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Abstract

In the present study, interaction of hydrazine and nitroform (trinitromethane) has been
investigated via some models within the constraints of density functional theory at the
level of B3LYP/6-311++G(d,p). The data have revealed that the electronic stability order
of the models is 3>1>2>5>4 where model-3 is a cyclic one. The others are acyclic and
some of them are ion-pair models. Some geometrical, physico chemical and quantum
chemical data have been obtained and discussed. The results, overall, indicate that the
interaction between the hydrazine and nitroform in the salt form is not ion-pair type, but
the hydrogen of nitroform prefers to be linked to carbon atom, thus some sort of

nonbonding interactions occur.

1. Introduction

Hydrazinium nitroformate (HNF) is an energetic oxidizer [1-3]. It is used to produce
propellants which burn very rapidly, exhibiting very high combustion efficiency. Its high
energy leads to propellants having high specific impulse. However, it is currently an
expensive research chemical and available only in limited quantities. Another
disadvantage of HNF is its limited thermal stability. However, hydrazinium nitroformate
(hydrazine nitroform) is relatively resistant to shock, friction and percussion so that it is
used extensively in production of high performance rocket propellants and gun
propellants [4]. Other nitroformate energetic salts are also potential high-performance
oxidizers which can be used in a solid propellant [5] and have attracted attention of

various investigators [6-10].
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HNF is a salt of hydrazine, a weak base and nitroform [NF] [2,4]. Trinitromethane
(nitroform) and its salts have been known for almost more than a century and are the
subject of several structure-related publications [11], including an ab initio study
predicting a propeller-type structure for the anion (nitroformate) [12]. Xiao and
coworkers investigated the intermolecular interaction of hydrazinium nitroformate ion

pair using density functional theory [13].

The trinitromethane molecule, precursor of HNF has some interesting features. It can
exist in two tautomeric forms; a nitroform (I) and an aci-form (II).

(O,N);CH == (O;N),C=NOOH

| 11

The colorless form (I) exists in solution acidified with HC1 or H,SO,4 and also in
anhydrous benzene, CS, and ether [14]. Whereas, aqueous and basic solutions are
intensely yellow colored which is due to the presence of aci tautomeric form (II).
Although, its salts derive from the aci form (II), the silver and mercury salts exist in two
forms: colorless and yellow. This would indicate that two forms of these salts, the nitro
and aci can exist [14].

The three highly electron-withdrawing —NO, groups should make the hydrogen very
positive. It is accordingly expected that HC(NO,); will be a strong acid, and indeed its
experimentally determined pKa has been reported to equal 0.1 [14,15]. Although, nitro-
aci tautomerism is expected, the aci tautomer of HC(NO,);, formed by transfer of the
proton to one of the nitro oxygens has not yet been isolated [16].

2. Method of Calculations

The geometry optimizations of all the structures leading to energy minima have been
achieved first by using MM2 method which is followed by semi-empirical PM3 self
consistent fields molecular orbital (SCF MO) method [17,18] at the restricted level
[19,20]. Subsequent optimizations were achieved at Hartree-Fock level employing
various basis sets. Then, geometry optimizations were managed within the framework of
density functional theory [21,22] at the level of B3LYP/6-311++G(d,p) [19,23]. 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 [22,24]. The
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation
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functional [25] and Lee, Yang, Parr (LYP) correlation correction functional [26]. Also,
vibrational analyses have been done on the optimized structures. The total electronic
energies are corrected for the zero point vibrational energy (ZPE). Moreover, the normal
mode analysis for each structure yielded no imaginary frequencies for the 3N—6
vibrational degrees of freedom, where N stands for the number of atoms in the system.
This has indicated that the structure of each molecule corresponds to at least a local
minimum on the potential energy surface. All these calculations have been done by using
the Spartan 06 package program [27].

3. Results and Discussion

Figure 1 shows the optimized structures and directions of the calculated dipole
moment vectors of the models considered. Note that in all the cases tail of the dipole
moment vector originates from the hydrazine moiety. Model-1 stands for the
composite system of hydrazine and nitroform where the prevailing interactions should
be the nonbonding ones. Whereas, model-2 stands for hydrazinium nitroformate ion pair.
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Figure 1. Optimized structures of the models considered (Hydrogen bonds shown as
dashed lines).
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Model-3 represents a nonclassical bonding in which the hydrogen binds to two nitrogen
atoms of hydrazine and the carbon atom of nitroform. Model-4 shows the interaction
between hydrazine and aci tautomer of nitroform. Model-5 is the ion pair formed
between hydrazinium cation and the anion of the aci tautomer of nitroform (hydrazinium
nitroformate from the aci tautomer). Note that in models 1-3 components, originating

from nitroform, more or less preserve the nitroform geometry.

