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Pyrolysis mechanism of urazole by evolved gas analysis
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Abstract In order to obtain a better understanding of the
pyrolysis mechanism of urazole, molecular orbital (MO)
calculations and evolved gas analysis were carried out. The
MO calculations were performed using the density func-
tional method (B3LYP) at the 6-3114++G(d,p) levels by
Gaussian 03. The geometrical structure of urazole and its
tautomers were examined theoretically. Identification and
real-time analysis of the gases evolved from urazole
were carried out with thermogravimetry-infrared spectros-
copy (TG-IR) and thermogravimetry-mass spectrometry
(TG-MS). The evolved gases were identified as HNCO, N,,
NH;, CO,, and N,O at 400 °C, but were different at other
temperatures.

Keywords Urazole - Evolved gas -
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Introduction

Gas-generating agents have recently received considerable
attention due to their possible applications in air-bag sys-
tems. These agents require specialized control in order to
operate effectively. The essential features are thermal sta-
bility, release of large volumes of gas, high combustion
speed, non-explosiveness, non-toxicity (both agents and
generated gas), and long-term stability. Since 1,2,4-tria-
zole-3-one (TO) has an identical framework to 5-nitro-
1,2,4-triazole-3-one (NTO), which is known for its high
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combustion performance and thermal stability [1-4], TO is
a promising next generation gas generating agent. To
design a molecule with optimized combustion performance
and thermal stability, it is necessary to clarify the effects of
substituents on the thermal properties of TO derivatives.
Some thermal behavior of triazole derivatives and thoes
complex have been reported [5, 6]. Urazole (Fig. 1) is one
such TO derivative, and has two carbonyl groups at posi-
tions 3 and 5 of the triazole ring. Several studies have been
carried out on the gas generating properties of urazole and
the effects of oxidizer composition, including small scale
deflagration tests [7, 8], but the pyrolysis mechanism of
urazole is not yet fully understood. For this reason, in this
investigation, evolved gas analysis and molecular orbital
(MO) calculations were carried out.

Experimental

In this study, urazole (Kanto Chemical Co., Inc.) with a
reagent-grade purity (97%) was used without further
purification.

Thermal behavior was analyzed by Thermogravimetry/
differential thermal analysis (TG/DTA; Shimadzu Co. Ltd.,
DTG-50) under an argon gas flow rate of 20 mL min~".
Samples (about 2 mg) were measured in an aluminum pan
at a heating rate of 10 K min~' from room temperature
(R.T.; 25-30 °C) to 400 °C.

Thermogravimetry-infrared spectroscopy (TG-IR) was
used to identify the gases evolved during pyrolysis of
urazole. The apparatus consisted of a TG system (Shimadzu
Co. Ltd., DTG-50) and an IR spectrometer (Shimadzu Co.
Ltd., IRPrestige-21). The gases evolved after pyrolysis of
the samples during the TG measurements were fed to a gas
cell for IR analysis through a stainless steel transfer line.
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TG-IR analysis was carried out using an aluminum pan
under an argon gas flow of 20 mL min "', a heating rate of
10 K minfl, a measurement range of R.T. to 400 °C, and
with a scanning resolution of 8 cm™'. All spectra were
integrated 15 times.

In addition, thermogravimetry-mass spectrometry
(TG-MS) was used for real-time analysis of the gases
evolved during the pyrolysis of urazole. This apparatus
consisted of a TG system (Rigaku Co., TG8120) and a
mass spectrometer (Shimadzu Co. Ltd., GCMS-QP2010).
Measurements were carried out using an aluminum pan
under a helium gas flow of 200 mL min~", with a heating
rate of 10 K min~", a measurement range of R.T.—400 °C,
and an oven temperature of 200 °C. The evolved gas
components were identified on the basis of IR and MS
reference spectra, available in the spectral libraries of the
National Institute of Standards and Technology (NIST) and
from a previous study [9].

Molecular orbital calculations were performed using
the Gaussian 03 program [10]. Geometry optimizations of
the structures and vibration analysis were archived within
the framework of density functional theory (DFT) using the
B3LYP method at the level of 6-311++4G(d,p) (restricted
closed-shell).

Results and discussion
Molecular orbital calculations

1,2,4-Triazole satisfying Huckel’s rule are known to
exhibit aromaticity. Urazole, on the other hand, is consid-
ered to be less stable than 1,2,4-triazole, since it does not
satisfy Huckel’s rule and has two carbonyl groups at
position C3 and C5. Geometry optimizations were first
performed on the structures of urazole tautomers (Fig. 2),
calculated at the B3LYP/6-311++G(d,p) level, to deter-
mine the most stable compound. The total energies of the
urazole tautomers are summarized in Table 1. The lowest
value is found for structure 1, which is considered to be the
most stable isomer. The optimized bond lengths and angles
for structure 1 are summarized in Table 2. Urazole was
found not to have a planner structure. These results agree
with the previous -calculations of Jensen [11]. To
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Fig. 2 Molecular structures of the urazole (1) and its tautomers

Table 1 The total energies (hartree) of the urazole (1) and its tau-
tomers at B3LYP/6-3114++G(d,p) levels

Compound Total
energy/hartree

1 —392.854
2a —392.840
2b —392.826
3a —392.814
3b —392.816
3c —392.771

Table 2 Geometry optimized structures of urazole (1) at B3LYP/6-
31144+G(d,p) levels

Bond Length/A Bond Angle/°
NIN2 1.426 NIN2C3 107.86
N2C3 1.404 N2C3N4 104.75
C3N4 1.390 C3N4C5 112.69
N4C5 1.390 N4C5N1 104.75
N1H6 1.014 NIN2H7 113.39
N2H7 1.014 N2C308 113.39
C308 1.204 C3N4H9 126.84
N4H9 1.008 N4C5010 123.66
C5010 1.204 C5N1H6 128.41

investigate the properties of the urazole structure when the
bond length in the triazole ring is extended, a relaxed scan
was carried out using structure 1 as the initial structure.
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The length of the NI-N2 bond was found to increase with
that of C3-N4 bond. The length of the C3-N4 bond was
also found to increase with that of N1-N2 bond.

