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Abstract: Two novel compounds 5-(dinitromethylene)-1,4-dinitramino-Tetrazole (DNAT) and
1,1'-dinitro-4,4'-diamino-5,5'-Bitetrazole (DNABT) were suggested to be potential candidate of
high energy density materials (HEDM). The optimized geometry, NBO charges and electronic
density, HOMO-LUMO orbital, electrostatic potential on surface of molecule, IR spectrum and
thermochemical parameters were calculated for inspecting the electronic structure properties with
B3LYP/6-311++G** level of theory. Meanwhile, the solid state of DNAT and DNABT were studied
using the crystal packing models with the plane-wave periodic local-density approximation density
functional theory. Four stable polymorphous cells have been found including P»;2121, Paiic, P-1 and
Pgca, assigned to the orthorhombic, monoclinic and triclinic lattice systems. In addition, properties
such as density, enthalpy of formation and detonation performance have been also predicted. As a
result, the detonation velocity and pressure of two compounds are very remarkable (DNAT: D =
9.17 km/s, P = 39.23 GPa; DNABT: D =9.53 km/s, P = 40.92 GPa). Considering the tetrazole rings
with energetic groups and the insensitive fragment of FOX-7, high positive heat of formation
(583.50 kJ/mol and 1081.39 kJ/mol) and eminent performance, render DNAT and DNABT to be
very promising powerful energetic insensitive compounds. This work provides the theoretical
support for further experimental synthesis.
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(DNAT); 1,1'-dinitro-4,4'-diamino-5,5" bitetrazole (DNABT); Enthalpy of formation; Detonation

performance

* The type of article: Research paper
Corresponding authors: Jian-Guo Zhang, Tel & Fax: +86 10 68918091.
E-mail: zjgbit@bit.edu.cn



Physical Chemistry Chemical Physics

1. Introduction
Energetic materials include explosives, propellants, and pyrotechnics that are used for a variety
of military purposes and civilian applications." Much attention is focused on designing new and
improved high energy density materials (HEDMs) that exhibit a good balance between sensitivity
and performance. However, the demands of high energy and insensitivity are quite often
contradictory to each other, making the development of novel HEDMs a challenging problem.?
High-nitrogen compounds constitute a unique class of energetic materials and have received a
substantial amount of interests due to their favorable insensitivity, good explosive performance, and
environmental acceptability.>® Tetrazoles are an important core of aza-containing heterocycles
because of practical and theoretical significance and diversity of their characteristics (high nitrogen
content, high heats of formation and good thermal stability), which makes these compounds may be
of high density, releasing considerable energy and gases upon decomposition/explosion.”"’
Meanwhile, the physical and explosive properties of tetrazole derivatives are rather easily modified
by the replacement of substituents with various functional groups.
1,1-Diamino-2,2-dinitroethylene (FOX-7), first synthesized in 1999,18 was established as a less
sensitive, high-performance explosive and has emerged as a potential candidate to replace the
secondary explosive RDX (cyclo—l,3,5—trimethylene:—2,4,6—trinit1ramine)19 because of its potentially
high performance (D =8.930 km/s, p= 1.88 g-cm™), thermal stability, and low sensitivity to impact
and friction. FOX-7 is a representative nitro-enamine compound, which possesses a highly
polarized carbon-carbon double bond with positive and negative charges being stabilized by the
amino group and nitro group respectively. Many researches such as synthetic methods, structure
modification and theoretical studies focused on FOX-7 have attracted considerable attention.”*>®
Some of these documented materials exhibit impressive energetic properties, which motivated us
to design new energetic compounds based on derivatives of FOX-7.
The often prohibitive time and cost as well as danger associated with the synthesis and testing
of a new energetic material have driven the advancement of computationally assisted development

of HEDMs.” To meet the continuing demand for improved energetic materials, there is a clear need

to continue to design and develop new candidates with high explosive performance and insensitivity.

