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Polythiophene nanoparticles successfully synthesized at different magnetic flux densities, which have values between 1,5 – 
4,6 kGauss, were studied. The samples were prepared by dropping the dilute colloidal solutions of the PTh nanoparticles in 
pure water on the copper grids coated with carbon film. The sizes of polythiophene nanoparticles were determined by STEM 
analysis. It was observed that polythiophene nanoparticles were aggregated by the effect of magnetic flux. Dielectric 
measurements were performed using an impedance analyzer in the frequency range 0.1Hz-20MHz at room temperature. 
Three polarization mechanisms were detected. The AC conductivity obeys the Jonscher Law. The results obtained for 
polythiophene without and with magnetic flux effect were compared. It was observed that the presence of magnetic flux affects 
the structure of polythiophene by increasing the electrical capacitance at frequencies lower than 102Hz and frequencies higher 
than 105Hz. However, among the samples under the influence of magnetic flux, there isn’t a remarkable difference with 
increasing flux density. 
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1. Introduction 
 

Conjugated polymers exhibit conducting or 

semiconducting which may be suitable candidates because 

of their optical and electrical properties such as dielectric 

constant, refractive index, impedance, and permittivity. 

These parameters provide important information for 

optimization in technological applications such as chemical 

and optical sensors, light-emitting diodes and displays, 

photovoltaic devices, molecular devices, and DNA 

detection [1,2]. Among these polymers, polythiophenes are 

the most attractive because their electrical and physical 

properties can be easily modified to use as active materials 

for electrodes in supercapacitors, electricity, dissipative 

coatings, components of diodes and field-effect transistors, 

flexible electroluminescent lamps, solar cells, 

photochemical resists, nonlinear optic devices, batteries, 

and organic LEDs [3–7]. 

 

 
 

Fig. 1. Chemical structure of  unsubstituted polythiophene 

                
Unsubstituted polythiophene has a chain of alternating 

double and single bonds leading to π electron delocalization 

along the polymer backbone [8]. As seen in Fig.1, each first 

and fourth carbon atom is bonded with a sulfur atom to form 

a thionyl ring. Another hand, the bond between the second 

and the third carbon atom has more single bond character 

than other bonds between C atoms [9]. In the literature, the 

conductivity of PTh synthesized with different 

polymerization techniques was studied. The room 

temperature conductivity of unsubstituted PTh prepared by 

chemical oxidative technique exhibited 3.2 x 10-5 Ω/.m 

[10]. The conductivity of PTh thin films synthesized by the 

chemical oxidative method was 10-5 Ω/.m [11,12]. In 

another study, the conductivity of PTh which was measured 

in a nitrogen gas atmosphere at 318 K was found to be 7.2 

x 10-1 Ω/.m [13].  

In the synthesis of many polymers, the magnetic field 

effect has been investigated and it has been shown to 

increase the polymerization reaction rate and chain length 

[2,3,14,5–7,9–13]. However, there is no study examining 

the magnetic field effect on conductive polymers. 

This study aims to investigate the dielectric properties 

of non-substituted polythiophene (PTh) nanoparticles, a 

semiconductor polymer, synthesized under different 

magnetic flux density fields (between 1,5 – 4,6 kGauss) 

applied and by chemical oxidative polymerization 

technique. As a result, based on the results of the frequency-

dependent (the range of 0,1 Hz - 20 MHz)dielectric 

constant, dielectric loss, and AC conductivity, the effect of 

the magnetic field in the synthesis of PTh nanoparticles was 

investigated, and possible polarization regions in the 

structure were identified. 
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2. Experimental details 
 

2.1. Materials and measurements 

 

Thiophene (purity of 99%), poly (styrene sulfonic acid) 

(PSSA) (purity of 99%), and Cu(NO3)2 (purity of 99%) 

were purchased from Sigma-Aldrich. Hydrogen peroxide 

and hydrochloric acid were obtained from Prolabo France. 

All experiments were carried out under an inert atmosphere. 

Deionized water was used throughout the experiment. The 

electron microscope images of the samples were obtained 

by Philips XL30 ESEMFEG/ EDAX system using STEM 

(scanning transmission electron microscopy) technique 

with a boron detector. The samples were prepared by 

dropping the dilute colloidal solutions of the PTh 

nanoparticles in pure water on the copper grids coated with 

carbon film.  

The sizes of PTh nanoparticles were determined in the 

range of 94 – 120 nm by STEM images. The dielectric 

spectroscopy measurements of polythiophene nanoparticles 

were performed by Alpha-A High-Resolution Dielectric, 

Conductivity and Impedance Analyzer (Novocontrol 

Technologies) in the frequency range 0.1 Hz - 20 MHz at 

room temperature. Frequency-dependent AC conduction 

results were derived from capacitance and dielectric loss 

factor (tan δ) results. 

