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Abstract

Interaction of 1,1-diamino-2,2-dinitroethylene with nAl+mGa (n,m:1,2) admixture has 
been investigated within the constraints of density functional theory at the level of 
UB3LYP/6-311++G(d,p). Various multiplicity states arise for the composites due to the 
open-shell ground state electronic configurations of Al and Ga atoms. The composites are 
electronically stable, thermodynamically exothermic and have favorable Gibbs’ free 
energy of formation values. Various quantum chemical properties have been obtained and 
discussed. The calculated UV-VIS spectra indicate that some of the composites are 
infrared absorbing systems beyond 700 nm.

1. Introduction

FOX-7, chemically 1,1-diamino-2,2-dinitroethylene and abbreviated as DADE or 
DADNE, is an insensitive high explosive [1]. Swedish Defense Research Agency (FOI) 
members synthesized it in 1998 [2, 3]. Afterwards, many researchers have investigated 
its explosive potential thoroughly [4-18]. An alternative route to FOX-7 is based on the 
nitration of 4,6-dihydroxy-2-methylpyrimidine and then hydrolysis [19].
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FOX-7 is a novel insensitive high-energy material exhibiting good thermal stability 
and low sensitivity. Moreover, it possesses excellent application performance among the 
solid propellants and insensitive ammunitions. In spite of the fact that it has a simple 
molecular composition and structure, it exhibits abundant chemical reactivity such as 
coordination reactions, nucleophilic substitutions, acetylate reactions, oxidation and 
reduction reactions, electrophilic addition reactions etc., [20, 21]. FOX-7 is much less 
sensitive than RDX (in terms of impact, friction, and electrostatic discharge sensitivities) 
[22] although RDX or HMX possesses the same C/H/N/O ratio as FOX-7 has. FOX-7 
has been shown to possess many polymorphic forms of such as α- and β-forms. Of which 
the α-form reversibly turns into β-form by heat treatment [23, 24]. However, at higher 
temperature, an irreversible conversion of β-polymorph occurs to yield γ-phase which 
decomposes at 504 K [23]. The decomposition process has been extensively searched 
[25]. Also, the effect of high pressure on the crystal structure of FOX-7 has been studied 
[26]. The last couple of decades have evidenced several FOX-7 based propellant 
formulations which have been developed in order to obtain several propellant 
compositions having a minimum or reduced smoke production [27].

Recently, some novel derivatives of FOX-7 and their properties as energetic 
materials have been reported [28, 29]. Some aluminized FOX-7 compositions were 
reported [30, 31]. Also some molecular orbital calculations were reported on aluminized 
FOX-7 [32-35].  

Aluminum has been used for several decades in certain TNT/NH4NO3 commercial 
explosives (e.g., the Ammonals) as an additional fuel to increase the power and gas 
volume. Aluminized military explosives appeared as prominent charges in II World War 
[36].

In the present article composites which are composed of 1,1-diamino-2,2-
dinitroethylene, aluminum and gallium have been considered computationally.

2.   Method of Calculation

In the present study, 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 [37, 38] at the restricted 
level [39, 40]. Subsequent optimizations were achieved at Hartree-Fock level using 
various basis sets. Then, the structural optimizations were managed within the 
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framework of density functional theory (DFT) [41, 42] at the level of UB3LYP/6-
311++G(d,p) [40, 43]. 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 [41, 44]. The correlation term of B3LYP consists of the Vosko, Wilk, 
Nusair (VWN3) local correlation functional [45] and Lee, Yang, Parr (LYP) correlation 
correction functional [46]. Also, 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 [47].

3. Results and Discussion

 Aluminum and gallium have the ground state electronic configurations of 
1s22s22p63s23p1 and 1s22s22p63s23p63d104s1, respectively [48]. Certain metals are added 
in to composition of explosives for certain purposes. One of the most important one is to 
increase the heat produced in the explosion process. Those metals are oxidized, such as 
aluminum forms Al2O3 which is accompanied by the liberation of 1669 kJ/mol energy 
[49]. Gallium may produce Ga2O and Ga2O3 which yield heat energy of 340 and 1079 
kJ/mol, respectively [49]. The interaction of gallium alone with FOX-7 has been 
published [50]. It has been found that gallium atom does not initiate any bond rupture. 
However, certain distortions in bond lengths and angles occur.

