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Abstract

FOX-7 is a push-pull type conjugated system which attracts attention as an insensitive
high energy material. The present study considers its titanium composite within the
restrictions of density functional theory at the levels of B3LYP/LANL2DZ and B3LYP/6-
311++G(2df,2p). The results indicate that the titanium atom transfers some electron
population to the organic component, thus forces one of the N-O bonds to rupture.
Various structural, quantum chemical and UV-VIS spectral data are collected and

discussed.

1. Introduction

Titanium, previously called “menaccine” obtained from menaccite or menacconite in
the last quarter of the 18th century (now that ore is known as ilmenite (FeO.Ti0,)) [1, 2]
i1s a ductile and malleable metal. It is resistant to corrosion, but when heated burns in
oxygen to form Ti,0; and in nitrogen TiN. It gets mainly the oxidation states of II-IV.

Titanium is used in fountain fireworks as admixture of various energetic materials
[3]. The use of the pyrotechnic, titanium/potassium perchlorate (Ti/KC10,), for hot wire
actuation applications increased during the early 1970’s as a response to the decision not
to use primary explosives. Ti/KClOy is static sensitive in the bulk but there is reduced
static sensitivity when loaded in a device. Also, its other sensitivity properties such as
friction, impact and thermal ignition are significantly better than primary explosives. In
1974, it was found that the pyrotechnic mixture, titanium hydride/potassium perchlorate
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(TiH/KClO,4) was insensitive to initiation from an equivalent human body discharge.
This electrostatic discharge (ESD) insensitivity included bulk, pressed and loaded forms
of TiH,/KClO,. Subsequent ESD tests with TiH,/KClO,, using discharge voltages in
excess of 40 kilovolts and no resistance in the ESD circuit have never initiated this
pyrotechnic. Its upper voltage or energy for ESD ignition is not known [4].

Although, the transition metals of group IV are well known as potent pyrotechnic
fuels, metal powders are susceptible to aging and pyrotechnic compositions containing
them can be sensitive to unintended ignition by electrostatic discharge [5]. The effect of
titanium hydride on detonation heat of RDX based explosives was studied [6]. The
critical conditions for the reaction of particles of the transition metal titanium (Ti)
dispersed during the detonation of long cylindrical explosive charges have been
investigated experimentally [7]. For the Ti particles, a threshold particle diameter exists
above which self-sustained particle reaction is not observed for charge diameters
although some particle reaction occurs immediately behind the detonation front then
rapidly quenches. For the smallest particles (40 pum), the proportion of the conical
particle cloud that reacts increases with charge diameter, suggesting that the reaction is a

competition between particle heating and expansion cooling of the products.

Titanium alloys also have been in used long for armor applications [8]. Structural
analysis of three-metal explosion joint: zirconium-titanium-steel was reported [9].

Titanium—tissue interface reaction was studied by Hanawa [10].

No one explosive molecule has all of the properties desired from the perspective of
both performance characteristics and sensitivity properties. Some immense effort has
been devoted to ameliorate or reach to desirable qualities such as insensitivity to
handling (impact, spark and friction) stimuli and shock as well as high thermal stability
[11]. On the other hand, FOX-7 (1,1-diamino-2,2-dinitroethylene, geminal-DADNE)
which is an insensitive high explosive recently incorporated in various explosive
formulations [11]. It is a push-pull type conjugated system which is beneficial for the
creation of strong inter- and intra-molecular hydrogen bonds for stabilizing the molecule.
Since, it was first synthesized by Latypov ef al. [12], it has been the subject of many
experimental investigations [13-25]. FOX-7 has a favorable oxygen balance and its

decomposition produces some gaseous products.
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In the present study, effect of titanium on FOX-7 has been investigated at the
molecular level within the constraints of density functional theory (DFT).