 

 

 

2.2. Preparation of polythiophene nanoparticles  

 

Polythiophene nanoparticles were synthesized from 

chemical oxidative polymerization of thiophene by an 

oxidant/catalyst system of hydrogen peroxide/Cu(NO3)3 in 

an aqueous medium under a nitrogen atmosphere with and 

without an external magnetic field. Poly (styrene sulfonic 

acid) was used as a dopant and dispersant. The details of the 

synthesis method were given elsewhere [14]. The 

abbreviations PTh-0, PTh-1.5, PTh-2.5, and PTh-4.6 were 

used for the samples synthesized under external magnetic 

flux densities of 0, 1.5, 2.5, and 4.6 k Gauss, respectively. 

After polymerization, the product was cleaned, for two 

weeks, using a dialysis membrane and dried at room 

temperature. 

 

2.3. Dielectric spectroscopy measurements 

 

For dielectric measurements, polythiophene 

nanoparticle samples were placed between two gold-plated 

brass electrodes. The ac signal frequency has been varied in 

a wide range of frequencies such as 0.1 Hz-20 MHz. The 

dielectric parameters of PTh such as capacitance (C), and 

loss tangent (tanδ) are measured as a function of frequency. 

Dielectric constant (K’), and ac conductivity values are 

calculated. 

 

 
 

 
Fig. 2. STEM images of polythiophene nanoparticles synthesized under different magnetic fields (a) 0 kGauss (b) 1.5 kGauss  

(c) 2.5 kGauss (d) 4.6 kGauss 
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3. Results and discussions 
 

3.1. Characterization of polythiophene  

       nanoparticles 

 

The hydrodynamic radii of nanoparticles were 

measured as 120 nm and 94 nm for the samples synthesized 

with and without a magnetic field, respectively, by the 

dynamic light scattering technique [14]. The morphologies 

of the particles were seen in the STEM images of the 

nanoparticles, given in Fig. 2.  It looks like the sample 

synthesized without a magnetic field is stiffer than the 

samples synthesized under a magnetic field. It can be stated 

that the magnetic field considerably affects the aggregation 

of polythiophene chains. Aggregation of polythiophene 

chains causes softer samples. 

 

3.2. Dielectric properties 

 

Dielectric spectroscopy is a powerful measurement 

technique used to determine the dielectric properties of 

materials as a function of frequency. It is based on the 

calculation of values such as conductivity, capacitance, 

impedance, inductance, and admittance of the material as a 

result of the interaction of the electrical dipole moments of 

the materials with the electric field. It also provides 

information about many mechanisms such as polarization, 

electrical conductivity, dipole behavior, dielectric 

relaxation, and phase transitions in the material [15–20]. 

For dielectric materials with a wide variety of applications, 

dielectric characterization is required to have the desired 

values in terms of device design and performance. The 

variation of the dielectric constant with frequency is 

determined. The behavior of the real and imaginary parts of 

the dielectric constant can be related to the dielectric loss 

factor. Each polarization mechanism has different effects on 

the dielectric constant when its characteristic resonance 

frequency is exceeded. Besides, each of the polarization 

mechanisms causes dielectric loss (tan δ) at frequencies 

close to its resonant frequency. 

The dielectric constant can be calculated using the 

parallel plate capacitor formula: 

 
κʹ=Cd/ε0A                                     (1) 

 
where d is the thickness of the sample, A is the surface area 

of electrodes, 𝜀0 is the electrical permittivity of vacuum and 

C is the capacitance of the sample [21]. 

 
3.2.1. Frequency dependence of dielectric constant of  

         polythiophene nanoparticles 

 

The frequency dependence of the dielectric constant of 

polythiophene nanoparticles synthesized at different 

magnetic fields is shown in Fig.3. It is observed that the 

dielectric constant (K') decreases with frequency. The high 

values of K' at the 1-100 Hz frequency region are attributed 

to the motions of the aggregates of PTh nanoparticles. The 

aggregate can follow the applied field at low frequencies. 