Figure 2 shows the calculated bond lengths in the models considered. The hydrazine
components in model-1 and model-2 have one elongated N-H bond (1.81 and 1.98 A,
respectively). The C-H bond of nitroform in model-1 is 1.10 A. In model-2, the nitroform
hydrogen was initially linked to hydrazine component but after the optimization the
distance from the same hydrogen atom to nitroformate carbon atom is just 1.10 A which
is a typical C-H bond length. Model-3, in which the hydrogen seems to linked to three
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[o]

Figure 2. Calculated bond lengths (A) in the models considered.

centers, has N-H linkages having lengths of 2.70 A and 1.96 A and C-H linkage of 1.10
A. Thus, model-3 as model-2 prefers C-H rather than N-H bonding for the nitroform
hydrogen. In the other models nitroform hydrogen linked to oxygen atom (model-4, aci
tautomer of nitroform) or to hydrazine (model-5, an ion-pair from the aci tautomer), all
having appropriate O-H or N-H bond lengths. Note that the C-H bond lengths in model-3
and model-1 are the same as 1.109 A.

Table 1 shows some energies of the isomeric structures considered where E, ZPE and
Ec stand for the total electronic energy, zero point vibrational energy and the corrected
total electronic energy, respectively. The data in the table indicate that the stability order
of the models is 3>1>2>5>4. In model-3, nitroform hydrogen is under the influence of
both of the nitrogen atoms of hydrazine molecule, however the N-H bond lengths are
unequal and N-N bond length (1.435 A) in the hydrazine molecule which is not much
different from the respective lengths in the other models. Note that models 4 and 5 are
rather less stable than models 1-3 because in the optimized forms of them nitroform
hydrogen is either structurally linked to different atoms or charge separation has occurred
and not in the proximity of nitroform carbon. So, those models have higher electronic
energies compared to the respective values of models 1-3.
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Table 1. Some energies of the models considered.

Models E ZPE Ec
1 -2011369.51 286.53 -2011082.98
2 -2011369.44 286.63 -2011082.81
3 -2011370.74 286.87 -2011083.87
4 -2011345.37 282.64 -2011062.73
5 -2011354.48 291.17 -2011063.31

Energies in kJ/mol.

Table 2 shows dipole moment components and total value of the dipole moment for
the models considered. The order for the dipole moments is 5>4>3>2>1. The order
mostly should be dictated by the various possibilities of hydrogen bondings. Note that in
reference 5 the weak interaction for cation and anion is attributed to vdW interaction but
no H-bonds [5].

Table 2. Dipole moment components and the total value for the models considered.

Models X Y 4 Total
1 -0.047488 5.196565 0.996521 5.291464
2 -2.359477 4.740344 0.552835 5.323873
3 -0.376478 5.426420 0.234077 5.444498
4 8.984604 1.155886 -2.391708 9.369069
5 10.495689 2.795942 -1.589063 10.977336
In debye units.

Figure 3 shows the electrostatic potential (ESP) charges on the atoms of models 1-3
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 [27]. The figure shows that in the models carbon of the nitroform
moiety has partial negative charge (-0.30 to -0.35) whereas the hydrogen originating from
the nitroform has minute negative partial charge in models 1 and 3 but a minute positive
partial charge in model-2.
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Figure 3. The ESP charges on atoms of models 1- 3 considered (Some hydrogen atoms
not shown for clarity).

Figure 4 shows the electrostatic potential field maps of the models considered.

Figure 4. Electrostatic potential field maps of the models considered.

Table 3 shows some standard thermodynamic properties of the models considered.
According to the data in the table, the order of 3>1>2>4>5 stands for H° (the
exothermicity) of the models. The same order holds for G° values indicating that
thermodynamically model-3 and model-5 are the most and the least favored ones,
respectively. Of course many structural and electrical factors are influential on these
orders.
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Table 3. Some standard thermodynamic properties of the models

considered.