Attempt to introduction of the tetrazole ring may design a new kind of the derivatives based on

FOX-7 that containing nitramine group and gem-dinitro group as important contribution of rich
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energy and high density. It is not surprising that the combination of interesting energetic properties
and unusual chemical structures has attracted us to this unique class of compounds.

In this work, we first reported 5-(dinitromethylene) -1,4-dinitramino-Tetrazole (in short DNAT)
and 1,1'-dinitro-4,4'-diamino-5,5'-Bitetrazole (in short DNABT) as two new members of the FOX-7
family. (Scheme 1) The electronic structure, enthalpy of formation, crystal packing mode and
density, and detonation performance of DNAT and DNABT, have been studied rigorously. The
present theoretical study may simulate further experimental study of these two novel high-nitrogen

energetic compounds including synthesis and testing.
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Scheme 1 The designed compounds as new members of the Fox-7 family

2. Computational methods

The geometry of DNAT and DNABT have been optimized using the hybrid DFT-B3LYP
method with the 6-311++G** basis set. Harmonic vibrational frequencies including the IR spectrum
and thermochemical parameters were obtained at the same levels of theory. Meanwhile, the
electronic properties, natural bond orbital (NBO) charges, the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbital (LUMO) orbitals, and electrostatic potential
on molecular surface of the title compounds were calculated on the B3LYP/6-311++G** level of
theory based on the optimized gas-phase structure.

Enthalpy of formation is the most important parameter for energetic compounds. Atom
equivalent schemes are used to convert quantum mechanical energies of formation of atoms to heats
of formation for various classes of molecules. The gas-phase heat of formation using atom
equivalents is represented as™;

AHr(g) = E(g) — Xin; x; (D

In Eq. (1), E (g) is the computed minimum energy of the molecule at 0 K, »; is the number of
atoms of element 7 and x; is its atom equivalent energy. We have used the x; determined by Rice and
Byrd through a least-squares fitting of Eq. (1) to the experimental 4H; (g) of a series of C, H, N,

. : 30
O-containing energetic compounds.
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Often the standard state of the material of interest corresponds to the condensed phase. Thus,
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) 2)
AH(Liquid) = AH(Gas) — AH (Vaporization) 3)

Based on the electrostatic potential of molecule through quantum mechanical prediction, the

heat of sublimation either vaporization can be represented as™> P,
AH (Subimation) = a(SA)?* + by/a?,,v + ¢ 4)
AH(Vaporization) = a,/(SA) + by/oZ,v + ¢ (5)

Where (SA) is the molecular surface area for this structure, Vi 1or 18 described as an indicator of

the variability of the electrostatic potential on the molecular surface, and o is interpreted as showing
the degree of balance between the positive and negative potentials on the molecular surface. And
where a, b, and c are fitting parameters. We further followed the approach of Politzer et al. to
predict the heats of sublimation and vaporization then combined these with Eq. (2) or Eq. (3) to
predict solid and liquid enthalpy of formation.

Besides enthalpy of formation, the other critical parameter for energetic material is the crystal
packing density. About 80% organic crystals possess symmetries belong to the space groups P21/C,
P-1, P212121, P21, C2C, and PBCA, 1respectively.29 Therefore, the six types of crystals were
chosen as candidates for DNAT and DNABT packing. The periodic density functional calculation
was carried out using the plane-wave local density approximation (LDA).** The ultrasoft
pseudopotentials were used with an energy cutoff of 340 eV. For the integration over the Brillouin
zone, the special k-points were chosen using the Monkhorst-Pack grid of 3x3x3. In the
optimizations, the maximum force, displacement, stress component, and the total electronic energy
were converged to within 0.03 eV/ A, 0.001 A, 0.05 GPa, and 1x10°5 eV/atom, respectively.