In the present study, interaction of 1,1-diamino-2,2-dinitroethylene with aluminum 
and gallium admixture has been investigated (Table 1). Since, both of aluminum and 
gallium are open-shell systems in their ground states, various multiplicity possibilities 
arise for the composites considered which are listed in Table 1.

Figure 1 shows the optimized structures of the composites as well as the direction of 
the dipole moment vectors. Note that the dipole moment vectors orient themselves as 
highly depending on the multiplicity. Since both of aluminum and gallium atoms have an 
unpaired electron, the total spin of the set of those metals indirectly affects the energy of 
the structures, thus the geometry is subjected to variation from one composite to the 
other keeping the number of metal atoms be the same. Note that the conformations of        
. 
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Table 1. Composites considered.

Composite Formula Abbreviation Multiplicity

FOX-7 +Al+Ga Al.C2H4N4O4.Ga As Singlet

FOX-7 +Al+Ga Al.C2H4N4O4.Ga At Triplet

FOX-7 +Al+2Ga Al.C2H4N4O4.2Ga Bd Doublet

FOX-7 +Al+2Ga Al.C2H4N4O4.2Ga Bq Quartet

FOX-7 +2Al+Ga 2Al.C2H4N4O4.Ga Cd Doublet

FOX-7 +2Al+Ga 2Al.C2H4N4O4.Ga Cq Quartet

NO2 and NH2 groups exhibit variations depending on the multiplicity of the systems 
considered which should affect the π-conjugation and the pull-push character of the 
parent DADNE structure, thus various properties of the composites considered are to be 
affected.

Table 2 shows some energies of the composites considered where E, ZPE and EC 

stand for the total electronic energy, zero point vibrational energy and the corrected total 
electronic energy values, respectively. As seen in the table for DADNE + Al + Ga case, 
the singlet is more stable than the triplet case whereas for the others the quartet state is 
more stable than the respective doublet case. 

Table 2. Some energies of the composites considered.

Composite E ZPE EC

As -7261908.44 241.98 -7261666.46

At -7261625.22 237.92 -7261387.30

Bd -12315491.70 238.66 -12315253.04

Bq -12315533.22 239.32 -12315293.90

Cd -7898209.22 242.05 -7897967.17

Cq -7898323.76 238.45 -7898085.31

Energies in kJ/mol.
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Figure 1. Optimized structures of the composites considered (two different angle of 
views).
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Table 3 shows some of the standard state thermodynamic properties of the 
composites presently focus of investigation. The singlet state of DADNE+Al+Ga is more 
exothermic than its triplet case. For the other composites the quartet state is more 
exothermic than the respective doublet state. The same occurrences are also true for 
Gibbs’ free energy values at the standard state. So, composite - As is more favorable over 
At. The composites Bq and Cq are more likely to occur than Bd and Cd.

Table 3. Some thermodynamic properties of the composites considered.

Composite Hº Sº (J/mol.) Gº

As -7261702.483 431.10 -7261831.003

At -7261421.657 448.28 -7261555.296

Bd -12315331.27 469.62 -12315471.290

Bq -12315372.28 466.29 -12315511.301

Cd -7898004.562 465.23 -7898143.269

Cq -7898122.264 468.49 -7898261.942

Energies in kJ/mol.

Some selected properties of the composites are shown in Table 4, where PSA stands 
for polar surface are and the ovality is define as, QSAR descriptor area/[4π(3volume/      
4π)2/3] [47]. As seen in the table, Cq and Cd are characterized with the lowest and the 
highest dipole moments, respectively. Also, in the case of DADNE+Al+2Ga composites, 
the dipole moment of the doublet is greater than the quartet. Whereas for DADNE+Al+ 
Ga composite, the triplet case has a greater dipole moment than the singlet. Obviously all 
these outcomes arise from the vectorial sum of bond dipoles which are inherently 
affected by the charge distributions. Figure 2 displays electrostatic potential charges 
(ESP) on the atoms of the composites 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 [47]. In each case, except the 
quartet of composite-C (DADNE+2Al+Ga) the Ga atom acquires more positive charge 
than the Al atom. Note that the first ionization potentials of aluminum and gallium are 
5.96 and 5.97 eV, respectively [48]. The second and third ionization potentials of 
aluminum are less than the respective values of gallium [48].
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Table 4. Some properties of the composites.

