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ABSTRACT: The nonisothermal thermal decomposition kinetics of 4,4′-azobis-1,2,4-triazole (ATRZ) at different heating rates (5,
10, 15, and 20 °C·min−1) were investigated by thermogravimetry (TG) and differential scanning calorimetry (DSC) studies. The
thermal decomposition kinetic parameters such as apparent activation energy (E) and pre-exponential factor (A) were calculated by
the Kissinger, Ozawa, and Šatava-Šestak methods. The E and A values calculated by the above three methods are very close, which
are 391.1 kJ·mol−1/1034.92 s−1, 381.1 kJ·mol−1/1034.30 s−1, and 393.4 kJ·mol−1/1035.76 s−1, respectively. Then, the decomposition
mechanism function of ATRZ is analyzed by the calculated results. The results show that the decomposition temperature of ATRZ is
about 300 °C and the exothermic decomposition speed is fast. The decomposition pathway of ATRZ was analyzed by pyrolysis-gas
chromatography−mass spectrometry (PY-GC-MS). The thermal decomposition kinetic equation of the ATRZ was deduced.

1. INTRODUCTION
In recent years, research on high-nitrogen materials repre-
sented by azo compounds in the field of energetic materials has
attracted extensive attention, especially nitrogen-rich hetero-
cyclic-based energetic compounds. Nitrogen-rich energy-
containing heterocyclic compounds such as tetrazole, triazole,
pyrazole, imidazole, and oxadiazole are very promising
candidates.1,2 Singly or doubly bonded polynitrogen com-
pounds can decompose into N2, and their energy release is
very large and fast, which makes them attractive as potential
explosives or propellants.3−5 Compared with traditional
energetic materials, high-nitrogen materials have a large
number of N−N, C−N, and N�N high-energy bonds,
which causes these materials to have a higher positive heat
of formation to obtain higher heat,6 rather than through
intermolecular or intramolecular redox reactions, such as
traditional polynitro explosives such as 2,4,6-trinitrotoluene
(TNT) or pentaerythritol tetranitrate (PETN).7 Compared
with traditional explosives, high-nitrogen materials have higher
density and better oxygen balance (as shown in Table 1),
which gives this kind of material a great advantage in the field
of energetic materials, which has attracted a lot of attention
from researchers from all over the world.8 Research results in

recent years have shown that azotriazole compounds have
excellent energy properties. Their structures have multiple
nitrogen atoms that are directly connected, and there are many
C−N and N−N single or double bonds, which endow them
with good energy characteristics.9−15 Among them, when the
N-NH2 coupling reaction generates the azo group, the N4
[N−N�N−N] chain with high energy can be generated, and
this (N−N�N−N)-linked triazole compound can not only
increase the nitrogen content but also provide more
substitutable sites for the synthesis of polynitrogen or
polynitro-containing energetic materials. Compared with a
single triazole ring, it has greatly improved energy density, heat
of formation, detonation velocity, and detonation pres-
sure.12,16−20 Therefore, these compounds have received
extensive attention as energetic materials.21 At present, in the
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field of energetic materials, people are eager to find materials
with better performance, stronger stability, and higher safety.
In recent years, more and more research on azo compounds
has been carried out, which mainly reflects that these
compounds have high heat of formation and density, as well
as thermal stability compared to conventional energetic
materials. This shows that azo-energetic compounds are
expected to be called new materials to replace traditional
explosives such as trinitrotoluene (TNT), pentaerythritol
tetranitrate (PETN), cyclotrimethylenetrinitramine (RDX),
or cyclotetramethylenetetranitramine (HMX).7

Numerous studies have reported the synthesis and character-
ization of azo-energetic materials. However, studies on the
fundamental thermodynamics of these compounds are limited,
such as activation energy, exothermic decomposition process,
and mechanism function. 4,4′-Azobis-1,2,4-triazole (ATRZ) is
a typical high-energy azo compound, which is a polynitrogen
compound formed by introducing an azo bond to the nitrogen
atom of the triazole ring. The introduction of azo bonds on the
nitrogen heterocycle can be carried out by HgO, Br2,
chloramine, etc. through N-NH2 on the nitrogen hetero-
cycle,22,23 but the yields of the above methods for introducing
azo bonds on the nitrogen atom of the triazole ring are
relatively low.22 Therefore, this work used Sodium Dichloro
Iso Cyanurate (SDIC) to oxidatively couple 4-amino-1,2,4-
triazole to obtain 4,4′-azobis-1,2,4-triazole in higher-yield
azoles.24

