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ABSTRACT: We investigated $5,8-dinitro-5,6,7,8-
tetrahydrotetrazolo[ 1,5-b][1,2,4]triazine (short for DNTzTr (1))
using various ab initio quantum chemistry methods. We proposed
an additional three novel polynitro-substituted tetrazolotriazine-based
compounds with exceptional performance, including $,8-dinitro-5,6-
dioxotetrazolo[1,5-b][1,2,4]triazine, DNOTzTr (2), 4,5,9,10-
tetranitro[ 1,2,4,5 Jtetrazolo[3,4-b][1,2,4,5 Jtetrazolo[3’,4':5,6 | triazino-
[2,3-¢]triazine, TNTzTr (3), and 4,5,6,10,11,12-hexanitro-bis-
[1,2,4,5]tetrazolo[3’,4’:5,6]triazino[2,3-b:2’,3’-¢]triazine, HNBTzTr
(4). The optimized structure, electronic density, natural bond orbital
(NBO) charges and HOMO—LUMO orbitals, electrostatic potential
on surface of molecule, IR- and NMR-predicted spectra, as well as
thermochemical parameters were calculated with the B3LYP/6-
311+G(2d) level of theory. Critical parameters such as density,
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enthalpy of formation (EOF), and detonation performance have also been predicted. Characters with positive EOF (1386.00 and
1625.31 kJ/mol), high density (over 2.00 g/cm?), outstanding detonation properties (D = 9.82 km/s, P = 45.45 GPa; D = 9.94
km/s, P = 47.30 GPa), the perfect oxygen balance set to zero, and acceptable impact sensitivity led novel compounds 3 and 4 to
be very promising energetic materials. This work provides the theoretical molecule design and a reasonable synthesis path for

further experimental synthesis and testing.

1. INTRODUCTION

The development of energetic materials"” is an interesting and
challenging area of chemistry from applied (such as explosives
or propellants) and fundamental aspects, and it is important to
discover new representatives with significant advantages over
compounds currently used.® Desirable characteristics for high-
energy density compounds (HEDCs) include good thermal
stability, favorable insensitivity, remarkable explosive perform-
ance, and environmental acceptability.*

The performance of an energetic material depends mainly on
its oxygen balance, density, and heat of formation, which are
governed to some extent by the molecular structure.’> On one
hand, the lower oxygen balance leads to the poorer explosive
performance and also does harm to the environment by
releasing a large number of toxic gases and CO due to its
incomplete combustion. On the other hand, the additional
oxygen produces O, that will take away a great deal of energy
during the explosion. Thus, one should keep the value of
oxygen balance around zero in designing HEDCs.? Hexani-
trohexaazaisowuritane (CL-20)° and octanitrocubane
(ONC)7’8 as excellent energetic CHNO substances possess
strained rings, another characteristic with oxygen balance close
to zero.

