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Symmetric triaminotrinitrobenzene known as TATB decomposes in contact with some heavy metals,
such as copper. Presently, TATB and some of its important tautomers are subjected to B3LYP/6-31G(d,p)
level of treatment. Some molecular orbital energies have been obtained and compared. Then, interaction
of these species with Cu and Cu™ are investigated. Although TATB has been found to be affected little by
either Cu or Cu™, undergoing only some bond length changes and/or distortions, the resonance-assisted

tautomers having one to three aci groups decompose by the influence of Cu atom. In each case, only one
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N-OH bond rupture occurs.
© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The thermal stability is one of the most important properties of
a high explosive (HE) effective on its practicality when employed as
a constituent of either conventional or nuclear weapons. Regarding
to the formulation, processing, and handling of an HE, thermal
stability is of main concern but also important for its safety
including fuel fires, propellant fires, and even a potential for sym-
pathetic detonation. An increased emphasis on such hazards has
renewed interest in understanding the fundamental relationship
between molecular structure and reactivity of energetic materials.

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.
Consequently, it is a very attractive candidate for the main HE
charge in many weapons. Desirable properties of TATB has made it
the subject of numerous studies.

The first mention of TATB in the literature goes back to 1888. It
was obtained 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 crystalline
solid that is insoluble in most solvents. The best solvent is hot
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concentrated sulfuric acid. After II world war, research efforts
focused on high energetic materials for safer and more heat resis-
tant explosives [4].

The compound TATB has been known for its unusual thermal
properties since the 1950s. A striking feature of TATB is the strong
and extensive hydrogen bonding, both inter- and intramolecular,
between NO; and NH; groups [5,6]. The first important work on the
reason for this unique stability was done in 1965by Cady and
Larson, who determined the crystal structure of TATB [5]. Since
then intense research has been done on TATB [7—18]. Manaa and
Fried reported the results of second-order Mgller—Plesset (MP2)
and density functional theory (DFT) calculations of the rotational
barrier and torsional potential for intramolecular rotation of the
nitro group in TATB [19]. Geometrical parameters, aromaticity, and
conformational flexibility of the set of polysubstituted benzenes
(including TATB) with different number and position of nitro and
amino groups were calculated theoretically [20]. Zhang et al.
considered TATB/Graphene sandwich type complex computation-
ally [21]. Synthetic TATB processes quantum-chemically were
investigated by Radhakrishnan et al. using density functional the-
ory (DFT) [22]. DFT was employed in order to study the thermo-
dynamic parameters of TATB and its fullerene derivatives [23].

In the present study, some important tautomeric forms of TATB
and interaction of them with some copper species have been
investigated within the realm of DFT.

2214-9147/© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Method of calculations

In the present treatise, the geometry optimizations were per-
formed on conformationally stable (MM2 molecular mechanics
calculations) forms. Then the optimizations were achieved by PM3,
HF and then density functional theory (DFT) [24] calculations using
B3LYP hybrid exchange-correlation potential [25]. For closed shell
systems B3LYP /6-31G(d,p) and open-shell systems UB3LYP/6-
31++G(d,p) [26] type calculations were performed. Note that 6-
31++G(d,p) basis set is available for copper [26,27]. The exchange
term of B3LYP consists of hybrid Hartree-Fock and local spin den-
sity (LSD) exchange functions with Becke's gradient correlation to
LSD exchange [28]. The correlation term of B3LYP consists of the
Vosko, Wilk, Nusair (VWN3) local correlation functional [29] and
Lee, Yang, Parr (LYP) correlation correction functional [30]. The
BLYP method gives a better improvement over the SCF-HF results.
The optimizations in the present study have been obtained by the
use of SPARTAN 06 program [31].

HoN NH,
O,N
2 NO,

3. Results and discussion

TATB molecule, having alternatingly substituted nitro and
amino groups should allow existence of push-pull type interaction.
Below some contemplation on the structure of TATB has been
presented.

