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a b s t r a c t

In here, the facile synthesis and thermal characterization of a novel polyphenol containing Schiff base
pendant group, poly(4-{[(4-hydroxyphenyl)imino]methyl}benzene-1,2,3-triol) [PHPIMB], are reported.
UV–vis, FT-IR, 1H NMR, 13C NMR, GPC, TG/DTG-DTA, CV (cyclic voltammetry) and solid state conductivity
measurements were utilized to characterize the obtained monomer and polymer. The spectral analyses
eywords:
xidative polymerization
hermal analysis

results showed that PHPIMB was composed of polyphenol main chains containing Schiff base pendant
side groups. Thermal properties of the polymer were investigated by thermogravimetric analyses under a
nitrogen atmosphere. Five methods were used to study the thermal decomposition of PHPIMB at different
heating rate and the results obtained by using all the kinetic methods were compared with each other.
The thermal decomposition of PHPIMB was found to be a simple process composed of three stages. These

re th
etho
on-isothermal decomposition kinetics
investigated methods we
Friedman and Kissinger m

. Introduction

More recently, many studies have been reported on oxidative
olymerization (OP) of phenols. OP is an alternative process for
he preparation of phenolic resins without using formaldehyde [1].
his method has several advantages: no use of toxic formaldehyde,
ild reaction conditions and facile procedure [2,3]. It has also been

eported that the polyphenols obtained by OP consist of a mixture of
henylene and oxyphenylene units, different from the composition
f conventional phenol resins [4,5]. Polymerization of various kinds
f phenol monomers has been reported up till know. Some of them
re phenols bearing Schiff base in their structures. OP of mono-
ydroxy, dihydroxy phenols having Schiff base units as side group
as been widely studied in acidic and alkaline medium [6–12]. Phe-
ol monomers were also catalytically polymerized in presence of
nzymes, metal complexes and metal salts [5,13,14].
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A. Bilici).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.02.009
ose of Flynn–Wall–Ozawa (FWO), Tang, Kissinger–Akahira–Sunose (KAS),
ds.

© 2011 Elsevier B.V. All rights reserved.

Refs. [6–10]

Refs. [11,12]
Ref. This study
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Scheme 1. The synthetic pro

n alkaline medium, up till know. In this work, the synthesis
nd OP of a new Schiff base, HPIMB, were studied in alkaline
edium to obtain a new functional polyphenol and non-isothermal
ethods were used to evaluate the thermal decomposition

inetics of resulting polymer. The resulting products were also
haracterized by means of cyclic voltammetry, conductivity
easurements.

. Materials and methods

.1. Materials

2,3,4-trihydroxybenzaldehyde, p-aminophenol and sol-
ents were supplied from Merck Chem. Co. (Germany) and
hey were used as received. Sodium hypo chloride (NaOCl)
30% aqueous solution) was supplied from Paksoy Chem. Co.
Turkey).

.2. Synthesis of
-{[(4-hydroxyphenyl)imino]methyl}benzene-1,2,3-triol (HPIMB)

The Schiff base monomer, abbreviated as HPIMB,
as synthesized by the condensation reaction of 2,3,4-

rihydroxybenzaldehyde with the p-aminophenol. Reaction
as performed as follow: p-aminophenol (1 mmol) was placed

nto a 250-mL three-necked round bottom flask which was fitted
ith condenser, thermometer, and magnetic stirrer, and 30 mL

ethanol was added into the flask as a solvent. A solution of

ldehyde (1 mmol) in 20 mL methanol was added into the flask.
eaction was maintained for 3 h under reflux (Scheme 1). The
recipitated Schiff base was filtered, recrystallized from methanol,
nd dried in vacuum desiccators.

Scheme 2. The synthetic procedur
e for preparation of HPIMB.

2.3. Synthesis of
poly(4-{[(4-hydroxyphenyl)imino]methyl}benzene-1,2,3-triol)

The synthesized monomer was converted to corresponding
polymer derivative in an aqueous alkaline medium as described
in elsewhere [10]. A solution of NaOCl (30%, in water) was used as
oxidant. The synthetic pathway is given in Scheme 2.

