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Abstract Thermal analysis of 2-allyl-4-((4-(4-methylb-

enzyloxy)phenyl)diazenyl)phenol dye was performed in air

flow. The compound thermal behavior was investigated

using TG, DTG and DSC techniques, under non-isothermal

linear regime. Kinetic parameters of the two decomposition

steps were obtained by means of multi-heating rates meth-

ods. Isoconversioanl methods (KAS and FWO), Invariant

Kinetic Parameters method and Perez-Maqueda et al.

criterion (by means of CR and FW equations) were used.
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Introduction

Dyes containing ‘‘azo’’ group in their molecules are of large

interest from the point of view of possible applications.

Thermal analysis and kinetic studies of thermal induced

changes of new compounds designed for temperature-con-

trolled applications are a real need and an advantageous

pointer before trying to functionalize them [1, 2]. Part IV on

the thermal behavior of some azomonoethers, aims to iden-

tify the physical and chemical transformations of 2-allyl-4-

((4-(4-methylbenzyloxy)phenyl)diazenyl)phenol, related to

non-isothermal increasing temperature regimes in air flow

and the kinetic characteristics of the two decomposition

steps occurring. Previous studies on the thermal stability of

azoic dyes [3–5] and non-isothermal decomposition kinetics

of such compounds [6–9] have also been reported.

For a single heterogeneous process under any non-iso-

thermal regime, the reaction rate can be expressed by Eq. 1:

da
dt
¼ A � f ðaÞ � e� E

RT ð1Þ

where a is the conversion degree, (da/dt) is the reaction rate,

A is the pre-exponential factor (frequency factor), E is the

activation energy, f(a) is the differential conversion function

and R is the universal gas constant. Recent papers have

reported on the critical analysis of the single rate model-

fitting methods [10–18], suggesting that their use would lead

frequently to uncertain values of the activation parameters.

The entire kinetic triplet {E, A, f(a)} that describes a phys-

ical or chemical transformation may be evaluated by means

of simple procedures like isoconversional methods as shown

by Vyazovkin [19, 20], but only after supplementary use of

compensation effect of apparent activation parameters.

However, this is true only for single processes, as in [21, 22],

when there do not exist overlapping processes. It is worth to

A. Rotaru (&)

Laser Department, INFLPR-National Institute for Laser,

Plasma and Radiation Physics, Bvd. Atomistilor, Nr. 409,

Magurele, PO Box MG-16, RO-077125 Bucharest, Romania

e-mail: andrei.rotaru@inflpr.ro

A. Moanţă
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mention that the evaluation of isoconversional pre-expo-

nential factors is constrained on the existence of constant

compensation effect parameters. Therefore, it was con-

cluded the need of using also more sophisticated kinetic

methods (Invariant Kinetic Parameters method [23], Perez-

Maqueda et al. criterion [24] or Malek criterion [25]),

combined with isothermal, non-isothermal non-linear (i.e.

modulated temperature [26]) or sample controlled thermal

experiments [27, 28].

From the point of view of possible applications (for dye

lasers [29, 30], plastic composite materials [31] or textiles

industry [32]), azomonoethers are a large interest class of

dyes. Materials’ aspect and color modifications are due to

the thermal-induced chemical degradation of organic dyes

used. The present studied compound is one of the new

potential organic azoeteric dyes, having a high chemical

stability and therefore required in several industries. In

order to establish the thermochemical stability domain and

the limits of such dyes use, the study of its thermal

behavior is needed. It is also important to be known, for the

technological processing of materials (that contain them)

which may happen at higher temperatures. Apart from the

used temperature regime in the technological processing of

new materials, the knowledge of kinetic parameters is very

important as universal characteristic. Predictions of thermal

behaviors of a certain dye may be made in other temper-

ature conditions, experimentally undone. Clues may be

provided to those deciding the use of a certain dye or of

another, as well as the possibility of predicting the appro-

priate temperature regimes needed in the technological

process. The lifetime of the dyes under laser constant

irradiation parameters, the decomposed dye percentage and

the kinetic parameters may be used for a kind of average

apparent temperature profile estimation.

