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Abstract

1,3,5-triamino-2,4,6-trinitrobenzene known as TATB is an insensitive high energy density
material. It has two more constitutional isomers. The present study deals with all these
triaminotrinitrobenzene isomers within the constraints of density functional theory at the
levels of RB3LYP/6-31G(d,p) and UB3LYP/6-31G(d). Some geometrical and quantum
chemical properties have been obtained and compared. The calculated IR and UV-VIS
spectra are produced. Additionally the NICS values have been collected by calculating
absolute NMR shielding values at the ring centers, NICS(0), and aromaticity of these
isomers are compared. UB3LYP/6-31+G(d) level of calculations revealed that monoionic

forms of these isomeric compounds are stable.

1. Introduction

Thermal stability is of main concern regarding to the formulation, processing, and
handling of a high explosive (HE), but also important for its safety including fuel fires,
propellant fires, and even a potential for sympathetic detonation. It has been long known
that 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) is a reasonably powerful high
explosive having thermal and shock stability which is considerably greater than that of
any other known material of comparable energy. TATB was obtained years ago by
Jacson and Wing by treating 1,3,5-tribromo-2,4,6-trinitrobenzene with cold alcoholic
solution of ammonia [1, 2]. It decomposes at 360°C without melting [3]. It is a yellow-

brown substance decomposing rapidly just below the melting point; but it has excellent
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thermal stability in the range 260-290°C, which represents the upper temperature limit at

which it may be used.

After Il world war, research focused intensely on high energetic materials in order to
produce safer and more heat resistant explosives [4]. One of the striking features of
TATB is the strong and extensive hydrogen bonding, both inter- and intramolecular,
between NO, and NH; groups [5, 6] which contributes its stability. The first important
work on the reason for this unique stability was done in 1965 by Cady and Larson, who
determined the crystal structure of TATB [5]. Since then intense research has been done
on TATB [7-18]. Beside the experimental studies on TATB, various computational

works have been done on it [19-23].

In the present work, triaminotrinitrobenzene isomers are investigated quantum
chemically within the limitations of density functional theory (DFT) at the levels of
B3LYP/6-31G(d,p) and UB3LYP/6-31G(d) levels. Their monoionic forms have also
been investigated at the level of UB3LYP/6-31+G(d).

2. Method of Calculation

Presently, geometry optimizations of all the structures leading to energy minima
were initially achieved by using MM2 method followed by semi-empirical PM3 self-
consistent fields molecular orbital (SCF MO) method [24, 25] at the restricted level [26,
27]. Subsequent optimizations were achieved at Hartree-Fock level using various basis
sets hierarchically. Then, the geometry optimizations were managed within the
framework of density functional theory [28, 29], finally at the levels of RB3LYP/6-
31G(d,p) and UB3LYP/6-31G(d) [26]. 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 [29, 30]. Note that the correlation term of B3LYP
consists of the Vosko, Wilk, Nusair (VWN?3) local correlation functional [31] and Lee,
Yang, Parr (LYP) correlation correction functional [32]. The vibrational analyses have
also been done. The total electronic energies are corrected for the zero point vibrational
energy (ZPE). The stationary points to energy minima were proved in all the cases by
calculation of the second derivatives of energy with respect to the atom coordinates. 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



Triaminotrinitrobenzene Isomers - A DFT Treatment 3

the potential energy surface. All these calculations were done by using the Spartan 06

package program [33].

For NICS data, the absolute NMR shielding values [34] were calculated by
employing the Gauge-Independent Atomic Orbital method [35] with the restricted closed
shell formalism at the level of B3LYP/6-31G(d,p). The NICS values have been collected
by calculating absolute NMR shielding values at the ring centers, NICS(0).

The NICS(0) calculations of the present systems have been performed by the use of
Gaussian 03 package program [36]. The monoionic forms of the isomers considered have
been investigated at the level of UB3LYP/6-31+G(d).

3. Results and Discussion

3.1. Structures

Triaminotrinitrobenzene has three structural isomers. In the present study, they are
called TATB and TATB isomers. Based on the position of the amino groups, the isomers
are called 123-TATB and 124-TATB. 135-TATB is simply called TATB which is

actually 1,3,5-triamino-2,4,6-trinitrobenzene.