3.1. Structure of TATB

Manaa and Fried by studying the rotational barrier and torsional
potential for intramolecular rotation of the nitro groups in TATB
found that the calculated rotational barrier two to three times
higher than that of nitrobenzene and nitroethylene [19]. They
attributed this result to very strong intramolecular hydrogen
bonding in this molecule. Their MP2 optimization resulted in a
nonplanar structure, while the B3LYP produced a planar one similar
to the experimentally observed structure in the crystalline form.
Omelchenko et al., studied geometrical parameters, aromaticity,
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Fig. 1. Two optimized resonance forms of TATB (B3LYP/6-31G(d,p)) and their numbering.
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and conformational flexibility of the set of polysubstituted ben-
zenes with different number and position of nitro and amino
groups [20] and concluded that the presence of nitro and amino
groups in vicinal positions formed strong intramolecular
resonance-assisted hydrogen bonds. Also they studied TATB
molecule, which possesses alternatingly substituted nitro and
amino groups and should have strong intramolecular resonance-
assisted hydrogen bonds.

Fig. 1 shows two canonical structures of TATB and their
numbering, together with optimized structures such that in the
shown form 1 and 2 possess aromatic benzene ring and not-
aromatic hexagonal ring, respectively. In the later case the nitro
and amino substituents have exocyclic carbon-nitrogen double
bonds. Structure 2 is an interesting highly charge separated reso-
nance form obtained from 1.

Supplementary tables, Table S1 and S2 show the coordinates of
structures 1 and 2, respectively. Note that respective atoms in those
structures not only have different bonding topology but also have
different coordinates. Tables S3 and S4 display the Mulliken bond
order matrices for those structures.

Fig. 2 displays some tautomeric forms of TATB molecule.
Tautomerism in TATB destroys the aromatic nature of it. So, none of
the structures in Fig. 2 is aromatic. Note that of the various possible
tautomeric forms, Fig. 2 includes one (3), two (4) and three aci-
group having structures of which 5 and 6 stand for an asymmetric

and symmetric triply tautomeric forms, respectively.

All the tautomers shown in the figure are 1,5-proton tautomers
which are in general less likely to occur as compared to 1,3-
tautomers, however presence of some special structural condi-
tions may stabilize them. Also note that 1,3-tautomerism is not
suitable for TATB molecule.

Fig. 3 stands for bond lengths of TATB in aromatic (1) and not-
aromatic (2) forms. As seen in the figure structures seem to be
equivalent (any specific bond lengths calculated are equal in these
structures up to two significant figures).

Apparently identical calculated IR-spectra have been obtained
for structures 1 and 2 (Fig. 4) although frequencies are slightly
different. Most of the modes are coupled with each other yielding
apparently identical spectra. Note that one of the N-H stretchings
(symmetric) has lower amplitude compared to the other
(asymmetric).

Various energies of TATB species are shown in Table 1. The
stability of structures follow the order of 1 > 2>3 > 6>4 > 5. Also
B3LYP/6-31++G(d,p) level of calculations predict 1 to be more
stable than 2 but comparable. Note that structure 2-6 are all not-
aromatic. Structures 1 and 2 could be considered as resonance
forms because they are converted to each other via series of elec-
tron shifts. However they have different coordinates (See Tables S1
and S2). However, push-pull interactions operative between amino
and nitro groups in the proximity (1,2-positions) or through 1,4-
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Fig. 2. Some tautomeric forms of TATB (B3LYP/6-31G(d,p)).
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Fig. 3. Bond lengths of TATB in aromatic (1) and not-aromatic (2) forms (B3LYP-6-31G(d,p)).
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Fig. 4. IR spectra of TATB structures 1 and 2 (B3LYP-6-31G(d,p)).

Table 1
Various energies of TATB species (B3LYP/6-31G(d,p)).

Structure ZPE [(k]-mol ™) E /(k]-mol~1) Relative E./(k]-mol ') Relative heat of formation*
1 416.85 —2656630.71 —297.18 0.368
416.27 —2656746.81 —413.86
416.27 —2656746.81 —413.86
2 417.04 —2656630.71 —296.99 0.245
416.35 —2656746.83 —-413.80
416.08 —2656746.81 —414.05
3 416.97 —2656630.56 —296.91 0
4 417.91 —2656631.26 —296.67 0.176
5 412.75 —2656329.43 0 250.235
6 417.90 —2656631.28 —296.69 0.286

Note: 2nd entry for ZPE, E and E. of structures 1 and 2 are from B3LYP/6-31++G(d,p) level of calculations. 3rd entry stands for UB3LYP/6-31++G(d,p) level of calculations. *
PM3//B3LYP/6-31G(d,p). Heat of formation value of 3 is 17.092 kJ/mol. E. value of 5 is —2655916.68 kJ/mol.

