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Abstract

In the present study, interaction of DMAZ and TEMED has been investigated within the
limitations of density functional theory at the level of B3LYP/6-31++G(d,p). DMAZ is
an explosive material but it is also oxidant constituent of some hypergolic systems.
TEMED or TEMEDA acts as the partner of DMAZ. The interaction has been
investigated and the findings reveal that in the absence of any hypergolic reaction, the
interaction is of mainly electrostatic in nature, no bond cleavages or new bond formations
happen. The variations are only of conformational in character. The composite is
electronically stable in the static conditions and thermally favorable. Some quantum

chemical, electronic and spectral data have been collected and discussed.

1. Introduction

The term hypergolicity is meant spontaneous ignition of a fuel and an oxidizer which
is in contact. Hypergolic propellants are preferred mostly for several rocket propulsion
missions, when multiple and reliable ignitions are required for mission success [1-4]. The
conventional hypergolic system is composed of hydrazine as the fuel component, which
is a very toxic chemical. Hawkins et al. taught a bipropellant fuel based upon salts
containing the dicyanamide anion, employing nitrogen-containing, heterocyclic-based
cations such as the imidazolium cation [5]. While salt molecules contain highly energetic
(formation of enthalpy), high nitrogen anions, the dicyanamide-based molecule solely
displays fast ignition. Hypergolic liquid or gel fuel mixtures utilized in bipropellant
propulsion systems are used instead of fuels containing toxic monomethylhydrazine.
Usually, the fuel mixtures of hypergolic systems include one or more amine azides mixed

with one or more tertiary diamine, tri-amine or tetra-amine compounds. Mostly, the fuel
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mixtures include TMEDA (TEMED, N,N,N',N'-tetramethylethylenediamine) mixed with
DMAZ (2-N,N-dimethylaminoethylazide) or TMEDA mixed with TAEA, (tris(2-
azidoethyl)amine) and TMEDA mixed with one or more cyclic amine azides. In
principle, each hypergolic fuel mixture manages to reduce the ignition delay when the
components come in contact with each other (fuel and oxidant) in propellant systems [3].
Various patents and articles exist in the literature about hypergolic mixtures [4-20]. A
conventional, storable bipropulsion system uses hydrazine or a hydrazine derivative (e.g.,
monomethylhydrazine) as the fuel component. A typical fuel affords useful performance
characteristics and possesses a fast ignition with the oxidizer. This fast (hypergolic)
ignition provides system reliability for on-demand action of the propulsion system.
However, the conventional, storable bipropulsion system is limited by its inherent energy
density that can be traced, in large measure, to the density of the fuel. In some hypergolic
systems, there are significant costs and operational constraints associated with handling
the fuel that derives from the fuel’s very toxic vapor. Some alternative hypergolic
mixtures have been investigated which are less toxic or environmentally friendly
[8,13,14]. On the other hand, mechanism of explosion induced by contact of hypergolic
liquids has attracted attention for many years [19,20]. Note that the chemical processes
governing the ignition of reacting flows comprise many reactions between a fuel, an
oxidizer, intermediate species, and products. Those are also governed by an interaction
between heat release rate and heat loss rate. In the present treatise, DMAZ and TEMED
which constitute a hypergolic mixture are considered in vacuum conditions. The present
study aims to get a static picture of the DMAZ and TEMED interaction (in the absence of
any hypergolic reaction) within the limitations of the density functional theory (DFT) and
the basis set employed.

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 [21,22] at the unrestricted
level [23]. 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 B3LYP/6-31++G(d,p) [24,25]. 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 [26]. Also note that the correlation term of
B3LYP consists of the Vosko, Wilk, Nusair (VWN?3) local correlation functional [27]
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and Lee, Yang, Parr (LYP) correlation correction functional [28]. Presently, a rather high
level of basis set has been employed in order to minimize the basis set superposition error
[23,29]. 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 [30].

