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Abstract: A series of 1,2,5-oxadiazole-1,2,3,4-tetrazole based high energy materials 10 

were theoretically designed and investigated. Their heats of formation, detonation 11 

properties and thermal stabilities were calculated by isodesmic reactions, 12 

Kamlet-Jacobs equations and bond dissociation energies, respectively. The results 13 

show that all the designed compounds possess high positive heats of formation and 14 

the –N=N–/–N3 substituents were found to be more helpful in improving the heats of 15 

formation than other substituents. The change tendency of densities, detonation 16 

pressures and detonation velocities were approximately the same to each other which 17 

suggests that values of densities were the key parameter to detonation properties 18 

rather than other parameters. In view of bond dissociation energies, the –CN/–NH2 19 

substituents will be helpful to improve the thermal stabilities of the designed 20 

compounds while the other substituents/bridges will decrease their thermal stabilities 21 

to some extent. Take detonation properties and thermal stabilities into consideration, 22 

six compounds (C7, D3, D7, F7, G7 and H7) were selected as potential high energy 23 

density compounds since they had higher detonation properties and thermal stabilities 24 

than those of RDX. Finally, electronic structures (such as distribution of frontier 25 

molecular orbitals and electrostatic potentials) of the selected compounds were 26 

simulated to give a better understanding of these compounds. 27 

Key words: 1,2,5-Oxadiazole, 1,2,3,4-Tetrazole, High energy materials, Energetic 28 

properties, Thermal stabilities 29 
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1. Introduction 1 

In the last few decades, explosives and propellants as a special type of energy 2 

materials have been widely used both in military and civilian.1-4 High energy 3 

materials with excellent detonation properties (contain detonation velocity (D) and 4 

detonation pressure (P)) and acceptable thermal stabilities were always acted as the 5 

ultimate goal for the researcher in this filed.5-8 In most case, researchers were 6 

interested in developing new high energy materials based on five/six-membered 7 

nitrogen rich rings since these moieties often possess high positive heats of formation 8 

(HOF).9,10 Except for high positive heats of formation, oxygen balance (OB) was also 9 

an important parameter to be considered when an energetic molecule was designed. 10 

This is because OB was an index that indicates the degree to which an explosive can 11 

be oxidized.11,12 Generally speaking, oxygen atoms in CaHbOcNd compound required 12 

to convert all the carbon atoms into CO2 while all the hydrogen atoms into H2O and 13 

thus, OB values which were near to zero will have more improved energetic 14 

properties. Not surprisingly, oxadiazoles were this type of structures containing a 15 

large amount of C-N/N-N energetic bonds and oxygen atoms and thus, makes it 16 

attract considerable attention during the process of discovering novel high energy 17 

materials. Usually, there exists four oxadiazole isomers which were named as 18 

1,2,4-oxadiazole, 1,2,5-oxadiazole, 1,3,4-oxadiazole, and 1,2,3-oxadiazole. Among 19 

these isomers, 1,2,5-oxadiazole (furazan) had the highest positive heats of formation 20 

and a large number of energetic group-functionalized 21 

monofurazan/macrocyclic/linked/ring-fused furazans were designed and 22 

synthesized.13-15 However, furazan ring is very sensitive and the efforts to discovery 23 

new high energy materials with maximize detonation properties and minimizing 24 

sensitivity were still on the way. Previous research have also demonstrated that the 25 

π-π conjugate system has the potential to reduce sensitivities and increase detonation 26 

properties consequently, 1,2,3,4-tetrazole, which also possesses high positive heats of 27 

formation and π-π conjugate system, was considered to form different high energy 28 

materials.16 29 

In this work, a series of 1,2,5-oxadiazole-1,2,3,4-tetrazole based high energy materials 30 

were designed and investigated by density functional theory (DFT)17-20 at 31 

B3LYP/6-311G(d,p) level. (Scheme 1) Their heats of formation, detonation properties 32 

and thermal stabilities were predicted by designing isodesmic reactions, 33 

Kamlet-Jacobs equations and bond dissociation energies (BDE), respectively (all the 34 
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detailed computational information can be found in the Supporting Information). 1 

Finally, potential high energy materials with excellent detonation properties and 2 

acceptable thermal stabilities were screened and their physicochemical properties 3 

(such as the distribution of frontier molecular orbital, electrostatic potentials and 4 

contour line maps of the electronic densities) were simulated to give a better 5 

understanding of these screened compounds.   6 

7 
Scheme 1. Designed molecules based on 1,2,5-oxadiazole 8 

2. Results and discussion  9 

2.1 Frontier molecular orbital (FMO) 10 

Frontier molecular orbitals (FMOs), which contains the highest occupied molecular 11 

orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs), as well as 12 

their energy gap (ΔELUMO-HOMO) were important aspects to evaluate the chemical 13 

reactivity of molecules with similar skeletons.21,22 Generally speaking, compounds 14 

with high values of ΔELUMO-HOMO will possess lower chemical reactivity. Table 1 15 

presented the EHOMO, ELUMO and ΔELUMO-HOMO of the designed compounds. For a 16 

comparison, EHOMO, ELUMO and ΔELUMO-HOMO of the parent structures were also listed 17 

http://www.baidu.com/link?url=hRpabklcYn3WOGNhrs4HmrJYOOorGVGsIw358jOJ_qeXsd45-OT6WPWackE99LcKCdnrY76ga9TKYyHvEDpzYg32TLg0K8z8I-dPSBzzjtRWLL_ZdUZZ2r2fAsZPcD0SO1TVpyI0bO_KkWs_M9Q2_a
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in the table. It is seen that EHOMO, ELUMO and ΔELUMO-HOMO of the substituted 1 

compounds were from -9.29 (A8) to -6.21 eV (E6), from -5.19 (D7) to -0.81 eV (E6) 2 

and from 3.26 (D6) to 6.10 (A1), respectively. Obviously, compounds E6 had the 3 

highest EHOMO and ELUMO, which suggests that the combination of –NHNH2 and 4 

–CH2NH– bridge will increase the values of EHOMO and ELUMO. However, no 5 

regularity was found for the minimum values of EHOMO, ELUMO: the fact is that 6 

compound with the–C(NO2)3 group and –CH2CH2– bridge will decrease the EHOMO 7 

while the combination of –CH(NO2)2 group and –N=N– bridge will decrease ELUMO 8 

apparently. In view of ΔELUMO-HOMO, compound D6 had the lowest ΔELUMO-HOMO and 9 

compound A1 had the highest value. It was predicted that compound D6 will be the 10 

most chemical reactive while compound A1will be the most insensitive member under 11 

external stimuli or extreme conditions. Interesting results were also found as follows: 12 

(1) for EHOMO, compounds substituted by –NH2 and –NHNH2 groups possess higher 13 

values of EHOMO for series C, D and G than their parent structures. But for series A, B, 14 