The empirical Kamlet-Jacob equations35 widely employed to evaluate the energy performance
of energetic compounds were used to estimate the detonation velocity and detonation pressure of

title compound. Empirical Kamlet-Jacobs equations can be written as follows:

D =101 (Nl\ﬁ(ﬁf (1+1.30p) 6)
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P = 1.558p2N 20z %

Where D is the detonation velocity (km/s); P is the detonation pressure (GPa); N is the moles
of detonation gases per gram explosive; Mis 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”). In practice, the loading
density can only be approximated to a value less than the theoretical density, thus the D and P
values obtained from Eq. 6 and Eq. 7 can be regarded as their upper limits.

All the calculations involved in this work were carried out using the Gaussian 09 program

package.36 The crystal prediction was performed using the Materials Studio programs.37

3. Results and Discussion
3.1 Molecular Structure

In generally, the differences in electronic energy in the gas phase were used to determine the
most probable geometry of designed new compounds from many conformations. The most stable
molecule conformations of DNAT and DNABT retain planar-ring structure of the tetrazole, as

shown in Fig. 1. The selected geometry parameters of optimized molecules are listed in Table

b 53 a
It & eaddil ® o°

DNAT DNABT

1(Supporting Information 1).

Fig. 1 The optimized geometry of DNAT and DNABT
It is evident that tetrazole ring and carbon-carbon double bonds construct the whole main body
of molecules both in DNAT and DNABT. And in the rings, all N atoms and C atom are in the same
plane and the bonding angles of ring atoms are about 108°. The length of N=N bond is shorter than
that of C=C bond due to the diverse electronegativity. For the compound DNAT, there are conjoint
directly eight nitrogen atoms and molecular structure is not symmetry. Four nitro are arranged
beside the tetrazole ring with a certain angles because of the electron repulsion among oxygen

atoms. While the other DNABT with six catenated nitrogen atoms, possesses double tetrazole rings
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linked by the sable C=C bond. And two nitro and two amino are cross arranged around ring,
forming the centro-symmetric configuration. Again the effect of lone pair electrons both on the
nitrogen and oxygen atoms, makes the nitro and amino deviating from the tetrazole-ring plane,

implying that the electronic properties play a key role for the molecular structure of our concern.

3.2 Electronic Density and Charges
A fundamental concept in chemistry is that a variety of atomic and molecular properties can be
expressed in terms of the electronic density population. Using the Multiwfn program3 8 calculating

density, the contour line maps of electronic density on DNAT and DNABT are visualized in Fig. 2.

rXY

Sap o o%@e || %o 90
°0

DNAT DNABT

Fig. 2 Contour line map of electronic density on DNAT and DNABT

Firstly the heavy nucleus has high peaks caused by nuclear charge improving electron
aggregation and then displays integral exponential attenuation towards all around. And the electron
densities surrounding the oxygen and nitrogen atoms are higher than that of other atoms due to the
strong electronegativity. Generally electrons prefer to assemble in the bonding area (such as Al, A2,
B1 and B2) because of electron pair sharing between atoms with covalence interaction. And this
suggests their nature of purely covalent bonding derived from the m orbitals and electrons
delocalized over the C=C and N=N bonds. Moreover, the delocalization also occurs in tetrazole ring,
as marked C1 and C2, which may improve the stability of the ring skeleton as well as molecular
structure. Again for DNABT, the repulsive interactions of lone pair electrons among the adjacent
atoms lead naturally reduction of electronic density (as shown in D2 region), and two nitro and
amino have been discarded as expected. Both DNAT and DNABT are stabilized by involving the
lone pairs of alternate nitrogen atoms in coordinate covalent bonds to carbon atoms, and this
presumably reduces the destabilizing repulsion between adjacent lone pairs.

Natural Bond Orbital (NBO) charges are considered more reasonable for discussion, exactly
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what was suggested in Table 2(Supporting Information 2). Observed for the molecule DNAT, the
N1 and N4 atoms as well as N7 and N9 atoms display negative charges, while the N2 and N3 atoms
show positive charge unexpectedly due to the inductive effect of -NO, as electron-withdrawing
group. And the N5, N6, N8 and N10 atoms in nitro group accommodate higher positive charges
because of the strong electronegativity on oxygen, making much electron departure towards the
oxygen atom. It is worth noticing that the characteristic of symmetric distribution on atomic charges

of DNABT, which agrees with the centro-symmetric molecular configuration.

