
Introduction

Thermally activated transformations in the solid-state

can be investigated by isothermal or non-isothermal

experiments [1]. In recent years conducting polymers

such as polyaniline (PANI), poly(o-toluidine) (POT),

poly(o-anisidine) (POAN) have attracted great atten-

tion due to their electrochemical, optical and environ-

mental stability [2–6]. Furthermore, conducting poly-

mers have attracted a huge amount of attention since

their discovery. This is probably due to their potenti-

ality in various applications ranging from sensor and

light mass batteries to printing circuit boards in a mi-

cro-circuit technology [7–13]. Many devices need a

balance of conductivity, processability and thermal

stability. The difficulty in processing conducting

polymers, which is one of the barriers to be conquered

in a practical use, has been considerably mitigated by

protonation these polymers, e.g., the protonation of

polyaniline by functional organic acids and/or phe-

nols [14–24]. The thermal stability of homo- and het-

ero-chain linear polymers has important applica-

tions [25–27]. Thermal degradation of m-nitroaniline,

m-chloroaniline and m-aminophenol has been studied

by Dash et al. [27]. In our previous work, we have

found that the electrical conductivity, electroactivity,

spectroelectroactivity or thermal stability could be

induced into some polymeric forms [28–38].

A survey of literature reveals that the thermal

degradation pattern of conducting polymers has not

been seriously dealt with involving the various ki-

netic equations and related parameters.

In the present research, the thermal stability of

HClO4-doped POT matrix in solid-state have been

studied using TG and DTA techniques. The decompo-

sition kinetic parameters, such as activation energy

and the frequency factor, as well as the decomposition

rate were calculated to determine the decomposition

mechanism of the investigated polymer.

Experimental

Materials

o-Toluidine (o-T) was purchased from Aldrich Chemi-

cals Company. HClO4 was received from Merck

Chemicals Co. and used as received. All other chemi-

cals used throughout this study were of analytical re-

agent grade of the high commercially available purity.

Doubly distilled water was used in the experiments.

Poly(o-toluidine) doped with perchloric acid

(HClO4-doped POT) was prepared (in solid-state) sim-

ilar to the previously described procedure [29, 34, 37].
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The chemical oxidation of o-toluidine (0.1 mol L–1) in

strong acid medium (1.0 mol L–1 HClO4) was carried

out by adding 0.2 mol L–1 ammonium peroxydisulfate

((NH4)2S2O8) solution (drop by drop). The stirring of

the reaction mixture was continued for 2 h to ensure

the completion of the reaction that was indicated by the

stabilization of temperature of the reaction mixture.

The reaction mixture was further mixed for 2–3 more h

(post-polymerization) to ensure that polymerization

has completed, then filtered that and washed repeat-

edly with distilled water and finally equilibrated

in 0.1 mol L–1 HClO4 acid which was used for 2 h to

achieve maximum doping. The as-obtained polymer

was dried under vacuum at 25°C to constant mass. The

doped polymer was characterized by FTIR, MS spec-

tra, elemental analysis measurement and confirmed by

molecular mechanics (MM) calculations.

Instrumentation

Non-isothermal decomposition measurements, of

the HClO4-doped POT matrix with different heating

rate (5–35 K min–1), were carried out using the ther-

mal analyst Shimadzu (DTG-60H) apparatus. The

degradation was studied by using a Sartorius

electrobalance (Type 2004 MP6). The sample was

placed in a quartz basket suspended from the arm of

the balance by means of a quartz wire. The sample

temperature was adjusted using a Heraeus tempera-

ture controller (Type TRK). Elemental analyses

were carried out on an Elementer analysensysteme

(GmbH, Donaustr-7, 63452) Hanau, (Germany).

HClO4-doped POT matrix was identified in the neg-

ative-ion mode using a JMS-600 H mass spectrome-

ter (JEOL, Tokyo, Japan) equipped with a FAB ion

source and a collision cell. The fast atom helium

beam was generated from He+ ions which were ac-

celerated to 70 V unless otherwise noted. MM calcu-

lations include MM2 and MMP2 force fields

[33–38] were carried out to calculate potential en-

ergy (PE/kJ mol–1), and dipole moment (�/Debye) of

the molecular (MG) and optimal molecular geomet-

ric (OMG) proposed structures, method normal.

Method of calculations

The energy of a molecular system is a function of the

atomic coordinates and has been calculated [38] by

using the following equations:

E(x)=Estr+Eang+Estb+Eoop+Etor+Evdw+Eele+Esol+Eres (1)

Estr is the bond stretch energy:
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Esol is the implicit solvation energy:
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Eele is the electrostatics energy:
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Eres is the restraint energy and described as par-

tial charges.

