
The first conductive polymers were discovered in 
1975. Then, they have attracted considerable at-

tention due to their interesting electrical conductivity 
[1]. Nowadays, the studies related to conductive poly-
mers have gained a new acceleration due to the rapid 
developments in science and technology. In most of 
these studies, it is aimed to give to the polymeric ma-
terials some properties of semiconductors. Some pro-
perties which do not naturally exist in semiconduc-
tors are trying to be imparted to conductive polymers 
synthetically [2]. Since conductive polymer compo-
unds, which are the product of polymerization, have 
a wide area in polymer technology, comprehensive 
studies have been carried out to date [3,4]. Among 
these conductive polymers, phenothiazine based 
polymers has been extensively studied for their app-
lications in various electronic and electrochemical 
legal devices [5,6]. They are good electron-donor and 
hole transport materials, since the phenotiazine rings 
have electron-rich sulfur and nitrogen heteroatoms. 
However, many of their features are still known to be 
limited. On the other hand, to date, various methods 
have been used for the synthesis of conductive poly-
mers. Chemical, enzymatic, oxidative, and electroc-
hemical polymerization methods are used effectively 
for the conversion of monomers carrying groups such 
as thiophene, pyrrole, and carbazole to conductive 
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polymers. Electrochemical polymerization is one of 
the most important polymerization methods of re-
cent years. The first electrochemical synthesis is the 
production of PANi polymer by Letheby [7]. Later this 
method was used by Szaways [8]. Since then, conduc-
tive polymers such as polypyrrole (PPy), polythiophe-
ne (PTh), polypurane (PF), polyphenylene (PP), and 
polycarbazole (PCz) with π-electron conjugate struc-
ture have been synthesized for use in many applica-
tions [9]. Electrochemical polymerization is highly 
advantageous over other polymerization methods 
because of its superior properties such as the reaction 
being carried out at room temperature, controlling 
the film thickness by varying the applied voltage or 
current, the homogeneity of the films, and not requ-
iring purification [10]. Here, it is aimed to synthesi-
ze phenothiazine copolymers by constant potential 
electrolysis. For this, the monomer was prepared as 
described in the literature [11]. The structure of the 
synthesized monomers was illuminated by FT-IR, 
UV-Vis, 1H- and 13C-NMR techniques. Characteriza-
tions of copolymers were carried out by TG-DTA, CV, 
and GPC. In the final stage of the research, the so-
lid-state degradation kinetics of phenothiazine based 
conductive polymers were calculated using TG-DTG 
data under non-isothermal conditions. Accordingly, 
to our knowledge, this study is the first report to exa-

A B S T R A C T

In here, the nonisothermal decomposition kinetics of co-polymers based phenothiazine 
was present-ed. For this, firstly, 3, 7-di-2-thienyl-10H-phenothiazine (TF) was prepared 

via an optimized Suzu-ki–Miyaura cross-coupling reaction. After monomer (TF) charac-
terization, the copolymerization re-actions with EDOT and thiophene were performed 
by the electrochemical technique. The molecular masses of the co-polymers were found 
by gel permeation chromatography (GPC) analysis. Thermal characterizations of the re-
sulting polymers were conducted by thermogravimetric analyses. The thermal decomposi-
tion kinetics of the resulting polymers was also performed. For this, the kinetic methods 
(Tang, FWO, KAS, Kissinger, and Friedman) based on the multiple heating rates were 
used. Several kinetic parameters related to the decomposition kinetics of the solid-state 
were revealed.

INTRODUCTION 
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Thermal decomposition; Kinetic; Phenothiazine; Copolymer.
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To determine the electrochemical properties of resulting 
polymers, cyclic volt-ammograms were taken using CH 
Instruments 660 C Electrochemical Analyzer (CH Ins-
truments, Texas, USA). The copolymers were coated on 
platinum or ITO. A platinum wire was used as a counter 
electrode. The non-aqueous Ag/Ag+ was determined as a 
reference electrode. After the coating of resulting copoly-
mers was on ITO/glass surface via electro-oxidative poly-
merization, the films were rinsed with ACN. The thermal 
properties of synthesized polymers were determined by 
using Thermogravimetry-Differential Thermal Analy-
sis (TG-DTA Perkin Elmer Diamond Thermal Analysis 
System) [12,13]. The measurements were carried out in 
an N2 atmosphere between 20-1000°C, at the heating rate 
of 5, 10, 15, and 20°C/min. 