High-nitrogen compounds represent a unique class of
HEDCs, and the energy of most of these compounds mainly
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originates from the breaking and rearranging of the highly
energetic bonds, including N—N (160 kJmol™), N=N (418
KJmol™), and N = N (954 kJmol™) bonds, during the
explosion.>'*™'* A strong correlation between increasing
explosive performance and, unfortunately, increasing sensitivity
toward thermal and mechanical stimuli, can be observed.'> Of
these heterocycles, the tetrazole ring has been considered as the
ideal balance point on the “stability versus performance
continuum” for preparation of new energetic materials."
Tetrazoles are frequently chosen for the design and synthesis
of new energetic nitrogen-rich compounds.'®™** 1,5-Diamino-
tetrazole (short for DAT) can act as a precursor for introducing
the tetrazole ring into a wide range of energetic materials. In
1988, Willer reported the synthesis of the related $,6,7,8-
tetrahydrotetrazolo[1,5-b][1,2,4]triazines based on the reaction
of DAT with glyoxals. Nitration proceeded smoothly in acetic
anhydridelnitric acid to obtain the 5,8-dinitro compound (seen
as DNTzTr (1) in Scheme 1) with six catenated nitrogen
atoms, and the structure was confirmed by X-ray crystallog-
raphy.>* However, this interesting compound has negative
oxygen balance, which may defuse the detonation performance.
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Scheme 1. Designed Novel Molecules of Polynitro-Substituted Tetrazolotriazine- Based Compounds
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To meet the continuing demand for improved energetic
materials, there is a clear need to continue to design and
develop new candidates with good performance and acceptable
sensitivity. In this work, we attempted to design novel
derivatives based on the combination of interesting energetic
characteristics (oxygen balance close to zero) and unusual
chemical structures (tetrazole ring). We first reported three
novel compounds including $,8-dinitro-5,6-dioxotetrazolo[1,5-
b][1,2,4]triazine, DNOTzTr (2); 4,5,9,10-tetranitro[1,2,4,5]-
tetrazolo[3,4-b][1,2,4,5]tetrazolo[3’,4’:5,6]triazino[2,3-¢]-
triazine, TNTzTr (3); 4,5,6,10,11,12-hexanitrobis[1,2,4,5]-
tetrazolo[3’,4":5,6 |triazino[2,3-b:2/,3'-¢]triazine, HNBTzTr
(4) (Scheme 1). Structures and properties of the promising
compounds have been studied rigorously.

We also designed the reasonable synthesis path of title
compounds based on the systematic synthesis method mainly
including the condensation and nitration reactions (Scheme 2).
The present theoretical study may simulate further exper-
imental synthesis and testing of these novel high-nitrogen
energetic compounds.

2. COMPUTATIONAL METHODS

All of the ab initio calculations involved in this work were carried out
using the Gaussian 09 suite of programs. The structure optimizations
of four title compounds have been performed using the hybrid DFT-
B3LYP method with the 6-311+G(2d) basis set. Natural bond orbital
(NBO)?® charges, the highest occupied molecular orbitals (HOMO)
and the lowest unoccupied molecular orbital (LUMO) orbitals,
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electronic density, and electrostatic potential were calculated at the
same level of theory. IR and NMR spectra and thermochemical
parameters were obtained on the basis of the optimized gas-phase
structure.

Enthalpy of formation is one of the most important parameters for
energetic compounds. Atomequivalent schemes used to convert
quantum mechanical energies of atoms to heats of formation of
molecules can be given in terms of eq 1:*

AH((g) = E(g) = Y. ni, (1)

Condensed-phase heats of formation can be determined using the
gas-phase enthalpy of formation and enthalpy of phase transition
(either sublimation or vaporization) according to Hess’ law of constant
heat summation®®

AH(solid) = AH(gas) — AH(sublimation) )

(©)

On the basis of the electrostatic potential of a molecule through
quantum mechanical prediction, the enthalpy of sublimation either
vaporization can be represented as*”*°

AH(liquid) = AH(gas) — AH(vaporization)

AH((sublimation) = a(SA)* + byJo2p + ¢ (4)
AH(vaporization) = a./(SA) + by620 + ¢ (5)

where SA is the molecular surface area for this structure, o?, is
described as an indicator of the variability of the electrostatic potential
on the molecular surface, and v is interpreted as showing the degree of
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Figure 1. Optimized structure of four title compounds.
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Figure 2. Contour line map of electronic density on four title compounds.
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balance between the positive and negative potentials on the molecular
surface where a, b, and ¢ are fitting parameters. We further followed
the approach of Politzer et al. to predict solid and liquid enthalpy of
formation combining these with eq 2 or eq 3.

The density, as another important parameter of energetic material,
was obtained using an improved equation proposed by Pohtzer et al.
considering intermolecular interactions within the crystal:>'

r= “( ©)

where V(0.001) is the volume in cm®/molecule and is encompassed by
the 0.001 au contour of the electronic density, M is the molecular mass
in g/molecule, vo*,, is derived from the molecular electrostatic
potential calculation, and @, f, and y were coefficients assigned
through fitting eq 6 to the experimental densities of a series of 36
energetic compounds.’’

