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Abstract The B3LYP/6-31G (d) method of density func-
tional theory (DFT) was used to study molecular geometry,
electronic structure, infrared spectrum (IR) and thermody-
namic properties. The heat of formation (HOF) and calcu-
lated density were estimated to evaluate the detonation
properties using Kamlet—Jacobs equations. Thermal stability
of 3,5,7,10,12,14,15,16-octanitro- 3,5,7,10,12,14,15,16-
octaaza-heptacyclo[7.5.1.1%%.0"1.0%¢.0*'%.0%! ' Thexade-
cane (cage-tetranitrotetraazabicyclooctane) was investigated
by calculating the bond dissociation energy (BDE) at unre-
stricted B3LYP/6-31G (d) level. The calculated results show
that the N-NO, bond is a trigger bond during thermolysis
initiation process. The crystal structure obtained by mo-
lecular mechanics (MM) methods belongs to Pna2,
space group, with cell parameters a=12.840 A, b=
9.129 A, ¢=14.346 A, Z=6 and p=2.292 g-cm . Both
the detonation velocity of 9.96 km's™' and the detona-
tion pressure of 47.47 GPa are better than those of CL-
20. According to the quantitative standard of energetics
and stability, as a high energy density compound
(HEDC), cage-tetranitrotetraazabicyclooctane essentially
satisfies this requirement.
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Introduction

High energy density compounds (HEDCs) have been re-
ceiving considerable attention because of their superior ex-
plosive performance over the currently used explosive
[1-4]. Searching for novel HEDCs to meet the demands of
military and civilian applications has become one of the
most active research areas and seems to be never-ending
[5-8]. For HEDCs, besides high detonation performance,
sensitivity is a prerequisite requirement. They should be
safe, stable, and reliable enough to detonate under specific
conditions. So good thermal stability and low impact and
shock sensitivities are of equal importance to detonation
performance, but these requirements are somewhat recipro-
cally exclusive, with improved insensitivity bringing inferi-
or performance and vice versa. Therefore, the foremost
objective is to find the molecule having better detonation
performance and safety than those currently used in
explosives.

Highly nitrated cage molecules constitute a new class
of energetic materials that have gained great importance
in recent years [9-11]. These strained rings of cage
compounds possess a concomitant increase in the heat
of formation and a high density, which makes them power-
ful explosives [12—14]. In this class, CL-20 [2,4,6,8,10,12-
hexanitrohexaazaisowurtzitane (HNIW)] is a new nitr-
amine explosive, which has six N-NO, groups in its poly-
cyclic structure, resulting in an increased density and heat
of formation [15-17]. CL-20 is reported as an attractive
high thermally stable explosive with decomposition tem-
perature 228 °C. Octanitrocubane (ONC) [18] is another
highly energetic explosive [19]. The energy performance of
ONC calculated at density 2.03 g/cm?® give 20 % more
energy output than HMX [20].
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The energy of highly nitrated cage molecules is derived
from their very high positive heats of formation (HOFs)
rather than from the combustion of the carbon backbone or
the ring/cage strain. The high HOF is directly attributable to
the large number of inherently energetic C—N and N-N
bonds. This shows that high-nitrogen compounds could
ideally store a large amount of energy. On the other hand,
compounds with compact structure usually have higher
densities and can also release additional energy upon deto-
nation as a consequence of the cage strain in these systems.

The optimization of molecules with high energy and
density is the primary step for searching and synthesiz-
ing HEDCs. Owing to the difficulties in the synthesis of
the molecules under consideration, computer tests be-
come an effective way to design high energy density
compounds theoretically. Theoretical studies not only
make it possible to screen candidate compounds, but
also provide understanding in terms of the relationships
between molecular structure and property [21-24]. To
date, there is limited information available to cover
cage-tetranitrotetraazabicyclooctane. In the present work,
density functional theory and molecular mechanics methods
were employed to evaluate crystal structure and properties of
cage-tetranitrotetraazabicyclooctane (Fig. 1), such as heat of
formation, infrared spectrum, thermodynamic properties, det-
onation performance and thermal stability. These results show
that cage-tetranitrotetraazabicyclooctane may be a very prom-
ising high energy density compound.

