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Designing and screening novel explosives with high energy and low sensitivity by 1 

properly introducing N-oxides, amino groups, and nitro groups into s-heptazine  2 

Qiong Wu, Weihua Zhu*, Heming Xiao 3 

Institute for Computation in Molecular and Materials Science and Department of 4 

Chemistry, Nanjing University of Science and Technology, Nanjing 210094, China 5 

Abstract: We presented a useful strategy to design novel explosives by incorporating 6 

N-oxides, nitro groups, and amino groups into s-heptazine. Five new high explosives 7 

s-heptazine-1,3,4,6,7,9-hexaoxides (HTO), trinitroheptazine-1,3,4,6,7,9-hexaoxides 8 

(TNHTO), aminodinitroheptazine-1,3,4,6,7,9-hexaoxides (ADNHTO), 9 

diaminonitroheptazine-1,3,4,6,7,9-hexaoxides (DANHTO), and 10 

triaminoheptazine-1,3,4,6,7,9-hexaoxides (TAHTO) were designed. Their energetic 11 

properties and sensitivity were estimated by using density functional theory and 12 

compared with some famous explosives like CL-20, ONC, HMX, and TNT. All the 13 

five designed new explosives have much higher detonation performance than 14 

s-heptazine and HMX, indicating that symmetrically introducing six N-oxides into 15 

s-heptazine is a very effectively strategy to improve the explosive performance. 16 

DANHTO and TAHTO have comparable detonation performance with CL-20 or ONC 17 

and TAHTO has lower sensitivity than TNT, indicating that properly incorporating 18 

N-oxides, amino groups, and nitro groups into s-heptazine can generate new 19 

explosives with excellent performance and low sensitivity. This strategy may be used 20 

to design and develop other new energetic materials.  21 

Keywords: s-heptazine, N-oxides, density functional theory, detonation performance, 22 

sensitivity 23 
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 2

1 Introduction 1 

1,3,4,6,7,9-hexaazacycl[3,3,3]azine 1-3 (s-heptazine or tri-s-triazine, C6H3N7, Fig. 1) is 2 

a conjugated symmetrical planar molecule with high nitrogen content (56.7 %), high 3 

heat of formation (HOF), and high thermal stability, making it being a valuable 4 

precursor used to design and synthesize new high explosives with good detonation 5 

properties and low sensitivity. Some of its derivatives like 2,5,8-trichloro-s-heptazine 6 

4,  2,5,8-triamino-s-heptazine 5, and 2,5,8-triazido-s-heptazine 6 have been 7 

synthesized successfully. Although many of them have outstanding thermal stability, 8 

their explosive performances are not high and obviously lower than those of two 9 

famous and widely used explosives 1,3,5-trinitro-1,3,5-triazinane (RDX) and 10 

1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX) 7. This is because most of the 11 

s-heptazine derivatives have low oxygen balance and densities, which are two very 12 

important factors related closely to the detonation properties of the explosives. In 13 

general, the lower the oxygen balance and density are, the smaller the detonation 14 

velocity and pressure are, and the poorer the performance of the explosive is. Thus, it 15 

is necessary to figure out some useful strategies to improve the energetic properties of 16 

s-heptazine derivatives by increasing the oxygen balance and density. One effective 17 

way is to introduce N-oxides into s-heptazine. This method has been successfully 18 

applied into two azacylco compounds (pyrazine 8 and pyridine 9) which have much 19 

lower nitrogen content than s-heptazine. Based on the above discussion, a new 20 

compound 1,3,4,6,7,9-hexaazacycl[3,3,3]azine-1,3,4,6,7,9-hexaoxides (or 21 

s-heptazine-1,3,4,6,7,9-hexaoxides, HTO) is designed and its oxygen balance (-45 %) 22 
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 3

is much higher than that of s-heptazine (-125 %). Its structure, density, detonation 1 

performance, and other properties should be investigated further. 2 

In the past several decades, theoretical studies based on quantum chemical 3 

treatment have gained acceptance as a useful research tool to screen the candidates of 4 

insensitive high explosives, thereby avoiding a lot of expensive and dangerous 5 

experimental tests. They can also provide the relationships between molecular 6 

structure and property, which in turn can help design better and more efficient 7 

laboratory tests. Accordingly, theoretical design of candidate compounds with high 8 

energy and insensitivity is the primary step for synthesizing new explosives 10. 9 