The critical detonation parameters of energetic compounds
including the detonation velocity and pressure were predicted by
empirical Kamlet—Jacobs equations™”

M

V(OOOI)] + ﬁ(UGtot) + 4

D = 1.01(NM"2QY)V2(1 + 1.30p) (7)

(8)

where D is the detonation velocity (km/s), P is the detonation
pressure (GPa), N is the moles of detonation gases per gram explosive,
M is the average molecular weight of these gases, Q is the heat of
detonation (cal/g), and p is the loaded density of explosives (g/cm®)
and is replaced by the theoretical density here.

Last but not least, the parameter for evaluating the energetic
performance is the oxygen balance (OB), which is the index of the
deficiency or excess of in a compound required to convert all carbon
into carbon dioxide and all hydrogen into water. OB (%) for an
explosive containing the general formula CaHbNcOd with molecular
mass M, can be calculated as®

OB =1600 X [d —2a — b/2] + M

P = 1.558p°NM'/2Q!?

©)

The bond dissociation energy (BDE) can be used to measure the
relative order of thermal stability for energetic materials. The BDE
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here is defined as the difference between the zero-point-corrected
energy of the parent molecules and that of fragments of the
dissociation where an NO, group is removed, and the homolytic
bond dissociation energy can be given as®*

(BDE = E(A) + E(B) — E(AB) + AZPE) (10)

3. RESULTS AND DISCUSSION

3.1. Molecular Structure. The structure of DNTzTr (1)
has been optimized using various ab initio methods including
HF and B3LYP, and the basis sets include the split-valence
types 6-31G(d), 6-311G(d), and 6-311+G(2d).>>*® The
geometrical parameters are not sensitive to the basis sets
used in the optimization for B3LYP methods but depend on
the ab initio methods. Using the HF method, the calculated
NN and CN bonds lengths are shorter than the experimental
data, while the distances of CC, ON, and CH bonds are a little
longer. It is evident that the B3LYP results are close to the
experiment compared with the HF, implying that the dynamical
electron correlation plays a key role for the molecules of our
concern. Thus, we performed all structure optimizations of the
designed molecules by the B3LYP method with 6-311+G(2d)
basis sets. The most stable conformations (shown in Figure 1)
of the four title compounds are made of the tetrazole and
triazine ring with polynitro, and all of them possess six
catenated nitrogen atoms, which contributes to the explosive
performance. The intact geometrical parameters are summar-
ized in the Supporting Information.

Using the Multiwfn program® to calculate density, the
contour line maps of electronic density on four title compounds
are visualized in Figure 2. The heavy nuclei have high peaks
caused by nuclear charge improving electron aggregation and
then display integral exponential attenuation toward all around,
and the electron densities around the oxygen and nitrogen
atoms are higher than those around other atoms due to strong
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electronegativity. The electrons prefer to assemble in the
bonding area (such as Al, A2, and A3) because of electron pair
sharing between atoms with covalence interaction. For
molecules of both 1 and 2, the delocalization mainly occurs
in the tetrazole ring (such as B1 and B2), which may improve
the stability of the ring skeleton, and large electrons also
assemble between carbon and oxygen atoms, allowing for a
forming C=O0O bond in the molecule of 2. For 3 and 4, the
areas marked as C3 and C4 suggest their nature of covalent
bonding derived from the 7 orbitals over the C=C bonds. The
delocalization also occurs in the central ring of 4 (such as B4)
from the electron distribution.