positions causes structures 1 and 2 to be closely related. The energy
data of structures 1-6 are shown in Table 1 where ZPE, E and E. are
zeropoint vibrational energy, total electronic energy and the cor-
rected total electronic energy values, respectively. The table in-
dicates that the contribution of structure 2 into the resonance
hybrid of TATB is almost as high as structure 1. Structure 2 may form
various resonance-assisted tautomeric forms 3-6. Omelchenko
et al. employing various aromaticity indices concluded that struc-
ture 2 has very low aromatic character [20]. Although it is not ar-
omatic, it is almost as stable as structure 1. They related this fact
with hydrogen bonding between adjacent NH, and NO, groups
assisted by push-pull effect. The total energy of hydrogen bonding
was found to be very high. As evident from the order of stabilities,
the tautomeric forms are less stable than either of 1 or 2. Asym-
metric triply tautomeric form (5) is the least stable due to improper
conformational form and highly charge separated character of it.
The PM3 calculations over B3LYP/6-31G(d,p) optimized structures

HOMO-1 HOMO

g
L s

indicate that all of them are endothermic. Note that 5 is the most
endothermic structure. Tautomers 3, 4 and 6 are less endothermic
than both 1 and 2. Note also that the least stable structure is 5 and
its heat of formation value far exceeds the others because, as
mentioned above, it has two aci-NO, groups whose conformations
are not preferable for any suitable hydrogen bonding. Structure 1 is
the most stable and most endothermic one in Table 1. Although, in 2
aromaticity is lost, the push-pull type interaction and consequent
favorable charge-charge interactions through space stabilize it.

Fig. 5 shows the HOMO, LUMO, HOMO-1(NEXTHOMO) and
LUMO+1 (NEXTLUMO) patterns of two forms of TATB (1 and 2 are
aromatic and not-aromatic, respectively). Although their HOMO-1,
HOMO and LUMO+1, patterns are different, they have identical
LUMO pattern.

Fig. 6 shows the distribution of some molecular orbital energy
levels of structures 1 and 2. Although they appear to be the same in
Fig. 6, there exist some energy differences. See Table 2 for the

LUMO LUMO+1

¥

i

Fig. 5. HOMO, LUMO, HOMO-1 and LUMO-1 patterns of two forms of TATB (B3LYP-6-31G(d,p)).
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Fig. 6. Some molecular orbital energies of structures 1 and 2 (B3LYP-6-31G(d,p)).

HOMO, LUMO energies and interfrontier energy gaps (Ae = erumo-
£HOMO)-

As seen in Fig. 6 and Table 2, Ae values of 1 and 2 are very
comparable with each other. Therefore, their UV-VIS spectra are
almost the same (Fig. 7). The conjugated paths in 2 should be short
because it does not have an aromatic core for the extended
conjugation. However, inspection of the HOMO patterns of 1 and 2
indicates that not only 2 but also structure 1 possesses short
conjugation paths embedded. Thus, they have very similar UV-VIS
spectra absorbing in the UV region. The Ae values follow the

Table 2
The HOMO, LUMO energies and interfrontier energy gaps (Ae) of TATB species.

order of 5 <4<1 <6<2 < 3.

3.2. Interaction with copper species

As indicated in the above section structure 2 has great resem-
blance to structure 1 in terms of geometrical properties and ener-
getics. It has been reported that TATB in contact with heavy metals
such as copper undergoes decomposition [3]. Figs. 8 and 9 show the
optimized structures of some TATB + Cu, TATB + Cu™ species (7-10)
and their bond lengths, respectively. Note that notation, TATB + Cu,
used here denotes the composite system but not cuprous ion. Also
note that structures 7-10 originally related to structure 1 which has
an initially an aromatic nucleus. Also note that calculations for the
open-shell systems the level of calculations are UB3LYP/6-
31++G(d,p). From the figures it is evident that the copper atom
and cuprous ion do not affect much structures 1 and 2, except some
distortions and bond length changes (no bond cleavages occur!).