In this work, one novel explosive HTO was designed by symmetrically introducing 10 

six N-oxides into the s-heptazine. Then, the structure-property relationships were 11 

investigated by incorporating different numbers of nitro groups and amino groups into 12 

the HTO system. Finally, the electronic structure, heat of formation, spectral 13 

properties, density, energetic properties, pyrolysis mechanism, and sensitivity of HTO 14 

and its derivatives were studied by using density functional theory (DFT). Our main 15 

purpose is to look for novel explosives with high density, high detonation 16 

performance, good thermal stability, and low sensitivity by combining N-oxides, 17 

amino group, and/or nitro group in the s-heptazine. 18 

<Fig. 1 about here> 19 

Computational method 20 

The DFT-B3LYP method with 6-311G(d, p) basis set was successfully used to predict 21 

the HOFs of many organic systems via isodesmic reactions 11-19.  The isodesmic 22 
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 4

reactions used to obtain the heats of formation of all substituted-HTO derivatives at 1 

298 K are as follows: 2 
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 3 

For the isodesmic reaction, heat of reaction ∆H298 at 298 K could be calculated 4 

from the following equation: 5 

                 ∆H298 = ∆Hf,P - ∆Hf,R                               (5)                                                                                        6 

where ∆Hf,R and ∆Hf,P are the HOFs of reactants and products at 298 K, respectively.    7 

As the experimental HOFs of s-heptazine and HTO are unavailable, additional 8 

calculations were carried out for the atomization reaction CaHbOcNd→ aC(g) + 9 
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 5

bH(g)+ cO(g) + dN(g) by using the CBS-4M theory to get an accurate value of ∆Hf. 1 

The experimental heat of formation of reference compounds CH4, CH3NO2, and NH3 2 

are available. Now the most important task is to compute ∆H298. The ∆H298 can be 3 

calculated using the following expression: 4 

∆H298 = ∆E298 + ∆(PV) = ∆E0 + ∆EZPE + ∆ET + ∆nRT             (6)                     5 

where ∆E0 is the change in total energy between the products and reactants at 0 K; 6 

∆EZPE is the difference between the zero-point energies (ZPE) of the products and 7 

reactants at 0 K; ∆ET is thermal correction from 0 to 298 K. The ∆(PV) value in eq. (6) 8 

is PV work term and equals ∆nRT for the reactions of ideal gas. For the isodesmic 9 

reaction in this work, ∆n =0, so ∆(PV)=0. 10 

According to Hess’s law of constant heat summation 20, the solid-phase heat of 11 

formation can be obtained from the gas-phase heat of formation (∆Hf,gas) and heat of 12 

sublimation (∆Hsub): 13 

∆Hf,solid = ∆Hf,gas - ∆Hsub                           (7) 14 

Politzer et al. 21, 22 reported that the heat of sublimation correlates with the 15 

molecular surface area and the electrostatic interaction index 2
totνσ  for energetic 16 

compounds. The empirical expression of the approach is as follows:  17 

                   cbaAH totsub ++=∆ 5.022 )(νσ                         (8) 18 

where A is the surface area of the 0.001 electrons·bohr-3 isosurface of the electronic 19 

density of the molecule, ν describes the degree of balance between positive potential 20 

and negative potential on the isosurface, and 2
totσ  is a measure of the variability of 21 

the electrostatic potential on the molecular surface. The coefficients a, b, and c have 22 
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 6

been determined by Rice et al.: a=2.670×10−4 kcal·mol−1·A−4, b=1.650 kcal·mol−1, 1 

and c=2.966 kcal·mol−1 23. The descriptors A, ν, and 2
totσ  were calculated by 2 

using the computational procedures proposed by Felipe et al 24. This approach has 3 

been demonstrated to predict reliably the heats of sublimation of many energetic 4 

organic compounds 24, 25. 5 

  The detonation velocity and pressure were estimated by the Kamlet-Jacobs 6 

equations 26as 7 

                     D=1.01(N M
1/2 Q1/2)1/2 (1+1.30ρ)                  (9)                                                8 

       P= 1.558ρ
2
N M

1/2 Q1/2                          (10)                                                              9 

where each term in the equations of (8) and (9) is defined as follows: D, the 10 

detonation velocity (km·s−1); P, the detonation pressure (GPa); N, the moles of 11 

detonation gases per gram explosive; M , the average molecular weight of these 12 

gases; Q, the heat of detonation (cal·g−1); and ρ, the loaded density of explosives 13 

(g·cm-3). For known explosives, their Q and ρ can be measured experimentally; thus 14 

their D and P can be calculated according to Eq. 9 and Eq. 10. However, for some 15 

compounds, their Q and ρ cannot be evaluated from experimental measures. Therefore, 16 

to estimate their D and P, we first need to calculate their Q and ρ. 17 

The theoretical density was obtained using an improved equation proposed by 18 

Politzer et al 27, in which the interaction index 2
totνσ  was introduced: 19 

                 
( )

