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Abstract

:

The current work is dedicated to the search for new high-energy materials (HEMs) with improved characteristics, which are gained through agglomeration with salts. The research was performed by Becke’s three-parameter hybrid functional approach, with non-local correlation provided by Lee, Yang, and Parr, and the cc-pVTZ basis set. The structure, total energy, and heat of formation, presented as binding energy per atom of the most stable compounds formed due to 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole (APATO) within selected salts, were obtained to foresee its influence on resistance to shock stimuli, detonation pressure, and velocity of the materials under study. The results obtained allow us to foresee that only agglomeration with precise salts could lead to a significant improvement in the stability of the specific high-energy materials and resistance to shock stimuli. We also show that agglomeration leads to better energetic properties of the above-mentioned compound, although the improvement may be insignificant in some cases.
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1. Introduction


According to historical data, the first high-energy materials (HEMs) were introduced to Europe in the 13th century for military purposes, and since the 17th century, they have been used in mining and construction industries [1]. The development and investigation of these materials focus on their practical usage: the energetic compound should be powerful, stable, insensitive to mechanical stimuli, and provide large quantities of energy release during intentional detonation [2,3,4]. Generally, in high-energy materials, energy and stability intrinsically compete against each other, and it is difficult to mediate these two major requirements for HEMs. Thus, the development of high-stability and performance materials, along with ecological requirements, is the focus of the research, and it seems to be never-ending. Existing HEMs cannot fully satisfy users’ demand for improved performance and reduced vulnerability. Additionally, costs leading to changes in the processes for producing new high-energy materials must be considered.



Based on structural analysis and synthetic routes, general approaches for the enlargement of the thermal stability of high-energy materials are found [5,6]. These approaches are the following: ‘Salt Formation’, ‘Introduction of Amino Groups’, ‘Introduction of Conjugation’, and ‘Condensation with a Triazole ring’. There are plenty of research results published on increasing stability due to the introduction of amino groups, conjugation, and condensing with Triazole rings [7,8]. However, only a little research has been done to achieve stability of HEMS through the ‘Salt Formation’ approach. Thus, only meager examples have been published.



Recently, we performed an investigation on the influence of the number of extra substituents on the thermal and chemical stabilities, as well as the explosive performance of a series of molecules based on N-(3,5-dimethyl-2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3′-amine [9]. The obtained results coincide well with the above description because they prove that amination, conjugation, and condensation with the triazole ring lead to higher stability, insensitivity to impact, and worsening of the explosive properties of parent compounds, although they still could be classified as high-brisance materials. Hence, the question arises if the stability of the compound will increase, and whether their energetic properties remain the same or even will be improved due to salt formation. For further study, we chose 3-amino-5-[(2,4,6-trinitrophenyl)amino]-1H-1,2,4-triazole (APATO). This material is a thermostable high-energy material, one of the energetic derivatives of 1,2,4-triazole [10,11]. The molecule consists of additional amino groups, triazole ring, and conjugation to exhibit the influence of the various energetic salt formations on the stability and explosive properties of 3-amino-5-[(2,4,6-trinitrophenyl)amino]-1H-1,2,4-triazole (APATO) [11,12].



Energetic salts are a numerous group of high-energy materials possessing high density, insensitive munition components, high thermostability, and propellants. Some popular representatives of known energetic salts are Ammonium picrate (Dunnite) [13,14,15], Ammonium perchlorate [16,17], Hydrazine nitroformate (HNF) [18,19,20], Ammonium dinitramide (ADN) [21,22,23,24,25], anionic salts [26,27,28], and TKX-50 (Dihydroxylammonium–5,5′-bitetrazole-1,1′-dioxide) [29,30,31,32,33] structures. Salt is a chemical compound consisting of an ionic aggregation of positively charged cations and negatively charged anions. More strictly, an energetic salt is an assembly of negative or positive energetic ionic components, but a better case occurs when both ionic components are energetic and in pairs build a new stable energetic compound with improved characteristics. We selected the last method for the theoretical investigation of a new perspective on ionic compounds where both ions in the assembly are energetic. Probably the most known energetic salt in the world is Ammonium nitrate (NH4NO3). It found wide application in mixtures used for mining and construction industries, but due to its high hygroscopicity is rarely applied in military energetic compositions. Another popular representative of known energetic salts is Ammonium perchlorate. Previously, four different salts of APATO (3-amino-5-(picrylamino)-1,2,4-triazole) with potassium, guanidinium, aminoguanidinium, and triethylammonium cations were investigated by Chioato et al., 2016 in Klapotke lab [13]. The crystalline structure of these materials is also described by them. The materials and their chemical properties mentioned in this introduction are shown in Appendix A.