From Figs. 8 and 9 it is observed that Cu atom in 7 and 8 are in
between NH; and NO, moieties. Whereas in 9 and 10, Cu™ ion is
nearby the NH; substituent but in the vicinity of NO; in 10. Note
that 9 and 10 are originated from 1 and 2, respectively. Although, 1
and 2 have many common characteristics, by the presence of cop-
per atom or cuprous ion differential behavior arises.

Figs. 10 and 11 show the electrostatic charges (ESP) on the
systems of present concern. 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 wave-
function [31] From Fig. 10 one realizes that structures 1 and 2,
resembling each other from many aspects some what differ in
terms of charge distribution. In each case copper atom donates
some electron population to organic molecule acquiring itself some
positive charge.

Fig. 12 shows the frontier molecular orbital paterns of TATB + Cu
composites 7 and 8 originating from structures 1 and 2, respec-
tively. Note that UB3LYP/6-31++G(d,p) level of calculations have
been performed (because of unpaired electron of copper atom) thus
a and P type orbitals arise. As seen in the figure, the copper atom
has great contribution to HOMO orbitals both in 7 and 8. Whereas,
some minute contribution to LUMO orbitals occurs. In the case of 7
a-HOMO spreads over the oxygens of the nearby nitro group and

Structure HOMO /(kJ-mol 1) LUMO /(k]-mol~") Relative Ae values /(k]-mol ')
1 —698.51 —271.60 125.33
2 —698.51 —-271.52 125.41
3 —698.49 —271.49 12542
4 —698.32 —271.50 125.23
5 —629.80 —328.22 0
6 —698.46 —-271.49 125.39
Note: B3LYP/6-31G(d,p) level of calculations. Ae value of 5 is 301.58 kJ/mol.
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Fig. 7. UV-VIS spectra of structures 1 and 2 (B3LYP/6-31G(d,p)).
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Fig. 8. Optimized structures of some TATB + Cu (7,8) (UB3LYP/6-31++G(d,p)) and TATB + Cu™ (9,10) (B3LYP/6-31++G(d,p)) species.
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Fig. 9. Bond lengths of optimized structures of some TATB + Cu (7,8) (UB3LYP/6-31++G(d,p)) and TATB + Cu* (9,10) (B3LYP/6-31++G(d,p)) species (hydrogens not shown).
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Fig. 10. Electrostatic charges (ESP) on TATB + Cu species (UB3LYP/6-31++G(d,p)).

-0.558

10

Fig. 11. Electrostatic charges (ESP) on TATB + Cu* species (B3LYP/6-31++G(d,p)).

the copper atom. The 3-HOMO covers the ortho amino group, the
above mentioned nitro group and the copper atom. A similar
pattern occurs in the case of structure 8.

Fig. 12 shows that cuprous cation gets some electron population
from the organic molecule and its initial positive charge decreases.
So, Cu™ acts as an oxidizing agent. Note that the position of Cu™ ion,
that is nearby the NH; moiety in the case of structure 9 (originates
from 1) but next to the NO, in the case of 10 (originates from 2).

Effect of cupricion on 1 and 2 has been not considered presently,
because copper atom in the neutral state has striking effect on the
tautomers to decompose them prior to formation of cuprous and
cupric ions. Due to similar type of reasoning, the effect of cuprous
ion on the tautomers has not been investigated. On the other hand,
structure 5 (one of the tautomers of TATB) is the least stable
tautomer. It formed by the transfer of proton from the inconvenient
site of NH; group to NO,. Therefore, it was not considered for Cu
containing species.

Fig. 13 reveals that in the case of tautomeric TATB species, the
copper atom has tendency to donate some electron population and
aci N-OH bond breaks down to generate OH™ ion. So, TATB tauto-
mers act as oxidizing agent.

Figs. 14 and 15 display the optimized structures of some

tautomeric TATB + Cu species and their bond lengths, respectively.
It is evident from the figures that tautomeric forms are not stable in
the presence of Cu. Since, copper atom causes their decomposition,
interaction of them with Cu™ has been ignored because normally
Cut accompanies copper or Cu?*, having intermediate oxidation
state between them.

The ruptured bond in the tautomers of interest is the aci N-OH
linkage and only one of them is affected if there exist more then one
of them.

