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Abstract

TNAZ is a thermally stable high energy explosive molecule. In the present study, some 
ionic forms of it have been investigated within the limitations of density functional theory 
at the level of UB3LYP/6-311++G(d,p). Various properties (including structural, 
electronic, spectral and quantum chemical) are obtained and discussed.

1. Introduction

1,3,3-trinitroazetidine, also known as TNAZ, is an energetic small-ring compound which is 
one of the most widely studied (theoretically and experimentally) explosive recently [1-4]. The 
driving impetus is due to ongoing research to get more powerful but meantime more insensitive 
explosives. It possesses three nitro groups (N-NO2 and two C-NO2) on four membered azetidine 
ring (a nitrogen heterocyclic ring). It possesses improved performance in comparison to 
conventional melt castable explosive trinitrotoluene (TNT). The presence of small strained ring 
system, due to ring strain contributes some additional energy [5-10]. The literature has various 
methods reported for the synthesis of 1,3,3-trinitroazetidine [11].

Due to its high performance and melt castable properties, TNAZ has been proposed as 
potential replacement for TNT [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. It also shows excellent thermal stability (>180°C) [13,14] besides its many 
extra advantages over the already known explosives. TNAZ has a detonation velocity between 8.6 
and 8.85 km/sec, and generates a pressure of 372 kbar. One measured value for the detonation 
velocity was 8.73 km/sec. TNAZ is a highly energetic material (more powerful than RDX) but less 
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vulnerable than most other nitramines [15,16]. TNAZ has solubility in molten TNT (in contrast to 
HMX) and is compatible with aluminum, steel, brass and glass [17-19]. 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 [20]. On the theoretical ground, 
desensitization of TNAZ via molecular structure modification has been investigated [21].

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 [22]. Then, the authors succeeded to analyze 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. Thus, the kinetic parameters of different reaction stages in thermal 
decomposition of TNAZ were obtained [22]. Some empirical methods for estimating the 
detonation properties of energetic TNAZ molecular derivatives have been reported [23].

In the present study, some charged forms of TNAZ molecule have been considered 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 geometry optimizations of all the structures leading to energy minima were achieved 
initially by using MM2 method followed by semi-empirical PM3 self-consistent fields molecular 
orbital (SCF MO) method [24,25] at the unrestricted level [26,27]. Subsequent optimizations were 
achieved at Hartree-Fock level using various basis sets. Then, geometry optimizations were 
managed within the framework of density functional theory [28,29] at the level of UB3LYP/6-
311++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]. Note that 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 vibrational analyses were also performed. The total electronic energies are corrected for the 
zero point vibrational energy (ZPE). The normal mode analysis for each structure has 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 on the potential energy surface. All these calculations were done by using the 
Spartan 06 package program [34].
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3. Results and Discussion

Some explosives are highly affected in electrostatic fields or electrostatic charging resulting in 
changes in performance which sometimes causes their explosions. Ionic forms are the extreme 
state of electrostatic charging of materials. Electric spark which is a result of the accumulated 
charge may have sufficient energy to initiate explosions because of their low ionization energy. 
Some explosives in ionized form undergo bond-cleavage of molecular structure which may 
accompany or not by an explosion. Also, depending on the structure or nature of the explosives, 
some can tolerate negative but not positive (or vice versa) charging up to a certain extent.

In the present study, charging of TNAZ molecule has been investigated theoretically. Figure 1 
shows the optimized structures of TNAZ ions considered. Note that dication of TNAZ molecule 
has undergone break down at the early stages of the optimization process. The figure also displays 
the direction of the dipole moment vectors.

Figure 1. Optimized structures of the ions considered.

Figure 2 shows the calculated bond lengths of the ions considered. In the monoanion case, as 
seen in the figure, one of the C-NO2 bonds has been highly elongated (2.26 Å) as compared to the 
other one (1.37 Å). The literature value of the respective type of bond length varies between 1.517 
Å (dimethyldinitromethane) and 1.526 Å (tetranitromethane) [35]. However, in the dianion case 
both of the C-NO2 bonds are very comparable and at reasonable lengths (1.49 and 1.50 Å). This 
fact brings to mind that some balance in the charge distribution between the C-NO2 groups should 
have occurred. Indeed this is the case (see Figure 3). However a question arises whether the 
dianion formation can occur instantaneously without passing through the mono anion formation 
first. The bond lengths of the ring atoms are quite irresponsive to negative or positive charging.

The N-NO2 bond in the monocation is somewhat elongated (1.76 Å) as compared to the 
respective bond lengths in the anions and gives the signal of NO2 expelling while the dication 
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formation. Dication is decomposed while optimizing the structure, expelling the nitramine NO2 
group. Note that a typical N-NO2 bond length is 1.382 Å (dimethylnitramine) [35].

Figure 2. The calculated bond lengths of the ions considered (Hydrogens omitted).

Figure 3 shows the electrostatic potential (ESP) charges developed on the atoms of the ions 
considered. Note that the ESP charges are obtained by the program based on a numerical method 
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that generates charges that reproduce the electrostatic potential field from the entire wavefunction 
[34].

Figure 3. The ESP charges on atoms of the ions considered.

As seen in Figure 3, in all the cases, the direction of the dipole moment vectors is from the 
nitramine nitrogen to somewhere nearby the C-NO2 groups. The nitro groups linked to carbon 
atom possess a negative overall charge in the cases of mono and dianion, whereas positive charge 
in the monocation. As for the nitramine NO2 group, it has negative overall charge in the 
monoanion and the dianion cases whereas positive charge in the monocation.

