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Abstract

TNAZ is an insensitive explosive material having a 4-membered azetidine ring system
which has three nitro groups substituted, one of them is a nitramine type. In the present
density functional treatise at the level of B3LYP/6-311++G(d,p), the 4-membered ring of
TNAZ is compressed diagonally either along the X- or Y-axis direction. Various
properties (including energies, quantum chemical and spectral etc.) in the perturbed
systems have been searched and discussed.

1. Introduction

An energetic small-ring compound 1,3,3-trinitroazetidine, also known as TNAZ, is
the most widely studied (theoretically and experimentally) explosive recently [1-4]
because of continuous research to get more powerful but insensitive explosives. It is a
highly nitrated four membered nitrogen heterocyclic ring having N-NO, and C-NO,
groups. It possesses improved performance in comparison to conventional melt castable
explosive trinitrotoluene (TNT). The presence of 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].

TNAZ has been proposed as potential replacement for TNT due to its high
performance, melt castable properties [12]. The 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)
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[13] besides its many added advantages over known explosives. TNAZ is a highly
energetic material (more powerful than RDX) but less vulnerable than most other
nitramines [14,15]. TNAZ is soluble in molten TNT (unlike HMX) and is compatible
with 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 via molecular structure modification has been investigated theoretically [20].

By means of molecular dynamics simulation with the ReaxFF/lg reactive force field,
reactive molecular dynamics simulations of the thermal decomposition mechanism of
1,3,3-trinitroazetidine has been studied where the thermal decomposition of TNAZ
crystals at high temperature was calculated [21]. Thus, the authors managed to analyzed
all of the change in the potential energy of TNAZ, the formation of small-molecule
products and clusters, and the initial reaction path of TNAZ. The kinetic parameters of

different reaction stages in thermal decomposition of TNAZ were obtained [21].

In the present study, the azetidine ring of TNAZ molecule is compressed diagonally
within the constraints of density functional theory (DFT) and the effect of perturbation on
various properties of perturbed TNAZ systems have been investigated.

2. Method of Calculation

The initial geometry optimizations of all the structures leading to energy minima
were achieved by using MM2 method followed by semi-empirical PM3 self-consistent
fields molecular orbital (SCF MO) method [22,23] at the restricted level [24,25].
Subsequent optimizations were achieved at Hartree-Fock level using various basis sets.
Then, geometry optimizations were managed within the framework of density functional
theory [26,27] at the level of 6-311++G(d,p) [24,28]. 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 [27,29]. The correlation term of B3LYP
consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [30] and Lee,
Yang, Parr (LYP) correlation correction functional [31]. The vibrational analyses were
also done. The total electronic energies are 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.
This indicates that the structure of each molecule corresponds to at least a local minimum
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on the potential energy surface. All these calculations were done by using the Spartan 06
package program [32].

3. Results and Discussion

In the present study, the compression of azetidine ring of TNAZ molecule has been
achieved by decreasing the interatomic distance along the X- or Y-axis of the molecule.
In TNAZ molecule the nitramine group and two of the C-NO, groups lie along one of the
diagonals of azetidine deltoid which is the longest axis of the molecule. It is called the X-
axis (see Figure 1). The other diagonal passing through the methylene carbons is labeled
as Y-axis. Figure 1 shows the axes of TNAZ molecule.

Figure 1. Axes of TNAZ molecule.

Table 1 shows the variations of diagonal interatomic distances as the molecule is
compressed along the axes indicated. The azetidine ring system acts as a pantograph and
as it is compressed along one of the diagonals consequently the other diagonal distance
elongates. Table also includes the dipole moments as the perturbation occurs. In the table
TNAZ-5 system stands for the decomposed TNAZ molecule which possesses highly
elongated C-C or N-NO, (or both) bond lengths.
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Table 1. The diagonal interatomic distances as the molecule is the compressed along the
indicated direction (A).

