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Abstract

The present treatment deals with an unusual composite of TNAZ that is TNAZ+
nSe(n:1,2) within the constraints of density functional theory at the level of UB3LYP/6-
31++G(d,p). TNAZ is an insensitive high explosive material. Since, selenium atom in its
ground state has two unpaired electrons, the composites are considered in their singlet,
triplet and quintet states. Selenium and TNAZ interact at different extents and the
systems are electronically stable but TNAZ+2Se (singlet) structurally decomposes by the
elongation of one of the geminally substituted nitro groups. Modeling studies indicate
that the N-O bond elongation in the composite mentioned occurs only if azetidine ring is
present with or without the nitramine bond. For the composites various structural,

electronic and quantum chemical data have been harvested and discussed.

1. Introduction

1,3,3-trinitroazetidine, also known as TNAZ, is an energetic small-ring compound.
Recently it is one of the most widely studied (both theoretically and experimentally)
explosive [1-4]. The driving force for such an intensive research is to get more powerful
but insensitive explosives. It is a highly nitrated (contains N-NO, and C-NO, groups)
four membered nitrogen heterocyclic ring (azetidine). Reports reveal that it possesses
improved performance in comparison to conventional 2,4,6-trinitrotoluene (TNT) which
is a melt castable explosive. The presence of a small strained ring system contributes
additional energy [5-10]. In the literature there are various methods reported for the

synthesis of 1,3,3-trinitroazetidine [11].
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TNAZ has been proposed as potential replacement for 2,4,6-trinitrotoluene due to its
high performance and melt castable properties [12]. Rather low melting point of TNAZ
(101°C) enables the processing of formulations on modified production lines. Its
performance is approximately 30% greater than TNT. TNAZ shows excellent thermal
stability (>180°C) [13] in addition to its many advantages over various known
explosives. TNAZ is a highly energetic material (more powerful than RDX) but less
vulnerable to various stimuli than most other nitramines [14,15]. Unlike HMX, TNAZ is
soluble in molten TNT and is compatible with various materials like aluminum, steel,
brass and glass [16-18]. By using the pressure DSC method, the compatibility of 1,3,3-
trinitroazetidine (TNAZ) with various energetic components and inert materials of solid
propellants was studied [19]. On the other hand, desensitization of TNAZ has been
investigated theoretically via molecular structure modification [20].

In the present study, TNAZ and selenium composite (TNAZ+nSe; n:1,2) has been
computationally studied within the realm of density functional theory (DFT). Selenium
exists in two amorphous and three crystalline forms [21]. Its electronic configuration in
the ground state is [Ar]d!°4s>4p%4p'dp!. There are few examples of Se atom in the
diagonal and trigonal valence state but there are many compounds in which it is
tatrahedrally hybridized [21]. Boiling selenium contains Seg molecules but above 1400°C
only Se, exists [22]. The common oxidation states of selenium are -2,+4,+6 [23]. Thus,
interaction of an explosive, like TNAZ, with selenium having large span of oxidation

states would be scientifically interesting.
2. Method of Calculations

The geometry optimizations of all the structures leading to energy minima were
initially achieved by using MM2 method which were followed by semi-empirical PM3
self-consistent fields molecular orbital (SCF MO) method [24,25] at the unrestricted level
[26,27]. The subsequent optimizations were achieved at Hartree-Fock level by using
various basis sets. Then, geometry optimizations were managed within the framework of
density functional theory [28,29] at the level of UB3LYP/6-31++G(d,p) [26,30]. The
exchange term of B3LYP consists of hybrid Hartree-Fock and local spin density (LSD)
exchange functions with Becke’s gradient correlation to LSD exchange [29,31]. The
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation

functional [32] and Lee, Yang, Parr (LYP) correlation correction functional [33]. The
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vibrational analyses were also done. The total electronic energies were corrected for the
zero point vibrational energy (ZPE). The normal mode analysis for each structure yielded
no imaginary frequencies for the 3N—6 vibrational degrees of freedom, where N is the
number of atoms in the system on the potential energy surface. This indicates that the
structure of each molecule corresponds to at least a local minimum. All these calculations
were done by using the Spartan 06 package program [34].

3. Results and Discussion

TNAZ molecule is 1,3,3-trinitro derivative of azetidine structure. Azetidine has rather
strained 4-membered ring which could be considered as derived from cyclobutane
obtained by means of monocentric carbon to nitrogen perturbation. Cyclopropane (has
ring strain energy of 28 Kcal/mol. [35]) and cyclobutane are structures of special type of
hybridization having some n-type interaction [35]. Some of the results obtained presently
could be explained based on that fact. The nitro groups of TNAZ (of which two of them
are geminally substituted and the third one is a nitramine type) should be some
interaction with each other through the skeleton.

On the other hand, selenium is also an interesting element which combines with
many nonmetals and metals. It has two unpaired electrons in its 4p atomic orbitals, thus
may act as a reducing or oxidizing agent besides its various coordination possibilities
[21].