3.3 Frontier Molecular Orbitals (FMOs)

The highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular
orbitals (LUMOs) are named as frontier molecular orbitals (FMOs). The energy gap between
HOMO and LUMO determines the kinetic stability, chemical reactivity and optical polarizability

and chemical hardness-softness of a molecule.” The HOMO and LUMO orbitals including the
energy gap are depicted in Fig. 3.

LUMO LUMO ®
MO-75 MO-67
-3.9350eV -3.1007eV

. 2 | e

AE=4.3993eV AE=3.1263eV

3 L4

HOMO HOMO
MO=74 . MO-=66
-8.3340eV

-6.2270eV

DNAT DNABT

Fig. 3 HOMO and LUMO orbitals of DNAT and DNABT

It is clear from the figure that, the HOMO of DNAT molecule is localized approximately on
the tetrazole ring and the m orbitals are mainly distributed the C=C bond and N=N bond with the
typical covalent nature. With respect of DNABT, the HOMO is localized in the double rings of
tetrazole. It is similar to DNAT that the carbon-carbon double bond and nitrogen-nitrogen double
bond exhibit characteristic of the m electrons aggregation. Moreover, the LUMO is localized on
nitro group and scarcely on the amino group. In addition, the HOMO—LUMO transition implies an
electron density transfer from donator to acceptor. The calculated value of energy separation
between the HOMO and LUMO is 4.3993 eV and 3.1263 eV respectively. And this allows the

molecular orbitals to overlap to have a proper electronic communication conjugation, which is a
7



Physical Chemistry Chemical Physics

marker of the intramolecular charge transfer from the electron donating group through the

m-conjugation system to the electron accepting group.

3.4 Electrostatic potential on molecular surface

Electrostatic potential (ESP) on molecular surface is critical for understanding intermolecular
interaction and gives more meaningful insight into charge distributions.* The ESP mapped vdW
surface of DNAT and DNABT are shown in Fig. 4. Significant surface local minima and maxima of
ESP are represented as orange and cyan spheres, and labelled by dark blue and brown-red texts,
respectively. The unit is in kcal/mol. Only the global minima and maxima on the surface are

labelled by italic font. The surface areas in each ESP range are plotted as Fig. 5.

Color Scole€SP (keol/mol)
50.00 o
2.00-27.60 £
34.00
26.00

18.00
10.00

gae
82828

2
-6

—n

4
2

=30
-19.94"

Basuch
883888
88888

+31.50 +1.60 \ 3
3{; & -l /WH_“ 714.23
e +3.13 o ’
DNAT 4457 DNABT

Fig. 4 ESP mapped molecular vdW surface of DNAT and DNABT

It can be seen that in the DNAT unit region, the surface minima of ESP display between
oxygen atoms because of higher electronegativity itself, especially on the O1, O2, O3 and O4 of
nitro joint to the carbon atom, which are re the primary electrophilic sites. While the surface
maximum prefer to carbon and hydrogen atoms, which illustrates that the electrostatic potential
is dominated by nuclear charge and may be attacked easily by the nucleophile. It is similar to
the DNABT unit, the surface maximum of ESP are distributed near hydrogen atoms (H1, H2)
and the minima are distributed oxygen atoms (O1, O2), respectively. The global maxima of ESP
on the DNAT and DNABT surface are +69.38 and +47.66 kcal/mol corresponding to the
hydrogen, while minima are -22.42 and -27.60 kcal/mol corresponding to the oxygen. These
observations are consistent with the atomic charges from foregoing natural bond orbital

analysis.
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Fig. 5 Area percent in each ESP range of DNAT and DNABT