2.4. Characterization techniques

The solubility tests of monomer and polymer were carried out by
using sample of 1 mg and solvent of 1 mL at 25 ◦C. Electronic absorp-
tion spectra were measured using a Perkin–Elmer Lambda 25
spectrometer. The infrared spectra were obtained on Perkin Elmer
Spectrum One FT-IR system using universal ATR sampling acces-
sory within the wavelengths of 4000–550 cm−1. 1H NMR and 13C
NMR spectra (Bruker Avance DPX-400 and 100.6 MHz, respectively)
were recorded at room temperature in deuterated DMSO. TMS was
used as internal standard. SEC analyses were performed at 30 ◦C
using DMF/MeOH (v/v, 4/1) as eluent at a flow rate of 0.4 mL/min.
The instrument (Shimadzu 10AVp series HPLC–SEC system) was
calibrated with a mixture of polystyrene standards (Polymer Labo-
ratories; the peak molecular weights, Mp, between 162 and 19,880)
using GPC software for the determination of the molecular weight
(Mn), weight–average molecular weight (Mw) and polydispersity
index (PDI) of the polymer sample. Macherey–Nagel GmbH & Co.
(100 Å and 7.7 nm diameter loading material) 3.3 mm i.d. × 300 mm
columns were used for SEC analyses. Conductivity measurements
were performed on a Keithley 2400 electrometer. Samples were

pressed on a hydraulic press developing to 1700 kg/cm2. Iodine
doping was carried out by exposure of the pellets to iodine vapor at
atmospheric pressure in a desiccator. Electrochemical properties of
monomer and polymer were determined by using a CH instrument
660B Electrochemical Analyzer in 0.1 mol L−1 tetrabutylamonium

e for preparation of PHPIMB.
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Fig. 1. UV spectra of HPIMB (1) and PHPIMB (2).

exafluorophosphate as supporting electrolyte at a potential scan
ate of 20 mV s−1. The voltametric measurements were performed
n acetonitrile and dimethylsulfoxide under argon gas atmosphere
t room temperature. The highest occupied molecular orbital
HOMO) and lowest unoccupied molecular orbital (LUMO) energy
evels were calculated from oxidation and reduction onset val-
es [15]. The TG/DTG-DTA measurements were performed using a
erkin Elmer Diamond Thermal Analysis in dynamic nitrogen atmo-
phere at a flow rate of 60 mL/min up to 1273 K. The heating rates
ere 5, 10, 15 and 20 ◦C/min and sample sizes ranged in mass from
to 10 mg. A platinum crucible was used as sample container.

. Results and discussion

.1. Structure of PHPIMB

PHPIMB was synthesized in two steps. The first step is based
n the synthesis of Schiff base monomer via condensation reaction
f protocataculaldehyde with p-amino phenol. In the second step,
onomer synthesized is oxidized to obtain its corresponding poly-
er in presence of NaOCl (oxidant). The synthetic procedure for

reparation of monomer and polymer are given in Schemes 1 and 2.
The polymerization of HPIMB in aqueous alkaline medium was

asy to perform and the yield was quite high (95%). When the reac-
ion temperature was 30 ◦C, the initial solution was pale yellow
olored. However, a brownish color was developed as soon as NaOCl
as added to reaction medium. During the course of the reaction,

he color of solution changed from yellow to black. Polymeriza-
ion reaction afforded fine and almost uniform blackish particles.
he product with black colored is probably due to hydroxylation
eaction developing during polymerization [16,17]. According to
he SEC analysis, Mn, Mw and PDI values of PHPIMB were found to
e 2980, 6280 g/mol and 2.11. These data are given as the aver-
ge values of two replicates. The relatively low molecular weight
f PHPIMB is consistent with its higher solubility. This polymer
xhibited higher solubility in organic solvents than that of the other
henol polymers reported. [18]. PHPIMB was well soluble in com-
on organic solvents such as DMSO, THF, DMF. However, it was

artly soluble in MeOH, EtOH, chloroform, dichloromethane, ethyl
cetate and insoluble in aprotic organic solvents including benzene,

oluene, xylene.

The spectral characterization of resulting polymers was per-
ormed by means of UV–vis, FT-IR and NMR analyses. The UV–vis
pectra of HPIMB and PHPIMB are given in Fig. 1. �max value of
PIMB was observed at 375 nm. The UV–vis spectrum of PHPIMB
Fig. 2. FT-IR spectra of HPIMB (1) and PHPIMB (2).

exhibited a blue shifted absorption maximum with a tail from 300
to 700 nm. The presence of a large absorption band from 300 to
700 nm, indicates the coexistence of both long and short effective
conjugation in the polymer chains [19,20]. Optical band gap val-
ues of the synthesized compounds were also calculated as in the
literature using the following equation:

Eg = 1242
�on

where �on is the onset wavelength which can be determined using
the absorption edges by intersection of two tangents [21]. The opti-
cal band gaps obtained for HPIMB and PHPIMB were found to be
2.79 and 2.14 eV, respectively. PHPIMB had lower band gap than its
monomer compound, as expected, most probably due to its higher
conjugation length.

As well known, phenol polymers consist of a mixture of pheny-
lene and oxyphenylene units as shown in Scheme 2. HPIMB has
four hydroxy groups. Therefore, it contains many coupling sites
for polymerization as shown in Scheme 2. However, IR and NMR
studies gave some important clues for determining the structure of
PHPIMB.