Table 3 tabulates various energies of the Cu and Cu™ containing
composite structures presently concerned. Structures 7 and 8
which are originated from 1 and 2, respectively have comparable
energies, 7 being more stable one. Structure 9 originating from 1 is
favored energetically over 10 which is related to structure 2. The
stability order is 11 > 13>12 > 7>8 > 9>10.

As for the copper composites of tautomeric forms (11-13), they
have the stability order of 11 > 13>12. Since, after the bond cleav-
age, the remaining organic moiety has positive charge, the stabili-
zation of it depends on the position and kind of the substituents
and the extent of hydrogen bonding present in the tautomeric
structures. Thus the above stability order arises.

Considering TATB-originated structures as host (H), Cu or Cu™ as
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Structure-1

B-LUMO
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Fig. 12. Frontier molecular orbital paterns of TATB + Cu composites structures 7 and 8 (UB3LYP/6-31++G(d,p)).

guest (G) and the composite structures (H°G) (as suggested in
general by Anslyn and Dougherty [32]) binding energies have been
calculated. The relative binding energies for structures 7-13 are
shown in Table 4 and the order is 13 > 11>9 > 10>12 > 7>8 within

the constraints of the host-guest model. The order indicates that
not-aromatic structure 2, has greater interaction with Cu or Cu* (to
form 9 and 10) than structure 1 (to form 7 and 8) because 2, beside
the other factors, is more charge-separated structure. However, in
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12 13

Fig. 13. Electrostatic charges (ESP) on tautomeric TATB + Cu species (UB3LYP/6-31++G(d,p)).

11

12 13

Fig. 14. Optimized structures of some tautomeric TATB + Cu species (UB3LYP/6-31++G(d,p)).

Fig. 15. Bond lengths of optimized structures of some tautomeric TATB + Cu (UB3LYP/6-31++G(d,p)) species (hydrogens not shown).

each case, the interaction with Cu™ is less than it has been with Cu.
The tautomeric structures (11-13.) which have progressively
increasing number of tautomeric sites are characterized with the
order of 13> 11>12.

Fig. 16 shows some of the molecular orbital energy distribution
of tautomeric TATB + Cu species (11-13) compared to 7. Note that 7
originates from 1 and the others are tautomeric forms. Also note
that all the structure in Fig. 16 are isomeric Cu composites. Since Cu
atom has an unpaired electron, the calculations have been per-
formed at the unrestricted level (UB3LYP/6-31++G(d,p)).

Table 5 displays the HOMO, LUMO energies and the interfrontier
molecular orbital energy gaps (A¢) for Cu and Cu™ composites of
TATB species. As evident from Table 5, the HOMO and LUMO en-
ergies of 8 are lower than the respective values of 7. The HOMO and
LUMO energies of 9 is lower then 10 but A¢ of 10 is greater than 9,
because Cu™ ion unequally affects the HOMO and LUMO energies so
Ae order is reversed. The number of aci groups and their positions
are influential on the extent of conjugations. So, the aci groups raise
or lower the HOMO and LUMO energies and consequently dictate
Ae values.
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Various energies of some TATB + Cu species.
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Structure  ZPE/(kJ-mol~')  E/(k]-mol~") Relative E values /(k]-mol~')
7 417.55 —6963279.26 —640.63
8 417.53 —6963279.16 —640.56
9 421.08 —6962695.96 —-53.8
(421.00) (-6962695.96)  (-53.89)
10 42317 —6962644.24 0
(423.08) (-6962644.24)  (-0.089)
11 413.15 —6963563.74 —-929.52
12 409.02 —6963391.16 -761.07
13 413.47 —6963564.03 —-929.49

4. Conclusion

The present study puts some light on to some quantum chem-
ical properties of sym-triamminotrinitrobenzene which is an
important insensitive energetic material. Density functional treat-
ment reveals that Cu and Cu" species interact with sym-TATB
without any bond cleavage. However, the resonance-assisted tau-
tomers of it are destructively affected by Cu atom undergoing
rapture of only one N-OH linkage of the aci form. Therefore, in
preparation of certain ammunition with TATB, the other compo-
nents/additives should not induce or shift the tautomeric equilibria
to the side of resonance-assisted tautomers.

Note: UB3LYP/6-31++G(d,p) and B3LYP/6-31++G(d,p) type calculations for Cu and
Cu* containing species, respectively. E. value of 10 is —6962221.07 k]/mol. For
structures 9 and 10 values in parenthesis stand for UB3LYP/6-31+-+G(d,p) results.

