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Theoretical Study of 5.8-Dinitro-5,6,7,8-tetrahydrotetrazolo
[1,5-b][1,2,4 |triazine (DNTzTr)
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Abstract: The structure and properties of 5,8-Dinitro-5,6,7,8-tetrahydrotetrazolo[ 1.5-b ][ 1,2,4 Jtriazine (DNTzTr) was inves-
tigated by using quantum chemistry methods. The optimized geometry and electronic density, IR and NMR spectrum data were cal-
culated for inspecting the electronic structure properties and nature of chemical bonds at BSLYP/6-311+G(2d) level. The critical
macroscopic properties such as density, enthalpy of formation and detonation performance have been also predicted. The results
show that the enthalpy of formation and density of DNTZTr are 497. 64kJ/mol and 1. 82g/cm’ , respectively. The detonation velocity and
pressure are 8. 73km/s and 33. 97GPa, respectively. It possesses good detonation properties and can be the potential energetic material.
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Introduction

High-nitrogen heterocycles are an unique class of energetic

material developed in recent years and have attracted
considerable attention because of their high heat of formation,
high density, and good thermal stability'"’. Current research
efforts in the energetic community are focused on developing
ingredients with minimal responses to impact, friction and
electrostatic discharge. Of these heterocycles, the tetrazole
ring has been found to occupy the ideal middle ground on the
“stability versus performance continuum” for preparation of
newenergetic materials?’.

Tetrazoles are more frequently used for the synthesis of
new energetic nitrogen-rich compounds. Together with their

high thermal stability and the high heat of formation(5H-1,
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2,3 .4-tetrazole: 237 kJ/moD) .they offer a good backbone for
the development of energetic compounds. Recently, many ex-
amples of energetic compounds that contain a tetrazole moiety
have been investigated and synthesized*™ . Of the tetrazole
compounds, 1,5-diaminotetrazole (DAT) can act as a precur-
sor for introducing the tetrazole ring synthon into a wide
range of energetic materials. In 1988, Willer reported the
synthesis and chemistry of the related 5,6,7,8-tetrahydrotet-
razolo[ 1,5-b][1,2,4 |triazines based on the reaction of 1,5-
diaminotetrazole (DAT) with glyoxals and following the re-
duction. Subsequent nitration proceeded smoothly in acetic
anhydridelnitric acid to give the 5, 8-dinitro compound, 5, 8-
dinitro-5,6, 7, 8-tetrahydrotetrazolo[ 1,5-b ][ 1,2, 4 |triazine,
DNTzTr with six nitrogen atoms contiguously bonded and the

[7]

structure was confirmed by X-ray crystallography'’”. Howev-
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er, it is still lack of systematic and theoretical studies on the
structure-property relationship on this energetic compound.
Studying the structure property relationships and using
computer codes to predict the energetic properties based on
molecular structure has greatly enhanced the development of
new energetic materials with better performance'’’. In this
work, we firstly reported the interesting compound DNTzTr
from the view of theoretical computation. The electronic
structure, enthalpy of formation, density, and detonation
performance of this promising polynitro energetic compound
with six catenated nitrogen atoms, have been studied
rigorously by high-level first-principles calculations. The
present theoretical study may simulate further experimental
study of these novel high-nitrogen energetic compounds

including synthesis and test.

1 Computational Methods

All the calculations involved in this work were carried
out using the Gaussian 09" suite of programs. The geometric
optimization of the target compound has been performed using
the hybrid DFT-B3LYP method with the 6-311+G(2d) basis
set. And the electronic density, IR spectrum, NMR and
thermochemical parameters were obtained at the same levels
of theory based on the optimized gas-phase structure.

Enthalpy of formation (EOF) 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"’ .

AH(g)=E(g) — 2 inx @D)

In Eq. (1), E(g) is the computed minimum energy of
the molecule at 0 K; n; is the number of atoms of element i
and z; 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
AH; (g) of a series of C, H, N,

energetic compounds™’.