Computational methods

Computations were performed with Gaussian 03 package at
B3LYP [25-27] method with 6-31G (d) basis set [28]. The
geometric parameters were allowed to be optimized and no
constraints were imposed on molecular structure during
optimization process. Vibrational frequencies were

Fig. 1 Molecular structure of cage-tetranitrotetraazabicyclooctane
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calculated for the optimized structure to enable us to char-
acterize the nature of stationary point, zero—point energy
(ZPE) and thermal correction (Hr). The optimized structure
was characterized to be true local energy minima on poten-
tial energy surfaces without imaginary frequencies. On the
basis of the principle of statistical thermodynamics [29],

standard molar heat capacity (C g’m), standard molar entropy

(an) and standard molar enthalpy (Hf:l) from 200 to 800 K
were derived from the scaled frequencies using a self~compiled
program.

Detonation velocity and pressure are the most important
parameters to evaluate detonation characteristics of energet-
ic materials. For the explosives with CHNO elements, the
Kamlet and Jacob empirical equations were used to deter-
mine these parameters [30].

P = 1.558NM"/2Q'/? p? (1)

1/2
D =101 (NM1/2Q1/2) (1+1.30p) 2)

where P is detonation pressure in GPa, D is detonation
velocity in km's ™!, N is the number moles of gaseous deto-
nation products per gram of explosive, M is the average
molecular weight of the gaseous products, Q is the energy of
explosion in J-g " of explosive and p is the crystal density in
g-em °. N, M and Q are determined according to the largest
exothermic principle [31], i.e., for the explosives with
CHNO elements, all the N atom converts into N,, the O
atom forms H,O with H atom first and the remainder forms
CO, with C atom. The remainder of C atom will exist in
solid state if O atom does not satisfy full oxidation of C
atom. The remainder of O atom will exist in O, if O atom is
superfluous.

Since Q and p are unknown for the unsynthesized hypo-
thetical compounds, to predict their detonation properties,
the modified K—J equations based on the calculation results
of quantum chemistry were recommended [12, 32, 33], in
which the density of the explosives p was replaced by the
crystal theoretical density (p.) computed by the following
equation:

M
Pe=— W7 (3)
where M is the molecular mass (g/molecule) and 7(0.001) is
the volume (cm’/molecule) defined as the space inside a
contour of electron density of 0.001 ¢ Bohr >. However, the
results obtained using this equation may have quite big
errors for some systems, for example, molecules that can
form strong hydrogen bonds. Politzer et al. [34] suggested
that Eq. 3 should be corrected to better reflect the effects of
intermolecular interactions in crystals. They have proposed
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two modified equations and the better one is shown as
follows [34]:

M
Py =0 {W} +B(vor,) +7, (4)
where «a, (3, and v are regression coefficients and their
values are taken from ref. [34]. v is the degree of balance
between the positive and negative charges on the isosurface.
thz is a measure of the variability of electronic potential on
the surface.

The chemical energy of the detonation reaction Q
was calculated as the difference between HOFs of prod-
ucts and reactants. In this article, gas phase HOF was
calculated using density functional method with the help
of the following equations:

8C(s) + 2H2(g) + 802(g) + 8N2(g)
= CgH4016N6(g)- (5)

The HOF of CgH40,6N;¢ in gas phase (AHgas') is
readily obtained from (5) with the experimental HOFs of
C(s), Hx(g), O,(g), and N»(g), and the calculated enthalpies
of all speries. The condensed-phase heat of formation
(A¢Hcona”) was then determined using AgHg,s° and the heat
of sublimation (AHg,,) according to Hess’law [35]:

AfHOCOnd = AfHoGas - AHSub- (6)

The Politzer approach [36, 37] which links the
AHg,, to the MEP mapped onto the isodensity surface
of an isolated molecule and has been successfully ap-
plied to many energetic compounds [38, 39] was
employed to determine AHg,,. The empirical expression
of the approach is shown as:

0.5
AHgy, = B14° + B, (VUztot) + Bs. (7)

Here A is the area of the isosurface of 0.001 electrons/
bohr® electronic density following Bader et al. [40]; v is the
degree of balance between positive and negative potential
on the molecular surface; atotz is a measure of variability of
the electrostatic potential; and (3, 3., and (5 are the corre-
lation coefficients determined via fitting to the experimen-
tally measured heats of sublimation of a selected set of
known materials. The descriptors 4, v, and O Were cal-
culated using the computational techniques as described by
Byrd and Rice [38] and the values of f3;, (35, and [3; were
taken as those published by them.