The purpose of this study is to explore the relevant kinetic
data of the thermal decomposition of ATRZ to provide a basis
for future research on azo-energetic materials. The validation
method chosen in this paper is reasonable to obtain valid
kinetic parameters, and the mechanism function obtained by
the method and data analysis are also unique. In this paper, TG
and DSC analyses were used to study the thermal
decomposition process of ATRZ at different heating
rates,25,26 and the kinetic parameters were obtained by the
model-free method and the model fitting method.27 The
possible decomposition mechanisms were discussed by the PY-
GC-MS analysis.28

2. EXPERIMENT
2.1. Synthesis. Synthesis of 4,4′-azobis-1,2,4-triazole

(ATRZ): In a 500 mL flask, 200 mL of water and 28 g of
SDIC (0.24 mol) were added and stirred until a clear solution
was obtained. Then, 50 mL of glacial acetic acid was added and
the mixture was continued to stir until the solution was clear.
Then, a solution of 20 g of 4-amino-1,2,4-triazole (0.24 mol)
dissolved in 20 mL of water was added dropwise, and the
temperature was controlled at 15−20 °C. After the completion
of the dropwise addition, stirring was continued for 1 h to
complete the reaction. The mixture was filtered and washed to
obtain transparent crystals.8 1H NMR (500 MHz; CD3OD, 25
°C, TMS): δ = 9.42 ppm (4H, s); IR (KBr): ν = 3112, 1487,
1365, 1316, 1168 cm−1; elemental analysis (%) for ATRZ

(164): C, 29.27; H, 2.44; N, 68.29; found: C, 30.17; H, 2.58;
N, 67.25.
ATRZ is composed of two triazole rings and azo bonds and

has a symmetrical coplanar molecular structure. The ATRZ
molecule contains one N�N double bond, four N−N single
bonds, and four C�N double bonds, which theoretically have
a high energy storage capacity. In addition, the molecule does
not contain nitro, which imparts better safety. The structural
formula of ATRZ is shown in Figure 1.

2.2. Experimental Equipment and Conditions. The
instruments for thermal dynamics research were STA 449F5
Jupiter (NETZSCH, Germany) and DSC 204F1 Phoenix
(NETZSCH, Germany). The instrument for pyrolysis
mechanism research was PY-GC-MS (Agilent, 7890B+5977B
+3030D).
The ATRZ was studied by using TG and DSC analyses

under a nitrogen atmosphere with the flow rates of 40 mL·
min−1 purge gas and 60 mL·min−1 guard gas for DSC and 20
mL·min−1 purge gas and 20 mL·min−1 guard gas for TG
analysis. The sample dosage was about 0.23 mg. The heating
rate was 5, 10, 15, and 20 °C·min−1 from 30 to 400 °C. The
pyrolysis temperature of PY-GC-MS is 400 °C. The TG, DSC,
and PY-GC-MS data were analyzed and studied using Origin
software.

3. THERMODYNAMIC THEORY
By using Kissinger and Ozawa methods, the kinetic parameters
of a solid-state reaction can be obtained without the knowledge
of the reaction mechanism.
The Kissinger method and Ozawa method are commonly

used in thermodynamic analysis to calculate thermodynamic
parameters (apparent activation energy (E) and pre
exponential factor (A)).25 The Kissinger29 method can help
researchers evaluate kinetic parameters without calculating E
for each conversion value of the solid reaction. The apparent
activation energy (E) and the pre-exponential factor (A) can
be obtained from the slope −/(RTP) and intercept ln (AR/E)
of the ln (β/TP) versus 1/TP plot, respectively. The Ozawa
method30 is simple and suitable for reactions that cannot be
analyzed by other methods. It is widely used, along with the
Kissinger method, to determine the apparent activation energy
(E). The apparent activation energy (E) can be obtained from
a logarithmic plot of the heating rates. The curve of logβ for 1/
TP represents a linear function with an intercept of 0.4567E/R.
The E calculated by this method is independent of the thermal
decomposition mechanism.

