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Adnan Kurt"", Hacer Andan!, Murat Koca®

'Department of Chemistry, Faculty of Science and Arts, Adiyaman University, Adiyaman, Turkey
Department of Pharm. Chemistry, Pharmacy Faculty, Adiyaman University, Adiyaman, Turkey

akurt@adiyaman.edu.tr

A new conjugated polymer containing a bithiazole group is prepared by the polycondensation of
2,2'-diamino-4,4'-bithiazole and terephthaldialdehyde in the presence of glacial acetic acid. The kinetics
of thermal degradation of the new polymer are investigated by thermogravimetric analysis at different
heating rates. The temperature corresponding to the maximum rate loss shifts to higher temperatures with
increasing heating rate. The thermal decomposition activation energies of the conjugated polymer in a
conversion range of 3—15 % are 288.4 and 281.1 kJ/mol by the Flynn—Wall-Ozawa and Kissinger meth-
ods, respectively. The Horowitz—Metzger method shows that the thermodegradation mechanism of the
conjugated polymer proceeds over a three-dimensional diffusion type deceleration Ds mechanism. The
optimum heating rate is 20 °C/min.
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CHUHTE3A U KAPAKTEPU3ALIMJA HA HOB BUTUA30JICKA KOHJYTI'HPAH TIOJIUMEP
N KMHETHUKA HA HEI'OBO PA3JIOKYBAIBE

[IpurortBeH € HOB KOHjyrHpaH MOJMMEp INTO COAPXH OWUTHA30J] CO TOJUKOHJAEH3aluja Ha 2,2'-
naMuHo-4,4'-0utHazon U TepedTalauanexul BO MPUCYCTBO HA TJallMjajiHA OlIETHA KHCelnHa. bere
UCIITaHA KUHETUKaTa W TEPMHUYKOTO pa3lIoKyBambe Ha HOBHOT IOJIMMEP CO TEPMOrpaBHMETPHCKA
aHaNW3a MU pa3InyHu Op3MHM Ha 3arpeBame. TemmepaTyparta IITO OAroBapa Ha MAaKCHMajHATa Op3MHA
ce NOMEeCTyBa KOH IOBHCOKM TEMIIEpaTypu CO 3rojieMyBame Ha Op3uHaTa Ha 3arpeBame. Cropen
meroaute Ha Flynn—Wall-Ozawa u Ha Kissinger, aktuBaiumckaTta eHeprija Ha TEPMHUKOTO Pa3iioKyBarbe
Ha KOHjYTHPaHUOT MOJIUMEp BO OICeroT Ha mperBopba o 3 1o 15 % usHecysa, coonserHo, 288,4 n 281,1
kJ/mol. Meromor na Horowitz—Metzger mokaxyBa Jeka TEPMOJCTPAJAMCKAOT MeXaHH3aM Ha
KOHjyTMpaHHOT TOJUMEp C€ OIBHBa INPEKy TPHAMMEH3HOHAIEH 3a0aByBaukn D3 MexaHH3aM.
OnrrmanHaTa Op3uHa Ha 3arpeBarbe u3necysa 20 °C/min.

Kayunu 300poBH: OHTHA30JICKH MIPCTEH; KOHjyTHpaH IMOJUMEpP; CHHTE3a U KapaKTepu3alija;
KHHETHKa Ha TEPMHUYKO PA3JIOKyBamhe; aKTUBALIICKA SHEpruja

1. INTRODUCTION

Polymers represent a unique class of materi-
als as a result of their distinctive properties. A
plethora of polymers with different functional
groups and chemical structures suitable for specific
applications have been synthesized and used in
many technological platforms. Among these, a

class of polymers that are particularly important
for optoelectronic applications are m-conjugated
polymers [1]. Aromatic poly(Schiff bases) are
amongst the main members of these conjugated
polymers. In addition to the advantages of these
polymers, such as easy availability and a large
number of monomer sources, they coordinate with
different metal ions and are thus suitable for the
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preparation of high performance materials in terms
of electrical, optical, magnetic and thermal proper-
ties [2, 3].

