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Calculations predict a novel desired compound
containing eight catenated nitrogen atoms: 1-amino-
tetrazolo-[4,5-b]tetrazole
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A novel 8-N conjoint energetic compound Il-amino-tetrazolo-[4,5-b]tetrazole has been
designed and investigated at the DFT-B3LYP/6-311++G** level of theory. The optimized
geometry, vibration analysis including thermochemistry and IR spectrum, NMR data, natural
bond orbital and charges, HOMO-LUMO orbitals as well as electrostatic potential were
calculated for inspecting the electronic structure properties and interactions of chemical bonds.
Properties such as density, enthalpy of formation considered the enthalpy of phase transition
and detonation performance have been also predicted. As a result, the detonation velocity and
pressure of this compound are 8.90km-s”, 33.83GPa, respectively, As well as the planar
double rings (stable) with high-nitrogen structure (energetic), the high positive heat of
formation (792.38kJ-mol") and the eminent performance, lead 1-amino-tetrazolo-[4,5-
b]tetrazole to maybe a very promising powerful energetic insensitive compound. In addition,
the azido-cyclization kinetics of 1-amino-5-azidotetrazole forming the target compound has
been investigated. At gaseous case, the reaction barrier is 30.34kcal-mol™ and the reaction is
endothermic as well as non-spontaneous in general conditions. The rate constants are evaluated
over a wide temperature region from 200 to 1000K using the transition state theory (TST) and
the Arrhenius experience formula has been fitted as well. The theoretical researches on
extended nitrogen chains could improve the synthesis of new high-nitrogen materials in the
foreseeable future.

The key requirements include performance, insensitivity,
stability, vulnerability, and environmental safety.'” Over the

The development of energetic compounds from the
fundamental research to their application is an exciting and
challenging area of chemistry. Considering many applications
of the energetic compounds as explosives or propellants, it is
important to discover new representatives with significant
advantages over compounds currently used not only for military
but also for civilian purposes. Many new energetic compounds
have emerged recently in order to meet the challenging
requirements to improve the performance of existing products.

This journal is © The Royal Society of Chemistry 2013

past decade, energetic heterocyclic compounds have been
investigated extensively. Higher energetic performance has
always been a primary requirement for research and
development of explosives and propellants.® The azido group is
often used as a highly energetic ligand in energetic compounds
to increase the enthalpy of formation to about +364 kJ-mol™!
along with an increase in nitrogen content.” 5-azidotetrazole
with a nitrogen content of 88.28%, was been synthesized in
1939, and many publications have dealt with the synthesis and
characterization of these compounds since then.®'’

RSC Adv., 2013, 00,1-3 | 1



RSC Advances

Since 5-azidotetrazoles are very sensitive towards shock
and friction, many attempts have been made to desensitize these
materials by introduction of aryl and alkyl groups,'' which
negatively affects the corresponding detonation performance as
well. Tetrazoles offer a good backbone for the development of
energetic compounds together with their high thermal stability
(due to the aromaticity) and the high heat of formation of +237
kI-mol” (5H-1,2,3,4-tetrazole).'”” Recently, many energetic
compounds that contain the tetrazole moiety have been
investigated and synthesized.”>** Consequently, the isomeric
tetrazoles,” which are formed by an 1,5-dipolar cyclization®® of
the polyazides, are potential replacements for the hazardous
polyazides.

When the azido group is attached to a C atom adjacent to a
nitrogen in a heterocyclic azide, it may spontaneously cyclize to
give a tetrazole ring,”’ namely, azido-tetrazole chain-ring
isomerization, which has been the subject of many studies.?**°
In this work, we design a new high-nitrogen compound with
double tetrazole rings containing eight catenated nitrogen,
which provides high-energy performance. 1-amino-tetrazolo-
[4,5-b]tetrazole is first studied detailedly by high-level ab initio
calculations. We report the electronic structure, thermochemical
properties, enthalpy of formation, density, and detonation
performance. On the basis of 1-amino-5-azidotetrazole®’, its
kinetics of azido-cyclization for 1-(amino)-tetrazolo-[4,5-
b]tetrazole has been investigated in this paper. The construction
of new high-nitrogen structures with highly catenated nitrogen
chains®® and the present theoretical study may promote further
experimental study on this new energetic material with high
performance.