In the present study, an unusual composite of TNAZ molecule with one or two of
selenium atom(s) is/are considered. The composites exhibit various spin states. Figure 1
shows the optimized structures of them which also displays the direction of the dipole
moment vectors. As seen in the figure in each case the vector originates somewhere

around the geminally substituted nitro groups and tips to the nitramine moiety.

Table 1 shows some properties of the species presently considered. The data for
TNAZ+2Se composites indicate that striking differences occur for their dipole moment
values. Especially, the triplet state owes the lowest one whereas the singlet has the
greatest dipole moment value in the group. Note that the singlet TNAZ+2Se possesses an
elongated N-O bond in one of the geminal nitro groups (see Figures 1 and 2). As seen in
Figure 2, the azetidine C-C bonds are comparable in length about the vertical plane

passing through the nitrogen atom and C(NO,), moiety. The location of selenium atom(s)
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is/are all the time around the side of the geminal nitro groups. In TNAZ+2Se (singlet)

case the distance between the Se atom and the oxygen atom of elongated N-O bond is

1.652 A.
E i E*
TNAZ+Se TNAZ+2Se
Triplet Singlet
[ ]
Xw %
TNAZ+2Se TNAZ+2Se
Triplet Quintet
Figure 1. Optimized structures of the species considered.
Table 1. Some properties of the species considered.
Specie Area Volume (A% Ovality Dipole moment
(A2 (Debye)

TNAZ+Se 203.92 163.98 1.41 2.79

Triplet
TNAZ+2Se 243.30 190.09 1.52 3.01

Singlet
TNAZ+2Se 245.54 190.32 1.53 0.58

Triplet
TNAZ+2Se 245.81 191.03 1.53 1.42

Quintet
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Figure 2. Calculated bond lengths of the species considered (Hydrogens omitted, in A

units).
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Figure 3 shows the electrostatic potential (ESP) charges on atoms of the species
considered. The selenium atom(s) in all the cases are partially positively charged, except
the case of TNAZ+2Se (singlet) where the selenium atom not nearby TNAZ is negatively
(minute) charged. The selenium atoms in TNAZ+Se (triplet) and TNAZ+ 2Se (singlet)
cases possess the greatest partial positive charge among the group. Note that these are all
ESP charges and also note that the ESP charges are obtained by the program based on a
numerical method that generates charges that reproduce the electrostatic potential field
from the entire wavefunction [34].
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Figure 3. The ESP charges on atoms of the species considered (Hydrogens omitted, in A
units).

Table 2 displays some energies of the species considered where E, ZPE and Ec stand
for total electronic energy, zero point vibrational energy and the corrected total electronic
energy, respectively. According to the data in the table they are all electronically stable
species (all have negative E. values). The stability order for TNAZ+2Se species is Triplet
> Singlet > Quintet.
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Table 2. Some energies of the species considered.

Specie E ZPE Ec
TNAZ+Se -8370061.29 276.47 -8369784.82
Triplet

TNAZ+2Se -14674795.82 274.38 -14674521.44
Singlet

TNAZ+2Se -14674856.94 282.97 -14674573.97
Triplet

TNAZ+2Se -14674628.32 275.79 -14674352.53
Quintet

Energies in kJ/mol.

Figure 4 shows the ESP maps of the species considered which are based on the ESP

charges.

Triplet

TNAZ+2Se
Triplet

TNAZ+2Se
Singlet

TNAZ+2Se
Quintet

Figure 4. The electrostatic potential maps of the species considered.
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Figure 5 displays some of the molecular orbital energy levels of the species
considered. Note that all the species except TNAZ+2Se (singlet) are open-shell systems.
Therefore UB3LYP/6-31++G(d,p) level of calculations result in a- and B-type orbitals. In
the figure instead of those designations a and b are used, respectively.

Table 3 shows the HOMO, LUMO energies and the interfrontier molecular orbital
energy gap (Ae = € ymo — €nomo) values of the species considered. The HOMO energy
order in the case of TNAZ+2Se species is Singlet < Quintet < Triplet, whereas the
LUMO order follows the sequence of Singlet < Triplet < Quintet. Note that some of the
HOMOs are o- and some B-type. As for the Ag values the order is TNAZ+Se(triplet) >
TNAZ+2Se(quintet) > TNAZ+S2e(triplet) > TNAZ+2Se(singlet).
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Figure 5. Some of the molecular orbital energy levels of the species considered.
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Table 3. The HOMO, LUMO energies and Ag values of the species considered.

Specie HOMO LUMO Ag
TNAZ+Se -724.87 -331.63 393.24
Triplet

TNAZ+2Se -732.38 -474.79 257.59
Singlet

TNAZ+2Se -652.86 -366.02 286.84
Triplet

TNAZ+2Se -660.23 -350.30 309.93
Quintet

Energies in kJ/mol.