As a result of this behavior, polarization increases toward 

low frequencies. Hence, increasing polarization lead to an 

increase in the dielectric constant of the sample [17]. As 

frequency increases, the aggregate cannot follow the 

applied field, and their contribution to total polarization 

decreases [22]. To analyze the behavior of the dielectric 

constant depending on frequency, the Cole-Cole equation 

can be used as shown in the equation below: 

 

ε*-ε∞/Δε=1/1+(i2πfτCC)β                        (2) 

 

where ε*is the complex dielectric function, ε∞the is dielectric 

constant at infinitely high frequencies, Δε is dielectric 

strength, f is linear frequency, τCC is relaxation time and 

βthe is the broadening coefficient of polarization in the 

frequency range[18,23]. Cole-Cole fits show that increasing 

magnetic flux cannot change the behavior along with the 

whole frequency range. But also, the polarization 

mechanism at the lowest side of the range looks to have 

changed due to magnetic flux. The size of this mechanism 

increases by the effect of magnetic flux. However, an 

increase in magnetic flux cannot cause a big change among 

the samples under the influence of the flux. This behavior 

supports the results obtained from STEM images. As shown 

in Fig.3, the dielectric constant of PTh and PTh-4.6 are 24,6 

and 82,76 at 1MHz, respectively. The reason for the 

difference between the dielectric constant of the samples is 

due to the different magnetic fields applied during the 

synthesis process. As seen in STEM results, the sample 

synthesized without a magnetic field is stiffer than the 

samples synthesized under a magnetic field. So, PTh-4.6 

can easily keep up with the increasing frequency due to its 

loose aggregate and polarization increases. Thus, the 

dielectric constant increases [16]. The mechanism observed 

at frequencies higher than the former mechanism can be 

attributed to the polarization of the polythiophene chain. 

This mechanism looks affected by the magnetic flux. The 

increasing size of PTh nanoparticles can be the reason 

production of a tough structure. This structure can restrict 

the motion ability of chain and side chains. Thus, The Cole-

Cole fits shift toward lower frequencies by the effect of the 

flux and with increasing flux. However, the increasing 

number of nanoparticles with increasing flux as observed in 

STEM images increases the dielectric constant due to the 

increasing magnitude of the polarization. The polarization 

mechanism at the high-frequency region (105 – 107 Hz) can 

be attributed to the polarization of side groups attached to 

the long polymer chain and thiophene ring. So, polarization 

decreases with increasing frequency, and the dielectric 

constant decreases [24]. At this frequency region, it looks 

like the increasing number of nanoparticles causes the 

increase of polarization and dielectric constant with the 

presence of the magnetic flux. Also, it can be said that the 

increasing flux density has a remarkable effect on the 

polarization of side chains.  
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Fig. 3. Frequency dependence of dielectric constant for 

polythiophene nanoparticles (color online) 

 

3.2.2. Frequency dependence of loss factor of  

          polythiophene nanoparticles  

 

The dielectric loss factor expresses the losses in 

electrical energy in the material due to nonlinear physical 

mechanisms such as electrical conductivity, dielectric 

relaxation, and dielectric resonance. These losses act as a 

significant thermal source at high voltage or high 

frequency. Since dielectric losses cause electromagnetic 

waves to scatter with heat, losses occurring at high 

frequency or high voltage act as a thermal source. This 

situation causes the dielectric material to be forced more 

heat under these conditions and affects its properties to 

change and may cause a decrease in the performance of 

dielectric materials. In material selection, the dielectric loss 

 factor is an important parameter in order not to see 

power loss and to maintain the properties of the material 

under operating conditions, so it is preferred that the loss 

factor is as small as possible when selecting dielectric 

materials. That’s why it is also important to know how the 

dielectric loss factor changes under operating conditions. 

Relaxation times were calculated from Cole-Cole curve fits, 

relating tan δ with frequency, in the following equation. 

Dielectric loss is a measure of the energy loss that occurs as 

a result of the interaction with each other and with the 

environment of charges trying to polarize under the effect 

of a variable electric field. 

 
tanδ(ω)=tanδ∞[sin(βπ/2)/(ωτ0)-β+2cos(βπ/2)+(ωτ0)β]  (3) 

 

The frequency dependence of the loss factor, tanδ is 

shown in Fig.4. It is observed two main polarization 

mechanisms, which are attributed to the polarization of a 

PTh aggregate, a thiophene ring, and side groups, in the 

structure [23,25]. Also, there is an unclear mechanism 

described by unclear shoulders around 104 rad/s. These 

polarization mechanisms can be detected for PTh clearly 

while it is unable for samples which were undergone 

magnetic treatment because of the coinciding of two 

relaxation mechanisms, the relaxation mechanisms belong 

to PTh aggregates which are expected to observe at the low-

frequency side. Where τ is relaxation time and β is a 

coefficient for the distribution of the relative relief over the 

frequency range and varies between 0 and 1  (0 ≤ β ≤ 1) 

leads to an asymmetrical broadening of the relaxation 

function [20]. Relaxation times are presented in Table 1 for 

all samples. 
Table 1. The relaxation times of polythiophene nanoparticles 

synthesized at different magnetic fields 

 

