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Abstract: 

As the conjugated polymers are doped with some electron donor or acceptor dopants, their electrical 

conductivity increased thoroughly to about 10-6 Ω-1.cm-1. The doping of the polymers may give an n 

or p semiconductor characteristic according to the types  of the dopants that are used. Within the frame 

of this work, four types of conjugated polymers with benzothiazole as a major moiety in their backbone 

have been prepared. The prepared monomers and polymers have been characterized by FTIR 

spectroscopy. Elemental analysis of the polymers (CHN) demonstrates their chemical structure while 

the DSC thermal analysis illustrates its Tg. The polymers were doped with two types of dopants, iodine 

and sodium iodide. The electrical conductivity of the doped polymers was measured with three probe 

cell. The results show increasing in the electrical conductivity with dopant concentration to some 

levels. The activation energy of the electrical conductivity process was also studied by measuring the 

electrical conductivity in different temperature. According to the magnitude of the activation energy, 

we can conclude that the chain flexibility is the dominate factor that influenced on electrical 

conductivity.  Hall Effect and hot probe measurements reveal that the polymer can be considered as n 

or p type according to the type of the doping. It was concluded that the doping with iodine produced 

an n-type while the doping with sodium iodide produced the p- type. 

Key words:  benzothiazole polymer, doping, hall factor, electrical conductivity. 

 

 وثيازول ودراسة خواص توصيليتها الكهربائية البنز بوليمرات  من عدد تحضير
 

 3ليث محمد الطعان ، 2أيوبهيثم احمد  ،*1اسعد فيصل خطاب

 
 العراق، الموصل، جامعة الموصل ،كلية العلوم، قسم الكيمياء*1

 ، الموصل، العراقجامعة الموصل، كلية العلوم، قسم الفيزياء2،3
 

 ة: ـالخلاص
 Ω-وصلت الى حدود  مشوبات واهبة او مستقبلة فان توصيليتها الكهربائية ستزداد بصورة كبيرةب عند تشويب البوليمرات المتعاقبة  

1-.cm1  6-10  ان البوليمرات المشوبة سوف تكون من نوع .n  اوp   حسب نوع المادة المشوبة المضافة. في هذا العمل تم تحضير
اربعة بوليمرات ضمن سلسلها الرئيسية على مجموعة البنزوثايازول. شخصت مجموعة المونومرات والبوليمرات المحضرة باستخدام 
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التراكيب الكيمياوية للبوليمرات المحضرة في حين تم قياس   CHNلدقيق للعناصر  اثبت التحليل ا  FTIR.طيف الاشعة تحت الحمراء  
. استخدم نوعين من المشوبات لهذه البوايمرات, اليود وايوديد  DSCمن خلال تقنية التحليل الحراري    Tgدرجة الانتقال الزجاجي  

لية ثلاثية الاقطاب. النتائج اظهرت زيادة في التوصيلية  الصوديوم. تم قياس التوصيلية الكهربائية للبوليمرات المشوبة باستخدام خ
الكهربائية مع زيادة نسبة المشوب ولكن الى مدى معين. حسبت طاقة التنشيط لعملية التوصيل الكهربائي من خلال قياس التوصيلية  

ا العامل  هي  البوليمرية  السلاسل  مرونة  اثبتت ان  التنشيط  طاقة  قيم  مختلفة.  حرارية  درجات  التوصيلية  في  على  المؤثر  لرئيسي 
حسب نوع المشوب المستخدم حيث عند   p او  n الكهؤبائية. اثبتت طريقة المجس الحراري وتأثير هول نوعية البوليمر فيما من نوع

 .  pفي حين التشويب بايوديد الصوديوم انتج بوليمر من نوع  nنتج نوع أتشويب البوليمر باليود 

 بنزوثيازول, التشويب, معامل هال, التوصيلية الكهربائية ال مر: بوليالكلمات المفتاحية

Introduction:  

The field of electrically conducting polymers have been developed very rapidly since the discovery  of 

the  intrinsically organic conducting polymers.(1) The electrical conductivity of the organic conjugated 

polymers was increased by many orders of magnitude when they are doped with oxidizing or reducing 

agents.(2) Whereby the doped polymers can be seen as a concept  of organic metal or semiconductors. 