Compression along the X-direction ~Compression along the Y-direction

System Dipole X Y Dipole X Y
moment moment

TNAZ 2.09 2.17 2.09 2.17
TNAZ-1 0.83 1.90 2.20 0.80 2.12 1.90
TNAZ-2 1.45 1.80 2.22 1.04 2.15 1.80
TNAZ-3 1.97 1.70 2.24 1.19 2.20 1.70
TNAZ-4 2.51 1.60 2.26 1.24 2.26 1.60
TNAZ-5 5.80 1.00 2.77 0.56 5.04 1.00

Dipole moments in debye units.

Figures 2 and 3 show the optimized structures of the systems of compressed TNAZ
molecule. TNAZ molecule withstands the compression in TNAZ-1 through TNAZ-4
systems undergoing merely some small perturbations, mostly conformational in
character. Although, behavior of the system has not been studied beyond 1.60 A diagonal
distance, at 1.00 A the system breaks down to produce TNAZ-5. Note that the change of
direction of dipole moment vectors in the compressed systems with respect to its
direction in TNAZ molecule. The compression causes substantial variation in charge
distribution and bond lengths, thus affecting the dipole moment values (Table 1). Also
note that in the present treatment the compression is rather hypothetical and confined to
the azetidine ring system along the X- or Y-axis only, not the compression on the whole
molecule.

A ARl

TNAZ TNAZ-1 TNAZ-4 TNAZ-5

Figure 2. Optimized structures of compressed TNAZ along the X-direction.
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TNAZ-1 TNAZ-4 TNAZ-5

Figure 3. Optimized structures of compressed TNAZ along the Y-direction.

Table 2 shows some calculated bond lengths in the compressed TNAZ systems. As
seen in the table as the diagonal distance along the X- (or Y-direction) decreases the N-
NO, bond length increases in TNAZ-1 through TNAZ-4. TNAZ-5 system is exceptional
due to the occurrence of bond rupture. On the other hand, C-NO, bond lengths irregularly
vary in TNAZ-1 to TNAZ-5, because they are more apt to conformational changes. The
two of N-CH, (or C-CH,) bond lengths are equivalent in TNAZ through TNAZ-4. As for
the bond angles of the azetidine ring, the compression obviously causes variations in
them but not a regular trend is observed.

Table 2. Some calculated bond lengths (A) in the compressed TNAZ systems.

Compression along the X-direction ~Compression along the Y-direction

N-NO, C-NO; N-NO, C-NO,
TNAZ 1.396 1.523,1.532 1.396 1.523,1.532
TNAZ-1 1.401 1533, 1.554 1.420 1.510, 1.533
TNAZ-2 1.417 1.545, 1.558 1428 1.505, 1.527
TNAZ-3 1.443 1.556, 1.571 1.436 1.502, 1.522
TNAZ-4 1.490 1.547,1.622 1.444 1.498, 1.515
TNAZ-5 3.293 1.634,1.714 1.167 1.430, 1.442

Figure 4 shows the electrostatic potential charges (ESP). 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 [32].

Earthline J. Chem. Sci. Vol. 6 No. 1 (2021), 65-84
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Inspection of Figures 4 and 5 indicates that the perturbation occurred on the azetidine
ring affects the ESP charges on the nitro groups as well. The compression along the X-
axis decreases (in absolute value) the charges on the nitramine moiety in TNAZ-1 to
TNAZ-4. The effect on C-NO, groups in each system is less influential and not in parallel
fashion for those nitro groups. The compression in the Y-direction decreases (in absolute
value) the charges on oxygen atoms of the nitramine moiety but increases the charge on
the nitro group nitrogen. The effect on the other charges is not regular TNAZ-1 through
TNAZ-4.
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Figure 4. The ESP charges on the atoms of some compressed (along the X-direction)

TNAZ systems (Hydrogens omitted).
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Figure 5. The ESP charges on the atoms of some compressed (along the Y-direction)
TNAZ systems (Hydrogens omitted).

Table 3 displays some energies of the compressed TNAZ systems, where E, ZPE and
Ec are the total electronic energy, zero-point vibrational energy and the corrected the total
electronic energy, respectively. The data indicate that as the azetidine ring is compressed
in the X-direction, the perturbed systems become less and less stable electronically. The
same statement holds for the compression in the Y-direction, however the compression

this time is more influential to unstabilize the structures.
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Table 3. The HOMO, LUMO energies and Ag values of the compressed TNAZ systems.