The amount of charge transferred at each itera-

tion is damped with an exponentially decreasing scale

factor. The amount of charge transferred between at-

oms i and j at each iteration when Xi>Xj is:

dq
X X

X
�

1

2

i j

j

+

–
(10)

where X j

+ is the electronegativity of the positive ion

of atom j.

Results and discussion

Elemental analysis

The elemental analysis data were compared with oth-

ers for possible structures (Table 1). Calculations of

the minimum error percent (%) (i.e., sum of the differ-

ence between the calculated and found percent of the

elements under investigation) helped us to speculate

the proposed formula as seen in Table 1. Thus the em-

pirical formula of the doped polymer is best repre-

sented by [POT-2HClO4�2H2O]n elemental analysis

measurement is consisted well with the OMG struc-

tural calculations of the POT-2HClO4�n/2H2O chain.

MS spectra of HClO4-doped POT matrix

Mass spectra (MS) were also a useful technique for

the identification of HClO4-doped POT matrix

(Fig. 1). The intense fragment (m/z: 18) is due to the

adsorbed water molecules. This result indicates that

the HClO4-doped POT chain have a hydrophilic na-

ture. The hydrophilicity of this matrix has a number

of possible applications including humidity determi-

nation [34]. Moreover, it has been reported that the

conductivity of some conducting polymers depends

strongly on the redox state, the doping level and mois-

ture content of the polymer matrix [31, 34]. The peaks

appearing at m/z: 51.61, 66.95 and 99.11, were due to

ClO, ClO2 and ClO4, respectively, came from the dop-

ant (HClO4). The intense fragment (base peak) at

m/z: 107.05 (Fig. 1) could be assignable to the

C6H8(CH3)NH, (degradation of polymer backbone)

while, the signal at 180.09 is due to the C6H8ClO4.

The other fragments at higher mass (m/z 212.17,

222.13 and 303.74) could be assignable to the full-

scale polymer degradation.

Molecular mechanics calculations

MM treatment of the proposed formula was used to

estimate the PE and dipole moment (�) of the MG and

OMG proposed structure of the polymer

[[POT-2HClO4�n/2H2O] under investigation. It was

found from these calculations that the PE (kJ mol–1)

of the MG and OMG of this matrix is equal

to 8.87�105 and –81.179 kJ mol–1; and � is 6.63

and 4.68 Debye, respectively. Calculations were car-

ried out for one repeating unit of the doped polymer

chain. These calculations indicate that the PE and �
of the MG (Scheme 1a) is about four (1.09�104) orders

of magnitude higher than the OMG (Scheme 1b)

structure of the same matrix. So, optimizing the ge-

ometry of the molecular structure (OMG) is very im-

portant for understanding the stability of this matrix.

The negative value of PE and lowest dipole moment

of the repeating unit indicates that the proposed geo-

metric configuration for [POT-2HClO4�2H2O]n this

matrix is the most stable for this polymer.
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Table 1 Speculation structure of HClO4-doped POT matrix based on elemental analyses

Matrix
Element/%, calcd. (found)

C H N Cl min. error

[POT-2HClO4�xH2O]n (50.29) (4.90) (8.55) (10.35) –

[POT-2HClO4�0H2O]n 54.28 4.52 9.05 11.45 32.20

[POT-2HClO4�1H2O]n 52.74 4.71 8.79 11.13 19.09

[POT-2HClO4�2H2O]n 51.29 4.88 8.54 10.82 7.05

[POT-2HClO4�3H2O]n 49.93 5.05 8.32 10.53 8.82

[POT-2HClO4�4H2O]n 48.62 5.21 8.10 10.62 15.78
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Fig. 1 Mass spectra of HClO4-doped POT



Thermogravimetric analyses of HClO4-doped POT
matrix

TG of the doped polymer (HClO4-doped POT) matrix

was carried out at different heating rates as shown in

Fig. 2. The doped polymer shows a three steps mass

loss (Table 2) which is similar to the homoplymers of

polyaniline and poly(toluidine) [39]. The initial mass

loss between 313 and 393 K could be attributed to the

loss of moisture, volatilization of the solvent. The

proportion of moisture increases with increasing the

heating rate as seen in Table 2. The second step oc-

curring between 393 and 603 K is due to the loss of

the dopant (HClO4). The higher mass loss of this step

is about 24% at lower heating rate (5 K min–1). This

observation indicates that dedoping is faster at lower

heating than at higher heating rate. So there are two

factors controlling the thermal stability of the doped

polymer which are: (i) temperature dependent and

(ii) heating rate. The decomposition pattern be-

tween 623 and 773 K is due to the degradation of the

POT backbone.