Table 4
Relative binding energies of Cu or Cu™ containing TATB-originated structures.
Structure 7 8 10 11 12 13
Relative binding energy /(k]-mol~") -0.28 0.0 —230.78 -176.79 —288.96 -120.90 —289.33
Note: UB3LYP/6-31++G(d,p) level of calculations. Binding energy of 8 is —250.562 kJ/mol.
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Table 5

Fig. 16. Effect of copper on some of orbital energies of TATB and its tautomers presently considered (UB3LYP/6-31++G(d,p)).

The HOMO, LUMO energies and interfrontier energy gaps of some TATB + Cu species.

Structure HOMO/(kJ-mol~1) LUMO/(kJ-mol™1) Relative Ae values /(k]-mol~1)
7 —508.29 —337.88 0.19

8 —508.33 —338.11 0

9 —1079.82 —777.44 132.16

10 —963.77 —-717.78 75.77

11 —694.09 —-371.72 152.15

12 —698.31 —271.50 256.59

13 —694.30 —371.92 152.16

Note: UB3LYP/6-31-++G(d,P) and B3LYP/6-31++G(d,p) type calculations for Cu and Cu* containing species, respectively. Ae value of 8 is 170.22 k]J/mol.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at

https://doi.org/10.1016/j.dt.2018.05.001.

References

(1]
(2]

3]
(4]
(5]
(6]

(7

[8

[9

[10]
[11]
[12]

[13]

[14]

[15]

Jacson CL, Wing JF. On tribromonitrobenzol(LIX). ] Am Chem Soc 1888;10:283.
Jacson CL, Wing JF. On the action of nitric acid on symmetricaltri-
chlorobenzene (LIII). ] Am Chem Soc 1887;10:348.

Meyer R, Kohler J, Homburg A. Explosives. Weinheim: Wiley-VCH; 2002.
Taylor Jr F. Synthesis of new high energy explosives (II), derivatives of 1,3,5-
tribromo- 2,4,6-trinitrobenzene. US Naval Ordnance Laboratory report.
NAVORD; 1956. 4405.

Cady H, Larson AC. The crystal structure of 1,3,5-triamino,-2,4,6-
trinitrobenzene. Acta Crystallogr 1965;18:485—96.

Trott WM, Renlund AM. Single-pulse Raman scattering study of triamino-
trinitrobenzene under shock compression. ] Phys Chem; 92(21): 5921—-5925.
Gupta VD, Deopura BL. Low-frequency neutron spectrum of 1,3,5-triamino-
2,4,6-trinitrobenzene. Mol Phys 1970;19:589—-92.
Deopura BL, Gupta VD. Vibration spectra of
trinitrobenzene. ] Chem Phys 1970;54:4013—9.

Kolb JR, Rizzo HF. Growth of 1,3,5-triamino-2,4,6,-trinitrobenzene(TATB) 1.
Prop Exp 1979;4:10—6.

Britt AD, Moniz WB, Chingas GC, Moore DW, Heller CA, Ko CL. Free radicals of
TATB. Prop Exp 1981;6:94—5.

Towns TG. Vibrational spectrum of 1,3,5-triamino-2,4,6-trinitrobenzene.
Spectrochim Acta 1983;39A:801—4.

Farber M, Srivastava RD. Thermal decomposition of TATB. Combustion and.-
Flame 1981;42:165—71.

Sharma J, Garrett WL, Owens FJ, Vogel VL. X-Ray Photoelectron study of
electronic structure and ultraviolet and isothermal decomposition of TATB.
] Phys Chem 1982;86:1657—61.

Catalano E, Crawford P. An enthalpic study of the thermal decomposition of
TATB. Thermochim Acta 1983;61:23—36.

Harihan PC, Koski WS, Kaufman JJ, Miller RS. Ab initio MODPOT/VRDDO/
MERGE calculations on energetic compounds, iii. nitroexplosives: poly-
aminopolynitrobenzenes (Including DATD, TATB, and Tetryl). Int J Quant
Chem 1983;23:1493—-504.