3.2. Natural Bond Orbital. Natural bond orbital analysis is
an essential tool for studying interactions among bonds.*® NBO
charges are summarized in the Supporting Information. The
majority of negative charges are localized on the oxygen atom
and partial nitrogen atom, whereas the positive charges are
located on the carbon atom due to the difference of
electronegativity. The N6 and N8 atoms in nitro group
accommodate positive charges as result of electron departure
toward the oxygen atom. Moreover, the negative charges both
on nitrogen and oxygen atoms of 3 and 4 are decreased
compared with 1 and 2, which is attributed to the mutual effect
among electrons of large nitro groups in molecules.

The energy gap between HOMO and LUMO relates the
kinetic stability, chemical reactivity, and optical polarizability of
a molecule.”” HOMO and LUMO orbitals including the energy
gap are depicted in Figure 3, and the positive phase is red and
the negative one is green. As can be seen from Figure 3, the
HOMO is localized approximately on the tetrazole ring and the
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Figure 3. HOMO and LUMO orbitals of four title compounds.
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LUMO is localized on the substituted groups around the rings.
The values of energy separation between the HOMO and
LUMO are 5.1307, 4.5829, 3.3410, and 1.2019 €V for title
compounds 1, 2, 3, and 4, respectively. Therefore, the predicted
sequence of chemical activity is 4 > 3 > 2 > 1, which is the
reverse order of stability for title compounds as well.

3.3. ESP on Molecular Surface. Electrostatic potential
(ESP)* on the molecular surface gives more meaningful insight
into charge distributions and is useful for understanding
intermolecular interaction.*’ The ESP-mapped vdW surfaces
of four title molecules are shown in Figure 4. Significant surface
local minima and maxima of ESP are represented as cyan and
orange spheres and labeled by dark blue and brown-red texts
with the unit in kcal/mol. Only the global minima and maxima
on the surface are labeled by italic font. The surface areas in
each ESP range are plotted in Figure S.

It can be seen from Figure 4, in the unit regions of molecules
1 and 2, that the surface minima of ESP are present between
nitrogen and oxygen atoms, especially on the N1, N2, and N3
atoms of the tetrazole ring, which are the primary electrophilic
sites. The surface maximum prefer to carbon and hydrogen
atoms, which illustrates that the nucleophile attack might be
easier. The global maxima of ESP are +49.86 and +65.53 kcal/
mol for 1 and 2, corresponding to the carbon and hydrogen in
the triazine part, and the global minima are —38.02 and —25.48
kcal/mol, corresponding to the nitrogen atoms. For the
molecules 3 and 4, the surface maxima of ESP are distributed
near carbon atoms (C2, C3) and the minima are distributed
nitrogen atoms (N1, N2, N3), respectively. The global maxima
and minima of ESP are +56.73 and —24.87 kcal/mol for 3 and
+58.80 and —25.00 kcal/mol for 4, corresponding to the carbon
of central ring and the nitrogen of tetrazole.

The results from Figure 5 show that molecule 1 unit has a
surface with ESP value (i.e., within —30 to +40 kcal/mol) and
most surfaces of molecule 2 unit have ESP value (i.e., within
—20 to +30 kcal/mol). The area of positive ESP on the 1 unit is
larger than that of the 2 unit due to the existence of hydrogen
atoms of 1. Both 3 and 4 units have most of their surface with
ESP value (i.e., within —15 to +30 kcal/mol) as a shape of “high
middle and low sides”. The biggest surface area has an ESP of
+5 kca/mol, which corresponds to the central ring, and the
small surface has an ESP of —20 kcal/mol, which corresponds
to the tetrazole.