The strength of bonding, which can be evaluated by the
bond dissociation energy, is fundamental to understanding
chemical processes [41]. BDE is the required energy in
homolysis of a bond and is commonly denoted by difference
between total energies of product and reactant after zero—
point energy correction. The expressions for the homolysis

of A—B bond (8) and for calculating its BDE (9) are shown
as follows [42]:

A—B(g) — Ae(g)+Be(g) (8)

BDE(A—B),p; = E(Ae) o + E(Be),pp
— E(A—B)pg, ©)

where A—B stands for neutral molecules and Asand Befor
the corresponding product radicals after bond dissociation;
BDE(A—B) is the BDE of bond A—B; E(A—B)zpg, £
(A*)zpg and E(Be)zpg are zero-point energy corrected total
energies of parent compound and corresponding radicals,
respectively.

Because high energy density compounds are usually
in condensed phases, especially solid forms, we pre-
dicted the possible polymorphs and crystal structure of
cage-tetranitrotetraazabicyclooctane by rigorous molecu-
lar packing calculations using polymorph module of
Materials Studio [43]. The Compass force field capable
of predicting the condensed phase properties by search-
ing the possible molecular packing among the most
probable seven space groups (P2,/c, P-1, P2,2,2,,
Pbca, C2/c, P2, and Pna2;) [44-47].

Results and discussion
Molecular geometry and heat of formation

Optimized bond lengths of cage-tetranitrotetraazabicyclooctane
are listed in Table 1. Because of steric hindrance effect,
the N-NO, groups all depart from attached ring plane.
It is proposed that the longest C—C bond in cage-
tetranitrotetraazabicyclooctane corresponds to C1-C12 bond,
which is 1.648 A, while the shortest one is 1.593 A. Thus, all
the C—C bonds in cage-tetranitrotetraazabicyclooctane
are much longer than the normal C—C single bond that is
referred to 1.54 A, which are elongated due to the
cage strain in the system. The C-N bond of cage-
tetranitrotetraazabicyclooctane is found to be shorter than the
normal C-N single bond that is referred to 1.49 A [48], while the
difference is not significant. Bond lengths of N-NO, bonds in
cage-tetranitrotetraazabicyclooctane lie in the range of 1.416—
1.492 A, which are longer than the usual N-N bond lengths
(1.35-1.40 A) in nitramines [49] because of the electron with-
drawing inductive effect of nitro group. From data in Table 1,
the longest N-O bond in cage-tetranitrotetraazabicyclooctane
corresponds to the N25-033 and N28-030 (1.221 A), while
the shortest one turns out of N22-040 (1.206 A). Thus all the
N-O bonds in nitro groups are around the normal N-O double
bond in nitro group (about 1.2 A) [48].
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Table 1 Selected bond lengths® of

cage-tetranitrotetraazabicyclooctane Bond Bond Bond Bond

computed at B3LYP/6-31G (d)

level CI-C12 1.648 C9-N14 1.441 N13-NO, 1.457 N24-043 1.214
C2-C3 1.603 C9-N16 1.435 N14-NO, 1.444 N24-044 1.220
C2-Cl1 1.600 C10-N14 1.482 N15-NO, 1.416 N25-033 1.221
C3-C9 1.593 C11-N13 1.444 N16-NO, 1.434 N25-034 1.215
C4-C10 1.604 C11-N15 1.430 N21-037 1.216 N26-035 1.213
C9-Cl11 1.599 C12-N16 1.491 N21-038 1.215 N26-036 1.215
C1-N6 1.456 N5-NO, 1.427 N22-039 1.217 N27-031 1.220
C2-N7 1.444 N6-NO, 1.424 N22-040 1.206 N27-032 1.210
C3-N6 1.445 N7-NO, 1.445 N23-041 1.218 N28-029 1.215
C3-N8 1.446 N8-NO, 1.492 N23-042 1.212 N28-030 1.221