In particular, an important group of com-
pounds used in the synthesis of m-conjugated aro-
matic poly(Schiff bases) by the polycondensation
reaction method are bithiazoles. Some studies on
the preparation of bithiazole-based polymers have
been reported in recent years [2]. For example,
Weng et al. [4] synthesized a new 2,2'-diamino-
4,4'-bithiazole polymer containing salicylic acid
and then prepared complexes of this polymer with
iron and Prussian blue and investigated their mag-
netic properties in detail. In another study, Sun et
al. [5] succeeded in the synthesis and characteriza-
tion of a new heterocyclic polymer incorporating
both bithiazole and tetrathiapentalene moieties in
the main chain. The magnetic properties of these
synthesized metallopolymers were measured as a
function of magnetic field strength and temperature
under an applied magnetic field. Deng et al. [6]
synthesized a new bithiazole-containing diphenol
derivative as a result of the reaction of the 4-
hydroxybenzaldehyde starting material and the 2,2'-
diamino-4,4'-bithiazole compound. As a result of
the polycondensation reaction of this synthesized
diphenol compound with 1,4-benzenedicarbonyl
dichloride, a novel Schiff base type polyester was
synthesized. Solubility, Fourier transform infrared
(FTIR) spectroscopy, elemental analysis, X-ray dif-
fraction measurements and thermogravimetric anal-
ysis (TGA) studies of the obtained polymer were
performed and it showed extremely thermal stability
compared to similar organic polyamides.

Ding et al. [7] synthesized a novel conjugated
hyperbranched polymer containing bithiazole rings
as a result of the polycondensation reaction of bi-
functional 2,2'-diamino-4,4'-bithiazole and trifunc-
tional 1,3,5-benzenetricarboxaldehyde. The hyper-
branched polymer was effectively dissolved in or-
ganic polar solvents, such as dimethylsulfoxide
(DMSO) and N-methylpyrrolidone, and also
showed very high thermal stability. The nickel and
copper transition metal complexes of this polymer
exhibited the properties of soft ferromagnetic mate-
rials. In another study, He et al. [8] reported a novel
Schiff base type polyester containing 2,2'-diamino-
4,4'-bithiazole prepared by low-temperature inter-
face polycondensation of 1,4-benzenedicarbonyl
dichloride with a diphenol compound derived from
a 2,2'-diamino-4,4'-bithiazole Schiff base reacted
with a 4-hydroxybenzaldehyde monomer. They
characterized the synthesized polymer using FTIR
spectroscopy, elemental analysis and X-ray diffrac-

tion. The thermal degradation kinetics of the poly-
mer were also investigated by TGA.

As exemplified above, studies on bithia-
zole-based polymers generally deal with the
preparation of metal complexes of these poly-
mers. To the best of our knowledge, with the
exception of the work of He et al. [8], there are
no studies in the literature where the thermal
degradation Kinetics of polymers containing
bithiazole rings are studied. The present study
reports the synthesis, characterization and in-
vestigation of the thermal degradation kinetics
[9-15] of a new conjugated polymer contain-
ing a heterocyclic group, such as the bithiazole
group. The degradation Kinetics are investigat-
ed using thermogravimetric/derivative ther-
mogravimetric (TG/DTG) techniques [16—20].
The kinetics of the pyrolysis process of the
newly generated polymer give the best de-
scription of the studied pyrolysis process and
allow for the determination of reliable values
for the kinetic parameter. The obtained results
show that the polymer is characterized by a
high thermal stability and by a deceleration
type decomposition mechanism.

2. EXPERIMENTAL

2.1. Characterization techniques

A Perkin Elmer Spectrum 100 FTIR spec-
trometer with an attenuated total reflectance acces-
sory was used for the infrared characterization of
the compounds. The spectral characterization was
also performed with a Bruker 300 MHz Ultrashield
TM nuclear magnetic resonance (NMR) spectrom-
eter at room temperature using deuterated DMSO
solvent and tetramethylsilane as an internal stand-
ard. TGA experiments were obtained with a Seiko
SIl 7300 TG/DTA under a dynamic nitrogen gas
atmosphere of 25 ml/min. A controlled heating rate
was applied to the polymer samples over a range of
temperatures from ambient temperature to 900 °C
at heating rates of 5, 10, 15 and 20 °C/min.