Synthesis of 3,7-dibromo-10H-phenothiazine

A solution of 10 mmol (1.99 g) phenothiazine in 20 mL 
THF was placed in a 100 mL two-necked flask in an ice 
bath. To the resulting yellow solution, a solution of 22 
mmol (3.91 g) of NBS dis-solved in 45 mL of THF was ad-
ded dropwise for 1 hour. The dark green solution formed 
after the drop was cooled to room temperature and stir-
red for a further 24 hours. After the solvent removal, the 
residue was purified over silica gel. A light green product 
was obtained (2.50 g, yield: 70%) [14]. The reaction sche-
me for the synthesis of 3, 7-dibromo-10H-phenothiazine 
is given in Fig. 1

Synthesis of 3,7-di-2-thienyl-10H-phenothiazine 
(TF Monomer)

In a 100 mL flask, 4 mmol (1.42 g) of 3, 7-dibromo-10H-
phenothiazine was dissolved in a boil-ing ethoxyethanol-
water (40: 4, 44 mL) mixture. 20 mmol (2.76 g) of K2CO3 
was added to the re-sulting green solution and stirred at 
130 0C for half an hour. Then 11.2 mmol (1.43 g, 2.8 eq.) 

mine the kinetics related to the solid state degradations of 
phenothiazine based conductive polymers.

EXPERİMENTAL METHODS

Materials

Phenothiazine, 3-thiophene boronic acid, Aliquot 336, 
N-bromosuccinimide (NBS), silicon diox-ide (SiO2), tet-
rakis (triphenylphosphine) palladium (0) [Pd(PPh3)4],
3,4-ethylenedioxydiophene (EDOT), Potassium carbo-
nate (K2CO3), sodium hydroxide (NaOH), thiophene,
18-crown-6, DMSO, DMF, THF, ethyl acetate, ethyl al-
cohol, methyl alcohol, chloroform, ether, acetone, ace-to-
nitrile, 2-methoxy ethanol, hexane, heptane, 1,4-dioxane,
CHCl3, and CCl4 were obtained from Merck (Germany)
and used in the experiments without pre-purification.

Measurement Techniques

HEIDOLPH branded magnetic stirrers were used for the 
synthesis processes. To dry glassware and chemicals J.P. 
Selecta brand vacuum oven was used. Column chroma-
tography was performed using silica gel. UV-vis spectra 
of copolymers were obtained from  indium–tin oxide 
(ITO, solid phase) surface using an Analytic Jena Spe-
edcord S-600 diode-array spectrophotometer. Fourier 
Transform Infrared (FT-IR) Spectrometer (Perkin Elmer 
FT-IR Spectrum one) and Nuclear Magnet-ic Resonan-
ce (NMR) Spectrophotometer (JEOL ECX II 400 MHz) 
were used for structural charac-terization of synthesized 
substances. 1H and 13C-NMR analysis used DMSO-d6 as 
a solvent. UV-vis analyzes were performed using a do-
uble beam path spectrophotometer and quartz cuvet. 
DMSO was used as a solvent in UV measurements. The 
number average molecular weight (Mn), Mass aver-age 
molar mass  (Mw), and polydispersity index (PDI) of the 
copolymers were found by Viscotek GPC/SEC systems. 

Figure 1. Synthesis of 3, 7-Dibrom-10H-phenothiazine 
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of 2-thiophene boronic acid and 0.06 mmol (70 mg) [Pd 
(PPh)3]4 as catalyst was added and the mixture was reflu-
xed at 130 °C for 2 hours. After two hours, the mixture 
was cooled down to room temper-ature and precipitated 
with the distilled water. The precipitation was carried out 
by stirring the mix-ture continuously with a magnetic 
stirrer. The precipitate was filtered and washed with an 
ethanol-acetone (1:1 v/v) solvent mixture. The resulting 
light yellow product was dried in a vacuum oven at 40°C 
for 6 hours (1.16 g, yield: 81%) [15]. The reaction scheme 
for the synthesis of 3, 7-di-2-thienyl-10H-phenothiazine 
is given in Fig. 2.