Direction of Structure E ZPE Ec
compression
TNAZ -2066133.03 278.29 -2065854.74
TNAZ-1 -2066103.78 278.90 -2065824.88
X TNAZ-2 -2066064.14 278.78 -2065785.36
TNAZ-3 -2066006.13 276.95 -2065729.18
TNAZ-4 -2065930.19 273.94 -2065656.25
TNAZ-5 -2065559.33 269.37 -2065289.96
TNAZ-1 -2066056.97 280.87 -2065776.1
Y TNAZ-2 -2065992.15 281.38 -2065710.77
TNAZ-3 -2065903.61 280.98 -2065622.63
TNAZ-4 -2065791.21 279.14 -2065512.07
TNAZ-5 -2065018.54 250.08 -2064768.46

Energies in kJ/mol.

Figures 6 and 7 display the calculated IR spectra of perturbed TNAZ systems which
arose after the compression of the azetidine ring in the X- or Y-direction. In Figure 6
TNAZ-1 and TNAZ-4 spectra, in great extent, resemble the spectrum of TNAZ molecule.
In the case of TNAZ-3, the peak at 1662 cm’! is the symmetrical N-O stretching vibration
of C-NO, groups overlapped with each other. In the other systems two of the NO, groups
on the same carbon vibrate slightly at different positions due to some conformational
differences. In the case of TNAZ-5 (decomposed structure) a new peak arises at 3643 cm-
U'which is a coupled peak of C-NO, groups and the ring vibration.

In Figure 7 calculated IR spectra of some compressed (along the Y-direction) TNAZ
systems are shown. In the figure the peaks at 1657-1309 cm! are various N-O stretchings
of NO, groups linked to the methylene group. The sharp peak at 1656 cm™! stands for
asymmetrical N-O stretching of NO, groups. Asymmetric N-O stretching of the nitramine
NO, group occurs at 1646 cm!(weak). In the spectrum of TNAZ-5 the peaks at 2974 cm’!
belong to C-H stretchings.

Earthline J. Chem. Sci. Vol. 6 No. 1 (2021), 65-84
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Figure 6. Calculated IR spectra of some compressed (along the X-direction) TNAZ

systems.
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Figure 7. Calculated IR spectra of some compressed (along the Y-direction) TNAZ

systems.
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Figure 8 displays some of the molecular orbital energy levels of the compressed
TNAZ systems (along the X-direction). The degenerate LUMO energy levels of TNAZ
decompose to distinct levels by the effect of compression. A similar behavior occurs if
the compression is along the Y-direction (Figure 9). In both types of the compression the
HOMO energy level raises but the LUMO energy level lowers. Also striking variations
occur on the inner-lying molecular orbitals energy levels. Thermal stability is dictated by
low-lying molecular orbital energy levels by both their energies and numbers [33]. As
seen in the figure, as the compression develops the inner lying orbitals in the perturbed
systems gradually raise up to destabilize them. Similar statements hold for the case of
compression in the Y-direction (see Figure 9).
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Figure 8. Some of the molecular orbital energy levels of the compressed TNAZ systems
(along the X-direction).
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Figure 9. Some of the molecular orbital energy levels of the compressed TNAZ systems
(along the Y-direction).

Table 4 lists the HOMO, LUMO energies and interfrontier molecular orbital energy
gap, Ag, (Ae = € yomo - € Lumo) values of the compressed TNAZ systems. As seen in the
table, the HOMO and LUMO energies raise up with small fluctuations as the
compression develops in the X-direction (TNAZ-1 through TNAZ-4). The LUMO energy
of TNAZ-5 is comparable to the respective value of TNAZ.

As for the compression in the Y-direction, the HOMO levels of the systems raise up
with some fluctuations whereas the LUMO levels steadily get lower. The cause of all
should arise from the orbital overlap interactions as the compression happens (see Figures
10 and 11).

