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Abstract

The present study considers some trinitroazetidine isomers within the realm of density 
functional theory (B3LYP/6-311++G(d,p)). One of the isomers considered is 1,3,3-
trinitroazetidine (TNAZ) which is the well known insensitive high energy explosive 
material. Various structural, energetic, quantum chemical and spectral properties of the 
isomers have been harvested and discussed. Some of the isomers have nitramine bonds 
and some possess only C-NO2 bonds. The results indicate that the nitramine moiety 
somewhat destabilizes the structure electronically but increases the impact insensitivity.

1. Introduction

1,3,3-trinitroazetidine (also known as TNAZ) is one of the most widely studied 
explosives in the recent decades [1-2]. Structurally, it possesses a highly nitrated four 
membered nitrogen heterocyclic ring (azetidine) having both C-NO2 and N-NO2 moieties. 
It exhibits improved performance as compared to conventional melt castable explosive 
trinitrotoluene (TNT). It is attributed to the additional energy gained due to the presence 
of strained ring system [3-8]. For the synthesis of 1,3,3-trinitroazetidine various methods 
have been reported [9]. TNAZ, being a melt castable high performance explosive has 
been proposed as potential replacement for TNT [10]. The low melting point of TNAZ 
(101C) enables the processing of formulations on modified production lines. Its 
performance has been reported as approximately 30% greater than TNT and it shows 
excellent thermal stability (>180C) [11]. Over the known explosives, TNAZ has many 
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added advantages. Such as, it is a highly energetic insensitive material, more powerful 
than RDX and is less vulnerable than most other nitramines [12,13]. Moreover, TNAZ is 
soluble in molten TNT (unlike HMX) and is compatible with various materials such as 
aluminum, steel, brass and glass [14-16]. Recently, some computational studies have 
been reported on the interaction of pairs of FOX-7 and TNAZ [17] and NTO and TNAZ 
[18]. In the present study, a density functional (DFT) treatment has been reported on 
some trinitroazetidine isomers.

2. Method of Calculation

In the present study, 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 [19,20] at the restricted level 
[21]. Afterwards, the structure optimizations have been managed within the framework of 
Hartree-Fock (HF) and finally by using density functional theory (DFT) at the level of 
B3LYP/6-311++G(d,p) (restricted closed-shell) [22,23]. Note that 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 [24]. Note that the correlation term of 
B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [25] 
and Lee, Yang, Parr (LYP) correlation correction functional [26]. In the present study, 
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 on 
the potential energy surface. Furthermore, all the bond lengths were thoroughly searched 
in order to find out whether any bond cleavage occurred or not during the geometry 
optimization process. All these computations were performed by using SPARTAN 06 
[27].

3. Results and Discussion

Presently, some isomers of trinitroazetidine is considered in which substituent pattern 
of TNAZ has been maintained. Namely, two of the three nitro groups possess geminal 
relationship on the carbon atom of trinitroazetidine. The third nitro group linked either to 
the nitrogen or carbon atom of the ring (see Figure 1). Consequently, two of the isomers 
are nitramine type (structures A and B). Structure A stands for TNAZ molecule.
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Figure 1. The isomers presently considered.

Figure 2 shows the optimized structures of the isomers considered. The figure also 
shows the direction of the dipole moment vectors. As seen in the figure the ring is slightly

   

Figure 2. Optimized structures of the isomers considered (From different angles of 
view).

puckered in all the cases. Table 1 lists some properties of the isomers. All the structures, 
except the log P values and dipole moments, have comparable characteristics. Isomer-B 
has the highest dipole moment and log P values among the set. The position and 
conformation of the nitro groups dictate the dipole moments and thus the polarity of the 
structures.

Polarizability (Pol) is defined as [27],

Pol = 0.08 VVdW-13.0352 H+0.97992 H2+41.3791
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where VVdW is the van der Waals volume, H is the hardness which is defined as,

H = -(εHOMO-εLUMO)/2

where εHOMO and εLUMO stand for the HOMO and LUMO energies, respectively.

Table 1. Some properties of the isomers.

