm, Q-band) and this behavior implies that refractive index not changes as a result that 

a strong intermolecular interaction between the Pc rings in ball type CoPc complexes is expected 

to result in a splitting of the molecular orbitals. The large increase in the reflectance about from 

700 to 900 nm is due to a increasing in the refractive index. 

Dielectric behavior of a normal material can be characterized by dielectric constant (ε'), 

dielectric loss factor (ε”), loss tangent (tanδ) and conductivity (σac). Relative permittivity 

(compared to free space) is a frequency dependent complex quantity:  ε∗= ε′− iε′′ (4.2) 

The real (ε′) and imaginary (ε′′) relative permittivity values are related to the stored energy 

and dissipated energy, respectively, within the material [31]. In this context, it has a great 

importance to investigate with an impedance analyzer as a well-known technique for measuring 

the dielectric properties of precursor copolymer and SCP-balltype CoPc2. We have performed 

dielectric measurements such as the dielectric constant, dielectric loss factor, tan and alternative 

conductivity (σac) results of precursor copolymer2 and SCP-ball type CoPc2 for frequencies 

varying in the frequency range of 100 Hz to 2000 Hz. In this context, graphs of precursor 

copolymer and SCP-ball type CoPc2 have been indicated in Figure 3.15 (a-d) and Figure 3.16 (a-

d), respectively. The frequency dependence on the dielectric constant, (ε') for precursor 

copolymer2 and SCP-ball type CoPc2 is showed in Figure 3.15a and Figure 3.16a. Below 1 kHz, 

ε', rapidly decreases with increasing frequency for both precursor copolymer2 and SCP-ball type 

CoPc2. Dielectric constants of precursor copolymer and SCP-ball-type CoPc2 at room 

temperature are 9.85 and 5.39, respectively. The precursor copolymer shows high dielectric 

values from than SCP-ball type CoPc2 due to the increasing number of dipoles at low 

frequencies. Cause of this increase in ’ results from polarity of two nitrile (CN) groups in the 

precursor copolymer indicating its strong influence on the interfacial polarization. But, those 

values in the increasing frequency range not importantly changed. The change in real part values 

of the dielectric constant of the samples in the frequency range that were measured was due to the 

effectiveness of the applied field frequency on the polarization mechanism of the two samples. 

Figure 3.15 (b) and Figure 3.16 (b) show the variations of " with frequency for the precursor 

copolymer2 and SCP-ball type CoPc2, respectively. Those Figures present same variations for 

both samples. Dielectric loss factor, ", of precursor copolymer2 and SCP-ball type CoPc2 at 

room temperature are 1.06 and 0.02, respectively. Also, this behavior implies that precursor 

copolymer2 is tend to dissipate a fraction of the more stored energy from than SCP-ball type 
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CoPc2. Figure 3.15 (c) and Figure 3.16 (c) indicate loss tangent (tanε′′/ε′) versus frequency for 

precursor copolymer2 and SCP-ball type CoPc2 at room temperature. The loss tangent 

(tanε′′/ε′) value is also an evidence of the dissipative behavior in a material. Real and 

imaginary relative permittivity values were almost independent of frequencies in the X-band [30, 

79, 80].  

Loss tangent, tan of precursor copolymer2 and SCP-ball type CoPc2 at room temperature 

are 0.1 and 0.00378, respectively. The high tan of precursor copolymer2 means generally that 

will tend to dissipate a fraction of the more stored energy and more energy storing in the form of 

heat. The alternative conductivity (σac) versus frequency for precursor copolymer-2 and SCP-ball-

type CoPc2 were measured. The graphs of precursor copolymer-2 and SCP-ball type CoPc2 have 

been indicated in the Figure 3.15 (d) and Figure 3.16 (d), respectively. The results revealing 

indicated that σac not changed with increasing frequency at fixed temperature. The σac value 

decreased from 6.9x10
-09 

S/cm to 2.78x10
-09 

S/cm at 1 kHz and 298K. Both precursor copolymer2 

and SCP-ball type CoPc2 indicated that are an insulator material from above mentioned results.  

4.2. Linear copolymer precursor, SCP-CoPc 3 and their composites 

Linear copolymer precursor, poly(DEAMSt12%-co-St), was prepared by free radical 

copolymerization of PNDEAMSt and styrene monomers at 60 
o
C in the presence of 1,4-dioxane 

using AIBN as initiator. Then, P(PNDEAMSt12%-co-St) was reacted from reaction of 

P(DEAMSt12-co-St) with 4-nitrophthalonitrile in presence of Na2CO3 via 2. pathway like that 

reaction scheme was seen in Figure 2.2. 