3. Results and Discussion

TEMED, (N,N,N',N'-Tetramethyl ethylenediamine (CH;),NCH,CH,N(CHs;),)
(Synonyms: TMEDA, 1,2-Bis(dimethylamino)ethane) and DMAZ (2-dimethyl-
aminoethylazide, 2-Azido-N,N-dimethylethan-1-amine or dimethyl(2-azidoethyl)amine))
TEMED can be a component of hypergolic propellants. DMAZ has been introduced as a
non-carcinogenic fuel with high performance as compared to the best available fuels. The
results showed that DMAZ is not sensitive to impact, direct flame and shock wave.
Meanwhile, it has moderate and high sensitivity to electrostatic discharge and heat in
confined volume, respectively [31].

In hypergolic explosives DMAX acts as an oxidizing agent but it is an explosive as
well. Explosives have some sorts of redox potential. They act either as intramolecular
redox agent, in which some parts/groups of the molecule acts as an oxidizer agent, and
some parts/groups of the same molecule behave as a reducing agent. On the other hand,
in the case of intermolecular explosives, an oxidizer and a reducer parts/groups are on

different molecules [32].

Figure 1 shows the optimized structures as well as the direction of the dipole moment
vectors of the systems considered presently. Note the nonlinear structure of the azide
group in DMAX. The dipole moment vectors are 3.15, 1.06 and 2.95 debye for DMAZ,
TEMED and their 1:1 composite, respectively. As for the polarizability values, they are
50.25, 52.45 and 62.59 10-° m? units, respectively for DMAZ, TEMED and DMAZ+
TEMED. The H® and G° values of the composite are -1902937.198 and -1903098.796
kJ/mol., respectively whereas S°is 542.01 J/mol°.
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Figure 1. Optimized structures of the systems considered.

Figure 2 shows the calculated IR spectra of the systems considered. In the spectrum
of DMAZ various symmetrical and antisymmetrical C-H vibrations occur in the region of
3126-2932 cm!. The sharp peak at 2246 cm’! stands for the azide group. The C-H
vibrations of TEMED occur at 3130-2910 cm!. In the case of the composite, various
symmetrical and antisymmetrical C-H vibrations happen in the region of 3129-2908 cm'.
The sharp peak at 2241 cm! stands for the vibrations of the azide moiety. As the data
reveal, some small shifts occur in the frequencies of the composite when they are

compared with the respective data of the components.
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Figure 2. The calculated IR spectra of the systems considered.
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Figure 3 shows the electrostatic potential charges (ESP) on the atoms of the 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 [30].

Compared to charges on the respective positions of the components and the
composite, some variations are observed, especially in the charges of the carbon atoms
and the nitrogens of TEMED.
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Figure 3. ESP charges on the atoms of the components and the composite (hydrogens not
shown).

Figure 4 displays the ESP maps of the components and the composite. As seen in the
figure, negative charge population resides on the terminal nitrogen of the azide group and
the presence of DMAZ somewhat affects TEMED. Figure 5 shows potential maps of the
components and the composite. Both of the figures reflect the interaction between the
components.

DMAZ TEMED

DMAZ + TEMED |

Figure 4. ESP maps of the components and the composite.
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Figure 5. Potential maps of the components and the composite.

Figure 6 displays some of the molecular orbital energy levels of the systems

considered.
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Figure 6. Some of the molecular orbital energy levels of the systems.
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The frontier molecular orbital energy levels (egomo and & ymo) and the interfrontier
molecular orbital energy gap values (Ae, Ag=g ymo-€nomo) are listed in Table 1. The
orders of HOMO and LUMO energies are the same and it is DMAZ < TEMED + DMAZ
< TEMED. The order of Ag values is TEMED + DMAZ < TEMED < DMAZ.

Table 1. The HOMO, LUMO energies and Ae values of the systems considered.

HOMO LUMO Ag
TEMED -537.15 -30.44 506.71
DMAZ -602.15 -91.95 510.20
TEMED + DMAZ -572.35 -81.99 490.36

Energies in kJ/mol.