E, F and H, the case is that compounds substituted by –N3, –NH2 and –NHNH2 groups 15 

possess higher values of EHOMO than their parent structures; (2) for ELUMO: when the 16 

parent structures were substituted by –NH2 and –NHNH2 groups, values of t ELUMO 17 

were higher than their parent structures except for series C and D; (3) for 18 

ΔELUMO-HOMO: compounds have lower values of  ΔELUMO-HOMO than their parent 19 

structures for series B, C, D, F and H. It can be predicted that the addition of energetic 20 

groups to the parent structures will decrease the stabilities of all the designed 21 

compounds except for compounds A1, E4 and G1. Overall, compounds with different 22 

parent structures and energetic groups possess different EHOMO, ELUMO and 23 

ΔELUMO-HOMO, suggesting that the influence of bridges on EHOMO, ELUMO and 24 

ΔELUMO-HOMO were coupled to those of energetic groups. 25 

Table 1 Calculated EHOMO and ELUMO (eV) and energy gaps (ΔELUMO–HOMO) of 26 

the designed compounds 27 

Compd. A A1 A2 A3 A4 A5 A6 A7 A8 

HOMO -7.83 -9.04 -7.79 -8.97 -7.10 -8.41 -7.10 -8.99 -9.29 

LUMO -2.18 -2.94 -2.73 -3.77 -1.18 -2.89 -1.52 -3.72 -4.34 

ΔELUMO-HOMO 5.65 6.10 5.06 5.20 5.92 5.52 5.58 5.27 4.95 

Compd. B B1 B2 B3 B4 B5 B6 B7 B8 

HOMO -7.48 -8.44 -7.37 -8.29 -6.93 -7.95 -6.94 -8.49 -8.57 
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LUMO -2.93 -3.96 -3.08 -4.14 -2.63 -3.47 -2.82 -3.99 -4.32 

ΔELUMO-HOMO 4.55 4.48 4.29 4.15 4.30 4.48 4.12 4.50 4.25 

Compd. C C1 C2 C3 C4 C5 C6 C7 C8 

HOMO -7.31 -8.36 -7.33 -8.17 -6.68 -8.01 -7.06 -8.76 -8.36 

LUMO -1.46 -3.01 -2.80 -3.92 -1.17 -3.22 -1.50 -3.99 -4.34 

ΔELUMO-HOMO 5.85 5.35 4.53 4.25 5.51 4.79 5.56 4.77 4.02 

Compd. D D1 D2 D3 D4 D5 D6 D7 D8 

HOMO -7.82 -8.77 -7.85 -8.72 -7.24 -8.47 -7.22 -8.97 -8.98 

LUMO -3.83 -4.88 -4.00 -4.80 -3.71 -4.60 -3.96 -5.19 -5.16 

ΔELUMO-HOMO 3.99 3.89 3.85 3.92 3.53 3.87 3.26 3.78 3.82 

Compd. E E1 E2 E3 E4 E5 E6 E7 E8 

HOMO -7.52 -8.05 -7.09 -7.91 -6.89 -7.32 -6.21 -8.33 -8.26 

LUMO -1.87 -2.84 -2.77 -3.82 -1.22 -2.80 -0.81 -3.89 -4.26 

ΔELUMO-HOMO 5.65 5.21 4.32 4.09 5.67 4.52 5.40 4.44 4.00 

Compd. F F1 F2 F3 F4 F5 F6 F7 F8 

HOMO -8.07 -8.97 -7.55 -8.82 -6.91 -8.29 -6.83 -9.07 -9.14 

LUMO -3.31 -4.36 -3.64 -4.43 -3.07 -3.60 -2.69 -4.41 -4.63 

ΔELUMO-HOMO 4.76 4.61 3.91 4.39 3.84 4.69 4.14 4.66 4.51 

Compd. G G1 G2 G3 G4 G5 G6 G7 G8 

HOMO -7.04 -8.16 -7.27 -8.04 -6.83 -7.40 -6.50 -8.33 -8.17 

LUMO -2.40 -3.27 -2.48 -4.08 -1.66 -2.98 -1.39 -3.84 -4.39 

ΔELUMO-HOMO 4.64 4.89 4.79 3.96 5.17 4.42 5.11 4.49 3.78 

Compd. H H1 H2 H3 H4 H5 H6 H7 H8 

HOMO -8.00 -8.95 -7.68 -8.71 -7.35 -8.26 -7.05 -8.98 -9.07 

LUMO -3.38 -4.38 -3.48 -4.22 -3.07 -3.67 -2.72 -4.40 -4.50 

ΔELUMO-HOMO 4.62 4.57 4.20 4.49 4.28 4.59 4.33 4.58 4.57 

aA-H stand for the unsubstituted compounds. 1 

Figure 1 presents the change tendency of EHOMO, ELUMO and ΔELUMO–HOMO of the 2 

designed compounds. For EHOMO: when compounds were substituted by the same 3 

energetic group but different bridges, the –CH2CH2–(combined with –CN, –NO2 and 4 

–C(NO2)3 groups), –N=N–(combined with –N3, –NHNH2 and –NHNO2 groups), 5 

–CH=N–(combined with –CH(NO2)2 group) and –N=CH–(combined with –NH2 6 

group) bridged compounds have the lowest values of EHOMO while the 7 
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–NHNH–(combined with –NH2 group), –CH2NH–(combined with –CN, –N3, –NO2,   1 

–NHNH2 and –NHNO2 groups) and –NHCH2– (combined with –C(NO3)3 and 2 

–CH(NO2)2 group) substituted ones have the highest values of EHOMO. When 3 

compounds were substituted by the same bridge but different energetic groups, the 4 

–C(NO3)3/–CH(NO2)2 substituted compounds have the lowest values of EHOMO while 5 

the –NH2/–NHNH2 substituted compounds have the highest values of EHOMO.  The 6 

influence order of different energetic groups on EHOMO for series A, B, D, F and H can 7 

be written as follows: 8 

–NHNH2/–NH2>–N3>–NHNO2>–NO2>–CN/–CH(NO2)2>–C(NO2)3 while the 9 

influence order was 10 

–NHNH2/–NH2>–N3>–NHNO2>–NO2>–CN>–C(NO2)3 >–CH(NO2)2 for other series. 11 

For ELUMO: when compounds were substituted by the same energetic group but 12 

different bridges, series D were found to have the lowest ELUMO which indicates that 13 

the addition of –N=N– bridge will decrease the ELUMO. When compounds were 14 

substituted by the same bridge but different energetic groups, no evident regularity 15 

was found. Overall, the change tendency of EHOMO and ELUMO were approximately the 16 

same to each other. In view of ΔEHOMO-LUMO, for compounds with the same energetic 17 

group but different bridges, the –N=N– bridged compounds (except for compound G8) 18 

have the lowest ΔELUMO–HOMO while the –CH2CH2– bridged compounds have the 19 

highest values of ΔEHOMO-LUMO. It can be predicted that the addition of –N=N– bridge 20 

will decrease the stabilities of the designed compounds while the –CH2CH2– bridge 21 

will act on the opposite side. For compounds with the same bridge but different 22 

energetic groups, the –CH2CH2–, –NHNH–, –CH2NH– and –NHCH2– bridges with 23 

–C(NO2)3 substituent possess the lowest values of ΔEHOMO-LUMO while no regularity 24 

was found for the other compounds.  25 
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1 