The chemical structure of the conjugated polymer is confirmed of π electron system extending over 

long chain of monomer units.(3) The extending π system in the conjugated  polymer gives the 

susceptibility of the oxidation and reduction with the electrical conductivity.(4)Through controlling  the 

oxidation and reduction processes, the electrical and optical properties can be systematically varied.(5) 

The undoped conjugated polymers are established as intrinsic semiconductors. The band gap between 

HOMO and LUMO energy levels of these polymers depends on the chemical constitution of their 

backbone and on the nature of the substituents on the main chain.(6) Therefore the electrical and optical 

properties can be varied to a very large of extended properties by appropriate functionalization of the 

polymer chains.  According to this assumption, many types of conjugated polymers with different 

backbone constitution and substituents have been prepared. The electrical conductivity of the prepare 

polymers can be controlled  via chemical structure and doping processes controlling, whereby the 

conductivity  arises due to delocalization of the valence electrons through along the conjugated chain(6).  

Copolymers based on benzothiadiazole were synthesized since 1961(7). It was used to construct high 

performance electric devices(8). The π extended benzothiazole has good planarity and high electron 

affinity originating from their sulfur atom (9). The solubility problem of the polymer is the main reason 

in the limitation of their using in many important applications(10). Different long chain aliphatic side 

groups have been substituted on the main chain on the main chain in order to get solution processable 

semiconductor polymers(11).  

Experimental  

Materials: 

Table (1) shows all the used chemicals which were used as received without any purification except 

phenylene diamine that was recrystallized from ethanol before using. 
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Table 1: Used chemicals  

 
Materials Source 

1 Phenylene diamin Fluka 

2 Methylene chloride Fluka 

3 Dibromobutane Fluka 

4 Sodium hydroxide BDH 

5 Hydrochloric Acid Sigma Aldrich 

6 n-hexane Scharlau 

7 Acetone Fluka 

8 )2Iodine(I BDH 

9 Sodium iodide (NaI) BDH 

10 Dimethyl formamide (DMF) LTD 

11 Dimethyl sulfoxide (DMSO) BDH 

12 tetra hydro furan (THF) BDH 

13 Pet. Ether 40-60 Fluka 

14 Ethanol Absolute. Fluka 

15 Calcium Chloride Fluka 

16 Sulfur                                 BDH 

17 Carbon disulfide                     Fluka 

 

Equipment: 

F.T.IR spectra were accomplished by using (BRUKER F.T.IR Infrared  Spectrophotometer).   The 

elemental analysis were carried out by using(EuroEA3000/Italy)  elemental analyzer.                                                              

DSC thermal analysis were achieved by using DSC-60 differential scanning calorimeter, SHIMADZU. 

                                                                                          

Synthetic route:  

2- Mercaptobenothiazole(A1): 

0.025 mole(2.7g) of freshly  purified phenylene diamine (m.p 140-142oC) was mixed with 0.025 

mole(0.8 g) of sulfur, 2.5ml abs. ethanol and 1.5 ml of carbon disulfide in an autoclave. The mixture 

was heated at 180oC  for a period of 6 hrs. After cooling to room temperature, the mixture was dissolved 

in 10ml of 10% sodium hydroxide, filtering, the filtrate was neutralized by 10% HCl. The precipitate 

was washed with ethanol and dilute HCl to get pure brown product (m.p. 245o C).  

Thioether for 2- Mercaptobenzothiazole  (M1): 
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1.8g of A1 was dissolved in 10ml DMSO. Add  0.4g of sodium hydroxide in 10ml ethanol. Reflux the 

mixture until a clear homogenous solution with blue green color was obtained. 0.3ml of methylene 

chloride (CH2Cl2) was added dropwise to the clear solution with continuous reflux for a period of 2hrs. 

The color was changed to a deep yellow. After cooling   the solution, 50ml of cold water was added. 

The precipitated M1 was filtered washed with water and dry under vacuum.                                                         

Thioether for 2- Mercaptobenzothiazole  (M21): 

 The same procedure was followed  for the preparation  of M2 by the reaction of A1 with 1,4-

dibromobutane Br(CH2)4Br. 

