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Abstract
Electronic structure methods based on quantum mechanics were employed to characterize elementary steps for the gas-
phase thermal decomposition of triazene-bridged nitro-1,2,4-triazole (TBBT). Homolytic C–NO2 bond scission and ·NO2 
elimination were the most energetically favorable unimolecular paths for the initial decomposition. From there, sequences of 
unimolecular reactions for daughters of the initiation steps through low-energy β-scission reactions and ring-opening reaction 
were postulated and characterized. Hydron shift, C–N bond breakage, nitrogen and  NO2 elimination, and small molecules 
like CN–N=NH obtained were all characterized. Creating a comprehensive network that can be used to develop a detailed 
limited rate chemical dynamic mechanism for simulating decomposition of TBBT, the results provide the foundation for 
TBBT’s combustion modeling, and response to its aging, and storage.

Keywords Decomposition mechanism · Energetic compounds · Nitro-1,2,4-triazole · Triazene-bridged · Density functional 
theory

1 Introduction

Compared to traditional energetic materials, modern nitro-
gen-rich energetic compounds have the advantages of high 
gas production, high heat of formation, and high density due 
to their abundant C–N, N–N, and N=N bonds [1–3]. They 
have become potential candidates for high-energy insensi-
tive explosives, smokeless pyrotechnic agents, solid fuels 
for propellants, and gas generators. Azole compounds have 
become one of the basic skeletons of energetic compounds 
due to their high nitrogen content. Among them, the planar 
structure of 1,2,4-triazole precursors has low ring tension 
and high molecular stability, making them widely favored 
by energetic material researchers. The structural diversity 
of monocyclic triazole compounds is limited, and the intro-
duction of energetic groups to increase energy comes at the 
cost of reduced molecular stability and increased sensitivity. 
Therefore, the strategy of connecting two or more triazole 
rings through connecting groups to construct bridging tria-
zole energetic compounds is one of the effective strategies 

for constructing new energetic compounds. Compared with 
carbon bridges, nitrogen-bridged triazole energetic com-
pounds endow energetic molecules with higher nitrogen 
content, thereby increasing the heat of formation of the com-
pounds, and forming larger conjugated systems, promoting 
the dense accumulation of crystals, increasing molecular 
stability, and thus reducing sensitivity.

Klapötke et al. [4] successfully synthesized triazene-
bridged bis(methyltetrazolyl)triazenes (A and B) using 
methyl-5-aminotetrazole as one raw material, which dis-
plays poor detonation performance. Later, Pang et al. [5] 
synthesized a novel triazene-bridged methyl-1,2,3-triazole 
(C), showing similar properties comparing to methyl-5-ami-
notetrazole series. Recently, Wu et al. [6, 7] designed and 
synthesized triazene-bridged nitro-1,2,4-triazole (TBBT) 
successfully, which revealed excellent detonation properties 
(Fig. 1). Various physical properties of solid-state TBBT 
have been characterized. It was observed that its decom-
position temperature was relatively low of 154.6 °C using 
differential scanning calorimetry (DSC), and impact sensi-
tivity was 45 J. In order to build finite-rate chemical kinetics 
mechanism, explore reasons for a low decomposition point, 
the electronic structure methods based on quantum mechan-
ics were used to characterize the potential energy landscape 
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of TBBT’s thermal decomposition as a follow-up theoretical 
research. Key results are reported and discussed.

2  Computational methods

Geometry optimizations were performed with Gaussian 
16 software package [8]. All isomers and transition state 
(TS) structures related to triazene-bridged nitro-1,2,4-tri-
azole were obtained using the M06-2× functional and the 
6-311g(d,p) basis set at 298.15 K and 1 atm. Besides, bond 
order analysis was performed using Multiwfn software 
[9–11]. When considered necessary, intrinsic reaction coor-
dinate (IRC) was performed to verify whether the transition 
state structure connects reactants and products as expected. 
To obtain more accurate relative energies for the critical 
points, the aug-cc-pVDZ basis set was employed to obtain 
refined single-point electronic energies for them [12].

3  Results and discussion

3.1  Decomposition landscape of TBBT

A large number of reactions with potential relevance to 
TBBT’s gas-phase decomposition were considered, and 
energetically favored unimolecular steps were presented in 
Scheme 1. It seems that decomposition of TBBT undergoes 
homolytic C–NO2 bond scission and ·NO2 elimination in the 
initial step, followed by two possible decomposition steps 
after ring-opening. Among them, INT21 generates INT81 
eventually through hydrogen transfer, N–C cleavage, gen-
eration of  N2, N–C cleavage, and generation of ·NO2 and 
·CN; INT32 generates nitroacetonitrile through nitrogen 

removing, N–C and N–N cleavage; and INT24 also gen-
erates nitroacetonitrile through removing a long nitrogen 
chains, along with a simultaneous breakage of N–C and 
N–N bonds. The most favorable decomposition steps are 
indicated by red arrows, and details of these pathways, as 
well as those of less favorable routes, are discussed in the 
following subsections.