FT-IR spectra of both monomer and polymer are shown in Fig. 2.
PHPIMB presents bands at 3430 cm−1 (OH of phenolic group), 1219
and 1170 cm−1 (asymmetric vibrations of the C–O–C and C–OH
linkages, respectively), and a peak at 1101 cm−1 due to the ether
bond [22]. The appearance of these peaks suggests the resulting
polymer is composed of a mixture of phenylene and oxyphenylene
units [17].

1H NMR peak assignments of HPIMB are shown in Fig. 3. The
phenolic, azomethine and aromatic proton signals were appeared
centered at 9.4, 8.8 and 7.3–6.4 ppm, respectively.

13C NMR peak assignments of HPIMB are also given in Fig. 4.
FT-IR and NMR analyses confirm the proposed monomer structure.

Fig. 5 belongs to 1H NMR spectrum of a characteristic a phenol
polymer. The broad signals observed between from 6.1 to 8.4 ppm
are attributed to phenylene protons with the different chemical
surroundings. To determine the coupling sites, the 1H NMR spec-
trum of monomer should take part into account. It is clearly seen
that the proton intensities appeared at 6.4 ppm (Ha) for monomer
were drastically reduced suggesting a substantial Ha elimination
during polymerization reaction. Similarly, lower proton intensities
of Hb also indicate Hb elimination during polymerization. However,
high Hc and Hd proton intensities show that the polymerization
should take place via mainly ring A. Ring A has three hydroxyl
groups and it has higher electron density of than that of ring B.

Therefore, it is expected that polymerization should take place
on Ring A. The phenylene/oxyphenylene contents were calculated
from integration ratios of aromatic protons to hydroxyl protons and
found to be 34:66.
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Fig. 3. 1H NMR spectrum of HPIMB.

Fig. 4. 13C NMR spect
Fig. 5. 1H NMR spectrum of PHPIMB.
rum of HPIMB.

3.2. Electrochemical properties of HPIMB and PHPIMB

CV analysis of the HPIMB and PHPIMB were carried out
in acetonitrile and dimethylsulfoxide, respectively and the
voltammograms are shown in Fig. 6. The HOMO, LUMO and elec-
trochemical energy gaps (E′

g) were calculated from oxidation and
reduction onset values. HOMO–LUMO energy levels and electro-
chemical band gaps (E′

g) of HPIMB and PHPIMB were found to be
−5.64, −3.04; 2.60, −5.40; −3.29 and 2.11 eV, respectively. The
electrochemical band gaps clearly showed that the PHPIMB syn-
thesized by oxidative polymerization reaction had lower band gap
than HPIMB due to its conjugated structure.

3.3. Electrical characteristics of HPIMB and PHPIMB

The conductivity measurements of synthesized compounds

were performed on a Keithley 2400 electrometer using four-point
probe technique. The pressed monomer and polymer samples (up
to 1700 kg/cm2) were exposed to iodine vapours in a desiccator
up to 7 days. The results are plotted in Fig. 7. HPIMB and PHPIMB
had virgin conductivities of around 10−11–10−10 S/cm. With expo-



76 D. Dilek et al. / Thermochimica Acta 518 (2011) 72–81

F
a

s
i
i
m
l
s
T
w
t
a
t
T
t
t
c
A
a
i
w
P

F

ig. 6. Cyclic voltammograms of HPIMB and PHPIMB in solution of 0.1 M Bu4NPF6

t a scanning rate of 100 mV s−1.

ure to iodine vapour, the conductivities of HPIMB and PHPIMB first
ncreased significantly and then reached a plateau, suggesting the
nterchain and intrachain electrostatic interactions between iodine

olecules and main-chain nitrogen atoms reached a saturated
evel. Therefore, after 72 h, the conductivity values substantially
tay unchanged, even after treatment with iodine vapours (Fig. 7)
he maximal (or saturated) conductivities for HPIMB and PHPIMB
ere found to be about 4.63 × 10−8 and 7.12 × 10−7 S/cm, respec-

ively. From the so-called results, it was show that both HPIMB
nd PHPIMB had relatively higher initial and maximal conductivi-
ies than those of previously synthesized phenol polymers [23,24].
his can be result from many factor such as molecular weight,
he phenylene/oxyphenylene content of resulting polymer, isola-
ion, purification techniques ext. [25]. There are several suggested
onductivity mechanisms for aromatic polymers in the literature.
ccording to Diaz et al., nitrogen is a very electronegative element
nd it is capable of coordinating an iodine molecule [26]. Accord-
ng to Sinigersky et al. [27], the benzene rings can also be doping
ith iodine. A possible doping mechanism with iodine vapour for
HPIMB should be as given in Scheme 3.

ig. 7. Electrical conductivity of I2-doped PHPIMB versus doping time at 25 ◦C.
Scheme 3. Coordination of iodine during PHPIMB doping.

