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Abstract 

Context Herein, we proposed a strategy using a 1,2,3,4-tetrazine ring as the molecular skeleton to 

construct nitrogen-chain frameworks. A series of tetrazine-based molecules (Series I-IV) were 

designed and investigated via DFT calculations. The tetrazine-based scaffold retained high nitrogen 

content and density while offering enhanced thermodynamic stability over triazole-based analogues. 

Over half of the designed molecules displayed densities higher than 1.80 g/cm3 and several derivatives 

even exceeded 1.90 g/cm3 (1.902-1.965 g/cm3). Predicted detonation velocities (8.926-11.32 km/s) and 

pressures (33.94-59.18 GPa) surpassed those of triazole-based analogues and HOF (948.8-1951 kJ/mol) 

were markedly higher. This work established a theoretical framework that may guide the rational 

design and experimental synthesis of next-generation insensitive high-energy materials. 

Method Geometry optimizations and frequency analyses were carried out with Gaussian 09 using the 

B3PW91/6‑311+G(d,p) and M06‑2X/6‑311+G(d,p) method, respectively. Isodesmic reactions were 



employed to obtain heat of formation (HOF), while Multiwfn 3.8_dev software was used for 

calculations of HOMO-LUMO energy gaps (ΔE), electrostatic potentials (ESP) and other relevant 

descriptors. Weak intermolecular interactions in the dimers were visualized via VMD 1.9.3 program. 

Keywords: Density functional theory, Tetrazine-Based, Nitrogen-chain energetic materials, 

Thermodynamic stability 

Introduction 

Nitrogen‑rich energetic materials were promising candidates for high‑performance explosives and 
propellants, featuring high nitrogen content, high formation enthalpies and clean decomposition 

products [1,2]. The 5,5’‑bis(trinitromethyl)-3,3’-azo-1,2,4-triazole hemihydrate, synthesized by Shreeve 

and colleagues, was reported to exhibit detonation performance (ρ = 1.83 g/cm3, HOF = 555.1 kJ/mol, 

P = 36.65 GPa, D = 8.964 km/s) comparable to that of RDX (ρ = 1.82 g/cm3, HOF = 92.6 kJ/mol, P = 

35.17 GPa, D = 8.997 km/s) [3]. However, its impact sensitivity (IS = 1.5 J) was significantly lower than 

that of RDX (IS = 7.4 J), which severely restricted its practical application. 

Fully nitrogen‑chained frameworks, which consisted of contiguous N-N or N=N bonds, offered higher 

thermodynamic stability [4,5]. The 1,1’-azobis-1,2,3-triazole showed a HOF of 962 kJ/mol and an h50 

value of 16.6 cm, but it remained slightly more sensitive than RDX (h50 = 28 cm) and exhibited a 

relatively low density of only 1.64 g/cm3 (Fig. 1a) [6]. The introduction of NO2-groups as energetic 

substituents, as in 1,2-bis(3-nitro-1H-1,2,4-triazol-1-yl)diazene, increased the density to 1.80 g/cm3 but 

significantly decreased the HOF to 719 kJ/mol [7]. Parrish and colleagues synthesized 2,9-

dinitrobis([1,2,4]triazolo)-[1,5-d:5’,1’-f][1,2,3,4]tetrazine via construction of an azo-coupled fused 

tricyclic 1,2,3,4‑tetrazine framework [8]. Compared with 1,2-bis(3-nitro-1H-1,2,4‑triazol-1-yl)diazene, 

this energetic material showed improved density (1.91 g/cm3) and HOF (787 kJ/mol). 

In contrast to the inherently unstable zolene-based and azo-bridged frameworks, tetrazine-based 

systems offered significantly enhanced thermodynamic stability while maintaining high nitrogen 

content and density [9]. As illustrated in Fig. 1b, the energetic material BATT [10] and DAAT [11] 

exhibited substantially higher HOF than 1,2-bis(3-nitro-1H-1,2,4-triazol-1-yl)diazene, despite having 

comparable densities. Furthermore, functionalization of DAAT with C(NO2)3-groups was shown to 

increase both density (to 1.83 g/cm3) and HOF (to 1184 kJ/mol) [11]. These findings suggested that 

tetrazine-based energetic compounds had the potential to balance detonation performance with 

thermodynamic stability.  