In our previous work, we found that one of our newly synthesized inorganic salts, APATO perchlorate, possessed a perspective property as a thermostable high-density energetic material (HDEM) [34]. However, it is currently well-known that perchlorate anion is established as hazardous for human health and the environment [35,36]. Scientists working in energetic materials are trying to avoid the use of perchlorates in HEMs and stepwise exchange them with other oxidizing salts [37,38]. It was an attractive idea to study a group of new energetic salts based on the APATO (abbreviation in paper for better communication is HE-I) cation and some selected perspective oxidizable anions:




	(a)

	
Chlorate (ClO3−), (HE-II)




	(b)

	
Dinitramide [(NO2)2N−], (HE-III)




	(c)

	
Nitroformate [(NO2)3C−] (another name: trinitromethanide (HE-IV)




	(d)

	
Bromate (BrO3−), (HE-V)




	(e)

	
Iodate (IO3−), (HE-VI)




	(f)

	
Periodate (IO4−), (HE-VII)




	(g)

	
Perbromate (BrO4−),(HE-VIII)




	(h)

	
Picrate [(NO2)3C6H2O−)], (HE-IX)




	(i)

	
NH3 (HE-X).









To confirm our choice, we calculated some parameters of the selected salts and present them in Appendix B.



The application of chlorate, bromate, and picrate energetic ions is comparatively well-known in special literature; another two oxidizable ions, iodates and periodates, are rarely mentioned. Surprisingly, concerning potential energetic perbromates (BrO4−), to the best of our knowledge, no study is available at present.



For this reason, it seems rational to introduce more information about this kind of anion in a short but detailed mode. It is important to note that the listed anions (a–h) were selected by us rationally for their high oxidizing properties and positive impact on oxygen balance [37,39], and also because of their potential to increase the density of final energetic salts and stabilize the overall system [38,40].




2. Materials and Methods


We remind you that the study was performed aiming to exhibit the influence of various salts on the stability and explosive properties of the aminated compound possessing a triazole ring. The used methodology in the research is described in detail in [4]. First, we performed an investigation of the 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole salt to establish the placement of the amino group. For this study, we selected a compound with the lowest total energy when an additional amino group is substituted for a carbon atom of the triazole ring (see Figure 1). Second, we designed at least two different compounds with this molecule and different salt to obtain the most relevant position of them in respect to each other. The Berny optimization without any symmetry constraints (all bond lengths, angles, and dihedral angles are changed) was applied to find an equilibrium point. The vibration frequencies analysis was performed to be sure that the energy minima were reached, and the structure of the most stable conformer was found. Becke’s three-parameter hybrid functional approach with non-local correlation provided by Lee, Yang, and Parr (B3LYP), and the cc-pVTZ basis set for C, O, N, H atoms and 6-311G one for Br and I implemented in a GAUSSIAN package were applied in our studies [41,42,43,44]. This approach described well the geometric and electronic structure of various molecules and their derivatives [45,46,47,48,49,50,51,52,53]. Then, the total energies of the conformers under study were compared. For further study of the stability and explosive properties, we chose compounds whose energies are significantly lower. In cases when the total energies of the compounds were different by less than 0.02 eV, coinciding with the energy of thermal movement, both compounds were under research.