( ) γσβναρ ++







= 2

001.0
tot

V

M
                      (11) 20 

where M is the molecular mass (g·mol-1) and V(0.001) is the volume of the 0.001 21 

electrons·bohr-3 contour of electronic density of the molecule (cm3·molecule-1). The 22 
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 7

coefficients α, β, and γ are 0.9183, 0.0028, and 0.0443, respectively. 1 

The strength of bonding, which could be evaluated by bond dissociation energy 2 

(BDE), is fundamental to understand chemical processes 28. The BDE plays an 3 

important role on judging the thermal stability of energetic materials. Generally, the 4 

higher energy for breaking a bond is, the stronger the bond is, the more difficult the 5 

bond becomes a trigger bond; that is to say, the corresponding compound is more 6 

stable, and its sensitivity is lower. Therefore, the calculated BDE could be used to 7 

likely measure the relative order of thermal stability for energetic compounds. The 8 

energy required for bond homolysis at 298 K and 1 atm corresponds to the enthalpy of 9 

reaction A–B(g)→A·(g) + B·(g), which is the bond dissociation enthalpy of the 10 

molecule A–B by definition 29. For many organic molecules, the terms “bond 11 

dissociation energy” and “bond dissociation enthalpy” usually appear interchangeably 12 

in the literature 30. Thus, at 0 K, the homolytic bond dissociation energy can be given 13 

in terms of Eq. (12): 14 

BDE0(A–B) = E0(A·) + E0(B·) – E0(A–B)                         (12) 15 

The bond dissociation energy with zero-point energy (ZPE) correction can be 16 

calculated by Eq. 13: 17 

BDE(A–B)ZPE = BDE0(A–B) + ∆EZPE                            (13) 18 

where ∆EZPE is the difference between the ZPEs of the products and the reactants.  19 

The sensitivity of explosives is a parameter which determines how easily a fast 20 

reaction can be initiated in a sample when subjected to an external stimulus. Among 21 

all the sensitivities, impact sensitivity is most commonly measured. The impact 22 
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 8

sensitivity is affected by many factors including its structure, physical state, 1 

crystalline form, and size and grain of crystal. In addition, different measurement 2 

conditions could strongly affect the sensitivity measurements. This is why the results 3 

of experimental impact sensitivity are not reliable and repeatable usually. If a series of 4 

energetic materials have similar structure or similar thermal decomposition 5 

mechanism, their intrinsic structure become main factor in determining their 6 

sensitivity and the effects of other factors can be counteracted. Therefore, theoretical 7 

methods can be used as a tool to predict the impact sensitivity of new designed 8 

energetic compounds with similar structure in the absence of experimental results. 9 

Lately, the impact sensitivity (h50, cm) can be estimated by Eq. 14 31: 10 

γσβα ++−= 23/1
50 )]002.0([ toteff vVVh                  (14) 11 

V(0.002) and V(0.003) are defined as the volume enclosed by the 0.002 and 0.003 12 

electrons·bohr-3 contour of the molecule’s electronic density, respectively. ν describes 13 

the degree of balance between positive potential and negative potential on the 14 

isosurface. 2
totσ  is a measure of the variability of the electrostatic potential on the 15 

molecular surface. The coefficients α, β, and γ are -234.83, -3.197, and 962.0, 16 

respectively. Veff can be calculated exactly from the dimensions of the unit cell and the 17 

number of molecules that it encompasses, or alternatively by the formula: 18 

/effV M ρ=                                (15) 19 

where M is the molecular mass and ρ is the crystal density.                  20 

The calculations were performed at the B3LYP/6-311G(d, p) level with the 21 

Gaussian 03 package 32. In the geometry optimization, the maximum force was 22 
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 9

converged less than 0.00045 eV/Å, the RMS force less than 0.0003 eV/Å, the 1 

maximum displacement less than 0.0018 Å, and the RMS displacement less than 2 

0.0012 Å. All the optimized structures were characterized to be true local energy 3 

minima on their potential energy surfaces without imaginary frequencies. The infrared 4 

(IR), and ultraviolet-visible (UV-VIS) spectrums were calculated at the 5 

B3LYP/6-311G(d, p) method. 6 

3 Results and discussion 7 

3.1 Introduction of six N-oxides into s-heptazine symmetrically 8 

In this section, one novel explosive HTO (Fig. 1) was designed by symmetrically 9 

introducing six N-oxides into the s-heptazine. Then, its structure, heat of formation, 10 

density, detonation properties, thermal stability, and sensitivity are studied 11 

systematically. Table 1 lists the calculated bond lengths of s-heptazine and HTO. The 12 

computed bond lengths of s-heptazine are very close to the experimental values 1, 13 

indicating that our calculated results are reliable. The C-N bond lengths of HTO range 14 

from 1.32 to 1.43 Å, lying between the common C-N bond length (1.48 Å) 33 and 15 

C=N bond length (1.28 Å) 33. Moreover, the bond lengths of the N-O bonds linked to 16 

the ring are around 1.26 Å, which are also between the normal N-O bond length (1.40 17 

