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Abstract

DNNC is an explosive as well as an oxidant for propellants and pyrotechnics. It possesses 
C-NO2 and N-NO2 bonds. In the present study, DNNC and aluminum interaction has 
been investigated within the limitations of density functional theory at the level of 
unrestricted B3LYP/6-31++G(d,p). The composites having formula of DNNC+Al and 
DNNC+2Al are considered. Since aluminum has an unpaired electron in the ground state, 
various multiplicities arise for the composites of present interest. Some geometrical, 
physico chemical, quantum chemical and some spectral data have been obtained and 
discussed. The calculations within the constraints of the theory and the basis set 
employed have indicated that DNNC+Al (doublet) keeps its structural integrity but 
DNNC+2Al composite either in singlet or triplet case expels one of the geminally 
substituted NO2 groups. However, the aluminum atom in each case acquires different 
kind of charge. The N-NO2 bonds remain intact in the presence of aluminum.

1. Introduction

1,3,5,5-tetranitrohexahydropyrimidine (TNDA, French abbreviation is DNNC [1]) is 
relatively novel explosive which may also find some applications as an oxidant for 
propellants and pyrotechnics [2]. It can also be used as a filling material for warheads, 
shell and bombs. It was synthesized in 1982 and has the following properties; mp. 151-
154C [3,4,5], density: 1.82 g/cm3, VOD: 8730 m/s, PCJ : 34 Pa, OB: 6%. It has very low 
impact sensitivity [6]. The hybrid molecular structure of DNNC produces an energetic 
material with impact sensitivity much lower than RDX and more like that exhibited by 
TNT. It is an thermally stable and insensitive high-energy oxidizer that could have a 
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potential candidate for replacement of RDX in explosive and propeller formulations [7]. 
Crystal structure of DNNC was studied by Oyumi et. al. [8]. Thermo chemical 
decomposition studies of 1,3,5,5-tetranitrohexahydropyrimidine (DNNC) have been 
published by Shackelford and Goldman [9,10]. They observed that unlike the cyclic RDX 
and HMX, symmetrical nitramine compounds which readily undergo thermo chemical 
decomposition during liquefaction, and an accurate heat of fusion can be determined for 
the thermally stable DNNC heterocyclic nitramine derivative. Hendrickson and 
Shackelford also performed thermo chemical decomposition studies on DNNC [11]. 
Pyrolysis of 5-substituted 1,3,5-trinitrohexahydropyrimidines was studied also by Roos 
and Brill [12]. The thermal stability of 1,3,5,5-tetranitrohexahydropyrimidine (DNNC, 
TNDA) in liquid phase under isothermal conditions was studied [4]. The surface 
temperature and combustion mechanism of DNNC (TNDA) were established with the 
help of thermocouple studies.

Aluminum powder is one of the combustible high energy materials. Hence, it 
influences the explosive performance by increasing the heat of explosion and acts as 
intermediate sensitive agent [13]. As an overall effect it enhances reaction temperature 
and air blast, increases bubble energies in underwater weapons etc. 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 [14].

Although, in the literature some work exists about aluminum compositions in certain 
ammunitions, the effect of aluminum on DNNC (TNDA) has not been published so far 
up to the best knowledge of the author. In the present study, interaction of DNNC with 
aluminum has been investigated at the molecular level within the limitations of density 
functional theory (DFT).

2. Method of Calculation

In the present study, all the initial geometry optimizations of the structures leading to 
energy minima were achieved by using MM2 method then followed by semi-empirical 
PM3 self-consistent fields molecular orbital (SCF MO) method [15,16] at the unrestricted 
level [17]. Afterwards, the structure optimizations have been managed within the 
framework of Hartree-Fock (HF) and finally by using density functional theory (DFT) at 
the level of UB3LYP/6-31++G(d,p) [18,19]. Note that the exchange term of B3LYP 
consists of hybrid Hartree-Fock and local spin density (LSD) exchange functions with 
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Becke’s gradient correlation to LSD exchange [20]. Also note that the correlation term of 
B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [21] 
and Lee, Yang, Parr (LYP) correlation correction functional [22]. Presently, a rather high 
level of basis set has been employed in order to minimize the basis set superposition error 
[17,23]. 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 indicates that the structure of each molecule 
corresponds to at least a local minimum on the potential energy surface. Furthermore, all 
the bond lengths were 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 [24].