Thermal stability was established based on the binding energy per atom calculation results. This energy indicates the amount of energy required to separate an atom from a system of particles and is calculated as follows:


  E =     E   t   −   ∑  i      E   i       N    








where Et and Ei are the total energy of the compound and atoms consisting of it, respectively, and N is the number of atoms in the molecule. A larger value of binding energy per atom shows higher thermal stability. HOMO-LUMO gaps and chemical hardness were calculated and analyzed to predict chemical properties (chemical stability) and aging of the compounds investigated. Generally, compounds with larger HOMO-LUMO gaps and chemical hardness are more resistant to undergoing a chemical reaction or being transformed by an external perturbation, such as an applied electric field. Chemical softness was evaluated too. A low chemical softness value denotes a high tendency of the molecule to degrade [54].



The compounds under study could be divided into two groups. Some of them could be described as CaHbNcOd (here and below a, b, c, and d denote the number of the certain atoms in the molecule) despite the formation of the salts, while others consist of Cl, I, and Br. The energetic properties of the CaHbNcOd under study were obtained by using a low computational demand required approach whose reliability was checked earlier by comparing the detonation velocity of Tetryl and theoretical results with experimental ones. In short, the detonation velocity calculated by applying the above approach coincides well with that of 7.59–7.7 km/s presented by other researchers. Additionally, it is an experimentally confirmed conclusion followed by the above approach results, that tetryl energetic properties are worse than that of N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine, and their properties are worse than TNT [9,10,11,12,13,34,55,56]. However, this approach is not acceptable for the rest of the compounds, i.e., compounds consisting of halogens. Thus, another approach suitable for these compounds was used to evaluate their and CaHbNcOd compound’s energetic properties. The comparison of the parameters of CaHbNcOd obtained by different approaches applied by us allows one to predict the reliability of the results obtained and avoid unexpected errors.



The detonation velocity and pressure were calculated to estimate the energetic properties of the compound investigated. The detonation velocity of the CaHbNcOd compounds was calculated as follows:


    D   1   2   = − 393.6877 − 0  . 2454      NE   M     − 114.0793   E   M    



(1)




where N is the number of -NO2 groups in the molecule, E is total energy in a.u., M is molar mass, g/mol. These equations are given in [57]. The detonation velocities calculated by these equations coincide well with those obtained by the very well-known Kamlet–Jacobs equation [42,55,58,59,60,61].



When the detonation velocity is known, the detonation pressure is evaluated followingly:


P1(kbar) = 15.58 (D ρ/(1.01(1 + 1.30 ρ))2



(2)




where D is detonation velocity and ρ is the density of the compounds.



The results of these calculations were used to check the relevance of the approach suggested by Zohari et al. [62]. These authors propose the equation to evaluate detonation pressure as follows:


    P   2     G P a   = 20.093 + 8.554     n   c       n   H     + 12.210     n   O       n   H     + 0.826   n   N   − 0.017   M   w    



(3)




where P is the detonation pressure of the compound in GPa, nN, nC, nH, and nO are the number of nitrogen, carbon, hydrogen, and oxygen atoms, respectively. Mw is the molecular weight in g·mol−1 of the compound. The equation is named reliable for predicting the detonation pressure of new energetic co-crystals without any remarks on restriction. In any case, the reliability of the approach was checked by comparing the detonation pressure and velocity obtained by using different approaches.



When the detonation pressure is known, the detonation velocity can be evaluated as follows:


    D   2     (   k m   s   ) = 0.256   (   1   ρ   + 1.30 ρ )  P   



(4)




where P (kbar) is the detonation pressure, and   ρ   is the density of the explosive in g/cm3. This equation follows from Kamlet–Jakob equations for detonation pressure and velocity calculation.



We obtained the detonation pressure P1 and P2, as well as detonation velocity D1 and D2 for the compounds HE-I, HE-III, and HE-IV, i.e., for the cases where both described approaches are possibly applied. The results obtained are presented in Table 1. These results exhibit a strong correlation between values of detonation pressures as well as velocities obtained by using different approaches. Considering this good coincidence between the results obtained by the experimentally confirmed approach and that first used, we may state that both approaches mentioned above are reliable for our study, and results obtained by them could be used for the prediction of practical usage of the materials under study.