Top view Side view

TATB : § :

123-TATB

124-TATB

Figure 1. Optimized structures of triaminotrinitrobenzene isomers considered
(B3LYP/6-31G(d,p).
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Figure 1 shows the optimized structures as well as the dipole moment vectors of

triaminotrinitrobenzene isomers considered. As seen in the figure, although TATB more

or less has coplanar substituents with the aromatic ring, the others do not.
3.2. Bond lengths

Figure 2 shows the bond lengths of the structures. Although bond lengths of TATB

ring are equal, in the case of other isomers they vary. Also, C-NH, and C-NO; bond
lengths vary in 123-TATB and 124-TATB depending on their positions.

TATB

123-TATB
.01

124-TATB

Figure 2. Bond lengths of the TATB isomers considered (B3LYP/6-31G(d,p)).

3.3. Electrostatic charges and some properties

Figure 3 shows the charge distribution (ESP) on the structures considered. 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 [33].
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123-TATB

124-TATB

Figure 3. Charge distribution (ESP) on of the structures considered (B3LYP/6-31G(d,p).

Table 1 shows the various properties of TATB isomers. All the properties listed in
the table follow the order of TATB<124-TATB<123-TATB with the exception of

polarizability data.

Table 1. Various properties of TATB isomers.

Molecule Dipole moment Area Volume Polarizability
(Debye) (A% (A% (A%
TATB 0.01 206.88 188.01 55.88
123-TATB 10.81 221.66 193.27 56.13
124-TATB 5.45 215.90 191.50 56.14

3.4. Stabilities

Table 2 displays various energies of TATB isomers. The restricted and unrestricted
level of calculations indicate the stability order of TATB>124-TATB>123-TATB. The
highest stability of TATB among the others might be due to highly symmetrical location

of the strongly electron donor (NH;) and strongly electron acceptor (NO,) groups. So

that the resonance assisted intramolecular hydrogen bonding [19, 20] might occur.
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Table 2. Various energies of TATB isomers.

RB3LYP/6-31G(d,p) UB3LYP/6-31G(d)
Molecule E 7ZPE E. E 7ZPE E,
TATB -2656630.71  416.85  -2656213.86 -2656569.90 419.12 -2656150.78

123-TATB ~ -2656499.38  415.17  -2656084.21 -2656444.62 415.63 -2656028.99
124-TATB ~ -2656544.99  418.07 -2656126.92 -2656489.56 418.77 -2656070.79

Energies in kJ/mol.

3.5. Spectra

Figure 4 shows the calculated (B3LYP6-31G(d,p)) IR spectra of TATB isomers.
1

B

TATB has asymmetric and symmetrical N-H stretchings at 3543 and 3414 cm
respectively. The respective stretchings of 123-TATB occur at 3723, 3701
(asymmetrical) and 3555 (symmetrical) cm_l. 124-TATB has those bands at 3670, 3629
(asymmetrical) and 3526, 3481 (symmetrical) cm_l. TATB ring vibrations occur at 1634
cm” . In the case of 123-TATB the ring stretchings and C-NH; stretchings coupled and
happens at 1673 cm . The nearby peaks at 1643 em ' are NH, bendings and N-O
stretchings coupled with C-NO, bendings. The sharp peak at 1332 cm ' is due to various
stretching and bending modes. As for the 124-isomer, the peaks at 3670 and 3629 em”!
1

are asymmetrical N-H stretchings, followed by symmetrical ones at 3526 and 3481 cm .

The region of 1667-1278 cm " includes various stretching and bending modes.
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Figure 4. IR spectra of the TATB isomers (B3LYP6-31G(d,p)).