3.2  Comparison of initial unimolecular 
decomposition steps

As for triazene-bridged nitro-1,2,4-triazole (TBBT), the 
results of Laplace bond order analysis (Table 1) indicated 
that both C–NO2 and N–H bonds have smaller bond orders, 
indicating their relative low stability. Thus, the potential for 
all preliminary bond breaks in TBBT is shown in Fig. 2, 
including homolytic scission of the N–H (R11, R12, and 
R13) and C–NO2 (R14 and R15) bonds. The former reac-
tion of R11 was found to be 374.76 kJ/mol endothermic, 
574.02 kJ/mol for R12, and 556.97 kJ/mol for R13. The 
latter reactions of R14 or R15 were found to be nearly 
290 kJ/mol endothermic, which would be competitive with 
the former reactions and might be a possible reason for its 
relatively lower decomposition point. No transition states 
occured in the above reactions. Consequently, it is unlikely 
that a direct ring-opening reaction did not occur during the 
initial decomposition process, but the substituent attached 
to the triazole rings seems to be more prone to breakage, 
obtaining the triazole-functionalized radical INT14 with 
initial  NO2 loss.

Considering that N–H and C–NO2 bonds are more 
prone to breakage (Table 1), two reaction pathways were 
performed, leading to INT22 and INT23 with a barrier of 
291.51 kJ/mol and 375.26 kJ/mol, respectively. Besides, 

Fig. 1  Representative triazene-bridged energetic compounds
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Scheme 1  Energetically favored 
unimolecular decomposition 
steps
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low-energy β-scission reactions were possible to occur, radi-
cal INT14 was postulated to decompose via the cleavage of 
C–N (R24) or N–N (R21) bond. The barrier for R24 was 
found to be 288 kJ/mol, and the reaction was 173.17 kJ/
mol endothermic (see Fig. 3). However, unlike R24, which 
produces a closed-shell intermediate (INT24) through the 
cleavage of two C–N bonds of the triazole ring (TS24), 
R21 undergoes a separate N–N bond cleavage, with forma-
tion of a transition state TS21 and generation of a cyano 
group eventually (see Fig. 3). The barrier necessary to open 
INT14’s radical-containing ring (via R21) was found to be 
108 kJ/mol and produced another radical (INT21), with 
56.51 kJ/mol exothermic. It is concluded that products with 
two free radical sites are more difficult to form, and reactions 
are more likely to occur when the breakage of the original 
chemical bond is conducive to formation of a new one by 
free radicals.

Based on the above results for TBBT’s unimolecular 
decomposition steps, INT21 and INT24 were postulated to 
be the two most critical intermediates, and further explora-
tion of the decomposition mechanism was then discussed.

3.3  Decomposition path of INT21

3.3.1  Initial decomposition of INT21

According to the resonance theory, the secondary amine 
radical (INT21) can form a resonance isomer with the adja-
cent enamine structure, and the obtained single nitrogen 
atom radical (INT21a) would be more stable due to the 

electron-withdrawing effect of the cyano group (see Fig. 4). 
To our surprise, a reaction involving the hydrogen transfer 
process from INT21a to INT31 occurred, whose barrier to 
form TS31 was found to be 170.91 kJ/mol, and the reaction 
was fairly exothermic.

Additionally, INT21 can further fall apart to INT32 and 
HNC(NH)NCN with the barrier of 215.80 kJ/mol, and the 
reaction was 169.55 kJ/mol endothermic. This reaction was 
driven by two secondary amine radicals connected to the 
C8 atom (see Fig. 5), which formed a new chemical bond 
with double-bond property, thereby stabilizing the two sin-
gle nitrogen radical. At the same time, the bonding elec-
trons of the enamine bond and the cyano group are shifted, 
and finally, the structure of carbodiimide was formed (see 
Fig. 6).