3.4. Thermal decomposition process

The kinetic parameters (activation energy, E, frequency fac-
tor, A) related to the thermal decomposition of PHPIMB group
were determined by using multiple heating rate kinetics such as
Flynn–Wall–Ozawa [28,29], Tang [30], Kissinger–Akahira–Sunose
[31,32], Friedman [33] and Kissinger [31] methods. The typical
dynamic TG/DTG-DTA curves of PHPIMB in a dynamic nitrogen
atmosphere are given in Figs. 8–10, where the TG curves for the
decomposition of 8–10 mg of PHPIMB are shown at heating rates
of 5, 10, 15 and 20 ◦C/min under 60 mL/min nitrogen atmosphere.
The solid state degradation mechanism of PHPIMB was also inves-
tigated by master plots from TG/DTG curves in N2. The thermal
decompositions of PHPIMB were very similar in character. All
TG/DTG-DTA curves of PHPIMB showed that the thermal decom-
position took place mainly in three stages and it is understood
from TG/DTG curves, the first, second and third decomposition tem-
peratures for PHPIMB are in range of 110–300 ◦C, 300–580 ◦C and
580–980 ◦C, respectively. An endothermic peak observed at about

◦
635 C in the DTA curve may be attributed to melting point of poly-
mer.

Fig. 8. TG curves of PHPIMB.
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Fig. 9. DTG curves of PHPIMB.

.4.1. Determination of kinetic triplet (activation energy E,
inetic model g(˛), and pre-exponential factor, A)

First the thermogravimetric method employed to analyze the
G data of PHPIMB in this work was that of Kissinger, which is
ndependent of heating rate and any thermal decomposition mech-
nisms. Kissinger method for calculating the activation energy
ses the maximum decomposition temperature (Tmax) at which
he rate of mass loss is the highest. The activation energy related
o thermal decomposition of PHPIMB can be calculated from the
lot of ln (ˇ/T1.894661) versus 1000/T and fitting to a straight

ine. The mean activation energies related to the thermal decom-
osition of first, second and third stages of PHPIMB by using
issinger method in N2 was found to be 127 ± 8.43, 227 ± 8.46,
nd 424 ± 8.91 kJ/mol, respectively. The other methods used for
alculating kinetic parameter of PHPIMB investigated are those
f Flynn–Wall–Ozawa, Kissinger–Akahira–Sunose, Tang and Fried-
an based on multiple heating rates.
The conventional integral procedures such as FWO, KAS and

ang were proposed by assuming invariant activation energies and
n the case of variable activation energies they might yield incorrect
alues [34]. In those cases, advanced integral isoconversional [35]
r differential methods are preferred over integral isoconversional
ethods. Thus, in the present case, differential isoconversional
ethods (Friedman and Kissenger) in addition to integral isocon-

ersional methods (FWO, KAS and Tang) were used for solid state

ecomposition kinetic studies.

The Flynn–Wall–Ozawa method is an integral method and the
o-called Eq. (1) in logarithmic form for determining the activa-
ion energy of a solid state decomposition process without any

Fig. 10. DTA curves of PHPIMB.
Acta 518 (2011) 72–81 77

assumption about the reaction order was suggested by Kissinger.
The technique assumes that the A, f(˛) and E are independent of T
while A and E are independent of �

log ˇ = log
AE

R
− log g(˛) − 2.315 − 0.4567

E

RT
(1)

The dependence of ln (ˇ/T2) on 1/T, calculated for the given ˛
values at the different heating rates ˇ can be used to calculate
the activation energy. The activation energy and the logarith-
mic values of the pre-exponential factor of each other thermal
decomposition stage of PHPIMB calculated from FWO method were
110 ± 2.99, 29 ± 1.37; 228 ± 5.11, 31 ± 2.75; and 408 ± 7.05 kJ/mol,
49 ± 3.57 s−1, respectively, over the range of 0.1 < ˛ < 0.8. On the
other hand, Tang and KAS methods are an integral isoconversional
method similar to the FWO. The apparent activation energy of
PHPIMB can also be obtained from a plot of log ˇ against 1000/T
for a fixed degree of conversion and the slope of such a line is given
by −0.456 E/RT (Eq. (2)). However, Eq. (3) suggested by KAS has
also been utilized to determine the values of activation energy from
plots of ln(ˇ/T2) against 1000/T over a wide range of conversation.
Mathematical expressions of Tang and KAS methods can be written
as below, respectively:

ln

(
ˇ

T1.894661

)
= ln

(
AE

Rg(˛)

)
+ 3.635041 − 1.894661 ln

E
1.001450E

RT
(2)

ln

[
ˇ

T2

]
= ln

[
AR

Eg(˛)

]
− E

RT
(3)

The activation energy, E, can separately be determined by a slope
of logarithms plot of the left-hand side of kinetic equations versus
temperature, 1/T, for a given g(˛).