Structure Area (Å²) Volume 
(Å³)

Ovality Polarizability Log P Dipole 
moment

A 173.98 139.73 1.34 51.45 1.72 0.50

B 175.70 140.23 1.35 51.45 2.34 5.93

C 175.02 139.43 1.35 51.49 1.06 5.45

D 173.52 139.30 1.34 51.55 1.18 4.24

Dipole moments in debye units. Polarizability in 10-30 m3.

Table 2 lists the heat of formation values of the isomers. According to the data there, 
all the isomers are endothermic and follow the order of B>A>D>C. Note that both of 
structures A and B are nitramine types. Thus, higher endothermicity of A and B over C 
and D could be due to the presence of nitramine structure in the former ones. Whereas the 
higher endothermicity of B over A (TNAZ) could be attributed to more ring strain present 
in structure B (see Table 3). In Table 3 internal bond angles of the isomers are tabulated.

Table 2. Heat of formation values of the isomers.

A B C D

117.420 134.904 96.123 101.840

PM3//B3LYP/6-311++G(d,p). Values in degree.

Figure 4 shows the numbering of atoms in the isomers. The sum of internal bond 
angles could be some sort of indication of the ring strain present. Since, a planar 
tetragonal structure (like deltoid) possesses that sum of 360 degrees, the sum lesser than 
360 degree indicates more puckered thus more strain-relieved ring. Also bond lengths 
should contribute to the thermo chemistry of the isomers, however in the present case the 
isomers have very comparable bond lengths. See Figure 3 which shows the calculated 
bond lengths of the isomers. TNAZ (isomer-A) having a C2 plane of symmetry 
(comprising the nitramine nitrogen and the geminally nitro-group- substituted carbon 
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atom) possesses symmetrically the same ring bond lengths. However, C-NO2 bonds 
slightly differ.

Table 3. Internal bond angles (degrees) of the isomers.

A B C D

C2N1C4 94.11 C2N1C4 95.19 C1C4C3 85.09 N4C3C4 89.01

C2C1C4 89.38 C1C4N1 89.16 C4C3N4 91.01 C1C4C3 86.59

N1C2C1 87.32 C2C1C4 87.59 C4C1N4 87.76 C4C1N4 87.48

N1C4C1 87.34 C2C1N1 86.55 C1N4C3 92.79 C1N4C3 93.04

Sum 358.15       358.49 356.65 356.12

The first and second rows stand for the angles having mono and dinitro substituted atoms, 
respectively. Refer Figure 4 for the numbering of atoms.

Figure 3. Calculated bond lengths of the isomers.
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Figure 4. Numbering of atoms in the isomers.

 Table 4 shows some energies of the isomers considered where E, ZPE and EC stand 
for the total electronic energy, zero point vibrational energy and the corrected total 
electronic energy, respectively. The data in the table indicate that electronic stability 
follows the order of C>D>A>B. Since structures of isomer-A and -B possess the 
nitramine group, then one may conclude that the presence of nitramine group destabilizes 
the trinitroazetidine system. Moreover, the presence of C-NO2 groups on the vicinal 
position to the nitramine moiety (isomer-B) causes further destabilization compared to 
isomer-A.

Table 4. Some energies of the isomers.

Structure E ZPE EC

A -2066133.77 278.31 -2065855.46

B -2066131.41 277.48 -2065853.93

C -2066172.59 278.49 -2065894.10

D -2066155.78 278.65 -2065877.13

Energies in kJ/mol.

 Figure 5 shows the electrostatic potential (ESP) charges and maps of the systems 
considered. 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 [27]. As seen in the figure, except structure-A (TNAZ), the tip points 
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of the dipole moment vectors are towards somewhere nearby the geminally nitro-
substituted side of the structures. On the other hand, an electrostatic potential map is a 
graph that shows the value of the electrostatic potential on an electron density isosurface 
corresponding to the van der Waals surface [28]. In the ESP map of structure-A the 
positive region almost surrounds the ring. Somewhat similar situation occurs in isomer-
D.