 

Figure 2.4. shows structure of linear copolymer precursor, in this regard, FT-IR spectrum 

indicated in the Figure 3.18 for poly(DEAMSt12%-co-St) indicated at the most characteristic O-

H stretching bands at 3400 cm
-1

, C=C stretching at 1601 cm
-1

,
 
C-O stretching at 1265 cm

-1
. Figure 

3.18 shows  
1
H-NMR spectrum of poly(DEAMSt12%-co-St). In this regard, 

1
H-NMR spectrum 
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of poly(DEAMSt12%-co-St) indicated the most important signals such as -CH2- in the  main 

chain at 1.25-1.9 ppm,  -CH2N- at 2.75 ppm,   -OH at 4.12 ppm. 

 Figure 2.4. shows structure of linear copolymer precursor, poly(PNDEAMSt12%-co-St). 

FT-IR spectrum indicated in the Figure 3.19 for PNDEAMSt indicated the most characteristic 

bands at 2230 cm
-1

 atributed to -C≡N group, C=C stretching at 1596, 1605 cm-1
 and Aryl-C-O-C-

Aryl vibrational band at 1258 cm
-1

. Figure 3.20 indicates 
1
H-NMR spectrum P(PNDEAMSt12%-

co-St). The 
1
H NMR spectrum of linear copolymer precursor, P(PNDEAMSt12%-co-St), 

confirmed a distinctive sharp singlet that is allocated to the peripherally located proton on the 

CNArAH moiety at 7.79 ppm. The copolymer composition of linear copolymer precursor was 

estimated by measuring the integrated peak areas of aromatic orto protons on styrene units and 

aliphatic protons in the PNDEAMSt moities. The 
1
H NMR spectrum of linear copolymer 

precursor integrates to 0.6 unit the total number of 10 protons belonging to aliphatic protons 

between two aryl groups of PNDEAMSt unit. The integration value per one hydrogen in 

PNDEAMSt unit is 0.06, two hydrogen contains 0.12 units together other orto protons of 

PNDEAMSt moiety. So this value is estimated as 0.88 and substracted from 1.0 unit integrated 

for two orto protons at 6.7 ppm. The integration value per a hydrogen of styrene in the linear 

copolymer precursor is 0.44. The total number of mol is calculated as 0.5. Thus, it was estimated 

that the PNDEAMSt and St ratios of linear copolymer precursor at this our study were 12% and 

88% (by mole), respectively as shown in Figure 3.4. The preparation of new binuclear SCPM-ball 

type CoPc was carried out from reaction of P(PNDEAMSt12%-co-St) and Co(CH3COO)2.4H2O 

in the presence of high concentration pthalonitrile under diluted cyclohexanol conditions at 140-

150 
o
C under argon gas. The structure and purity of the SCPM-ball type CoPc were confirmed by 

FT-IR, UV–Vis and MALDI-TOF-MS instruments. The controllable cobalt centered 

phthalocyanine containing polymer molecules were entirely soluble in many other routine organic 

solvents such as dichloromethane, CHCl3, DMSO, acetone and THF. This behavior indicates that 

the SCPM-ball type CoPc complex does not ocur crosslink structure among the polymer chains 

during the reaction in the presence of excess cyclohexanol. FT-IR spectrum of the SCPM-ball 

type CoPc3 was indicated in the Figure 3.21. On the other hand, FT-IR spectra of 

P(PNDEAMSt12%-co-St) and SCPM-ball type CoPc3 were compared with each other in Figure 

3.23 a and b, respectively. As seen in the Figure 3.5b indicates the successful formation of 

SCPM-ball type CoPc3 whose structure showed as scheme in Figure 2.7 was confirmed by 

comparing with that of linear copolymer precursor. In this regards, while the Figure 3.5a shows 

C≡N stretching band at 2233 cm-1, b almost no showed C≡N stretching band at 2233 cm-1
. The 

disappearance of the nitrile bands in the linear copolymer precursor due to the completion of the 

reaction confirms that SCPM-ball type CoPc exists. The cause of addition of excess phthalonitrile 

to the reaction medium was intended to prevent the formation of cross links. The IR spectrum of 
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SCPM-ball type showed Ar-C-O-C-Ar stretching band at 1258 cm
-1

. The SCPM-ball type CoPc 

structure having two double core or more double core phthalocyanine was confirmed by MALDI-

TOF-MS in positive ion and reflectron mode and the spectrum is indicated in Figure 3.7. The 