The activation energy and the logarithmic values of pre-
exponential factor of PHPIMB obtained by the Tang and KAS method
were found to be 110 ± 3.06, 26 ± 1.54; 109 ± 3.16, 28 ± 0.93 for the
first stage, 227 ± 2.92, 30 ± 3.00; 230 ± 3.99, 32 ± 2.83 for the sec-
ond stage, and 412 ± 8.46 kJ/mol, 51 ± 3.07 s−1; 410 ± 5.64 kJ/mol,
50 ± 2.98 s−1 for the third stage, respectively, over the range of
0.1 < ˛ < 0.8.

This result agrees well with the mean values of activation energy
obtained by Kissinger and FWO methods. Latest kinetic method
employed in determining the activation energy of solid state ther-
mal decomposition of PHPIMB was that of Friedman. This method
used for thermal decomposition kinetic studies can be simplified
as

ln
(

d˛

dt

)
= ln(A) + n ln(1 − n) − E

RT
(4)

The E value can be calculated from the slope of a plot of
ln(d˛/dt) versus 1/T. The average values of activation energy
and pre-exponential factor obtained for the each other stage of
thermal decomposition of PHPIMB by using Friedman method
were determined to be 111 ± 2.23, 28 ± 1.07; 231 ± 6.78, 31 ± 3.55;
411 ± 6.16 kJ/mol, 53 ± 5.07 s−1, respectively, over the range of
0.1 < ˛ < 0.8. In the equations above ˛, g(˛), ˇ, Tm, E, A, R are the
degree of reaction, integral function of conversion, heating rate,
DTG peak temperature, activation energy (kJ/mol), pre-exponential
factor (s−1) and gas constant (8.314 J/mol K−1), respectively. The
activation energies calculated from the FWO, Tang, KAS and

Friedman methods for all the thermal decomposition stage are
summarized in Tables 1–3.

In consequently, the activation energies E values of PHPIMB cal-
culated from all mathematical methods are very close to each other.
Also, correlation coefficients of the Arrhenius type plots of dynamic
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Table 1
Activation energy values obtained by different methods for first decomposition stage.

Conversion First thermal decomposition stage

Tang KAS FWO Friedman

E ln A E ln A E ln A E ln A

0.05 71 ± 6.11 20.16 70 ± 6.45 20.60 72 ± 2.75 20.00 79 ± 1.25 22.49
0.1 105 ± 6.10 24.66 104 ± 6.45 26.46 107 ± 2.70 26.46 111 ± 1.25 27.50
0.2 108 ± 6.10 25.75 107 ± 6.44 27.57 107 ± 2.65 27.08 109 ± 1.23 27.23
0.3 108 ± 6.09 25.21 108 ± 6.44 28.02 109 ± 2.62 29.28 110 ± 1.24 28.72
0.4 110 ± 6.09 27.75 110 ± 6.44 28.58 111 ± 2.60 29.63 112 ± 1.22 29.92
0.5 114 ± 6.09 28.20 113 ± 6.43 28.96 114 ± 2.57 29.94 116 ± 1.23 30.18
0.6 110 ± 6.08 27.08 109 ± 6.43 26.90 111 ± 2.55 29.72 112 ± 1.20 28.36
0.7 113 ± 6.08 28.64 113 ± 6.43 28.49 114 ± 2.52 29.65 114 ± 1.21 29.72
0.8 113 ± 6.08 28.10 112 ± 6.44 28.94 114 ± 2.45 29.94 111 ± 1.23 28.86
0.9 152 ± 6.09 32.95 152 ± 6.44 32.04 153 ± 2.41 32.32 154 ± 1.22 34.22
0.95 210 ± 6.09 39.03 209 ± 6.46 39.41 207 ± 2.39 38.81 214 ± 1.24 39.11

0.05 < ˛ < 0.95 119 ± 35.16 27 ± 5.07 118 ± 35.18 29 ± 3.78 124 ± 31.91 29 ± 4.47 126 ± 33.59 29 ± 4.19
0.1 < ˛ < 0.8 110 ± 3.06 26 ± 1.54 109 ± 3.16 28 ± 0.93 110 ± 2.99 28 ± 1.37 111 ± 2.23 28 ± 1.07

Table 2
Activation energy values obtained for second decomposition stage.