All the variations in the properties of these species should arise not only from
conformation of the nitro groups of TNAZ body in the presence of selenium atom(s) or
interaction between TNAZ moiety and selenium atom(s) nearby but also interaction of
selenium atoms in between. The Se atoms occupy different locations nearby the geminal
NO, groups but one of them is always closer to TNAZ molecule. The distance between
the Se atoms in TNAZ+2Se cases vary in between 2.201-2.202 A Since, Se atoms in the
ground state has unpaired electrons and vacant d-orbitals various possibilities of
interactions are possible.

Figure 6 shows the HOMO and LUMO patterns of TNAZ+Se (triplet). The main

contribution to these frontier molecular orbitals is from the selenium atom.

B-LUMO

TNAZ+Se -HOMO
Triplet

o-HOMO

Figure 6. The HOMOs and LUMOs of TNAZ+2Se (triplet) specie.
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Figure 7 shows the HOMO and LUMO of the singlet, triplet and quintet TNAZ+2Se
composites. In all the cases, TNAZ moiety supplies very little or nil into those molecular

orbitals, the contributions are mainly from the selenium component.

g
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TNAZ+2Se
: Singlet .
g B-LUMO
a-LUMO TNAZ+2Se
. Triplet
a-HOMO
p-HOMO g
0-LUMO % @l
B-LUMO
TNAZ+2Se
Quintet
o-HOMO

B-HOMO

Figure 7. The HOMOs and LUMOs of TNAZ+2Se species.
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Figure 8 stands for the local ionization maps of the species considered. Note that in a
local ionization potential map conventionally red regions on the density surface indicate
areas from which electron removal is relatively easy, meaning that they are subject to
electrophilic attack. On the other hand, regions having blue color represent areas where
ionization is relatively difficult. Hence, in these structures electron removal is relatively
easy from regions colored in yellow/yellowish where in the present case selenium atoms
are more likely to be electron donors although they are in interaction with TNAZ moiety
at different extends.

TNAZ+Se TNAZ+2Se
Triplet Singlet

TNAZ+2Se
Quintet

TNAZ+2Se
Triplet

Figure 8. The local ionization maps of the species considered.

Figure 9 shows the electron density maps whereas Figure 10 stands for the spin
density maps of the open-shell systems of consideration. As seen in Figure 9, in the cases
of TNAZ+Se (triplet) and TNAZ+2Se (singlet) considerable degree of fusion between
TNAZ molecule and the selenium(s) occurs in terms of electron density. Whereas, in the
cases of TNAZ+ 2Se (triplet) and (quintet) species selenium atoms exhibit quite high
electron density in between them rather than between TNAZ and selenium atoms.
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TNAZ+2Se
Singlet
TNAZ+Se
Triplet
TNAZ+2Se
Triplet
TNAZ+2Se
Quintet
Figure 9. Electron density maps of the species considered.
TNAZ+2Se
TNAZ+Se Triplet
Triplet

TNAZ+2Se
Quintet

Figure 10. Spin density maps of the open-shell systems considered.
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In those systems selenium atoms should prefer to be in the form of Se, molecule. Note
that the triplet state of singly bonded Se, is more stable than its singlet. That order is
maintained in TNAZ+2Se (triplet) and TNAZ+Se (singlet) (see Table 2).

As for the spin density maps, Figure 10 indicates that selenium atom(s) transfer some
spin density to TNAZ moiety in the cases of TNAZ+Se (triplet) and TNAZ+2Se
(quintet).

TNAZ+2Se (singlet) case is somewhat different from the other composites
considered presently, because it possesses an elongated N-O bond which belongs to one
of the geminal nitro groups. To shed some light on the issue, three models have been
constructed. In model-1, the nitramine nitro group is removed. In model-2 azetidine ring
has been destroyed by removing the ring nitrogen. Model-3 is 1,1-dinitrobutane structure.
Figure 11 shows the optimized structures of these models obtained at the same level of
calculations. Only in the case of model-1, N-O bond elongation has been observed unlike
the others. Therefore, the existence of azetidine ring is essential for the occurrence of
bond elongation in TNAZ+2Se (singlet) case. The nitrogen atom probably influences the
electron density, thus the potential about the nitro group. In the model the distance
between N-H hydrogen and N-O oxygen is 2.216 A whereas in TNAZ+2Se (singlet)
distance between C-H hydrogen and N-O oxygen is 2.467 A. Note that N-H and C-H
bonds both in the TNAZ+2Se composite and in model-1 do not indicate any hydrogen
bonding. Thus the bond elongation is to be primarily as a result of interaction with Se

atom(s).
L ]
L ]
X
[ ] ¢ ¢
Model-1 Model-2 Model-3
Singlet Singlet Singlet

Figure 11. Some models having two atoms of selenium.
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4. Conclusion

The present treatise within the restrictions of density functional theory and the
applied basis set has revealed that TNAZ and selenium interact with each other at
different extents depending on the multiplicity states of the systems. The selenium
atom(s) get(s) small positive ESP charges, except TNAZ+2Se (singlet) case in which the
distant selenium atom possesses a minute negative charge. The selenium atoms have a
certain type of bonding in between. The frontier molecular orbitals are mainly dictated by
the selenium component(s) and the multiplicity.
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