3.4. Vibration Analysis and NMR. IR spectrum is an
effective method to identify the substances. The characteristic
peaks from simulated infrared results are shown in Figure 6,
and comprehensive data are listed in the Supporting
Information. The strong IR peaks at 1685 and 1653 cm™' of
compound 1 correspond to the asymmetrical stretching modes
of the nitro groups, and the peaks at 1292 cm™ refer to
symmetrical stretching. As for compound 2, two stronger peaks
at 1839 and 1819 cm™! are assigned to symmetrical stretching
of C=0 bonds in the triazine ring, while the weaker ones at
1591 and 1469 cm™ are stretching vibrations on CN and NN
of the tetrazole skeleton. The strongest peaks at 1354 cm™" of
compound 3 are mainly dominated by the symmetrical
stretching on nitro groups. The peaks at 1578 and 1397
cm™' correspond to the symmetrical stretching and torsion
modes on the C=C bond. The characteristic peaks at 1847—
769 cm™' for compound 4 refer to the asymmetrical and
symmetrical stretching and the torsion vibration modes of the
nitro groups, and the weakest one at 1581 cm™" refers to the
symmetrical stretching on the C=C bonds of the central ring.

DOI: 10.1021/acs.joc.5b00545
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Figure 4. ESP-mapped molecular vdW surface of four title compounds.
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Figure S. Area percent in each ESP range of four title compounds.

It is worth being noticed that the variances of IR spectrum The calculations of molecular properties play an important
vibrations on nitro groups in different positions can be role, especially if they complement experiments with the
observed in the four title compounds. information on molecular and electronic structure as it is the
Thermochemical parameters, including internal energy (U), case in NMR spectroscopy.*” The theoretical chemical shifts of
enthalpy (H), free energy (G), constant volume molar heat C and H in ppm in 'H and *C NMR relative to Me,Si and
capacity (C,), and molar entropy (S), of title compounds were chemical shifts of N in N NMR to MeNO, have been
evaluated and tabulated in Table 1. calculated as shown in Table 2. The IR, thermochemical
5647 DOI: 10.1021/acs.joc.5b00545

J. Org. Chem. 2015, 80, 5643—-5651


http://dx.doi.org/10.1021/acs.joc.5b00545

The Journal of Organic Chemistry

1600
1202 - .: ., gl el 1
683 ® = i 1336 1539
1200 5 @ e 05%,%,,
09,7, 900 9@ @
e i & ° = L 1136 —-
= B00f =2 - T 1
i L] T 600F b e 1310
=3 f ‘n-n
400+ Blgey || 1576 s00F e [ e
913 260 :
|.4—|'| f‘vﬂ M6
OF A ok
0 500 1000 1500 “(N)U ZJUU 3000 i} 300 1000 1500 2000
Frequency/em” Frequency/cm”
(1 2
3000 .
3000 - i.. U0 ege  ®
¥ ° g
2400} 2ot 2,° popB? R
SR, T S HE 4
= 11" ?
j- 1800 _— < - o, m”
z 1841 = 1200} e 12850, |
S 1200f J857 3 k I 1847
LT = B, - 1 ol
1328 | 1397 jdie = 769 1204 1517
GO0 F 813 | 600 F b )
48 1200 l“‘L . 1581
! 11 - 648
U [ i A i 4 c' i
0 500 1000 1500 2000 0 500 1000 1500 2000
Frequencylem Frequency/em’
&)
Figure 6. Calculated IR spectrum of four title compounds.
Table 1. Thermochemical Parameters of Four Title Compounds (at 298.15 K and 1.00 atm)
species U (kcal/mol) H (kcal/mol) G (kcal/mol) S (kcal/(mol-K)) C, (kcal/(mol-K))
1 82.29 82.88 50.12 109.89 42.59
2 58.00 58.59 21.89 123.09 47.85
3 98.06 98.66 48.78 167.27 79.33
4 134.23 134.82 74.38 202.71 109.0S
Table 2. Calculated 'H, *C, and "N NMR Data for Four Title Compounds
'"H NMR
H2a 3.40 H2b 528 H3a 4.41 H3b 3.67
3C NMR
compd 1 compd 2 compd 3 compd 4
Cl 156.00 154.71 161.45 159.50
C2 41.92 156.22 138.04 133.99
C3 47.32 153.40 144.22 122.62
C1’ 162.64 160.79
c2’ 136.61
C3’ 120.79
N NMR
compd 1 compd 2 compd 3 compd 4
N1 —163.29 N1 —58.07 N1 —145.72 N1’ —122.17 N1 —142.99 N1’ —124.84
N2 —7.98 N2 —235.13 N2 5.05 N2’ 3.86 N2 5.99 N2’ 7.68
N3 —70.43 N3 —169.87 N3 —61.59 N3’ —46.87 N3 —60.45 N3’ —54.12
N4 —-271.37 N4 40.13 N4 —249.57 N4/ —248.51 N4 —244.90 N4/ —246.13
NS —267.86 NS —26.51 NS —187.99 NS’ —245.39 NS —253.95 NS’ —-211.37
N6 —45.97 N6 —153.78 N6 —43.92 N¢6’ —56.58 N6 —53.23 N6’ —-55.70
N7 —312.67 N7 18.21 N7 —229.26 N7’ —293.21 N7 —291.65 N7’ —300.20
N8 —68.72 N8 —130.33 N8 —73.87 N8’ —62.73 N8 —84.10 N§’ —64.96
N9 —265.57 N11 —287.73
N10 —89.76 N12 —43.37
5648 DOI: 10.1021/acs.joc.5b00545
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Table 3. Enthalpies of Formation, Enthalpy of Vaporization, and Enthalpy of Sublimation (kJ/mol) and Density

