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Abstract The thermal decomposition mechanism of

hydrazine 3-nitro-1,2,4-triazol-5-one (HNTO) compound

was studied by means of differential scanning calorimetry

(DSC), thermogravimetry and derivative thermogravimetry

(TG-DTG), and the coupled simultaneous techniques of

in situ thermolysis cell with rapid scan Fourier transform

infrared spectroscopy (in situ thermolysis/RSFTIR). The

thermal decomposition mechanism is proposed. The quan-

tum chemical calculation on HNTO was carried out at

B3LYP level with 6-31G?(d) basis set. The results show

that HNTO has two exothermic decomposition reaction

stages: nitryl group break first away from HNTO molecule,

then hydrazine group break almost simultaneously away

with carbonyl group, accompanying azole ring breaking in

the first stage, and the reciprocity of fragments generated

from the decomposition reaction is appeared in the second

one. The C–N bond strength sequence in the pentabasic ring

(shown in Scheme 1) can be obtained from the quantum

chemical calculation as: C3–N4 [ N2–C3 [ N4–C5 [
N1–C5. The weakest bond in NTO- is N7–C3. N11–N4

bond strength is almost equal to N4–C5. The theoretic cal-

culation is in agreement with that of the thermal decompo-

sition experiment.
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Introduction

3-Nitro-1,2,4-triazol-5-one (NTO) has a acidic nature

(pKa = 3.67), and it can form metal salts and amine salts

with aromatic and aliphatic amines, lots of metal salts and

amine salts of NTO have been reported [1–21]. Hydrazine

3-nitro-1,2,4-triazol-5-one (HNTO) compound prepared by

the reaction of NTO with hydrazine hydrate has lower

acidity and higher nitrogen content than NTO, and it pos-

sess a higher chemical stability and consistency in pro-

pellant and explosive formulations. The preparation,

characterization, and non-isothermal reaction kinetics of

HNTO have been reported in [22]. In this article, the

thermal decomposition mechanism of HNTO was studied

by means of differential scanning calorimetry (DSC),

thermogravimetry and derivative thermogravimetry (TG-

DTG), and the coupled simultaneous techniques of in situ

thermolysis cell with rapid scan Fourier transform infrared

spectroscopy (in situ thermolysis/RSFTIR), and the popu-

lation analysis and stability of HNTO were investigated

through the theoretical calculation.

Experimental

Materials

HNTO used in this research was prepared according to

[22]. Elemental anal. (%) calcd. for C2N6H6O3: C 14.81, H

3.70, N 51.83, O 29.62; found: C 15.02, H 3.75, N 51.51, O
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29.33. XRD [2h (�), I/I0 (%)]: 13.30, 60; 14.20, 58; 16.24,

45; 22.38, 100; 26.30, 48; 27.72, 48; 35.62, 21. 13C-

NMR(500 MHz, ppm): d (C=O), 164.6; d(C–NO2), 159.3.
15N-NMR(500 MHz, ppm): d(–NO2) 361.1; d[N(2)],

268.2; d[N(1)], 192.8; d[N(4)], 182.7; d(–NH2), 49.3. The

scheme of HNTO is shown in Scheme 1.

Thermal analysis [23–25]

DSC and TG-DTG curves under the condition of flowing

nitrogen gas (purity, 99.999%; flowing rate, 60 cm3 min-1;

0.1 MPa) were obtained by using a TA 910S differential

scanning calorimeter (TA Co., USA) and a TA2950 ther-

mal analyzer (TA Co., USA), respectively. Sample mass,

about 0.5 mg, heating rate, 10 �C min-1, reference sample,

a-Al2O3, type of crucible, aluminum pan with a pierced lid.

The coupled simultaneous techniques of in situ thermolysis

cell (Amoy University Instrument Co., China) with rapid

scan Fourier transform infrared spectroscopy (Nicolet

60SXR, Nicolet Co., USA) were employed to explore the

thermal decomposition mechanism. The cell heating rate,

10 �C min-1, atmosphere, air. Solid thermolysis spectra

acquisition rate, 7.48 files min-1, resolution, 4 cm-1, a

DTGS detector.