Figure 5. The ESP charges and maps of the isomers (Hydrogens not shown in the figures 
on the left hand side).
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Figure 6 shows some of the molecular orbital energy levels of the isomers. As seen in 
the figure, variations of position of the nitro groups affect not only the frontier molecular 
orbital energy levels but also greatly affect the energies of the inner-lying molecular 
orbitals. In isomer-A nearly degenerate LUMO and NEXTLUMO energies exist which is 
not the case in the others. In structures C and D the HOMO energy level raises up 
compared to others while the inner-lying molecular orbital energy levels shrink to exhibit 
more dense pattern. Note that in isomers C and D all three nitro groups are linked to 
carbon atoms thus the ring nitrogen holds its lone-pair electrons (no mesomeric effect 
exists). So, only σ-type effects (inductive effects) might be responsible for the energy rise 
of the molecular orbitals in C and D structures.

Figure 6. Some of the molecular orbital energy levels of the isomers.

Table 5 shows the HOMO, LUMO energies and the interfrontier molecular orbital 
energy gap, ∆ε, (∆ε = εLUMO - εHOMO) values of the isomers. The HOMO energy order is 
A<B<C<D whereas the LUMO energies follow the order of A<D<C<B. Consequently, 
the interfrontier molecular orbital energy gap values fall in to the sequence of B>A>C>D.

A B C D
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Table 5. The HOMO, LUMO energies and ∆ε values of the isomers.

Structures HOMO LUMO ∆ε

A -874.55 -361.35 513.20

B -866.14 -336.18 529.96

C -827.92 -340.60 487.32

D -810.51 -352.00 458.51

Energies in kJ/mol.

Note that the impact sensitivity of an explosive is related to Δε value such that 
decrease of it increases the sensitivity [29, 30]. Thus isomer-D should be the most 
sensitive one to impact stimulus, whereas isomer-B should be even less sensitive than 
structure-A (TNAZ). Nitro group is inductively and mesomerically electron withdrawing 
in character but obviously its mesomeric effect is more pronounced. In the case of a 
nitramine group, the lone-pair electrons of the amino nitrogen shifts towards the 
nitramine-NO2 group. This effect is most probably counter balanced by the inductive 
electron attracting effect of C-NO2 groups.

On the other hand, hardness and electronegativity are defined as,

Hardness = -(εHOMO-εLUMO)/2

Electronegativity = -(εHOMO+εLUMO)/2

Table 6 shows hardness and electronegativity values of the isomers considered. The 
data in the table indicate that the order of hardness for these isomers is B>A>C>D, 
whereas the electronegativities follow the order of A>B>C>D.

Table 6. Hardness and electronegativity values of the isomers considered.

Hardness Electronegativity

A 256.61 617.95

B 264.98 601.16

C 243.66 584.26

D 229.26 581.26

Energies in kJ/mol.
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The calculated UV-VIS spectra (time-dependent DFT spectra) of the isomers 
considered are depicted in Figure 7. As seen in the figure all the isomers absorb in the 
UV region. The shoulder in the spectrum of B might arise from some subtle electronic 
effects involving the ring or through space effects among the nitro groups.

Figure 7. Calculated UV-VIS spectra of the isomers considered.

A

B

C

D
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Figure 8 shows the local ionization maps of the isomers. In the local ionization 
potential map, conventially 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.

Figure 8. The local ionization maps of the isomers.

Figure 9 shows the LUMO maps of the isomers. A LUMO map displays the absolute 
value of the LUMO on the electron density surface. The blue color stands for the 
maximum value of the LUMO and the color red, the minimum value.

Figure 9. The LUMO maps of the isomers.

4. Conclusion

The present density functional treatment considers four constitutional isomers of 
trinitroazetidine system. Two of them have nitramine moiety and the rest contain only C-
NO2 type bonds. All the isomers are electronically stable but endothermic structures. The 
nitramine type isomers are less stable and more endothermic than the others. One of the 
nitramine type isomers is electronically slightly less stable but more endothermic and less 
sensitive than TNAZ.
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