Å) 33 and N=O bond length (1.21 Å) 33. The optimized structure of HTO is a big 18 

planar molecule, as displayed in Fig. 2. Table 2 lists the calculated solid HOFs, 19 

densities, D, and P of s-heptazine, HTO, RDX 7, 35, HMX 7, 35, 2,4,6-trinitrophenol 20 

(picric acid, PA) 7, 1-methyl-2,4,6-trinitrobenzene (TNT) 7, and 21 

2,6-diamino-3,5-dinitropyrazin-1-oxide (LLM-105) 36-38. It is found that our 22 
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 10

calculated results on RDX, HMX, PA, TNT, and LLM-105 are very close to available 1 

experimental values 1, 7, 34-37. The HOF, density, D, and P of HTO are markedly higher 2 

than those of s-heptazine, suggesting that the introduction of six N-oxides 3 

symmetrically into s-heptazine is a very effectively strategy to improve its explosive 4 

performance.  5 

<Tables1 and 2 and Fig. 2 about here> 6 

Table 3 lists the calculated BDE of the relatively weak bonds of s-heptazine and 7 

HTO. The C-NO2 has the lowest BDE among the calculated bonds. The BDE of 8 

s-heptazine is higher than that of HTO, suggesting that the former has better thermal 9 

stability than the later. Table 4 lists the h50 values of s-heptazine and HTO. It is seen in 10 

Table 4 that HTO has higher h50 value than s-heptazine, indicating that HTO has 11 

higher sensitivity than s-heptazine.   12 

<Table 3 and 4 about here> 13 

Overall, symmetrically introducing six N-oxides into s-heptazine can obviously 14 

enhance its HOF, density, and explosive performance but will decrease the thermal 15 

stability and increase the sensitivity to some extent.  16 

3.2 Structure-properties relationships 17 

In this section, we turn to investigate the structure-property relationships for the HTO 18 

derivatives by replacing the three hydrogen atoms of HTO with the amino and/or nitro 19 

groups. First, a new compound trinitroheptazine-1,3,4,6,7,9-hexaoxides (TNHTO, Fig. 20 

1) is obtained by substituting the three hydrogen atoms in HTO by nitro groups. The 21 

optimized structure of TNHTO is displayed in Fig. 2. It is found that all the atoms are 22 
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 11 

coplanar approximately except for the six oxygen atoms in the three nitro groups, 1 

which are out of the network plane constructed by the rest atoms. This shows that the 2 

planarity of TNHTO is much worse than that of HTO and the conjugation effect in the 3 

former is weaker than that in the later. From Table 1, it is seen that the C-NO2 bond 4 

lengths in TNHTO are in line with the length of normal C-N single bond and are 5 

obviously longer than those of all the C-N bonds in the ring, indicating that the nitro 6 

groups hardly participate in the conjugation of the ring. Then, two other new 7 

compounds aminodinitroheptazine-1,3,4,6,7,9-hexaoxides (ADNHTO, Fig. 1) and 8 

diaminonitroheptazine-1,3,4,6,7,9-hexaoxides (DANHTO, Fig. 1) are designed by 9 

replacing the three hydrogen atoms in HTO by two nitro groups and one amino group 10 

and one nitro group and two amino groups, respectively. Their optimized structures in 11 

Fig. 2 indicate that the oxygen atoms in nitro groups are completely out of the 12 

approximate net plane, which is the same as that of TNHTO. It is seen in Table 1 that 13 

the bond lengths of the C-NO2 and C-NH2 bonds are between the normal C-N single 14 

bond length and C=N double bond length but close to the C-N bond length, indicating 15 

that the nitro groups do not participate in the conjugate system, while the amino 16 

groups take part in the conjugation of the big fused ring well. The last compound 17 

triaminoheptazine-1,3,4,6,7,9-hexaoxides (TAHTO, Fig. 1) is gained by substituting 18 

the three hydrogen atoms in HTO with three amino groups. Its optimized structure in 19 

Fig. 2 displays that all the atoms in TAHTO are coplanar, indicating that it is a big 20 

conjugated planar molecule. Also, it is seen in Table 1 that the bond lengths of all the 21 

C-N bonds and N-O bonds are between the common C-N (N-O) single bond length 22 
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 12

and C-N (N-O) double bond length. In all, the introduction of nitro groups into HTO 1 

can damage the structure planarity and weaken the conjugation of the molecule; 2 

moreover, this is enhanced with the increment of the numbers of nitro groups, which 3 

may suggest that their thermal stability would decrease in the same sequence, while 4 

the substitution of the amino groups just plays the opposite role. In addition, all five 5 

designed compounds HTO, TNHTO, ADNHTO, DANHTO, and TAHTO are planar 6 

or approximate planar molecules, indicating that their properties can be suitably 7 

estimated by the Politzer’s methods 27, 31.  8 

Table 2 lists the calculated solid-phase HOFs, oxygen balance (OB), ρ, D, and P of 9 