MALDI-TOF-MS spectrum showed a polymeric distribution of styrene repeating units following 

the 104 Da mass differences in SCPM-ball type CoPc. In order to get intense MALDI-TOF-MS 

spectrum silver trifluoroacetic acid was added in MALDI matrix. The mass of the one double 

core phthalocyanine cobalt complex without styrene monomer units in the CoPc -ball type CoPc 

was 2010 Da nominal mass as seen in the Figure 3.22. On the other hand, the mass of the two 

double core phthalocyanine cobalt complex without styrene monomer units was 4020 Da nominal 

mass. When each peak mass was analyzed, it was noted that hydrogen initiated the polymer with 

a cobalt-complexed phthalocyanine core and ended with hydrogen again. Each polymer species 

has also been ionized by silver adducts. In addition, the signals started around 6550 Da represent 

the three double cobalt core polymeric structure. But the intensities of these signals are low 

compared to the other signals. The reason of this event is due to low concentration of these 

species and also signal intensity comes down at high molecular weight region due to the 

suppression effect of the low molecular weight species signals. All peak masses, which were 

evaluated checking the isotopic mass distribution corresponded these phenomena. Every peak, 

however, on the other side, followed another repeating peak with a mass of 16 Da greater than the 

strong peaks. Another polymeric species initiated by hydrogen and terminated by OH groups 

showed us these peaks. The isotopic mass distribution of the predicted theoretical peaks was 

accurately matched to the experimentally obtained isotopic mass distribution. The synthesized 

form of the two double core in the polymeric ball type cobalt phthalocyanine structure was shown 

to have a polymeric distribution in its structure that has repeating units between n= 6-22 styrene 

monomer. Figure 3.24 exhibited two broad peaks at 598 nm and 660 nm in the UV-vis spectrum 

of SCPM-ball type CoPc. Those spectra were plotted depending upon concentration. The 

phthalocyanines have electronic transitions in the two main absorption regions. One of them is in 

the UV region (320-350 nm) band (B-band) and another is in the visible region (600-700 nm) Q-

band. The UV-vis spectrum of the SCPM-ball type CoPc complex prepared in the 

dichloromethane solution shows bands in the 598 nm region, which may be a mixture of vibronic 

bands due to the excitation coupling between the two rings. In typical ball type phthalocyanines, 

it is known that the intensities of the B bands are higher than the Q band for the complexes that 

could be due to intramolecular interactions between Pc rings. Literature studies have shown that 

the distance between two Pc units of ball-type molecules and the degree of interaction between 

rings is greatly affected by aromatic groups [81]. Figure 3.25 a plan view SEM micrograph in the 

various magnitidues of SCPM-ball type CoPc material. Also, SEM analysis show that SCPM-ball 

type CoPc material is comprising of the various particles. And the SCPM-ball type CoPc 
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molecules agglomerates with particle size greater than 2 µm. The confirmation of the 

involvement of cobalt in the formation of SCPM-ball type CoPc complex was done by energy 

dispersive X-ray (EDX) analysis. The amount of Co in structure was estimated as 5.14% (by 

mole) at 20.0 kV. Whereas, the Co content in SCPM-ball type CoPc was therotically 5.9% (by 

mole). So, this value indicated that the therotical and experimental results were virtually 

agreement with each others. 

The glass transition phenomenon is known that is rather a kinetic effect instead of a phase 

transition as defined in terms of thermodynamics [82]. The most common equipments used for 

estimating the glass transition temperature of polymers with amorph structure are differential 

scanning calorimetry (DSC), differential thermal analysis (DTA) and dynamic mechanical 

thermal analysis (DMTA) instruments. In this regard, DSC curves of P(DEAMSt12%-co-St), 

P(PNDEAMSt12%-co-St), P(PNDEAMSt12%-co-St)/GO 3.6% (by wt), P(PNDEAMSt12%-co-

St)/GO 4.5% (by wt) and SCPM-ball type CoPc were indicated in Figure 3.26. As seen in Figure 

3.26, P(DEAMSt12%-co-St) indicated a Tg at 114 
o
C. The addition of two phthalonitrile groups 

instead of hydroxyl in the diethanolamine group of the para position of polystyrene decreased 

from 114 
o
C to 80 

o
C the value of Tg. Normally, one would have expected P(DEAMSt12%-co-St) 

to have had a higher Tg value than that of P(DEAMSt12%-co-St), because of the presence of the 

bulkier p-substituent in the P(PNDEAMSt12%-co-St). But, the more massive two phthalonitrile 

groups increase the free volume and the mobility of the molecules in the amorphous polymer 

matrix. Hence, the Tg value of P(PNDEAMSt12%-co-St) decreased significantly. The similar 

behavior has been recorded in the literature studies as well [83]. The glass transition temperatures 

of P(PNDEAMSt12%-co-St)/GO 3.6% and 4.5% (by wt) were observed at 89
o
C and 86

o
C, 

respectively. This behavior implies that the segmental motions of the P(PNDEAMSt12%-co-St) 

among the GO galleries partially increases as the amount of GO in the composite matrix 

increases. On the other hand, Tg value of SCPM-ball type CoPc was measured as 126 
o
C. This 

behavior confirms to that cobalt phthalocyanine core in the SCPM-ball type CoPc decreased free 

volume. 