O-containing

Often the standard state of the material of interest
corresponds to the condensed phase. Thus, condensed-phase
enthalpy 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(s)=AH(g) — AH(Sublimation) (2)
AH(1)=AH(g) — AH(Vaporization) (3)

Based on the electrostatic potential of a molecule through

quantum mechanical prediction, the enthalpy of sublimation

either vaporization can be represented as™''’

AH (subimation) =a(SA)* +b /oiav+c (4)
AH (vaporization) =a /(SA) +b /oiwvTc (5)

Where (SA) is the molecular surface area for this
structure; oiy is described as an indicator of the variability of
the electrostatic potential on the molecular surface; v is
interpreted as showing the degree of balance between the pos-
itive and negative potentials on the molecular surface; a, b,

and ¢ are fitting parameters. The enthalpy of formation of

title compound can be predicted on the basis of these equa-
tions.

Besides enthalpy of formation, the other critical parame-
ter for energetic material is the crystal packing density. Con-
sidering the intermolecular interactions within the crystal,
the theoretical density was obtained by an improved equation
proposed by Politzer et al''*! through the introduction of the
interaction index v, :

— (L
072\ v (0. 00D)

In Eq. (6), M is the molecular mass in g/mol and V(0.

) +Bvoh) +r (6

001) is the volume, in cm®/mol, that is encompassed by the
0. 001 au contour of the molecule’s electronic density. The in-
dex voie s defined by Eqgs. (4) and (5) earlier to determine
the enthalpy of vaporization and sublimation, is obtained via
the electrostatic potentials on the molecular surfaces. The co-
efficients a, B and y were assigned by fitting Eq. (6) to the
experimental densities of a diverse group of 36 energetic com-
pounds''*,

1, widely em-

The empirical Kamlet-Jacob equations'
ployed to evaluate the energy performance of energetic com-
pounds were used to estimate the detonation velocity and det-
onation pressure of title compound. Empirical Kamlet-Jacobs

equations can be written as follows:

D=1.01(NM Q > (1—1.30p) )
p=1.5580 NM Q" (®)
Where D is the detonation velocity (km/s); p is the det-
onation 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 (kJ/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 Eqs. 7 and Egs. 8 can be regarded as

their upper limits.

2 Results and Discussions

2.1 Molecular geometry

The geometry of DNTZzTr has been optimized using
various first-principles methods including HF and B3LYP,
and the basis sets include the split-valence types 6-31G(d) , 6-
311G(d), 6-311+ G (2,

mized at various levels of theory compared with the experi-

Some bond distances opti-

mental values'™ are listed in Table 1. And the most stable
molecule conformation of the title compound is shown
in Fig. 1.

As shown in Fig. 1, the geometrical parameters of
DNTZzTr are not sensitive to the basis sets used in the optimi-
zation for B3LYP methods and the change of bond length is
always less than 0. 001 nm. And the optimized values from 6-
311+ G(2d) basis sets are significantly different from those
obtained by other basis sets. However, the geometrical
parameters do depend on the methods. Using the HF
method, most of the calculated distances of N—N and C—N
bonds are shorter than the experimental data, while the
distances of C—C, O—N and C— H bonds are a little longer
than that of experiment. Thus the results calculated by
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B3LYP method are close to those of the experiment compared
with the HF method, implying that the dynamical electron
correlation plays a key role for the molecule of our concern.
Therefore, we performed all geometrical and electronic
calculations of title compound by B3LYP method with 6-311
+G(2d) basis sets.

made of the tetrazole and triazine

The whole main body of molecule is
ring structure with
the

polynitro as energetic groups, which contributes to

explosive performance.