species” AH (gas) AH (liquid) AH (solid) AH (vap) AH (sub) p (g/cm3)
TNT* 24.035 —63.12 104.50 1.64
RDX* 191.44 79.00 112.02 1.80
HMX* 75.24 1.90
FOX-7* —133.70 1.89

1 619.72 53831 497.64 81.41 122.08 1.815
2 497.39 42331 387.44 74.08 109.95 1.97

3 1586.34 1488.12 1386.00 98.22 200.34 2.00

4 1928.71 1812.48 1625.31 11623 303.40 2.05

“TNT, trinitrotoluene; RDX, cyclotrimethylene trinitramine; HMX, cyclotetramethylene tetranitramine; FOX-7, 1,1-diamino-2,2-dinitroethene.

Table 4. Detonation Parameters for Common HEDMs and Title Compounds

species” AHyo51(s) (kJ/mol) Q (cal/g)
TNT* —63.12 1295
RDX* 79.00 1501
HMX* 102.41 1498
PETN* —128.70 1514
TATB* —17.85 1149
FOX-7% —133.70 1200
CL-20* 377.04 1567
ONC* 392.92

1 497.64 1520
2 387.44 1535
3 1386.00 1768
4 1625.31 1751

p (g/cm®) D (km/s) P (GPa) OB (%)
1.64 6.95 19.00 —74.00
1.80 8.75 34.70 —-21.62
1.90 9.10 39.30 —21.62
1.77 8.30 33.50 -10.12
1.89 7.86 31.50 —55.81
1.89 8.87 34.00 —21.62
2.04 9.38 44.10 —10.96
1.98 9.50 46.00 0
1.82 8.73 33.97 —29.63
1.97 9.26 40.07 0
2.00 9.82 45.45 0
2.05 9.94 47.30 0

“TNT, trinitrotoluene; RDX, cyclotrimethylene trinitramine; HMX, cyclotetramethylene tetranitramine; PETN, tetranitrate pentaerythritol; TATB,
2,4,6-trinitro-1,3,5-benzenetriamine; FOX-7, 1,1-diamino-2,2-dinitroethene; CL-20, hexanitrohexaazaisowuritane; ONC.

parameters, and NMR were predicted for easier assignment and
positive identification of the four target compounds.

3.5. Enthalpy of Formation and Density. Enthalpy of
formation (EOF) is an important parameter, and it indicates
the energy content of a material. High density is desirable in
terms of the energetic material that can be packed into volume-
limited warheads or propulsion configurations.” Calculated
EOF and density for title compounds and common explosives
are summarized in Table 3.

