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Abstract. The decomposition mechanism of nitrogen rich, environmentally friendly (green)
pyrotechnics DHT (3,6-di(hydrazino)-1,2,4,5-tetrazine), DIAT (3,6-diazido-1,2,4,5-tetrazine) and
DAAT (3,3-Azobis (6-amino-1,2,4,5-tetrazine) were investigated theoretically at the level of MP2/631G(d,p) level. The reaction coordinates for the decomposition were drawn and energy profile was
built for all three. The decomposition products of these pyrotechnics are mainly nitrogen gas together
with small carbon containing fragments. The reactants, intermediates, products were computed to be
minima at the potential energy surface, on the other hand, the transition states were located on
saddle points on the corresponding reactions.
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1

Introduction

Primary explosives are ubiquitous and essential components of a host of military munitions as well as
commercial mining, construction, and demolition applications. Since their inception, the most widely
used primary explosives have been based on either lead or mercury, with lead azide and lead styphnate
now making up the bulk of practical use. The high toxicity of lead compounds, along with the ever
increasing environmental regulations associated with them, has led to an urgent need for environmental
and cost-effective replacements that meet performance requirements [1].
Nitrogen-rich heterocyclic compounds are promising candidates for high-energy density molecules
(HEDMs) together with being clean for environment. The general expectations for the potential
candidates of HEDMs include high positive formation enthalpy (∆Hf), high density, acceptable oxygen
balance (OB), excellent detonation properties, and low sensitivity to external forces such as impact or
friction [2–18]. To meet the ongoing demand for improved energetic materials, there is a clear need to
continue to design and to develop novel HEDMs. High-nitrogen heterocyclic compounds such as
tetrazole and tetrazine derivatives were proven to possess potential of being high-energy insensitive
materials. Therefore, five- or six-membered nitrogen-containing heterocycles have been traditional
sources of energetic materials. Triazole, tetrazole, and tetrazine derivatives have been investigated
extensively as high-energy density materials (HEDMs) both theoretically and experimentally [19–24].
Tetrazines are aromatic six-membered rings with four nitrogen atoms (nitrogen content of C2H2N4:
68.3%). Tetrazines have high heats of formation and high crystal densities, which are important and
desirable features for energetic materials. They have three isomeric structures; 1,2,3,4-tetrazine (vtetrazine), 1,2,3,5-tetrazine (as-tetrazine), and 1,2,4,5-tetrazine (s-tetrazine). Among these compounds,
as-tetrazine is rarely reported in the literature, as well as its derivatives. Most investigations on
tetrazines are about s-tetrazine and its derivatives which are well known high performance energetic
materials. For example, 3,6-diamino-1,2,4,5-tetrazine-1,4-dioxide (LAX-112), is very famous and even
considered to be a prospective replacement of RDX [25].
The decomposition mechanisms of explosives are very important to understand their complicated
behaviors, to control their risk during usage and storage, and to develop new high-energy materials. In
this study, the decomposition mechanisms of three tetrazine derivatives (Figure 1) have been considered,
theoretically.
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Figure 1. The structures of DHT, DIAT and DAAT

DHT, 3,6-dihydrazino-1,2,4,5-tetrazine, is one of the most promising materials for smokeless colored
pyrotechnics, which has been known for about five decades. Marcus and Remanick reported the
synthesis of DHT through hydrazinolysis to 3,6-diaminotetrazine, in 1963 [26]. The thermal
decomposition of DHT has been extensively investigated experimentally [27,28].
DIAT, 3,6-diazido-1,2,4,5-tetrazine, is a derivative of DHT that is produced by treating DHT with
nitrous acid [29]. It is considered to be an ideal potential candidate for initial explosives because of its
high energy and clean and thermodynamically favorable decomposition, which extrude nitrogen gas,
carbon nitrides, and carbon nanoparticles as the products under detonation [30].
DAAT, 3,3-Azobis(6-amino-1,2,4,5-tetrazine) has a high heat of formation (+1035 kJ/mol) and it
exhibits a graphitelike structure, giving an extremely high density of 1.76 g/cm3.

2

Method of Calculation

The reactant structures, intermediates, transition sates and products were investigated using the hybrid
functional B3LYP as implemented in the Gaussian 09 package program [31]. All of the structures were
optimized at MP2/6-31G(d,p) level of theory followed by initial geometry optimization at B3LYP/631G(d,p) of the reactants.
Frequency calculations were performed on the optimized structures at the same level of
computational method to verify the correctness of the stationary points and the transition states as well.
The vibrational analysis for each reactant did not yield any imaginary frequencies, which indicates that
the structure of each molecule has at least a local minimum on the potential energy surface. The normal
mode analysis was performed for 3N-6 vibrational degrees of freedom, N being the number of atoms in
the structure of the corresponding compounds. On the other hand, the vibrational analysis of transition
states should yield one imaginary frequency for initial proof of the transition state. Moreover, intrinsic
reaction coordinate (IRC) calculations were performed on the optimized transition state geometries to
verify that these connected to the given initial reaction complexes and products.

