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Theoretical Study on the Structures and Properties of Bicyclo-HMX
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(Department of Chemistry, Nanjing University of Science and Technology, Nanjing 210094)

Abstract The compound tetranitrotetraazabicyclooctane (bicyclo-HMX) has been calculated by using the
density functional theory method at the B3LY P/6-311G* level. There are two optimized molecular geome-
tries: o (1H,5H-cis) and p (1H,5H-trans) conformations. Based on the comparison of molecular symmetry,
intramolecular hydrogen bonds, ring strain, total energies and frontier orbital energies, it was found that o con-
formation is more stable than . The bond lengths of N—N are longer and Mulliken population of N—N is
smaller than the other bonds in bicyclo-HMX, which means that the N—N may be the initial bond in pyro-
lysis and explosion. Normal-mode analyses were used to characterize the stable point and to determine the
harmonic vibrational frequencies. Thermodynamic properties at 200~1000 K were provided using statisti-
cal thermodynamic method. Pyrolysis mechanism was investigated using unrestricted Hatree-Fock model of
semi-empirical PM3 method, getting each transition state and activation energy, and finding that the rupture
of side N—NO, bond is preferential. And the density, detonation velocity and pressure of bicyclo-HMX
were predicted, which will set afoundation to look for high energy density materials.
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Figure 1 The two conformations and atomic numbering of
tetranitrotetraazabicyclooctane
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Table 1l Some optimized geometrical parameters of two bicyclo-HMX conformations by B3LY P/6-311G* (Bond length in nm, bond

angle and dihedral angle in degree)

Conformation

Conformation

Parameter Parameter
o B o B
C(1)—C(5) 0.156 0.153 N(2—C(1)—C(5) 105.6 1017
C(1)—N(2) 0.146 0.145 N(2—C(1)—H(21) 109.3 109.5
N(2—C(3) 0.146 0.149 C(5—C(1)—H(21) 114.8 112.0
C(3—N(4) 0.147 0.150 N(2—C(3)—N(4) 104.2 103.6
N(4)—C(5) 0.146 0.145 H(22)—C(3)—H(23) 109.6 109.4
C(1)—H(21) 0.109 (0.098) 0.109 C(1)—C(5)—N(4) 103.0 1013
C(3—H(22) 0.108 (0.097) 0.108 C(1)—N(2)—N(9) 116.1 1155
N(2—N(9) 0.144 0.145 C(3—N(2—N(9) 116.1 111.9
N(4)—N(12) 0.141 0.142 C(3—N(4)—N(12) 118.0 1134
N(6)—N(15) 0.144 0.145 C(5)—N(4)—N(12) 117.8 116.2
N(8)—N(18) 0.141 0.141 N(2)—N(9)—O0(10) 116.6 117.3
N(9)—O(10) 0.121 0.121 N(2—N(9)—O(11) 115.8 1145
N(9)—O(11) 0.121 0.121 N(4)—N(12)—0(13) 116.0 115.4
N(12)—O(13) 0.122 0.122 N(4)—N(12)—0(14) 116.2 116.3
N(12)—O(14) 0.121 0.121 C(1)—N(2)—N(9)—0(10) —25.0 —145
O(10)-++H(21) 0.219 (0.225) 0.234 C(3)—N(4)—N(12)—0(14) 159.0 —146.7
O(11)++-H(22) 0.225 (0.225) 0.231 C(1)—N(2—C(3)—N(4) —24.3 —5.8
0(13)-+H(22) 0.232 N(2)—C(1)—C(5)—N(4) —16.1 433
O(14)-++H(24) 0.234 (0.253) N(2)—C(3)—N(4)—C(5) 13.7 334
0(16)+*H(26) 0.224 0.223 N(9)—N(2—C(3)—H(22) —120 24
O(17)+++H(24) 0.219 H(21)—C(1)—N(2)—N(9) 16.6 —29.8
0(19)**H(26) 0.232 0.238 N(2)—N(9)—O(10)—0(11) 176.0 178.2
0(20)-++H(21) 0.234 N(4)—N(12)—0(13)—0(14) 177.4 177.6