Electrochemical Characterization

Data from voltammograms were used to determine the 
electrochemical properties of the resulting copolymers 
on the ITO surface [16]. Electrochemical measurements 
were performed in a quartz cell using non-aqueous Ag/
Ag+ as the reference electrode, platinum wire as the co-
unter electrode, and ITO as the working electrode. 0.1 M 
TBAPF6 was used as a support electrode.

Electrochemical Copolymerization of TF 
Monomer with Thiophene and EDOT

To determine the electrochemical properties of synthe-
sized TF monomer by using cyclic voltam-mograms, CH 
Instruments 660 C Electrochemical Analyzer was used. 
The resulting copolymers were obtained by cyclic vol-
tammograms repeated at a scanning rate of 50 mV/s in 
0.1 M TBAPF6/ACN. For this, 20 mg TF monomer and 

0.9 ml thiophene (d: 1.05 g/cm3) were dissolved in 9 ml 0.1 
M TBAPF6/ACN and 1 ml BF3.OET2 support electrolyte 
solution. Copolymerization was then performed on the 
ITO surface at a scanning speed of 50 mV/s, with a poten-
tial range of (+1.8)-(-0.4) V. In the case of copolymeriza-
tion of TF monomer with EDOT, 20 mg of TF monomer 
and 0.7 ml of 3,4-ethylene dioxythiophene (d:1.33 g/cm3, 
EDOT) were dissolved in 9 ml of 0.1 M TBAPF6/ACN and 
1 ml of BF3.OET2 support electrolyte solution. Copolyme-
rization was performed by the electrochemical method 
to the ITO surface at a scanning speed of 50 mV/s, in 
the potential range (-1.6)-(+1.6) V. Synthetic pathway for 
electrochemical copolymerizations of the TF monomer 
with thiophene or EDOT is given in Fig. 3. The films of 
the resulting copolymer were coated onto the ITO surfa-
ce by electro oxidative polymerization and then washed 
with ACN. 

Figure 2. Synthetic scheme of 3, 7-di-2-thienyl-10H-phenothiazine 

Figure 3. Electrochemical copolymerization of TF monomer by EDOT 
and thiophene 
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RESULTS AND DISCUSSION

Structural Characterization

3,7-di-2-thienyl-10H-phenothiazine used in electro-
polymerization was synthesized from 3,7-dibromo-10H-
phenothiazine according to standard literature proce-
dures [11]. The chemical structure of each compound 
was confirmed by FT-IR, 1H-NMR, and 13C-NMR spect-
ra. Significant changes were also observed in the FT-IR 
spectra of each compound relative to the starting material 
pheno-thiazine. The C-Br bending peak of 3,7-dibromo-
10H-phenothiazine was observed at 649 cm-1 in the FTIR 
spectrum. Also, the N-H tensile peak of the thiomorpho-
line ring was determined at 3337 cm-1, and the C-N peaks 
at 1311 cm-1. In the 1H-NMR spectrum, the hydrogen 
atom in the thiomorpho-line ring showed a single signal 
at 8.85 ppm. Thus, both the FT-IR and 1H-NMR spectra 
of this compound showed that the Bromine did not bind 
at the N-position. Also, the aromatic proton signal at 6.59 
ppm (1H, binary) and 7.11 ppm (1H, single) was obser-
ved. On the other hand, it was deter-mined that the Hb 
proton at 7.14 ppm split into the doublet of the doublet 
due to the remote group interaction with the Ha pro-
ton. In the 13C-NMR spectrum, characteristic resonan-
ce peaks of six dif-ferent carbon atoms between 113-141 
ppm were determined. All these results confirm that the 

-NH group on phenothiazine is protected and that the
halogenation reaction takes place via the aromatic ring.
However, in the FTIR spectrum of 3,7-di-2-thienyl-10H-
phenothiazine, the C-Br peak at 649 cm-1 was lost and the 
C-S peak in the thiomorpholine ring was observed at 798
cm-1. The N-H and C-N peaks in the thiomorpholine ring 
were also observed, respectively, at 3334 cm-1 and 1298
cm-1. In the 1H-NMR spectrum, the N-H bond in the thi-
omorpholine ring was exhibited as a single peak at 8.96
ppm. Also, this compound gave peaks at 7.49 ppm (1H,
doublet), 7.42 ppm (1H, doublet), 7.33 ppm (1H, singlet),
7.28 ppm (1H, doublet), 7.13 ppm (1H, triplet) ) and 6.75
ppm (1H, doublet). However, in the 13C-NMR spectrum,
this compound showed resonance signals of ten different
car-bon atoms between 115-143 ppm.