Figure 1. The change tendency of EHOMO, ELUMO and ΔELUMO–HOMO of the 2 

designed compounds 3 

 4 

2.2 Heats of formation 5 

Heats of formation (ΔHf), especially the solid-phase heats of formation (ΔHf,solid), is of 6 

importance to indicate the energy content of an energetic material. It is also an basic 7 

parameter to be considered since compounds with higher positive ΔHf,solid will lead to 8 

higher detonation properties. The calculated total energies (E0), thermal corrections 9 

(HT), zero point energies (ZPE), molecular properties (A, v and 
2

tot ), ΔHf,gas, heats of 10 

sublimation (Hsub) and ΔHf,solid of the designed compounds were summarized in Table 11 

2 (the quantitative molecular surface analysis was performed using the Multiwfn 12 

program23). From the table, it is seen that the all the designed compounds had high 13 

positive ΔHf,solid ranges from 454.7 (A4) to 1506.3 kJ mol-1 (D2) which meet the 14 

designing concepts of high energy materials. It is also found that the calculated 15 

ΔHf,solid show the same trend as the ΔHf,gas, suggesting that the change trend in the ΔHf 16 

of the designed compounds under the influences of different substituents and bridges 17 

drawn from the gas phase results were consistent with those from the solid phase ones. 18 

For a comparison, all the designed compounds had higher ΔHf,solid than those of 19 
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1,3,5-trinitro-1,3,5-triazinane (RDX, 79.0 kJmol-1) and 1 

1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX, 102.4 kJmol-1)24 due to the large amount 2 

of C-N/N-N energetic bonds and large strain energy of the ring.  3 

Table 2. Calculated total energy (E0), thermal correction (HT), zero point energy 4 

(ZPE), molecular properties and heat of formation (ΔHf) of the designed 5 

compounds 6 

Compd. E0(a.u) ZPE 

(kJ 

mol-1) 

HT 

(kJ mol-1)  

ΔHf,gas 

(kJ 

mol-1) 

A 

(Å2) 

ν 2

tot  

(kcal 

mol-1)2 

ΔHsub 

(kJ 

mol-1) 

ΔHf,solid 

(kJ 

mol-1) 

A1 -782.371466 331.3 36.9 887.1 236.1 0.183 190.8 115.5  771.6  

A2 -925.090161 354.0 42.6 1287.5 258.3 0.248 138.1 127.4  1160.1  

A3  -1006.929567 350.7 41.2 615.2 241.0 0.192 169.3 116.7  498.5  

A4 -708.603866 430.8 35.2 572.9 219.1 0.232 245.3 118.2  454.7  

A5 -1117.649820 440.7 47.2 725.3 270.1 0.169 280.3 141.5  583.8  

A6 -819.262128 520.2 41.5 830.4 245.2 0.242 272.4 135.7  694.7  

A7 -1494.689032 513.3 61.9 693.8 325.6 0.094 320.8 168.8  525.0  

A8 -1903.722760 515.3 76.9 812.3 363.6 0.113 134.5 187.1  625.2  

B1 -781.140872 269.1 35.9 999.4 233.0 0.199 155.2 111.5  887.9  

B2 -923.862974 292.5 41.1 1391.1 253.6 0.245 127.0 122.8  1268.3  

B3  -1005.698088 288.2 40.5 729.9 237.2 0.197 155.6 113.5  616.4  

B4 -707.377248 368.4 34.1 674.5 214.4 0.214 289.6 118.2  556.3  

B5 -1116.419625 378.6 46.2 836.7 268.9 0.159 277.0 139.1  697.6  

B6 -818.033994 456.9 40.9 935.6 244.5 0.226 293.6 135.5  800.1  

B7 -1493.453316 449.9 61.6 819.2 329.9 0.074 298.5 166.5  652.7  

B8 -1902.489682 453.6 75.6 931.5 361.2 0.122 120.2 184.7  746.8  
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C1 -814.417167 269.5 36.8 1079.9 227.7 0.129 268.7 111.0  968.9  

C2 -957.129364 291.9 42.0 1496.6 250.1 0.229 257.8 135.4  1361.2  

C3  -1038.973006 289.3 40.5 813.8 230.4 0.122 272.1 111.5  702.3  

C4 -740.653540 370.5 33.6 755.3 203.9 0.208 288.3 112.4  642.9  

C5 -1149.700050 381.0 45.8 907.1 252.1 0.178 315.7 135.2  771.9  

C6 -851.306251 459.7 40.7 1028.0 231.4 0.233 304.0 130.4  897.6  

C7 -1526.728660 451.6 61.2 902.1 316.2 0.098 322.1 163.0  739.1  

C8 -1935.771700 454.3 75.9 996.6 359.9 0.099 199.6 187.9  808.7  

D1 -813.151548 203.8 35.0 1282.7 222.8 0.185 158.5 105.3  1177.4  

D2 -955.891164 227.7 40.0 1628.7 244.7 0.250 155.5 122.4  1506.3  

D3  -1037.716668 222.6 39.7 992.2 231.8 0.165 162.5 108.2  884.0  

D4 -739.416041 303.1 33.7 884.5 202.5 0.207 297.3 112.4  772.1  

D5 -1148.451069 315.0 44.6 1066.5 248.5 0.148 267.3 124.9  941.6  

D6 -850.075091 392.8 40.2 1140.4 237.8 0.243 214.3 125.5  1014.9  

D7 -1525.488241 385.5 60.7 1039.7 324.8 0.082 221.5 159.8  879.9  

D8 -1934.520561 389.0 74.6 1162.3 357.7 0.121 110.7 180.7  981.6  

E1 -798.406819 301.3 36.7 952.6 232.7 0.139 231.5 112.1  840.5  

E2 -941.124871 324.2 42.3 1354.8 255.5 0.247 157.6 128.5  1226.3  

E3  -1022.970765 321.1 40.6 665.4 236.1 0.158 195.4 113.1  552.3  

E4 -724.635806 400.9 34.5 647.0 207.5 0.240 1271.3 181.2  465.8  

E5 -1133.692227 412.0 46.7 773.3 261.4 0.159 228.7 130.4  642.9  

E6 -835.306392 491.1 40.8 872.9 235.8 0.245 274.0 131.1  741.8  
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E7 -1510.724802 484.1 61.3 758.7 236.1 0.169 208.1 115.7  643.0  