In this work, we used the 1,2,3,4-tetrazine ring as molecular scaffold to design a series of energetic 

molecules with nitrogen-chained frameworks (Fig. 1c). Systematic DFT calculations were then 

performed to screen and evaluate potential candidates with promising detonation performance and 

thermodynamic stability. 

Computational Methods 

All molecular calculations were carried out with the Gaussian 09 program package [12]. Previous studies 

have demonstrated that the B3PW91 functional was well suited for geometry optimization of nitro-

containing molecules [13], whereas the M06‑2X functional provided more accurate thermodynamic data 

[14] and the ωB97X-D functional exhibited better performance in describing weak intermolecular 

interactions [15]. Accordingly, geometry optimizations of all designed molecules were carried out at the 

B3PW91/6‑311+G(d,p) level, frequency analyses at the M06‑2X/6‑311+G(d,p) level and subsequent 

investigations of dimeric weak intermolecular interactions were performed using the ωB97X-

D/def2tzvp method. The HOF, a key property of an energetic molecule that was used to assess its 



potential thermodynamic stability in application, was calculated using isodesmic reactions [16]. Then the 

detonation performance parameters were calculated using Kamlet-Jacobs equations [17] (detonation 

velocity 𝐷 = 1)0.5(0.5ܳ0.5ܯ̅ܰ)1.01 + (ߩ1.30 ; detonation pressure ܲ = 0.5ܳ0.5ܯ2ܰ̅ߩ1.558 ). The 

AV1245 method [18] was used to analyze the aromaticity of molecular and to characterize the 

configuration of LOL-pi electrons, which were realized by the Multiwfn_3.8_dev software [19, 20]. Then, 

the weak intermolecular interaction was presented with NCI analysis using the ωB97X-D/def2tzvp 

method, which was visualized by VMD 1.9.3 program [21, 22]. The AICD map was generated using pov-

ray 3.7.0 software for visualization. The dimer was rapidly generated with the Molclus genmer 

program [23] and screened in combination with Gaussian 09 program package. 

 

Fig. 1 (a) Tetrazole-based full-nitrogen energetic molecules, (b) Tetrazine-based energetic molecules, (c) 

The design of energetic materials structures with 1,2,3,4-tetrazine ring as the molecular framework.  

Results and Discussion 

Molecular Geometry and Stability 

Employing 1,2,3,4-tetrazine ring as the fundamental molecular framework, we designed a series of 

nitrogen-chained molecules incorporating N6 through N10 chains, achieved by modulating the relative 

positions of N-N single and N=N double bonds in the bridging unit (Fig. S1). Comparative density 

analysis indicated that molecules 3 (1.641 g/cm3), 6 (1.608 g/cm3), 12 (1.653 g/cm3) and 15 (1.637 

g/cm3) possess higher density values (Table S1, calculated at M06-2X/6-311+G(d,p) level). Based on 

this, four new series of molecules (Series I-IV, Fig. S2) were constructed from their frameworks to 



investigate whether molecules bearing both the 1,2,3,4-tetrazine ring and nitrogen-chains had the 

potential to serve as high-energy insensitive energetic materials.  

Geometry optimization afforded the equilibrium structures of the designed molecules. All optimized 

structures exhibited good symmetry and have calculated densities exceeding 1.80 g/cm3 (Table S2). 

Notably, eight molecules (I-04 to I-06, II-04 and II-05, III-05 and III-06, IV-06) with theoretical 

densities exceeding 1.90 g/cm3 (1.902-1.965 g/cm3, Fig. 2 and Table 1). 