0y
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Fig.1 The optimized geometry of DNTzTr
Table 1 Selected bond length of DNTzTr at HF and B3LYP as well as the experimental values (nm)
Bond length/nm Bond length/nm

Bond B3LYP/ B3LYP/ B3LYP/ . Bond B3LYP/ B3LYP/ B3LYP/ ,
HE a6 63116 63114 Ged P HE 6516 63116 6311 4Gad P

N1—N2 0.1434 0.1379 0.1379 0.1377 0.1385 C2—C3 0.1529 0.1532 0.1532 0.1525 0.1527
N2—N3  0.1262  0.1281 0.1281 0.1275  0.1287  C3—N7  0.1488  0.1474 0.1474 0.1474 0.1482
N3—N4  0.1400  0.1366 0.1366 0.1363  0.1360  N6—O1  0.1241 0.1216 0.1216 0.1210  0.1210
N4—Cl  0.1361 0.1367 0.1367 0.1363  0.1357 N6—O02  0.1216  0.1207 0.1207 0.1201 0.1205
Cl1—N1 0.1289 0.1313 0.1313 0.1308 0.1314 N8§—03 0.1225 0.1212 0.1212 0.1206 0.1221
N4—N5 0.1378 0.1372 0.1372 0.1369 0.1384 N8§— 04 0.1251 0.1225 0.1225 0.1220 0.1224
N5—N6  0.1464  0.1507 0.1507 0.1505  0.1498 C2—H2a 0.1075  0.1091 0.1091 0.1087  0.0990
C1—N7  0.1369  0.1384 0.1384 0.1382  0.1386 C2—H2b  0.1079  0.1096 0.1096 0.1092  0.0990
N7—N8  0.1388  0.1421 0.1421 0.142 0.1391 C3—H2a 0.1077  0.1093 0.1093 0.1089  0.0990
N5—C2  0.1492  0.1479 0.1479 0.1476  0.1483 C3—H2b  0.1073  0.1088 0.1088 0.1084  0.0990

2.2 Electronic structure

In general, most molecules have portions that are relative-
ly electron rich and others that are correspondingly electron
poor and a variety of atomic and molecular properties can be
expressed in terms of the electrostatic density population.

[16]

Using the Multiwfn program"'* calculating density, the contour

line maps of electronic density on the title compound are

visualized in Fig. 2.
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(a) electronic density

(b) electrostatic potential

Fig. 2 Contour line map on DNTzTr

As shown in Fig. 2 (a), the heavy nucleus have high peaks

caused by nuclear charge improving electron aggregation and

then display integral exponential attenuation towards all
around. It is obvious that electron density surrounding the
oxygen and nitrogen atom is higher than that of other atoms
due to the strong electronegativity. Some origins with either
positive or negative contribution from electrons should be
noticed and marked in different majuscules (as shown in cyan).
As we know. the electrons prefer to assemble in the bonding
area (such as A) because of electron pair sharing between
atoms with covalence interaction. And the delocalization mainly
occurs in tetrazole ring (as marked B), which may improve the
stability of the ring skeleton as well as molecular structure.
The electrostatic potential can be regarded as, effectively,
another fundamental determinant of chemical reactivity and
molecular interactive behavior'”’. And the contour line map of
electrostatic potential defined by the 2y plane are shown in
Fig. 2(b). The nuclei naturally display the positive electrostatic
potential on the molecule. In addition, the strong negative
regions of potential are shown in the ring nitrogen, which is
initially attracted to the electrophiles. And some of them also
show the characteristic weaker negative region of potential
around the oxygen atoms. Overall, the positive and negative
potentials are delocalized inside and outside the rings, respec-
tively. Such a structural characteristic is very helpful for the
molecular packing via strong n-n stacking interactions.
2.3 Vibration analysis and NMR

