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Abstract

3-Nitro-1,2,4-triazol-5-one (NTO) is a new explosive with high energy and low sensitivity,
whose salt derivatives are also very useful. Under linear temperature increase conditions, the
mechanisms and kinetic parameters of thermal decomposition of NTO and M-(NTO),.-nH,0
M=Cu, m=2, n=4; M=Pb, H;NCH,CH,NH;, m=2, n=0; M=K, NH,, m=1,
n=1) are obtained by TG, DSC, IR and X-ray diffraction. The thermal decomposition
processes of Cu-(NTO),-4H,0 and K-NTO-H,0 can be divided into three stages: dehydra-
tion, ring breaking, and forming metal oxide. However the thermal decomposition process of
Pb-(NTO), has only two stages because there is no crystal water. The decomposition process
of NH,-NTO-H,O has three stages as well, but they are dehydration, deamination, and
decomposition reaction of NTO, which is formed in the second stage. However, if the sample
is sealed in a closed stainless steel cell, or the ammonia produced in the second stage does not
escape as fast as it is produced, the gaseous ammonia will catalyse the decomposition of
NTO.

INTRODUCTION

Nowadays, in the research area of synthesis of explosives, high quality
simple compounds are sought with high energy, high density, heat-resis-
tance, and low sensitivity. It has been shown that the high explosives
commonly applied, including RDX, TNT, HMX, etc., have a critical short-
coming of high sensitivity to impact and shock, which implies that it is
necessary to look for a new explosive with high energy and lower sensitivity.
Fortunately, 3-nitro-1,2,4-triazol-5-one (NTO) is just such an explosive,
since its energy is as high as that of RDX, while its sensitivity is close to that
of TATB, which has attracted many researchers’ attentions all over the
world. The salts of NTO present special characteristics, and will be used in
various fields.

As do other high nitrogen compounds, NTO has the advantages of high
nitrogen, high density, low sensitivity, and high thermal enthalpy [1], which
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are determined by the special structure of nitrogen atom in its molecule.
Firstly, the bond lengths C—N (1.352 A), N-N (1.020 A) and N=N (1.094 A)
are shorter than C-C (1.530 A) and C=C (1.330 A). Hence, NTO has less
mole volume and higher density (d=1.93 g cm™?). Secondly, the bond
angles of the NTO ring are relatively homogeneous. The bond angle C-N=C
(=102°) is less than the C-C=C bond angle (= 124°) and approaches the
average bond angle of five-membered ring compounds (108°); hence the
tensile force of the ring of NTO is relatively weak. The isolated double
electrons on the nitrogen atom join the conjugation, which results in the
aromaticity of the ring being enhanced, i.e. the thermal stability is increased.
Thirdly, owing to the existence of intermolecular hydrogen bonds, the
melting point of NTO is greatly increased and is higher than its decomposi-
tion temperature. In addition, it is important that NTO can easily be
synthesized with inexpensive starting materials. Hence, as a new explosive,
NTO has good prospects in the near future. Also the salts of NTO will be
exploitable. Seldom, however, have their mechanisms and kinetic parameters
of thermal decomposition been reported. In this paper, we report studies on
their thermal behaviour under non-isothermal conditions by means of TG,
DSC, IR, and X-ray diffraction; study of their rules of change at elevated
temperature conditions, both in theory and practice, is very significant. Also,
by means of B3¢ NMR, we have determined the site from which the
hydrogen of NTO leaves.

EXPERIMENTAL

Materials

NTO and its ethylenediammonium salt (ENTO), ammonium salt (ANTO),
and potassium salt (KNTO) were prepared according to reported methods
[2,3]. The copper salt (CuNTO) and lead salt (PbNTO) of NTO were
prepared in our Institute. Some of their properties are shown in Table 1;
their structures were determined by elemental analysis, IR, NMR, and X-ray
diffraction.

TABLE 1

Structure and properties of the sample

Sample Molecular formula Mol. mass Crystal colour
NTO C,H,;N,O, 130.06 White

ENTO CeH, 5N ;O 320.22 Light yellow
CuNTO C,H,;N;O, -Cu-4H,0 393.65 Green

KNTO C,HN,0,-K-H,0 186.17 Light yellow
PbNTO C,H,N;O;-Pb 465.31 Yellow

ANTO C,H,N,0,-H,0 165.09 Light yellow
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Experimental apparatus and conditions

In the present experiment, the thermal decomposition processes were
studied using TG technique on a Delta Series TGA7 (Perkin Elmer Co.,,
USA). The conditions of TG were as follows: sample mass, about 1 mg;
heating rate, 10° C min~!; atmosphere, flowing N, /O, mixture (with a ratio
in air). The kinetic parameters of thermal decomposition have been de-
termined from differential scanning calorimetry (DSC) measurements using
a CDR-1 differential scanning calorimeter (Shanghai Tianping Instrumental
Factory, China) with a cell of aluminium (diameter 5 mm X 3 mm), whose
side is rolled up, and a sealed cell of stainless steel (diameter 5 mm X 2.85
mm) [4]. The conditions of DSC were as follows: sample mass, about 1 mg;
heating rates, 1, 2, 5, 10 and 20°C min~!; sensitivities, +10.46, +20.92,
+41.84 mJ s~!; atmosphere, static air; reference sample, a-Al,O;; thermo-
couple plate, Ni/Cr-Ni/Si. The intermediates in coacervate phase were
analysed using JDX-752 model X-ray (Nippon Elec. Co.) and 60 SXR-FTIR
spectra (Nicolet Co., USA). The hydrogen leaving NTO salt was determined
by FX-90QNMR (Nippon Elec. Co.).