HTO, TNHTO, ADNHTO, DANHTO, and TAHTO. Fig. 3 compares the effects of 10 

different substitution of nitro and amino groups on the energetic properties of the title 11 

compounds. All the substituted derivatives have lower HOFs but higher ρ, D, and P 12 

than HTO, indicating that the substitutions of nitro groups and amino groups decrease 13 

the HOF but enhance the ρ, D, and P of HTO. The HOF, OB, D, and P of the 14 

derivatives decrease in the sequence: TNHTO > ADNHTO > DANHTO > TAHTO, 15 

suggesting that increasing the numbers of nitro groups is an effective method to 16 

improve the detonation performance. Since introducing the amino groups into HTO is 17 

very helpful for generating extensive intramolecular and intermolecular hydrogen 18 

bonds that can increase the densities, the densities of DANHTO, TAHTO, and 19 

ADNHTO are close each other and are higher than that of TNHTO. In all, 20 

incorporating nitro groups or amino groups into the HTO system can obviously 21 

improve its detonation performance.  22 
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 13

Fig. 4 displays a comparison of the ρ, D, and P of HTO, TNHTO, ADNHTO, 1 

DANHTO, TAHTO, HMX, and two most powerful high explosives that have been 2 

synthesized until now 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane 3 

(CL-20) and 1,2,3,4,5,6,7,8-octanitrocubane (ONC). All the five designed new 4 

explosives have higher ρ, D, and P than HMX. TNHTO, ADNHTO, DANHTO, and 5 

TAHTO have higher ρ than CL-20 and ONC. The D and P of HTO and TAHTO are 6 

slightly lower than those of CL-20 but are comparable with those of ONC. DANHTO, 7 

ADNHTO, and TNHTO have higher D and P than CL-20. Overall, all the designed 8 

explosives have outstanding detonation performance. However, for an ideal high 9 

explosive, both high energy and low sensitivity are required. Thus, further 10 

investigations should be done on studying their stability and sensitivity. 11 

<Figs. 3 and 4 about here> 12 

   The calculated BDE of the relatively weak bonds of HTO, TNHTO, ADNHTO, 13 

DANHTO, TAHTO, RDX, and HMX are listed in Table 3. Our calculated BDE values 14 

of RDX and HMX are very close to other calculated results. All the substituted 15 

derivatives have lower BDE values than HTO, indicating that the former have worse 16 

thermal stability than the later. The BDE values of the derivatives decrease in the 17 

sequence TAHTO > DANHTO > ADNHTO > TNHTO, suggesting that their thermal 18 

stability decrease in the same order. Therefore, increasing the numbers of amino 19 

groups can improve the thermal stability of the title compounds. This is in agreement 20 

with the results observed from the variation of the structure planarity with the 21 

numbers of amino groups or nitro groups. The BDE values of the C-NO2 bond are 22 
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lower than those of other bonds for TNHTO, ADNHTO, and DANHTO, suggesting 1 

that the C-NO2 bond cleavage is an initial decomposition step. For TAHTO, the BDE 2 

of the (C-N)ring bond is the lowest among other bonds, indicating that the ring opening 3 

is an initial decomposition step of TAHTO. The lowest BDE values of TNHTO, 4 

ADNHTO, and DANHTO are lower than those of RDX and HMX, while for HTO 5 

and TAHTO, the situation is opposite, showing that the former three compounds have 6 

worse thermal stability, but the latter two one have better thermal stability compared 7 

with RDX and HMX. In addition, the lowest BDE values of TNHTO and ADNHTO 8 

are only around 110 kJ·mol-1. Their low BDE values indicate that they are very 9 

sensitive and have poor thermal stability. 10 

Table 4 lists the calculated h50 values of TNHTO, ADNHTO, DANHTO, TAHTO, 11 

RDX 41, HMX 41, PA 41, TNT 41, and LLM-105 36. The calculated h50 values of RDX, 12 

HMX, PA, TNT, and LLM-105 are very close to their experimental results, 13 

respectively. It is found that h50 increases decreases in the sequence of TNHTO, 14 

ADNHTO, DANHTO and TAHTO. This means that the sensitivity decreases with the 15 

same order. Thus, increasing the numbers of amino groups is helpful for reducing the 16 

sensitivity. Previous studies reported 40, 41 that the electrostatic potential (ESP) is 17 

related to the impact sensitivity of the energetic materials, and the stability can be 18 

expressed as a function of the imbalance between positive and negative regions. In the 19 