2 Datain the parentheses are experimental ones by X-ray diffraction taken from Ref. [8].
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Table2 Net atomic charges for two bicyclo-HMX conformations at B3LY P/6-311G* level (unit: au.)
J il J5 il
a B o B
C(1) 0.118 0.136 0O(14) —0.377 —0.361
N(2) —0.333 —0.340 N(15) 0.659 0.650
C(3) —0.011 0.015 0O(16) —0.371 —0.369
N(4) —0.339 —0.325 0O(17) —0.372 —0.355
C(5) 0.118 0.146 N(18) 0.663 0.663
N(6) —0.333 —0.329 0(19) —0.384 —0.3%
C(7) —0.011 —0.003 0(20) —0.377 —0.359
N(8) —0.339 —0.354 H(21) 0.279 0.227
N(9) 0.659 0.662 H(22) 0.263 0.239
0(10) —0.372 —0.345 H(23) 0.205 0.199
O(11) —0.371 —0.371 H(24) 0.279 0.216
N(12) 0.663 0.662 H(25) 0.205 0.214
o(13) —0.384 —0.375 H(26) 0.263 0.253
R 3 BUR-HMX Bifl 550 711 B3LY PI6-3L1G* i /0 b 24 8 1) Mulliken £ %
Table3 Mulliken population of some bonds in two bicyclo-HM X conformations at B3LY P/6-311G* level
o I o el
o B o B
C(1)—C(5) 0.291 0.189 C(7)—H(26) 0.356 0.356
C(1)—N(2) 0.252 0.207 N(9)—O(10) 0.341 0.335
C(1)—N(8) 0.183 0.170 N(9)—O(11) 0.342 0.350
N(2—C(3) 0.264 0.250 N(12)—O(13) 0.358 0.344
C(3—N(4) 0.249 0.251 N(12)—O(14) 0.358 0.351
N(4)—C(5) 0.183 0.177 N(15)—0O(16) 0.342 0.332
C(5)—N(6) 0.252 0.220 N(15)—0O(17) 0.341 0.331
N(6)—C(7) 0.264 0.269 N(18)—0O(19) 0.358 0.353
C(1)—H(21) 0.365 0.396 N(18)—0O(20) 0.358 0.365
C(3—H(22) 0.356 0.369 N(2—N(9) 0.155 0.168
C(3)—H(23) 0.387 0.382 N(4)—N(12) 0.149 0.167
C(5)—H(24) 0.365 0.397 N(6)—N(15) 0.155 0.152
C(7)—H(25) 0.387 0.385 N(8)—N(18) 0.149 0.134

2The units of Mulliken population is a.u.
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Table 4 Total energies (E), frontier molecular orbital energies (Enomo, ELumo) and their gaps (AE) for two bicyclo-HMX conforma-

tions (unit: eV)

Bicyclo-HMX E ELumo Eromo AE
o —32535.602 —2.749 —8.785 6.036
—32534.278 —2.784 —8.627 5.843

5 WF-HMX PIFHZEIE G IR JRE1Z (cm DA E (kmemol %2
Table5 Scaled IR frequencies (cm Y) and intensities (kmemol %) for two bicyclo-HMX conformations