E8 -1919.757792 487.3 75.4 879.4 343.5 0.095 181.7 173.0  706.4  

F1 -797.167466 236.8 35.5 1089.8 230.1 0.173 216.9 113.9  975.9  

F2 -939.890054 259.9 40.9 1480.1 247.4 0.243 147.1 122.1  1358.0  

F3  -1021.723120 255.8 40.2 824.4 236.1 0.169 208.1 115.7  708.7  

F4 -723.411926 336.1 33.7 743.7 210.5 0.214 281.7 115.6  628.1  

F5 -1132.454590 347.2 45.6 905.9 267.0 0.163 257.7 136.9  769.0  

F6 -834.066752 425.8 40.1 1010.6 242.6 0.245 304.3 137.8  872.8  

F7 -1509.484610 417.8 61.2 897.4 327.7 0.074 313.5 165.7  731.7  

F8 -1918.519763 421.2 75.3 1012.7 359.4 0.125 150.3 186.7  826.0  

G1 -798.404300 301.6 36.6 959.4 228.9 0.169 232.3 114.3 845.1  

G2 -941.124163 325.1 41.5 1356.7 246.4 0.249 208.2 130.0  1226.7  

G3  -1022.964040 322.2 40.3 683.8 233.5 0.198 195.0 116.3  567.5  

G4 -724.637926 402.1 34.2 642.3 207.0 0.244 354.5 124.5  517.8  

G5 -1133.691861 412.6 46.3 774.5 253.0 0.197 252.1 132.6  641.9 

G6 -835.304879 492.8 40.0 877.8 230.9 0.249 299.7 131.7  746.1  

G7 -1510.717105 483.1 61.5 778.1 303.2 0.102 289.7 152.7  625.4  

G8 -1919.750475 486.5 75.5 897.9 337.3 0.134 176.2 173.1  724.8  

H1 -797.173226 237.5 35.6 1075.5 229.6 0.177 186.6 111.0  964.5  

H2 -939.895745 260.8 40.6 1465.8 249.9 0.249 131.1 121.7  1344.1  

H3  -1021.727982 256.2 40.1 811.9 235.4 0.160 176.4 111.0  700.9  

H4 -723.408831 335.6 34.4 752.0 210.8 0.216 273.5 115.2  636.8  
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H5 -1132.459046 348.1 45.5 895.0 266.1 0.156 235.9 133.5  761.5  

H6 -834.073986 427.1 39.9 992.7 240.9 0.233 304.5 135.5  857.2  

H7 -1509.492062 418.8 61.1 878.7 325.7 0.083 273.4 163.9  714.8  

H8 -1918.526392 422.2 75.2 996.2 359.3 0.118 132.9 184.1  812.1  

 1 

Since energetic materials were always in solid phase rather than gas phase, ΔHf,solid 2 

were selected as the important research object and the effects of different bridges and 3 

energetic groups on ΔHf,solid were displays in Figure 2. From the figure, obvious 4 

regulation on the change tendency of ΔHf,solid was found as follows: (1) for 5 

compounds with the same energetic group but different bridges, the –N=N– bridged 6 

compounds had the highest ΔHf,solid while the –CH2CH2– bridged compounds have the 7 

lowest ΔHf,solid. It is also should be pointed out that compounds with the conjugated 8 

bridges have higher ΔHf,solid values than the corresponding ones with the unconjugated 9 

bridges. The results may be caused by the large conjugated system that comprised by 10 

1,2,5-oxadiazole, 1,2,3,4-tetrazole and the conjugated bridges together. (2) for 11 

compounds with the same bridge but different energetic groups, it is found that the 12 

–N3 substituted compounds had the highest ΔHf,solid while the –NH2 substituted 13 

compounds had the lowest ΔHf,solid. In other words, –N3 was the most effective group 14 

in improving ΔHf,solid of the 1,2,5-oxadiazole-1,2,3,4-tetrazole based compounds 15 

while the –NH2 group will make less contribution to these values. The influence 16 

sequence of different energetic groups on ΔHf,solid can be written as follows: 17 

–N3>–CN>–NHNH2>–C(NO2)3>–NHNO2>–CH(NO2)2>–NO2>–NH2 (for series A, B, 18 

C, F, G and H). Overall, it is concluded that −N3 group and –N=N– bridge acted as 19 

the most effective group/bridge in improving ΔHf,solid of the designed compounds than 20 

the other groups/bridges, suggesting that the −N3 and –N=N− group/ bridge should be 21 

given great attention when a high energy material was designed. 22 

javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_0','j_0')
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 1 

Figure 2. The change tendency of HOFs of the designed compounds  2 

2.3 Detonation properties 3 

Oxygen balance (OB), density (ρ), heats of detonation (Q), detonation velocities (D) 4 

and detonation pressure (P) were calculated and summarized in Table 3. Usually, 5 

these parameters always acted as important indicators to measure the “energy 6 

contents” of an energetic material.25 In addition, the related values of RDX and HMX 7 

were also listed in the table to give a full comparison. From the table, it is observed 8 

that values of OB, ρ, Q, D and P were from -111.11 (A1) to 10.34 (D8), from 1.48 9 

(A4 and A6) to 1.99 g cm-3 (D8), from 783.3 (B4) to 1863.71 cal g-1(H5), from 6.26 10 

(B1) to 9.52 km s-1 (G8) and from 15.7 (A1) to 42.1 GPa (G8), respectively. Previous 11 

research have demonstrated that too much or less oxygen is not favorable for 12 

improving explosive performance of high energy materials. This is because these high 13 

energy materials can not be combusted fully under oxygen-deficient situation and the 14 

additional oxygen will produce O2 which may take away a great deal of energy under 15 

oxygen-surficient situation. Not surprisingly, OB of compounds E8, F8, G8 and H8 16 

were close to zero, suggesting that the combination of –CH2NH–, –CH=N–, 17 

/–C(NO2)3 may be the best choice in balancing values of OB. For values of ρ, 17 18 

compound (A8, B8, C3, C7, C8, D3, D5, D7, D8, E7, E8, F7, F8, G7, G8, H7 and H8) 19 

possess higher values of ρ than RDX while only 7 compounds (B8, C8, D8, E8, F8, 20 

G8 and H8 ) have higher values of ρ than HMX. For values of Q, 20 compounds (A8, 21 

http://dict.cnki.net/dict_result.aspx?searchword=%e7%bc%ba%e6%b0%a7%e7%9a%84&tjType=sentence&style=&t=oxygen-deficient
http://dict.cnki.net/dict_result.aspx?searchword=%e7%bc%ba%e6%b0%a7%e7%9a%84&tjType=sentence&style=&t=oxygen-deficient