2. Method of Calculation

In the present study, firstly the initial structural optimizations of all the structures
leading to energy minima have been achieved by using MM2 method followed by semi-
empirical PM3 self-consistent fields molecular orbital (SCF MO) method [26, 27] at the
restricted level [28, 29]. The subsequent optimizations were achieved at Hartree-Fock
level using various basis sets hierarchically. Then, the structural optimizations were
managed within the framework of density functional theory (DFT) [30, 31] at the levels
of and B3LYP/6-311++G(2df,2p) [29, 32] and B3LYP/LANL2DZ [33] both of which
are suitable for titanium atom. 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 [31, 34]. The correlation term of B3LYP consists of the Vosko, Wilk,
Nusair (VWN3) local correlation functional [35] and Lee, Yang, Parr (LYP) correlation
correction functional [36]. Additionally, the vibrational analyses have been 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 on
the potential energy surface. All these calculations were done by using the Spartan 06
package program [37].

3. Results and Discussion

Titanium atom has 1s?2s?2p®3s?3p®3d?4s? ground state electronic configuration
possessing ionization potentials of 6.83, 13.57, 27.47, 48.24 and 99.8 eV, respectively
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for I-V oxidation states [38]. It has absolute electronegativity and chemical hardness
values of 3.45 eV and 3.37, respectively [39].

Figure 1 shows the optimized structures of the systems considered. As seen in the
figure, both of the methods performed predict the cleavage of one of the N-O bonds of
FOX-7 molecule.

FOX-7 FOX-7 +Ti

B3LYP/LANL2DZ

B3LYP/6-311++G(2df,2p)

Figure 1. Optimized structures of the systems considered.

The ruptured N-O bond/distance is 3.217 A and 3.155 A, respectively by
B3LYP/LANL2DZ and B3LYP/6-311++G(2df,2p) optimizations. Although, some
parallelism exists in appearance of the optimized structure of the composite in each case,

the dipole moment vector reverses its direction.

Figure 2 shows the bond lengths/distances data of FOX-7 and the composite
structure. Both of the methods employed predict comparable values for most of the bond
lengths/distances. The carbon-carbon bond length in both of the structures do not vary
much from each other but C-NO, bond lengths shrinks in the composite. Note that in
nitroethylene that bond is reported as 1.322 A [40].
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B3LYP/LANL2DZ

B3LYP/LANL2DZ

FOX-7+Ti

B3LYP/6-311++G(2df,2p)

FOX-7+Ti
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Figure 2. The calculated bond lengths/distances in FOX-7 and the composite.
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The titanium atom causes the cleavage of N-O bond of FOX-7. A similar result
reported by Tarasov et al. [41]. They observed the cleavage of C-F bond as a result of
interaction of metallic titanium with a tetrafluoroethylene—vinylidene fluoride copolymer
[41].

Figure 3 shows the electrostatic potential charges (ESP) on the atoms of the structure
optimized 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 [37]. The charges on FOX-7 are
symmetrically distributed. In the Ti contained composite there is no symmetry at all in
the charge distribution. The Ti atom possesses a high positive charge (6.63 esu) in the
B3LYP/LANL2DZ optimized structure. Moreover, in both of the cases the nitrogen atom
of the perturbed nitro group also possesses a negative charge and the oxygen atom of the
broken N-O bond leaves the system in negatively charged form.

FOX-7 +T1

FOX-7
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B3LYP/LANL2DZ B3LYP/LANL2DZ B3LYP/6-311++G(2df,2p)

Figure 3. ESP charges on the atoms of the systems considered.

Appearance of the electrostatic potential maps of the systems is shown in Figure 4
where red/reddish and blue/ green regions stand for negative and positive potential
fields, respectively.
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Figure 4. Electrostatic potential maps of the systems considered (B3LYP/LANL2DZ).

Table 1 shows various properties of the systems considered.

Table 1. Various properties of the systems considered.

System Area Volume Ovality Dipole Polarizability
moment

*FOX-7 140.15 110.64 1.26 9.17 49.31

*FOX-7+Ti 160.50 124.24 1.33 44.64 51.35

**FOX-7 138.64 109.43 1.25 - 49.14

**FOX-7+Ti 158.24 122.62 1.33 51.52 50.45

*B3LYP/LANL2DZ, **B3LYP/6-311++G(2df,2p).

