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Fig.1 Design process of high-energy-density nitrogen-rich cage nitro compounds
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Table 1 Chemical bond energy
bond Ebond bond El)nnd
/ kJ-mol™ / k)-mol™
C(s) 236" C—H 413
C=0 (C0,) 799 N—H 391
N=0O (—NO,) 439% N=—/N 941
O—H 467 0—0 495
H—H 432 C—NO, 279
N—NO, 209"
Note: 1) Calculated utilizing the reaction C(s) + O,(g) — CO,(g) with

AH=-394 kJ-mol™'. 2) The bond energy for N=O (in nitro groups
— NOZ) is from https://calculla. com/bond_energy#beta_version. 3)
Calculated by the energy difference before and after the —NO, group
substitution in C;N H,-10-3NO, and C,N H.-10-NO, under B3LYP/

3756 5T
6-31G(d, p). The other bond energies are taken from reference Zum-

dahl’s Chemistry textbook'2®’.
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Fig.2 Nitrogen-rich molecular cage scaffolds constructed based on Noradamantane structure
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Table 2 Enthalpy of formation and strain energy of nitrogen-rich molecular cage scaffolds constructed based on Noradamantane
structure

scaffold N content/ % "’ AfHeg /K)smol™? E . /k-mol™? |scaffold N content/ % " AfHQg /k)+mol™? E . /kJ-mol"?
CHN.-T 55 236 158 C,HyN,-8 66 438 200

CHN.-2 55 465 168 C,H N9 66 622 166

C,HN.-3 55 512 82 C,H,N,-10 66 715 255

C,H,N-4 55 445 155 C,HN-11T 66 583 135

C,H,N-5 55 528 198 CH,N-12 66 562 111

C,HN<-6 55 527 138 C,H,N-13 66 561 130

CHN,-7 55 578 239 C,H,N,-1 76 737 160

C,HN,-8 55 451 115 C,H,N,-2 76 748 171

C,H,N-9 55 486 131 C,H,N,-3 76 682 231

C,H,N,-10 55 508 115 C,H,N,-4 76 669 225

C,H,N-11 55 470 78 C,H,N,-5 76 761 225

C,H,N-12 55 492 106 C,H,N,-6 76 691 173

C,H,N,-13 55 446 99 C,H,N,-7 76 711 186

C,H,N,-14 55 480 110 C,H,N,-8 76 740 203

C,H,N.-15 55 437 94 C,H,N,-9 76 715 183

C,H,N.-16 55 379 143 C,H,N,-10 76 795 234

C,H,N,-17 55 364 147 C,H,N,-11 76 723 146

C,H,N.-18 55 400 107 C,H,N-12 76 732 203

C,H N, -1 66 616 106 C,H,N,-13 76 748 220

C,H,N,-2 66 681 186 CH N -1 86 849 235

C,H,N,-3 66 585 89 CHN,-2 86 880 259

C,H,N-4 66 577 145 CH,N,-3 86 922 264

C,H,N,-5 66 505 183 CHN,-4 86 889 231

C,H,N,-6 66 596 140 N H, 96 1059 305

CH,N,-7 66 521 162

Note: 1) N content is the mass ratio of N elements. 2) A, He is the gas-phase enthalpy of formation and 3) E_ . is the strain energy calculated by B3LYP/6-31G(d,

p) and homodesmotic reaction methods.
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Fig.3 Molecular structures of high-energy-density nitro derivatives(with the smallest three LBOs marked by red numbers)
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Table 3
ence method and B3LYP method

FE R L

Comparison between the energy density of nitro molecular structures calculated by the chemical bond energy differ-

