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Abstract

cis-1,4-Dinitroglycoluril, known as DINGU, is an insensitive explosive. To investigate
the compatibility of it and its nitramine isomers with magnesium, some model composites
of them have been subjected to density functional treatment at the level of B3LYP/6-
31++G(d,p). Within the restrictions of the theory and the level of calculations performed,
it has been found that most of the composites considered are unstable and undergo N-NO;
bond rupture. Moreover, it has been in one case found that the elongation of nitramine
bond is dictated by the way of approach of the Mg atom to the organic component. Some

physical and molecular orbital properties of the systems are obtained and discussed.

1. Introduction

The date of synthesis of nitrourea explosives goes back to 1974. N-nitroureas are
very attractive because mono-nitroureas and di-nitroureas were proved to have a good
explosive performance. Some N-nitroureas such as TNGU and 1,4-dinitroglycouril
(DINGU) are to be mentioned. An explosive that has been of interest to the HEMs (high
energy materials) community recently is cis-1,4-Dinitroglycoluril (cis-DINGU) [1-3]. It
is an important explosive. cis-DINGU was first prepared as early as 1888 by
Franchimont and Klobbie [4, 5].

Afterwards the synthesis of cis-DINGU and its derivatives were described in the
literature [6-8]. cis-DINGU is regarded as one of the potential ingredients for low
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vulnerability ammunition (LOVA) applications [9]. cis-DINGU is an insensitive material
which has been an alternative to RDX (hexahydro-1,3,5-trinitro-s-triazine) and TNT
(trinitro-toluene) [10]. cis-DINGU based polymer bonded explosives (PBXs) are
prepared which possess high explosion energy, good physico-chemical stability and low
vulnerability. Because of all these properties cis-DINGU is comparable to TATB
(triamine-trinitro-benzene)-based PBXs. Note that the preparation of cis-DINGU is very
simple and requires inexpensive starting materials as compared to TATB. Therefore, cis-
DINGU based PBXs are highly preferable over TATB based PBXs [11]. Also
toxicological hazards of cis-DINGU were investigated [12] and according to the classical
guidelines, it would be considered only slightly toxic. The literature, contains many
studies on cis-DINGU including its synthesis [6-8], structure determination (X-ray
diffraction for cis-DINGU) [13], evaluation of the solid-state formation enthalpy [14],
spectro-thermal decomposition [15], mass-spectral fragmentation pathways [16]. Some
of the studies have concentrated on modelization by molecular mechanics [17] and
modelization by using AMland PM3 methods [18]. A computational study performed
using DFT and ab initio methods which revealed some structural, quantum chemical and
thermal properties of DINGU configurational isomers (cis- and trans- DINGU) in the gas
phase [19]. Some DFT calculations even on trans-dinitroglycoluril isomers have been
published [20]. However, to the best of the knowledge of the author, there is no study on
interaction of metals with cis-DINGU. In the present study, interaction of magnesium
with cis-DINGU isomers has been investigated within the constraints of density
functional theory (DFT).
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2. Method of Calculation

The geometry optimizations of all the structures presently considered, leading to
energy minima were achieved first by using MM2 method [21, 22] for the equilibrium
conformer. 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 [23, 24], finally at the levels of RB3LYP /6-
31++G(d,p). 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 [24, 25]. Note that the correlation term of B3LYP consists of the Vosko, Wilk,
Nusair (VWN3) local correlation functional [26] and Lee, Yang, Parr (LYP) correlation
correction functional [27]. 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 system corresponds to at least a local minimum on the potential energy

surface. All these calculations were done by using the Spartan 06 package program [28].
3. Results and Discussion

DINGU structure has two configurational isomers, cis- and trans-DINGU. Of those

cis-DINGU is in use as an explosive material.

Magnesium atom has 1522322p63s2 electronic configuration in its ground state. It is a
closed shell system and donating its 3s electrons it may reduce certain organic functional
groups. Magnesium atom also forms some organomagnesium compounds, such as
Grignard compounds, most of them exhibit spontaneous ignition in air and makes them
difficult to handle [29]. The ionization potential of magnesium is 7.61 eV and 14.96 eV,

respectively for the first and second oxidation states [30].

Figure 1 shows the constitutional isomers of cis-DINGU. Isomer-A differs from the

others because two of the nitramine moieties are possessed by the same pentagonal ring.
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Figure 1. cis-DINGU and its isomers considered.

Figure 2 shows the optimized structures of the cis-DINGU+Mg composites

cis-DINGU+Mg

cis-DINGU+2Mg

g A

Isomer-A+Mg Isomer-A+Mg' Isomer-B+Mg

Figure 2. Optimized structures of the composites considered.

considered. As seen in the figure, cis-DINGU+ Mg and cis-DINGU+ 2Mg composites
are not stable and undergo one and two N-NO, bond cleavages, respectively. On the

other hand, isomer-A+Mg composite seems to be stable whereas isomer-A+Mg' is
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unstable. Note that the difference between composites labeled as isomer-A+Mg and
isomer-A+Mg' is the location of the Mg atom. In isomer-A+Mg case the Mg atom
approaches the organic component from the embedded urea moiety which does not have
any nitramine group in contrast to isomer-A+Mg' case where Mg atom approaches from
the site of nitramine moieties. Isomer-B+Mg composite is unstable and undergoes

N-NO; bond rupture irrespective of from where the Mg atom approaches. Both of

isomers-A and -B cannot bear two Mg atoms just at the initial construction stage. So,

their optimizations could not be carried out.