N-O systems, the regions of stronger positive potential are concentrated on the 20 

nitrogen atom and lead to the atypical imbalance which causes high impact sensitivity. 21 

It is seen in Fig. 5 that the positive potential around the nitrogen atoms of the N-O 22 
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systems becomes less and less in the order of TNHTO, TNHTO, ADNHTO, HTO, 1 

DANHTO, TAHTO, indicating that their sensitivity reduces with the same sequence, 2 

which agrees with the results inferred form the changing trend of h50 values.  3 

Fig. 6 displays a comparison of h50 of HTO, TNHTO, ADNHTO, DANHTO, 4 

TAHTO, HMX, ONC, and one widely used insensitive explosive TNT. TNHTO has 5 

lower h50 than HMX, indicating that it is very sensitive, which may be caused by the 6 

bad structure planarity, weak conjugation, and the formation of no hydrogen-bonding. 7 

ADNHTO has comparable h50 with HMX, suggesting that it is as sensitive as HMX. 8 

The h50 of HTO and DANHTO are higher than that of ONC but lower than that of 9 

TNT, indicating that they are more insensitive than ONC but more sensitive than TNT. 10 

TAHTO has obvious higher h50 than TNT, indicating that it is a very insensitive 11 

explosive, which may be since it is a well planar molecule with a lot of hydrogen 12 

bonds generated by the N-oxides and amino groups and there are no obvious weak 13 

bonds in it like the N-NO2 and C-NO2 bonds. In all, based on the detonation 14 

performance and sensitivity, all the designed new molecules are more powerful and 15 

insensitive than HMX except for TNHTO. DANHTO has higher explosive 16 

performance than CL-20 and its sensitivity is close to TNT, while TAHTO has 17 

comparable detonation performance with ONC and lower sensitivity than TNT, 18 

showing that they are two outstanding high explosives with high energy and low 19 

sensitivity. Therefore, properly incorporating N-oxides, amino groups, and nitro 20 

groups into s-heptazine are helpful for improving its detonation performance. This 21 

strategy may be used to design and develop other new energetic materials.  22 
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Referring to the synthesis of a similar compound LLM-105, here we suppose the 1 

synthetic routes for the five designed energetic materials. HTO may be obtained by 2 

using appropriate oxidizers like peroxyformic acid to oxidize s-heptazine. For 3 

TAHTO, the first step is to synthesize trichloroheptazine, the next is convert it into 4 

triaminoheptazine, and the final is to oxidize triaminoheptazine to TAHTO step by 5 

step by employing suitable oxidizing agents. For the rest three compounds, starting 6 

from monochloroheptazine, dichloroheptazine, and trichloroheptazine, 7 

aminodinitroheptazine (ADNH), diaminonitroheptazine (DANH), and 8 

tridinitroheptazine (TNH) may be synthesized, respectively. Then, strong oxidants are 9 

used to oxidize ADNH, DANH, and TNH to obtain ADNHTO, DANHTO, and 10 

TNHTO, respectively. Since all of them have six N-oxides and some of them have 11 

amino and nitro groups, it is necessary to synthesize stronger oxidant agents and 12 

develop more efficient and suitable oxidation methods than existing ones. Due to the 13 

unique structures of the five designed compounds, further studies are needed. 14 

<Figs. 5 and 6 about here> 15 

3.3 Electronic structure  16 

Table 5 lists the calculated HOMO-LUMO gap (∆E), ionization potential (IP), and 17 

electron affinity (EA) of HTO, TNHTO, ADNHTO, DANHTO, and TAHTO. All the 18 

four substituted derivatives have higher ∆E than HTO, indicating that the electron 19 

transition from HOMO to LUMO in the former is more difficult than thatn in the later. 20 

Among the five designed compounds, TNHTO and TAHTO have the highest IP and 21 

EA, respectively, suggesting that it is most difficult to create a hole and accept an 22 
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electron in TNHTO and TAHTO, respectively. Their ∆E values enhance with the 1 

increment of the numbers of amino groups, indicating that incorporating the amino 2 

groups into the systems makes the electron transitions more difficult. However, the 3 

case for IP and EA is just the opposite, suggesting that introducing the amino groups 4 

into the molecules makes the loss of electron difficult but does the gain of electron 5 

easy.  6 

<Table 5 about here> 7 

3.4 Spectral properties 8 

Fig. 7 depicts the calculated IR spectrums of HTO, TNHTO, ADNHTO, DANHTO, 9 

and TAHTO. Obviously, the five molecules have similar IR spectra. The strongest 10 

peaks at around 1600 cm-1 correspond to the N=O asymmetric stretch of nitro groups 11 

and the N-O bonds linked to ring. The strong peaks at around 1200 cm-1 are 12 

associated with the C-N stretch and the N=O symmetric stretch motion of nitro groups 13 

and the N-O bonds linked to the ring. The weak peaks at over 3000 cm-1 correspond to 14 

the C-H or N-H stretch modes. Fig. 8 displays the calculated UV-VIS spectrums of 15 