RESULTS AND DISCUSSION

Determination of the site from which the hydrogen leaves NTO molecule in
NTO salts

The ®C NMR specira of NTO and its salts are shown in Fig. 1.
Comparing NTO with its salts, we find that the chemical shift of the two
carbon atoms of NTO salts is to the low field. Because of paramagnetism,
the °C NMR spectrum of CuNTO is not observed. From Table 2, we find
that before and after the salts form, the chemical shift changes of the two
carbon atoms of the NTO ring are nearly the same, which indicates that the
attraction is equal to the two carbon atoms. According to this result, the site
from which the hydrogen atom leaves is determined to be at position N4
between the two carbon atoms (see Fig. 2).

Thermal behaviour of NTO and its salts

Typical TG and DSC curves of NTO and its salts under the conditions
described above are shown in Fig. 3. Mass losses (%) with temperature under
non-isothermal conditions are shown in Table 3. It can be seen from Fig. 3
that under our conditions, the thermal decomposition processes of NTO and
ENTO show only one stage on TG curves. NTO decomposes from 205 to
330°C and ENTO from 178 to 320°C. A few residues in coacervate phase
will be oxidized at high temperature. Both NTO and ENTO have only one
sharp exothermic peak on DSC curves. Under the same conditions, the
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Fig. 1. ?C NMR spectra of NTO and its salts.

TABLE 2
Data of >C NMR spectra for NTO and its salts

Sample Solvent Chemical shift (ppm)
=C-NQO, =C=0
NTO CDCl, 148.13 154.70
ENTO DMSO-dg 158.80 164.07
PbNTO DMSO-dg 159.19 164.52
KNTO CDCl1, 159.97 165.17

ANTO DMSO-d, 159.65 164.85




Fig. 2. Structure of the NTO ring.
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thermal decomposition processes of the metallic salts of NTO (CuNTO and
KNTO) can be divided into three stages: dehydration, ring breaking, and
metal oxide formation. The thermal decomposition of PbONTO has only the
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Fig. 3. Typical TG and DSC curves of NTO and its salts.
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Fig. 4. X-Ray diffraction spectra of CuNTO and its decomposition products.

two latter stages because it does not contain crystal water. It can be seen
from Fig. 3 and Table 3 that the first stage of thermal decomposition of
CuNTO and KNTO is connected with their dehydration processes in the
temperature ranges 97-167° C for CuNTO and 148-219°C for KNTO. The
mass losses of 18.3% and 9.1% are also in good agreement with the
respective calculated values of 18.3% for CuNTO and 9.7% for KNTO. The
X-ray diffraction spectrum shows that in the first stage of CuNTO decom-
position it becomes a noncrystalline compound (see Fig. 4), but its IR
spectrum does not clearly change (see Fig. 5) due to the characteristic
absorption peaks of —-CO-N -M (M = Cu, K, etc.) coinciding with the peak
of H,O in the bond (2800-3300 cm™'); after dehydration, the dehydrated
KNTO easily absorbs water again as soon as it is exposed to the air at room
temperature, and so does not present the IR and X-ray diffraction spectra of
dehydrated KNTO. In the second stage, the thermal decomposition mecha-
nisms of CuNTO and KNTO are similar to that of the first stage of
exothermic decomposition for PONTO. They decompose in the temperature
ranges 167-337°C for CuNTO, 219-309°C for KNTO, apd 188-344°C
for PbNTO. Mass loss is 48.5% for CuNTO, 39.5% for KNTO, and 41.4%
for PbNTO. The results obtained from the IR spectra of CuNTO and
PbNTO (shown in Figs. 5 and 6) indicate that characteristic absorption
peaks of -NO, and —~CO-N - M (M = Cu, Pb) disappear at 1524, 1311 and
2800-3350 cm™! for CuNTO and at 1513, 1310 and 2800-3300 cm™! for
PbNTO. In addition, the characteristic absorption peak of N=C=N appears
at 2173 cm™! for the residues of CuNTO and 2145 cm~! for those of
PbNTO. The X-ray diffraction spectra show that both the residues are
noncrystalline compounds (shown in Figs. 4 and 7). The results indicate that
denitrification of NTO and its salts is not an independent process, because
ring breaking is accompanied by denitrification, after which the 1,2,4-tri-
azol-5-one (TO) ring can no longer be found. The residues are supposed to
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Fig. 5. IR spectra of NTO and its salts, and their decomposition products.

be a mixture including carbonate; their calculated mass losses of 50.1% for
CuNTO and 42.6% for PbONTO are in agreement with the experimental
values, and in the IR spectra of the residues there are characteristic absorp-
tion peaks of CuCO, and PbCO, at 1460 cm™'. In the third stage, the
residues formed in the second stage further turn into CuO (crystal) and
similarly that formed in the first stage for PBONTO turns into PbO (red
crystal).