3. Results and Discussion

Aluminum has the ground state electronic configurations of 1s22s22p63s23p1 [25]. 
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 [26].

In the present study, composite structures, DNNC+Al and DNNC+2Al, have been 
investigated within the constraints of the theory and the basis set employed (UB3LYP/6-
31G++(d,p)). Structurally DNNC molecule has two geminally located C-NO2 bonds and 
two nitramine type bonds. Since aluminum atom has an unpaired electron various 
multiplicity states emerge. The investigated composite systems are DNNC+Al(d), 
DNNC+2Al(s) and DNNC+2Al(t). The letters d, s and t stand for doublet, singlet and 
triplet states, respectively.

Figure 1 shows the optimized structures as well as the directions of the dipole 
moment vectors of DNNC and the composite systems considered. As seen in the figure, 
in the doublet state DNNC undergoes some torsions and bendings in the bonds as 
compared to DNNC structure. Whereas, in the cases of DNNC+2Al(s) and DNNC+2Al(t) 
great perturbations occur leading to rupture of one of the C-NO2 bonds, resulting in N-C 
distances of 5.14 Å in the singlet and 5.84 Å in the triplet case. A different behavior is 
exhibited by TNAZ (1,3,3-trinitroazetedine) molecule although it also has geminally 
substituted NO2 groups (C-NO2) and a nitramine bond (N-NO2). Selenium and TNAZ 
interact at different extents and the systems are electronically stable, but TNAZ+2Se 
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(singlet) structurally decomposes by the elongation of one of the N-O bonds of the 
geminally substituted nitro groups [27]. On the other hand, TNAZ+3Al (doublet), 
contrary to DNNC singlet and triplet cases, keeps the C-NO2 bond(s) (also the nitramine 
bonds) intact but bond cleavage of N-O bond occurs in one of the geminally substituted 
NO2 groups [28]. This behavioral variation between TNAZ and DNNC molecules can be 
attributed to ring system of TNAZ, thus to different orbital interactions happening in 4-
membered ring as compared to the 6-membered ring of DNNC. 

Figure 1. Optimized structures and directions of the dipole moment vectors of the 
systems considered.

Table 1 lists some properties of the systems considered. Note that DNNC+Al (d) 
system is stable structurally but DNNC+2Al systems singlet or triplet undergo 
decomposition which have % Al content greater than 10 %.

Table 1. Some properties of the systems considered.

Systems Formula Dipole moment MW (amu) % Al

DNNC C₄H₆N₆O₈ 5.06 266.126 -

DNNC+Al (d) Al.C₄H₆N₆O₈ 5.53 293.108 9.2055

DNNC+2Al (s) 2Al.C₄H₆N₆O₈ 4.03 320.090 16.859

DNNC+2Al (t) 2Al.C₄H₆N₆O₈ 10.73 320.090 16.859

Dipole moments in debye units.
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Figure 2 displays the calculated IR spectra of the systems considered. The calculated 

Figure 2. The calculated IR spectra of the systems considered.

IR spectrum of DNNC exhibits asymmetrical N-O stretchings at 1674-1664 cm-1 
belonging to nitro groups of C-NO2 and N-NO2 types. In the case of DNNC+Al (d), N-O 
stretchings happen at 1671-1636 cm-1. In the case of DNNC+2Al (s) the N-O stretching 
of the expelled nitro moiety occurs at 1695 cm-1. The C-NO2 stretching of the geminal 
nitro group is at 1683 cm-1. On the other hand, asymmetrical nitramine N-O stretchings 
take place at 1653-1626 cm-1. As for the DNNC+2Al (t) case, the vibration at 1752 cm-1 

stands for C-NO2 stretching of the geminal nitro group. The asymmetrical nitramine N-O 
stretching happens at 1660 cm-1. Various IR modes of C-H bonds in DNNC occur in the 
region of 1427-1298 cm-1, whereas they happen at 1416-1268 cm-1 in DNNC+Al (d), 