Models H® (kJ/mol) S° (J/mol®) G° (kJ/mol)
1 -2011071.047 428.88 -2011198.918
2 -2011070.882 428.59 -2011198.666
3 -2011071.956 427.73 -2011199.488
4 -2011051.277 423.80 -2011177.633
5 -2011051.739 424.46 -2011178.292

Table 4 lists various properties of the models considered. The area and volumes of
the models follow the order of 1>2>3>4>5. The ovalites of the first three models are the

same as well as the polarizability values.

Table 4. Various properties of the models considered.

Models  Area (A%  Volume (A%) Ovality Polarizability LogP
1 186.45 133.74 1.47 51.25 0.49
2 186.12 133.72 1.47 51.25 -
3 185.43 133.62 1.47 51.25 -
4 179.62 132.01 1.43 51.03 -0.43
5 176.09 131.56 1.41 51.07 -

Polarizability values in units of 10-3° m3.

Figure 5 shows some of the molecular orbital energy levels of the models considered.

The HOMO, LUMO energies and the interfrontier molecular orbital energy gaps, Ag, of

the models are listed in Table 5.
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Figure 5. Some of the molecular orbital energy levels of the models considered.

As seen in Table 5, the HOMO and LUMO orders are 4<1<2<3<5 and 3<2<1<4<S5,
respectively. Consequently, the interfrontier molecular orbital energy gap Ae (Ae = e ymo
- gnomo) values of the models follows the order of 5>4>1>2>3. As compared to the
respective energies of nitroform and hydrazine it is evident that the HOMO energies of
the models are higher than nitroform but lower than hydrazine. It is also true for the
LUMO energies. All these indicate the presence of some interaction between nitroform
and hydrazine. However, the nature of interaction, in the light of the models and the
related data harvested from them, indicate that the bonding is not covalent but a kind of
electrostatic interaction as previously pointed out [5].
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Table 5. The HOMO, LUMO energies and the interfrontier molecular orbital
energy gaps (Ag ) of the models.

Model HOMO LUMO Ag
1 -760.92 -365.06 395.86
2 -760.65 -365.60 395.05
3 -760.63 -367.14 393.49
4 -770.75 -342.95 427.80
5 -707.71 -308.09 399.62
Nitroform -961.03 -399.35 561.68
Hydrazine -566.17 -35.33 530.84

Energies in kJ/mol.

Figure 6 shows the HOMO and LUMO patterns of the models considered. As seen in
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Figure 6. The HOMO and LUMO patterns of the models considered.
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the figure, the nitroform moiety in figures 1-3 does not contribute to the HOMO. As for
the LUMO, this time hydrazine does not contribute to the LUMO. In models 4 and 5
hydrazine neither contributes to the HOMO nor the LUMO.

Figure 7 is the calculated UV-VIS (time dependent density functional) spectra of the

Calculated

UV/Vis Spectrum

Calculated

Calculated

UV/Vis Spectrum
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Figure 7. Calculated UV-VIS spectra of the models considered.

models considered. As seen in the spectrums, the perturbation caused by the nature of the
models progressively disturbs the absorptions in models 1-4. Figure 8 is the calculated
UV-VIS spectra of nitroform and the nitroformate ion. The spectra of the models mainly
resemble the spectrum of nitroform. In the models or in the nitroformate ion due to some

but little extended conjugation (and/or some other perturbations) a shoulder or a new Ay,
value appears and a slight bathochromic effect is observed.

Calculated
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Figure 8. Calculated UV-VIS spectra of nitroform and nitroformate ion.
Note that within the constraints of the theory and the basis set employed the

optimized structure of nitroformate anion, unlike to many carbane ions, is a planar

structure with twisted nitro groups around it (like a carbonium ion) (see Figure 8).
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4. Conclusion

The present density functional treatment, within the restrictions of the theory and the
basis set employed, considers the interaction between hydrazine and nitroform via
various models including ion pair formation and nitro and aci tautomeric forms of
nitroform. The cyclic model seems to be the most stable of all. In models 1-3 which are
more stable (electronically and thermodynamically) than the other models, hydrogen
atom originating from nitroform is in the close proximity of the carbon atom rather than
the vicinity of the hydrazine nitrogen atoms. Therefore, the interaction between the
hydrazine and nitroform should be predominantly a nonbonding type.
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