Composite PSA (Å²) Ovality Dipole (debye)

As 95.415 1.33 6.30

At 107.899 1.39 7.39

Bd 98.743 1.38 4.00

Bq 94.123 1.33 2.96

Cd 103.342 1.38 8.01

Cq 97.999 1.38 2.50

Figure 3 displays the electrostatic potential maps of the composites considered where 
red/reddish and blue/green regions stand for negative and positive potential fields, 
respectively.

Figure 4 shows some of the molecular orbital energy levels of the composites. Note 
that for all the composites, except composite-As which stands for a closed shell 
structure, α- and β-type molecular orbitals emerge. In the figure they are represented by 
notation as a- and b-type molecular orbital energy levels. Each system has its own 
peculiarities beyond any generalizations.

Table 5 shows the HOMO, LUMO energies and the interfrontier molecular orbital 
energy gap values (∆ε=εLUMO-εHOMO). The order of HOMO energies is 
As<Cq<Cd<Bd<At<Bq. As for the LUMO energies, the order is Bd<Cd<Cq<At<As 
<Bq. Consequently, the order of ∆ε values become As>Bq>Cq>Cd>At>Bd. Note that in 
each isomeric composite, with the exception of A-types, the higher multiplicity owner 
isomer has greater ∆ε value.

Figures 5-7 depict the UV-VIS (time dependent DFT) spectra of the composites. 
Note that Cd, (DADNE+2Al+Ga) does not have any absorption in the range of 200-700 
nm. The spectrum of composite-At exhibits some bathochromic effect as compared to its 
singlet case As. On the other hand, composite-Bq possesses highly expanded (in both 
directions) spectrum as compared to composite-Bd. It shows absorption beyond 700 nm 
as composite-Cq. Thus, those composites should be infrared absorbing systems, 
importing some peculiar electronic characteristics to the properties of them.
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Figure 2. Electrostatic charges on the atoms of the composites considered.
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Figure 3. Electrostatic potential maps of the composites considered.
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Figure 4. Some of the molecular orbital energy levels of the composites.
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Table 5. The HOMO, LUMO energies and ∆ε values of the composites considered.

Composite HOMO LUMO ∆ε

As -575.62 -236.13 339.49

At -373.48 -263.68 109.80

Bd -398.28 -291.45 106.83

Bq -373.37 -197.57 175.80

Cd -410.52 -284.18 126.34

Cq -438.58 -283.54 155.04

Energies in kJ/mol.

Figure 5. UV-VIS spectra of DADNE+Al+Ga composites.
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Figure 6. UV-VIS spectra of DADNE+Al+2Ga composites.

Figure 7. UV-VIS spectra of DADNE+2Al+Ga composite.

Note that the impact sensitivity of explosives are related to the interfrontier 
molecular orbital energy gap values. That is narrower the gap, the explosive becomes 
more sensitive to an impact stimulus [51, 52]. Thus, composite-Bd and then At should be 
the most sensitive two successive members of the composite set.

4. Conclusion

The present DFT treatment, within the restrictions of the theory and the applied basis 
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set, indicate that aluminum and gallium admixtures are compatible with DADNE 
molecule causing no bond cleavages (for DADNE+ nAl+mGa (n,m:1,2)) but some 
conformational changes occur. However, those variations influence the π-conjugation of 
DADNE, thus various quantum chemical, physicochemical and ballistic properties of the 
composites considered vary depending on the composition and the multiplicity of the 
system. Obviously, the bulk compositions could be controlled by the number of moles of 
the components. However, the local compositions are dictated by the energetics of the 
local systems. So, locally, systems having different multiplicities may occur.
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