Experimental

The investigated compound was prepared by diazotation

of commercially available 4-[(4-methylphenyl)methoxy]-

benzamine (from AsisChem) using sodium nitrate in the

presence of hydrochloric acid followed by coupling with

2-allylphenol [33, 34]. Thermal stability (TG, DTG and DSC)

measurements of 2-allyl-4-((4-(4-methylbenzyloxy)phenyl)

diazenyl)phenol (Fig. 1) were carried out in air flow

(150 mL min-1), under non-isothermal linear regimes. A

horizontal Diamond Differential/Thermogravimetric Ana-

lyzer from Perkin-Elmer Instruments was used during the

experiments. Air flow has been chose because most of the

applications the dyes have are to be found in such conditions.

Samples from 0.8 to 1.2 mg, contained in Al2O3 cruci-

bles, were heated from room temperature to 800 �C, with

the heating rates of: 2, 4, 6 and 8 K min-1.

Results and discussion

Thermal analysis

Figure 2 shows the thermoanalytical curves (TG, DTG,

DTA and DSC) of 2-allyl-4-((4-(4-methylbenzyloxy)

phenyl)diazenyl)phenol, recorded for 6 K min-1; similar

curves were obtained for all other heating rates.

Before melting at 96 �C, a loss of approximately 6% that

correspond to the remained toluene after synthesis may be

noticed. The investigated compound decomposes in two

steps. For the first step, a weak oxidative decomposition

undergoes in the temperature range 150–290 �C. The

experimental mass loss (Dmexp = 73.68%) of the first step is

very close to the theoretical mass loss (Dmtheor = 74.65%),

which indicates the tropylium ion as remaining decom-

position fragment—stable at those temperatures and in good

agreement with the mass spectrometry results of such

compounds [35–40]. The second decomposition step

(350–600 �C) corresponds to the combustion of tropylium ions.

DSC thermal parameters of the thermal induced changes

of the title compound, at 6 K min-1 in air flow, are pre-

sented in Table 1.

Kinetic analysis

The influence of different temperature regimes upon the

thermal behavior of chemical compounds can provide

kinetic parameters indicating change in the reaction path-

way. The complexity of a stage can be expressed from the

activation energy dependence on the conversion degree.

This can be done using isoconversional methods for the

evaluation of the activation energy. If E does not depend on

Fig. 1 2-Allyl-4-((4-(4-methylbenzyloxy)phenyl)diazenyl)phenol
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Fig. 2 Thermoanalytical curves of 2-allyl-4-((4-(4-methylbenzyl-

oxy)phenyl)diazenyl)phenol for 6 K min-1 in air flow
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a, the investigated process is a simple one and should be

described by a unique kinetic triplet. If E changes with a,

the process is complex [41]. Vyazovkin and co-workers

[42, 43] established a algorithm for identifying the type of

complex processes. When E increases with conversion

degree, the process involves parallel reactions. When E

decreases and the shape of its evolution is concave, then

the process has reversible stages. For decreasing convex

shape, the process changes the limiting stage. In order to

discriminate between the occurring reactions, automatic

programs were developed, assuming that the overall reac-

tion is the sum of individual reaction steps [44–46].

Isoconversional methods

The isoconversional procedures (‘‘model-free’’ kinetics)

can be classified as linear (the activation energy is evalu-

ated from the slope of a straight line) and non-linear (the

activation energy is evaluated from a specific minimum

condition). The isoconversional integral linear methods are

based on the following integral form of the reaction rate:

gðaÞ ¼
Za

0

da
f ðaÞ ¼

A

b

ZTa

0

e�
E

RT dT ¼ A

b
I Ea; Tað Þ ð2Þ

where b is the heating rate, g(a) is the integral conversion

function and I(Ea, Ta) represents the temperature integral.

In our paper we make use of Kissinger–Akahira–Sunose

(KAS method)—integral linear method [47, 48] and

Flynn–Wall–Ozawa (FWO method)—integral linear

method [49, 50].