Optical and Electrochemical Properties

UV-vis spectra of PTFT and PTFE copolymers were ta-
ken from the ITO surface and given in Fig. 4. The UV-
vis spectrum of the TF monomer exhibited a maximum
absorption (λmax) at 364 nm. This maximum peak is
attributed to π- π* transitions in the aromatic ring. The
UV-vis spectrum of PTFT copolymer showed a peak at
397 nm shifting to 33 nm red when compared to the TF
mon-omer. This is related to the higher conjugation of
PTFT than the TF monomer.  On the other hand, PTFE

showed two peak absorption peaks at 460 nm and 643 nm 
due to high conjugation compared to both TF and PTFT 
copolymer. The lowest spectral energy edge bands of 
the absorption spectra of FT and PTFT copolymer were 
measured as 481 and 494 nm, respectively. Accordingly, 
the optical band gaps were 2.57 eV for TF monomer and 
2.5 eV for PTFT. In the case of PTFE, the lowest spectral 
energy edge bands λmax1 and λmax2 were determined to 
be 567 and 783 nm, respectively. Accordingly, the optical 
band gap for PTFE was calculated as 2.18 eV for λmax1 
and 1.58 eV for λmax2.

On the other hand, PTFT and PTFE copolymers were 
formed by electrochemical cyclic Voltam-metry at a scan-
ning rate of 50 mV/s. The first cyclic voltammograms for TF, 
PTFT, and PTFE co-polymers are given in Fig. 5.

Fig. 5 show the first cyclic voltammograms of PTFE 
and PTFT at a scanning speed of 50 mV/s. According to Fig. 
5, the first oligomeric products were taken in the range of 

-1.4-1.6 V for PTFT and -0.4-1.6 V for PTFE.  The oxidation
peak of PTFE was observed at 0.51 V. İts reduction peak was 
at -0.39 V. Also, the oxidation peak and reduction of PTFT
was exhibited at 0.82 V and 0.44 V, respectively. Accordingly, 
each voltammogram showed a single oxidation and reduc-
tion peak with a reversible character. Functioned thiophene 
compounds such as thiophene or 3,4-ethylene dioxythi-
ophene (EDOT) can be very easily oxidized. The radicals
formed as a result of this oxidation can be joined together
to form a polymerization reaction easily on the ITO elect-
rode. İn here PTFE and PTFT copolymers were obtained by 
cyclic Voltammetry. Voltagram collection was continued
until no electroactive species could be recovered from the
monomer.  The copolymeriza-tion reaction of TF monomer 
with EDOT was carried out between -1.4-1.6 V. In the vol-
tammogram of PTFE, the oxidation peak at 0.51 V shifted

Figure 4. UV-vis spectra of TF, PTFT, and PTFE on ITO surface 

Figure 5. First cyclic voltammograms of PTFE (a) and PTFT (b) at a 
scanning speed of 50 mV/s
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to 0.88 V and the reduction peak at -0.39 V shifted to 0.62 
V. On the other hand, the copolymerization reaction of TF
monomer with thiophene was carried out between -0.4-1.8
V. Here, the oxidation potential shifted from 0.82 V to 1.27
V and the reduction potential shifted from 0.44 V to 0.62 V.
The sequential voltammograms obtained by con-sequently
the shift of the reaction to the high potentials by binding of
the active species showed that the copolymerization reacti-
ons took place [17]. Cyclic voltammograms for electroactive 
PTFE and PTFT copolymers deposited on ITO are given in
Fig. 6

Furthermore, the dependence of the scanning speed 
versus the current density of copolymers de-posited on ITO 
in the 0.1 M TBAPF6/ACN support solution is shown in 
Fig.s 7 and 8. Fig.s 7 and 8 showed a linear relationship bet-
ween current density and scanning speed. This event was 
at-tributed to the non-diffusion process.

It was determined that there is a linear relationship 
between scanning velocities and current in-tensives in Fig.s 
7 and 8, which shows the scanning velocity dependence in 
copolymerization re-actions. GPC was used to calculate the 
average molar masses of the soluble portions of the PTFE 
and PTFT. The results are given in Table 1. According to 
GPC analysis, polymers have low PDI values. Low PDI indi-
cates a controlled polymerization reaction [18].