Conversion Second thermal decomposition stage

Tang KAS FWO Friedman

E ln A E ln A E ln A E ln A

0.05 157 ± 5.32 27.24 156 ± 5.41 28.34 158 ± 2.11 28.54 169 ± 1.48 29.23
0.1 244 ± 5.31 38.56 249 ± 5.40 40.36 248 ± 2.09 39.54 251 ± 1.48 40.56
0.2 230 ± 5.30 35.08 231 ± 5.39 35.84 231 ± 2.10 35.58 239 ± 1.48 37.76
0.3 224 ± 5.32 28.40 226 ± 5.40 30.93 224 ± 2.09 29.56 230 ± 1.47 30.82
0.4 229 ± 5.31 33.50 229 ± 5.38 33.27 234 ± 2.08 33.61 236 ± 1.47 34.33
0.5 224 ± 5.30 27.34 228 ± 5.39 29.72 219 ± 2.08 28.71 226 ± 1.48 29.51
0.6 221 ± 5.29 27.39 221 ± 5.39 27.20 220 ± 2.08 27.24 222 ± 1.46 28.80
0.7 226 ± 5.28 29.98 235 ± 5.37 33.80 227 ± 2.08 30.30 224 ± 1.46 27.34
0.8 226 ± 5.28 29.53 228 ± 5.36 29.32 226 ± 2.07 29.27 221 ± 1.45 27.74
0.9 224 ± 5.26 27.00 228 ± 5.36 29.81 228 ± 2.07 29.36 234 ± 1.47 30.09
0.95 257 ± 5.26 39.79 257 ± 5.35 40.60 256 ± 2.07 41.13 264 ± 1.51 43.41

32 ± 4
32 ± 2

T
a
m
s
f
f
t

T
A

0.05 < ˛ < 0.95 223 ± 24.60 31 ± 4.72 226 ± 25.30
0.1 < ˛ < 0.8 227 ± 2.92 30 ± 3.00 230 ± 3.99

G/DTG runs for all stages in the decomposition of PHPIMB for
ctivation energy given in Tables 1–3 are considerably higher for
asses ranging from ˛ = 0.1 to 0.8 in N2. It was also found that the
tandard deviation values of activation energies which are obtained
or a range of 0.1 < ˛ < 0.8 were smaller than those values obtained
or a given ˛ (0.05 < ˛ < 0.95). Thus, the activation energies related
o corresponding decomposition steps of polymer were estimated

able 3
ctivation energy values obtained for third decomposition stage.

Conversion Third thermal decomposition stage

Tang KAS

E ln A E ln A

0.05 346 ± 6.21 48.45 345 ± 6.59 48
0.1 404 ± 6.27 48.66 410 ± 6.66 49
0.2 404 ± 6.29 47.84 403 ± 6.68 46
0.3 410 ± 6.30 49.38 409 ± 6.70 47
0.4 404 ± 6.31 47.20 403 ± 6.71 46
0.5 416 ± 6.32 51.47 414 ± 6.71 52
0.6 417 ± 6.32 51.35 415 ± 6.72 52
0.7 422 ± 6.33 54.75 418 ± 6.73 53
0.8 425 ± 6.34 55.46 415 ± 6.74 52
0.9 482 ± 6.35 65.14 499 ± 6.75 66
0.95 531 ± 6.37 69.72 530 ± 6.77 68

0.05 < ˛ < 0.95 423 ± 47.33 53 ± 7.41 423 ± 49.70 53 ± 7
0.1 < ˛ < 0.8 412 ± 8.46 51 ± 3.07 410 ± 5.64 50 ± 2
.62 224 ± 24.84 32 ± 4.73 228 ± 23.72 32 ± 5.53

.83 228 ± 5.11 31 ± 2.75 231 ± 6.78 31 ± 3.55

in range of 0.1 < ˛ < 0.8. These results indicate that activation ener-
gies related to the smaller and biggest values of ˛ have big effect
on the standard deviation.
Fig. 11 shows the E-dependencies degree of conversion, ˛ in TG
runs in N2. The E-dependencies for each stage of PHPIMB in N2
presents a similar behavior for the all the methods. The activation
energy values obtained for each stages of thermal decomposition

FWO Friedman

E ln A E ln A

.20 342 ± 2.17 47.75 335 ± 2.15 48.45

.60 416 ± 2.18 50.94 417 ± 2.15 51.72

.74 396 ± 2.18 45.58 405 ± 2.14 47.89

.27 405 ± 2.18 46.17 407 ± 2.14 47.05

.08 400 ± 2.19 44.15 402 ± 2.13 46.38

.38 411 ± 2.19 51.78 415 ± 2.13 58.74

.19 411 ± 2.19 52.24 416 ± 2.13 58.22

.64 413 ± 2.19 53.01 416 ± 2.12 58.27

.28 413 ± 2.20 52.17 417 ± 2.13 58.86

.22 493 ± 2.20 65.64 501 ± 2.12 62.11

.84 522 ± 2.21 68.65 529 ± 2.13 66.87

.62 420 ± 48.26 52 ± 7.85 423 ± 51.29 54 ± 6.95

.98 408 ± 7.05 49 ± 3.57 411 ± 6.16 53 ± 5.07
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al decomposition of PHPIMB studied in TG/DTG run in N2.
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Fig. 12. Master plots of theoretical g(˛)/g(0.5) against ˛ for various reaction mod-
els (solid curves represent 20 kinds of reaction models given in Refs. [33–36]) and
experimental data [(�), (�) and (©)] of PHPIMB at the heating rates 5, 10, 15 and
Fig. 11. The Ea-dependencies obtained for the therm

f PHPIMB in conversion ranging from ˛ = 0.1 to 0.8 is very close.
his result indicates that the mechanism of all the stages does not
hange in the region 0.1< ˛ <0.8.