Table 1. Properties of ATRZ and Several Energetic Materials

material thermal stability (°C) density(g·cm−3) detonation velocity(km·s−1) detonation pressure (GPa) oxygen balance (%)

ATRZ 310 1.62 7.43 22.73 −97.56
RDX 230 1.68 8.64 32.93 −21.61
TNT 300 1.65 6.92 20.12 −73.96
HMX 280 1.91 9.01 32.46 −21.61
PETN 200 1.78 8.60 31.75 +3.52

Figure 1. ATRZ structure.
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Using the DSC data, the kinetic factors (E, A) of the thermal
decomposition reaction of ATRZ were obtained using the
Kissinger, Ozawa, and Šatava-Šestak methods. The calculation
method is shown in Table 2.
where f(α) and G(α) are the differential and integral kinetic

mechanism functions, respectively; E is the apparent activation
energy; A is the pre-exponential factor; β is the heating rate; To
is the temperature onset point at which the DSC curve begins
to deviate from the baseline; R is the molar gas constant (8.314
J·mol−1·K−1); α is the conversion rate; T is the temperature K
at time t; and TP is the peak temperature of the DSC curve.
The 41 functional forms of the kinetic model used in this paper
are in Table S1 and can be found in ref 31.

4. RESULTS AND DISCUSSION
4.1. Thermal Analysis. DSC curves of ATRZ under

different heating rates in a nitrogen environment are shown in
Figure 2. It can be seen from Figure 2 that there is a group of

extremely small endothermic peaks in the temperature range of
175−200 °C. This can be attributed to the melting of the
ATRZ sample. The exothermic peak is found in the
temperature range of 270−330 °C. The characteristic temper-
ature and heating rate of the DSC curve are shown in Table 3.
It can be seen from Table 3 that at 5 °C·min−1, the thermal
decomposition temperature starts from 282.0 °C and basically
ends at 310.5 °C. The initial temperature (T) of the DSC
curve for thermal decomposition at a higher heating rate, peak
temperature (TP), and final temperature (Te) from 282.0,
308.9, and 310.5 °C at 5 °C·min−1 increase to 295.4, 318.5,
and 321.1 °C at 20 °C·min−1, respectively.

DSC images showed that ATRZ was rapidly exothermic in a
small temperature range, showing an obvious exothermic peak.
The peak temperatures of the exothermic peaks at four heating
rates (5, 10, 15, 20 °C·min−1) in this work are 308.9, 315.5,
316.7, and 318.5 °C, respectively, which are almost close to the
peak temperatures of the exothermic peaks at the same heating
rates in the literature (312.7, 317.7, 320.4, 322.7 °C and 306.1,
309.3, 310.1, 310.9 °C).32,33
TG and DTG curves of ATRZ at different heating rates

under a nitrogen atmosphere are shown in Figures 3 and 4,

respectively. The specific data of ATRZ are listed in Table 4. It
can be seen from Table 4 that the weight loss of the sample
starts from 283.7 °C at 5 °C·min−1. With the increase of
heating rate, the initial temperature of the TG curve (To) and
weight loss (%) increases from 283.7 °C at 5 °C·min−1, 97.40%
at 20 °C·min−1 to 299.5 °C, 96.87%.

4.2. Determination of Parameters Related to Thermal
Decomposition Kinetics. The experimental data measured
in this work were inserted into the Kissinger, Ozawa, and
Šatava-Šestaḱ equations in Table 2, and the dynamic
parameters (E and A) of the thermal decomposition of

Table 2. Calculation Methods Used in This Studya

method expression heating rate function

Kissinger =i
k
jjj y

{
zzzln ln

T
AR
E

E
R T

1

P
2 P

multiple free

Ozawa =
Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑlg lg 2.315 0.4567AE

RG
E

RT( )
multiple/single free

Šatava-Šestaḱ =Gln ( ) ln 5.330 1.0516AE
R

E
RT single G(α)

aThe best-fitting integral functional form of Ozawa and Šatava-Šestaḱ: G(α) = −ln(1−α).

Figure 2. DSC curves of ATRZ at different heating rates.