2.2. Materials

1,4-Dibromo-2,3-butanedione, thiourea, ter-
ephthaldialdehyde, glacial acetic acid, ammonia,
triethyl amine, methanol, acetone, N,N-dimethyl
formamide and ethanol were provided by Sigma-
Aldrich.
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2.3. Synthesis of 2,2'-diamino-4,4'-bithiazole

The general process for the synthesis of 2,2'-
diamino-4,4'-bithiazole was as follows. 1,4-Dibro-
mo-2,3-butanedione (1.500 g, 6.151 mmol) and 50
ml of methanol were added into a three-necked re-
action flask and the reagent dissolved. Then, thiou-
rea (0.9364 g, 12.302 mmol) was added to the re-
sulting solution, which was refluxed for 12 h using a

O

s S
Ngr + 2 H2N4</
O| NH,

magnetic stirrer. The reaction mixture was then
cooled to room temperature and the solvent re-
moved on a rotary evaporator. The crude product
obtained (1) was dissolved in 50 ml of DMF by
heating and then titrating with a NHs; solution to
obtain the final product 2,2'-diamino-4,4'-bithiazole
(2) in solid form. The compound was filtered and
dried at room temperature. The synthesis scheme of
2,2'-diamino-4,4'-bithiazole is shown in Scheme 1.

Methanol
reflux
—
)QN N/k

H,N NH, HCI

- HCI

NH, / DMF s\ / S
- J~A

Scheme 1. Synthesis of 2,2'-diamino-4,4'-bithiazole

2.4. Synthesis of bithiazole-containing
conjugated polymer

The synthesis of the bithiazole-containing con-
jugated polymer was achieved by a condensation
polymerization method. For this purpose, 2,2'-
diamino-4,4'-bithiazole (1.000 g, 5.044 mmol) and
terephthaldialdehyde (0.6765 g, 5.044 mmol) were
transferred into a three-necked reaction flask and dis-

N STN 78

solved by adding glacial acetic acid (100 ml). The
reaction mixture was refluxed for 24 h on a heated
magnetic stirrer. The mixture was then cooled to
room temperature and precipitated in water. The re-
sultant conjugated polymer was washed with ethanol
and acetone, respectively, and then filtered and dried
at room temperature. The appropriate scheme for this
synthesis is shown in Scheme 2.

/o
n /—< >_
+ o/

glacial acetic acid -(2n-1)H,0

reflux

n

Scheme 2. Synthesis of bithiazole-containing conjugated polymer by polycondensation method
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3. RESULTS AND DISCUSSION

The characteristic bands in the FTIR spec-
trum of 2,2'-diamino-4,4'-bithiazole (Figure 1a) are
observed at 3443, 3281 and 3164 cm for -NH;
stretching, 3127 cm™ for —C-H stretching, 1590
cm* for —C=N stretching and other peaks at 1559,
1389, 1292 and 1238 cm* for skeletal stretching
vibrations in the bithiazole ring. In the *H-NMR
spectrum (Figure 2a), the singlet signal at 6.99
ppm is attributed to the -NH; protons in the bithia-
zole ring. Another singlet signal is observed at 6.61
ppm caused by the =CH- protons. The signals at
3.35 and 2.50 ppm are characteristic of DMSO
solvent protons. Three different signal groups are
seen in the *C-NMR spectrum of the bithiazole
compound, as shown in Figure 2(b). From these
signals, the chemical shift at 168.50 ppm is at-
tributed to HoN-C carbons in the bithiazole ring. In
contrast, the carbon atoms adjacent to nitrogen in
the bithiazole ring show a signal at 146.99 ppm.
The =CH-carbons next to sulfur in the bithiazole
ring are also observed at a 102.73 ppm chemical
shift. The 39.97 ppm signal is due to the DMSO
solvent peaks.

Transmittance (%)

/b\//ﬂ

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 850
Wavenumbers (cm-1)

Fig. 1. FTIR spectra of (a) 2,2'-diamino-4,4"-bithiazole
and (b) bithiazole-containing conjugated polymer

FTIR spectroscopy was used for the charac-
terization of the novel conjugated polymer ob-

tained as a result of the polycondensation reaction
of terephthaldialdenyde with 2,2'-diamino-4,4'-
bithiazole. The conjugated polymer synthesized is
unfortunately not soluble in chloroform, dimethyl
sulfoxide, dimethylformamide, acetic acid or water

[8].