Kinetic Evaluation

Non-isothermal methods are often used for the evalua-
tion of mechanisms and kinetics of solid-state reactions. 
Most of these thermo analytic methods are based on the 
Arrhenius equation.

k A E RT= −exp( / ) (1)

and rate expression occurs

da dt kf a/ ( )= (2) 

Here, f (α) is the kinetic function. α is the conversion 
fraction. If f (α) = (1-α) n and dT / dt = β occur equally at 
constant temperature, Eq. 2 can be written as follows.
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Here; n is the degree of reaction. Eq. 4 can be written 
for the special case n = 1. On the other hand, Eq. 5 can be 
written for n ≠ 1 values.
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Many techniques are using different approximations to 
solve Eq. 3. The following isoconver-sional methods were 
used to calculate kinetic parameters related to the solid-sta-
te degradation of copolymers.

Tang Method

When an appropriate approach is used for the solution of 
Eq. 2 and the logarithm of both sides is taken, the equati-
on given below can be obtained [19].

ln
( )

ln
( )

.

. ln

.

g a
T

AR
Rg a

E
1 894661

3 635041
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



1 001450. E
RT

      (6)

Figure 6. Sequential cyclic voltammograms of PTFE (a) and PTFT (b) 
in the repeated potential screening of FT.

Figure 7. The current density of PTFE at scanning speeds of 10, 20, 40, 
60, 80 mV/s

Figure 8. Current density of PTFT at scanning rates of 1, 20, 40, 60, 
80 mV/s

Copolymers  Mn (gmol-1) Mw (gmol-1) PDI

PTFT 22782 32578 1.43

PTFE 13850 19113 1.38

Table 1. GPC analysis of PTFE and PTFT
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Here, the activation energy (Ea) can be found from the slopes 
of the Arrhenius plots at different heating rates. 

Kissenger-Akahira-Sunose Method 

This method is an integral isoconversional method and 
Ea is calculated in similar ways as in other methods. Ac-
cording to the Kissenger-Akahira-Sunose method, an 
equation is obtained as follows [20,21].

ln
( )

ln
( )

g a
T

AR
Eg a

E
RT2







 =









 −   (7)

Kissinger Method

Ea can be calculated without using any reaction mecha-
nism, by using the following equation [20].

ln ln ( )
max

max

max

ß
T

AR
E

n a E
RT

n
2

11








 = + − 








−− (8)

where β, Tmax, A, αmax and n are the heating rate, tempera-
ture,  pre-exponential factor, the maxi-mum conversion 
fraction, and reaction order. Ea can be calculated from 
the graph of ln (β/T2max) ver-sus 1000 /Tmax.

Flynn-Wall-Ozawa Method  

This is an integral method. In this technique, A, f (α), and 
Ea are independent of both conversion fraction and the 
temperature. This technique uses the following logarith-
mic equation [22,23]. 

log log log logß AE
R

ß p E
RT

E
RT

= 




− + 






     (9)

Using Doyle approximation and assuming E/RT> 20 for 
the integral function, the above equation can be simplified 
as follows 

log log log ( ( )) . .ß AE
R

g g a E
RT

= 




− − −2 315 0 4567            (10)

Friedman Method 

The Friedman method uses Eq. 11 based on the Arrheni-
us equation for thermal decomposition kinetics [24].

ln ln( ) ln( )
da
dt

A n E
RT







 = + − −1 (11)

In the above equations, α, g(α), β, Tm, A, and R are the 
degree of reaction, integral function, heating rate, tempera-
ture, pre-exponential factor, and gas constant, respectively. 
A line is obtained by plot-ting 1/T versus ln (dα /dt) and E/R 
is determined from the slope of this line. 

Thermal Decomposition Kinetic

The decomposition kinetics of the copolymers were per-
formed by the TG technique. Kinetic pa-rameters were 
calculated using multiple heating rate methods. The TG 
curves obtained in the dy-namic nitrogen atmosphere 
of the copolymers were given in Fig. 9.  TG experiments 
were carried out in nitrogen of 50 mL min-1 gas at hea-
ting rates of 5, 10, 15, and 20 ºC min-1. Analyses were per-
formed by using 8-10 mg samples. All TG curves showed 
that copolymers degrade in one step.