It is evidently important to use solid-state enthalpies of
formation to predict the detonation performance of energetic
compounds. Some compounds in Table 3 actually possess
negative enthalpies of formation due to the large enthalpy of
phase transition, such as TNT and RDX. However, a strongly
positive enthalpy of formation is considered as very desirable
property to increase detonation heat, which is the main reason
for the interest in high nitrogen compounds. Quite noteworthy
in this respect are compound 3 and 4 with the most positive
enthalpy of formation (1386.00 and 1625.31 kJ/mol) than that
of other common explosives. In addition, the predicted
densities of 2—4 have been found to be in the range of
1.97—2.05 g/cm®, which are much higher than those of TNT,
RDX, HMX, and FOX-7. It is gratifying that 3 and 4 show the
highest density of about 2.00 and 2.05 g/cm® among all the
compounds studied, and this may be as result of incorporating
nitro groups into the designing molecule species. It can be
expected that high density and positive enthalpy of formation
are very beneficial to improving the detonation velocity and
pressure.

3.6. Detonation Properties. The detonation parameters
for a few HEDMs have been calculated including the
detonation heat (Q), detonation velocity (D) and pressure
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(P), and oxygen balance (OB). Table 4 listed the systemic data
of title compounds and eight famous explosives for comparison.

All of the title compounds possess a very high EOF derived
from the large number of inherently energetic C—N and N—N
bonds in molecules, and the density of 4 is up to 2.05 g/cm’,
which is even similar to excellent CL-20 (2.04 g/cm®). The
most characteristic in three designed compounds is that the OB
is close to zero, which may make for the heat releases in
detonation by sufficient oxidation. As a result, the heats of
detonation of 3 and 4 are about 1768 and 1751 cal/g, which
become the highest ones among all the compounds.
Detonation velocity and detonation pressure as two important
performance parameters for an energetic compound are
compared in Table 4. It is greatly surprising that three new
compounds 2—4 own higher D and P than HMX as commonly
used energetic ingredients. It should be noticed that
compounds 3 and 4 have very remarkable detonation
performance with D = 9.82 km/s, P = 4545 GPa, D = 9.94
km/s, and P = 47.30 GPa, which are much greater than
excellent explosive CL-20. Overall, all designed compounds
with perfect oxygen balance possess extremely fascinating
detonation properties, and they might be the most promising
energetic materials among the CHNO-containing organic
compounds.

3.7. Stability and Sensitivity. Bond dissociation energy
(BDE) provides useful information for understanding the
stability of the title compounds. There is evidence that the
weakest bond in polynitro compounds is the R—NO, bond and
that rupture of this bond is the first step in decomposition,*” so
the BDEs and Wiberg bond order of significant N—NO, bond
scission for title compounds were calculated in detail. It is
found that the N—NO, bonds have slightly different BDE
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values because of the asymmetric structure and the position of
the substituent in different molecules, and compounds 1 and 2
basically have higher BDE than derivatives 3 and 4, which
indicates that the increasing nitro substituent could decrease
the thermal stability. Most of the dissociation energies and
bond orders show the corresponding trend that the greater the
bond order, the larger the corresponding BDE. The weakest
bond N—NO, for four title compounds 1, 2, 3, and 4 is N5—
N6 (27.64 kcal/mol, 0.84), N7—N8 (18.28 kcal/mol, 0.75),
NS5—N6 (2.06 kcal/mol, 0.49), and N5'—N6' (8.44 kcal/mol,
0.58) from the BDE and bond order values. This predicts that
the trigger linkage of decomposition appears to these bonds,
whereas other bonds are relatively strong and resistant to
rupture.