I I I I I I I I I I
180 160 140 120 100 80 80 40 20 0

ppm

Fig. 2. (a) *H- and (b) **C-NMR spectra
of 2,2'-diamino-4,4'-bithiazole

The FTIR spectrum of the synthesized bithi-
azole-containing conjugated polymer is shown in
Figure 1(b). As seen from the spectrum, the most
characteristic absorption bands of the conjugated
polymer are recorded at 3454-3135 cm™ (-NH;
stretching vibrations at the chain end of the conju-
gated polymer), 2981 cm™ (-CH stretching in the
ring), 1692 cm™ (-C=0 stretching at the polymer
chain end), 1626 cm™® (Schiff base —CH=N-
stretching at the polymer main chain) and 1604
cm (-C=C stretching in the bithiazole ring). The
fact that the absorption bands associated with both
the -NH; and -HC=0 groups at the end of polymer
main chain are located in the same spectrum
proves that the condensation polymerization took
place. Furthermore, apart from the band at 1590
cm? (Fig. 1a) due to the -CH=N- group in 2,2
diamino-4,4'-bithiazole, by the polymerization, a
new Schiff base signal is observed at 1626 cm™*
attributed to the -CH=N- group in the polymer
main chain (Fig. 1b). This new signal is evidence
of a successful polymerization. Ding et al. [21]

Maced. J. Chem. Chem. Eng. 39 (2), 227-237 (2020)
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reported a similar approach that, as a result of the
condensation reaction of 1,3,5-benzentricarboxy-
dehyde and 2,2'-diamino-4,4'-bithiazole, showed
overlapped absorptions of the both benzene and
thiazole groups, but at 1624 cm™, a new signal
characteristic for —C=N- groups in the polymer
chains appeared [21].

The thermal degradation kinetics of the bi-
thiazole-containing conjugated polymer were in-
vestigated using TGA. For this purpose, the conju-
gated polymer samples were heated in a nitrogen
gas atmosphere from room temperature to 900 °C
at different heating rates of 5, 10, 15 and 20
°C/min. TGA thermograms recorded for the differ-
ent heating rates are shown comparatively in Fig-
ure 3. The thermal data obtained ware also given in
Table 1. As can be seen from the TGA data, the
conjugated polymer generally showed a two-stage
degradation tendency in the heating region from
room temperature to 900 °C. The first degradation
region occurred in the temperature range of 250-
500 °C corresponding to a mass loss of ~25%. It
can be seen from the thermograms at different
heating rates that the degradation in the second
range of 500-900 °C results in a ~55% mass loss.
The initial decomposition temperatures of the con-
jugated polymer at the heating rates of 5, 10, 15
and 20 °C/min are measured as 238.4, 240.5, 244.3
and 252.8 °C, respectively. As the heating rate in-
creases, a positive change is observed in the TGA
thermograms and curve temperatures. This behav-

Table 1

ior is observed in the thermal degradation of many
polymers [22-25].
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Fig. 3. TGA curves of bithiazole-containing conjugated
polymer at (i) 200450 °C and (ii) 25-900 °C for different
heating rates of a) 5, b) 10, ¢) 15 and d) 20 °C/min

Thermal behavior of bithiazole-containing conjugated polymer at different heating rates

Reactioq Tt (OO %Weight loss  %Weight loss  %Weight loss % Residue
rate (°C/min) niel (°C) ™5 300 0C at 500 °C at 700 °C at 900 °C
5 2384 3.9 23.0 38.3 51.1
10 240.5 3.8 24.2 41.8 44.2
15 244.3 3.3 22.9 39.4 51.8
20 252.8 3.0 23.1 40.3 45.5

The application of DTG methods holds sig-
nificant promise for unraveling the mechanisms of
physical and chemical processes that occur during
polymer degradation. The thermal decomposition
reactions of solid-state materials are defined by the
following expression [26]:

E

da _ RT
—— =Ae f(a)

where f(a) is the particular reaction model describ-
ing the dependence of the reaction rate on the ex-
tent of the reaction, « represents the extent of the

Maced. J. Chem. Chem. Eng. 39 (2), 227-237 (2020)

reaction, which can be determined from TGA runs
as a fractional mass loss, R is the ideal gas con-
stant, T is the absolute temperature, t is time and A
and E are the pre-exponential factor and activation
energy, respectively.