The first decomposition temperature (Ton) in addition 
to the temperatures at which 20% and 50% mass losses oc-
curred were found from the TG thermograms. Furthermo-
re, DTG curves were used to determine temperatures (Tmax) 
corresponding to the maximum decomposition rate. DTA 
curves were used to determine the exothermic and endot-
hermic nature of decomposition. According to the TG cur-
ve of PTFE copolymer at a heating rate of 5 ° C/min, the ini-
tial decomposition temperature was 104 ° C. 20% and 50% 
mass loss was observed at 245 °C and 328 °C, respectively. 
The amount of residue at 1000˚C was calculated to be about 

Figure 9. TG / DTG and DTA thermograms of PTFE (a) and PTFT (b) at different heating rates
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11%. This compound was degraded in one step and Tmax was 
found as 303 °C. During the decomposition of the PTFE co-
polymer, the presence of an endothermic peak at 318 °C was 
observed in the DTA curve. According to the TG curve ob-
tained at a heating rate of 5 oC/min of PTFT copolymers the 
initial decomposition temperature was deter-mined as 231 
oC. The temperatures at which 20% and 50% mass loss were 
observed were 283 ° C and 347 °C, respectively. The amount 
of residue at 1000˚C was calculated to be approximately 8%. 
This compound was determined to be degraded in one step. 
From the DTG curve, Tmax was calculated as 381 °C. During 
the decomposition of PTFT copolymers, the presence of an 
endothermic peak at 399 ° C was observed in the DTA curve.

Kinetic Studies

There are many techniques for the solution of Eq. 3. In 
this study, several techniques were used to investigate the 
kinetic parameters of copolymers. These techniques are 
FWO, KAS, Tang, and Kissinger methods. For these met-
hods, the TG curves at multiple heating rates are used. 
For the calculation the kinetic parameters of copolymers, 
firstly Kissinger method and isoconversional meth-ods 
were used. According to the Kissinger method, Ea related 
to the thermal decomposition kinetics of PTFE and PTFT 
was found to as 75.23 kJ mol-1 and 83.47 kJ mol-1, respecti-
vely. According to equation [6], Ea can be found from the 
graph of 1000 / T versus ln (β/T1.894661). The average value 
of Ea for PTFE and PTFT was found to as 75.8 kJmol-1 and 
93.8 kJmol-1, respectively. The values obtained for copoly-
mers were given in Table 2. KAS is an another method 

used in this study. In the conversion fractions given α 
= 0.05-0.95, Ea determined from the slope of the graph 
of ln (β/T2) ver-sus 1000/T was calculated as 74.7 and 
92.8 kJmol-1 for PTFE and PTFT, respectively. The result 
is very close to the value obtained by the Tang method. 
Another method used in this study is FWO. At a constant 
conversion, the slope of the line obtained from log β ver-
sus 1000/T graph is equal to 0.456 E/RT. Ea can be found 
from here. In Fig. 15, the plots of ln β versus 1000/T at 
a different conver-sion value are plotted, and the values 
found here are 75.7 and 93.1 kJmol-1 for PTFE and PTFT, 
re-spectively. As a result, the Ea obtained by all three met-
hods for copolymers were very close to each other. Finally, 
Ea for PTFE and PTFT using the Friedman method was 
determined as 78.8 and 97.9 kJmol-1, respectively.

Fig. 10 shows the Arrhenius type curves in the range of 
α = 0.05-0.95.  As given in Fig. 10, the minimum Ea values re-
quired for copolymers to start degradation is 64.3 and 94.6 
kJmol-1 for PTFE and PTFT, respectively. Ea required for the 
degradation step of PTFE and PTFT copolymer are very clo-
se to each other within the limits of 0.2 <α <0.9. When the 