a) Bond lengths in Angstroms

With the calculated enthalpies of all species and experi-
mental sublimation enthalpy of graphite, it is easy to obtain
the HOF of cage-tetranitrotetraazabicyclooctane in gas
phase. The related data are collected in Table 2. The
A¢Hcong® value has been predicted using the Politzer ap-
proach. The related results of molecular surface area A4
(351.16), the degree of balance between negative and pos-
itive potential v (0.05), the square of the variability of the
electrostatic potential o> (228.45 kcal'mol "), and the heat
of sublimation AHg,, (39.27 kcal‘molfl) are obtained. The
condensed-phase heat of formation (ApHceng®) of
1206.69 kJ-mol™' is larger than that of CL-20
(691.30 kJ'mol™") [9] and benefits the heat release during
the detonation. This may be due to the large strain energy
together with the energy content of the C—N bonds in the
rigid skeleton [50]. Therefore, the high energy content of the
title compound satisfies the necessary characteristic of en-
ergetic materials.

Crystal structure

Compass force field [51], capable of producing the gas-
phase and condensed-phase properties reliably for a broad
range of systems including nitramines such as CL-20 [52,
53], has been employed to predict the crystal structure of
cage-tetranitrotetraazabicyclooctane in this paper. The ap-
proach is based on the generation of possible packing
arrangements in all reasonable space groups to search for
the low-lying minima in the lattice energy surface. The
B3LYP/6-31G (d) level-optimized ground-state geometry is
considered as the input structure for the polymorph search.
The high-density polymorph is sorted out from the large

number of potential crystal structures, and lattice parameters
of the same are presented in Table 3. We see that the energies
are in the range from —344.67 to —339.20 kJ-mol '-cell ' and
the structure with Pna2; symmetry has the lowest energy.
Therefore, cage-tetranitrotetraazabicyclooctane tends to exist
in the Pna2; space group (Fig. 2) since the stable polymorph
usually possesses lower Gibbs free energy (or total energy at
0 K). The corresponding cell parameters are Z=6, a=
12.840 A, b=9.129 A, ¢=14.346 A and p=2.292 g-cm . In
addition, we carefully compared the density of CL-20 pre-
dicted from the Compass force field (2.173 g-cm °) and from
the volume inside an electron density contour of 0.001
e'Bohr > using Monte Carlo method (2.040 g-cm ) with the
experimental value (2.035 g cm °). For CL-20, the value
predicted from the molecular structure is closer to the
experimental one. Therefore, we believe 2.050 g-cm >
obtained using Eq. 4 from the volume inside an elec-
tron density contour of 0.001 e:Bohr ® for cage-
tetranitrotetraazabicyclooctane is more reliable. The title com-
pound may exhibit good detonation performance because
density is the key factor affecting the detonation properties
of high energetic density compounds.

Infrared spectra and thermodynamic properties

Figure 3 presents the simulated IR spectrum of cage-
tetranitrotetraazabicyclooctane. A scaled factor of 0.96
is adopted on these frequencies because DFT-
calculated harmonic vibrational frequencies are usually
larger than those observed experimentally [54]. For
cage-tetranitrotetraazabicyclooctane, it can be obviously seen
from Fig. 3 that there are four main characteristic regions. The

Table 2 Calculated total ener-

gies of species C(g) H, 0, N, CsHaN16016
°E, is the total energy after cor- Eo* (a.u.) —37.84629 —1.16534 —150.31630 —109.51853 —2385.422404
rection of the zero-point energy. A (kJ'mol ™) 710.52 © 0 0 0 1371.08

Pfrom ref. [42]
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Table 3 Unit cell parameters of the possible molecular packings of cage-tetranitrotetraazabicyclooctane