HTO, TNHTO, ADNHTO, DANHTO, and TAHTO. All of them have strong 16 

absorption in the region of visible light and only TAHTO can absorb ultraviolet light. 17 

In the VIS-light region, the strongest peaks at around 427 nm (TAHTO), 545 nm 18 

(DANHTO), 592 nm (HTO), 596 nm (ADNHTO), and 664 nm (TNHTO) are located 19 

in the region of purple light, green light, yellow light, yellow light, and red light, 20 

respectively, indicating that they probably are yellow-green, red-purple, blue, blue and 21 

blue-green compounds, respectively.  22 
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<Figs. 7 and 8 about here> 1 

Conclusions 2 

In this work, we present a strategy to design five new high explosives HTO, TNHTO, 3 

ADNHTO, DANHTO, and TAHTO by introducing N-oxides, nitro and amino groups 4 

into s-heptazine. Their energetic properties and sensitivity are estimated by using DFT 5 

and compared with some famous explosives like CL-20, ONC, and TNT. It is found 6 

that all the five explosives have much higher densities, HOFs, and detonation 7 

performance than s-heptazine. Increasing the numbers of nitro groups can obviously 8 

improve the HOF, OB, D, and P, while enhancing the numbers of amino groups are 9 

very helpful for improving the structure planarity, conjugation effect, and thermal 10 

stability and reducing the sensitivity. All the designed new compounds are more 11 

powerful and insensitive than HMX except for TNHTO, which has higher energy than 12 

CL-20 but is more sensitive than HMX. DANHTO has better explosive performance 13 

than CL-20 and its sensitivity is close to TNT, while TAHTO has comparable 14 

detonation performance with ONC and lower sensitivity than TNT, indicating that 15 

they are outstanding high explosives with high energy and low sensitivity. This 16 

indicates that properly incorporating N-oxides, amino groups and nitro groups into 17 

s-heptazine can generate new explosives with excellent performance. This strategy 18 

may be used to design and develop other new energetic materials.  19 
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 9 

Fig. 1 Molecular frameworks of s-heptazine, HTO, TNHTO, ADNHTO, DANHTO, 10 

and TAHTO. 11 

Fig. 2 (a) The optimized structures of HTO, TNHTO, ADNHTO, DANHTO, and 12 

TAHTO. (b) The perspective view of A HTO, TNHTO, ADNHTO, DANHTO, and 13 

TAHTO from another viewpoint. White, red, blue, and gray spheres stand for H, O, N, 14 

and C atoms, respectively. 15 

Fig. 3 A comparison of the effects of different substitution on the solid-phase HOFs, 16 

OB, ρ, D, and P of the title compounds. 17 

Fig. 4 A comparison of ρ, D, and P of HTO, TNHTO, ADNHTO, DANHTO, TAHTO, 18 

HMX, CL-20, and ONC. 19 

Fig. 5 The electrostatic potential [0.001 eletron·bohr-3 isosurface, color coding: from 20 

yellow (negative) to blue (positive)] of HTO, TNHTO, ADNHTO, DANHTO, and 21 

TAHTO. 22 

Fig. 6 A comparison of h50 of HTO, TNHTO, ADNHTO, DANHTO, TAHTO, HMX, 23 

ONC, and TNT. 24 

Fig. 7 The calculated IR spectrums of HTO, TNHTO, ADNHTO, DANHTO, and 25 

TAHTO. 26 

Fig. 8 The calculated UV-VIS (in dimethylsulfoxide solution) spectrums of HTO, 27 

TNHTO, ADNHTO, DANHTO, and TAHTO. 28 
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Table 1 Calculated bond lengths (Å) of s-heptazine, HTO, TNHTO, ADNHTO, 1 

DANHTO, and TAHTO.  2 

Compound (C-N)ring C-H N-O linked to the ring N-O in NO2 C-NO2 C-NH2 N-H 

s-heptazine 1.33-1.41 (1.30-1.39a) 1.09 (1.01-1.12a)      

HTO 1.32-1.43 1.07 1.25-1.27     

TNHTO 1.33-1.42  1.25-1.26 1.21 1.48   

ADNHTO 1.35-1.39  1.27-1.28 1.21 1.47-1.48 1.31 1.01 

DANHTO 1.36-1.39  1.27-1.29 1.21 1.47 1.31 1.01 

TAHTO 1.37-1.41  1.30   1.32 1.01 

a Experimental values from ref. 1. 3 
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Table 2 Solid-phase HOFs (kJ·g-1), oxygen balance (OB, %), densities (ρ, g·cm-3), D 1 