 

Fig. 2 Molecular optimization structure and density of designed molecule I-04 to 06 and III-05 to 06 at 

B3PW91/6‑311+G(d,p) level 

During geometric optimization, molecules I-04 to 06 and III-05 to 06 exhibited excellent structural 

stability. In contrast, other molecules with theoretical densities above 1.90 g/cm3, such as IV-06 (1.925 

g/cm3, Table S2), underwent ring opening of the 1,2,3,4-tetrazine ring during optimization process. 

Further analysis indicated that increasing the number of NO2-groups on the 1,2,3,4-tetrazine framework 

significantly raised the molecular density, but also enhanced the instability of the N-NO2 bonds, 

making them more prone to cleavage. This trend was reflected in the HOMO-LUMO energy gaps (ΔE). 

The molecule II-06 (four NO2-groups, 1.872 g/cm3) had a ΔE value as 6.553 eV (Table S3). I-06 and 

III-06 (six NO2-groups) exhibited lower ΔE value of 5.511 eV and 5.424 eV, respectively (Fig. 3). 

 

Fig. 3 HOMO and LUMO orbitals map and energy gaps of designed molecule I-04 to 06 and III-05 to 

06 at M06-2X/6‑311+G(d,p) level 

Detonation Properties 

A structurally similar triazole-based energetic molecule M02 and M03 (Table S4) were selected as 

reference to evaluate the detonation performance of the designed molecules (Table 1). More than half 

of the designed molecules exhibited density values comparable to or higher than that of M02 (1.745 

g/cm3 at the B3PW91/6‑311+G(d,p) level) (Fig. 4a). The calculated HOF of the designed molecules, 

ranging from 948.8 to 1951 kJ/mol (Fig. 4b), were significantly superior to that of M02 (719.2 kJ/mol). 

However, their predicted impact sensitivities (ℎ50) ranged from 14.62 to 48.09 cm (Fig. 4c). These 

values were generally inferior to that of M02 (32.51 cm), but significantly superior to those of M03 

(19.75 cm). In terms of detonation performance, all designed molecules showed excellent values, with 



detonation velocities of 8.926-11.32 km/s (Fig. 4e) and detonation pressures of 33.94-59.18 GPa (Fig. 

4f). Compared with triazole-based nitrogen‑chain energetic materials, the tetrazine-based nitrogen-

chain molecules investigated here demonstrated the potential to maintain or even enhance detonation 

performance while simultaneously reducing sensitivity. 

Table 1 Detonation properties of the designed molecules (at M06-2X/6‑311+G(d,p) level) 

Compd. ߩ௔ ∆ܪ௙0  b ܳ c 𝐷 d ܲe ௕ܶ௣  f ℎ50g 

I-01 1.721 1396 2119 8.973 34.75 740.7 42.07 

I-02 1.694 1561 2074 8.952 34.25 876.1 43.97 

I-03 1.856 1641 2100 9.780 43.21 886.0 22.71 

I-04 1.929 948.8 2386 11.32 59.18 909.1 20.53 

I-05 1.935 1267 1914 9.722 43.74 963.3 20.53 

I-06 1.965 1308 2010 10.12 47.83 1001 14.62 

II-01 1.732 1396 2119 9.013 35.20 737.8 42.13 

II-02 1.685 1568 2080 8.926 33.94 842.7 33.73 

II-03 1.860 1645 2103 9.799 43.43 868.2 25.85 

II-04 1.920 951.9 2300 11.02 55.96 897.3 26.85 

II-05 1.932 1276 1919 9.718 43.66 922.8 15.53 

II-06 1.872 1350 2050 9.695 42.67 897.5 24.01 

III-01 1.718 1720 2184 9.103 35.73 833.8 44.83 

III-02 1.686 1876 2128 9.031 34.75 999.9 46.81 

III-03 1.838 1951 2138 9.783 42.98 1014 31.61 

III-04 1.897 1262 2404 11.17 57.11 1023 30.16 

III-05 1.902 1573 1954 9.682 42.95 1088 20.37 

III-06 1.948 1626 2053 10.13 47.70 1086 16.31 

IV-01 1.719 1717 2182 9.104 35.75 847.5 46.04 

IV-02 1.686 1882 2133 9.036 34.79 970.6 48.09 

IV-03 1.810 1941 2132 9.671 41.62 1057 37.67 

IV-04 1.872 1255 2400 11.06 55.57 1056 38.58 

IV-05 1.881 1568 1952 9.603 41.98 1109 23.87 

IV-06 1.925 1620 2050 10.05 46.55 1118 24.80 

M02 
1.745 

(1.80) [7] 
719.2 1459 

8.373 

(8.825) [7] 