The frontier molecular orbital energy levels of the composite is in between the
respective values of the components. So, the way of interaction between the components
shows (as expected) that TEMED supplies some electron population to DMAZ, raising
up the HOMO and LUMO energy levels of DMAZ, while the HOMO and LUMO energy
levels of TEMED are lowered by the influence of DMAZ. On the other hand, the azide
group should have lowered both the HOMO and LUMO energy levels of DMAZ, due to
inductive and electronic effects. It should be more effective than energy raising effect of
dimethyl amino group attached to the other end of DMAZ molecule. As for the other
component, TEMED, it has two of the dimethylamino groups at the opposite terminals of
ethyl moiety and it has the HOMO and LUMO energies highest of all the systems.
Consequently the Ag values follow the order of TEMED + DMAZ < TEMED < DMAZ.
Note that none of the components and the complex has an extended conjugation (the
azide group possesses orthogonal m-skeleton). This fact is reflected in the UV-VIS
spectra of the systems (Figure 7) which look alike and confined to UV region.

Figure 7 shows The calculated UV-VIS spectra (time dependent DFT) of the systems
considered.
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Figure 7. The calculated UV-VIS spectra of the systems considered.

Table 2 lists the A, values of the systems considered. As seen in the table, the order
of Anax values is DMAZ < TEMED + DMAZ < TEMED which is not the same as the
order of Ae values. It implies that in dictating the A, values, some other factors rather
than simply the HOMO-LUMO transition (Ag) is effective but some other factors e.g., the
transition moment plays [33,34] a role (or both).

Table 2. A, values of the systems considered.

DMAZ TEMED DMAZ+ TEMED

Amax 244.08 250.62 246.86

Amax Values in nm.

Figure 8 displays the HOMO and LUMO patterns of the systems considered. As seen
there, in the composite the HOMO mainly spreads over TEMED component and the
LUMO is on DMAZ only. Whereas in the case of HOMO-1 (NEXT HOMO) and
LUMO+1 (NEXT LUMO) orbitals the main contributions to the composite come from
DMAZ (see Figure 9).

Figure 10 shows the bond density of the composite in which the electron population
concentrates over the components but there exists none in the region between the
components.
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Figure 8. The HOMO and LUMO patterns.
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Figure 9. The HOMO-1 and LUMO+1 patterns.
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Figure 10. Bond density of the composite.

Chemical reactions quite often involve some charge transfer between recanting
molecules (or between two different parts of the same molecule). The active sites of a
reactant molecule are usually places where the addition or loss of electron(s) is/are
favorable. So the understanding of chemical reactivity could be achieved by finding the
best site where to add or remove an electron to a molecule is possible. The local
ionization and the LUMO maps may give an idea for that purpose [35].

Figure 11 displays the local ionization and the LUMO maps of the composite system
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. On the other hand, 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.

Figure 11. The local ionization (left) and the LUMO (right) maps of the composite
system considered.

The over all analysis reveal that the interaction between DMAZ and TEMED is
mainly electrostatic in nature and most probably arising from charge-charge, charge-
dipole and dipole-dipole interactions which affect the potential field around the
components. Some minor contributions coming to the frontier or the next frontier orbitals
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from the partner of the major contributor indicates some orbital interactions as well. They
might arise secondary orbital interactions which do not lead to any bond formations.
However, under suitable conditions they might initiate some channels to initiate reactions

between the components.

Actually, the ignition of a combustible mixture depends on various complex
interactions between many physical and chemical processes. The over all competing rates
of each process combine and dictate a global ignition delay time. The global ignition
delay is typically grouped into a physical delay and a chemical delay [36]. The chemical
delay is mainly determined by the activation energy characteristic of a given propellant
admixture. Note that for gaseous propellants, the physical delay originates from the time
necessary for heating, diffusion, and mixing. The physical delay in the case of liquid
propellants, is lengthened by atomization and evaporation processes. It is greatly
influenced by the injection technique employed and the physical properties of the
propellants that control mixing, viscosity, surface tension, and miscibility of components.

4. Conclusion

The present study could be considered as a static picture of the interaction between
the components in the absence of any hypergolic reaction. The global ignition delay
which governs the start of hypergolic reaction depends of various factors. DMAZ end
TEMED in vacuum conditions and the restrictions of the theory and the basis set
employed interact with each other mainly electrostatically keeping their electronic
integrity. However, some contributions to molecular orbitals of each other occurs which
might trigger formations of hot points necessary for a hypergolic reaction if suitable
conditions arise. They might be physical, chemical or catalytic in nature. Note that
presently 1:1 composite of the components have been considered. Varying the
composition might cause changing of the interaction profile thus leads to a hypergolic

reaction.
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