3.3.2  Unimolecular decomposition of INT31

The triazole ring of INT31 is connected with nitro group 
and a long chain of seven atoms. Considering the instabil-
ity of the triazene structure, the intermediates INT32 and 
INT41 can be obtained by breaking C–N bond and N–N 
bond, respectively. INT32 was produced with the barrier of 
291.14 kJ/mol, and the reaction was 195.29 kJ/mol endo-
thermic (see Fig. 7), which has a barrier of 75 kJ/mol higher 
than that of R32, suggesting that it is not easy to obtain 
radical azo structures. Another intermediate INT41 is a tria-
zene structure with nitrogen lone pair electrons. As shown 
in Fig. 7, the barrier of R41 was strongly lower than that of 

Table 1  Laplace bond order analysis of TBBT 

Bond LBO Bond LBO Bond LBO

N8–H21 0.651026 N1–N5 0.882842 C11–N10 1.093266
N5–H20 0.679647 N7–N8 0.940612 N14–O16 1.095238
N13–H22 0.685267 C9–N8 0.997760 N14–O15 1.095554
C11–N17 0.754229 C4–N6 1.005280 N17–O19 1.096395
C2–N14 0.759461 C4–N5 1.036272 N17–O18 1.098152
N12–N13 0.793979 C9–N13 1.055711 C2–N3 1.141364
N1–N5 0.895848 C4–N5 1.084777 N6–N7 1.377788
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R42 (84.44 kJ/mol vs. 291.14 kJ/mol). Therefore, it would 
likely prove to be the favored route.

3.3.3  Unimolecular decomposition of INT41

Firstly, attempts to break C4–N6 bond of INT41 were con-
sidered, producing an unstable  N3 structure. Thus, a more 
reasonable unimolecular decomposion step was postulated 
via the loss of stable nitrogen. The barrier of R51 was found 
to be 171.21 kJ/mol, and the reaction was 32.69 kJ/mol 
endothermic (see Fig. 8).

The barrier necessary to open INT51’s ring (via R62) 
was found to be 195.54 kJ/mol. The effect of lone pair elec-
trons in the nitrogen atom was considered in this decompo-
sition process, which forms a cyanide group and another 
nitrogen atom with lone pair electrons while breaking the 
C1=N3 double bond of the triazole ring. Then, the C2–N4 

bond undergoes homocleavage and forms a double bond 
between C2 and N3, ultimately resulting in INT62.

The most stable closed-shell intermediate formed by 
R61 was INT61, which was generated through R61 pro-
cess, with cleavage of C1–N9 bond in the triazole ring 
firstly and formation free radicals separately. Subse-
quently, the C2–N4 bond was ruptured, forming N4=N9 
and C2=N3 double bonds simultaneously. R61 has a bar-
rier of 145.86 kJ/mol, and the reaction was 5.82 kJ/mol 
endothermic. This suggests that ring-opening of the tria-
zole is the preferred decomposition route.

3.3.4  Unimolecular decomposition of INT61

INT61 is a closed-shell molecule produced by INT51. Pos-
tulating R71–R73 as a sequence of possible unimolecular 
steps for its composition, as expected for the homolytic 

Fig. 2  Decomposition of TBBT initiation reactions. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the ini-
tial reactant as zero



 Theoretical Chemistry Accounts (2024) 143:4545 Page 6 of 12

Fig. 3  Decomposition of INT14 initiation reactions. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the ini-
tial reactant as zero

Fig. 4  Resonance isomers between INT21 and INT21a 

Fig. 5  Structure of N-cyano-3-
(3-nitro-1H-1,2,4-triazol-5-yl)
triaz-2-ene-1-carboximidamide
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breaking of single covalent bonds, one of their endother-
micities was extremely large (> 450 kJ/mol). Since energies 
required for the homolytic dissociation of single covalent 
bond in INT71 indicated that the rates for such reactions 
would be negligible at temperatures of interest, and sug-
gesting that substances with conjugated double-bond struc-
tures are relatively stable. Other types of single covalent 
bonds were then investigated and might provide access to 
lower energy routes (see Fig. 9). The barrier of R71 was 
strongly lower than that of R73, producing cyanide radical 
and INT73. The nitro group of INT61 was then eliminated 
via R72, whose barrier was 125.83 kJ/mol endothermic. A 
possible further decomposition step was characterized as 
R81 reaction process, but it was less favorable, as shown 
in Fig. 9.