To predict the sensitivity of the compounds investigated, we estimated oxygen balance. Some compounds under study consist of only one halogen atom, whose rate in comparison to N or O is insignificant, so their influence on the energetic properties of the materials could not be crucial. In any case, each halogen’s behavior is similar under the same conditions. Thus, we predict that for the halogens containing high-energy materials, the corrected oxygen–fluorine balance is acceptable because the introduction of another, similar to the fluorine oxidant element, takes place [63].



To obtain the density of the materials under investigation, we computed their molar volume by the approach implemented in the Gaussian program. When the molar volume is known, the density of the materials is molar divided by molar volume. The obtained densities were compared with those of such kinds of materials to be sure that they fit the range of the densities published elsewhere to ensure that random errors are avoided [64,65].




3. Results


The view of the most stable compound obtained by us is depicted in Figure 1, and the coordinates of the obtained structures could be sent upon the request of the readers.



As mentioned previously, we use the abbreviations of the compounds given in the caption of Figure 1 for convenience. These abbreviations are also presented in Table 2. In this table, the calculated binding energy per atom, HOMO-LUMO gap, chemical hardness, and softness, along with the harness index describing the thermal and chemical stability of the compounds under study are presented.



The sensitivity to the impact stimuli, represented by oxygen balance, is exhibited in Figure 2.



In Table 3, parameters describing the energetic properties of the compounds are given.




4. Discussion


We remind you that we investigated approximately 30 compounds, i.e., various conformers. However, we present the results of the investigations of energetic properties and stability of the most stable (selected) compounds. It is emphasized that in these selected conformers, Van der Waals bonds take place among HE-I and salt molecules, indicating that agglomeration due to the Van der Waals bond increases the stability of the high-energy compounds [63,64]. It is obvious that the size of the salt molecules and their chemical compositions are the main factors for their positions in the compounds with 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole. Relatively large salt molecules such as HN3O4, and CHN3O4 could not be placed among the loophole formed by Phenyl and Triazole rings due to steric hindrance. So, they displace the above triazole ring where the formation of Van der Waals bonds is possible (see Appendix C). The relatively small salt molecule could both fill this loophole and form Van der Waals bonds. So they are placed in this loophole. The presence of two HE-VI conformers confirms the findings concerning the size of the salt molecule and the possibility of Van der Waals bond formation. It is necessary to emphasize that in the case of the HE-II, HE-VIIb, and HE-VIII formation, the H transfer from salt molecules to HE-I 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole process could take place. It is confirmed by the results of experimental measurement and theoretical studies [65,66,67]. We cannot give any statements concerning the influence of this transfer on the energetic properties of the compounds yet because the approaches used do not include the influence of the chemical bonding on these properties. However, the comparison of the parameters describing the stability of the HE-VIIa and HE-VIIb indicates that H transfer does not influence the thermal and chemical stability of these compounds.



The analysis of the binding energy per atom reveals that agglomeration with salts decreases HE-I’s thermal stability. This is not a surprise because the decomposition of covalent bonds requires more energy than that of the Van der Waals or electrostatic forces. Undoubtedly, the values of the binding energy per atom do not represent the stability of the compounds under study concerning other high-energy materials. They are used to reveal how the thermal stability of HE-I changes. So, the hardness indexes were calculated to evaluate both the reactivity and thermal stability compounds under study. Let us remind you that a higher hardness index (0.8–1.0) indicates compounds that are less reactive and more thermally stable, as it requires a larger energy change to induce electron transitions. These indexes of 0.8 and above (Table 1) indicate that generally, the compounds with salts are highly stable, although their thermal stability is lower than that of HE-I. The exception is HE-IX, where the Van der Waals and strong ionic bonds are not formed. This conclusion is based on several research data. First, the bond length among the atoms of HE-I and Picrate is larger than 0.3–0.6 nm presented elsewhere. Second, the values of condensing to atom all electrons representing bond order between the above atoms equal to 0. Lastly, the total Mulliken charge of HE-I is only −0.01, which is approximately ten times smaller than that in other investigated compounds.