Computational methods

The geometry of 1-amino-tetrazolo-[4,5-b]tetrazole has been
optimized using the hybrid DFT-B3LYP method with 6-311++G**
basis set. Thermochemical properties and IR spectrum were obtained
through harmonic vibrational frequencies at the same level of theory.
Meanwhile, natural bond orbital (NBO) charges, the highest
occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbital (LUMO) orbitals as well as electrostatic potential
of the title compound were calculated on the B3LYP/6-311++G**
level of theory based on the optimized gas-phase structure, while the
NMR spectroscopy has been carried out using the 6-311++G (2df,
2pd) basis set for better estimates of chemical shift calculations.

Enthalpy of formation is the most important parameter for
energetic compounds. The gas-phase enthalpies of formation at 0 K
and 298.15 K were calculated straightforwardly using the
atomization energies method.** 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) (1)
AH(Liquid) = AH(Gas) — AH (Vaporization) ?)

Based on the electrostatic potential of a molecule through
quantum mechanical prediction, the heat of sublimation either
vaporization can be represented as*" **:

AH(Subimation) = a(SA)? + by/a,.v + ¢ (3)
AH(Vaporization) = a,/(SA) + by\/a2,.,v + ¢ 4)

Where (SA4) is the molecular surface area for this structure, Gz,

is described as an indicator of the variability of the electrostatic
potential on the molecular surface, and v is interpreted as showing
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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 to predict the heats of
sublimation and vaporization of energetic materials then combined
these with Eq.1 or Eq.2 to predict solid and liquid enthalpy of
formation.

Besides enthalpy of formation, the other critical parameter for
energetic material is the crystal packing density, which needs the
datum of the molecular volume. The volume was defined as inside a
contour of 0.001 electrons/bohr® density that was evaluated using a
Monte Carlo integration. This method has been successfully applied
to high-nitrogen compounds.** 100 single-point calculations were
performed for each optimized structure to get an average volume at
the B3LYP/6-311++G** level of theory.

The empirical Kamlet-Jacob equations* 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 = 1.01 (N1\71§Q§)E 1+ 1.30p) )

1 1
P = 1.558p2NMzQ> 6)

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 (J/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.5and Eq.6 can be regarded as their upper limits.

In order to investigate the synthesis feasibility of designed target
compound, we studied azido-cyclization kinetics of 1-amino-5-
azidotetrazole. The geometries of the relevant stationary points along
the reaction pathways were optimized at B3LYP/6-311++G**level
of theory. All the stationary points were characterized by their
harmonic vibrational frequencies as minima (no imaginary
frequency) or saddle points (only one imaginary frequency). The
intrinsic reaction coordinate (IRC) was calculated to confirm
whether the reaction transition state (TS) is connecting the reactant
and product as two minimum points. The thermodynamic energy
parameters and potential energy curve were determined from the
vibrational frequencies calculated at the same level. Moreover, the
rate constants, as well as Arrhenius empirical formula were
evaluated over a wide temperature region from 200 to 1000 K based
on the traditional transition theory (TST).

All the ab initio calculations involved in this work were carried
out using the Gaussian 09 program package®. The related kinetics of
azido-cyclization reaction including rate constant was performed
using the VKLab*® and POLYRATE 8. 2 program package®’.

Results and discussion

Molecular Structure

The optimized structure of 1-amino-tetrazolo-[4,5-b]tetrazole (as
shown in Fig. 1) corresponds to at least a local energy minimum on
the potential energy surface without imaginary frequency at B3LYP /
6-311++G** level of theory. The selected geometry parameters of
optimized molecule are listed in Table 1.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 8



Page 3 of 8

Fig. 1 The optimized geometry and NBO charges (e as unit) of 1-amino-

tetrazolo-[4,5-b]tetrazole

It is evident that all N atoms and C atom are in the same plane
and 8 N atoms are conjoint directly. And = electrons are delocalized
over the ring structure, resulting in such trend of lengths average.
The bonding angle of ring atoms is about 108° approximately, which
illustrates that the molecule favors five-member ring structure. C and
N in the molecule are sp® hybridization, forming an approximate
planar structure. Such a characteristic is very helpful for the
molecular stability. However, there is a certain deviation on angles
as a result of the lone pair electrons on N atoms, leading to larger
repulsive force when N atoms close to each other. The whole
molecule shows stable five-member structure as well as plane double
rings without any symmetric properties.