Figure 5 shows the time-dependent (TDDFT, B3LYP6-31G(d,p)) UV-VIS spectra of
the structures considered. As seen in the figure, TATB is distinctly different than the
other isomers. 123- and 124-isomers contrary to TATB exhibit spectra having more than
one Ayax value. Also they show bathochromic effect. Consequently, the isomers are

expected to be more colorful compared to TATB itself.
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Figure 5. UV-VIS spectra of the TATB isomers (B3LYP6-31G(d,p)).
3.6. NICS

Note that the simplest criterion for aromaticity of compounds is that the presence of
cyclic conjugated m-systems containing the proper number of n-electrons (i.e., the Hiickel
rule). In spite of the fact that this criterion is enough to predict the aromaticity of

monocyclic neutral or charged ring systems, it is not always appropriate as a clear
indicator of aromaticity for more complex systems.

Aromaticity arises by a combination of various properties in cyclic delocalized
systems. In general, aromaticity is discussed in terms of energetic, structural and
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magnetic criteria [37-42]. Schleyer, in 1996, has introduced a simple and efficient probe
for aromaticity that is “nucleus-independent chemical shift” (NICS) [43]. It is the
computed value of the negative magnetic shielding at some selected point in space which
is generally, at a ring or cage center. The calculated data piled in the literature indicate
that negative NICS values denote aromaticity (-11.5 for benzene, -11.4 for naphthalene)
contrary to positive NICS values which denote antiaromaticity (28.8 for cyclobutadiene)
while small NICS values indicate non-aromaticity (-2.1 for cyclohexane, -1.1 for
adamantane). NICS may be a useful indicator of aromaticity such that it usually
correlates successfully with the other energetic, structural and magnetic criteria for
aromaticity [44-47]. Although the resonance energies and magnetic susceptibilities are
measures of the overall aromaticity of a polycycle, they do not provide information about
the individual rings. In contrast, NICS has been proved to be an effective probe for local

aromaticity of individual rings of polycyclic systems.

In the present study, NICS(0) values of the isomers considered have been calculated
at the level of B3LYP/6-31G(d,p). The results for TATB, 123-TATB and 124-TATB are
-6.0929, -9.6718 and -8.8503, respectively. Thus, the order of aromaticity is 123-TATB
>124-TATB>TATB. The results reveal that alternatingly substituted NH, and NO,
groups in TATB cause such a pull-push effect that the ring current for the aromaticity is
less effective than the others indicating that resonance structure II [20] contributes the
resonance hybrid up to a certain extent. Note that resonance structure II allows resonance
assisted intramolecular hydrogen bonding [19, 20] and as mentioned above it should be
responsible for the higher stability of TATB among them.
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3.7. Frontier molecular orbitals and energies

Table 3 tabulates the frontier molecular orbital energies (HOMO and LUMO) and
interfrontier molecular orbital energy gaps (Ag) for the isomers considered. The order of
HOMO and LUMO energies are TATB<123-TATB<124-TATB and 124-TATB<123-
TATB<TATB, respectively. Whereas Ag values follow the order of 124-TATB<123-
TATB<TATB. Note that the impact sensitivity is generally correlated with the HOMO-
LUMO energy gap [48]. Thus, the isomers of TATB should exhibit impact sensitivities

parallel to reverse order of Ag values.

Table 3. Frontier molecular orbital energies and interfrontier molecular orbital energy

gaps for the isomers considered.

Molecule HOMO LUMO Ag

TATB -698.51 -271.60 426.91
123-TATB -660.40 -285.86 374.54
124-TATB -624.64 -310.89 313.75

RB3LYP/6-31G(d,p) level of calculation. Energies in kJ/mol.

The HOMO and LUMO energy levels of TATB are lower compared to the other
isomers. This might be due to more pronounced electron attracting effect of NO, groups
than the electron donating effect of NH, groups. Note that electron donating groups (like
NO,) lower both the HOMO and LUMO energy levels while the electron donors (like
NH,) have an opposite effect [49].

Figure 6 shows some of the molecular orbital energy distribution of the isomers. As
seen in the figure, position of the donor and acceptor groups are highly effective on the

distribution of molecular orbital energy levels especially on the inner lying occupied

molecular orbitals which dictate the thermal stability of structures.
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Figure 6. Some molecular orbital energies of the isomers (RB3LYP/6-31G(d,p)).

