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Abstract

Interaction of 1,1-diamino-2,2-dinitroethylene (Fox-7) with zirconium atom has been investigated within the 
constraints of density functional theory mainly at the levels of B3LYP/ 6-31+G(d) and WB97X-D/ 6-31+G(d). 
Also, the interactions of zirconium with cis- and trans-amino nitro ethylenes (ANE, as substructures excerpted 
from Fox-7) are considered at the same levels of the theory. The results revealed that at the B3LYP/ 6-31+G(d) 
level cis and trans-amino nitro ethylenes decompose via different modes whereas Fox-7 structurally remains 
intact. Whereas WB97X-D/ 6-31+G(d) level of calculations yield decomposition via rupture of N-H bond in all 
the cases considered. The collected data revealed that all the optimized structures considered have exothermic heat 
of formation and favorable Gibbs free energy of formation values. They are thermally favored and electronically 
stable at the standard states. In all the cases the zirconium atom acquires positive partial charge and certain type of 
bonding happens with it and the organic partner. Various structural and quantum chemical data have been 
collected and discussed, including UV-VIS spectra.

1. Introduction

1,1-diamino-2,2-dinitroethylene (FOX-7) also known as DADE or DADNE [1-3] is an insensitive high 
explosive. Its explosive potential has been investigated thoroughly [4-18]. Compared to RDX, FOX-7 is much 
less sensitive in terms of impact, friction, and electrostatic discharge sensitivities [19]. Previous couple of 
decades has evidenced several FOX-7 based propellant formulations which have been developed in order to 
obtain propellant composites possessing reduced smoke production [20].

Certain metals are involved in various explosive formulations for instance, thermobaric weapons contain 
monopropellant or secondary explosive and additionally possess elements like B, Al, Si, Ti, Zr and C, mostly 
[21-28]. Titanium and zirconium, which are denser metal than magnesium and aluminum (a desirable factor for 
penetrators), were tested in various forms (gravel, washer, sponge). Also note that zirconium and its alloys are 
used to clad nuclear fuel rods due to their low neutron absorption. On the other hand, encapsulating aluminum 
with reactive metals such as magnesium, zirconium, and nickel or with polymers such as Teflon, Viton, and NC 
would also lower the ignition temperature and bridge the gap between microsecond detonation reactions and 
millisecond burning reactions [25,27].

The compositions of different energetic metallic particles and corresponding coatings are chosen in order to 
take advantage of the resulting exothermic reactions of alloying when the metals are combined or alloyed 
through heat activation. Bimetallic particles composed of a core/shell type structure of having different metals 
are to be properly chosen so that, upon achieving the melting point (for at least one of the metals) a relatively 
great deal amount of exothermic heat of alloying is liberated. The resulting bimetallic particles may be utilized 
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as an enhanced blast additive by being dispersed within an explosive material [28]. The core metal can be one 
of aluminum, magnesium, boron, silicon, hafnium, or carbon. The outer shell metal/nonmetal is from nickel, 
zirconium, boron, titanium, sulfur, selenium, or vanadium. 

Micron-sized zirconium (μZr) is a viable alternative fuel source for high-energy propellants. Liang et al, 
investigated the combustion performance of Zr-containing DAP-4-based composites. The results indicate that 
the introduction of μZr as a fuel in DAP-4 can improve the material's energy density and combustion 
characteristics [29].

2. Method of Calculations

In the present study, all the initial optimizations of the structures leading to energy minima have been 
achieved first by employing MM2 method which is then followed by semi empirical PM3 self consistent fields 
molecular orbital method [30-32]. Afterwards, the structure optimizations have been achieved within the 
framework of Hartree-Fock and finally by using density functional theory (DFT) at the levels of B3LYP/ 6-
31+G(d) and WB97X-D/ 6-31+G(d) [33,34]. 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 [35]. 
The correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [36] 
and Lee, Yang, Parr (LYP) correlation correction functional [37]. 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 search has indicated that the structure of each molecule considered 
corresponds to at least a local minimum on the potential energy surface. Furthermore, all the bond lengths have 
been 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 program [38].

3. Results and Discussion

Aminonitroethylenes (ANE) could be in cis, trans or geminal isomeric forms. Figure 1 shows cis and trans-
ANE which are two substructures obtainable from structure of Fox-7 (or from its zirconium composite).