Table 1 Selected parameters of the optimized geometry for 1-amino-tetrazolo-

[4,5-b]tetrazole

RSC Advances

perspective, which may be attributed to the conjugative effect of
right tetrazole-ring. The only C5 atom connected close to N1, N4
and N6 atoms indicates strong covalent characters with each other,
promoting the stability of molecular structure.

Table 2 The Wiberg bond index of 1-amino-tetrazolo-[4,5-b]tetrazole

Chemical Wiberg Chemical Wiberg

bonds bond order bonds bond order
C5-N4 1.130 N1-N9 1.044
C5-N1 1.120 N9-H10 0.840
C5-N6 1.445 N9-H11 0.840
N2-N1 1.151 N6-N7 1.309
N2-N3 1.678 N7-N§ 1.610
N3-N4 1.137 N8-N4 1.147

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 HOMO represents the ability to
donate an electron, LUMO as an electron acceptor represents the
ability to obtain an electron. The energy gap between HOMO and
LUMO, which determines the kinetic stability, chemical reactivity
and optical polarizability and chemical hardness-softness of a
molecule®®, was calculated at the B3LYP/6-311++G** level®.

LUMO
MO=33

Bond A Bond angles ©) Dihedral angles ©) -2.5347eV
lengths
N1-N2 1.377 N1-N2-N3 110.1 N1-N2-N3-N4 -0.07 AE=5.7552¢V
N2-N3 1.277 N2-N3-N4 105.6 N2-N3-N4-C5 0.05 HOMO
MO=32
N3-N4 1362  N3-N4-C5 112.6 C5-N6-N7-N8 -0.03 838906V
N4-C5 1.347 N1-C5-N4 103.0 N9-N1-N2-C5 179.98
C5-N1 1.359 C5-N6-N7 102.9 N2-N1-N9-H10 60.81
C5-N6 1.316 N6-N7-N8§ 114.3 N2-NI-N9-H1I -60.80 Fig. 2 The HOMO and LUMO orbitals of 1-amino-tetrazolo-[4,5-b]tetrazole
N6-N7 1.372 C5-N1-N9 127.7 C5-N6-N7-N4 -0.01
N7-N8 1298 NI-N9-HI0 109.8 C5-N3-N4-N8 179.98 As can been seen in Fig. 2, overlapping of orbital loops located
N8-N4 1357 N7-N8-N4 103.6 on the HOMO and LUMO, the positive phase is red and the negative
NO-N1 1.379 one is green. It is clear from the figure that, the HOMO is localized

approximately on the right tetrazole ring, while LUMO is localized

Natural Bond Orbital and charges

Natural Bond Orbital (NBO) charges are considered more reasonable
for discussion, exactly what was suggested in Fig.1. The majority of
the tetrazole ring’s negative charge is localized on the nitrogen atoms
in NBO, whereas the positive charge is located on the only carbon
atom due to the stronger electronegativity of N element compared
with C element. Almost all N atoms display negative charge
especially N9 with most negative charge (value of -0.596¢), which
may because of the inductive effect of —NH, as electron-
withdrawing group. In addition, N6 also displays higher magnitude
of the negative charge (value of -0.331e) while N1 is distributed less
negative charge (value of -0.0.098¢) as a result of the same effect.
Overall, both positive and negative charges in NBO support the
contributing nature of electrons delocalization on tetrazole’s ring.
The Wiberg bond index was obtained from NBO calculation. The
corresponding results are listed in Table 2, respectively. The Wiberg
bond indices of all N-N bonds in the double tetrazoles’ ring for title
compound are from1.044 to 1.678 across the overall system.
Comparing with these bonds between N1, N2, N3 and N4, the values
of bonds between N6, N7, N8 and N4 are little larger from an overall

This journal is © The Royal Society of Chemistry 2012

on the left, which implies that the nitrogen atoms of right tetrazole
become the main electron donating group and may be attacked by
the electron accepting group. The HOMO—LUMO transition
implies an electron density transfer to nitrogen atoms on left
tetrazole due to the electrophilic of -NH,. The calculated energy
value of HOMO is about -8.2899 eV and LUMO is -2.5347 eV in
gaseous phase. The value of energy separation between the HOMO
and LUMO is 5.7552 eV.