(km·s-1), and P (GPa) of HTO, TNHTO, ADNHTO, DANHTO, TAHTO, RDX, and 2 

HMX 3 

Compound HOFs OB ρ D P 

s-heptazine 2.4 -125 1.67 (1.69a) 5.6 13.3 

HTO 4.9  -45 1.94 9.5 42.0 
TNHTO 3.7 0 2.01 10.3 49.7 

ADNHTO 3.5 -13 2.03 10.1 48.2 
DANHTO 3.4 -28 2.04 9.8 45.4 
TAHTO 3.3 -46 2.03 9.5 43.1 

RDX 0.4 (0.4b) -22 1.81 (1.82c) 8.8 (8.7c) 34.7 (34.5c) 
HMX 0.4 (0.4b) -22 1.90 (1.90c) 9.2 (9.1c) 39.1 (39.0c) 

PA -1.0 (-1.1d) -45 1.79 (1.77d) 7.5 (7.4d) 26.0 
TNT -0.3 (-0.2d) -74 1.66 (1.65d) 7.0 (6.9d) 21.1  

LLM-105 0.1 (0.1g) -37 1.89 (1.92e) 8.5 (8.6f) 31.2  
a, b, c, d, e, f Experimental values from refs. 1, 34, 35, 7, 36, and 37, respectively. g 4 

Computed values from refs. 38. 5 
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Table 3 Calculated BDE (kJ·mol-1) of the relatively weak bonds of HTO, TNHTO, 1 

ADNHTO, DANHTO, TAHTO, RDX, and HMX 2 

Compound (C-N)ring C-NO2 C-NH2 N-NO2 

s-heptazine 466.7    
HTO 400.1    

TNHTO 288.5 109.1   
ADNHTO 293.7 118.0 442.5  
DANHTO 314.4 128.3 441.9  
TAHTO 372.6  413.2  

RDX    145.5 (145.6a) 

HMX    160.4 (160.4a) 
a Calculated values from ref. 39. 3 
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Table 4 The h50 values of HTO, TNHTO, ADNHTO, DANHTO, TAHTO, and TNT. 1 

Compound h50 (cm) 

s-heptazine 107  
HTO 57  

TNHTO 10  

ADNHTO 30  
DANHTO 88  
TAHTO 161  

RDX 30 (26a) 
HMX 26 (29a) 

PA 67 (64a) 
TNT 100 (98a) 

LLM-105 110 (117b) 

a, b Experimental values from refs. 41 and 36, respectively. 2 
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Table 5 Calculated HOMO-LUMO gap (∆E, eV), ionization potential (IP, eV), and 1 

electron affinity (EA, eV) of HTO, TNHTO, ADNHTO, DANHTO, and TAHTO.   2 

Compound ∆E IP EA 

HTO 1.55 7.34 3.00 
TNHTO 1.63 8.11 4.08 

ADNHTO 1.66 7.55 3.76 
DANHTO 1.89 7.05 2.98 
TAHTO 1.93 6.41 2.07 
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Fig. 1 Molecular frameworks of s-heptazine, HTO, TNHTO, ADNHTO, DANHTO, 2 

and TAHTO. 3 
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 1 

 2 

Fig. 2 (a) The optimized structures of HTO, TNHTO, ADNHTO, DANHTO, and 3 

TAHTO. (b) The perspective view of A HTO, TNHTO, ADNHTO, DANHTO, and 4 

TAHTO from another viewpoint. White, red, blue, and gray spheres stand for H, O, N, 5 

and C atoms, respectively. 6 
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Fig. 3 A comparison of the effects of different substitution on the solid-phase HOFs, 2 

OB, ρ, D, and P of the title compounds. 3 
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 1 

Fig. 4 A comparison of ρ, D, and P of HTO, TNHTO, ADNHTO, DANHTO, TAHTO, 2 

HMX, CL-20, and ONC. 3 
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 1 

Fig. 5 The electrostatic potential [0.001 eletron·bohr-3 isosurface, color coding: from 2 

yellow (negative) to blue (positive)] of HTO, TNHTO, ADNHTO, DANHTO, and 3 

TAHTO. 4 
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Fig. 6 A comparison of h50 of HTO, TNHTO, ADNHTO, DANHTO, TAHTO, HMX, 2 

ONC, and TNT. 3 
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Fig. 7 The calculated IR spectrums of HTO, TNHTO, ADNHTO, DANHTO, and 2 

TAHTO. 3 
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Fig. 8 The calculated UV-VIS (in dimethylsulfoxide solution) spectrums of HTO, 2 

TNHTO, ADNHTO, DANHTO, and TAHTO. 3 
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