31.10 

(33.5) [7] 
922.9 32.51 

M03 
1.877 

(1.907) [8] 
787 1492 

8.694 

(9.4) [8] 

34.68 

(38) [8] 
722.9 19.75 

a density (kg/cm3), at B3PW91/6‑311+G(d,p) level 
b solid phase heat of formation (kJ/mol); 
c explosion heat (J/g); 
d detonation velocity (km/s); 
e explosion pressure (GPa); 
f boiling point (oC); 
g impact sensitivity (cm). 

 



 

Fig. 4 Detonation properties of the designed molecules, compared with those of compound M02 (red 

dotted line) at M06-2X/6‑311+G(d,p) level. (a) Predicted density value, (b) predicted HOFs value, (c) 

predicted impact sensitivity (ℎ50 ) value, (d) predicted explosion heat (ܳ ) value, (e) predicted 

detonation velocity (𝐷) value, (f) predicted explosion pressure (ܲ) value. 

 

Electrostatic Potential and Aromatic Properties 

To investigate the electrostatic potential of designed molecules, surface electrostatic potential (ESP) 

and LOL-pi distribution research were constructed (Fig. 5). The ESP analysis showed that for I‑04, 

I‑05 and III‑05, positive regions (red) were predominantly concentrated around the C=C double bonds, 

whereas negative regions (blue) were localized on the NO2-groups. In contrast, for I‑06 and III‑06, 

although negative potential remained on the NO2-groups, the positive potential extended over the entire 

1,2,3,4-tetrazine framework, implying more extensive electron‑deficient domains. Further insight into 

pi‑electron localization was obtained from LOL‑pi density maps. The LOL‑pi electrons of I‑04, I‑05, 

III‑05 and III‑06 were found to be diffusely distributed over the whole molecular skeleton, indicating 

appreciable π delocalization. Conversely, for I‑06, the LOL‑pi density was largely confined to the NO2-

groups, while the 1,2,3,4-tetrazine framework exhibited sparse pi‑electron distribution.  

 

Fig. 5 Electrostatic potential (at M06-2X/6-311+G(d,p) level): (a) ESP map of designed molecule I-04 

to 06 and III-05 to 06, (b) LOL-pi electron density distributions of designed molecules I-04 to 06 and 

III-05 to 06. 

The magnetically induced current density maps (Fig. S7), generated via the AICD program [24], 

revealed that the induced ring current in the designed molecules I-04 to 06 and III-05 to 06 were 



disordered and lacked a coherent direction, failing to exhibit the typical clockwise circulation expected 

for aromatic systems. Both the AICD study results and the AV1245 calculations (Table S7) consistently 

confirmed the absence of aromaticity in the designed molecules I-04 to I-06 and III-05 to III-06. 

 

Molecular Interactions 

The ESP distribution and aromaticity analyses indicated that the designed molecules were unlikely to 

participate in π-π stacking interactions. Based on the distribution of pi-electron in the molecule, 

molecule III-06 was selected as the research object. We systematically investigated the intermolecular 

noncovalent interactions within its dimer. The dimeric structure was constructed using the genmer 

module of the Molclus program and then fully optimized at the ωB97X‑D/def2tvzp level with Gaussian 

09 software. The ESP map of the optimized dimer (Fig. 6a) showed that the intermolecular interaction 

forces were dominated by repulsive electrostatic regions, ruling out favourable π-π stacking. The NCI 

scatter graph (Fig. 6b) exhibited only two distinct spikes, corresponding to H-bond (green) and steric 

effect (red), whereas no signature of vdW interactions was observed. The NCI RDG filling map (Fig. 