3

Results and Discussion

Pyrotechnics offer multifaceted technical applications, such as airbags, fire extinguishers, (road) flares,
matches, the production of nanoporous foams and propellants. The development and investigation of
these chemicals is part of the rapidly expanding scientific field of energetic materials. Novel
developments in pyrotechnics focus on the use of nitrogen-rich compounds. In contrast to conventional
energetic materials, this class of substances gain its energy from their high heats of formation rather
than oxidation of a carbon backbone or a fuel. These high-energy-density materials can serve as
potential propellants, coloring agents, and fuels. The derivatives of tetrazoles and tetrazines, being
nitrogen-rich energetic materials, are considered to replace the traditional pyrotechnic compositions.
Nitrogen-rich materials, without heavy metals and perchlorates are gaining importance as pyrothechnics
due to the exhaust of green oxidation products, deeper colour and smokeless flames. The investigation of
Cu use instead of heavy metals to produce green flame has been still going on.
The aim of this work was to investigate the decomposition mechanism of nitrogen rich,
environmentally friendly (green) pyrotechnics DHT (3,6-di(hydrazino)-1,2,4,5-tetrazine), DIAT (3,6diazido-1,2,4,5-tetrazine) and DAAT (3,3-Azobis (6-amino-1,2,4,5-tetrazine), theoretically. Investigation
of decomposition mechanism of DHT, DIAT and DAAT is important in terms of determination of the
decomposition products and the route followed. As stated before, it is very important to investigate the
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decomposition mechanisms of explosives and understand their complicated behaviors, to control their
risk during usage and storage, and to develop new high-energy materials.
The geometry optimized structures of the compounds under present consideration are given in Figure
2.

Figure 2. Geometry optimized structures of the three tetrazine derivatives.

3.1

Decomposition of DHT

DHT, 3,6-di(hydrazino)-1,2,4,5-tetrazine, is considered to be a green pyrotechnic due to its high nitrogen
content by mass (Figure 2). The decomposition products of DHT were reported by Oxley et.al. as two
molecules of NH2NHCN fragment and one molecule of N2 gas [27]. However, the energetics of the
decomposition and the transition state geometries yet reported. The decompotion of DHT may probably
start by the breaking of one of the C-N bonds forming the main tetrazine ring of the molecule. Therefore,
the cleavage of that bond was perfomed upon enlengthening of it through scan keyword application in
Gaussian.
In Figure 3, the reaction coordinate for the decomposition of DHT has been given. The activation
energy for the initiation of decomposition was computed to be 243.0 kJ/mol, which implied an
insensitive behavior at room temperature. As we were expecting the homolytic cleavage of the C-N bond
to produce a biradicalic intermediate, it was observed that, N2 release took place in just one step.
Moreover, the geometry optimization of the remaining part after N2 release, resulted in directly a
conversion into the expected products of the experimental studies through an exothermic reaction. The
vibrational analysis at the point of transition state yielded only one imaginary frequency. Observation of
just one imaginary frequency is a clear indication of correct transition state however, it should be
further confirmed by simulation of the corresponding frequency. Therefore, the transition state
vibrational frequency (-192.4) was simulated and vibrations on the reaction center was observed (Figure
3).
3.2

Decomposition of DIAT

DIAT, 3,6-diazido-1,2,4,5-tetrazine, (see Figure 2 for optimized geometry) is another green pyrotechnic
composed of mainly nitrogen atom (85.4% N by mass). It can be synthesized form DHT upon treatment
with nitrous acid [32]. The first step during the decomposition of DIAT was ring opening by C-N bond
cleavage as in the case of DHT.
Removal of N2 was observed in one step, after starting the ring opening process. The geometry
optmization of the transition state geometry structure resulted in a fragmentation of the compound from
N-N bond. Then, a second molecule of as removed from the remaining fragments which required only
71.2 kJ/mol of energy of activation. That is, after the first exhaust of N2 gas, the molecule immediately
continued decomposition by the extraction of the second molecule N2 without any need for further
primary initiators. The first and second transition states were labeled by -157 and -401 values of

Copyright © 2017 Isaac Scientific Publishing

MOCR

108

Modern Organic Chemistry Research, Vol. 2, No. 3, August 2017

imaginary frequencies, respectively. The simulation of these frequencies at the reaction centers proved
the correctness of them (Figure 4).

Figure 3. The decomposition reaction coordinate for DHT
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Figure 4. The decomposition reaction coordinate for DIAT.

3.3

Decomposition of DAAT

DAAT, 3,3-Azobis(6-amino-1,2,4,5-tetrazine), is another pyrotechnic providing green chemistry products
and requirements of preferable energetic material. It is composed of two tetrazine rings. The ring
opening at one of the tetrazine rings was ended up with the removal of the first N2 from the parent
compound. The geometry optimization followed by the first N2 exhaust again resulted in the homolytic
bond cleavage of the N-N bond. Thereafter, the second tetrazine ring was decomposed by the removal of
the N2 gas. The N-N bond cleavage took place upon geometry optimization again to obtain energetically
more favorable intermadiates, one of which (NC-NN-CN) further decomposed to give the final products
(Figure 5).
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The overall decomposition process passed from three transition states, and a total of three molecules
of N2 were exhausted. The transtion states were located by absolutely high values of imaginary
frequencies.
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Figure 5. The decomposition reaction coordinate for DIAT.

4

Conclusion

In conclusion, the decomposition mechanisms of nitrogen rich, environmentally friendly (green)
pyrotechnics DHT (3,6-di(hydrazino)-1,2,4,5-tetrazine), DIAT (3,6-diazido-1,2,4,5-tetrazine) and DAAT
(3,3-Azobis (6-amino-1,2,4,5-tetrazine) were investigated theoretically at the level of MP2/6-31G(d,p)
level of theory. Research of decomposition mechanisms of DHT, DIAT and DAAT is important in terms
of determination of the decomposition products and the route followed. Moreover, investigation of the
decomposition mechanisms of explosives and understand their complicated behaviors are vital
importance in order to control their risk during usage and storage, and to develop new high-energy
materials.
The reaction coordinates for the decomposition mechanisms of three important pyrotechnics were
computed and drawn. The transition states and intermadiates were located throughout the coordinate.
The energy profile of the pyrotechnics under consideration revealed that all of the compounds are stable
at room temperature and need an initiator or heat to decompose.
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