Differential thermal analysis

Figure 3 shows the differential thermal analy-

ses (DTA) curves of the HClO4-doped POT polymer

under the non-isothermal conditions, taken at differ-

ent heating rates (�) (5, 15, 25 and 35 K min–1). Each

DTA trace has an exothermic peak corresponding to

the peak temperature of decomposition (Td). On the

basis of the DTA results, it was clear that Td shifted to

higher temperature as the heating rate (�) was in-

creased. The value Td was shifted from 559 to 610 K

when � was changed from 5 to 35 K min–1. This

means that the thermal stability of doped POT is

highly dependent on the heating rate. The decomposi-

tion of the dedoped POT chain has been reported [40]

to occur in the temperature range from 663 to 734 K

as evidenced by DSC experiment. This indicates that

the emeraldine base form (POT-EB) is thermally
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Table 2 Influence of heating rate (K min–1) on the mass loss of POT-doped HClO4

Heating rate/K min–1 Temperature range/K
mass loss

mg %

5
40–120

120–330
330–500

0.025
1.585
2.133

0.55
24.10
48.86

15
40–120

120–330
330–500

0.062
0.629
1.303

1.35
14.37
28.41

25
40–120

120–330
330–500

0.067
0.571
1.004

1.46
15.65
21.95

35
40–120

120–330
330–500

0.074
0.603
0.969

1.63
13.25
21.13



more stable than the HClO4-doped POT matrix. The

exothermic peak at about 610 K (�=35 K min–1) sug-

gests that the interchain crosslinking and thermally

effected morphological changes take place [41–44].

The curve also confirms that the absence of any glass

transition (Tg) or melting (Tm) states for the

HClO4-doped POT chain and is in good agreement

with the literature [45].

The decomposition activation energy (Ed) of this

polymer can be calculated using the equation pro-

posed by Chen [46]:

ln – ln
�
T

E

R T
k

�

�
�

�

�
� � �

1
0 (11)

where R is the gas constant and k0 is the frequency fac-

tor. This equation is used specifically for non-isother-

mal crystallization [46]. It can be applied here to obtain

the decomposition kinetics of the HClO4-doped POT

chain. This equation was successfully applied in our

previous work to understand the decomposition kinet-

ics of the derivatives of the tetrahydro-thiadiazine-

2-thione [47]. By utilizing the successive approxima-

tion method, the approximate activation energies have

been determined [48, 49]. The constant in Eq. (12) may

be easily recalculated and the correct activation ener-

gies can be obtained. For 20�E/RT�60, the slopes that

average to 0.457 were used in Eq. (12).

d(ln )

d( )

�

1

0 457

/

.

T R
E� (12)

where E represents the activation energy describing the

overall decomposition process, Ed and Tp depicts the

decomposition peak temperature, Td. The relation be-

tween ln(�/Td) and (1/Td) obtained from the curves of

the studied polymer is linear and indicates the validity

of this relationship (Fig. 4). The decomposition activa-

tion energy was calculated from the slope of the line

fitted to the experimental data to be 229.50 kJ mol–1.

The decomposition activation energy of polyaniline

(N-ethyl PANI) and that of the N-ethyl PANI doped

with camphorsulfonic acid (CSA) have been obtained

to be 335 and 190 kJ mol–1, respectively [49]. This in-

dicates that POT-HClO4 is thermally less stable than

the undoped polyaniline and more thermally stable

than that doped with CSA.

The constant k0 as decomposition parameter,

measures the probability of molecular decomposes ef-

fective for the diffuse of the activated complexes. It

was calculated from the intercept of the straight fit-

ting line with vertical axis (Eq. (11)) and was found to

be 5.941�107�4.26 s–1.

The heat of fusion or enthalpy (�H), as a thermo-

dynamic parameter, may be considered as the heat re-

quired to increase the interatomic or intermolecular

distance in the complexes (HClO4-doped POT), thus

allowing melting or decomposition to occur. Com-

plexes that are bound together by weak forces gener-

ally have a low heat of fusion and low melting or de-

composition point. On the other hand, strong bounding

forces have a higher decomposition temperature. The

enthalpy of the investigated polymer was obtained

from the computer program involved in the DTA appa-

ratus and found to be 1.76�103 kJ kg–1 at heating rate
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of 15 K min–1 (Table 3). The value of �H usually in-

creases with the length of the chain. It has been found

to be 2.13�103 kJ kg–1 for the PANI at the same heating

rate [50]. That means that the doped POT is thermally

less stable than PANI. The reason may be the methy-

lene o-substituted in POT chain. Usually,

functionalized organic acids such as CSA, DBSA, pic-

ric acid doped polyaniline or some derivatives ther-

mally unstable than the mineral acids [28, 37].