Electrostatic potential

On the molecular surface, the contribution of electronic and nuclear
reach to the extent of counterbalance, while the distribution of the
electron density inhomogeneity leads to the molecular surface
electrostatic potential is either positive or negative.

RSC Adv. 2012, 00, 1-3 | 3
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Fig. 3 The electrostatic potential distributions of 1-amino-tetrazolo-[4,5-
b]tetrazole

By using the Multiwfn program® based on the Quantitative
molecular surface analysis, the extreme value points of electrostatic
potential on the molecular surface are visualized in Fig. 3. Firstly,
the positive and negative potentials are delocalized inside and
outside the rings, respectively. It is evident that there are 6 surface
minimum values of negative potential (shown blue points in Fig. 3),
which distributes mostly close to nitrogen atoms because of higher
electronegativity itself. On the other hand, these positions displayed
negative potential, especially near N6 (-33.68 kcal-mol™), N7 (-
35.67kcal-mol') and N8 (-28.43kcal-mol’), may react with
electrophile such as metal atoms easily. Another 4 surface maximum
values of positive potential (shown red points in Fig. 3) prefer to
carbon and hydrogen atoms, which illustrates that the electrostatic
potential is dominated by nuclear charge. Among them, the
electrostatic potential near hydrogen atoms are highest one (55.32
kcal-mol™) as result of its little electronegativity contrast to carbon
and nitrogen atoms. The positions of most positive potential may be
attacked easily by the nucleophile to some extent.

Vibration analysis and NMR

All frequency values of molecule are positive, which suggests that
they are stable stationary points on the surface of the potential
energy. IR spectrum is an effective tool to investigate the basic
properties of compounds and identify the substances. Moreover, it is
quite related to the thermodynamics properties. The simulated

infrared spectra of 1-amino-5-azidotetrazole! and 1-(amino)-
tetrazolo-[4,5-b]tetrazole are shown in Fig. 4.
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[a] The experimental IR data®’ for 1-amino-5-azidotetrazole (cm™): 3332 (m),3228
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Fig. 4 The IR spectrum of 1-amino-5-azidotetrazole and 1-(amino)-tetrazolo-[4,5-
b]tetrazole

The calculated IR results (unscaled) show that 1-amino-5-
azidotetrazole compound has two strongest IR peaks at 1573 cm™
and 2287cm™', which are the asymmetrical stretching modes in the
ring C-N and N-N of the azido group, respectively. In addition, the
amine group was observed vibration modes along with four
characteristic peaks in the IR spectrum. The stronger one at 903 cm™'
and 227 em’ refer to the N-H bending and out-of-plane deforming
and those weaker peaks around 3572cm™ and 3489 cm™ are the
asymmetrical and symmetrical stretching of N-H bond on amine
group. The fact that the calculated IR data is good agreement with
the experiment facilitates us to investigate the title compound. For 1-
amino-tetrazolo-[4,5-b]tetrazole, the strongest IR peak at 836 cm™
corresponds to the N-H symmetrical bending and out-of-plane
deforming. While the peak at 1077 cm™ and 953 cm™ as medium
peaks are mainly dominated by stretching vibration on N-N and C-N
of tetrazoles skeleton. The region in1614 cm™ is belonging to
stretching of tetrazoles as well as the scissor vibration mode of the
amine. It is interesting that N-H bonds of the amine have different
vibration modes of torsion ranged in 1707 cm™ and 240 cm™, and
the peak at 3496 and 3585 cm’ refer to symmetrical asymmetrical
stretching vibrations, respectively. It’s worth being noticed that the
disappearance of peaks at 2287cm™' on the azido group and variances
on other main peaks predict the azido-tetrazolo tautomerization
through comparison with two primary 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 (Cv) and standard molar thermal entropy (S), as well as
zero-pint energy (ZPE) of two major compounds are evaluated and
tabulated in Table 3. All these values are at 298.25K, 1.00 atm. and
with kcal/mol as unit (kca/(mol-K) for S and Cv). All kinds of energy
are approximately equal, while the heat capacity and entropy of title
compound are smaller than those of 1-amino-5-azidotetrazole, which
may confirms the stability of 1-amino-tetrazolo-[4,5-b]tetrazole to
some extent.