For the DNAT unit from Fig. 5, most parts of surface have low ESP value (i.e. within -20 to
+30 kcal/mol), and the biggest area is about -5 kcal/mol, corresponding to the tetrazole ring. The
small area of surface ESP at -20 kcal/mol corresponds to the nitro group and another portion surface
with value of ESP (i.e.>+45 kcal/mol corresponds to the hydrogen atom of nitramino group. And
the double tetrazole rings are the main contributors to the primary surface area of DNABT unit
having ESP value within -25 to +45kcal/mol. A tiny part of the surface has ESP value larger than
+45kcal/mol stemming from the hydrogen, and another surface has value smaller than -25kcal/mol

contributed of the oxygen.

3.5 Vibration Analysis
IR spectrum is an effective method to identify the substances and it is quite related to the
thermodynamics properties. The simulated infrared spectra of DNAT and DNABT are shown in Fig.

6. The horizontal axis represents frequency and the vertical axis denotes intensity, respectively.
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Fig. 6 Calculated IR spectrum of DNAT and DNABT
The calculated IR results show that the strongest IR peaks at 1627 cm” of DNAT compound
corresponds to the symmetrical stretching modes in the carbon- carbon double bonds. The region in

3523 cm™ and 3362 cm™ belong to stretching vibration of N-H bond and the peaks at 518 cm™ are
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rocking modes in the nitramino group. The stronger one at 1558 cm™ and 1099 cm™ refer to
symmetrical stretching of N=N bond and symmetrical stretching of C-N bond in the tetrazole ring,
while the peaks at 1731 cm™ belongs to the scissor vibration mode of N-H bond. And the N-O
bonds in the nitro group have different peaks at 1228 cm™ and 1334 cm™, referring to symmetrical
stretching vibrations. Meanwhile, the DNABT compound has two strongest IR peaks at 1308 cm’
and 1692 cm™, which are the symmetrical and asymmetrical stretching modes in nitro group and the
scissor vibration mode in amino group, respectively. The amino group was observed vibration
modes along with additional three characteristic peaks in the IR spectrum at 3585 cm’, 340 cm™
and 836 cm™ refer to the asymmetrical stretching and the torsion modes as well as the N-H bending
and out-of-plane deforming. The stronger peaks at 1510 em™ and 1222 cm™ are assigned to the
stretching modes of the N=N bond and the C=C bond, respectively. While the peak at 1023 cm’
and 951 cm™ as medium peaks are mainly dominated by stretching vibration on C-N and N-N of
tetrazole skeleton. The nitro group also has another vibration modes of torsion ranged in the weak
peaks at 808 cm™. It’s worth being noticed that the variances of vibrations on the nitro group and
the amino in different positions were observed through value and intension of IR spectrum both in
DNAT and DNABT compounds.

On the basis of vibrational analysis and statistic thermodynamic method, thermodynamic
functions, such as thermal correction to internal energy (U), enthalpy (H), free energy (G), standard
molar heat capacity (C,) and standard molar thermal entropy (S), as well as zero-pint energy (ZPE)
of two major compounds were evaluated and tabulated in Table 3. All these values are at 298.25K,
1.00 atm. and with kcal/mol as unit (kcal/(mol-K) for S and C,).

Table 3 Thermochemical parameters of DNAT and DNABT

Species ZPE U H G S Cy
DNAT 72.90 83.57 84.17 43.11 137.70 59.66
DNABT 82.16 92.15 92.74 54.52 128.20 57.22

3.6 Crystal Packing and Density
The predicted structures for six types of crystals about DNAT and DNABT were optimized by
using CASTEP*! with the periodic LDA density functional theory and are illustrated in Fig. 7.

10
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Fig. 7 Unit cells of the DNAT and DNABT crystals calculated using the periodic LDA density functional theory.
The crystal structures and packing of DNAT are distribute to letter a and b in bold and the space group is P;1212;.
The remained c, d, e, and f belong to DNABT with the space groups of Py2121, Pa1/c, P-1 and Pgca, respectively.