Model and method for quantum chemical calculation

A unit of the structure, whose energy is minimized with

MOPAC method in Chem3D, was selected as the initial

structure, and B3LYP/6-31?G(d) method in Gaussian 03

package was used to optimize the structure of the title

compound and compute its frequencies [26]. Vibration

analysis showed that the optimized structure is in

accordance with the minimum points on the potential

energy planes, which means no virtual frequencies,

proving that the obtained optimized structure is stable.

All the convergent precisions were the system default

values, and all the calculations were carried out on the

IBM computer.

Results and discussion

DSC and TG-DTG analysis

The DSC and TG-DTG curves of HNTO at the pressure of

0.1 MPa are shown in Figs. 1 and 2. The DSC curve

consists of two exothermic peaks, corresponding to two

mass loss stages in TG curve and two apparent peaks in

DTG curve. The sharp exothermic peak at temperatures

between 184.90 and 218.10 �C, corresponding to the main

exothermic decomposition process (stage I) of HNTO with

mass loss 45.62%, onset temperature (Te) at 208.50 �C, and

summit peak (Tp) at 210.70 �C, which is lower than that of

NTO at 272.80 �C and RDX at 238.90 �C, and this is

because of the missing active hydrogen of NTO and the

different decomposition mechanism between HNTO and

NTO.
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Thermolysis in the heated IR cell

Thermolysis/RSFTIR was used to analyze the condensed

phase products of the thermal decomposition of HNTO

under the linear temperature rise condition in real time.

The RSFTIR spectrum of HNTO at room temperature

(25 �C) is shown in Fig. 3. m[N(4)–NH], 3350.05 cm-1

and 3283.89 cm-1; m(C–NH), 2735.14 cm-1; m(C=O),

1696 cm-1; mas (C–NO2), 1509.19 cm-1; ms (C–NO2),

1318.49 cm-1.

The IR absorption spectra of the condensed phase

thermolysis products at various temperatures and the

curves of characteristic bands intensity changing with

temperature are shown in Figs. 4 and 5, respectively. It can

be clearly seen that the band intensity of nitryl (Fig. 5b, c)

and carbonyl (Fig. 5a) is weakened first when HNTO is

heated to a certain temperature, making great changes of

the spectra intensity of –NH (Fig. 5d, e) derived from

hydrazine group occur: the spectra intensity ascends up to

the maximum value at 190 �C from original 137 �C and

almost minimized to zero at 240–250 �C. The reason may

be that the break of carbonyl and nitryl away from HNTO

body, making the spectra intensity of N(4)–NH increase. At

the same time, N(4)–NH breaks with the temperature ris-

ing, and let the gaseous nitrogen compounds get away from

the condensed phase. In the process, –CN and –OCN

spectra intensities (Fig. 5f, g) are present in the condensed

phase at 190 �C and rising up to the maximum gradually.

It is obvious that the decomposition process of HNTO

can be expressed as: nitryl group break first away from

HNTO molecule, then hydrazine group break almost

simultaneously away with carbonyl group, accompanying

azole ring breaking in the main exothermic reaction pro-

cess (stage I); and the reciprocity of fragments generated

from the decomposition reaction is appeared in the second

one (stage II).

Total energy, frontier orbital energy (Hartree),

and the percentage of orbital compositions

of the compound

According to the selected basic set and molecule structure,

there are 101 molecule orbits in this system including 42

occupied ones. Molecular total energies, frontier orbital

energy levels, their gaps, and the atomic orbital composi-

tions in HOMO and LUMO are listed in Table 1.

According to the MO theory, HOMO and LUMO are the

most important factors that affect the property of the

compound. HOMO has the priority to provide electrons,

while LUMO can accept electrons first [21, 27]. Thus, the

study on the frontier orbital energy can provide valuable

information about the active mechanism.