The sensitivities of energetic materials play a key role in
determining their potential application and handling safety.**
The impact sensitivity is by far the most common method of
assessing sensitivities of an explosive and measured by the /5,
namely the height from where 50% probability of the “drops”
result in reaction of the sample. Several strong correlations have
been found that relate impact sensitivities with various
molecular properties, particularly within chemical fami-
lies.*>*~>* Employing quantum chemistry and molecular
dynamics methods, Rice and Hare® used the statistical
parameters related to features of surface electrostatic potentials
and the property-structure relation method “generalized
interaction property function” (GIPF) or the heats of
detonation to estimate impact sensitivity of CaHbNcOd
explosives. Four introduced models based on the GIPF
parameters have been performed in this work to predict the
hsgs values of title compounds, and the results are listed in
Table S.

Table S. Predicted and Experimental hyo,, Values (cm) for
Molecules Studied

compd®  method 1 method 2° method 37 method 4° exptf
TNT 73 80 133 143 98
RDX 49 31 39 22 28
HMX 21 31 41 22 32
PETN 28 30 41 16 13
TATB 498 307 502 478 490
FOX-7 320 40 168 133 126
CL-20 16 29 29 3 14
1 36 73 28 S

2 42 30 28 2

3 80 SS 28 0.9

4 75 33 28 0.7

“All hgyy, values of common explosives are reported in ref 52 except
those calculated for the title compounds. “Method 1 is based on the
GIPF parameters Vy and Vg. “Method 2 is based on the GIPE
balance parameter v. “Method 3 is based on the heat of detonation Q.
“Method 4 is based on the hybrid model using Q and v. IThe partial
experimental values derive from ref S2.

Although these models might be limited in their predictive
capability, the predictions could distinguish between a CHNO
explosive and nonexplosive. Among the suggested four
methods, methods 1-3 show relatively consistent results,
while method 4 greatly overestimates impact sensitivities
originated from the hybrid heat of detonation and balance
parameter, and the impact sensitivity increases with the relative
numbers of nitro groups in molecules. We estimated h,, values

5650

of four title compounds to be about 28 cm, and these designed
energetic compounds seem to have the similar impact
sensitivity as RDX (28 cm), HMX (32 cm), and CL-20 (14
cm). However, because of the complexity of the impact
sensitivity, the accuracy of the predictions from the models
could not be assured entirely.

4. CONCLUSION

In this work, we studied on the §,8-dinitro-5,6,7,8-
tetrahydrotetrazolo[1,5-b][1,2,4]triazine (short for DNTzTr,
1) by using various ab initio quantum chemistry methods, and
three novel polynitro-substituted tetrazolotriazine-based com-
pounds including DNOTZTr (2), TNTzTr (3), HNBTzTr (4)
have been proposed first and investigated at the B3LYP/6-
311+G(2d) level of theory.

The optimized molecular structures possess six catenated
nitrogen atoms and are dominated by the tetrazole and triazine
ring with polynitro as energetic groups. Again the significant
surface local minima and maxima of ESP provide a visual
representation of the chemically active sites. The calculated
thermochemical parameters, IR and NMR spectrum data have
been performed for easier assignment and positive identi-
fication of the target compounds. Very noteworthy in this
respect are designed compound (3) and (4) with the most
positive EOF (1386.00 and 1625.31 kJ/mol) and high densities
over 2.00 g/cm’. They also possess very remarkable detonation
parameters with D = 9.82 km/s, P = 4545 GPa and D = 9.94
km/s, P = 47.30 GPa, which are comparable with excellent
explosive ONC, and that novel designed compound 3 and 4
might be very promising high-energy density compounds based
on so much outstanding characteristics. Since the impact
sensitivities of these compounds are similar to RDX, HMX, and
CL-20, they could be considered to be primary explosives and
should only be handled with appropriate precautions.

Our observations indicate that combination of the tetrazole
derivatives and oxygen balance to zero is a very effective way to
obtain potential energetic compounds with outstanding
detonation performance. We expect the relative theoretical
work including this design concept of molecule and synthesis
could promote the synthesis of new high-nitrogen materials in
the foreseeable future.
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