When E/RT>>1, a modification of Eq. (11) by

Augis and Bennet [51] in the following form

d(ln )

d[1 / ( – )]d

d

�

T T R
E

0

0 457
� –

.
(13)

can also be used to determine the decomposition acti-

vation energy, where T0 is the room temperature. The

plot of ln[(�/(Td–T0)] vs. 1/Td gives the value of Ed.

Figure 4 shows a linear fit using the Eq. (13) to the ex-

perimental data yielding the value of Ed from the

slope to be 218.29 kJ mol–1 as seen in Table 4.

The interpretation of DTA data is provided by

the formal theory of transformation kinetics as the de-

composition rate constant (K) is usually assumed to

be an Arrhenian temperature dependence

K=k0exp(–Ed/RT) (14)

where T is any temperature in the entire region of exo-

thermic peak. The constant K describes the decompo-

sition rate at any temperature, T. Substituting the ob-

tained values of Ed and k0 from Eqs (11) and (12), one

can calculate K as a function of T for each heating

rate. The calculated values of K(T) at different heat-

ing rates were plotted as lnK vs. 1/T and the straight

lines were shown in Fig. 5. The validity of Eq. (14)

for each heating rate confirms the results obtained for

Ed and k0. Figure 4 shows a remarkable heating rate

dependence of the decomposition rate.

The value of Ed of a complex can also be calcu-

lated by using a method suggested by Kissinger [52].

According to this method, the temperature of the exo-

thermic peak depends on the heating rate by the fol-

lowing relation

ln –
.�

T

E

R T2

0 457 1
� � constant (15)

where E is the activation energy of the crystallization.

This expression is usually used to model the crystalli-

zation kinetics in materials having amorphous-crys-

talline transformation. However, it is possible to use

this expression to study the decomposition kinetics of

materials which undergo thermal degradation [53]. In

this case, Ed and Td replace E and T. Based on

Eq. (15), plotting of ln( / )� Td

2 vs. (1/Td) gives a linear

relation. The experimental points show a good fit with

above relation, as shown in Fig. 5. The decomposition

activation energy of the investigated polymer was de-

termined from the straight lines and was found to be

equal 215.49 kJ mol–1. The obtained value of Ed by

Eq. (15) is close to that got from Eq. (13), indicating

eligibility of both equations in deriving the decompo-

sition kinetics of the studied polymer.

The decomposition activation energy, Ed, can

also be calculated by using the Mahadevan et al. ap-
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Table 3 Influence of heating rate (K min–1) on the heat of fu-
sion (�H) of HClO4-doped POT

Heating rate/
K min–1

Temperature peak,
Tp/°C

�H/

J kJ g–1

5 285.75 6.39 1.40

15 310.43 8.07 1.76

25 324.15 8.10 1.77

35 337.07 1.43 3.15�10–2

1.65 1.70 1.75 1.80
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Fig. 5 Temperature dependence of the decomposition rate con-

stant for HClO4-doped. POT at different heating rates

Table 4 Decomposition activation energy (Ed) of HClO4-doped POT using different methods

Method Equation Variable vs. 1/Td Activation energy/kJ mol–1

Chen (12) ln(�/Td) 229.50�0.05

Angis and Bennet (13) ln[�/(Td–T0)] 218.29�0.84

Kissinger (15) ln( / )� Td

2 215.49�1.00

Mahadevan et al. (16) ln� 240.15�0.84



proximation [54]. The variation of ln( / )� Td

2 with ln�
is much slower than that of (1/Td) vs. ln�. Thus, the

Kissinger equation can be rewritten in the form of

Mahadevan et al. [54] approximation as follows:

ln –
.

� � �
0 457 1E

R T
constant (16)

Straight lines due to the plots of (1/Td) vs. ln�
were shown in Fig. 6 indicating the legality of this

equation. The values of Ed was deduced from the

slope of the fitting line and given in Table 2. The re-

sults in this table show that the error due to the fitting

of Eq. (1) to the experimental data are much smaller

than those due to the fitting using other equations.

Thus, one can conclude that the approximation sug-

gested by Chen [46] is more suitable in determining

the Ed value and in describing the decomposition

mechanism than other expressions.

Conclusions

Elemental analyses and the negative value of PE of the

OMG structure for [POT-2HClO4�2H2O]n indicate that

this matrix is the highly stable. Thermal degradation of

poly(o-toluidine) doped with perchloric acid occurs in

three stages, each relating to a loss in mass. These stages

involve the removal of adsorbed (moisture) water or sol-

vent, the second stage is due to the loss of dopant and

the third step could be attributed to the full polymer deg-

radation. The decomposition parameters, Ed and k0,

were determined using the results of the differential

thermal analysis. The decomposition rate was strongly

dependent on the heating rate. The methods used to

evaluate the decomposition activation energy were valid

to describe the decomposition mechanism.
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