13 

B7, B8, C3, C7, D2, D3, D5, D7, E7, E8, F3, F7, F8, G7, G8, H3, H5, H7 and H8) 1 

possess higher Q than RDX while 22 compounds have higher Q than HMX (A8, B8, 2 

C7, D2, D5, D7, E8, F7, F8, G8, H5, H7 and H8). In view of D, there were 18 3 

compounds (A8, B8, C3, C5, C7, C8, D3, D5, D7, D8, E8, F7, F8, G7, G8, H5, H7 4 

and H8) have higher/equal values compared to that of RDX while 10 compounds (A8, 5 

B8, C8, D3, D7, D8, E8, F8, G8 and H8) possess higher values than HMX. In 6 

addition, there were 19 compounds (A8, B8, C3, C5, C7, C8, D3, D5, D7, D8, E7, E8, 7 

F7, F8, G7, G8, H5, H7 and H8) had higher values than RDX while 7 compounds (B8, 8 

C8, D8, E8, F8, G8 and H8) possess higher values than HMX. 9 

Table 3. Calculated oxygen balance (OB), densities (ρ), heats of detonation (Q), 10 

detonation velocities (D) and detonation pressures (P) of the designed compounds 11 

Compound OBa ρ (g cm-3) Q (cal g-1) D (km s-1) P (GPa) 

A1 -111.11 1.52 1121.35 6.28 15.7 

A2 -70.97 1.60 1351.06 7.46 22.9 

A3  -43.75 1.73 1468.03 8.04 28.0 

A4 -106.12 1.48 849.35 6.54 16.7 

A5 -44.76 1.70 1423.00 8.01 27.5 

A6 -99.12 1.48 990.41 7.03 19.4 

A7 -34.22 1.78 1553.54 8.41 31.2 

A8 -10.34 1.90 1685.99 9.18 38.6 

B1 -104.67 1.55 1261.72 6.26 15.8 

B2 -65.04 1.64 1467.17 7.50 23.5 

B3  -37.80 1.77 1548.11 8.20 29.5 

B4 -98.97 1.52 783.3 6.69 17.8 

B5 -39.44 1.73 1490.85 8.15 28.8 

B6 -92.86 1.51 1111.71 7.16 20.3 

B7 -30.11 1.79 1614.97 8.47 31.7 

B8 -6.93 1.92 1732.87 9.27 39.6 

C1 -73.39 1.62 1327.37 7.12 21.0 

C2 -38.40 1.70 1532.51 8.25 29.2 

C3  -12.40 1.85 1603.68 9.02 36.7 

C4 -64.65 1.61 1067.95 7.62 24.0 

C5 -16.67 1.81 1531.80 8.89 35.1 
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C6 -63.16 1.59 1194.41 7.98 26.2 

C7 -12.77 1.86 1652.71 9.09 37.4 

C8 6.87 1.97 1547.92 9.39 41.2 

D1 -66.67 1.66 1520.48 7.40 23.1 

D2 -32.26 1.74 1641.25 8.47 31.2 

D3  -6.25 1.87 1743.75 9.21 38.5 

D4 -57.14 1.64 1236.39 7.75 25.2 

D5 -11.19 1.83 1646.65 9.06 36.8 

D6 -56.64 1.61 1329.03 8.07 26.9 

D7 -8.56 1.87 1722.72 9.17 38.2 

D8 10.34 1.99 1519.08 9.34 41.0  

E1 -92.17  1.57 1192.07 6.65 18.0 

E2 -54.62  1.65 1409.18 7.81 25.6 

E3  -28.02  1.79 1491.39 8.46 31.7 

E4 -85.28  1.55 858.51 6.90 19.2 

E5 -30.66  1.75 1448.49 8.39 30.7 

E6 -81.06  1.54 1035.64 7.43 22.2 

E7 -23.47  1.82 1610.24 8.76 34.3 

E8 -1.72  1.95 1712.51 9.51 42.0 

F1 -85.58  1.60 1328.62 6.74 18.7 

F2 -48.58  1.69 1526.21 7.94 26.9 

F3  -21.96  1.82 1607.42 8.65 33.4 

F4 -77.95  1.58 1066.24 7.15 20.9 

F5 -25.26  1.77 1526.59 8.51 31.8 

F6 -74.67  1.56 1184.00 7.56 23.1 

F7 -19.30  1.83 1646.82 8.79 34.6 

F8 1.73  1.96 1707.59 9.48 41.8 

G1 -92.17  1.57 1197.14 6.66 18.1 

G2 -54.62  1.65 1409.56 7.81 25.7 

G3  -28.02  1.79 1505.53 8.48 31.8 

G4 -85.28  1.55 921.60 7.02 19.9 

G5 -30.66  1.76 1447.65 8.49 31.7 

G6 -81.06  1.55 1040.17 7.47 22.5 
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G7 -23.47  1.82 1599.02 8.75 34.1 

G8 -1.72  1.95 1721.97 9.52 42.1 

H1 -85.58  1.60 1315.94 6.77 18.6 

H2 -48.58  1.69 1512.76 7.93 26.8 

H3  -21.96  1.82 1600.11 8.64 33.3 

H4 -77.95  1.57 1076.90 7.14 20.7 

H5 -25.26  1.78 1863.71 8.98 35.5 

H6 -74.67  1.56 1167.43 7.53 23.0 

H7 -19.30  1.83 1635.99 8.78 34.5 

H8 1.73  1.96 1700.41 9.45 41.8 

RDX26 -21.6 1.82 1590.7 8.75 34.0 

HMX26 -21.6 1.91 1633.9 9.10 39.0 

aFor the explosive CaHbOcNd: OB = (c-2a-0.5b)/Mw, where Mw is the molecular weight. 1 

 2 

Figure 3 (a)-(d) illustrates the change tendency of ρ, Q, D and P of the designed 3 

compounds, respectively. It is seen that the change tendency of ρ, D and P of the  4 

designed compounds were approximately the same to each other while those of Q was 5 

different. For compounds substituted by the same energetic group but different 6 

bridges, the influence of different bridges on values of ρ can be written in the 7 

following order: 8 

–N=N–>–NHNH–>–N=CH–≥–CH=N>–NHCH2–≥–CH2NH–>–CH=CH–>–CH2–CH9 

2–. However, for compounds substituted by the same bridge but different energetic 10 

groups, evident influence sequence for series A-H were found as follows: 11 

–C(NO2)3>–CH(NO2)2≥–NO2>–NHNO2>–N3≥–CN>–NH2≥–NHNH2. It can be 12 

concluded that the –N=N–/–C(NO2)3 substituents were acted as the most effective 13 

substituents in improving values of ρ while –CH2–CH2–/–NHNH2/–NH2 will make 14 

less contribution to ρ. In view of Figure 3(b)-(d), when the designed compounds were 15 

substituted by the same energetic group but different bridges, the –N=N– bridged 16 

compounds possess the highest values of Q, D and P (except for the –(C(NO2)3 17 

substituted compounds) while the –CH2–CH2– bridged ones have the lowest value 18 

(except for the –CN, –NH2 and –C(NO2)3 substituted compounds). It indicates that the 19 