Substitution of I(Ea, Ta) in the Eq. 2 with Coats–Redfern

approximation [51]: I Ea; Tað Þ ¼ RT2
a

Ea
e�

Ea
RTa ; gives Eq. 3—

used by KAS method:

ln
b
T2
¼ ln

AR

EgðaÞ �
E

RT
ð3Þ

Similar substitution with Doyle approximation [52]:

I Ea; Tað Þ ¼ Ea
R e �5:331�1:052 Ea

RTað Þ; gives Eq. 4—used by

FWO method:

ln b ¼ ln
AE

RgðaÞ � 5:331� 1:052
E

RT
ð4Þ

Thus, for a = const., the plot ln(b/T2) versus (1/T) or ln(b)

versus (1/T), obtained from the experimental thermo-

gravimetric curves recorded for several constant-heating

rates, should be a straight line whose slope could be used

for the activation energy evaluation.

Figure 3 shows the kinetic results of the first decom-

position step, obtained using KAS and FWO methods, as

values of the activation energy for various conversion

degrees from 0.2 to 0.8 with a step of 0.01, using our TKS

program (SP 1.0 version) [53].

During the first decomposition step, the activation

energy remains practically constant, describing a single

reaction; the accuracy in determining the activation energy

is very high—over 0.99690.

The mean values of the activation energy for 0.2 \
a\ 0.8 are:

EKAS ¼ 92:7� 1:6 kJ mol�1 EFWO ¼ 95:9� 1:7 kJ mol�1

The results obtained by KAS and FWO methods are

comparable. The differences between the values of the

activation energy obtained using these two isoconversional

integral methods may be attributed to the different

approximations of the temperature integral they use. Even

if some authors consider useless to perform calculations by

means of FWO method (considered to be one of the worst), it

may help, however, to know the limits the activation energy

is to be found.

For the second decomposition step (combustion of tro-

pylium ion), the isoconversional activation energy is shown

in Fig. 4.

Because during the second step no condensed compound

forms, the activation energy decreases with the consumption

Table 1 DSC parameters for 2-allyl-4-((4-(4-methylbenzyloxy)phenyl)diazenyl)phenol changes at b = 6 K min-1

Change Thermal effect (Endo/Exo) Max. peak temp. Tmax/�C Transferred heat DH/kJ kg-1

Melting Endothermic 96 113.5

Oxidative decomposition Exothermic 246 -371.9

Combustion Exothermic 558 -4335.9
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Fig. 3 Isoconversional activation energy of the non-isothermal

oxidative decomposition of 2-allyl-4-((4-(4-methylbenzyloxy)phenyl)

diazenyl)phenol in air flow (step 1)
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of the reaction. Since it has no well-defined shape (not

concave nor convex), but obtained with reliable correlation

coefficients (more than 0.9930), it is not possible to establish

the kinetic model or reaction type. It is likely that during the

first decomposition step, tropylium-based residues formed;

comparing with thermal decomposition of [4-(4-chlorob-

enzyloxy)-3-methylphenyl](p-tolyl)diazene [54], where for

the first step �EKAS is much higher (176.6 kJ mol-1) than in

this case (92.7 kJ mol-1), other macromolecules forming

each time. The difference in activation energies may explain

the obtaining of some raw product (percentages indicating at

such temperatures the tropylium ions), but instead, the for-

mation of different residues (based on tropylium fragments).

Higher values of the activation energies induce the forma-

tion of better assembled molecules. Stronger bonds develop

higher activation energies (at a = 0.5, 117 kJ mol-1 in this

case, instead of 150 kJ mol-1) for the combustion of the

tropylium-based residues. The two curves are of different

values, but almost equidistant one to the other, suggesting

the same type of chemical decomposition behavior.

Invariant kinetic parameters (IKP) method

Based on Criado and Morales early observation [55], that

almost any a = a(T) or (da/dt) = (da/dt)(T) experimental

curve may be correctly described by several conversion

functions, the use of an integral or differential model-fitting

method leads to different values of the activation param-

eters. Although being obtained with high accuracy, the

values change with different heating rates and among

conversion functions. In the present paper, the chosen

model-fitting methods were Coats–Redfern [51] and

Flynn–Wall [49]. The apparent activation parameters of the

first decomposition step, obtained for each heating rate of

the best-fitting kinetic models are presented in Table 2

(when applying the CR equation). Similar results have been

obtained when applying FW equation.