DNNC

DNNC+Al (d)

DNNC+2Al (s)

DNNC+2Al (t)
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1396-1208 cm-1 in DNNC+2Al (s) and 1507-1164 cm-1 in DNNC+2Al (t). In general IR 
spectra of DNNC and DNNC(d) resemble each other except the intensities of some of the 
peaks. Note that DNNC(d) system preserves its structural integrity. The decomposed 
systems exhibit greater variations as compared to DNNC. Changes of IR frequencies in 
the presence of aluminum atoms and the present spin states should be due to the 
structure-dependent variations of the bond constants which is one of the factors dictating 
the vibrational frequencies [29,30].

Table 2 shows some energies of the systems considered where E, ZPE and EC stand 
for the total electronic energy, zero point vibrational energy and the corrected total 
electronic energy, respectively. As seen in the table, DNNC+2Al (t) system is 
electronically more stable than DNNC+2Al(s), although both of them undergo a similar 
type of structural perturbations leading to decompositions.

Table 2. Some energies of the systems considered.

Systems E ZPE EC

DNNC -2851100.98 408.27 -2850692.71

DNNC+Al (d) -3487699.93 406.76 -3487293.17

DNNC+2Al (s) -4124450.43 402.58 -4124047.85

DNNC+2Al (t) -4124544.47 401.23 -4124143.24

Energies in kJ/mol.

Figure 3 shows the electrostatic potential charges (ESP) on the atoms of the systems 
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 [24]. The figure reveals a striking difference among the 
aluminum composites of present interest. The aluminum atom in DNNC+Al (d) 
(structurally stable) has some positive partial charge in contrast to DNNC+2Al (s) in 
which both of the aluminum atoms present possess some partial negative but unequal 
charges in magnitude. The NO2 moiety departing the DNNC molecule (DNNC+2Al (s) 
case) has positive overall charge (0.209 esu). As for the DNNC+2Al (t) case, both of the 
aluminum atoms acquire positive charge even the one next to the departing NO2 moiety 
possess some charge greater than unity and the NO2 group of the broken bond has 
negative over all charge (-1.00 esu).
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Figure 3. The ESP charges on the atoms of the systems considered (Hydrogens omitted).

Figure 4 contains the electrostatic potential maps of the systems considered where 
negative potential regions coincides with red/reddish and positive ones with blue/bluish 
parts of the maps.

Figure 5 displays some of the molecular orbital energy levels of the systems 
considered. Since the calculations were performed at the unrestricted level, for the open 
shell systems α- and β-type orbitals arise. In the figure they are indicated as a- and b- 
types. It is evident from the figure that the presence of aluminum atom raises up the 
LUMO energy levels as compared to DNNC molecule, and the highest one occurs in 
DNNC+2Al (t) case. A similar raise happens for the HOMO energy levels again 
compared to DNNC HOMO energy level. The highest raise arises for DNNC+2Al (s) 
case. Also note that HOMO-α of DNNC+2Al (t) is higher than the HOMO level of 
DNNC+2Al (s) but the LUMO-β level of DNNC+2Al (t) is much lower than the LUMO 
of DNNC+2Al (s). Consequently, DNNC+2Al (t) should be much willingly to accept 
electrons whereas DNNC+2Al (s) should prefer to donate some electron population. Also 
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the presence of two unpaired electrons in the triplet case should enhance eagerness of 
DNNC+2Al (t) to accept electrons. That is why aluminum atoms in the singlet case 
possess some negative partial charges whereas they acquire positive charges in the triplet 
case namely in DNNC+2Al (t) composite.

Figure 4. Electrostatic potential maps of the systems considered.