Space groups P-1 P2, P2,2,2, P2,/C Pna2, Pbca C2/c

Z 2 2 4 4 6 8 8
E(kJ-mol *-cell ") —339.20 —339.93 —340.41 —341.19 —344.67 —341.69 —342.13
p (grem™) 2.343 2.327 2.216 2.346 2.292 2.326 2.188
a (A) 17.858 7.065 9.239 19.595 12.840 14.161 30.697
b (A) 7.730 13.541 12.810 20.531 9.129 26.078 8.734
c(A) 8.509 8.669 14.692 12.069 14.346 8.975 34.801
a (%) 76.94 90.00 90.00 90.00 90.00 90.00 90.00
B 128.82 93.12 90.00 160.22 90.00 90.00 157.82
v (%) 115.76 90.00 90.00 90.00 90.00 90.00 90.00

modes in 3000-3210 cm™ ' are associated with the C—H
stretch. In this region the strongest characteristic peak is at
3110 cm™'. The remarkable signal centering in 1660 cm™ ' is
associated with the N=0O asymmetric stretch of nitro groups
and the strong characteristic peak at 1310 cm ' is character-
ized to the C—H wagging in plane. Band at 970 cm ™' is
composed of the N-N asymmetric stretch of heterocycle
skeleton together with C—H twisting out of plane. The peak
at 850 cm™ ' is composed of the C—H scissoring in plane. The
weak peaks less than 900 cm ™' are mainly caused by the
deformation of heterocycle skeleton and the bending vibration
of C-H and C-C bonds.

Based on the scaled vibrational results, the principle of
statistic thermodynamics and self-compiled program, ther-
modynamic properties ranging from 200 to 800 K were
obtained and listed in Table 4. The correlation equations
between the thermodynamic functions and temperature in
the range of 200-800 K are shown as follows and can be
expressed as in Fig. 4. The dependences of thermodynamic
functions on temperature were analyzed and would be

Fig. 2 Molecular packing of cage-tetranitrotetraazabicyclooctane in
Pna2, space group

helpful for further studies on other physical, chemical and
energetic properties of cage-tetranitrotetraazabicyclooctane.
The correlation equations are as follows:

C),=24324191T - 1.05 x 1077
S% =276.19 +2.03T — 5.91 x 107477

H? = —30.59 +0.27T +4.26 x 107472,

The corresponding correlation coefficients are 0.9996,
1.0000, and 0.9997, respectively. From these data, it is
found that all the thermodynamic functions increase with
temperature evidently. This is because the main contribu-
tions to thermodynamic functions are from the translations
and rotations of molecules when temperature is low. How-
ever, at the higher temperature, the vibrational movement is
intensified and therefore makes greater contributions to
thermodynamic properties, which leads to the increase in
thermodynamic functions. It is obvious that, as the temper-
ature increases, the gradients of CgmandS,‘i decrease, while

that of H! increases constantly. The relationship between the
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Fig. 3 Calculated IR spectra of cage-tetranitrotetraazabicyclooctane at
B3LYP/6-31G (d) level
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Table 4 Thermodynamic properties of cage-tetranitrotetraazabicyclooctane
at different temperatures

Table 5 Detonation properties of cage-tetranitrotetraazabicyclooctane,
1,3,5,7-tetranitro-2,4,6,8-tetraazacubane and CL-20

T/K Cg,,,,/J -mol™ - K!8/ -mol™ - K1 HY/kJ - mol™! Molecule p(g/em®) D(km/s) P(Gpa)
200.0 362.24 658.11 41.85 CgH4016N 6 2.05 9.96 47.47
298.1 499.84 828.68 84.23 CL-20 1.97¢ (2.04)b 9.73* (9,38)b 44.64*
300.0 502.31 831.78 85.16 1,3,5,7-tetranitro-2,4,6,8- 1.94¢ 9.80° 44.40°¢
400.0 623.18 993.46 141.65 tetraazacubane

3000 717.52 1143.13 208.90 Calculated value from ref. [9] bExperimental value from ref. [55]
600.0 788.63 1280.54 284.37 ° Calculated value from ref. [56]

700.0 842.13 1406.32 366.04

800.0 882.87 1521.54 452.38

thermodynamic functions and the temperature makes
the evaluation of the thermodynamic functions at dif-
ferent temperatures very easy and is necessary for pre-
dicting reactive properties at various temperatures.
Because there are no experimental values for cage-
tetranitrotetraazabicyclooctane, our results may be used
as references for experimental work and further studies
on the physical and chemical properties of cage-
tetranitrotetraazabicyclooctane.