Table 3 Thermochemical parameters of two major compounds

Species ZPE U H G S Cv
I-Amino-tetrazolo- ~ 42.390 46.441 47.034 22956 80.756  23.553
[4,5-b]tetrazole

1-Amino-5- 41.802 46455 47.047 21409 85993 25.679
azidotetrazole

This journal is © The Royal Society of Chemistry 2012
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Highly accurate calculations of molecular properties play an
important role, especially if they complement experiments that only
yield indirect information about molecular and electronic structure as
it is the case in NMR spectroscopy. Large, systematic theoretical
investigations only allow for reliable error estimates if appropriate
experimental studies, such as gas-phase NMR measurements on
smaller molecular systems are available.’' In order to assess the
quality of results from DFT methods and the performance of
different theoretical basis, calculated shifts of the *C NMR and '°N
NMR for 1-amino-5-azidotetrazole were investigated in details. The
chemical shift of only carbon atom on *C NMR was calculated
about 158.17ppm, which is good agreement with the experimental
shift™ (150.60ppm). What holds true in chemical applications — the
N’ NMR spectroscopy often progress stems from the successful
interplay between theory and experiment — is also valid for
benchmark studies, especially for high-nitrogen compounds. The
calculated chemical shifts of all atoms are N3 (27.68), N2 (-0.95),
N4 (-66.05), N8 (-142.23), N7 -154.75), N1 (-167.43), N6 (-320.07)
and N9 (-336.99), which are in near quantitative agreement with the
experimental values for the !>N' NMR chemical shifts!’ (0.81, -8.38, -
77.26, -141.91, -145.73, -155.13, -300.60, -309.93 ppm ). Therefore,
the predicted chemical shift for 1-amino-tetrazolo-[4,5-b]tetrazole
are 157.15ppm on *C NMR and that of "N NMR are 61.91, 8.32, -
35.77, -42.98, -72.64, -100.57, -191.27, -334.18ppm, respectively.
We included the calculated IR, thermochemical parameters and
NMR for easier assignment and positive identification of the target
compound.

[b] is the Supporting Information.

Predicted density and detonation performances

To evaluate the utility of new energetic materials, usually their
performance characteristics should be calculated. The detonation
velocity (Vp) and detonation pressure (Pp) have been evaluated by
the empirical Kamlet-Jacobs equations with the above predicted
theoretical density and enthalpy of formation in solid phase. Full
details of the detonation parameters are listed in Table 4.

RSC Advances
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Reaction pathways of azido-cyclization

Based on research above, we also investigate the azido-cyclization
kinetics of 1-amino-5-azidotetrazole, and Fig. 5 shows the pathways
of circulation for 1-amino-tetrazolo-[4,5-b]tetrazole.

Reactant (R)

Transition State (TS) Product (P)

Fig. 5 The synthesis reaction pathways of 1-(amino)-tetrazolo-[4,5-b]tetrazole

All the geometries of stable points along the reaction paths have
approximately plane configurations, except for the amine group is
lifted out of the ring plane with a dihedral angle of about 69°. Other
structural parameters are listed in Table 5. From the reactant,
transition state to product 1-amino-tetrazolo-[4,5-b]tetrazole, the
most relevant changes upon cyclization concern the bonds N6-N7
and N7-N8, which increase around 0.13 A and 0.17 A, while lengths
of other bonds on main ring change little to keep relative stable
structure. Meanwhile, most bond angles such as N4-C5-N6, C5-N6-
N7 and N6-N7-N8 decrease to 110.1°, 102.9 ° and 114.3°, while N7-
N8-N4 increases to 103.6°, which are close to 108° forming a five-
member ring. The bond angle C5-N1-N9 of amine reduces around 1°
variation compared with the reactant, being unchanged from the
overall respective. All the preceding analysis indicates that the
obvious ring cyclization occurs mainly in the conversion azido to
tetrazole, in which the molecular and electronic structures change
significantly.