Table 3. Characteristic Temperature and Heating Rate of
DSC Curvesa

β (°C·min−1) To (°C) TP (°C) Te (°C)
5 282.0 308.9 310.5
10 287.0 315.5 317.0
15 291.4 316.7 318.5
20 295.4 318.5 321.1

aβ: heating rate; To, TP, Te: onset, peak, and end temperatures of the
DSC curve, respectively.

Figure 3. TG curves of ATRZ at different heating rates.
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ATRZ were calculated. The results obtained are given in Table
5.

According to the data in Table 5, the E values of ATRZ
thermal decomposition stage calculated by Kissinger, Ozawa,
and Šatava-Šestaḱ methods are EK = 391.1 kJ·mol−1, EO =
381.1 kJ·mol−1, and ES = 393.4 kJ·mol−1, respectively. The E
values calculated by these three methods are quite comparable,
indicating that these values can be used as a reference for
determining possible kinetic mechanism functions.
The DSC curve data were analyzed using a nonisothermal

multiple scan rate method (equal transformation rate
method,34 model-free function method, model-free meth-
od25,35). Based on the difference in temperature and
exothermic rate at the same conversion in the DSC curve, a
system of equations is listed to solve the values of E and A. It
can be seen from Figure 5 that the fitted lines are nearly
parallel, which indicates that the method is suitable for this
system within the transformation range studied. This fact
indicates that there is only one reaction mechanism
corresponding to it in the thermal decomposition stage.36

4.3. Determination of the Parameters Related to
Thermal Decomposition Kinetics. The Šatava-Šestaḱ
method combined with the relevant data in Tables 2 and 5
was used to explore the best thermodynamic mechanism

function among 41 kinetic mechanism functions. The
activation energy ES calculated by the Šatava-Šestaḱ method
was compared with the activation energy EO calculated by the
Ozawa method. The activation energy obtained satisfied the
condition (EO − ES)/EO ≤ 0.1. The relationship between ln AS
obtained by the Šatava-Šestaḱ method and ln AK obtained by
the Kissinger method is (ln AS − ln AK)/ln AS ≤ 0.5. Only
when the above two conditions are satisfied, the integral
function G(α) is the integral form of the reaction mechanism
function of thermal decomposition.
By calculation and screening, the No. 16 function (refer to

Table S1) is selected as the best integral function of the
thermal decomposition reaction, and the values of E and A
obtained by Kissinger, Ozawa, and Šatava-Šestaḱ methods are
the most close, with a good correlation and a low standard
deviation. The reaction model at this stage is random
nucleation and subsequent growth, n = 1, m = 1, the integral
and differential forms are shown in eqs 1 and 2, respectively.

=G( ) ln (1 ) (1)

=f ( ) 1 (2)

According to the reaction rate differential formula
= ( )fexp ( )

t
A E

RT
d
d

, the thermal decomposition kinetic
equation of ATRZ at the heating rate of 10 °C min−1 is shown
in eq 3. Refer to Table 5 for specific values.

= i
k
jjj y

{
zzzt RT

d
d

10 exp
388 500

(1 )33.99

(3)

According to the Arrhenius equation = +k Aln lnE
RT

, the
reaction rate equation of ATRZ in the stage is shown in eq 4.

= +k
RT

ln
388500

80.57
(4)

4.4. Pyrolysis Mechanism. The pyrolysis process of
ATRZ was studied by PY-GC-MS, and the decomposition
pathway and mechanism of ATRZ were analyzed. The PY-GC-
MS image of the ATRZ is shown in Figure 6. Various fragment
structures and products in the thermal decomposition process
of ATRZ are listed in Table 6.
According to the thermal cracking and mass spectrometry

detection of ATRZ at 400 °C by PY-GC-MS in Figure 6 and
Table 6, the pyrolysis pathway of ATRZ was inferred, as shown

Figure 4. DTG curves of ATRZ at different heating rates.

Table 4. Relevant Information of the TG Curves of ATRZ

β (°C·min−1) To (°C) mass (%)

5 283.7 97.40
10 288.4 97.36
15 295.9 96.99
20 299.5 96.87

Table 5. Kinetic Parameters Calculated by Kissinger,
Ozawa, and Šatava-Šesták Methodsa

method E (kJ·mol−1) lg A (s−1) r2 d

Kissinger 391.1 34.92 0.99204 0.00939
Ozawa 381.1 34.30 0.99252 0.00177

Šatava-Šestaḱ 393.4 35.76 0.99798 0.00240
Average 388.5 34.99 0.99418 0.00452

ar: correlation coefficient; d: standard deviation of E.