Thermal stabilities of P(DEAMSt12%-co-St) and linear copolymer precursor and SCPM-

ball type CoPc were investigated, and their TG curves (red lines) measured with heating rate of 

10 
o
C/min were showed in Figure 3.27 and Figure 3.28, respectively. The initial decomposition 

temperature, the maximum decomposition temperature (Tmax) and residue % were estimated from 

the TG curves. The results revealed from TG measurements are also given in Table 3.20. As seen 

(red line) in Figure 3.26, while thermal decomposition of P(DEAMSt12%-co-St) and linear 

copolymer precursor occurs in one step, that of SCPM-ball type CoPc ((red line) as seen in Figure 

3.26) occurs mainly in two stages. This was due to the fact that the metallo pthallocyanine core in 

the SCPM-ball type CoPc structure had increased the resistance to thermal degradation, especially 
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in the second stage of temperature range beyond 424°C. A mass loss 36% in the first step for 

SCPM-ball type CoPc was observed between room temperature and 420 °C. The second stage 

was beyond 420 °C, and total mass loss to 500 o
C was 42%. The onset decomposition 

temperature for P(DEAMSt12%-co-St) as compared to those of P(DEAMSt12%-co-St) and linear 

copolymer precursor was less. This is propably due to decomposition of diethanol amine group 

bonded to styrene unit in the P(DEAMSt12%-co-St). As both the amount of CoPc in the single 

chain polymer structure and PNDEAMSt moiety in the lineer copolymer precursor increased was 

observed an increasing in residual (% by wt). In this regard, amounts of residual for 

P(DEAMSt12%-co-St) and SCPM-ball type CoPc were 25% and 22%, respectively. Whereas, 

amounts of residual for P(DEAMSt 6%-co-St) (precursor copolymer2) and SCP-ball type CoPc2 

that we have synthesized at a previous study [84] were 18% and 16%, respectively 

The more information on the kinetic analysis of the thermal decomposition of polymer or 

polymer composites can be obtained from studies related to TGA. In order to provide guidance 

for designing an efficient and realistic decomposition process, a complete understanding of 

thermal decomposition kinetics is of great importance [85]. On the basis of a recommendation 

from the Kinetics Committee of the International Confederation for Thermal Analysis and 

Calorimetry (ICTAC, Kinetics Comittee), one of the main objectives of this section is to carry out 

a kinetic analysis on the apparent activation of energy, Ea. The kinetic properties of 

decomposition of the linear copolymer precursor and SCPM-ball type CoPc were revealed by 

calculating the activation energy (Ea) by the FWO and KAS models, which are iso-conversional 

methods. For the kinetic study of two copolymer, and b indicate eight conversion rates (α = 0.1–

0.8) obtained from the curves of TGA for the linear copolymer precursor and SCPM-ball type 

CoPc at the heating rates of  5, 10, 20 and 30°C/min, respectively. It is well known that the 

thermal decomposition is strongly dependent on the dynamic heating schedule because 

characteristic temperature points of TGA curves will move to a higher value as the heating rate 

increases from 5 to 30 
o
C/min. The all measurements conditions were almost applied for the 

amount of same samples due to conditions directly affecting kinetic parameters type of carrier 

gas, the solid or powder form of samples, heating rate and gas flow rate a, and b show the kinetic 

graphs calculated by the iso-conversional methods FWO (equation 4.3) and KAS (equation 4.4) 

given following as, for the linear copolymer precursor and SCPM-ball type CoPc, respectively. 

For the conversion range worked, the graphs indicate almost parallel linearizations calculated by 

both methods. So, those behaviors show that the methods used considerably describe the process 

of devolatilization of linear copolymer precursor and SCPM-ball type CoPc. The FWO method is 

one of the notable model-free techniques commonly used for the estimation of kinetic parameters 

for a most of materials. The plots of iso-conversional FWO method show a general trend of 

activation energy and b indicate that the fitted lines are nearly parallel, which indicate 
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approximate activation energies at different conversions of linear copolymer precursor and 

SCPM-ball type CoPc. In the FWO method, ln(b) is plotted against 1/T (from equation 4.3) for a 

series of experiments at different heating rates against 1/T giving rise to a straight line whose 

slope (slope ≅ 1.052 E/R) yields the activation energy, Ea. 

lnb = lnAE/g(aR – 5.331 - 1.052.E/R.T (4.3) 

As shown in Table 3.21, while the apparent activation energy the according to FWO 

method was determined in the range of approximate 115-138 kJ/mol for linear copolymer 

precursor in the conversion range, that of SCPM-ball type CoPc was estimated at range of 99.7-

369.0 kJ/mol. In addition, the Kissinger-Akahira-Sunose (KAS) method has been used to 

calculate the activation energies more extensively than any other multiple-heating rate technique 

because of its simple use. By means of the following equation 4.4, the KAS method proposes a 

relationship between the heating rates and the activation energy. 