2,2~ -bis Mercaptobenothiazole(A2): 

The same procedure was used in preparing of A1 with exception of duplicating the amount of sulfur 

and carbon disulfide. The product is yellow and has a melting point of 253oC 

Terephthaloyl dichloride:  

4g of terephthalic acid was refluxed with 30ml thionyl chloride in presence of some drops of DMF for 

a period of 1hr., distill the excess thionyl chloride, the residual Terephthaloyl chloride was 

recrystallized from n- hexane. 

Polymer synthesis:  

Polyamide of M1 and M2 {P1 & P2}:  

0.01 mole of the monomer terephthaloyl dichloride was dissolved in 10ml dry dichloromethane and 

introduced in three necked flask provided with nitrogen inlet tube. 0.01 mole of monomer M1 or M2 

was dissolved in 10ml of 1:1 THF/pyridine mixed solvent and dripped slowly into the reaction flask 

under nitrogen atmosphere. The reaction mixture was stirred for 24hr. at room temperature. The 

precipitated polymer was poured into fivefold of methanol, filtered and dried under vacuum.   

Polymerization of A2 {P3&P4}:   

P3 polymer was prepared by dissolving 1.2g of A2 in appropriate amount of DMSO. 0.4 g of sodium 

hydroxide dissolved in absolute methanol was added; the mixture was heated  to about 80o , and then 

0.23ml of methylene chloride was added  to it. The whole mixture was heated  for about 3hrs. The 

produced polymer was precipitated from water, filtered, washed with water and dried under vacuum.                                                    

P4 polymer was prepared by polymerizing A2 with dibromobutane by following the above method 

whereby 0.5 ml of dibromobutane reacts with1.2g of A2. 

 

Doping of polymers: 

Two types of doping processes are achieved in this work; the first type is doping by mixing whereby 

the polymers were mixed thoroughly with different ratios of the dopant sodium iodide NaI. The second 

type of doping is the vapor-phase doping in which the polymer disc has been exposed to the vapor of 

the iodine in  vacuum tube for different periods of time.  

Two-Prop method for evaluation the type of charge carriers in doped polymer:(12) 

Two probes (hot and cold) were used in order to identify the charge carriers type ( p-type or n- type). 

The sharp ends of the probes are attached to the surface of the polymer disc while the second ends are 

connected to galvanometer as in figure (1). If the polymer is n-type, the liberated electron accumulates 
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at the hot probe and the galvanometer pointed to negative side, while in the case of the p-type, the 

galvanometer pointed to positive side. The results were confirmed by measuring Hall factor(13) 

Figure 1: The two-prop method  

Electrical conductivity measurements: 

Films of 2 cm diameter and about 0.5 mm thickness from the pure polymers are prepared under 3-4 

ton/cm2. Electrical volume conductivity measurements are performed using the standard 3-probe D.C 

technique according to the ASTM method(14) . 

                                   Results and Discussions 

Synthetic routs:  

Monomer preparation: 

Scheme (1) illustrated the synthetic route for the preparation of  monomers. The properties of the 

monomers are illustrated in table (2). 

Table 2: Properties and chemical structure of the prepared monomers 

 

 

 

 

 

 

ʋ S-H  

cm-1 

ʋ C-S  

cm-1 

ʋ C=C  

cm-1 

ʋ C=N  

cm-1 

Aliphatic 

C-H cm-1 

σN-H 

cm-1 

ʋ N-H 

cm-1 Sample 

 --------- 828 1510 1313 2957-2910 1619 3248 M1 

 824 1508 1307 2916-2810 1607 3241 M2 

3255 850 1535 1418 ----------- ----------- ------- A2  
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Scheme (1): Monomers prepared from p-phenylene diamine  

 

The monomers were characterized by IR spectroscopy (figures 2,3 & 4). The frequency of the bands 

belongs to the different functional groups of the synthesized monomers that are shown in table (3). 