Table 5 Bond lengths (A) and angles (°) for the reactant, transition state and

Table 4 Detonation Parameters for common HEDMs and two major compounds product
‘ Atoosi(s) o w Pp NI-  N2- N3-  N4- C5- C5- N6- N7-  NI-
Species!™! Kol /g-em” /km-s /GPa N2 N3 N4 cs N6 NI N7 N8 N9
TP v——— 79238 T6o 350 3383 R 1364 1284 1363 1317 1379 1351 1245 1.124 1385
[4.5-b]tetrazole TS 1383 1278 1352 1327 1349 1346 1340 1.194 138
P 1377 1277 1362 1347 1316 1359 1372 1298 1377
1-amino-5- 721.98 1.62 8.30 28.63 N4-C5-N6 C5-N6-N7  N6-N7-N8  N7-N8-N4  C5-NI-N9
azidotetrazole R 129.2 115.5 171.4 389 127.8
- -63.12 1.64 6.95 19.00 TS 119.0 101.9 127.5 953 127.7
RDX 79.00 1.80 8.75 34.70 p 110.1 102.9 114.3 103.6 127.7
TATB* -74.61 1.89 7.86 31.50
FOX-7> -133.7 1.89 8.87 3400

[a] TNT, trinitrotoluene; RDX, cyclotrimethylene trinitramine; TATB, (2,4,6-
trinitro-1,3,5-benzenetriamine); FOX-7, 1,1-diamino-2,2-dinitroethene.

[b] When the experimental data are not available the corresponding data have been
calculated using the method in references (as marked with b).

As is evident in Table 4, The title compound 1-amino-tetrazolo-
[4,5-b]tetrazole shows a remarkable detonation parameters in
comparison with the known compound 1-amino-5-azidotetrazole,
which indicates the improvement in high-energy performance.
Though the density of this compound is smaller than that of common
HEMDs, the detonation velocity (8.90km-'s') and detonation
pressure (33.83GPa) are much greater than those of TNT, RDX and
TATB, while almost equals to that of FOX-7 (Vp=8.87 km-s™,
Pp=34.0GPa). It is worth noting that 1-amino-tetrazolo-[4,5-
b]tetrazole has a perfect character of higher positive enthalpy of
formation (792.38kJ-mol™"), which contributes eminent performances.
It suggests that this compound might be the promising powerful

This journal is © The Royal Society of Chemistry 2012

To give insight into the electron redistribution in the cyclization,
the net charge in the studied compounds was calculated by means of
the natural bond orbital (NBO) method. The calculated results were
listed in the Table 6. Results indicate that most of the electron
redistribution occurs mainly in the azido group and the shift of
electrons along the cyclization is highly asynchronous. For example,
the net charges of the terminal N8 atom of azido group increase
0.03¢ for the processes of reactant to TS, while it would decrease
about 0.13e for the processes of TS to product. And the difference of
net charges residing on the middle N7 atom of azido group, has
always decrease about 0.19¢ and 0.10e for two processes
respectively. In addition, the charges on N3 and N4 atoms of
tetrazole ring have been found increased to -0.013e and -0.079¢ as
result of electron delocalization. In the whole cyclization process,
the electrons transfer rapidly from the tetrazole ring into azido
group, which make the two closer nitrogen atoms (the terminal atom

RSC Adv. 2012, 00, 1-3 | 5
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of azido group and the nearest nitrogen atom in the tetrazole ring)
possessing the stronger Coulombic interaction.

Table 6 NBO net charges for all atoms along the reaction path (e as unit)

N1 N2 N3 N4 Cs5 N6 N7 N8 N9 H10

R - - - - + - + + - +
0.095 0.080 0.054 0.352 0.500 0.346 0.256 0.033 0.604 0.371

TS - - - - + - + + - +
0.096 0.054 0.015 0.253 0.517 0.376 0.064 0.066 0.598 0.372

P - - - - + - - - - +
0.098 0.028 0.013 0.079 0.498 0.331 0.035 0.067 0.596 0.374

Energy parameters and rate constant

The transition state with only one virtual frequency (value of -261.05
em™), really connects the reactant and product through the IRC
calculation. Fig. 6 depicts the whole reaction potential energy curve.
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Fig. 6 The potential energy curve and rate constant of azido-cyclization reaction