Appearance of the electrostatic potential maps of the systems considered is shown in Figure 4 
where normally red/reddish and blue/ green regions stand for negative and positive potential 
fields, respectively. In the present case, different shades of red and blue regions of the ions 
indicate relative negative and positive potential regions.

Figure 4. ESP maps of TNAZ and the ions considered.
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Table 1 shows various properties of the systems considered. As seen in the table, all the 
systems/ions considered have greater area and volume values compared to neutral TNAZ 
molecule. This could be due to repulsion of like charges happened on some sites of the molecular 
structure and thus some expansion of the structure. Such irregular charge distribution and bond 
length changes also affect the dipole moment values. Although, the ions have much greater dipole 
moment values compared to TNAZ itself, irregularity exists in them, such as obtained in the 
monoanion and dianion cases.

Table 1. Some properties of the ions considered.

Structure  Area (Å²) Volume (Å³)  Ovality Polarizability Dipole

(Debye)

TNAZ 173.98 139.73 1.34 51.45 0.50

Monoanion 183.75 144.39 1.38 4.69

Dianion 178.74 142.10 1.36 52.71 1.07

Monocation 178.33 141.65 1.36 6.00

Table 2 contains some energies of the systems standing for the ionic structures of TNAZ, 
where E, ZPE and EC are total electronic energy, zero point vibrational energy and the corrected 
total electronic energy, respectively. Although the number of electrons possessed not the same, the 
systems corresponding to the anions seem to be electronically more stable but the monocation 
system is less stable than TNAZ and the dianion is less stable than the monoanion system. 
However, one should keep in mind that actually the monoanion system is a decomposed structure 
(NO2 group expelled from the structure) and as a whole it is more stable than the dianion which 
holds its integrity.

Table 2. Some energies of TNAZ and the ions considered.

Structure E ZPE EC

TNAZ -2066133.77 278.31 -2065855.46

Monoanion -2066347.50 264.56 -2066082.94

Dianion -2066081.51 261.58 -2065819.93

Monocation -2065121.58 267.19 -2064854.39

Energies in kJ/mol.
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Figure 5 displays some of the molecular orbital energy levels of the ions considered. Note that 
the monoanion and monocation are open-shell systems, thus the unrestricted level of calculations 
yield α- and β- type molecular orbitals. In the figure they are labeled as a- and b-types.

                

Figure 5. Some of the molecular orbital energy levels of the ions considered.

Table 3 includes the HOMO, LUMO energies and the interfrontier molecular orbital energy 
gap values (Δε= εLUMO-εHOMO) of the systems/ ions considered.

Table 3. The HOMO, LUMO energies and the FMO energy gaps of TNAZ and the ions 
considered.

Structure HOMO LUMO Δε

TNAZ -874.55 -361.35 513.20

Monoanion -192.57 101.73 294.30

Dianion 355.65 433.62 77.97

Monocation -1309.37 -817.02 492.35

Energies in kJ/mol.

Monoanion Dianion Monocation
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The order of HOMO and LUMO energies is monocation < TNAZ < monoanion < dianion. 
Consequently, Δε values follow the order of dianion < monoanion < monocation < TNAZ. Thus, 
TNAZ should be less sensitive to impact stimulus than the ionic forms. Whereas the dianion is the 
most sensitive in the group, because the impact sensitivity has been reversely correlated with Δε 
value [36,37].

Figures 6 and 7, respectively show the HOMO and LUMO patterns of the ions considered. As 
seen in Figure 6 the nitramine moiety contributes nil or very little in to the HOMO in the case of 
monoanion but appreciably in the dianion. In the case of the monocation, the nitramine moiety 
contributes almost none into the α- and β- HOMOs.

Figure 6. The HOMO patterns of the ions considered.

As seen in Figure 7, one of the C-NO2 moieties does not contribute into the HOMO in the 
cases of monoanion and the monocation.
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Figure 7. The LUMO patterns of the ions considered.

Figure 8 shows the time-dependent (TDDFT) UV-VIS spectra of the ions considered. As 
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Figure 8. The calculated UV-VIS spectra of the ions considered.

compared to the monoanion, the dication formation causes an appreciable bathochromic shift. 
Whereas, the monocation formation yields a spectrum confined to visible part of the spectrum.

Figure 9 shows the spin density maps of the open-shell ions considered. In the monoanion 
case, the expelled NO2 group also has quite high spin density. Therefore, the NO2 group expelled 
is probably not merely an anion but a radical anion. On the other hand, the monocation has rather 
low spin density on the nitramine NO2 but quite high density on the ring atoms, especially on the 
amino nitrogen.

Figure 9. Spin density maps of the open-shell ions.

4.  Conclusion

The present density functional study on some TNAZ ions has revealed that in the case of the 
monoanion, one of the C-NO2 bond rupture occurs. The dianion form is electronically stable. The 
monoanion expels one of the NO2 groups attached to the carbon atom (in the form of radical 

Monocation
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anion). In the case of the monocation, an elongated N-NO2 bond exists and the expelled NO2 
group has positive overall charge and the spin density has spread mainly over the ring atoms.

All these results within the constraints of the density functional theory and the level of 
calculations performed suggest that TNAZ molecule may undergo various degrees of perturbation 
while charging.
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