Figure 5. Thermal decomposition phase diagram at different
conversion rates by the Kissinger method.
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in Scheme 1. Scheme 2 shows the fragment structures obtained
by further recombination of the initial thermal decomposition
fragments of ATRZ through a coupling reaction. First, the
bonds of the ATRZ ring system with azo break and decompose
into intermediates (1) (m/z 96) and (2) (m/z 68) and N2.
The intermediate (2) can also be obtained by further removing
a molecule of N2 from intermediate (1). The intermediate (2)
opens the triazole ring through two different bond-breaking
methods, further resulting in smaller fragments (3) (m/z 41),
(4) (m/z 27), and (5) (m/z 13). Fragment (6) (m/z 26) was
obtained by coupling two fragments (5) (m/z 13) through

C�C double-bond formation. A fragment (4) is coupled with
a fragment (6) through the formation of a C−C single bond to
obtain intermediate (7) (m/z 53). The intermediate (7)
performs H proton transfer to produce product No. 3 (m/z
53). Two fragments (4) and one fragment (6) are coupled
through the formation of two C−C single bonds to obtain
intermediate (8) (m/z 80). The intermediate (8) is further
dehydrogenated to produce product No. 7 (m/z 78). Two
fragments (4) are coupled with one fragment (6) to form a
ring to produce products 5 (m/z 80) and 6 (m/z 80). The

Figure 6. PY-GC-MS total-ion chromatogram of ATRZ at 400 °C. (a) ATRZ ion chromatogram of the whole time period. (b) ATRZ ion
chromatogram of the first 10 min.

Scheme 1. Main Decomposition Path of ATRZ
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three fragments (4) are coupled to form a ring to produce
product No. 4 (m/z 81).

5. CONCLUSIONS
Thermogravimetry (TG) and differential scanning calorimetry
(DSC) analyses were used to analyze the thermal properties of
ATRZ. When the heating rate was 5 °C·min−1, the DSC curve
showed an exothermic peak in the range of 282.0−310.5 °C.

With the increase in the heating rate, the characteristic
temperature of the DSC curve moved to a higher temperature.
When the heating rate was 5 °C·min−1, the weight loss curve of
TG started from 283.7 °C. With the increase of the heating
rate, the initial decomposition temperature also increased,
which was almost consistent with the initial decomposition
temperature measured by the DSC curve.
The kinetic parameters of the thermal decomposition of

ATRZ were calculated by the Kissinger, Ozawa, and Šatava-
Šestak methods. The thermal decomposition kinetic parame-
ters of the ATRZ obtained by different calculation methods are
basically the same. The E and lgA values calculated by the
Kissinger, Ozawa, and Šatava-Šestak methods are 391.1, 381.1,
and 393.4 kJ·mol−1 and 34.92, 34.30, and 35.76 s−1,
respectively. Among the 41 mechanism functions, function
16 is selected as the most suitable mechanism function, and the
reaction model is random nucleation and subsequent growth, n
= 1, m = 1, the integral and differential forms are shown in eqs
1a and 2a, respectively.

=G( ) ln (1 ) (1a)

=f ( ) 1 (2a)

The kinetic equation of the ATRZ thermal decomposition
stage is shown in eq 3a.

= i
k
jjj y

{
zzzt RT

d
d

10 exp
388500

(1 )33.99

(3a)

The thermal decomposition path of the ATRZ was
investigated by PY-GC-MS analysis. The thermal decom-
position reaction of ATRZ involves the breaking of the N−N
single bond in the molecule and the ring opening of the
triazole ring. ATRZ undergoes complete thermal decom-
position to generate smaller fragments, which are coupled to
produce new products.
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In this paper, the best mechanism function of the ATRZ
thermal decomposition process is calculated by using 41
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with the thermal decomposition data of ATRZ under
different conversion rates. The 41 kinds of kinetic model
functions are shown in Table S1 (PDF)
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