The gaseous DNAT molecule is without symmetry so as to the unit-cell being occupied a little
molecules in the space group of P;»12; and the packing structures are depicted in four unit cells as
shown in b. While DNABT is approximate planar in the crystals to achieve the most significant
stacking. After the optimizations using the first-principle plane-wave LDA density functional theory,
only four crystals, such as P,12121, Paiic, P-1 and Pgca survive from the six probable crystal types.
And they belong to the orthorhombic, monoclinic and triclinic lattice systems. In view of the lattice
energy, the more stable crystals belong to the primitive monoclinic (P,j,c) and orthorhombic (Ppca)
lattices. The corresponding crystal structures are shown in Fig.7. And P;j2121, P2i/c and P-1 crystals
have layered structures, whereas Ppca crystal shows a helix conformation. The remaining cells
expand continuously and the molecules become unbound in the end. As a critical parameter for
energetic material, the crystal packing density has been estimated to be 1.97 g-cm™ for DNAT and
1.85 g-cm'3 for DNABT, respectively.

3.7 Enthalpy of Formation

If the enthalpy of formation of a proposed explosive is not known experimentally, a number of
methods are available for obtaining it computationally at an acceptable level of accuracy, The gas
phase heats of formation AiH»9sk (g) of DNAT and DNABT were obtained by means of the atom
equivalents method. Politzer and coworkers have clearly established that correlations exist between
the electrostatic potential of a molecule and its condensed-phase properties, including the heats of
sublimation and vaporization. The calculated enthalpies of formation at 298.15K for DNAT and

DNABT as well as other common energetic compounds are summarized in Table 4

11
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Table 4 Enthalpies of Formation, Enthalpy of Vaporization, and Enthalpy of Sublimation (kJ/mol)

Species® AH (gas) AH (liguid) AH (solid) AH (vap) AH (sub)
TNT# 24.035 - -63.12 - 104.50
RDX* 191.44 79.00 - 112.02
HMX* - - 75.24 - -

FOX-7% - - -133.70 - -
DNAT 727.29 715.23 583.50 12.06 143.79

DNABT 1208.54 1164.29 1081.39 4425 127.15

@ TNT, trinitrotoluene; RDX, cyclotrimethylene trinitramine; HMX, cyclotetramethylene tetranitramine; FOX-7,

1,1-diamino-2,2-dinitroethene.

It is evidently important to use solid state enthalpies of formation in predicting the detonation
performance of C, H, N, O compounds. On one hand, some compounds in Table 4 actually have
negative enthalpies of formation due to the large enthalpy of phase transition such as TNT and
FOX-7. On the other hand, a strongly positive enthalpy of formation is commonly invoked as being
very desirable property to increase detonation heat, which is one of the primary reasons for the
interest in high nitrogen compounds as explosives. Quite noteworthy in this respect are DNAT and
DNABT with the most positive enthalpy of formation (583.50kJ/mol and 1081.39kJ/mol) than that
of other common energetic compounds and a large enthalpy of formation are very beneficial to the

detonation heat so as to improve the detonation velocity and pressure from the theoretical point.

3.8 Detonation Properties
The detonation parameters have been calculated and Table 5 lists the p, O, D, P, and oxygen
balance (OB) of title molecules (DNAT and DNABT) and five famous explosives for comparison.

Table S Detonation parameters for common HEDMs and two major compounds (DNAT and DNABT)

Species'™ AH,95k(s) 0 p D P (OB)
/(kJ/mol) /(cal/g) /g cm’ /(km/s) /GPa %
DNAT 583.50 1310 1.97 9.17 39.23 16.32
DNABT 1081.39 1800 1.85 9.53 40.92 -12.30
TNT# -63.12 1295 1.64 6.95 19.00 -74.00
RDX* 79.00 1501 1.80 8.75 34.70 -21.62
HMX* 102.41 1498 1.90 9.10 39.30 -21.62
FOX-7* -133.70 1200 1.89 8.87 34.00 -21.62
CL-20* 377.04 1567 2.04 9.38 44.10 -10.96

12

Page 12 of 15



Page 13 of 15

Physical Chemistry Chemical Physics

@ TNT, trinitrotoluene; RDX, cyclotrimethylene trinitramine; HMX, cyclotetramethylene tetranitramine; FOX-7,

1,1-diamino-2,2-dinitroethene; CL-20, hexanitrohexaazaisowuritane.