The straight lines ln Ab versus Eb for several constant-

heating rates should intersect in a point (isoparametric

point [56]) that corresponds to the true values of the acti-

vation energy and pre-exponential factor. They were

named invariant kinetic parameters (Einv, Ainv).

The apparent kinetic parameters of the first thermal

decomposition step, of 2-allyl-4-((4-(4-methylbenzyl-

oxy)phenyl)diazenyl)phenol, in air flow, are represented in

ln A versus E space (Fig. 5—by CR equation).

Certain variations of the experimental conditions, as

well as the straight lines (corresponding to different heating

rates) junction at low values, determine a region of inter-

section rather than a unique point in the ln A versus E plot.

The detailed image in Fig. 5—undersized figure in the up-

left corner shows the non-convergent straight-lines and the
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Fig. 4 Isoconversional activation energy of the non-isothermal

combustion of tropylium ion in air flow (step 2)

Table 2 Apparent activation parameters by Coats–Redfern equation for each applied heating rate

Kinetic

model

2 K min-1 4 K min-1 6 K min-1 8 K min-1

E
(kJ mol-1)

ln A
(A/s-1)

r E
(kJ mol-1)

ln A
(A/s-1)

r E
(kJ mol-1)

ln A
(A/s-1)

r E
(kJ mol-1)

ln A
(A/s-1)

r

F0.45 88.8 15.21 0.99996 91.5 15.98 0.99997 92.5 16.13 0.99999 92.7 16.28 1

F0.50 90.5 15.68 0.99999 93.3 16.45 0.99998 94.2 16.59 0.99995 94.5 16.73 0.99998

F0.55 92.2 16.15 0.99999 95.1 16.92 0.99997 96.0 17.06 0.99989 96.3 17.20 0.99994

F0.60 94.0 16.62 0.99997 96.9 17.40 0.99994 97.9 17.53 0.99981 98.1 17.67 0.99988

A0.1 1161.2 283.26 0.99905 1196.5 285.05 0.99892 1209.1 282.53 0.99848 1213.1 281.23 0.99868
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Fig. 5 ln A versus E space of all best-fitting kinetic models, by CR

equation
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values for the Fn models. Lesnikovich and Levchik sug-

gested that correlating these values by the apparent com-

pensation effect: ln A ¼ ab þ bbE; one obtains the

compensation effect parameters, ab and bb (Table 3) which

strongly depend on the heating rate (b) as well as on the

considered set of conversion functions [23]. Therefore, the

evaluation of the invariant kinetic parameters must be

performed using the supercorrelation equation:

ab ¼ ln Ainv � bb � Einv ð5Þ

The plot of ab versus bb, obtained for several constant-

heating rates, is a straight line whose parameters allow the

determination of ln Ainv and Einv.

It is easy to notice from Fig. 5 that Fn functions (for

n = 0.45 - 0.60) are the most adequate, because the

intersection is around 95 ± 10 kJ mol-1. Good results

were obtained also for the diffusion functions, but as it was

previously shown [57, 58] in such cases (liquid state

decomposition), the contribution of diffusion functions is

less probable, they even providing increased errors. The

efficiency of IKP method is one more time revealed, when

introducing other kinetic models, each of them with their

very different apparent values. When introducing A0.1

between the selected models, the overall values deriving

from the single-heating rate straight lines remaining

unchanged (detail in Fig. 5).

For all selected kinetic models (ASKM), the invariant

kinetic parameters, obtained using the compensation effect

parameters are presented in Table 4.

Both equations provide close results; the 2 kJ mol-1

difference is the consequence of the many values involved

in calculations.

For the second step, the use of IKP method is not pos-

sible since the isoconversional activation energy varies and

therefore no convergence will be obtained when gathering

the results of single-heating rate methods.

Perez-Maqueda et al. criterion

In order to obtain the appropriate kinetic equation (for

step 1), one can discriminate between the set of best-fitting

conversion functions by applying the Perez-Maqueda et al.

criterion [24]. Even if model-fitting methods and IKP

method select a group of presumable conversion functions,

they cannot precisely establish the right and unique model

from a type of kinetic models (i.e. in our case, all possibil-

ities of Fn type models, with n = 0.45 - 0.60).