Decomposition Steps

PTFE PTFT

α Tang KAS FWO FR Tang KAS FWO FR

0.05 65.8 64.3 65.9 68.9 91.6 94.6 94.6 100.5

0.1 69.8 68.9 70.1 72.5 94.7 93.4 94.6 97.8

0.2 72.3 71.1 72.4 75.8 93.2 92.6 92.4 97.5

0.3 76.8 75.6 77.1 79.8 92.7 91.6 91.9 96.7

0.4 75.7 74.5 76.4 78.9 91.4 90.7 91.4 96.9

0.5 76.4 75.4 75.6 79.7 92.3 91.5 91.6 96.5

0.6 76.5 75.8 75.9 78.6 91.4 90.8 92.3 95.7

0.7 76.9 75.4 75.2 79.4 92.3 91.7 91.5 96.4

0.8 77.1 76.7 76.3 80.2 92.5 91.4 90.8 96.2

0.9 82.3 81.3 83.5 84.3 96.8 95.3 94.7 99.6

0.95 85.2 83.2 85.2 88.9 98.9 97.8 98.8 103.6

Average 75.8 74.7 75.7 78.8 93.8 92.8 93.1 97.9

α; conversion fraction

Table 2. Ea values obtained by Tang, KAS, FWO, and Friedman methods

Figure 10. Ea values as a function of the conversion degree 
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mass loss reaches 90%, co-polymers have required energy 
of  90 kJmol-1

CONCLUSION

Here, a phenothiazine monomer whose preparation was 
previously presented in the literature was again synthesi-
zed and its PTFE and PTFT were prepared by the elect-
ropolymerization method. Characterization of the phe-
nothiazine-based monomer was performed by UV-Vis, 
FT-IR, 1H-NMR, and 13C-NMR spectra. Also, the avera-
ge molecular mass of PTFE and PTFT by the GPC was 
found as approximately 13850 g mol-1 and 22782 g mol-1, 
respectively. In the following study, the solid-state de-
composition kinetics of PTFE and PTFT were evaluated 
by using thermal curves. The kinetic parameters of the 
decomposition were determined using Kissinger, Tang, 
KAS, FWO, and Fried-man methods based on multiple 
heating rates. Accordingly, the mean values of Ea obta-
ined by the Tang method for PTFE and PTFT were 75.8 
and 93.8 kJmol-1, respectively. The obtained co-polymers 
can be used in various applications such as organic fi-
eld-effect transistors [25], chemilumi-nescence [26] and 
light-emitting diodes [27] due to their the electro-optical 
properties

ACKNOWLEDGMENT

This study was supported by Çanakkale Onsekiz Mart 
University, the Scientific Research Coordination Unit, 
(Project Nu:FBA:2013-83)

R e f e r e n c e s

1. Shirakawa, H., Louis, E.J., MacDiarmid, A.G., Chiang, C.K, Heeger, 
A.J. Synthesis of elec-trically conducting organic polymers: halogen 
derivatives of polyacetylene, (CH)x.  Journal of the Chemical
Society, Chemical Communications,  16 (1977) 578-580 

2. Forster, R.J, Vos, J.G. Homogeneous and heterogeneous charge
transfer dynamics of [Os(bipy)2(PVP)nCl]Cl films in neutral pH
electrolytes, Electrochimica Acta, 37 (1992) 159-167. 

3. Aktaş N,  Optimization of biopolymerization rate by response
surface methodology (RSM), Enzyme and Microbial Technology 37 
(4) (2005) 441-447

4. Güreşir M, Aktaş N, Tanyolaç A, Influence of reaction conditions
on the rate of enzymic polymerization of pyrogallol using laccase,
Process Biochemistry 40 (3-4) (2005) 1175-1182

5. Cho, N. S., Park, J. H., Lee, S. K., Lee, J.-H., Shim, H.-K., Park, M.-J., 
Hwang, D.-H.; Jung, B.-J. Saturated and efficient red light-emitting 
f luorene-based alternating polymers contai-ning phenothiazine
derivatives, Macromolecules  39 (2006) 177-183.

6. Alam, M. M., Jenekhe, S. A. Polybenzobisazoles Are Efficient
Electron Transport Materials for Improving the Performance and
Stability of Polymer Light-Emitting Diodes, Chemistry of Material, 
14 (2002) 4775-4780.

7. Letheby, H. On the production of a blue substance by the electrolysis 
of sulfate of aniline, Journal of Chemical Science, 15 (1862) 161-163. 