 
Table 3: FTIR band absorption frequencies of the functional groups  of the prepared monomers 

 

 

 
  
 

 

 

 

 

 

Co/ m.p.  color Chemical structure monomer 

280 brown 
 

 M1 

265 brown 
 

 

 

M2 

 

273 orang 

 

A2 
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Synthesis of Polymers: 

The four prepared  polymers are specialized with benzothiazole moiety within their backbone. 

Scheme 2 illustrates the equations of the preparation of the polymers.  
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Scheme(2): route of polymer synthesis 

The polymers were characterized by IR spectroscopy figure(5). Table (4) gives the frequencies of the 

special function groups within the polymer chains. In comparison with the spectrum of the related 

monomers, it was noticed that the frequency of NH moiety in monomers M1&M2 has been 

disappeared and a new signal was observed at about 1680 cm-1 related to the carbonyl group to confirm 

the formation of the polymers M1and M2. While figure(4) indicates the disappearance of SH group 

which give signal at 3255cm-1 in monomer and a new frequency has appeared around 3000cm-1 related 

to the aliphatic moieties.  

Table 4: FTIR band frequencies of the prepared polymers 

No. ʋ N-H 

cm-1 

σN-H 

cm-1 

Aliphatic 

C-H Cm-1 

ʋ C=N 

cm-1 

ʋ C=C 

cm-1 

ʋ C-S 

cm-1 

ʋ C=O 

cm 

P1 3241 1650 2992-2816 1413 1503.7 828 1680 

P2 3285 1682 3058-2820 1411 1503.5 829 1783 

P3 ----- 1638 3037-2950 1399.34 1510 829 ----- 

P4 ----- 1603 3044-2960 1404 1504 828 ----- 
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Figure(5): FTIR spectrum of the prepared polymers 

The fine elemental analysis (CHN) of the prepared polymers (table 5) demonstrate the suggested 

chemical structure of the prepared polymers. 

 

Table 5: CHN elemental analysis of the undoped  polymers 

Polymer       % C      % H      % N 

Calc. Exp. Calc. Exp. Calc. Exp. 

 P1 56.93 57.83 10.21 10.45 3.65 3.66 

 P2 54.54 55.29 11.06 11.87 2.76 2.94 

 P3 40.29 40,83 10.44 10.18 1.49 1.89 

P4 46.45 47.08 9.03 9.132 3.22 3.31 

 

Thermal analysis of the polymers: 

The thermal DSC scans of the prepared polymers  are shown in figure 6 . The results demonstrated 

that the polymer P3 and P4 have shown glass transition temperature between 142-183oC and 135-
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168oC respectively. The high rigid polymers P1 and P2 have glass transition temperature ranged 283-

320oC  and 233-253oC respectively. The results can be explained by that the polymers P1and P2 can 

be considered as a copolymers of amide and thioether, while the polymers P3 and P4 are homo 

thioether polymers more flexible than polymers P1 and P2. The amide  moiety  gives the polymer a 

hardness properties by their hydrogen bonding. 

 

Figure 6: DSC scans of the prepared polymers 

 

Electrical conductivity measurements: 

doping processes: 

The electrical conductivity of the conjugated polymers can be enhanced by doping with some donor 

or acceptor dopants. The values of the volume electrical conductivity  of the investigated doped 

polymers are shown in tables (6 & 7) and figures (7 & 8). Generally it was clearly noticed that the 

conductivity increased systematically with increasing the dopant ratio. The data shows  that  after 

reaching some ratio of doping, the conductivity stop increasing or decrease, whereby at this point of 

doping the percolation point was reached. After the percolation point the dopant may start building 

some crystal units within the polymer chains and decrease the conductivity(15).  
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Table 6: Room temperature electrical conductivity σ (Ω.cm  ×10-8) of polymers doped with different ratio of 

iodine. 