On the other hand, sensitivity of an explosive is related to Ae value such that decrease
of it increases the sensitivity [34,35]. Hence, the compression in either direction should
increase the impact sensitivity.

Earthline J. Chem. Sci. Vol. 6 No. 1 (2021), 65-84
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Figures 10 and 11 show the effect of compression on the HOMO and LUMO of some
of the compressed TNAZ systems. As seen in Figure 10, as the compression increases the
contribution of nitramine nitro group shows variation but the contribution of C-NO,
groups definitely increases. Whereas in the case of the LUMO, the contribution of nitro
groups increases irrespective of their kind but the nitramine nitro group is apparently

overwhelming.

As for the compression along the Y-direction, the contribution of nitramine moiety in
to the HOMO decreases as the compression increases but the contribution of C-NO,
groups increases. On the other hand, the increasing effect of compression on the LUMO
moderately increases the contribution coming from the nitramine nitro group.

Table 4. The HOMO, LUMO energies and Ag values of the compressed TNAZ systems.

Direction of Structure HOMO LUMO Ag
compression
TNAZ -873.72 -360.76 512.96
TNAZ-1 -880.03 -390.58 489.45
X TNAZ-2 -879.77 -380.86 498.91
TNAZ-3 -865.78 -370.99 494.79
TNAZ-4 -829.31 -356.77 472.54
TNAZ-5 -727.73 -361.55 366.18
TNAZ-1 -900.97 -397.59 503.38
TNAZ-2 -908.26 -398.97 509.29
Y TNAZ-3 -915.03 -401.31 513.72
TNAZ-4 -862.69 -404.25 458.44
TNAZ-5 -761.56 -484.68 276.88

Energies in kJ/mol.

Figure 12 shows the calculated UV-VIS spectra of some compressed (along the X-
direction) TNAZ systems. As seen in the figure, the compression along the X-axis causes
some bathochromic effect on the UV-VIS spectra of the systems considered. The
underlying reason for it is that the compression decreases the HOMO-LUMO energy gap
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(see Figure 8 and Table 4). Hence, excitations of an electron to upper energy level is less
energy demanding. Note that as the compression progress, a new maximum (as a
shoulder) starts to improve and three of those shoulders emerge in TNAZ-5 (decomposed
structure). It indicates the presence of new favorable transitions besides the HOMO-
LUMO transition.

Figure 13 is the calculated UV-VIS spectra of some compressed (along the Y-
direction) TNAZ systems. This time compression is less effective and only a small
bathochromic shift to longer wavelengths occurs from TNAZ-1 to TNAZ-4, but in the
case of TNAZ-5 an extensive bathochromic shift happens with new maximum values.

HOMO LUMO

TNAZ-1

TNAZ-2

TNAZ-4

Figure 10. The HOMO and LUMO of some of the compressed TNAZ systems (along the
X-direction).
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HOMO

LUMO

Figure 11. The HOMO and LUMO of some of the compressed TNAZ systems (along the

Y-direction).
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Figure 12. Calculated UV-VIS spectra of some compressed (along the X-direction)
TNAZ systems.
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Figure 13. Calculated UV-VIS spectra of some compressed (along the Y-direction)
TNAZ systems.

4. Conclusion

The present DFT treatment of the azetidine ring of TNAZ molecule, which is
diagonally compressed along the X- or Y-direction at the molecular level, perturbs the
structure generating various TNAZ-originated structures. Up to certain degree of
compression TNAZ molecule remains intact but then breaks down. The compression
along the X-direction eventually causes the rupture of N-NO, bond accompanied by the
ring deformation. Whereas, the compression along the Y-direction primarily results in a
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severe ring deformation accompanied by the conformational change of the nitro groups.

The compression in both directions causes the narrowing of the interfrontier molecular

orbital energy gap, thus should increase the impact sensitivity of TNAZ. However, the

effect is more pronounced when the compression is applied in the Y-direction. As a result

of narrowing of the interfrontier molecular orbital molecular orbital energy gap UV-VIS

spectra show some bathochromic effect depending on the direction of the compression.
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