1,3,5-triamino-2,4,6-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[29]

[30]

[31]
[32]

Davidson AJ, Dias RP, Dattelbaum DM, Yoo CS. “Stubborn” triaminotrini-
trobenzene unusually high chemical stability of a molecular solid to 150 GPa.
] Chem Phys 2011;135:174507/1—-174507/5. https://doi.org/10.1063/1.
3658385.

Tariq DA. The reactants equation of state for the tri-amino-tri-nitro-benzene
(TATB) based explosive PBX 9502. ] Appl Phys 2017;122. 035902/1-035902/
8, https://doi.org/10.1063/1.498938.

Stevens LL, Velisavljevic N, Hooks DE, Dattelbaum DM. Hydrostatic
compression curve for triamino-trinitrobenzene determined to 13.0 GPa with
powder X-Ray diffraction. Propellants, Explos Pyrotech 2008;30(4):286—95.
Manaa MR, Fried LE. Internal rotation in energetic systems: TATB. ] Phys
Chem 2001;105(27):6765—8.

Omelchenko 1V, Shishkin OV, Gorb L, Hill F, Leszczynski ]J. Properties,
aromaticity, and substituents effects in poly nitro- and amino-substituted
benzenes. Struct Chem 2012;23:1585—-97.

Zhang C, Cao X, Xiang B. Sandwich complex of TATB/Graphene: an approach
to molecular monolayers of explosives. ] Phys Chem C 2010;114(51):
22684—7.

Patil RS, Radhakrishnan S, Jadhav PM, Ghule VD, Soman T. Quantum-chemical
studies on TATB processes. ] Energetic Mater 2010;28(2):98—113.

Ahmadi R. Study of thermodynamic parameters of (TATB) and its fullerene
derivatives with different number of Carbon (C20, C24, C60), in different
conditions of temperature, using density functional theory. Int ] Nano Dimens
(IIND) 2017;8(3):250—6.

Kohn W, Sham L. Self-consistent equations including exchange and correla-
tion effects. ] Phys Rev A 1965;140:1133—8.

Parr RG, Yang W. Density functional theory of atoms and molecules. London:
Oxford University Press; 1989.

Young DC. Computational chemistry. NY: Wiley; 2001.

Levine IN. Quantum chemistry. NJ: Prentice Hall; 2000.

Becke AD. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys Rev 1988;38:3098—100.

Vosko SH, Vilk L, Nusair M. Accurate spin-dependent electron liquid corre-
lation energies for local spin density calculations: a critical analysis. Can ] Phys
1980;58:1200—11.

Lee C, Yang W, Parr RG. Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density. Phys Rev B 1988;37:785—9.
Spartan 06 Program. 2006. Wavefunction Inc., Irvine, CA 92612 USA.

Anslyn EV, Dougherty DA. Modern physical chemistry. Sausalito/California:
University Science Books; 2006.


https://doi.org/10.1016/j.dt.2018.05.001
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref1
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref2
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref2
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref3
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref3
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref4
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref4
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref4
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref5
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref5
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref5
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref7
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref7
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref7
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref8
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref8
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref8
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref9
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref9
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref9
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref10
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref10
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref10
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref11
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref11
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref11
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref12
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref12
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref12
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref13
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref13
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref13
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref13
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref14
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref14
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref14
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref15
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref15
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref15
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref15
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref15
https://doi.org/10.1063/1.3658385
https://doi.org/10.1063/1.3658385
https://doi.org/10.1063/1.498938
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref18
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref18
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref18
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref18
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref19
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref19
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref19
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref19
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref20
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref20
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref20
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref20
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref21
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref21
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref21
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref21
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref22
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref22
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref22
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref23
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref23
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref23
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref23
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref23
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref24
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref24
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref24
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref25
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref25
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref26
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref27
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref28
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref28
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref28
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref29
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref29
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref29
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref29
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref30
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref30
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref30
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref32
http://refhub.elsevier.com/S2214-9147(18)30070-9/sref32

	Interaction of TATB with Cu and Cu+1. A DFT study
	1. Introduction
	2. Method of calculations
	3. Results and discussion
	3.1. Structure of TATB
	3.2. Interaction with copper species

	4. Conclusion
	Appendix A. Supplementary data
	References