Table 2 displays the HOMO, LUMO energies and the interfrontier molecular orbital
energy gap (Ag) values of the systems considered. The HOMO energy order is FOX-7
<FOX-7+Ti by the both levels of calculations. A similar trend exists for the LUMO
energies, whereas Ag values follow the order of FOX-7 > FOX-7+Ti. Thus, the effect of
Ti atom is that it raises both the HOMO and LUMO energy levels at unequal extents

while decreasing the interfrontier molecular orbital energy gaps. This outcome is the

indication of some electron population has been transferred from the titanium atom into

the organic moiety.
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Table 2. The HOMO, LUMO energies and Ag values.
System HOMO LUMO Ag
*FOX-7 -712.97 -287.56 425.41
*FOX-7+Ti -34.54 7.44 41.98
**FOX-7 -719.26 -265.75 453.51
**FOX-7+Ti -590.43 -237.19 353.24

Energies in kJ/mol. *B3LYP/LANL2DZ, **B3LYP/6-311++G(2df,2p).

Figure 5 shows some of the molecular orbital energy levels of the systems. as seen in
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Figure 5. Some of the molecular orbital energy levels of the systems.
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the figure the presence of titanium atom narrows the interfrontier molecular orbital
energy gap as compared to FOX-7 molecule. Note that LANL2DZ level of calculation
for the composite system predicts nearly spaced LUMO and next LUMO (NLUMO)

energy levels which possess positive value.

Figure 6 shows the HOMO and LUMO patters of the structures considered. FOX-7
has some w-symmetry which is highly perturbed by the titanium atom in the composite.
The HOMO of the composite spreads over the nitro groups and the titanium atom.
Whereas the LUMO resides on the amino groups of the FOX-7 moiety of the composite.
In the LUMO pattern d-orbital contribution of titanium is discernable.

HOMO LUMO

FOX-7

FOX-7 +T1

Figure 6. The HOMO and LUMO patterns (B3LYP/LANL2DZ).

Figure 7 shows the time-dependent density functional (TDDFT) UV-VIS spectra of
the systems of present concern. As seen in the figure, both of the calculation methods
predict some shift of the spectra towards the visible region (bathochromic effect) and
emergence of new absorption in the visible part as the titanium atom interacts with FOX-
7 molecule. The bathochromic effect is due to the narrowing of interfrontier molecular
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energy gap in the presence of Ti atom compared to FOX-7 case. The emergence of a new
absorption peak is the evidence of reshuffling of FOX-7 molecular orbitals by the

titanium atom.

FOX-7
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Figure 7. UV-VIS spectra of the systems.
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The narrowing of interfrontier molecular orbital gap indicates that the composite
should be more sensitive to impact stimuli because Ae values are related to impact
sensitivity in explosives [42, 43]. Namely, as the FMO energy gap (Ag) becomes less and
less the impact sensitivity increases more and more.

Figure 8 shows the local ionization maps of FOX-7 and its titanium composite. In the
local ionization potential map conventionally 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. Thus, the electron population transferred from titanium
atom locates on the other nitro group which is red region of the map standing for the
composite.

FOX-7 FOX-7 +Ti1

Figure 8. Local ionization potential maps (B3LYP/LANL2DZ).

Figure 9 shows the LUMO maps of the systems. 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. Hence, a
nucleophile attacks on the atom having the blue color.
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Figure 9. LUMO maps of the systems considered (B3LYP/LANL2DZ).
4. Conclusion

Within the limitations of the density functional theory at the applied levels of
calculations on 1:1 composite of FOX-7+Ti has revealed that these two components are
not compatible with each other. The titanium atom causes one of the N-O bonds of FOX-
7 to rupture. The composite in that form should be more sensitive to impact stimulus and
aging effects. Since UV-VIS spectra of the composite exhibits bathochromic effect,
absorption in the visible region, some color change is to accompany the rupture of the N-
O bond.
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