ln(β/T2
)=ln[(AR/Ea g(a)] −(Ea/RT) (4.4) 

The Ea of a certain decomposition stage can be estimated from slope (= -Ea/R), which is 

obtained from the plot between ln(β/T2
) versus 1/T giving rise to a straight line whose slope 

yields the activation energy for a certain conversion point (aandHata! Başvuru kaynağı 

ulunamadı.a and b indicate that ploted lines are nearly parallel, which indicates approximate 

activation energies via F-W-O and KAS methods at different conversions of linear copolymer 

precursor and SCPM-ball type CoPc, respectively. The apparent activation energy values, which 

are estimated by KAS methods for linear copolymer precursor and SCPM-ball type CoPc is about 

110.5-133.1 kJmol
-1 

and 96.5-339.3 kJmol
-1

, respectively. The parallel lines were indicated in the 

both the FWO method and the KAS method, considering the conversion range (a) studied. In this 

regard, the averages of activation energy of linear copolymer precursor by FWO and KAS 

methods were calculated as 128.7 kJ/mol and 124.0 kJ/mol, respectively. Whereas, those of 

SCPM-ball type CoPc were average 161.9 kJ/mol and 153.8 kJ/mol, respectively. As seen from 

those results, the similarity between these values indicates notable the validity and conformity of 

two the models used at our work to determine kinetics of thermal decomposition of linear 

copolymer precursor and SCPM-ball type CoPc. Figure 3.31 shows activation energy, Ea, 

variation with conversion, determined from FWO and KAS methods for a linear copolymer 

precursor and SCPM-ball type CoPc. The variation in activation energy with increasing 

conversion may be attributed to polymer heterogeneity in which residual in the polymer fraction 

possesses a private devolatilisation characteristic. That is, as the thermal decomposition process 

progresses, could influence variation in activation energy. Furthermore, the devolatilisation 

kinetics due to revealing different products from thermal decomposition of both polymers can be 
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accurately interpreted by a multi-step mechanism. On the other hand, from Table 3.21, we can say 

that apparent activation energy for FWO method was not same for all conversion. The apparent 

value of activation energy estimated by FWO method for linear copolymer precursor and SCPM-

ball type CoPc is about 115-138 kJmol
-1 

and 99.7-369.6 kJ mol
-1

, respectively. Those data 

indicate the minimum amount of energy needed to initiate a thermal decomposition reaction. 

Also, those results mean that the reaction mechanism is not the same in the full decomposition 

process and that activation energy dependent on conversion. As seen in aforementioned, Figure 

3.31 (α−Ea), these conversional curves designed a slanted profile, and depending on increasing 

conversion the curves shifted toward the higher activation energy. Activation energies of linear 

copolymer precursor and SCPM-ball type CoPc overlap at conversion of 0.42. But, activation 

energy (Ea) of SCPM-ball type CoPc after conversion of 0.42 indicates a notable increasing with 

comparison in linear copolymer precursor. A similar behavior has been also observed for KAS 

method, which is seen in the Figure 10. It can observe a variation of activation energy versus α 

for the FWO model from 115.2 kJ/mol (α = 0.1) to 134.7 kJ/mol (α = 0.5), which mainly 

corresponds to the contribution of devolatization of linear copolymer precursor. Subsequently, 

there is an increase in Ea to 138.1 kJ/mol (α = 0.7) and a decrease to 128.7 kJ/mol (α = 0.8), 

mainly due to difference in the decomposition products. This trend of Ea was also observed in the 

KAS model. On the other hand, it is possible to observe a variation of activation energy versus α 

for the FWO model from 99.7 kJ/mol (α = 0.1) to 149.8 kJ/mol (α = 0.5), which mainly 

corresponds to the contribution of devolatization of SCPM-ball type CoPc. Subsequently, there is 

an immediate increase in Ea to 138.1 kJ/mol (α = 0.7) and a decrease to 127.7 kJ/mol (α = 0.7). 

But, it has been observed suddenly an increase to 369.6 kJ/mol (at α = 0.8). This increase implies 

that the stronger bonds for decomposition of CoPc core in SCPM-ball type CoPc are broken. 

Such a trend of Ea was also observed in the KAS model. The similar behaviors to our study were 

recorded for the same conversion range for guarana seed residues [86] and pyrolysis of acai seed 

biomass [87]. The values of Ea for each conversion for FWO method and the KAS method are 

summarized in Table 3.21. 