The calculate IR spectrum of the title compound is shown
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in Fig. 3 Large, systematic theoretical investigations only allow for
1600 . P reliable error estimates if appropriate experimental studies,
_ such as gas-phase NMR measurements on smaller molecular
E’ 1200 systems are available"®. The theoretical chemical shifts of C
= 800 and H in ppm in 'H and “C NMR relative to Me,Si and
f:; 0 chemical shifts of N in "N NMR to MeNQ,, have been
a calculated as well. And the results show that, 'H NMR: 3. 40
B 0 (H2a), 5.25 (H2b), 4.41 (H3a), 3.67 (H3b); "N NMR.
0 5(')0 1(;00 15'00 2(;00 25'00 000 —163.29 (N1), —7.98(N2), —70.43(N3), —271. 37
- (N4), —267. 86 (N5), — 45, 97 (N6), — 312. 67 (N7),

Fig.3 Calculated IR spectrum of DNTZTr
As shown in Fig. 3, the strong IR peaks at 1685cm ' and
1653 cm ' corresponds to the asymmetrical stretching modes of
the nitro groups. And the stretching vibrations on C—N bonds
and N—N bonds of the tetrazole and trizaine ring are expected
in the region 1576, 1443 and 1227cm ™', 993 cm™'. Again the
peaks at 1331 and 1292 cm™' refer to symmetrical stretching,

1

while the weak peaks at 841 cm ' is belonging to the scissor

vibration mode of nitro groups.

—68.72(N8); "C NMR: 156. 00(C1), 41.92(C2), 47. 32
(C3). We included the calculated IR and NMR for easier
assignment and positive identification of the DNTzTr.
2.4 Predicted properties

The detonation parameters for energetic compounds have
been calculated including the detonation heat (Q), detonation
velocity (D) and pressure (p), and enthalpy of formation
(EOF) ., density (p) as well as oxygen balance (OB) values of
the title molecule along with three famous explosives for

comparison and systemic information are listed in Table 3.

Table 2 Detonation parameters for common explosives and DNTzTr

ArHoger (5)/

Species (kI y Q/(k] g™ o/(g+cm™?) D/(km s ") p/GPa OB/ %
* mo

TNT —63.12 308 1. 64 6.95 19. 00 —74.00

RDX"! 79. 00 357 1. 80 8.75 34.70 —21.62

PETN™ —128.70 360 1.77 8. 30 33. 50 —10.12

DNTzTr 497. 64 362 1.82 8.73 33.97 —29.63

It is seen that the title compound possesses a very high
solid-phase enthalpy of formation derived from the large
number of inherently energetic C — N and N — N bonds of
high-nitrogen molecules. DNTzTr has the most positive en-
thalpy of formation (497. 64 kJ/mol) among the common en-
ergetic compounds, and has high density with the value of 1.
82 g/cm’, which is higher than other energetic compounds
such as TNT, RDX and PETN. The heat of detonation as an-
other property of DNTzTr is about 362k]J/g, which become
the highest one among all compounds. Detonation velocity and
detonation pressure as two very important performance
parameters for an energetic compound are compared in Table
3. The title compound shows relatively higher detonation
velocity (D=38. 73 km/s) than TNT and PETN, even close to
remarkable explosive RDX. Again the detonation pressure (p
=33. 97 GPa) is much higher than that of TNT and similar to
PETN.

Overall, the compound DNTzTr possesses good

detonation properties and can be a potential energetic material.

3 Conclusions

(1)5, 8-dinitro-5, 6, 7, 8-tetrahydrotetrazolo[ 1,5-b ][ 1,
2.4 Jtriazine (DNTZzTr) , containing six catenated nitrogen at-

om chains was studied by using first-principles quantum

chemistry methods. The optimized structure is made of the
tetrazole and triazine ring with polynitro as energetic groups. The
electronic density provides a visual representation of the chemi-
cally active sites.

(2) The calculated IR and NMR spectrum data have been
performed for easier assignment and positive identification of
the target compound.

(3) The compound DNTzTr possesses the most positive
enthalpy of formation (497.64kJ « mol ') and highest densi-
ty (1. 82g/cm®) among the common energetic compounds.
And with good detonation parameters (D=38. 73km/s, p=
33. 97 GPa), the compound DNTzTr can be the potential

energetic material.
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