–N=N– bridge was more effective in improving the Q, D and P of the designed 20 

compounds rather than other bridges. The detailed influence sequences of different 21 

bridges on Q, D and P were as follows: (1) for values of Q: 22 
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–N=N–>–CH=N–/–NHNH–>–N=CH–>–CH=CH–>–CH2NH–>–NHCH2–>–CH2CH21 

– (except for the –CN, –CH(NO2)2 and –NHNO2 substituted compounds); (2) for 2 

values of D: 3 

–N=N–>–NH–NH–>–N=CH–/–CH=N–>–NHCH2–/–CH2NH–>–CH=CH–>–CH2–C4 

H2– (except for the –CN and –C(NO2)3 substituted compounds); (3) for values of P: 5 

–N=N–>–NH–NH–>–N=CH–/–CH=N–>–NHCH2–/–CH2NH–>–CH=CH–>–CH2–C6 

H2– (only for the –C(NO2)3 substituted compounds). No regularity was found for the 7 

other substituted compounds. It is also interesting to found that compounds with the 8 

conjugated bridges have higher D or P than the corresponding ones with the 9 

unconjugated bridges. When compounds were substituted by the same bridge but 10 

different energetic groups, the influence sequence of different energetic groups on Q 11 

were in the following order: 12 

–C(NO2)3>–CH(NO2)2>–NO2>–NHNO2>–N3>–CN>–NHNH2>–NH2 (except for 13 

series C and D). The influence sequence of different energetic groups on P were 14 

written as  follows: : 15 

–C(NO2)3>–CH(NO2)2>–NO2>–NHNO2>–N3>–NHNH2>–NH2>–CN. Additionally, 16 

the influence sequences of different energetic groups on P were observed to be the 17 

same to that of D (except for series D), indicating that compounds with higher D will 18 

always possess higher P. Overall, –N=N–/–C(NO2)3 substituents were selected as the 19 

most effective substituents in improving the values of D and P while 20 

–CH2–CH2–/-CN substituents acted on the opposite side.  21 
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 1 

Figure 3. The change tendency of ρ, Q, D and P of the designed compounds 2 

2.4 Thermal stabilities 3 

Bond dissociation energy (BDE) was another important factor to be investigated since 4 

it can provide lots of useful information on thermal stability, pyrolysis mechanism, 5 

and enhancing controllability of kinetic energy release of high energy materials.27 It 6 

has also demonstrated that the smaller is the energy for breaking an energetic bond, 7 

the weaker the bond is, and the easier the bond becomes a trigger bond. In order to 8 

screen the trigger bonds and elucidate the pyrolysis mechanism of the designed 9 

compounds, natural bond orbital (NBO) analyses were carried out to obtain the 10 

Wiberg bond index (WBI, a smaller WBI of a chemical bond always indicates as a 11 

potential trigger bond). Then, seven possible trigger bonds and the corresponding 12 

bond dissociation energies were calculated: (1) ring (C) –R; (2) ring (N) –R; (3) C–C 13 

(bridge); (4) C–N (bridge); (5) C–O (bridge); (6) N–N or N=N (bridge); (7) NH–NH2 14 

or NH–NO2 or C–NO2. The predicted BOs and their corresponding BDEs were 15 

summarized in Table 4. From the table, it is seen that compounds with higher/lower 16 

BO values didn’t possess higher /lower values of BDEs, indicating that there was no 17 

inevitable relation between values of BO and BDE for different compounds. It is also 18 

found that ring (N)–R was selected as the trigger bond for compounds A2, A3, A6, 19 

B1-B4, B6, C3, C6, D2, D4, D6, E2, E3, F2, F3, F4, F6, G2, G3, G6, H2, H3, H4 and 20 
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H6 while ring (C)-R selected as the trigger bonds for none of the designed compounds. 1 

However, the bridges were selected as the trigger bonds for compounds A1, A4, C1, 2 

C2, C4, D1, D3, E1, E4, F1, G1, G4 and H1 while NH–NH2/NH–NO2/C–NO2 3 

chemical bonds will be more unstable for compounds A5, A7, A8, B5, B7, B8, C5, 4 

C7, C8, D5, D7, D8, E5, E6, E7, E8, F5, F7, F8, G5, G7, G8, H5, H7 and H8. 5 

Table 4. Bond dissociation energies (BDE, kJ mol− 1) for the weakest bonds of the 6 

designed compounds. 7 

Compd. Ring(C)-R Ring(N)-R C-C/C=C(bridge) C-N/C=N(bridge) N-N/N=N(bridge)                                     NH-NH2/NH-NO2/C-NO2 