Identification of evolved gases

Analysis of the gases evolved from urazole was carried out
using TG-IR and TG-MS. An IR spectrum and an averaged
MS spectrum of gasses evolved in the range of 210-360 °C
is shown in Figs. 3 and 4, respectively. The peaks in the IR
spectrum can be assigned to vCO,: 2,300-2,400 cmfl,
VHNCO: 2,250-2,275 cm™', WN,O: 2,225 cm™', vC=0:
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Fig. 3 IR spectrum of gases evolved from urazole using TG-IR, a
heating rate of 10 K min™"'
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Fig. 4 MS spectrum (70 eV) of gases evolved from the urazole using
TG-MS, a heating rate of 10 K min~!

1,500-1,600 cm™", and 6NH5: 950 cm™". The peaks in the
mass spectrum correspond to mass-to-charge (m/z) ratios of
44, 43,42, 28, and 17. The m/z = 42 peak can be assigned
to ionized HNCO (m/z = 43). From the above results, it
was determined that the gases which evolved from urazole
at 400 °C were HNCO, N,, CO,, NH;, and N,O. Addi-
tionally, the m/z = 43 peak due to HNCO exhibited the
highest intensity.

Real-time analysis of evolved gases

Real-time analysis of the evolved gases was carried out
using TG-MS. Figure 5 shows TG/DTA curves for urazole
in addition to intensity curves for the various MS peaks. At
220 °C, the TG curve indicated that mass loss had occur-
red. The DTA curve exhibited two endothermic peaks at
231 and 252 °C, and it has been reported that the melting
point of urazole is 249 °C [12].

The intensity curve for m/z = 43 exhibited three peaks
in the range 220-360 °C. The first peak at 220-240 °C is
considered to be due to a phase change or an alteration in
the chemical structure of urazole, since the evolved gases
were observed with an endothermic peak. To further
investigate this, urazole residues were analyzed at R.T.,
240, 260, and 300 °C using IR measurements. Figure 6
shows the IR spectra of each residue. Since slight differ-
ences can be observed between the spectra at R.T., 240 and
260 °C, the endothermic peaks in the DTA curves at 231
and 252 °C are thought to correspond to a phase change of
urazole. Since the melting point of urazole is 249 °C, the
endothermic peak at 231 °C may be due to a structural
phase transformation. These results suggest that urazole
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Fig. 5 TG/DTA curve and intensity curves for the MS peaks
(mlz = 44, 43, 28, 17)
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Conclusions
L J Based on investigation of the pyrolysis mechanism in
300.C residue urazole, the following conclusions can be drawn.
(1) Urazole underwent a phase change upon decomposi-
| tion at 231 °C, and melted at 252 °C.
g 260 °C residue (2) The gases evolved from urazole at 400 °C were
é i HNCO, N2, NH3, COz, and Nzo
_% (3) HNCO was the major evolved component during the
< [ 240°C residue thermal decomposition of urazole.
(4) At low temperatures (220-310 °C), the evolved gases
were HNCO, NH3, Nz, COz, and NzO
(5) At high temperatures (310-360 °C), the evolved
gases were HNCO, N,, CO,, and N,O.
P P RS B S IR (6) The initial decomposition mechanism of urazole is
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Fig. 6 IR spectra of the urazole residues at the various temperatures
(R.T.: 240, 260, 300 °C)

undergoes a phase change upon decomposition at 231 °C,
and melts at 252 °C.

The second peak in the MS component curve for
m/z = 43 in the range 240-310 °C is due to endothermic
thermal decomposition of urazole. In the temperature range
310-360 °C, it is considered that the products of urazole
become decomposed, since an inflection point was observed
at around 310 °C in the TG curve, and the intensity of the
mi/z = 17 peak was smaller, and that of the m/z = 28 and 44
peaks was larger than at 240-310 °C. From these results, it
was found that the gases which evolved from urazole at low
temperatures (220-310 °C) were HNCO, NH3, N,, CO,,
and N0, and at high temperatures (310-360 °C) were
HNCO, Nz, COz, and N20

Discussion of initial decomposition mechanism

The initial decomposition mechanism in urazole at tem-
peratures of 220-310 °C was considered based on the
results of the analysis of evolved gasses and MO calcula-
tions. Since the HNCO intensity is highest at 220-310 °C,
there are two possible mechanisms for HNCO production
from urazole. The first is the dissociation of the N1-N2 and
C3-N4 bonds of the urazole structure, and the second is the
dissociation of N2—C3 and N4—-C5 bonds. Since, according
to the MO calculations, the length of N1-N2 bond increases
with that of the C3-N4 bond, the former mechanism seems
more likely. Initial decomposition occurs by a ring-opening
reaction (N1-N2 and C3-N4 bonds) of the triazole ring.
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suggested to be a ring-opening reaction of the triazole
ring.
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