6c) visually confirmed the spatial regions of these H-bond (green) and steric effect (red). The presence 

of these directional H-bond sites provided a handle for tuning interlayer cohesion without relying on π-

π interactions.  

 

Fig. 6 Study on the weak interactions between molecule III-06 dimer. (a) The ESP map of the 

optimized III-06 dimer, (b) The NCI scatter graph of the III-06 dimer, (c) The NCI RDG filling map of 

the III-06 dimer. (at ωB97X‑D/def2tvzp level) 

 

Possible decomposition pathway 

Fig. 7 illustrated the proposed decomposition pathways of molecule I-06 (for further details, see 

Supporting Information Fig. S8 and Table S8), with the green-highlighted pathway representing the 

thermodynamically most favorable route. The decomposition process proceeded in three distinct stages. 

In the first stage, the decomposition initiated with sequential cleavage of the two N-NO2 bonds 

attached to the 1,2,3,4-tetrazine ring, with Gibbs free energy barriers (ΔG) of 8.48 kcal/mol and 5.77 

kcal/mol, respectively. Subsequent scission of the N-N bridge bond (ΔG = 12.7 kcal/mol) fragmented 

intermediate I-06-B into I‑06‑C, which retained the 1,2,3,4-tetrazine ring and initiated the second stage. 

In the second stage, ring rupture of the 1,2,3,4-tetrazine moiety competed kinetically with further NO2-

group dissociation. The barriers for cleavage of the N(1)-N(2) and N(2)-N(3) bonds in I‑06‑C were 

6.13 kcal/mol and 8.09 kcal/mol, respectively, whereas NO2-group elimination at the 5‑ and 6‑positions 
required 56.0 and 57.0 kcal/mol. Notably, cleavage of the N(1)-N(2) bond was accompanied by loss of 

the 6‑position NO2-group, affording intermediate I‑06‑F. From I‑06‑F, three competing routes were 

evaluated: 5‑position NO2-group elimination (ΔG = 13.6 kcal/mol), N(3)-N(4) bond rupture (ΔG = 21.1 

kcal/mol) and C(5)-C(6) bond cleavage (ΔG = 95.2 kcal/mol). The lowest‑barrier process was 



5‑position NO2-group elimination, which yielded I‑06‑L and was therefore kinetically favored. In the 

third stage, complete fragmentation of I‑06‑L to two molecules of C≡N and one molecule of N≡N 

proceeded with a barrier of 56.4 kcal/mol, making this final step the rate‑determining step of the 
overall decomposition. 

 

Fig. 7 Possible decomposition pathway of molecule I-06 (at M06-2X/def2tzvp level) 

 

Conclusions 

In this study, a series of tetrazine-based nitrogen-chain energetic molecules (Series I-IV) were designed 

and systematically investigated using DFT calculations. Compared with triazole-based frameworks, the 

1,2,3,4-tetrazine ring served as a more robust scaffold, combining high nitrogen content with enhanced 

thermodynamic stability. More than half of the designed molecules achieved densities comparable to or 

higher than that of similar triazole-based molecules, with markedly superior HOF (948.8-1951 kJ/mol) 

and outstanding predicted detonation properties (D = 8.926-11.32 km/s, P = 33.94-59.18 GPa). Further 

investigations into the electronic structure and weak interactions have revealed that H‑bond‑mediated 



interlayer cohesion may offer a pathway for reducing mechanical sensitivity. In summary, the tetrazine-

based nitrogen-chain scaffold demonstrated significant potential for the development of high-energy-

density materials. The theoretical insights gained from this study provided a valuable foundation for 

guiding future experimental synthesis and the rational design of insensitive high-energy materials. 
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Briefs 

Tetrazine-based nitrogen-chain frameworks were designed and systematically analyzed via DFT 

calculations, achieving enhanced thermodynamic stability (HOFs 948.8-1954 kJ/mol) and superior 

detonation performance (detonation velocity 8.926-11.32 km/s, explosion pressure 33.94-59.18 GPa) 

compared with triazole-based analogues. 
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