3.4  Decomposition path of INT24

3.4.1  Initial decomposition of INT24

As a closed-shell intermediate, the energetically accessible 
paths for its unimolecular decomposition would be homo-
lytic C–N (R33) or N–NH (R34) bond scission. As shown in 
Fig. 10, R33’s endothermicity (205.21 kJ/mol) was slightly 
higher than that of R34 (204.37 kJ/mol), which were found 
to be almost identical. To our surprise, the formation of 

INT33 is not the reaction of C–N cleavage and the retention 
of triazole ring. Hydrogen transfer and C=N bond cleav-
age are the key reactions, and formation of six-membered 
ring transition including C4–N3–H19–N18–N7–N6 atoms, 
which can be proved by the formation of transition state 
TS33 (Fig. 10). Additionally, the old C4–N6, H19–N18, 
and C4–N3 bonds broke, and the new N3–H19 bond gener-
ated. At the same time, aromaticity of the triazole ring was 
destroyed, forming a five-membered heterocyclic ring with 
lone pair electrons INT33. Unlike the formation of INT33, 
INT24 could fall apart to INT32 and NHCN directly. Com-
paring these two decomposition processes, it was found 
that although the formation of INT33 was at the expense of 
destroying aromaticity of the triazole ring, the formation of 
the six-membered ring transition state greatly weakens the 
barrier to the reaction and is more likely to occur.

3.4.2  Unimolecular decomposition of INT32

Postulating R52, R63, and R74 as a sequence of possible 
unimolecular steps for its decomposition, the homolytic 
breaking of single covalent bonds was identically low in 
their endothermicities. For the first step, with the cleavage of 
C–N bond, loss of small molecule nitrogen, and the forma-
tion of INT52, the reaction barrier of R52 is only 22.90 kJ/
mol in a fairly exothermic step (− 5.92 kJ/mol). Secondly, 

Fig. 6  Decomposition reactions of INT21. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the initial reactant 
as zero
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after C–N bond cleavage of the triazole ring, its aromaticity 
disappeared, and R63 required a barrier of 181.11 kJ/mol, 
and an endothermicity of 93.27 kJ/mol.

The decomposition of INT63 follows the principle of 
generating as many small molecule compounds as possible, 
and the breaking of N1–N5 bond allowed the formation of 
a free radical on either nitrogen atom, which can form two 
molecules CN–NO2 and CN–NH eventually. This reaction 
should overcome a barrier of 69.77 kJ/mol to give TS74 and 
an endothermicity of 38.86 kJ/mol (see Fig. 11).

It is concluded that energies required for the homolytic dis-
sociation single covalent bonds in INT32, INT52, and INT63 
indicated that the rates for such reactions would be prefered at 
temperature of interest.

3.4.3  Unimolecular decomposition of INT33

INT33 is a kind of special structure, which has a carbon atom 
with a lone pair of electrons. Then, low-energy β-scission 
reactions were considered, radical INT33 was postulated to 
decompose via the cleavage of N1–N5 and C2–N3 bonds. The 
barrier for R43 was found to be 160.47 kJ/mol, and the reac-
tion was 35.65 kJ/mol endothermic (see Fig. 12), producing 
two closed-shell small molecules CN–NO2 and NH=C=NH. 
Therefore, it would likely prove to be one of the favored routes.

In two cases, the unimolecular decompositions of INT32 
and INT33 were close in energy barrier and products obtained, 
but different in decomposition steps. In view of the reasonable 
explanation of the above reaction process, both routes were 
speculated to be energetically favorable.

Fig. 7  Decomposition reactions of INT31. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the initial reactant 
as zero
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Fig. 8  Decomposition reactions of INT41. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the initial reactant 
as zero

Fig. 9  Decomposition reactions 
of INT61. All energy profiles 
(kJ/mol) show the relative 
Gibbs free energy with the 
energy of the initial reactant 
as zero
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Fig. 10  Decomposition reactions of INT24. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the initial reac-
tant as zero

Fig. 11  Decomposition reactions of INT32. All energy profiles (kJ/mol) show the relative Gibbs free energy with the energy of the initial reac-
tant as zero
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4  Conclusions

Pathways for the thermal decomposition of TBBT were 
postulated and investigated with Gaussian using the M06-
2× functional and the 6-311g(d,p) basis set. Particular 
attention was paid to unimolecular decomposition steps. 
C–NO2 bond scission and ·NO2 elimination are the pri-
mary dissociation pathway for TBBT, although the N–H 
bond holds a favorable position in LBO analysis. Besides, 
the reaction of breaking the N–N bond of the triazole ring 
to generate cyanide and NH radicals of INT14 requires 
lower energy than the generation of cyanide and nitrotria-
zole linked to triazene, indicating that the decomposition 
product obtained is more stable when the free radicals 
formed after chemical bond cleavage have a tendency to 
form a chemical bond. The results also show that neutral 
molecules such as nitrogen and the formation of single free 
radicals such as nitro and cyanide groups are conducive 
to the generation of thermodynamically stable products.
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