a p
Freg. (Inten.)  Freg. (Inten.)  Freq. (Inten.)  Freg. (Inten.) Freg. (Inten.)  Freq. (Inten.)  Freg. (Inten.) Freg. (Inten.)
22 (0.6) 413 (28.1) 875 (52.5) 1278 (110.6) 41 (1.5) 400 (1.9) 900 (63.1) 1294 (69.8)
34(1.8) 474 (4.8) 916 (0.1) 1303 (108.3) 47 (1.0) 427 (7.9) 946 (62.8) 1313 (38.5)
40 (1.7) 565 (4.3) 929 (45.7) 1318 (1.1) 59 (0.3) 498 (20.9) 975 (14.6) 1328 (54.9)
72(3.8) 565 (5.8) 948 (313.8) 1338 (82.0) 67 (5.0) 543 (6.8) 990 (67.1) 1351 (58.1)
79(0.1) 587 (5.2) 986 (14.6) 1354 (58.8) 76 (0.2) 568 (14.5) 1018 (146.7) 1404 (0.6)
86 (0.9) 605 (21.3) 990 (351.0) 1373 (2.0) 83(0.2) 610 (25.5) 1041 (37.9) 1445 (4.7)
94 (1.1) 607 (16.5) 1059 (38.7) 1472 (13.2) 91(0.9) 631 (10.8) 1044 (90.0) 1468 (16.3)
100 (3.1) 721 (13.4) 1081 (73.6) 1476 (39.6) 120 (1.0) 664 (20.9) 1050 (44.9) 1485 (5.6)
122 (1.5) 721 (8.3) 1116 (0.6) 1590 (34.9) 145 (4.4) 701 (2.0) 1093 (80.6) 1592 (153.5)
198 (3.4) 728 (24.2) 1162 (149.4) 1598 (453.4) 169 (2.6) 738 (10.8) 1134 (104.8) 1600 (647.1)
203 (0.2) 734 (17.4) 1174 (81.4) 1611 (308.6) 198 (6.5) 741 (7.9) 1149 (15.7) 1618 (254.8)
220 (2.9) 737 (19.4) 1188 (0.7) 1617 (341.4) 201 (7.5) 747 (55.6) 1175 (73.2) 1628 (180.5)
266 (17.7) 750 (2.1) 1192 (14.6) 2971 (1.6) 266 (2.7) 758 (1.5) 1203 (97.0) 2885 (8.5)
289 (3.3) 751 (60.9) 1208 (4.8) 2973 (27.6) 282 (1.8) 763 (1.2) 1216 (42.9) 2933 (9.8)
311 (1.0) 811 (81.4) 1239 (550.0) 3036 (17.8) 306 (2.4) 776 (13.2) 1222 (81.4) 2950 (15.2)
334 (1.8) 838 (0.8) 1243 (17.4) 3039 (9.5) 338(0.9) 834 (157.4) 1256 (118.3) 2995 (7.7)
359 (0.5) 842 (101.5) 1257 (47.1) 3065 (15.6) 345 (2.6) 846 (46.6) 1266 (515.3) 3065 (6.5)
386 (1.7) 859 (32.2) 1262 (401.0) 3066 (0.8) 366 (2.8) 863 (56.4) 1278 (196.4) 3066 (1.0)

2 Datain the parentheses are the IR intensities (kmemol ~%).
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Table6 Thermodynamic properties of bicyclo-HMX at different temperatures

o p
K Cpm /(Jemol K™ S5 /(Jmol K™ Hp/(kdmol ™) Cpm/(Fmol teK™) Sy /(Jemol 'K ™) Hpy/(kFmol ™)
200.0 194.07 485.95 24.38 196.45 476.97 24.38
298.2 264.32 576.51 46.87 265.54 568.28 47.05
300.0 265.63 578.15 47.36 266.82 569.93 4755
400.0 331.63 663.85 77.31 331.86 655.83 77.56
500.0 385.68 743.89 113.28 385.46 735.86 11353
600.0 427.96 818.11 154.05 427.61 810.02 154.27
700.0 460.87 886.65 198.56 460.56 878.51 198.75
800.0 486.79 949.95 246.00 486.57 941.78 246.15
900.0 507.50 1008.53 295.75 507.39 1000.33 295.89
1000.0 524.29 1062.89 347.37 524.28 1054.69 347.50
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Table 7 Heats of formation for reactants, transition states and
products and activation energies for the pyrolysis initiation reac-
tions of a-bicyclo-HMX in gas phase

S AR (kdemol 1) ‘iﬁﬂcﬁﬁi
R TS P (kJemoal )
N—N 664379 733.758 688.901 69.379
C—N 664379 881.942 728.230 217.563
C—C 664379 860419 849.862 196.040
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Figure 2 Potentid curves of homolysis of C—C, C—N and N—

N bond in a-bicyclo-HMX by UHF-PM 3 method
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Table8 Predicted detonation velocity and pressure of bicyclo-HM X

Bicyclo-HMX AH/(kJmol %) pl(gecm ™) D/(kmes %) P/GPa
« 247.65 1.842 (1.92) 9.03 (9.134)* 36.69 (42.0)°
B 367.00 1.867 9.25 38.82

2 Data in the parentheses are taken from Ref. [2].
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