 BO BDE BO BDE BO BDE BO BDE BO BDE BO BDE 

A1 1.0782 552.4 1.0512 448.2 1.0067 247.0 -- -- -- -- -- -- 

A2 1.0764 362.0 1.0152 194.3 0.9969 248.7 -- -- -- -- -- -- 

A3  0.9189 255.9 0.8721 132.7 0.9937 247.3 -- -- -- -- -- -- 

A4 1.1250 449.8 1.0329 304.1 0.9875 250.5 -- -- -- -- -- -- 

A5 1.0328 418.7 1.0549 262.0 0.9949 253.6 -- -- -- -- 0.9147 100.3 

A6 1.1268 360.5 1.0130 204.4 0.9795 252.2 -- -- -- -- 1.0341 207.6 

A7 0.9900 365.5 1.0066 453.4 0.9969 261.8 -- -- -- -- 0.8135 138.0 

A8 1.0140 454.9 1.0124 366.3 1.0032 253.7 -- -- -- -- 0.7796 110.5 

B1 1.0784 548.5 1.0520 407.4 1.0946 500.1 -- -- -- -- -- -- 

B2 1.0082 362.7 1.0203 152.7 1.0971 506.4 -- -- -- -- -- -- 

B3  0.9144 249.3 0.8568 92.9 1.0900 325.6 -- -- -- -- -- -- 

B4 1.1408 451.5 1.0337 258.9 1.1010 501.2 -- -- -- -- -- -- 

B5 1.0382 416.3 1.0563 222.1 1.0902 497.7 -- -- -- -- 0.8944 101.0 

B6 1.1408 361.4 1.0123 155.8 1.1016 503.5 -- -- -- -- 1.0349 230.9 

B7 1.0099 435.2 0.9915 321.2 1.0909 497.1 -- -- -- -- 0.8121 136.2 

B8 1.0140 448.2 1.0107 323.7 1.0862 491.1 -- -- -- -- 0.8001 111.8 

C1 1.0841 553.4 1.0661 387.6 -- -- 1.0993 348.2 1.0313 186.6 -- -- 

C2 1.0829 356.1 1.0093 131.9 -- -- 1.0848 351.2 1.0248 150.8 -- -- 

C3  0.9358 267.7 0.8591 56.9 -- -- 1.1158 346.2 1.0171 174.4 -- -- 

C4 1.1675 465.5 1.0385 249.3 -- -- 1.0360 364.2 1.0141 151.0 -- -- 

C5 1.0373 427.5 1.0586 202.7 -- -- 1.0958 372.5 1.0123 167.6 0.9021 110.3 

C6 1.1284 354.5 0.9999 132.4 -- -- 1.0200 366.1 1.0038 136.3 1.0355 219.4 

C7 1.0044 448.7 0.9902 307.3 -- -- 1.0106 366.6 1.0077 165.3 0.8069 136.4 

C8 1.0223 463.7 1.0282 309.0 -- -- 1.1164 362.7 1.0179 203.1 0.7654 106.9 

D1 1.0766 546.5 1.0405 309.9 -- -- 1.0651 243.4 1.8779 504.8 -- -- 

D2 1.1063 352.3 1.0256 137.9 -- -- 1.1246 292.2 1.7306 433.5 -- -- 

D3  0.9080 240.2 0.7904 301.1 -- -- 1.0825 273.5 1.7864 383.2 -- -- 

D4 1.2154 471.4 1.0320 256.9 -- -- 1.1123 300.3 1.6957 507.0 -- -- 

D5 1.0507 416.5 1.0517 229.6 -- -- 1.0823 158.2 1.7567 626.2 0.8551 96.3 

D6 1.1844 378.7 1.0047 157.8 -- -- 1.1282 305.6 1.7154 285.1 1.0366 204.9 

D7 1.0075 443.0 0.9777 367.7 -- -- 1.1083 289.2 1.7515 533.6 0.8182 137.0 
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D8 1.0101 451.0 0.9939 365.1 -- -- 1.0962 279.0 1.7711 460.8 0.7793 131.1 

E1 1.0853 555.6 1.0502 447.1 1.0024 403.2 0.9876 248.8 -- -- -- -- 

E2 1.0754 356.3 1.0174 191.1 1.0112 404.0 0.9624 240.6 -- -- -- -- 

E3  0.9367 268.6 0.8708 36.8 1.0032 397.4 0.9831 262.5 -- -- -- -- 

E4 1.1133 434.0 1.0274 296.3 1.0083 401.7 0.9741 231.9 -- -- -- -- 

E5 1.0313 424.7 1.0534 278.4 1.0001 403.8 0.9647 252.3 -- -- 0.8700 96.6 

E6 1.0907 359.5 1.0084 217.8 0.9989 407.6 0.9664 245.6 -- -- 1.0281 196.4 

E7 1.0140 439.6 0.9832 366.6 1.0026 409.5 0.9604 265.9 -- -- 0.8193 146.2 

E8 1.0249 458.6 1.0007 354.8 1.0015 382.5 0.9613 253.7 -- -- 0.7772 101.3 

F1 1.0772 548.8 1.0479 416.1 1.0712 452.5 1.1099 385.9 -- -- -- -- 

F2 1.1083 359.0 1.0223 166.0 1.0879 466.6 1.1150 392.1 -- -- -- -- 

F3  0.9093 244.3 0.8389 41.1 1.0614 446.0 1.1100 380.6 -- -- -- -- 

F4 1.1713 465.6 1.0322 268.7 1.0796 468.2 1.1150 397.2 -- -- -- -- 

F5 1.0426 418.0 1.0538 253.3 1.0674 459.4 1.1055 383.1 -- -- 0.8519 93.5 

F6 1.1117 347.8 1.0102 185.1 1.0733 462.0 1.1075 376.0 -- -- 1.0278 209.8 

F7 1.0092 448.5 0.9858 329.2 1.0763 447.0 1.1063 395.8 -- -- 0.8140 135.2 

F8 1.0119 458.1 1.0060 266.7 1.0634 437.2 1.1053 387.0 -- -- 0.7761 112.3 

G1 1.0784 550.8 1.0663 378.6 0.9988 385.8 0.9654 228.8 -- -- -- -- 

G2 1.0822 365.3 1.0074 119.1 0.9995 396.2 0.9685 227.0 -- -- -- -- 

G3  0.9193 262.0 0.8880 57.3 0.9970 402.5 0.9648 240.5 -- -- -- -- 

G4 1.1240 449.4 1.0330 229.2 0.9996 389.0 0.9672 224.6 -- -- -- -- 

G5 1.0368 426.3 1.0657 209.1 0.9998 392.7 0.9763 243.5 -- -- 0.8594 94.0 

G6 1.1070 362.6 1.0155 143.3 1.0004 399.3 0.9776 241.7 -- -- 1.0295 213.5 

G7 1.0070 437.0 1.0000 291.5 1.0069 388.8 0.9673 213.9 -- -- 0.8031 140.9 

G8 1.0162 454.3 1.0309 284.9 1.0018 376.4 0.9681 213.3 -- -- 0.7833 98.1 

H1 1.0775 545.0 1.0429 411.8 1.0758 453.0 1.1308 404.3 -- -- -- -- 

H2 1.0929 363.0 1.0243 159.3 1.0821 460.0 1.1344 407.9 -- -- -- -- 

H3  0.9116 246.8 0.8360 90.2 1.0593 453.0 1.1280 389.4 -- -- -- -- 

H4 1.1482 453.1 1.0357 266.3 1.0918 454.1 1.1235 404.4 -- -- -- -- 

H5 1.0427 415.7 1.0553 243.9 1.0684 451.3 1.1257 405.2 -- -- 0.9567 111.4 

H6 1.1189 359.8 1.0124 182.3 1.0816 457.4 1.1248 403.3 -- -- 1.0301 217.7 

H7 1.0097 431.3 0.9848 343.2 1.0734 451.4 1.1216 414.0 -- -- 0.8168 139.8 

H8 1.0132 444.1 1.0000 339.5 1.0644 445.7 1.1220 399.4 -- -- 0.7798 116.8 

 1 

Figure 4 illustrates the change tendency of BOs and BDEs of the designed compounds. 2 

From the figure, it is seen that the change tendency of BOs were similar to each to 3 

other. It is also found that BOs of the –CN substituted compounds were more 4 

dispersed while those of –NHNH2 and –CH(NO2)2 substituted compounds were more 5 

centralized. The results show that bridges were the main influence factor for the –CN 6 

substituted compounds, whereas the energetic groups acted as the key elements for 7 

the –NHNH2 and –CH(NO2)2 substituted compounds. In view of BDEs, for 8 
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compounds with the same energetic group but different bridges, it is found that the 1 