According to Perez-Maqueda et al. criterion, the correct

kinetic model corresponds to the independence of the

activation parameters on the heating rate. By applying any

differential or integral model-fitting method, for every

constant heating rate, the true kinetic model shall provide

both the same constant activation energy as well as the pre-

exponential factor.

If Coats–Redfern equation written in the form:

ln
bgðaÞ

T2
¼ ln

AR

E
� E

RT
ð6Þ

or Flynn–Wall equation written as:

ln½b � gðaÞ� þ 5:331 ¼ ln
AE

R
� 1:052

E

RT
ð7Þ

are used, for the correct conversion function, all the

points {ln[bg(a)/T2] vs. 1/T} (Fig. 6 in CR plot) and

Table 3 Compensation effect parameters for all selected kinetic models by CR and FW equations

ASKM CR equation FW equation

b (K min-1) ab (A/s-1) bb (mol J-1) r ab (A/s-1) bb (mol J-1) r

2 -6.91791 2.499 9 10-4 0.99998 -7.40625 2.579 9 10-4 0.99999

4 -6.24377 2.434 9 10-4 0.99997 -6.74373 2.513 9 10-4 0.99998

6 -5.86453 2.385 9 10-4 0.99997 -6.34396 2.462 9 10-4 0.99999

8 -5.58681 2.364 9 10-4 0.99998 -6.05497 2.440 9 10-4 0.99998

Table 4 Invariant kinetic parameters for all selected kinetic models

by CR and FW equations

IKP for ASKM Einv (kJ mol-1) ln Ainv (A/s-1) rinv

CR equation 96.0 17.101 0.99752

FW equation 94.1 16.873 0.99771

0.00190 0.00195 0.00200 0.00205 0.00210 0.00215 0.00220
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-15.0
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by CR equation

ln
[ß

g(
α)

/T
2 ]

1/T

Fig. 6 Perez-Maqueda et al. straight lines for all constant-heating

rates, by CR equation
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{ln[bg(a)] ? 5.331 vs. 1/T} (for FW plot) corresponding to

all applied heating rates lie on the same straight line.

The best overlapping of the {ln[bg(a)/T2] vs. 1/T} (in

CR plot) and {ln[bg(a)] ? 5.331 vs. 1/T} (in FW plot)

points, corresponding to all applied heating rates was

obtained for F0.55 kinetic model. The kinetic parameters

according to Perez-Maqueda et al. criterion are presented

in Table 5:

Although F0.50, also known as R2 (contracting area, i.e.

bidimensional shape) model, was found to be one of the

most frequent kinetic model describing thermal induced

decompositions of liquid systems [59, 60], F0.55 equation

applies in this case of a linear compound decomposition

and formation of planar tropylium-based residues.

Conclusions

Thermal analysis of 2-allyl-4-((4-(4-methylbenzyloxy)

phenyl)diazenyl)phenol dye was performed in air flow.

After melting at 96 �C, an oxidative decomposition

undergoes in the temperature range 150–290 �C. This is

followed by the combustion of tropylium ions between 350

and 600 �C. Kinetic parameters of the first decomposition

step were evaluated by means of multi-heating rates

methods, such as isoconversioanl (KAS and FWO) meth-

ods, IKP method and Perez-Maqueda et al. criterion. The

selection of different kinetic models (Fn, n = 0.45 - 0.60

and A0.1) leads finally to invariant kinetic parameters in

the region of low reaction order models, and close to the

isoconversional activation energies (*95 ± 1 kJ mol-1).

The use of Perez-Maqueda et al. criterion confirmed the

107 order of pre-exponential factor (similar to the invariant

pre-exponential factor) and point towards F0.55 as the

unique and right kinetic model of the first decomposition

step of 2-allyl-4-((4-(4-methylbenzyloxy)phenyl)diaze-

nyl)phenol. The paper provides information on the kinetic

characteristics of the thermo-oxidative decomposition of

2-allyl-4-((4-(4-methylbenzyloxy)phenyl)diazenyl)phenol,

useful for several industries (composite plastic materials,

textiles and laser dyes).

Comparing the activation energies for the combustion of

the obtained tropylium-based residues with others obtained

in [54], one have observed the same trend and thus con-

cluded on bonding strengths.
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