compound Ey esimare / K-8 Eygoye / K-g™ Error / % AH', [ k)-mol™ Epun / KJemol™ OB/ %
H,N,-NO, 9.13 8.95 2.0% 1092 342 0
CH,N,-3-2NO, 8.73 8.49 2.9% 990 342 0
CH,N,-4-2NO, 8.58 8.37 2.5% 965 317 0
CH,N,-2-2NO, 8.55 8.38 2.0% 966 369 0
CH,N,-3-NO, 8.54 8.42 1.3% 972 319 =23
C,H,N,-10-3NO, 8.50 8.59 -1.0% 996 449 0
CH,N,-1-2NO, 8.40 8.29 1.3% 948 351 0
C,H,N,-5-3NO, 8.38 8.37 0.1% 938 423 0
CH.N,-4-NO, 8.35 8.30 0.6% 949 296 =23
C,H.N,-10-2NO, 8.34 8.28 0.7% 914 362 -18
C,H,N-10-3NO, 8.34 8.34 0.0% 900 462 =15
C,H,N,-13-3NO, 8.33 8.14 2.2% 879 387 0
C,H,N,-2-3NO, 8.33 8.33 -0.6% 941 378 0
C,H,N;-1-5NO, 7.33 7.33 0.0% 523 374 0
CL-20 5547 3147 -1
ONC 7267 11317 0
Note: E, . . is the energy density calculated by chemical bond energy difference method. E, . ., is the energy density calculated by B3LYP/6-31G (d, p).
Error=C(E, o= Eopave) Esgaiye A,H“g is the gas-phase enthalpy of formation. E, . is the strain energy calculated by B3LYP/6-31G(d,p) and homodesmotic

reaction methods. OB is the oxygen balance. Reference'*.
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Table 4 Physicochemical parameters and explosive characteristics of the high-energy-density nitro compounds (with the stable

ones in bold font)

8)

compound N/ % OB/ % p/lgem™ AH® /k)-mol™ Q,/ kg™ v,/ km-s™ pg / GPa n
H,N,-1-NO, 80 0 1.88 995 8.40 10.4 49 1.24
CH,N,-3-2NO, 64 0 1.90 878 7.98 10.1 47 1.15
CH,N,-4-2NO, 64 0 1.87 867 7.93 10.0 45 1.13
CH,N,-2-2NO, 64 0 1.89 860 7.90 10.0 46 1.14
CH,N,-3-NO, 72 =23 1.80 877 7.88 9.7 42 1.12
C,H,N,-10-3NO, 53 0 1.88 881 8.15 9.9 45 112
CH,N,-1-2NO, 64 0 1.92 833 7.77 10.1 47 1.14
C,H,N,-5-3NO, 53 0 1.91 810 7.88 10.0 46 112
CH N,-4-NO, 72 =23 1.75 870 7.84 9.5 39 1.1
C,H.,N,-10-2NO, 58 -18 1.83 811 7.81 9.6 41 1.09
C,H.N-10-3NO, 48 =15 1.88 769 7.84 9.6 42 1.09
C,H,N,-13-3NO, 53 0 1.93 751 7.66 10.0 46 1.12
C,H,N -2-3NO, 53 0 1.90 812 7.84 9.9 45 112
C,H,N;-1-5NO, 39 0 1.93 358 6.86 9.5 42 1.04
CL-20 38 =11 2.04 377 6.18 9.6 39 1.09

Note: N is nitrogen content. OB is oxygen balance. p is crystal density. AH’ is calculated enthalpy of formation in solid state. Q, is heat of explosion.

tion velocity. p, is detonation pressure. The metal acceleration ability relative to HMX (n,,,,,=1).

HoN NH, HsC NH, HsC CH,
N\ et o \ ¢ / \ ¢ /
N—E-N N—§-N N-§—N

/ / /
HoN NH, H,N NH, H,N NH,
LBO =0.480 LBO =0.472 LBO =0.515

BDE =85 kJ*mol™!

H,N NH,
N—E—N
HyC NO,
LBO =0.726

BDE =142 kJ*mol™!

H N CH,
/
CH-3-N
H,N NO,
LBO =0.616

BDE =362 kJ+mol™!

BDE =97 kJ*mol™'

H,yC NH,

LBO =0.480
BDE =143 kJ*mol™!

H,N NH,

LBO =0.973
BDE =336 kJ+mol™!

BDE =111 kJ*mol"!

H,N NO,

LBO =0.641
BDE =210 kJ*mol™!

HN
\
N-3-NO,
HN

LBO =0.453
BDE =115 kJ*mol™!

4 N—N N—CHI C—C b2 5 19 738 7 Hr 58 2 R B o o mE 0 1 3 45
Fig.4 The calculated LBOs and BDEs of N—N, N—C and C—C chemical bonds
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H,N NH,

H,N NO,

LBO =0.671
BDE =117 kJ*mol™!

H,N NH,

LBO =0.702
BDE =256 kJ*mol™!