The values of the apparent activation energy, the preexponential constant
and the linear correlation coefficient obtained by Kissinger’s method and
Ozawa’s method are listed in Table 4. Comparing those values, the order of
the apparent activation energies is as follows: NTO > PbNTO > ENTO >
KNTO > CuNTO. In fact, NTO is the most stable compound.

It is found that ANTO is a very special compound. Under the condition
of flowing air, its thermal decomposition process can be divided into three
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Fig. 6. IR spectra of PDNTO and its decomposition products.

stages. The first stage is its dehydration in the temperature range 114-160°C.
Mass loss of 11.2% is in fair agreement with the calculated value of 10.9%. In
the second stage, it is connected with the deamination process in the
temperature range 160-204° C. Mass loss of 10.4% is also in fair agreement
with the calculated value of 10.3%. If the sample is taken out at 204°C and
quickly cooled to room temperature, its IR and X-ray diffraction spectra are
very similar to those of NTO (see Figs. 5 and 8), which indicates that under
the above-mentioned conditions, NTO is formed in the decomposition
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Fig. 7. X-ray diffraction spectra of PbBNTO and its decomposition products.
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Fig. 8. X-Ray diffraction spectra of NTO, ANTO and the decomposition product of ANTO.

process of ANTO in the second stage. In the third stage, the compound
formed in the second stage continues to decompose as does NTO in the
temperature range 204-323° C. Mass loss of 75.9% is also in agreement with
the calculated value of 78.8%.

However, if we use static air instead of flowing air, the resuit will be
different. Under static air conditions and heating rates of 1 and 2° C min~},
there is a sharp exothermic peak after the two endothermic peaks in the
DSC curves. The temperatures at which the exothermic peaks appear are
262.8 and 262.5°C, respectively; these are close to the temperature of
decomposition peak of NTO. Under the condition of static air, and heating
rates of 5, 10 and 20° C min !, the exothermic peaks are shifted downwards
very much. They appear at 211.5, 221.3 and 236.5° C, respectively (see Fig.
9), which represents shifts 23-58° C downwards. Therefore, it is clear that
the mechanism of thermal decomposition in the third stage of ANTO is
different from that of single NTO explosive under high heating rate condi-
tions.

For exploring the mechanism of thermal decomposition of ANTO, we
used a sealed cell of stainless steel instead of a non-sealed cell of aluminium
to run DSC experiments under the same conditions of static air and heating
rates of 2, 5 and 10°C min~!, the results of which are shown in Fig. 10.
Comparing Fig. 9 with Fig. 10, it can be seen that the exothermic peak of
ANTO under a heating rate of 2°C min~" shifts about 44°C downwards,
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Fig. 9. DSC curves of ANTO with nonsealed cell. Heating rates, (1) 1°C min™", (2) 2°C
min~}, (3) 5°C min~!, (4) 10°C min~?, (5) 20°C min~".
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Fig. 10. DSC curves of ANTO with sealed cell of stainless steel. (1) 2°C min~%; (2) 5°C
min~?; (3) 10°C min~.
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Fig. 11. DSC curves of NTO/ANTO mixture (the mass ratio is 1:1) at a heating rate of
10°C min~. (1) Obtained by sealed cell; (2) obtained by non-sealed cell.

appearing at 218.5°C, but those under the heating rates of 5 and 10°C
min~! shift about 16°C upwards, appearing at 228.0 and 237.3°C, all of
which are much lower than 275° C. From the above it is established that the
excess gaseous ammonia produced in the second stage, which does not
escape from the cell, makes the decomposition reaction of NTO take place
at a lower temperature, i.e. there is an autocatalytic reaction during the
thermal decomposition of ANTO.

To verify this result, we made a comparative DSC experiment using a
mixture of NTO and ANTO with a 1:1 mass ratio as sampled under two
conditions: one experiment was carried out with a sealed cell of stainless
steel and heating rate of 10°C min~’, and the other with a nonsealed cell of
aluminium and the same heating rate (results are shown in Fig. 11). From
Fig. 11, it can be seen that the DSC curve of the sample in a nonsealed cell
shows the same temperature of exothermic peak as NTO, but that in a
sealed cell of stainless steel shows an exothermic peak at 228.8°C, which
shifts about 40°C downwards. Thus we can conclude that the gaseous
ammonia catalyzes the decomposition reaction of NTO, but ANTO and its
intermediate coacervate phase does not.

CONCLUSIONS

By means of the ?°C NMR technique, the site from which the hydrogen
leaves NTO salt in the molecules of NTO is determined to be the N4 atom.

On the basis of experimental and calculated results, the thermal decom-
position mechanisms of NTO and its salts under air can be expressed by the
schemes shown in Table 3.

Gaseous ammonia catalyzes the decomposition reaction of NTO, and the
thermal decomposition of ANTO is an autocatalytic reaction.
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