Figure 3 displays the bond lengths of the structures of present concern. Note that in
the decomposed composites C=0 bond length of the ring having N-NO; bond is 1.27-
1.28 A. Whereas their other C=0 bonds is about 1.20 A. In the stable isomer-A+Mg
composite the C=0 bond lengths are 1.22 A and 1.19 A. The last value belongs to C=0
bond of the ring having two of the nitramine groups. Elongation of the C=0 bond of the

ring(s) having ruptured N-NO; bond(s) indicate that some electron population has been

delocalized over the carbonyl group(s). Note that in isomer-A+ Mg composite, which is

stable, the location of Mg atom is quite distant from the organic component.

Figures 4 and 5 stand for the ESP and natural charges on the atoms of the structures
considered, respectively. 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 [28]. In all the cases Mg atom acquires some partial

positive charge. All the expelled NO;, moieties have partial overall negative charges.

IR spectra of the composite structures considered are shown in Figure 6. The sharp
peaks around 1800 em' in the spectrum of cis-DINGU+Mg are the carbonyl C=0
stretchings. It occurs at 1617 cm  in the case of cis-DINGU+2Mg. Carbony]l stretchings
of isomer-A+Mg happens at 1896 em and 1810 cm™'. The sharp peaks of cis-
DINGU+Mg', occurring at 1834 and 1684 cm” ! are the carbonyl C=O0 stretchings. In the
spectrum of isomer-B+Mg the C=0 stretching occurs at 1864 cm” . In all the cases peaks

above 3500 cm belong to N-H stretchings.
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Figure 3. Bond lengths/distances (10%) in the structures considered (hydrogens omitted).
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Figure 4. ESP charges on the atoms of the structures considered.
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Figure 5. Natural charges on the atoms of the structures considered.
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Figure 6. IR spectra of the composites considered.
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Table 1 tabulates some properties of the composites considered. The relatively high
dipole moment value for isomer-B+Mg case is noticeable.

Table 1. Some properties of the composites considered.

Structure Dipole moment Ovality Polarizability
(Debye)

cis-DINGU+Mg 4.42 1.43 54.59

cis-DINGU+2Mg 3.65 1.51 55.68

Isomer-A+Mg 3.72 1.44 55.34

Isomer-A+Mg' 3.93 1.44 54.61

Isomer-B+Mg 9.13 1.44 54.64

C4H4NgOg.Mg (Mw:256.417), C4H4NgOg.2Mg (MW: 280.722)
All belong to C1 point group.

Table 2 lists some of the energies of the composites presently considered where E,
ZPE and E. are the total electronic energy, zero point vibrational energy and the

corrected total electronic energy, respectively. According to the data in the table, the

Table 2. Some energies of the composites.

Composite E 7ZPE E.
cis-DINGU+Mg -2979363.10 327.26 -2979035.84
cis-DINGU+2Mg -3505147.17 324.26 -3504822.91
Isomer-A+Mg -2978872.76 331.01 -2978541.752
Isomer-A+Mg' -2979357.10 326.56 -2979030.535
Isomer-B+Mg -2979297.92 325.75 -2978972.17

B3LYP/ 6-31++G(D,P) level. In kJ/mol.

stabilities of the systems containing only a single Mg atom follows the order of cis-
DINGU+Mg > Isomer-A+Mg' > Isomer-B+Mg > Isomer-A+Mg. The stability order of

these composites having the same burutto formula should arise not only from the entropy

http://www.earthlinepublishers.com



Interaction of cis-1,4-Dinitroglycoluril and its Isomers with Magnesium ... 11

factor contribution but also stabilization of the charges and ionic attractions present
between the decomposed organic components and partially positively charged Mg atom.

Table 3 shows the HOMO, LUMO energies and the interfrontier molecular orbital

energy gaps (Ae) of the composites.

Table 3. The HOMO, LUMO energies and the interfrontier molecular orbital energy
gaps (Aeg).

Composite HOMO LUMO Ag

cis-DINGU+Mg -751.76 -273.38 478.37
cis-DINGU+2Mg -703.75 -256.96 446.78
Isomer-A+Mg -449.61 -345.13 104.48
Isomer-A+Mg' -763.19 -285.63 471.57
Isomer-B+Mg -713.50 -245.86 467.64

B3LYP/ 6-31++G(D,P) level. In kJ/mol.

Variation of the energies from one system to another in Table 3 arises from
structural peculiarities of the organic component present in the optimized composites
which is most of the cases a decomposed structure. Isomer-A+Mg has the smallest
interfrontier molecular orbital energy gap (Ag). Note that it is not decomposed composite
however it is less stable system as compared to isomer-A+Mg' (see Table 2).

Figure 7 shows some of the molecular orbital energy levels of the composites.
4. Conclusion

The present modeling study, within the constraints of DFT and the level of
calculations performed reveals that cis-DINGU and its constitutional nitramine isomers
are incompatible with magnesium. The metal transfers some electron population to the
organic component causing the cleavage of N-NO, bond. The expelled NO, moiety and
the remnant of the organic component possess some partial negative while the
magnesium acquires the opposite charge.
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Figure 7. Some of the molecular orbital energy levels of the composites.
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