H,N
N-$-NO,

/

HyC

LBO =0.623
BDE =156 kJ*mol™!

2024 4

% 32 %

H,N
/N—E—NH

\
H,N NH,

LBO =0.521
BDE =134 kJ+*mol™!

H,N NO,

LBO =0.610
BDE =354 kJ*mol™!

HsC

\
N-5-NO,
HiC

LBO =0.827
BDE =215 kJ*mol™!

%104

v, is detona-

B 7R, 4% 5 46 09 JT 2R 2 I A G ¥4I T il 5L 24 19 BDE,
P % P e S5 M e M = T R W . 5 RDX L HMX,
CL-20 % fiff e X 25 B fige S iR B T N—NO, B I 24K
] C,H,N,-1-5NO, JF 3 [ i AG=168 k)-mol™,
B A T N—NO, B2 BDE(173 kJ-mol™) ., K, Bk
C,H,N;-1-5NO, 1) 1 5 N—NO, # LBO K (0.558) 7
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12 N 5/N 10 14 N 2, 7 7 N\2 2 \2
No2 O,N H O,N NO, O,N NO,
1.C—N: 0.425 8. N—N: 0.582 1.N—N: 0.493 8.N—N: 0.599 1.N—N: 0.558 6.C—C: 0.653 1.N—N: 0.542 5.C—N: 0.691
2.N—N: 0.494 9.N—N: 0.595 2.N—N: 0.502 9.N—N: 0.610 2.N—N: 0565 7.C—N: 0.660 2.N—N: 0.564 6.C—C: 0.798
3.N—N: 0.501 10.N—N: 0.644 3.N—N: 0.510 10.C—N: 0.641 3.N—-N: 0.567 8.C—N: 0.664 3.C—N: 0.611 7.C—C: 0.805
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6.N—N: 0.560 13.C—N: 0.807 6.N—N: 0.556 13.C—C: 0.699
7.N—N: 0.572 7.N—N: 0.581 14.C—N: 0.743

a. LBO of CH,Ng-1-2NO, b. LBO of C,H,N,-13-3NO,

B5 g e
Fig.5 Comparison of LBOs

ring-open channel
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TS: C(9)-C(19) dissociation
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\ % N-NO, dissociation channel
@50@ @ FS:N(2)-N(3) dissociation
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%
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B 6 T J vy # 42 FE Jk iy 24 5 i fig
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ring-open channel
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N-NOz dissociation channel
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ring-open channel
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\ ’@ N-NO, dissociation channel
ZO
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Fig.6 Barriers of ring-opening reaction and the BDEs of N—NO, dissociation.
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Fig.7 The relationship between energy density of nitro molecules and OB and N
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Design and Performance Prediction of High-energy-density Nitrogen-rich Cage Energetic Molecules based on

Noradamantane

WANG Wei-wen'?, CHEN Li-zhen', ZHANG Chao-yang’, XIE Wei-yu*

(1. School of Chemistry and Chemical Engineering s North University of China, Taiyuan 030051, China; 2. Institute of Chemical Materials, Chinese Academy
of Engineering Physics, Mianyang 621999, China)

Abstract: This study presents a method for rapidly estimating energy density based on the energy difference of chemical bonds,
along with a technique for promptly evaluating cage structural stability by integrating Laplacian bond order and the bond dissoci-
ation energy of molecular fragments. By exhaustively constructing all nitrogen-rich frameworks derived from Noradamantane and
its 435 nitro derivatives, the study applied the aforementioned computational methods to screen molecular structures with high
energy density and stability. The reliability of the screening results was confirmed through quantum chemical energy calculations
and transition state reaction barrier calculations. Two nitro compounds exhibiting both high energy density and structural stability
were identified, with theoretical maximum values of detonation heat, detonation velocity, detonation pressure, and metal accel-
eration capability reaching 7.77 kJ-g™', 10.1 km-s™', 47 GPa, and 1.14 times the metal acceleration capability of HMX, respec-
tively, and with structural decomposition reaction barriers 296 kJ-mol™'. The rapid screening method for energy density and sta-
bility of energetic molecules established in this study can provide theoretical guidance for the future design of high-energy stable
energetic molecules.

Key words: nitrogen-rich cage molecules;energy estimation method;stable structure screening method; high-energy-density ma-
terials
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