The lowest values of activation energy required for initial
ecomposition were found to be approximately 70 ± 6.45 and
56 ± 5.41 kJ/mol, respectively, by using KAS method for first and
econd decomposition stage and 335 ± 2.15 kJ/mol by using Fried-
an method for three ones, over the range of 0.1 < ˛ < 0.95.

.4.2. Determination of the kinetic model by master plots
The integral function of conversion in the solid state non-

sothermal decomposition reactions is expressed as

(˛) =
(

A

ˇ

)∫ T

T0

exp
(−E

RT

)
dT =

(
AE

ˇR

)
p(u) (5)

here p(u) =
∫ u

∞ −(e−u/u2)du and u = E/RT.
Using a reference at point ˛ = 0.5 and according to Eq. (2), one

ets

(˛) =
(

AE

ˇR

)
p(u0.5) (6)

here u0.5 = E/RT. When Eq. (2) is divided by Eq. (6), the following
quation is obtained

g(˛)
g(0.5)

= p(˛)
p(u0.5)

(7)

Plots of g(˛)/g(0.5) against ˛ correspond to theoretical mas-
er plots of various g(˛) functions given in Table 4. To draw
he experimental master plots of p(u)/p(u0.5) against ˛ from
xperimental data obtained under different heating rates, an
pproximate formula [36] of p(u) with high accuracy is used
(u) = exp(−u)/[u(1.00198882u + 1.87391198)]. Eq. (7) indicates
hat, for a given ˛, the experimental value of g(˛)/g(˛0.5) are equiv-
lent when an appropriate kinetic model is used. Comparing the
xperimental master plots with theoretical ones can conclude the
inetic model.

In order to find out the most likely thermal decomposition
echanism of each stage of PHPIMB, we chose master plots in
hich plots of g(˛)/g(0.5) against ˛ correspond to theoretical
aster plots of various g(˛) functions [37–41]. Comparing the

xperimental master plots with theoretical ones we can be deter-

ine the kinetic model related to the thermal decomposition of

ach stage of PHPIMB [42]. In order to confirm the thermal decom-
osition mechanisms of PHPIMB, the theoretical master plots of
arious kinetic functions against ˛ constructed from experimental
ata obtained for thermal decomposition stages of PHPIMB under
20 ◦C/min.

different heating rates in N2 was compared each other. The com-
parisons of the experimental and theoretical master curves show
that the kinetic process of the thermal decomposition of PHPIMB
agree with, the D4 master curve for the first decomposition stage,
the D6 master curve for the second and third decomposition stage,
very well (see Fig. 12). In the literature, D4 model is also known as
Ginstling–Brounshtein equation [43]. On the other hand, D6 kinetic
model is known as Komatsu–Uemura or anti-Jander equation [44].
D4 model has a three-dimensional diffusion type decomposition
mechanism while D6 model has a three-dimensional counter-
diffusion type decomposition mechanism.

Experimental data, the mathematical expressions of the D4 and
D6 master curves, and the average reaction energy predetermined
obtained for each stage of the thermal decomposition were sub-
tracted into Eq. (5), the following equation can be deduced

(8)ln
[

ˇR
E

]
− ln[p(u)] = ln A − ln [1 − (1 − ˛)1/3]

2

For first thermal decomposition stage[ ]

(9)ln ˇR

E − ln[p(u)] = ln A − ln [[1/(1 − ˛)]1/3 − 1]
2

For second thermal decomposition stage
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Table 4
Algebraic expression for the most frequently used mechanisms of solid state process.