In addition, g(a) is defined as the integral
function of conversion as expressed by:

g A b
g(OL) =] f(Z) = ﬂf e RT dT
0 0

(@)
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where f is the heating rate. The thermal decompo-
sition of polymeric materials generally follows one
of the decomposition processes of the sigmoidal
and deceleration type mechanism [27]. Various

Table 2

statements of g(a) integral functions are given in
Table 2. By using these functions, the thermal de-
composition mechanisms may easily be deter-
mined by TGA [28].

Algebraic expressions for g(a) for the most frequently used mechanisms of solid-state processes

Symbol g(a) Solid state processes

Sigmoidal curves

Az [FIn(1-a)]¥2 Nucleation and growth (Avrami equation 1)

As [-In(1-o))]43 Nucleation and growth (Avrami equation 2)

A4 [FIn(1-a)]¥4 Nucleation and growth (Avrami equation 3)

Deceleration curves

Ri1 A Phase boundary controlled reaction (one-dimensional movement)
R2 [1-(1-0)¥?] Phase boundary controlled reaction (contraction area)

Rs [1-(1-0)“] Phase boundary controlled reaction (contraction volume)

D1 o? One-dimensional diffusion

D2 (1-0)In(1-0)+a Two-dimensional diffusion

Ds [1-(1-a)Y3)? Three-dimensional diffusion (Jander equation)

D4 (1-2/30) (1-0)?® Three-dimensional diffusion (Ginstling-Brounshtein equation)
F1 -In(1-o) Random nucleation with one nucleus on the individual particle
F2 1/ (1-o) Random nucleation with two nuclei on the individual particle
Fs 1/ (1-a)? Random nucleation with three nuclei on the individual particle

Using the data obtained from the decompo-
sition thermograms, the thermal decomposition
activation energies of the conjugated polymer were
determined separately according to the Flynn-
Wall-Ozawa [9, 10] and Kissinger [11] methods.
The main purpose of using these two methods is
that both methods are integral for determining the
activation energies without the need to know the
reaction order and the degradation mechanism
[27]. The Flynn—-Wall-Ozawa method uses the fol-

lowing equation:

log = log[_ g?TE)R ] -2315-

where E is the decomposition activation energy
calculated from the slope of log g versus 1000/T
plots. For this method, the measurements at differ-
ent conversion percentages (3 %, 5 %, 7 %, 9 %,
11 %, 13 % and 15 %) were taken. To calculate the
activation energies at these conversion degrees, the 0,6 ‘
log S versus 1000/T lines were plotted, as shown in
Figure 4, where the fitted straight lines are nearly
parallel, thus indicating the applicability of this
method to the conjugated polymer in the conver-

0.457 E
RT

obtained, the activation energy corresponding to
each conversion percentage was calculated sepa-
rately and the values are given in Table 3. Among
these values, the average activation energy value
for the conjugated polymer was calculated as 288.4
kd/mol. The closest value to the calculated average
activation energy value was obtained with the val-
ue corresponding to 288.5 kJ/mol at the conversion
of 11 %. An increase in the activation energy val-
ues was also observed depending on the increase in
the percentages of decomposition [16-18, 29].

1,4 = 3%
(3) \ } A ¥ ° p 45%
1,2 573
9%
a 4 " . 2+ 11%
g’ r13%
— +15%
0,8

1,59 1,67 1,75 1,83 1,91
1000/T(K)

1,35 143 1,5

Fig. 4. Flynn—Wall-Ozawa lines at different
conversion values

sion range studied. From the slope of a series line
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Table 3

Activation energies of bithiazole-containing
conjugated polymer calculated from
Flynn—-Wall-Ozawa method

a (%) E (kJ/mol) R?
3 193.0 0.871
5 269.2 0.766
7 278.2 0.470
9 253.7 0.337
11 288.5 0.377
13 344.6 0.444
15 391.6 0.509

Mean 288.4

In order to evaluate the thermal degrada-
tion Kinetics of the bithiazole-containing conjugat-
ed polymer, the Kissinger method, another Kinetic
method independent of reaction order, was used to
support and confirm the thermal degradation acti-
vation energies calculated from the Flynn—Wall-
Ozawa method. This method is expressed as fol-
lows:

In( p )={Inp|‘£—R + In lfn(l-amax)”’lj}-

2
Tmax

E_
RT
max (4)

where Tmax is the temperature corresponding to the
maximum reaction rate, omax IS the maximum con-
version at Tmax and n is the reaction order. Accord-
ing to this method, the thermal degradation activa-
tion energy, E, can be calculated from the slope of
a plot of In(B/T?max) Versus 1000/Tmax. The graph
drawn according to the Kissinger method is shown
in Figure 5. The Tmax Values required to calculate
the activation energy were determined from DTG
as 450.0, 460.2, 465.4 and 471.5 °C at the heating
rates of 5, 10, 15 and 20 ° C/min, respectively. The
activation energy was calculated as 281.1 kJ/mol
from the slope of the Kissinger line, as seen in
Figure 5. The linearity for this line was found to be
R? = 0.994. The activation energies of both the
Kissinger and Flynn-Wall-Ozawa methods are
very similar, with only a 7.3 kJ/mol difference be-
tween them, thereby illustrating the reliability of
the results [16, 17, 29].

n| 99 |- [1n 2E 4 363504005 - 1.80466100 In E | - 1.00145033-E—
189466100 AR RT

where the activation energy is calculated from the
slope of the plot of In (g(a)/T %1% versus
1000/T for every g(«) function.

Maced. J. Chem. Chem. Eng. 39 (2), 227-237 (2020)
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g _10 y = -33,805x + 35,207
o219 R? = 0,9942
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Fig. 5. In(B/T%max) versus 1000/ Tmax plots obtained
from Kissinger method

The thermal degradation mechanism of the
bithiazole-containing conjugated polymer was de-
termined when the activation energies calculated
from the various kinetic methods in the literature
were compared with the activation energies ob-
tained from the Flynn-Wall-Ozawa and Kissinger
methods. These integral methods are Coats—
Redfern [12], Tang [13], van Krevelen [14] and
Horowitz—Metzger [15]. When these methods are
used, the accuracy between the energy values for
calculating the thermal decomposition mechanisms
of the polymer is increased. These methods are
briefly described below.

The Coats—Redfern method is one of the
most used integral methods and it involves the
thermal degradation mechanism. Using an asymp-
totic approximation for the solution of Eq. (2), the
following equation can be obtained for this meth-
od:

Q)

According to the various decomposition
processes, the apparent activation energies of each
g(a) function can be determined from a plot of
In(g()/T?) versus 1000/T.

The Tang method can also be used to deter-
mine the thermal decomposition mechanism of the
conjugated polymer:

(6)

In addition to the above kinetic methods, the
van Krevelen method is also used to determine the
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decomposition mechanism of the polymer. This
method is expressed as below:

log g(e) = logB + (:—T + 1) logT
r ()

where T, is a reference temperature that represents
the maximum temperature rate obtained from
DTG. The slope of log g(a) versus log T gives the
activation energy for each g(«) function.

The Horowitz—Metzger method simplifies
the exponential integral using an approximation
similar to the van Krevelen method, defining a
characteristic temperature 8 such that 6 = T — T..
By making this approximation, the following equa-
tion is obtained:

Ing(a) = -5
RT; ®)

The slope obtained from the In g(a) versus T

plots is equal to the value of E/RT/?, in which the
activation energy is calculated for each g(a) func-

Table 4

tion of the solid-state degradation mechanisms. In
order to obtain reproducible results, the reference
temperature is taken as that corresponding to the
maximum temperature rate.

The thermal decomposition activation ener-
gies and linear regressions for various statements
of g(a) integral functions determined in the range
of 3-15 % are summarized in Tables 4 to 7 for the
various kinetic models at the heating rates of 5, 10,
15 and 20 °C/min. When these tables are exam-
ined, the deceleration type dimensional diffusion
mechanisms (D,) are evident in all methods be-
cause the activation energies calculated for these
mechanisms are close to the activation energies
calculated from the Flynn—Wall-Ozawa (E = 288.4
kJ/mol) and Kissinger (E = 281.1kJ/mol) methods.
In particular, between the D, diffusion type decel-
eration mechanisms, the activation energy corre-
sponding to the Ds three-dimensional diffusion
(Jander equation) type deceleration mechanism is
remarkable at the heating rate of 20 °C/min with
regards to its closeness to the Kissinger and Flynn—
Wall-Ozawa methods.