In general, a material's dielectric constant is given relative to that of free space, and it is 

known as relative permittivity ('r) or dielectric constant ('). In terms of complex permittivity 

(which is expressed by its real and imaginary parts), the dielectric response of the composites at 

different frequencies is defined. The real ' (wand the imaginary '' (wparts of the complex 

dielectric constant is described as (w' (wi'' (w The real' (wpart of the dielectric 

constant is described as [82]. The dielectric loss tangent (tan) is defined as equation 4.5. 

tan″'  (4.5) 
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where, tan is the loss angle or dissipation factor. Figure 3.32, Figure 3.33 and Figure 3.34 show  

frequency dependence of dielectric constant, dielectric loss factor and tan at different 

temperatures (40, 90 and 130 
o
C), P(PNDEAMSt12%-co-St) 6.5% (by wt) loaded GO composite. 

The dielectric constant at all frequencies as indicated in Figure 3.36 was recorded to be increased 

depending increase in temperature. The dielectric constant of linear copolymer precursor/6.5 wt% 

GO composite at 1 kHz for 40, 90 and 130
o
C were estimated as 53.3, 93.0 and 696.4, 

respectively. The dielectric constant at 130
o
C is considerably bigger than other temperatures. The 

homogeneous dispersion of GO into linear copolymer precursors and the better compatibility 

between linear copolymer precursors and GO is due to one of the causes of improvement in the 

dielectric constant values of composite depending on temperature. Thus, on the dielectric 

properties of a such composite can be optimized by adjusting the dispersion phase of GO and the 

interfacial interaction between GO and the polymer matrix. The dielectric constant value of linear 

copolymer precursor/6.5 wt% GO composite at 130
o
C was considerably bigger than others. The 

homogeneous dispersion of GO into linear copolymer precursors and the better compatibility 

between linear copolymer precursors and GO is one of the causes of improvement in the 

dielectric constant values of composite depending on temperature. The another cause of 

enhancement in the dielectric constant is propably related to being more well polarizable of GO in 

the amorphous and rubbery polymer at temperatures whose Tg is over 80 
o
C. Frequency 

dependence of dielectric loss factor ('') at 40, 90 and 130 
o
C, for linear copolymer precursor/6.5 

wt% GO composite was given in Figure 3.36. As temperature increases the dielectric loss factor 

notable increased. For example, dielectric loss factor at 1 kHz for 130 
o
C was found as 266614.4. 

Whereas, that of 40 
o
C was 64524.5. The behavior of variation of '' with frequency is nearly the 

same as that of ' with frequency. The behavior of dielectric loss factor, '', decreased with 

increase in frequency. At the higher frequencies (about >1.5x10
3
 Hz), the decrease of '' becomes 

nearly constant. One of the significant properties of dielectric materials is dielectric loss (tanδ), 

which results from the inability of the polarization mechanism to follow the rate of change of the 

electric field applied. In general, the dielectric loss in dielectric materials results from dipolar, 

distortional, interfacial, and conduction loss [83]. The variation in the dielectric loss (tanδ) of 

linear copolymer precursor/6.5 wt% GO composite is depicted in Figure 3.33. The dielectric loss 

values of linear copolymer precursor/6.5 wt% GO composite for 40, 90 and 130 
o
C at 1 kHz were 

1210.1, 1037.2 and 382.8, respectively. They were high at low frequencies, and as the frequency 

increases, the dielectric loss decreased. The dielectric constants of SCPM-ball type CoPc/14 wt% 

GO composite at 1 kHz for 40, 90 and 130 
o
C were 10.99, 11.57 and 109.58, respectively. As 

indicated in Figure 3.35, the dielectric loss factors of SCPM-ball type CoPc/14 wt% GO 

composite from above mentioned temperatures were measured as 208, 100 and 5050, 

respectively. The variations in tanδ of the same composite indicated in the Figure 3.36 were 
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18.98, 8.64 and 30.0, respectively. When those results were compared with those of linear 

copolymer precursor composite, it was revealed that the ability of dipolar and interfacial 

polarization process to follow the rate of change of applied electric field was lower. 

The ac conductivity (ac) depends on frequency according to the empirical universal 

dynamic response given by equation 4.6 following as: 

ac (w)=dc +Aws
 (4.6) 

where A is a constant, w is the angular frequency, and s is the frequency exponent parameter 

which determines ac conduction mechanism. The s parameter can be interpreted by different 

power laws. One of them is Correlated Barrier Hoping (CBH) Mechanism. According to this 

mechanism, value of s should be 0 < s < 1 [84]. So, the behavior of the exponent factor s 

depending upon temperature can be used to estimate the origin of the conduction mechanism. 