Figure 7 shows the HOMO and LUMO pattern of the isomers. As seen in the figure,
although LUMO of TATB is characterized with localized orbitals on atoms, for others
either the HOMO or LUMO spread over the other atoms up to a certain extent which
might have some effect on their UV-VIS spectra.
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HOMO
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Figure 7. The HOMO and LUMO pattern of the isomers considered (RB3LYP/6-

31G(d,p)).

Figure 8 stands for the electrostatic potential maps of the isomers considered. As

seen in the figure TATB is characterized with less electron density in the ring but more

on the peripheral groups compared to the others. This is in parallel to the NICS results
which yields the order of aromaticity as 123-TATB>124-TATB>TATB.
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TATB 123-TATB 124-TATB

Figure 8. Electrostatic potential maps of the isomers considered (RB3LYP/6-31G(d,p)).
3.8. Charged forms

Figure 9 shows the optimized structures of monoionic triaminotrinitrobenzene
isomers considered. It shows that both the anions and cations are intact structures. In
some of them the hexagonal ring is slightly puckered. Most of the nitro groups are not
coplanar with the core. In the case of 124-TATB one of the NO, groups is out of the
plane of the ring. These structural variations are small perturbations hence TATB

isomers are stable to monocharging in an electric field.

Anions Cations

123-TATB

124-TATB

Figure 9. Optimized structures of ionic triaminotrinitrobenzene isomers considered
(UB3LYP/6-31+G(d)).
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Table 4 shows the various energies of the ionic forms. The stability orders of the
anions and cations are TATB>124-TATB>123-TATB and 124-TATB>TATB>123-
TATB, respectively. Hence, TATB can accommodate a negative charge better than a
positive one. Whereas, 1,2,3-TATB is the least stable so it is the most sensitive to
monoionic charging within the group.

Table 4. Various energies of the ionic forms.

Anion Cation
Molecule E 7ZPE E, E 7ZPE E.
TATB -2656876.60  407.88  -2656468.72  -2655826.34 414.83 -2655411.51

123-TATB -2656773.69  407.13  -2656366.56  -2655766.18 412.18 -2655354.00
124-TATB -2656855.57 41238  -2656443.19  -2655832.29 416.66 -2655415.63

UB3LYP/6-31+G(d) level. Energies in kJ/mol.

Table 5 displays the frontier molecular orbital energies and the energy gap in
between them for the mono ionic forms of the isomers considered. The HOMO and
LUMO energy orders are 124-TATB<123-TATB<TATB and TATB<124-TATB<123-
TATB, respectively for the anions. Consequently the order of energy gap, Ag, becomes
124-TATB>123-TATB>TATB.

Table 5. Frontier molecular orbital energies and interfrontier molecular orbital energy

gaps for the ionic forms of the isomers considered.

Anion Cation
Molecule HOMO LUMO Ag HOMO LUMO Ag
TATB -67.19 28.12 95.31 -1168.44 -756.94 411.5
123-TATB -81.66 83.52 165.18 -1123.60 -706.64 416.96
124-TATB -126.92 64.11 191.03 -1080.10 -763.88 316.22

UB3LYP/6-31+G(d) level. Energies in kJ/mol.

As for the cations, the HOMO and LUMO energy orders are TATB<123-
TATB<124-TATB and 124-TATB<TATB<123-TATB, respectively. Whereas, the order
of Ag for them is 123-TATB>TATB>124-TATB.

4. Conclusion

Triaminotrinitrobenzene isomers presently considered are found to be stable,
irrespective of the restricted and unrestricted level of DFT calculations (RB3LYP/6-
31G(d,p) and UB3LYP/6-31G(d)) which yield the stability order of TATB>124-
TATB>123-TATB. The calculated IR and UV-VIS spectra indicate that TATB is
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distinctly different than the other isomers. Especially its UV-VIS spectra is confined to

UV region whereas the others show bathochromic effect thus absorb highly in the visible
region. The stability orders of the anions and cations are TATB>124-TATB>123-TATB
and 124-TATB>TATB>123-TATB, respectively. The results reveal that TATB isomers
are stable to monocharging in an electric field being 1,2,3-TATB the least stable than

others in the set to the negative as well as the positive charging.
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