Taking B3LYP result, for example, from MO results

(Table 1), the main compositions are atom N1, N2, C3, N4,

O6 in HOMO, and atom N2, N7, O8, O9 in LUMO. The

HOMO orbits are consisted of p orbit of N1, N2, C3, N4,

and O6 atoms in triazole ring, and the LUMO orbits are

consisted of p orbit of N2, N7, O8, and O9 atoms. This

HOMO condition also shows that the conjugation of the

triazole ring is concerned mainly with N1, N2, C3, N4, and

O6; and N, O atoms in the nitryl do not contribute to the

conjugation. The electron density in HOMO and LUMO is

shown in Fig. 6. As the property is to be related to frontier

4000 3000

NTO

HNTO 3213.84

2170.81

1711.57 1552 1361.30

1478.05

1392.43

1318.49
1509.1916962735.14

32
83

.8
9

33
50

.0
5

2377.08
2019

2000

Wavenumber/cm–1

T
ra

ns
m

itt
an

ce
/a

.u
.

1000

Fig. 3 FTIR spectra of HNTO

4000

454.14 °C

395.61 °C
295.89 °C
239.95 °C
216.32 °C
180.48 °C
160.32 °C
148.56 °C

145.93 °C

Wavenumber/cm–1

A
bs

or
ba

nc
e/

a.
u.

3000 2000 1000

Fig. 4 IR spectra of the condensed phase decomposition products of

HNTO at various temperatures

100

a

b
c

d
e
f

g b. 1509.19 cm–1   c. 1318.49 cm–1  d. 3350.05 cm–1

e. 3283.89 cm–1   f. 2359.65 cm–1   g. 2161.31 cm–1

200

T/°C

300

a. 1696 cm–1

400

In
te

ns
ity

/a
.u

.

Fig. 5 IR characteristic absorption peak intensity curves of the

condensed phase decomposition products of HNTO

Thermal decomposition mechanism and quantum chemical investigation of HNTO 625

123



orbit, some properties of the title compound is decided by

NTO.

Condensation to atoms

From Table 2, one can see that C3 and N7 are the weakest

antibonding molecule orbits (AMO) in NTO ring. The C–N

bond strength sequence in the NTO pentabasic ring can be

obtained from Table 2 as: C3–N4 [ N2–C3 [ N4–

C5 [ N1–C5. Table 2 also shows that the weakest bond in

NTO- is N7–C3 (-0.051002). Generally speaking, this

bond will be broken preferentially and nitryl is easier to be

dissociated when NTO (or HNTO) is decomposed, which is

in agreement with the thermal decomposition mechanism

of other complexes derived from NTO [28].

Therefore, it can be concluded that when the title

compound is heated to a certain temperature, N7–C3 bond

will break first from HNTO molecule, then N1–C5, N4–

C5, and N11–N4 break simultaneously. The result is in

agreement with that of the thermal decomposition

experiment.

Conclusions

The thermal decomposition mechanism of hydrazine

HNTO was studied by the experiment investigation and the

quantum chemical calculation. HNTO has two exothermic

decomposition reaction stages: nitryl group break first

away from HNTO molecule, then hydrazine group break

almost simultaneously away with carbonyl group, accom-

panying azole ring breaking in the first stage; and the

reciprocity of fragments generated from the decomposition

reaction is appeared in the second one. The C–N bond

strength sequence in the pentabasic ring can be obtained

from the quantum chemical calculation as: C3–N4 [ N2–

C3 [ N4–C5 [ N1–C5. The weakest bond in NTO- is

N7–C3. N11–N4 bond strength is almost equal to N4–C5.

The theoretic calculation is in agreement with that of the

thermal decomposition experiment. The decomposition

mechanism of HNTO is in agreement with the thermal

decomposition mechanism of other complexes derived

from NTO.
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