The HOMO-LUMO gaps of the salt compounds are like or larger than those of HE-I (Table 1). A small HOMO-LUMO gap indicates that electrons can be easily promoted from the HOMO to the LUMO, allowing the molecule to participate in chemical reactions. So, compounds with smaller HOMO-LUMO gaps are generally more reactive because they require less energy to initiate chemical reactions. The HOMO-LUMO gaps of the HE-II, HE-II, HE-V, HE-VII, HE-VIII, and HE-X compounds are larger than that of HE-I. It implies that these compounds are chemically stabler than HE-I. The most stable among them is HE-VII. So, referring to our results obtained, we may state that only properly chosen salts could significantly increase the chemical stability of the aminated compound with a triazole ring.



The similar or higher resistance of salt compounds to undergo a chemical reaction or to be transformed by an external perturbation than that of HE-I indicates the values of chemical hardness presented in Table 1. A significantly lower value of chemical softness of HE-VII in comparison to HE-I denotes a higher tendency of this salt compound to degrade, although in the rest cases, this tendency remains similar to the primary compound. So, in brief, again, we may state that the increasing chemical and thermal stability is salts dependent, i.e., only agglomeration with precise salts could lead to a significant improvement of the stability of the specific high-energy materials. Moreover, high chemical stability does not indicate high resistance to degradation due to environmental stimuli.



The need for the proper selection of salts for specific high-energy materials is confirmed by the results of the oxygen balance analysis (Figure 2). It is clear that the oxygen balance of the HE-II, HE-III, HE-IV, HE-V, HE-VI, and HE-VII is closer to zero than that of HE-I. It means that the materials could be more brisant, powerful, and sensitive. So, in the above-mentioned cases, the aggregation with salts leads to an increase in the sensitivity to the impact of shock stimuli. The opposite result is received in the case of HE-VIII. The increase in the negative value of oxygen balance indicates that the agglomeration of HE-I within NH3 decreases the above sensitivity.



The improving energetic properties of HE-I due to agglomeration confirm the detonation velocity and pressure (Table 2). The values of the detonation pressure and velocity of the salt compounds are higher than those of HE-I. Significant improvement is achieved when HE-I agglomeration with HClO3 or HIO3, and CH(NO2)3 is occurred. However, the improvement of the energetic properties of HE-I due to agglomeration within NH3 could not be significant, which is exhibited by the similar values of the detonation pressures and velocities of these compounds (Table 2) although the above compounds possess better energetic properties than TNT, whose experimentally obtained detonation velocity is 6.9 km/s [56]. The comparison of the detonation velocity and detonation pressure shown in Table 3 for the selected APATO salts with other already known energetic salts revealed that the salts represented in this work generally exceeded a standard explosive D (Ammonium picrate). However, these parameters are worse than that of the well-known energetic salt TKX-50, i.e., detonation pressure and velocity of TKX-50 are the highest among the salts listed in Table 3. Moreover, APATO salts, described in this work, mostly demonstrate better detonation parameters than the standard explosive TNT, standing almost equal to Tetryl, but substantially worse than HMX and RDX.



Hence, the results of our investigation exhibited that only agglomeration with specific salts could significantly improve the energetic properties of the aminated compound with a triazole ring and also remarkably decrease resistance to shock stimuli. Even thermal and chemical stability could be significantly improved only within the agglomeration of specific salts.




5. Conclusions


We studied a group of new energetic salts based on APATO, aiming to reveal their stability and energetic properties. The results of our investigations confirm the findings of other researchers, that the agglomeration, due to Van der Waas bonds, increases the stability of high-energy compounds. We also found that the positioning of salts in respect of 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole is salt-size dependent. Relatively small salt molecules can be placed among the loophole formed by Phenyl and Triazole rings, while the rest may be displaced above this ring where the formation of Van der Waals bonds is possible. H transfer from salt molecules to 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole could take place, yet referring to the results of our studies, we predicted that this H transfer may not influence the thermal and chemical stability of 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole with salts.



Calculated values of hardness indexes indicate the high stability of 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole with salts. The exception is compounds with Picrate in which Van der Waals and strong ionic bonds are not formed.