Polymer % σ % σ % σ % σ % σ 
P1 5 1.25 10 7.67 15 8.69 17 9.16 20 8.82 

P2 3 1.26 10 10.54     20 10.6 

P3 7 6.65 11 8.84     25 9.2 

P4 2 1.6 4 3.6 7 6.8 8 7.6 10 4.9 

 

Table 7: Room temperature electrical conductivity σ (Ω.cm ×10-8) of polymers doped with different ratio of 

sodium iodide. 

p % σ % σ % σ % σ % σ % σ 
P1 2 6.8 4 8.2 5 8.8 7.5 9.3 11 9.2 14 8.8 

P2 2.5 8.5 7 9.5 10 10.2 14.5 10.5 17.5 10.7 20 10.4 

P3 2 5.6 3 7.4 5 7.9 6.5 8.9 9.5 8.85 14 8.2 

P4 1.5 2.1 3 6.6 4 7.2 8 7.8 10.5 9.2 17 9.3 

  
It was clearly noticed that there are many factors that have effects on the electrical conductivity of the 

polymers. The polymer chain constituents is the main factor. Interruption of the polymer chin with 

aliphatic moieties may have two different effects, increasing the flexibility of the chain or decreasing 

the delocalization of the π electrons along the chain. The first factor increases the conductivity while 

the second, decrease the conductivity(16). The first factor was observed in a comparison made  between 

P1 & P2 doped with iodine or NaI. While the latter factor was dominated in a comparison between 

P3&P4 doped with NaI.   
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Figure 7: The conductivity of p-type polymer vs. the doping concentration of I2 
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Figure 8: The conductivity of n-type polymer vs. the doping concentration of NaI 

Types of dopants: Two types of dopant were carried out for all the prepared polymers. The first used 

dopant is iodine which is known as electron donor. The second dopant is sodium iodide, whereby the 

sodium ion can be considered as an electron acceptor. The resulted polymers are n-type and p-type 

respectively. Hot and Cold Probe Test proved that iodine doped polymers are of n- type while sodium 

iodide doped polymers are of p-type. The results were experimentally proved by measuring the Hall 

coefficient RH from(17):  = RH , where  is the mobility of the carriers of (e and h) and  is the 

conductivity of the polymer. 

Table 8: Hall coefficient (RH), the mobility () and the conductivity() of the doped polymers 

 

 

 

 

 

 

 

Temperature effect: 

Increasing electrical conductivity with elevation in temperature can be considered by calculating the 

activation energy of this process. The explanation is  established  by a gradual rise in the population 

of electrons in conduction bands (excited state)(18),which needs  activation energy  between 1.5- 2 

Ev.mol-1. In the other hand the increasing in the flexibility of the polymeric chains and electrical 

conductivity with temperature elevation gives lower activation energy(19). Table (9) shows the 

activation energies of the doped polymers with sodium iodide. The low value of activation energy 

demonstrates the lower level of sensitivity of the electrical conductivity to temperature. According to 

this activation energy magnitude we can say that the chain flexibility is the dominate factor in 

explaining the conductivity mechanism.  

 

 

 

RH 

(cm3/c) 

[n-type] 

 

(cm2.vs( 

σ 

(Ω.cm -1( 

10% NaI   

doping 

RH 

( cm3/c) 

[ p-type] 

 

(cm2.vs( 

σ 

(Ω.cm)-1 

10% I2 

doping 

sample 

 

-3.38×10+7 56.13 1.65×10-6 4.59×10+7 64.46 1.40×10-6 P1 

-7.57×10+7 157.4 2.07×10-6 3.73×10+7 135.6 3.63×10-6 P2 

-2.52×10+7 51.4 2.03×10-6 1.9×10+7 5,16 2.59×10-6 P3 

-1.6×10+7 25.3 1.54×10-6 2.11×10+7 0.319 1.51×10-7 P4 
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Table 9: Activation energy(ΔE) of the prepared polymers measured between (25- 250)oC 

Polymer P1 P2 P3 P4 

ΔE /eV.mol-1 0.0303 0.0302 0.0148 0.0346 

 

Conclusions: 

The electrical conductivity is  a significant characteristic of polymers, according to which the 

polymers are guided to be used. It was seen that the chemical structure of the polymer is the main 

factor to give the polymers their physical properties and controlling the electrical conductivity. The 

electrical conductivity can be enhanced by doping with electron donor or acceptor dopants. The same 

polymer can be used an n- or p-type by using electron donor or acceptor dopants.  
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