Figure 1. Structure of Fox-7 and two substructures obtainable from it.

Figure 2 shows optimized structures obtained from the zirconium composite of Fox-7. Note that the 1:1 
zirconium composite of Fox-7, depending on the level of calculations, seemed either intact (B3LYP/ 6-
31+G(d)) or decomposed (WB97X-D/ 6-31+G(d)). In the present treatment, the products from the parent 
composite are also named as composites and labeled accordingly as cis and trans zirconium composites (cis-
ANE+Zr or trans-ANE+Zr). The optimizations based on two different functionals but the common basis set 6-
31+G(d) which is a diffuse basis set [32]. Figures 2 and 3 stand for the various optimized structures obtained at 
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different levels of calculation, whereas the bond lengths/ distances of these structures can be found in Figures 4 
and 5. According to the data obtained in the case of B3LYP/ 6-31+G(d), zirconium interacts with the NO2 
moiety of cis-ANE and the N-O bonds are highly disturbed (3.16 Å and 1.51 Å) whereas in the case of 
WB97X-D/ 6-31+G(d) level the zirconium atom prefers to attack the N-H bond of the amino group causing its 
cleavage (3.38 Å). On the other hand, WB97X-D/LANL2DZ level of calculation also reveals that the 
interaction of zirconium atom leads to cleavage of N-H bond (3.29 Å ).

Figure 2. Optimized structures of the composites considered.

Figure 3. Optimized structure of cis-ANE+Zr composite considered (WB97X-D/ LANL2DZ).

Figure 4. Calculated bond lengths/distances of composites considered (B3LYP/ 6-31+G(d)).
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In the case of trans-ANE+Zr, the both levels of calculation indicate the rupture of N-H bond (see Figure 2). 
The N-H distance is 3.40 Å and 3.41 Å, respectively (see Figures 4 and 5).

As for the Fox-7+Zr composite, two opposing results have been obtained from the two different levels of 
calculation. Although, the composite seems to be intact in the case of B3LYP/ 6-31+G(d) level, the WB97X-D/ 
6-31+G(d) type calculation shows the rupture of N-H bond (3.55 Å, see Figures 4 and 5). Also note that 
WB97X-D/ 6-31+G(d) level of calculations yield parallel results for the optimization processes, namely in each 
case N-H bond undergoes cleavage under the effect of zirconium atom.

Figure 3 shows the optimized structures of cis-ANE+Zr composite at the WB97X-D/ LANL2DZ) level of 
calculation. The structure exhibits quite a parallel appearance to result of WB97X-D/ 6-31+G(d) level of 
optimization. Whereas, the trans isomer resisted to converge during the optimization.

Figure 5 shows the calculated bond lengths/distances of composites considered (WB97X-D/ 6-31+G(d)).

Figure 5. Calculated bond lengths/distances of composites considered (WB97X-D/ 6-31+G(d)).

Figure 6 shows the electrostatic potential (ESP) charges on the species presently considered. It is worth 
noting 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 [38].
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Figure 6. The ESP charges on the species presently considered.

The data shown in the figure reveal that with the exception of Fox-7+Zr composite in all the cases the 
zirconium atom possesses positive partial charge greater than unity which implies that the zirconium atom 
donates some electron population to the organic component acquiring itself some positive charge. Note that 
zirconium atom in the ground state possesses the electronic configuration of [Ar]3d104s24p64d25s2 [39]. In the 
case of cis-ANE+Zr, different levels of calculation yield completely different charge distributions. In the case of 
B3LYP/ 6-31+G(d) calculations, the rupture of N-O bond affects the pull-push character of the system. 
Compare the unexpected charges on carbon atoms, which are not in accord with the pull-push character of 
ANE. Whereas in WB97X-D/ 6-31+G(d) level of calculation pull-push character still remains.

Figure 7 shows the bond densities of the species presently considered (B3LYP/ 6-31+G(d)). As seen in the 
figure, in all the cases the zirconium atom is involved in certain type of bonding with the organic component. 
However, the participant atoms nearby the zirconium are different in each composite. The bond densities 
obtained at WB97X-D/ 6-31+G(d) level of calculations yielded similar patterns as the previous case (B3LYP/ 
6-31+G(d)).