Referring to the results of the analysis of the HOMO-LUMO gap and chemical hardness, we state that only properly chosen salts could significantly increase the chemical stability of the aminated compound with a triazole ring. These properly chosen salts may reduce the sensitivity of the above compounds to shock stimuli. The sensitivity of 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1, 2, 4-triazole can decrease NH3, as indicated by the oxygen balance study presented in this paper.



The larger detonation pressure and velocity, in some cases remarkable, than that of 3-amino-5-[(2,4,6-trinitrophenyl) amino]-1H-1,2,4-triazole allow us to predict the improving energetic properties of the aminated compound due to agglomeration.



Overall, our study shows that the perchlorate anion in high-energy materials can be exchanged with aminated compounds.
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	Some representatives of already known and energetic salts:
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Table A1. The binding energy per atom, oxygen balance, and density of the selected salts, as well as their agglomeration with HE-I.






Table A1. The binding energy per atom, oxygen balance, and density of the selected salts, as well as their agglomeration with HE-I.












	Acid
	Binding Energy per Atom, eV
	Oxygen Balance of Acid, %
	Density of Acid, g/cm3
	Density of Salts, g/cm3





	HE-I *
	5.70
	−66.85
	
	1.71



	chlorate (ClO3−).
	2.16
	56.83
	1.58
	1.58



	dinitramide [(NO2)2N−]
	4.44
	52.32
	1.35
	1.55



	nitroformate [(NO2)3C−]
	4.62
	37.08
	2.03
	1.54



	bromate (BrO3−)
	2.18
	34.13
	3.78
	1.63



	iodate(IO3−)
	1.87
	27.29
	3.03
	1.47



	periodate (IO4−)
	1.82
	31.54
	4.60
	1.81



	perbromate (BrO4−)
	2.07
	44.17
	3.27
	1.81



	picrate [(NO2)3C6H2O]
	5.58
	-42.09
	1.56
	1.09



	NH3
	3.3
	-47.96
	2.33
	1.50







* HE-I (base) is included for comparison.











The oxygen balance presented in the above Table indicates that the sensitivity to shock stimuli of selected acids is lower than that of HE-I (base). It indicates that HE-I agglomeration with these acids could decrease its salt sensitivity. These acids are less thermally stable than HE-I, which indicates the binding energy per atom. The lower thermal stability could lead to faster decomposition and indicate an improvement in the explosive properties of the salts. There was no evidence that the density of the salts was dependent on the acids. The obtained results indicate that the density of the salts could be lower than that of acids in the vast majority of cases under investigation. However, in the case of periodate and perbromate, the density of the salts is higher than that of HE-I. It also indicates the improvement of energetic properties due to the agglomeration of HE-I with the acids, i.e., salts formation.
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Figure A1. The Van der Waals surfaces colored considering electrostatic potential, with red areas being negative and blue ones being positive. Here, (a) is chlorate (ClO3−), (HE-II); (b) is dinitramide [(NO2)2N], (HE-III); (c) is nitroformate [(NO2)3C−] (another name: trinitromethanide), (HE-IV); (d) is bromate (BrO3−, (HE-V); (e) is iodate(IO3−), (HE-VI); (f) is periodate (IO4), (HE-VIIb); (g) is periodate (IO4), HE-VIIa; (h) is perbromate (BrO4−),(HE-VIII); (i) is picrate [(NO2)3C6H2O−), (HE-IX); and (j) is NH3 (HE-X). The Avogadro 1.2.0 program was used for this purpose [68]. 
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Figure 1. The view of the most stable compounds obtained by us. The red dashed line indicates the presence of the Van der Waals bond occurrence. This presence is established based on the distance between the atoms Here, (a) is chlorate (ClO3−), (HE-II); (b) is dinitramide [(NO2)2N], (HE-III); (c) is nitroformate [(NO2)3C−] (another name: trinitromethanide), (HE-IV); (d) is bromate (BrO3−, (HE-V); (e) is iodate(IO3−), (HE-VI); (f) is periodate (IO4), (HE-VIIb); (g) is periodate (IO4), HE-VIIa; (h) is perbromate (BrO4−),(HE-VIII); (i) is picrate [(NO2)3C6H2O−), (HE-IX); and (j) is NH3 (HE-X). 
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Figure 2. The diagram represents the oxygen balance of the compounds under investigation. 
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Table 1. The detonation velocity and pressure of the selected compound (HE-I, HE-III, and HE-IV) to show the reliability approach applied. The detonation velocities D1 and D2 are calculated by using Equations (1) and (4), respectively, and detonation pressures P1 and P2 are evaluated by Equations (2) and (3).