High density is desirable for energetic materials because more energy will be packed per unit
volume. Among these compounds studied here, two new molecules have higher density than that of
the traditional explosive such as TNT. And the compound DNAT is worth being noticed with a
density of up to 1.97 g-cm™, which is similar to excellent CL-20 (value of 2.04 g-cm™). Moreover, a
large number of inherently energetic C-N and N-N bonds of high-nitrogen molecules benefit the
two novel compounds in high positive enthalpy of formation with values of 583.50kJ/mol and
1081.39kJ/mol. The OB (oxygen balance) is another parameter that is used to indicate the degree to
which an explosive can be oxidized and thus an important criterion for selecting potential HEDCs.
The value of OB in DNABT (-12.30%) close to CL-20 (-10.96%) maybe make for the heat releases
in detonation by sufficient oxidation. Thus the fact that the heat of detonation of DNAT and
DNABT as novel members are about 1310 cal/g and 1810 cal/g, which become the highest ones
among all compounds including FOX-7 as well.

Detonation velocity and detonation pressure are two very important performance parameters
for an energetic compound. As is evident in Table 5, both DNAT and DNABT show remarkable
detonation parameters. The detonation velocity (9.17km/s and 9.53km/s) and detonation pressure
(39.23GPa and 40.92GPa) are much greater than those of TNT, RDX and HMX as well as FOX-7.
Overall, the detonation properties of both DNAT and DNABT are accordingly predicted to be
second only to those of CL-20, and they might be the most powerful energetic materials among the

CHNO-containing organic compounds.

4. Conclusion

Two novel members of FOX-7 family, 5-(dinitromethylene)- 1,4-dinitramino-Tetrazole (DNAT)
and 1,1'-dinitro-4,4'-diamino-5,5'-Bitetrazole (DNABT) have been proposed firstly.

The optimized structures are dominated by the planar tetrazole ring and carbon-carbon double
bonds as well as many nitro and amino groups both in DNAT and DNABT molecules. And they are
presumably stabilized by involving the lone pairs of alternate nitrogen and carbon atoms in
distribution of electronic density. The electrostatic potentials are strongly positive above and below
the central portions of the molecules while negative around the peripheries. The calculated

thermochemical parameters, IR spectrum data have been performed for easier assignment and

13
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positive identification of the target compounds. The predicted structures for four types of crystals

including P512121, Pai/c, P-1 and Pgca, assigned to the orthorhombic, monoclinic and triclinic lattice

systems, were optimized by using the first-principle plane-wave LDA density functional theory.

Two new molecules have higher density and the compound DNAT is up to 1.97 g-cm™. Quite

noteworthy in this respect are both of them with positive enthalpy of formation (583.50 kJ/mol and

1081.39 kJ/mol). It has been confirmed that DNAT and DNABT might be very promising energetic

(catenated nitrogen atoms) and insensitive (tetrazole and FOX-7 fragments) compounds with

eminent detonation properties (DNAT: D = 9.17 km/s, P = 39.23 GPa; DNABT: D =9.53 km/s, P =

40.92 GPa), especially DNABT is equal to that of CL-20 (D = 9.38 km/s, P = 44.10 GPa).

Overall, a class of fascinating compounds as novel members of FOX-7 family, containing six

or eight catenated nitrogen atom chains has been reported firstly. We expect that the relative

theoretical work of such combination of energetic groups and insensitive fragments may open new

methods for the synthesis of new high-nitrogen materials in the foreseeable future.
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