The energy parameters including the reaction energy (4,F),
reaction enthalpy (4,H15°) and reaction Gibbs free energy
(4,G195x?), have been obtained by calculating vibration frequency.
These results show that the total energy of reaction (4,£=20.75
kcal-mol™) is positive, means the energy of product is higher. Both
reaction enthalpy change (4,H95:°=20.15kcal-mol™) and the Gibbs
free energy of reaction (4,G,e5®=21.71kcal-mol™) are positive,
which imply that the reaction is endothermic and not spontaneous in
general conditions. While the calculated theoretical reaction barrier
is only 30.34kcal-mol’, indicating that synthesis of I-amino-
tetrazolo-[4,5-b]tetrazole through azido-cyclization of 1-amino-5-
azidotetrazole is feasible theoretically. In actual synthesis, some
methods such as solvent polarity and electrochemical methods may
be used to enhance the reaction conditions, which is conducive to the
synthesis of the target compound.

Using the traditional transition state theory, the rate constant of
azido-cyclization reaction has been evaluated between 200-1000K
temperature regions. Fig.6 displays the reaction rate constant /n(k)
changes linearly with the reciprocal of temperature. As can be seen,
the higher temperature makes for accelerating the cyclization

6 | RSC Adv. 2012, 00, 1-3

reaction, and when is about 500K the reaction would proceed
quickly. In addition, reaction rate constant relationship with the
temperature meet the Arrhenius experience formula, the modified
equation of three parameters to be corrected and fitted rate constant
as follows:

k(T) =928 x 10! x T0.02568 % e—(1.49><104/T)S—1

Conclusions

A novel desired compound 1-amino-tetrazolo-[4,5-b]tetrazole
containing eight catenated nitrogen atoms has been proposed and
investigated by the DFT methods firstly. The optimized geometry,
NBO charges, Wiberg bond index, HOMO-LUMO  orbital,
electrostatic potential, IR spectrum and NMR data as well as
thermochemical parameters were calculated for inspecting the
electronic structure properties and interactions of chemical bonds
with B3LYP/6-311++G** and B3LYP/6-311++G (2df, 2pd) level of
theory.

The whole molecule shows stable five-member structure as well
as plane double rings without any symmetric properties. Both
positive and negative charges in NBO support the contributing
nature of electrons delocalization on tetrazole ring. On the other
hand, these positions displayed negative electrostatic potential,
especially near N6, N7and N8, may react with electrophile such as
metal atoms. The calculated thermochemical parameters, IR and
NMR spectrum data has been performed for easier assignment and
positive identification of the target compound.

Based on the gas-phase enthalpy of formation derived from
atomization energies method, it is more reasonable that the enthalpy
of formation in solid were obtained through considering the enthalpy
of phase transition. The detonation performance also has been
predicted further with theoretical enthalpy of formation and density.
It has been confirmed that 1-amino-tetrazolo-[4,5-b]tetrazole might
be a very promising energetic (high nitrogen) and insensitive (stable
tetrazole double rings ) compound with high enthalpy of formation
(792.38kJemol™")  and  exceptional  detonation  properties
(V=8.90km's™, Pp=33.83GPa),equal to the that of FOX-7 to some
extent.

In addition, we investigated the azido-cyclization kinetics of 1-
amino-5-azidotetrazole forming the target compound. Based on the
geometry and NBO charges analysis, indicating that the obvious ring
cyclization occurs mainly in the conversion azido to tetrazole, in
which the molecular structures and electronic redistribution change
significantly. Although, the reaction is endothermic and not
spontaneous in general conditions, the reaction barrier of only
30.34kcal-mol” indicates theoretical feasibility. Finally, the rate
constant of azido-cyclization reaction has been evaluated between
200-1000K temperature regions, as well as the Arrhenius experience
formula with the modified equation of three parameters, This
synthesis of 1-amino-tetrazolo-[4,5-b]tetrazole through azido-
cyclization of 1-amino-5-azidotetrazole may be feasible practically
when using some methods such as high temperature, solvent polarity
and electrochemical methods to enhance the reaction conditions.

Overall, in pursuit of new high-nitrogen structures, a fascinating
novel compounds containing eight catenated nitrogen atom chains
has been reported firstly, the relative theoretical work of such
extended nitrogen chains may open new methods for the synthesis of
new high-nitrogen materials in the foreseeable future.
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