Figure 3.37 shows as comparison with each other for the variations of lnac versus lnw at 

different temperatures (for  90 and 130
o
C) of linear copolymer precursor/6.5 wt% GO and SCPM-

ball type CoPc/14wt% GO composites (for 90
o
C). The angular frequency exponent value (s) was 

calculated from the slope of this figure. The value of exponent ‘‘s’’ for composites at 90 
o
C and 

130
o
C was estimated between 0.143 and 0.062, respectively. In addition, that of SCPM-ball type 

CoPc/14wt% GO composite from the slope of Figure 3.37 was estimated as 0.310 at 90 
o
C. In 

general, those conductivity values implie that shows closer behavior to dc conductivity. Among 

them, when their conductivities of two composites were compared with each other for two 

temperatures, linear copolymer precursor/6.5wt% GO possess very close behavior to dc 

conductivity. So, from those results, it was observed that the estimated values of exponent s 

parameter were decreased with temperature. This event presents that the conduction mechanism is 

correlated with barrier hopping. It is known that graphite oxide is a good electricity conductor. 

But, linear copolymer precursor or SCPM-ball type CoPc prepared at our study is an insulators. 

So, the results indicated that GO increased electrical conductivity both the linear copolymer 

precursor/GO and SCPM-ball type CoPc/GO composites. Therefore, the electrical conductivity of 

linear copolymer precursor and SCPM-ball type CoPc composites were investigated. In this 

regard, by adding suitable fillers to polymers or copolymer materials with any insulating 

property, their electrical properties can be improved depending on the content and type of fillers 

[85]. For this purpose, the electrical transport mechanisms of liner copolymer precursor doped 

with GO 3.6 wt%, 4.5 wt% and 6.5 wt% and SCPM-ball type CoPc/14wt% GO composites were 

investigated in terms of dc conductivity as a function of temperature. The conductivity can be 

analyzed by Arhenius’s equation 4.7 [86] following as: 
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dcexp(a (

where Ea is the activation energy,  is the pre-exponential factor, kB is the constant of Boltzmann 

constant, and T is the Kelvin temperature.  

It is well known that electrical conductivity is performed thermally through electrons and 

holes [87]. Depending upon increasing temperature, the charge carriers participate in the 

electrical conduction because most of charge carriers surpass the activation energy barrier [88]. 

The graphs of electrical conductivity of linear copolymer precursor/GO and SCPM-ball type 

CoPc/GO composites were indicated in Figure 3.38, Figure 3.39, Figure 3.40 and Figure 3.41. 

The dc conductivity increased exponentially over the studied range of temperatures. The dc 

electrical conductivity of linear copolymer precursor/GO and SCPM-ball type CoPc/GO 

composites increases with increasing amount of GO. The activation energy values for composites 

were estimated from their slopes. As indicated in Figure 3.38, Figure 3.39 and Figure 3.40, the 

activation energies of linear copolymer precursor doped with GO 3.6 wt%, 4.5 wt% and 6.0 wt% 

were estimated as 0.236 eV, 0.227 eV and 0.084 eV, respectively. Those values are the activation 

energy of mobile charge carrier. So, as amount of GO in the composites increases, the activation 

energy value decreased. In this context, the composite doped with 6.5 wt% GO among linear 

copolymer precursor composites indicates that overcome easer the activation energy barrier due 

to more participitating the charge carriers in the electrical conduction. As seen in Figure 3.41, the 

activation energy from slope of SCPM-ball type CoPc/14 wt% GO composite was estimated as 

0.790 eV. This behavior shows that it is a little more difficult for the charge carriers to overcome 

the activation energy barrier compared to the linear copolymer precursor/GO composites, because 

GO is not well dispersed in the SCPM-ball type CoPc/14 wt% GO. This event means fewer 

spaces between molecule that are less spaces among molecules in the SCPM-ball type CoPc 

containing bulky substituents. On the other hand, it shows that possess poorer semi conductivity 

behavior. So, it is estimated that there are more gaps between networks due to formation of more 

aggregation doping with GO particles of the amorphous SCPM-ball type CoPc. Hence, this 

behavior means that conductivity decreases. However, the results of dc conductiviy indicate that 

the linear copolymer precursor/GO and SCPM-ball type CoPc/GO composites possess a semi 

conductive behavior. 

Figure 3.42 shows current–voltage (I–V) relationship of the linear copolymer precursor/GO 

composites with different graphite oxide content. For the neat linear copolymer precursor, there 

was no electric current over the applied voltage of 0.1–20V, because the linear copolymer 

precursor material is electrically insulating. On the other hand, the electrical current linearly 

increased with the applied voltage for composite materials with high graphite oxide content above 

3.6 wt%, and the slopes of the I-V curves also became steeper with increasing graphite oxide 
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quantity in the composite materials. So, for all the samples, it was revealed that the current (A) 

increased linearly when the applied voltage (V) and the amount of percent of graphite oxide 

incorporated into the polymer matrices were increased. In addition, it is clear that voltage 

sensitivity versus to current of linear copolymer precursor/GO 6.5wt% among I–V curves 

indicates are observed from Figure 3.42. In addition, the analysis of linear copolymer 

precursor/6.5wt% GO among I–V curves indicate that considerably possess a good leakage 

current mechanism. In this context, the literature data have recorded that the positive deviation 

from the linear I–V curves at applied high voltages is believed to be caused by the increased 

electric charge flows in the composite materials due to the electric heating effect [89]. 