Activation energies of bithiazole-containing conjugated polymer using Coats—Redfern method

Heating Rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R? E (kd/mol) R? E (kd/mol) R? E (kJ/mol) R?
Az 7.6 0.990 8.0 0.981 8.1 0.979 9.5 0.975
As 1.6 0.884 1.9 0.832 1.9 0.823 2.8 0.864
Aq 1.6 0.886 1.2 0.743 1.2 0.735 0.6 0.284
R1 24.2 0.996 25.0 0.992 25.4 0.991 28.0 0.989
R2 24.9 0.997 25.7 0.993 26.1 0.992 28.7 0.990
Rs 25.1 0.997 26.0 0.994 26.4 0.993 29.0 0.991
D1 58.9 0.998 60.5 0.995 61.4 0.995 66.5 0.993
D2 59.8 0.998 61.4 0.996 62.4 0.995 65.6 0.993
D3 60.7 0.998 62.4 0.996 63.3 0.995 68.6 0.994
D4 60.1 0.998 61.8 0.996 62.7 0.995 67.9 0.993
F1 28.7 0.997 26.5 0.994 26.9 0.993 29.5 0.991
F2 7.6 0.998 7.5 0.998 7.6 0.998 7.4 0.998
Fs 4.8 0.958 4.6 0.965 4.7 0.960 4.2 0.960

The activation energy for every g(a) func-
tion listed in Table 1 was proposed using the
Coats—Redfern method with Eq. (5). These values
were obtained at constant heating rates from the
fitting of In(g(a)/T?) versus 1000/T plots. The same
conversion values are used for this study. Table 4
shows the activation energies and correlations for
conversions in the range of 3-15% at heating rates
of 5, 10, 25 and 20 °C/min. Analysis of this table

shows that, at all the heating rate values, the acti-
vation energies are in better agreement with those
obtained using the Kissinger method correspond-
ing to a D, type mechanism. In addition, it can be
seen that the optimum heating rate is 20 °C/min, at
which the activation energy corresponding to a D3
mechanism is 68.6 kJ/mol with good correlation
(R*> = 0.998). For the Tang method, Eq. (6) was
used to obtain the activation energy, which could
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be calculated from the slope of the plots of In
((0r)/T*89466100) ysersys 1000/T for every g(a) func-
tion. When it is considered for this method, as giv-
en in Table 5, at a heating rate of 20 °C/min, the
activation energy corresponding to the D3 mecha-
nism is E = 69.1 kJ/mol with a good linear regres-

Table 5

sion (R? = 0.994). This value is relatively close to
the Flynn—-Wall-Ozawa and Kissinger methods.
These results strongly suggest that the solid-state
thermodegradation mechanism followed by this
conjugated polymer is a deceleration (D) type
mechanism.

Activation energies of bithiazole-containing conjugated polymer using Tang method

Heating rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R? E (kd/mol) R? E (kd/mol) R? E (kJ/mol) R?
Az 8.1 0.992 8.5 0.984 8.7 0.982 10.0 0.978
Az 2.1 0.935 24 0.896 25 0.889 3.3 0.904
As 0.8 0.755 0.6 0.473 0.6 0.458 8.3 0.000
R1 24.7 0.996 255 0.993 26.4 0.992 28.5 0.989
Rz 25.4 0.997 26.3 0.994 26.6 0.993 29.3 0.991
Rs3 25.7 0.997 26.5 0.994 26.9 0.993 29.5 0.991
D1 59.3 0.998 61.0 0.995 61.9 0.995 67.0 0.993
D2 60.2 0.998 61.9 0.996 62.8 0.995 68.0 0.993
D3 61.2 0.998 62.9 0.996 63.8 0.995 69.1 0.994
D4 60.6 0.998 62.2 0.996 63.2 0.995 68.4 0.994
F1 26.1 0.997 27.0 0.995 27.4 0.994 30.0 0.992
F2 7.0 0.997 7.0 0.998 7.1 0.997 6.9 0.998
Fs 4.2 0.945 4.1 0.953 4.1 0.947 3.7 0.945

The activation energies and correlations
were calculated using the van Krevelen and Horo-
witz-Metzger methods in order to confirm this de-
celeration behavior and increase the accuracy of
the measurements. The activation energies are ob-

Table 6

tained through the linear fitting of log g(a) versus
log T plots using Eq. (7). Table 6 shows the activa-
tion energies and correlation values for various
g(a) mechanisms at different constant heating rates
obtained from the van Krevelen method.