Table 3 lists the HOMO, LUMO energies and the interfrontier molecular orbital 
(FMO) energy gap values (Δε) of the systems considered. Note that Δε is the LUMO-
HOMO energy difference. The orders of the HOMO and LUMO energy levels are the 
same; DNNC < DNNC+Al (d) < DNNC+2Al (s) < DNNC+2Al (t). Consequently, Δε 
values follow the order of DNNC+2Al(t) < DNNC+2Al(s) < DNNC+Al(d) < DNNC. So, 
structurally stable DNNC+Al (d) system should be more susceptible to impact stimulus 
compared to DNNC, because the impact sensitivity is correlated with the inter frontier 
molecular orbital (FMO) energy gap reversely [31,32]. Namely, as the FMO energy gap 
(Δε) becomes less and less the impact sensitivity increases more and more.
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Figure 5. Some of the molecular orbital energy levels of the systems considered.

Table 3. The HOMO, LUMO energies and Δε values of the systems considered.

Systems HOMO LUMO Δε

DNNC -867.73 -377.56 490.17

DNNC+Al (d) -673.04 -321.98 351.06

DNNC+2Al (s) -593.23 -311.56 281.67

DNNC+2Al (t) -520.78 -256.36 264.42

Energies in kJ/mol.

DNNC DNNC+Al (d) DNNC+2Al (s) DNNC+2Al (t)
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Figure 6 shows the calculated (time dependent density functional spectra) UV-VIS     
. 

Figure 6. The calculated UV-VIS spectra of the systems considered.

DNNC

DNNC+Al (d)

DNNC+2Al (s)

DNNC+2Al (t)
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spectra of the systems considered. As seen in the figure the presence of aluminum 
atom(s) causes considerable degree of bathochromic effect towards the visible region as 
compared to DNNC. However keep in mind that the singlet and triplet states of DNNC 
are actually decomposed systems, whereas the doublet is structurally intact. The 
bathochromic effect shows that in those systems a better conjugated paths should have 
been developed especially in the triplet case. Note that the doublet and triplet cases are 
open-shell systems having an unpaired electron. Figure 7 shows the spin density maps of 
the open-shell systems considered. The blue regions stand for high spin density 
possessing regions of the systems where an aluminum atom resides.

Figure 7. The spin density maps of the open-shell systems considered.

Figure 8 shows the HOMO and LUMO patterns of the systems considered. As seen 
in the figure, the LUMO of DNNC consists of orbitals supplied by the geminally 
substituted nitro groups and the rest of the molecule, including the nitramine groups, 
contributes nil. When aluminum atom(s) is/are incorporated in to the systems the HOMO 
is confined to one or two of the geminally substituted nitro groups with the exception of 
DNNC+2Al (t) in which the nitramine moiety is the main contributor of the HOMO-β, 
whereas the HOMO-α is provided by the departing NO2 moiety only. The LUMO-β is 
spread over the nitramine moiety solely. Note that it is a decomposed composite. In rest 
of the systems nitramine moieties either contribute nothing or they have very small 
contribution to the LUMOs.

Figure 9 shows the local ionization potential maps of the systems considered. In the 
local ionization potential map, conventionally red/reddish regions (if any exists) on the 
density surface indicate areas from which electron removal is relatively easy, meaning 
that they are subject to electrophilic attack. As seen in the figure, the presence of 
aluminum atom(s) highly affect the ease of electron distribution depending on the 
multiplicity of the systems and all the systems are in general electron deficient although 
in some of them aluminum atom provides some electron population into DNNC 
component and itself acquires some positive partial charge.
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Figure 8. The HOMO and LUMO patterns of the systems considered.
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Figure 9. The local ionization potential maps of the systems considered.

4. Conclusion

The present DFT treatment of aluminum and DNNC interaction (within the 
constraints of the theory and basis set employed) has revealed that aluminum may be 
compatible or not with DNNC molecule depending on the percent of aluminum in the 
composite as well as the multiplicity state of the composite. The DNNC+Al(d) composite 
is structurally stable but DNNC+2Al is stable neither in the singlet nor in the triplet state. 
In all the cases, except DNNC+2Al (s) case, aluminum atom(s) possesses some partial 
positive charge whereas in the exceptional case some negative partial charge accumulates 
on the aluminum atoms. The decomposed systems eliminate NO2 group but in different 
kind of overall charge appears on them (positive and negative in the cases of DNNC+2Al 
(s) and DNNC+2Al (t), respectively).
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