Sample 

Magnetic 

flux density 

(k Gauss) 

I.polarization 

region 

Relaxation 

times τ (s) 

II. polarization 

region 

Relaxation 

times τ (s) 

PTh-0 0 1.308x10-2 1.773x10-6 

PTh-1.5 1.5 3.424x10-2 3.605x10-6 

PTh-2.5 2.5 7.675x10-2 7.392x10-6 

PTh-4.6 4.6 1.346x10-2 3.280 x10-6 

 

Relaxation times in Table 1 show that there is a big 

difference between the mechanisms observed on the low-

frequency side and higher frequencies than the former 

mechanism. It looks like the mechanism which is referred 

to as the polarization of PTH aggregates can be interfacial 

polarization or space-charge polarization due to the 

relaxation time in the order of 10-2 s. The other mechanism 

can be attributed to the polarization of the PTh chain and it 

can be dipolar polarization due to the relaxation time of 10-

6 s. The relaxation behavior which is attributed to the 

polarization of thiophene rings or side chains cannot be 

detected at the high-frequency side of the range. The results 

obtained in Table 1 show that lower energy loss conditions 

will occur if a magnetic flux density of 4.6 kGauss is 

applied. The results detected in Table 1 show that a 

magnetic flux of 4,6 kGauss in the production of these 

samples will ensure establishing a low energy loss using 

conditions in applications. The unclear mechanism can be 

observed clearly in section 3.2.3 by frequency-dependent 

AC conductivity graphs. 
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Fig. 4. Frequency dependence of loss factor, tanδ for polythiophene nanoparticles synthesized at different magnetic fields 

 

 
3.2.3. AC conductivity of polythiophene nanoparticles 

 

The frequency dependence of the ac conductivity for 

PTh nanoparticles (σAC) obeys the Jonscher’s Universal 

Dielectric Response (JUDR) [26] as given in the following 

equation; 

 
σAC=σD+Aωs                                   (4) 

 

where 0 , A, s are DC-like conductivity, an integer, and 

an exponential parameter which varies values between 0 

and 1, respectively [15,17,19]. The frequency dependence 

of σAC at room temperature can be shown in Fig.5. Although 

it was interpreted that there were two polarization 

mechanisms detected in Fig.4 in section 3.2.2, the figure 

represents that polythiophene nanoparticles synthesized 

under different magnetic fields have three conduction 

mechanisms in the investigated frequency.  

 

 
 

Fig. 5. Angular frequency dependence of ac conductivity, σ_AC  

for polythiophene nanoparticles synthesized  

at different magnetic fields 
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One of these mechanisms is observed in the frequency 

range between 10-1 - 103 rad/s which is called as first 

polarization mechanism and the second polarization 

mechanism is located at frequencies between 102 – 105 rad/s 

with frequency-independent AC conductivity values around 

10-6 S/cm and 5.10-5 S/cm, respectively. Toward 

frequencies higher than 106 rad/s, the third polarization 

mechanism is detected with frequency-independent AC 

conductivity values around 10-4 S/cm [27]. The first 

polarization mechanism may be attributed to the 

polarization of the long polymer chain while the second 

polarization mechanism can be attributed to the polarization 

of the thiophene ring. The third polarization mechanism can 

be attributed to the polarization of side groups [15,18,28–

32]. 

 
 

4. Conclusıons 
 

Polythiophene nanoparticles successfully synthesized 

without a magnetic field and with different magnetic flux 

densities of 1.5, 2.5, and 4.6 k Gauss were studied. The 

STEM images revealed that magnetic fields considerably 

affect the aggregation of polythiophene chains and 

consequently the morphology of the nanoparticles. Results 

on frequency and temperature dependence of dielectric 

constant, K' and loss factor, and tanδ of polythiophene 

nanoparticles are presented. These parameters decrease 

with increasing frequency at room temperature. For all 

samples, the polarization mechanisms and relaxation times 

were determined by using the Cole-Cole equation. All 

samples exhibit three polarization mechanisms according to 

ac conductivity results. Consequently, this work provides 

new information about the dielectric characterization and 

structure of polythiophene nanoparticles synthesized at 

different magnetic fields to use in electronic devices and the 

microelectronic industry. The results obtained in Table 1 

show that lower energy loss conditions will occur if a 

magnetic flux density of 4.6 kGauss is applied. The results 

detected in Table 1 show that a magnetic flux of 4,6 kGauss 

in the production of these samples will ensure establishing 

a low energy loss using conditions in applications. 
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