8. 8.	 Szaways, E.C. Electrolytic preparation of induline dyes,

Journal of the Chemical Society, Transactions 77 (1990) 207-212.
9.	 Saxena, V, Malhotra, B.D. Prospects of conducting polymers in

molecular electronics, Cur-rent Applied Physics, 3 (2003) 293-305. 
10. Kumar, D, Sharma, R.C. Advances in conductive polymers,

European Polymer Journal, 34 (1998) 1053-1060. 
11. Tezel, R.N, Kaya, İ. Thiophene substituted phenothiazine polymers: 

Design, synthesis and characterization, Arabian Journal of
Chemistry, 13 (2020) 3123-3136.

12. Doğan, F.,  Ozdek, N., Selcuki, N.A, Kaya, I. The synthesis,
characterization and effect of molar mass distribution on solid-
state degradation kinetics of oligo(orcinol), Journal of Thermal
Analysıs and Calorımetry, 138(1) (2019) 163-173.

13. Dogan, F, Kaya, İ.,  Solid State Decomposition Kinetics of Green
Light Emitting Polyphe-nol Nanoparticles , Materıals  Focus, 5(1)
(2016) 5-10.

14. Hsieh, T.S., Wu, J.Y,. Chang, C.C. Multiple f luorescent behaviors
of phenothiazine-based organic molecules. Dyes and Pigments, 112 
(2015) 34-41.

15. Hemgesberg, M., Bayarmagnai, B., Jacobs, N., Bay, S., Follmann,
S., Wilhelm, C., Zhou, Z., Hartmann, M., Müller, T. J. J., Ernst, S.,
Wittstock, G, Thiel, W. R. Structurally stressed PT09SBA: A close
look at the properties of large pore photoluminescent, redox-active 
meso-porous hybrid silica. RSC Advances, 3 (2013) 8242-8253. 

16. Bohn, C., Sadki, S., Brennan, A.B, Reynolds, J.R. In Situ
Electrochemical Strain Gage Mon-itoring of Actuation in
Conducting Polymers. Journal of The Electrochemical Society, 149 
(2002) E281-E285

17.	 Colladet, K., Nicolas, M., Goris, L., Lutsen, L, Vanderzande, D.
Low-band gap polymers for photovoltaic applications. Thin Solid
Films, 7-11 (2004)

18. Doğan, F., Kaya, İ, Temizkan, K. Chemical oxidative synthesis and 
characterization of poly (8-hydroxyquinoline) particles. Journal of 
Macromolecular Science Part A-Pure and Applied Chemistry, 51
(2014) 948-961.

19. Tang, W., Liu, Y., Yang, X, Wang, C. Kinetic studies of the
calcination of ammonium meta-vanadate by thermal methods.
Industrial & Engineering Chemistry Research, 43(9) (2004) 2054-
2059.

20. Kissinger, H.E. Reaction kinetics in differential thermal analysis,
Analytical Chemistry, 29 (11) (1957) 1702–1706.

21. Akahira T, Sunose, T. Method of determining activation
deterioration constant of electrical insulating materials, Research
Report Chiba Institute of Technology, 16 (1971) 22–31.

22. Ozawa, T. A new method of analyzing thermogravimetric data,
Bulletin of the Chemical So-ciety of Japan, 38 (11) (1965) 1881–1886.

23. Flynn, J.H,  Wall, L.A. A quick, direct method for the determination 
of activation energy from thermogravimetric data, Journal of
Polymer Science Part C: Polymer Letters, 4 (5) (1966) 323-328.

24. Friedman, H.L. New methods for evaluating kinetic parameters
from thermal analysis data, Journal of Polymer Science Part C:
Polymer Symposia, 6 (1965) 183-195.

25. Hwang, D.-H., Kim, S.-K., Park, M.-J., Lee, J.-H., Koo, B.-W.,
Kang, I.-N., Kim, S.-H., Zyung, T. Conjugated Polymers Based on
Phenothiazine and Fluorene in Light-Emitting Di-odes and Field
Effect Transistors,  Chemistry of Material, 16 (2004) 1298-1303.

26. Gomurashvili, Z., Crivello, J. V. Monomeric and Polymeric
Phenothiazine Photosensitizers for Photoinitiated Cationic
Polymerization, Macromolecules  35 (2002) 2962-2969.

27. Tamoto, N., Adachi, C., Nagai, K. Electroluminescence of
1,3,4-Oxadiazole and Tripheny-lamine-Containing Molecules as an 
Emitter in Organic Multilayer Light Emitting Diodes, Chemistry of 
Material, 9 (1997) 1077-1085.