Detonation performance

Table 5 summarizes the detonation properties of cage-
tetranitrotetraazabicyclooctane, 1,3,5,7-tetranitro-2,4,6,8-
tetraazacubane as well as CL-20. Together with the density
of 2.05 g/cm? obtained using Eq. 4 from the volume inside
an electron density contour of 0.001 e:Bohr >, the detona-
tion velocity (D) and detonation pressure (P) of cage-
tetranitrotetraazabicyclooctane are computed by Kamlet—
Jacobs empirical equations on the basis of theoretical den-
sity (p,) and condensed-phase heat of formation (A¢Hcona®),
which are the important parameters to evaluate perform-
ances of explosion of energetic materials.

1600-

S 1400

5 Sth
é 1200 1

51000

£ 800+ "
: o
2 600

(e}

g 4001

é% 200- Hp,

200 300 400 500 600 700 800
T/K

Fig. 4 Relationships between the thermodynamic functions (Cf, an

,Wl’
andHfl) and temperature (7) for cage-tetranitrotetraazabicyclooctane
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In comparison with famous caged explosives
1,3,5,7-tetranitro-2,4,6,8-tetraazacubane and CL-20,
cage-tetranitrotetraazabicyclooctane exhibits much better det-
onation performance (p=2.05 g/cm3, D=9.96 km/s, P=
4747 GPa). Therefore, the above prediction indicates that
cage-tetranitrotetraazabicyclooctane appears to be a promis-
ing candidate comparable to explosives 1,3,5,7-tetranitro-
2,4,6,8-tetraazacubane and CL-20. According to energy crite-
rion for HEDC, i.e., p=1.90 g/cm®, D~9.0 km/s, and P~
40.0 GPa, it is found from Table 5, that cage-
tetranitrotetraazabicyclooctane satisfies the requirements as a
novel high energy density compound.

Thermal stability

Thermal stability is a fundamental and very important
property of energetic materials. It can be deduced on
the basis of bond dissociation energies (BDE). At pres-
ent, people have reached a consensus that nitro groups
often represent the primary cause of initiation reactivity
of organic polynitro compounds [57-61]. Therefore, we
select the weakest bonds (N-N bonds) as the breaking
bond to calculate BDE at B3LYP/6-31G(d) level. The
calculated BDE px value indicates relative sensitivity of
cage-tetranitrotetraazabicyclooctane. Considering the
practical requirements and based on the results of these
studies, a quantitative criteria associated stability (BDE
of the trigger bond) requirement, i.e., BDE = 80—
120 kJ mol ™' [62], is proposed and employed to filtrate
and recommend potential HEDCs [63]. The BDE p; value of
cage-tetranitrotetraazabicyclooctane (81.81 kJ mol ') essen-
tially satisfies this requirement. By analyzing the struc-
ture of title compound, it is easy to find that cage-
tetranitrotetraazabicyclooctane has a symmetric structure.
The symmetry delocalizes 7t electron cloud density of system,
which makes BDEpy of cage-tetranitrotetraazabicyclooctane
increase. This shows that the structure of cage-
tetranitrotetraazabicyclooctane has a great influence on the
thermal stability. The above investigations provide important
theoretic information for molecular design of high energetic
density compounds.
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Conclusions

In this study, density functional theory and molecular me-
chanics methods were employed to study the molecular
geometry, electronic structure, IR spectrum, thermodynamic
functions, heat of formation, detonation performance and
thermal stability of a novel high energy density compound,
cage-tetranitrotetraazabicyclooctane. The most possible
packing structure belongs to Pna2; space group. Calculation
results of detonation velocity and detonation pressure indi-
cate that cage-tetranitrotetraazabicyclooctane (p=2.05 g/
cm?, D=9.96 km/s, P=47.47 GPa) outperforms CL-20,
which essentially satisfies the quantitative criteria for the
energy as HEDC. An analysis of bond dissociation energies
for several relatively weak bonds suggests that N-NO, bond
is the weakest one and is possible to happen in thermal
decomposition. These results provide theoretical support
for molecular design and experimental synthesis of HEDCs.
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