Table 1. The detonation velocity and pressure of the selected compound (HE-I, HE-III, and HE-IV) to show the reliability approach applied. The detonation velocities D1 and D2 are calculated by using Equations (1) and (4), respectively, and detonation pressures P1 and P2 are evaluated by Equations (2) and (3).





	Compound
	D1, km/s
	D2, km/s
	P1, kbar
	P2, kbar





	HE-I
	7.05
	7.36
	213.82
	230.48



	HE-III
	8.13
	7.91
	307.30
	265.17



	HE-IV
	8.39
	8.08
	329.71
	311.13










 





Table 2. The parameters describe the chemical and thermal stability of the compounds under study. The results are discussed in the next section of this paper. Binding energy per atom indicates thermal stability. HOMO-LUMO gap, hardness, and softness allow one to foresee chemical stability, and hardness index Y exhibits the reactivity of the molecule.






Table 2. The parameters describe the chemical and thermal stability of the compounds under study. The results are discussed in the next section of this paper. Binding energy per atom indicates thermal stability. HOMO-LUMO gap, hardness, and softness allow one to foresee chemical stability, and hardness index Y exhibits the reactivity of the molecule.





	Compound
	Binding Energy per Atom, eV
	HOMO-LUMO Gap, eV
	Hardness, eV
	Softness, eV
	Hardness Index Y





	HE-I
	5.70
	3.21
	1.60
	0.31
	0.81



	HE-II
	5.49
	3.58
	1.79
	0.28
	0.84



	HE-III
	5.57
	3.47
	1.74
	0.29
	0.83



	HE-IV
	5.68
	3.16
	1.58
	0.32
	0.80



	HE-V
	5.33
	3.33
	1.67
	0.30
	0.82



	HE-VI
	5.35
	3.17
	1.58
	0.32
	0.80



	HE-VIIa
	5.38
	3.96
	1.98
	0.25
	0.87



	HE-VIIb
	5.38
	3.96
	1.98
	0.25
	0.87



	HE-VIII
	5.07
	3.78
	1.89
	0.26
	0.86



	HE-IX
	5.76
	2.58
	1.29
	0.39
	0.70



	HE-X
	5.64
	3.23
	1.62
	0.31
	0.81










 





Table 3. The detonation velocity D (km/s) and detonation pressures P (kbar) describe the energetic properties of the compounds under study. The results are discussed in the next section of this paper. The structure of the compounds, where X− is an anion, is also given. The name of X− is presented in the table below.
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Compound

	
D, km/s

	
P, kbar




	
HE-I (APATO)

	
7.36

	
230.48




	
HE-II (A. chlorate)

	
8.16

	
271.38




	
HE-III (A. perbromate)

	
7.91

	
265.17




	
HE-IV (A. nitroformate)

	
8.08

	
311.13




	
HE-V (A. bromate)

	
7.95

	
263.83




	
HE-VI (A. iodate)

	
8.11

	
255.84




	
HE-VIIa (A. periodate)

	
7.81

	
271.92




	
HE-VIIb (A. periodate) *

	
7.81

	
271.92




	
HE-VIII (A. perbromate)

	
9.92

	
279.91




	
HE-IX (A. picrate)

	
8.26

	
261.09




	
HE-X (A. NH4)

	
7.72

	
233.17




	
Ammonium picrate

	
7.15

	
169.00




	
Ammonium dinitramide

	
8.49

	
303.00




	
HNF

	
8.92

	
351.10




	
TKX-50

	
9.70

	
424.00




	
TNT

	
6.80

	
220.00




	
Tetryl

	
7.57

	
263.00




	
RDX

	
8.98

	
380.00




	
HMX

	
9.22

	
415.00








* Results of the investigations of two conformers of these salts are presented.
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