Figure 7. Bond densities of the species presently considered (B3LYP/ 6-31+G(d)).

Figure 8 shows the electrostatic potential maps of the species considered. The zirconium atom donates some 
electron population, it acquires partial positive charge and that positive field spreads over the whole system.
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Figure 8. The electrostatic potential maps of the species considered (B3LYP/ 6-31+G(d)).

Figure 9 shows the local ionization potential maps of the species considered (B3LYP/ 6-31+G(d)). It is 
worth remembering that the local ionization potential map is a graph of the value of the local ionization 
potential on an isodensity surface corresponding to a van der Waals surface.

  Figure 9. The local ionization potential maps of the species considered (B3LYP/ 6-31+G(d)).

Figure 10 displays the LUMO maps of the species presently considered (B3LYP/ 6-31+G(d)). Note that a 
LUMO map displays the absolute value of the LUMO on the electron density surface. The blue color (if any 
ists) stands for the maximum value of the LUMO and the red colored region, associates with the minimum 
value.

 Figure 10. The LUMO maps of the species presently considered (B3LYP/ 6-31+G(d)).

Some thermo chemical properties of the species considered are presented in Tables 1 and 2. As seen in the 
tables, cis-ANE+Zr composite is more exothermic and more favorable than trans-ANE+Zr at the standard states.

Table 1. Some thermo chemical properties of the species considered 
(B3LYP/ 6-31+G(d) level).

Composite Hº Sº (J/molº) Gº

cis-ANE+Zr -1011005.07 361.59 -1011112.88

trans-ANE+Zr -1010536.32 364.46 -1010644.99

FOX-7+Zr -1692895.01 409.87 -1693017.21

Energies in kJ/mol. 
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Table 2. Some thermo chemical properties of the species considered 
(WB97X-D/ 6-31+G(d)).

Composite Hº Sº (J/molº) Gº

cis-ANE+Zr -1010198.751 357.55 -1010305.355

*cis-ANE+Zr -1009845.463 357.31 -1009951.996

trans-ANE+Zr -1010190.436 361.64 -1010298.261

Energies in kJ/mol. FOX-7+Zr failed at this level for thermo chemical 
properties. *WB97X-D/ LANL2DZ) level of calculation. 

Some energies of the species considered are shown in Tables 3 and 4. According to data in the tables, cis-
ANE+Zr is more stable than trans-ANE+Zr at B3LYP/ 6-31+G(d) level but WB97X-D/ /6-31+G(d) level of 
calculations predict the reverse.

Table 3. Some energies of the species considered (B3LYP/ 6-31+G(d) 
level).

Composite E ZPE EC

cis-ANE+Zr -1011200.59 183.29 -1011017.30

trans-ANE+Zr -1010723.59 175.22 -1010548.37

Fox-7+Zr -1693141.10 233.48 -1692907.62

Energies in kJ/mol. 

Table 4. Some energies of the species considered (WB97X-D/ /6-
31+G(d) level).

Composite E ZPE EC

cis-ANE+Zr -1010389.47 179.73 -1010209.74

*cis-ANE+Zr -1010037.23 180.86 -1009856.37

trans-ANE+Zr -1010381.08 178.86 -1010202.22

Energies in kJ/mol. * WB97X-D/ LANL2DZ)

Table 5 includes the HOMO, LUMO energies and interfrontier molecular orbital energy gap values (Δε) 
values of the species considered (B3LYP/ 6-31+G(d) level). Note that is Δε= εLUMO-εHOMO. The data reveal that 
trans-ANE+Zr has lower HOMO and LUMO energy levels compared to the cis isomer. Consequently, the order 
of Δε values turn out to be trans-ANE+Zr < cis-ANE+Zr. Note that both of the isomers have been decomposed 
by the interaction with the zirconium atom, however the mode of interaction of Zr is different. In one case the 
nitro and in the other case the amino group undergoes bond cleavage. The electronic effects in the cis and trans 
isomers are under the influence of gross and fine topologies of the systems.