 

 

 



5. CONCLUSIONS 

 In this research, we have reported the first examples of SCP-ball type CoPc and their 

composites with GO. By controlling the number of PNDEAMSt units in the copolymer using free 

radical polymerization, and the number of cobalt phthalocyanines integrated into single chain 

polymers increased. One of the important evidences for the formation of SCP-ball type CoPc 

complex is almost disappearance of –C≡N vibration band at 2230 cm−1
. However, the very weak 

band at 2230 cm
−1

 shows –C≡N band in the PNDEAMSt unit in the precursor copolymers not 

forming complex with cobalt. And a new peak corresponding to an imine (–C=N:–) group 

appeared at 1720 cm
−1

. So, almost disappearing of –C≡N band at 2230 cm−1 
and formation of 

imine band at 1720 cm
−1

 are important evidence confirming formation of SCP-ball type CoPc 

complex. The SCP-ball type CoPc1 and SCP-ball type CoPc2 showed characteristic absorptions 

around 601 and 673 nm in the Q band region at Uv-vis spectroscopy. MALDI-TOF-MS spectrum 

showed a polymeric distribution following 104 Da mass difference that have styrene repeating 

unit used in synthesis of phthalocyanine containing polymer. Mass of cobalt complex of double 

core phthalocyanine without monomer units was 2010 Da nominal mass. it could be concluded 

that the polymeric structure having cobalt complexes core phthalocyanine was synthesized in the 

desired form. The single chain polymeric structures containing cobalt phthalocyanine were 

soluble in organic solvents, such as dichloromethane, chloroform, THF, DMS and acetone. 

Average apparent activation energies of the thermal degradation of SCP-ball type CoPc1 

calculated by three model-free methods in a period of α = 0.07–0.90 have been estimated, and the 

activation energy for weight loss from 7 % to 90% was increased 33.16 and, 56.73%, 

respectively. Both precursor copolymer2 and SCP-ball type CoPc2 indicated that are insulator 

materials from dielectrical measurements.  

In this work, it was reported as virtually the first example of preparing ball type CoPc 

result of formation of phthalocyanine by macrocyclization of the pendant groups over single 

chain polymer molecule using a linear copolymer precursor in different copolymer composition 

(synthesized by free radical polymerization). The structure of SCPM-ball type CoPc was 

confirmed by FT-IR, MALDI-TOF-MS and UV spectroscopy techniques. The C≡N stretching 

band at 2233 cm
-1

, which was observed in FT-IR spectrum of the linear precursor copolymer 

were fully consumed due to completion of the reaction of SCPM-ball type CoPc complex. So, 

disappear of this band was one of important evidences confirming structure of the SCPM-ball 

type CoPc. The mass of the two double core phthalocyanine cobalt complex without 

styrene monomer unit was 4020 Da nominal mass. When each peak mass was analyzed, it was 

noted that hydrogen initiated the polymer with a cobalt-complexed phthalocyanine core and 

ended with hydrogen again. Each polymer species has also been ionized by silver adducts. 
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Furthermore, the signals started around 6550 Da represent the three double cobalt core polymeric 

structure. This event could be concluded that the polymeric structure having cobalt complexes 

core phthalocyanine was synthesized in the desired structure. UV-vis spectrum confirmed 

structure of SCPM-ball type CoPc with two broad peaks at 598 nm and 660 nm in the UV-vis 

spectrum of SCPM-ball type CoPc. FWO and KAS models were employed to determine the 

kinetic data of linear copolymer precursor and SCPM-ball tpe CoPc and the results were 

comparable. The results of FWO and KAS showed that the linear copolymer precursor’s 

activation energies were as average 128.7 kJ/mol and 124.0 kJ/mol and those of SCPM-ball type 

CoPc were average 161.9 kJ/mol and 153.8 kJ/mol, respectively. It was estimated that the 

conduction mechanism from the frequency dependence of ac conductivity (ac) of linear 

copolymer precursor/6.5wt% GO and SCPM-ball type CoPc/GO 14 wt% posssess Correlated 

Barrier Hoping (CBH) Mechanism. The dielectric and electrical measurements indicated that 

dispersion of GO in SCPM-ball type CoPc with compared in linear copolymer precursor was less. 

The activation energies of linear copolymer precursor doped with 3.6 wt%, 4.5 wt% and 6.5 wt% 

GO were estimated as 0.236 eV, 0.227 eV and 0.084 eV, respectively. Whereas, that of SCPM-

ball type CoPc/14 wt% GO composite was estimated as 0.790 eV. 
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