Activation energies of bithiazole-containing conjugated polymer using van Krevelen method

Heating Rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R? E (kJ/mol) R? E (kJ/mol) R? E (kJ/mol) R?
Az 14.7 0.997 154 0.994 15.5 0.994 17.2 0.992
As 13.8 0.997 8.2 0.994 1385 0.994 9.4 0.992
Aq 4.4 0.997 4.6 0.994 4.7 0.994 55 0.992
R1 33.9 0.996 35.3 0.993 35.6 0.993 38.7 0.990
R2 34.1 0.996 36.1 0.994 36.4 0.993 39.6 0.991
Rs 35.0 0.997 36.4 0.994 36.7 0.993 39.9 0.991
D1 73.8 0.996 76.6 0.995 71.2 0.993 83.6 0.990
D2 74.8 0.996 71.7 0.993 78.3 0.993 84.8 0.991
D3 75.9 0.997 78.8 0.994 79.5 0.994 83.0 0.991
D4 75.2 0.996 78.1 0.994 78.7 0.993 85.2 0.991
F1 35.5 0.997 4243 0.994 37.2 0.994 40.5 0.992
F2 -2.7 0.960 -2.7 0.969 -2.7 0.966 -2.5 0.976
Fs 53 0.960 7.2 0.969 7.2 0.966 1.2 0.976
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As can be seen from this table, the Dz mech-
anism at a heating rate of 20 °C/min gives results
(E = 83.0 kJ/mol and R? = 0.991) in better agree-
ment with those of the Flynn—-Wall-Ozawa and
Kissinger methods. In addition, by using the Hor-
owitz and Metzger model, the activation energies
and correlations obtained for each g(a) function of
the solid-state degradation mechanisms are calcu-

lated from the slope of In g(a) versus T plots drawn
according to EqQ. (8). The obtained results are also
listed in Table 7. Again, the best agreement with
the Flynn-Wall-Ozawa and Kissinger methods
corresponds to a D3 deceleration mechanism at a
heating rate of 20 °C/min, where the apparent acti-
vation energy is found to be E = 137.8 kJ/mol (R?
= 0.985).

Table 7

Activation energies of bithiazole-containing conjugated polymer using Horowitz—Metzger method

Heating rate

Mechanism 5 °C/min 10 °C/min 15 °C/min 20 °C/min
E (kJ/mol) R? E (kd/mol) R? E (kd/mol) R? E (kJ/mol) R?
Az 28.6 0.993 29.4 0.989 29.6 0.989 31.3 0.986
Az 19.1 0.993 19.6 0.989 19.8 0.989 20.9 0.986
As 14.3 0.993 14.7 0.989 14.8 0.989 15.6 0.986
Ri1 55.8 0.992 57.3 0.987 57.8 0.987 61.0 0.983
R2 60.7 0.992 62.2 0.988 62.8 0.988 66.1 0.985
Rs3 63.3 0.993 64.9 0.988 65.5 0.989 68.8 0.985
D1 111.6 0.992 114.7 0.987 115.6 0.987 122.0 0.983
D2 116.7 0.992 119.8 0.988 120.8 0.988 127.4 0.984
D3 126.7 0.993 129.9 0.988 131.0 0.989 137.8 0.985
D4 126.0 0.992 129.3 0.988 130.4 0.988 137.0 0.984
F1 57.2 0.993 58.8 0.989 59.3 0.989 62.6 0.986
F2 2.8 0.972 2.9 0.979 2.9 0.976 3.2 0.984
Fs 5.6 0.972 5.8 0.979 5.8 0.976 6.4 0.984

4. CONCLUSIONS

The thermal degradation kinetics of a new
bithiazole-containing conjugated polymer was in-
vestigated by thermogravimetric analysis at differ-
ent heating rates. The thermal decomposition acti-
vation energies of the conjugated polymer were
found to be 288.4 and 281.1 kJ/mol by the Flynn—
Wall-Ozawa and Kissinger methods, respectively.
The best conformity in all the kinetic methods and
the heating rates was obtained in the case of the
Horowitz—Metzger method for a three-dimensional
diffusion type deceleration D3 mechanism at a
heating rate of 20 °C/min.
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