–NH–NH– bridged compounds have the lowest values of BDEs (for –CN, –NHNH2 2 

and –NH2 substituted compounds) while it is the –CH2NH–/–CH=N–/–N=CH– 3 

bridged compounds possess the lowest BDEs for the other substituted compounds. 4 

However, no efficient influence sequence was found for the designed compounds. 5 

When compounds were substituted by the same bridge but different energetic groups, 6 

the –CN substituted compounds were found to have the highest values of BDEs 7 

(except for series A, D and E, the fact is that the –NH2 substituted ones has the 8 

highest values of BDEs). On the opposite side, the –NO2 substituted compounds has 9 

the lowest values of BDEs for series B, C, E, F, G and H while the –NHNO2 10 

substituted has the lowest values of BDEs for series A and D. This is because these 11 

molecules contain strong electron withdrawing group which will damage their 12 

stabilities to a certain extent. It is also should be noted that the trigger bonds were 13 

NH–NO2/C–(NO2)3/CH–(NO2)2 rather than other chemical bonds when 14 

–NHNO2/–C(NO2)3/–CH(NO2)2 groups were added to the parent molecules. Overall, 15 

it may be predicted that the –CN/–NH2 will be helpful to improve the thermal 16 

stabilities of the designed compounds while the –NH–NH–/–NO2/–NHNO2 17 

substituents will decrease their thermal stabilities for most of the designed 18 

compounds.  19 

 20 

Figure 4. The change tendency of BOs and BDEs of the designed compounds 21 
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In general, promising high energy materials should not only have excellent 1 

detonation velocities and detonation pressures, but should possess acceptable thermal 2 

stabilities. Take both detonation properties and thermal stabilities into consideration, 3 

compounds C7, D3, D7, F7, G7 and H7 were finally screened as potential high energy 4 

materials since these compounds had superior detonation properties and thermal 5 

stabilities than those of RDX (D, 8.75 km s-1; P, 34.0 GPa; BDE, 134.7 kJ mol-1). 6 

Then, electronic structures (such as the distribution of HOMOs and LUMOs, 7 

electrostatic potentials) were simulated fully to give a better understanding of 8 

physicochemical properties of the screened high energy materials.   9 

2.5 Electronic structures  10 

Figure 5 displays the distribution of the HOMOs and LUMOs, in which the red color 11 

represents positive phase and green color represents the negative phase. From the 12 

figure, it is clear that the distribution of HOMOs and LUMOs were different from 13 

each other. For compound C7, LUMOs were mainly distributed on the –CH(NO2)2 14 

group that attached to tetrazole ring while the HOMOs were distributed on the 15 

tetrazole ring. For compound H3, the distributions were similar to each other and all 16 

the orbitals were decentralized on the whole molecule. For compounds D7, F7 and H7, 17 

all the orbitals were mainly distributed on the parent molecule. In view of compound 18 

G7, the LUMO was mainly distributed on the –CH(NO2)2 group while the HOMO 19 

was mainly distributed on the tetrazole ring. On the other hand, the calculated 20 

ΔELUMO-HOMO of compounds C7, D3, D7, F7, G7 and H7 were 4.77, 3.92, 3.78, 4.66, 21 

4.49 and 4.58 eV. It can be predicted that the order of stability were C7>F7> 22 

H7>G7>D3>D7 which was also the reverse order of chemical reactivity.   23 

 24 

Figure 5 Distribution of LUMO and HOMO of the selected compounds 25 

http://www.baidu.com/link?url=BqfANLZHYs6rfbmhDsxM-n_P93kUgEL6qOQuHs-AsXfHNQP80W_2_WwspfiObhsDJQ6o1o2bUyOK-t4GBWFbDZ8om_vHnaJ7XHgdyjiSEfd513v7E4z5989l7XlFhQg1


22 

Electrostatic potential (ESP) on molecular surface28 of the designed compounds were 1 

fully investigated and depicted in Figure 6. It also should be pointed out that the red 2 

color presents the positive potentials while the green color presents the negative 3 

potentials. It is seen that the positive potentials of the selected compounds were 4 

mainly located on the on the oxadiazole/tetrazole ring or bridges while those of 5 

negative potentials were mainly distributed on the energetic groups. In order to 6 

predict the chemical reactive sites of the designed compounds, the extreme value 7 

points of ESP on molecular surface were plotted (only significant surface local 8 

minima (blue points) and maxima (red points) were labeled). It is observed that the 9 

maximum points for the selected compounds were located around the hydrogen atoms 10 

for compounds C7, D7, F7, G7 and H7 with values of +65.7, +55.6, +71.2, +59.9, and 11 

+65.9 kcal mol-1. However, the minimum points of compounds C7, D7, F7, G7 and 12 

H7 were around nitrogen atoms of tetrazole ring with values of -23.4, -22.6, -23.3, 13 

-27.8 and -25.7 kcal mol-1. But for compound D3, the case is that the maximum and 14 

minimum points were located near the nitrogen atoms of tetrazole ring with values of 15 

+42.6 and -24.8 kcal mol-1, respectively. In view of the area ratios of positive 16 

potentials and negative potentials, areas of positive potentials for all the screened 17 

compounds were found to be larger than the negative areas which in turn will improve 18 

the stabilities of these structures. 19 

 20 

Figure 6 ESP and ratios of the positive and negative potentials of the selected 21 

compounds 22 

 23 
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Conclusions 1 

In this work, 1,2,5-Oxadiazole-1,2,3,4-tetrazole bridged high energy density materials 2 

with different energetic groups were designed and their properties were investigated 3 

by density functional theory. The values of solid phase of heats of formation were 4 

from 454.7 (A4) to 1506.3 kJ mol-1 (D2) and the –N=N–/–N3 substituents were found 5 

to be more helpful to improve the heats of formation of the designed compounds. The 6 

predicted density, heats of detonation, detonation velocities and detonation pressures 7 

were from 1.48 (A4 and A6) to 1.99 g cm-3 (D8), from 783.3 (B4) to 1863.71 cal 8 

g-1(H5), from 6.26 (B1) to 9.52 km s-1 (G8) and from 15.7 (A1) to 42.1 GPa (G8), 9 

respectively, indicating that compounds with higher heats of detonation will always 10 

possess detonation properties. Based on the calculated bond orders and bond 11 

dissociation energies of the weakest bonds, no evident regularity was found for the 12 

influence of different substituents/bridges on bond orders while it is true that the 13 

NH–NO2/C–(NO2)3/CH–(NO2)2 bonds acted as the trigger bonds. Take both thermal 14 

stabilities and energetic properties into consideration, six compounds (C7, D3, D7, F7, 15 

G7 and H7) were selected as potential candidates for high energy compounds and 16 

their distribution of frontier molecular orbitals and electrostatic potentials were 17 

simulated to supply detailed information on their electronic structures.  18 
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