On the other hand, when the intact forms of cis and trans isomers are suitably constructed to form Fox-7 
and let zirconium to interact with the system formed (multiple perturbation), due to the some extended 
conjugation effects the frontier molecular orbital energy levels of the resultant system become algebraically 
higher than the respective levels of the sub systems.
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Table 5. The HOMO, LUMO energies and Δε values of the species 
considered (B3LYP/ 6-31+G(d) level).

Composite HOMO LUMO Δε

cis-ANE+Zr -490.85 -277.74 213.11

trans-ANE+Zr -515.97 -348.56 167.41

Fox-7+Zr -410.53 -242.48 168.05

Energies in kJ/mol. 

Table 6 also shows the HOMO, LUMO energies and Δε values of some of the species considered but this 
time at the level of WB97X-D/ 6-31+G(d). The data reveal that in this case, the HOMO energy level of trans-
ANE+Zr is lower than the corresponding level of cis-ANE+Zr. As for the LUMO energy levels the algebraic 
order is cis-ANE+Zr < trans-ANE+Zr. Then, the order of interfrontier molecular orbital energy gap (Δε) values 
become cis-ANE+Zr < trans-ANE+Zr. The opposing facts between the data presented in Tables 5 and 6 arise 
from the differences in internal configuration of the functionals employed in the calculations. Note that in both 
of the cases of calculations the basis set is common.

Table 6. The HOMO, LUMO energies and Δε values of some of the 
species considered (WB97X-D/ 6-31+G(d) level).

Composite HOMO LUMO Δε

cis-ANE+Zr -685.98 -148.78 537.20

trans-ANE+Zr -696.79 -145.66 551.13

Energies in kJ/mol. 

Figure 11 displays some of the molecular orbital energy levels of the composite species considered.

                  

Figure 11. Some of the molecular orbital energy levels of the species considered (B3LYP/ 6-31+G(d) level).

cis-ANE+Zr trans-ANE+Zr Fox-7+Zr
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Figure 12 shows the HOMO and LUMO patterns of the species presently considered (B3LYP/ 6-31+G(d)).

Figure 12. The HOMO and LUMO patterns of the species presently considered (B3LYP/ 6-31+G(d)).

Figure 13 stands for the HOMO and LUMO patterns of the isomeric species considered at WB97X-D/ 6-
31+G(d) level. Note that the mode of decomposition of the isomeric species are different in Figures 12 and 13, 
thus a completely different patterns have been obtained for cis-ANE+Zr composite, whereas for trans-ANE+Zr 
isomer the HOMO and LUMO patterns are similar irrespective of the level of calculations.

Figure 13. The HOMO and LUMO patterns of the isomeric species presently considered (WB97X-D/ 6-
31+G(d)).

Figure 14 displays the calculated (time-dependent, TDDFT) UV-VIS spectrums of the species considered. 
As seen in the figure, spectrum of each specie exhibits calculation- level dependent appearance. Actually, the 
extended conjugation and kind of atoms involve in the extension dictates the emergence of the peaks and their 
positions and shape(s). The calculated intensities of the peaks are related to magnitudes of the transition 
moments varying from one (isomeric) structure to the other [40,41]. 
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Figure 14. The calculated (TDDFT) UV-VIS spectrums of the species considered.

4. Conclusion

The computational study presently considered has focused on the interaction of zirconium atom with a well 
known explosive Fox-7 within the restrictions of DFT. Mainly two levels of theory, namely B3LYP/ 6-31+G(d) 
and WB97X-D/ 6-31+G(d) have been considered. The present results have indicated that the zirconium atom 
affects Fox-7 structure depending on the level of calculations (in the vacuum conditions). At B3LYP/ 6-
31+G(d) level of calculations, although some substructures of Fox-7 decompose in the presence of the 
zirconium atom, the parent explosive (fox-7) remains almost intact. On the other hand, WB97X-D/ 6-31+G(d) 
calculations, in all the cases yield decomposed products which are consistent with each other in terms of the 
mode of decomposition that is the zirconium atom affects the N-H bond of Fox-7. All the structures 
decomposed or not are characterized with exothermic heat of formation and favorable Gibbs free energy of 
formation values and they are electronically stable. In every case the zirconium atom donates some electron 
population to the organic partner and forms a special type bonding, probably donor-acceptor type.
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