No Mechanisms Symbol Differential form, f(˛) Integral form, g(˛)

Sigmoidal curves
1 N and G (n = 1) A1 (1 − ˛) [−ln(1 − ˛)]
2 N and G (n = 1.5) A1.5 (3/2) (1 − ˛)[−ln(1 − ˛)]1/3 [−ln(1 − ˛)]2/3

3 N and G (n = 2) A2 2(1 − ˛)[−ln(1 − ˛)]1/2 [−ln(1 − ˛)]1/2

4 N and G (n = 3) A3 3(1 − ˛)[−ln(1 − ˛)]2/3 [−ln(1 − ˛)]1/3

5 N and G (n = 4) A4 4(1 − ˛)[−ln(1 − ˛)]3/4 [−ln(1 − ˛)]1/4

Deceleration curves
6 Diffusion, 1D D1 1/(2˛) ˛2

7 Diffusion, 2D D2 1/(ln(1 − ˛)) (1 − ˛)ln(1 − ˛) + ˛
8 Diffusion, 3D D3 1.5/[(1 − ˛)−1/3−1] (1 − 2˛/3)−(1 − ˛)2/3

9 Diffusion, 3D D4 [1.5(1 − ˛)2/3] [1−(1 − ˛)1/3]−1 [1−(1 − ˛)1/3]2

10 Diffusion, 3D D5 (3/2) (1 + ˛)2/3[(1 + ˛)1/3−1]−1 [(1 + ˛)1/3−1]2

11 Diffusion, 3D D6 (3/2) (1 − ˛)4/3[[1/(1 − ˛)1/3]−1]−1 [[1/(1 − ˛)]1/3−1]2

12 Contracted geometry shape (cylindrical symmetry) R2 (1 − ˛)1/3 2(1 − ˛)1/2

13 Contracted geometry shape (sphere symmetry) R3 (1 − ˛)2/3 3(1 − ˛)1/3

Acceleration curves
14 Mample power law P1 1 ˛
15 Mample power law (n = 2) P2 2˛½ ˛1/2

16 Mample power law (n = 3) P3 (1.5)˛2/3 ˛1/3

17 Mample power law (n = 4) P4 4˛3/4 ˛1/4

18 Mample power law (n = 2/3) P3/2 2/3(˛)−1/2 ˛3/2

2/3

3/4
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[

[

19 Mample power law (n = 3/2) P
20 Mample power law (n = 4/3) P

(10)ln
[

ˇR
E

]
− ln[p(u)] = ln A − ln [[1/(1 − ˛)]1/3 − 1]

2

For third thermal decomposition stageThe plots of
n[ˇR/E]–ln[p(u)] versus – ln[1−(1 − ˛)1/3]2, −ln[[1/(1 − ˛)]1/3−1]2

or second and third stages, give a group of straight lines. The
re-exponential factor can be obtained from the intercepts of the
egression lines corresponding to various heating rates. By assum-
ng the theoretical D4 and D6 laws, the logarithmic value of the
re-exponential factor, ln A obtained from correlation coefficient
f the plots of ln[ˇR/E]−ln[p(u)] versus – ln[1−(1 − ˛)1/3]2 for first
ecomposition stage were found to be 29 ± 0.15 s−1. Also, ln A
alues by a plots of ln[ˇR/E]−ln[p(u)] versus – ln[[1/(1 − ˛)]1/3−1]2

or second and third stages were 33 ± 1.06 and 45 ± 0.08 s−1,
espectively.

. Conclusions

A new Schiff base, HPIMB, was synthesized and oxidatively poly-
erized in an aqueous alkaline medium in presence of NaOCl.

he resulting polymer was relatively soluble in organic solvents.
n, Mw and PDI values of PHPIMB were found to be 2980,

280 g/mol and 2.11, respectively. The electrical conductivity of
HPIMB increased monotonically from 10−10 to 7.12 × 10−7 S/cm
ith increasing doping time from 0 to 7 days. The average val-
es of activation energy of the thermal decomposition of PHPIMB
btained by the Tang, KAS, FWO, Friedman and Kissinger meth-
ds were found to be 110 ± 3.06, 109 ± 3.16, 110 ± 2.99, 111 ± 2.23
nd 127 ± 8.43 kJ/mol for the first stage, respectively, over the
ange of 0.1 < ˛ < 0.8. On the other hand, The average values of
ctivation energies related to the second and third decomposition
tages obtained by so-called methods for the given ˛ values were
27 ± 2.92, 230 ± 3.99, 228 ± 5.11, 231 ± 6.78 and 227 ± 8.46, and
12 ± 8.46, 410 ± 5.64, 408 ± 7.05, 411 ± 6.16, 424 ± 8.91 kJ/mol,
espectively. Analysis of the results obtained by master plots
ethod showed that the decomposition mechanism of PHPIMB in
2 went to Dn mechanism (Deceleration type) for both stages and

re-exponential factors related to the each other thermal decom-
osition stage were determined to be 29 ± 0.15, 33 ±1.06 and
5 ± 0.08 s−1, respectively. It is noted that a diffusion type kinetic
odel is suggested in here. This kinetic model is quite rare in poly-
er degradation studies and it has been reported in the literature

[

3/2(˛)1/3 ˛2/3

4/3(˛)−1/3 ˛3/4

that thermal degradation of polyethylene follows a diffusion kinetic
model [45,46].
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