Earthline Journal of Chemical Sciences
ISSN (Online): 2581-9003

Volume 5, Number 1, 2021, Pages 35-48
https://doi.org/10.34198/ejcs.5121.3548

Some Novel Tricyclic Caged-Nitramines - A DFT Study

Lemi Tiirker

Department of Chemistry, Middle East Technical University, Universiteler, Eskisehir Yolu No: 1, 06800
Cankaya/Ankara, Turkey; e-mail: lturker@gmail.com; lturker@metu.edu.tr

Abstract

A tricyclic caged-nitramine structure having embedded RDX base has been designed. It
also has three etheric linkages in the cage structure. In that sense it reminds TEX structure
but it has much better oxygen balance than RDX and TEX. Then two hetero atom
exchange operation (N to O replacement) at a time has been carried out to produce
different isomeric structures. Through optimization process (B3LYP/6-311++G(d,p)) they
have yielded some conformers and stereoisomers. The effect of heteroatom replacement
on various geometrical, quantum chemical and spectral properties of the isomers have

been investigated and discussed.

1. Introduction

Nitramines are important oxidizer ingredients for solid propellants. Note that RDX
and HMX are well known nitramines. Nitramines are highly energetic structures and
produce high impetus and specific impulse for gun and rocket propulsion systems.
Nitramines are molecules which generally produce little smoke, less toxicity and

environmental risks.

In the past couple of decades, significant progress has been made in the study of
combustion-wave structures and burning characteristics of nitramine type
monopropellants such as cyclotrimethylenetrinitramine (RDX) and HMX. Extensive
experimental diagnostics [1-3] and theoretical analyses [4-10] were conducted over a
broad range of operating conditions.
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A comprehensive analysis of laser-induced ignition of 1,3,5-trinitrohexahydro-s-
triazine (RDX) monopropellant has been performed with consideration of detailed

chemical kinetics by Liau and coworkers [11].

Substituent effects on the molecular stability, group interaction, detonation
performance, and thermolysis mechanism of certain nitramines were reported [12]. On
the other hand, design strategy from linear to cyclic to caged molecules were discussed
by Yang et al. [13].

The effect of strain on trigger bonds in organic-cage energetic materials, including
nitramines was reported [14]. Extension of the research, concentrated on caged
nitramines such as TEX and CL-20 have attracted attention in recent years [15-22]. To
improve the performance of explosives, the improvement of density is crucial. One way
to increase the density is by changing the molecular geometries from linear to cyclic to
caged structures. The caged nitramines are much more appealing in seeking high-energy

materials [13]. Therefore, the present study is on some novel caged-nitramine structures.
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 PM3 semi-
empirical self-consistent fields molecular orbital (SCF MO) method [23, 24] at the
restricted level [25, 26]. Subsequent optimizations were achieved at Hartree-Fock level
by using various basis sets. Then, the structural optimizations were managed within the
framework of density functional theory (DFT) [27, 28] at the level of B3LYP/6-
311++G(d,p) [26, 29]. 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 [28, 30]. The correlation term of B3LYP consists of the Vosko, Wilk,
Nusair (VWN3) local correlation functional [31] and Lee, Yang, Parr (LYP) correlation
correction functional [32]. 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 [33].
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3. Results and Discussion

The caged-nitramines usually have desirable high energy and high density e.g., TEX
and CI-20 structures. Therefore in the present computational study some caged-
nitramines (C4H4;NOo) have been designed and investigated within the realm of density
functional theory.

Figure 1 shows the isomeric structures obtained by the simple exchange of two
heteroatoms at a time. So, structure-B is from structure-A, structure-C from B etc. As
seen in the figure structure-A possesses an embedded RDX (hexogen, cyclonite)
structure as its base ring. Whereas structure-E possesses an embedded sym-trioxane ring.
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Figure 1. Constitution of the structures presently considered.

Structure-A has three fold symmetry and all the rings are six-membered. So the
exchange process of heteroatoms constitutionally may produce the same structure among
the group having different appearance. For instance, applying some symmetry operations
the constitutional relationship between A and D can be shown.

Figure 2 shows the optimized structures of the isomers considered. It also shows the
direction of the dipole moment vectors. The optimization process led to different
conformers in the case of isomers A and D. Even stereoisomers B and C have been
obtained. Figures 3 and 4 display those situations. Structure-A has the nitro groups as all
in equatorial positions (eee) whereas structure-D has them in eea conformation. The
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stereoisomers B and C are all R and S type, respectively. Note that they are diasteromers
not enantiomers. These details are not so obvious in Figure 1. Also note that the oxygen
balance of these isomers is -6.34 % whereas RDX and TEX have -21.6 and -42.74,
respectively.

Figure 2. Optimized structures of the isomers considered.
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Figure 3. Conformers A and D.
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Figure 4. Stereoisomers B and C. They also differ conformationally.

Table 1 lists some properties of structures A through E. Although, some of the values
are very comparable, the dipole moments for conformers A and D highly differ. Note
that PSA (polarizable surface area) in Table 1 stands for area due to nitrogen and oxygen

and any hydrogens attached to nitrogen and oxygen.

Table 1. Some properties of the structures considered.

Structure  Area (A2)  Volume (A3) Dipole PSA (A?)  Polarizability

moment

(Debye)
A 208.66 182.67 0.74 153.401 54.75
B 209.32 182.89 2.12 153.394 54.74
C 209.35 182.90 2.12 153.384 54.74
D 209.06 182.80 2.73 153.378 54.74
E 209.20 182.85 3.15 153.319 54.72

They all have the Ovality: 1.34, Log P: 4.32 and C1 symmetry.

Assuming that the combustion products of these isomeric structures are the same the
heat of combustions of them should be very comparable. Also their densities should be
close to each other.

Table 2 shows some energies of the structures considered where E, ZPE and E stand
for total electronic energy, zero point vibrational energy and the total corrected
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electronic energy, respectively. The data reveal that they are all stable electronically.
Structure E is the most stable among the all. Of the conformers A and D, the later one is

more stable.

Table 2. Some energies of the structures considered.

Structure E 7ZPE Ec
A -3046350.98 369.83 -3045981.15
B -3046347.21 370.36 -3045976.85
C -3046346.83 370.02 -3045976.81
D -3046351.35 369.93 -3045981.42
E -3046351.93 370.00 -3045981.93

Energies in kJ/mol.

Table 3 shows some thermodynamic values of the structure considered. All the
structures considered have exothermic heat of formation values and their formation
energies are favorable thermodynamically. Structure E is the most exothermic and most
favorable within the group. Whereas, the stereoisomers B and C are the least exothermic
and the least favorable.

Table 3. Some thermodynamic values of the structure considered.

Structure H° (kJ/mol.) S° (J/mol®) G’ (kJ/mol.)
A -3045976.353 445.21 -3046109.100
B -3045972.126 444 .84 -3046104.768
C -3045972.047 445.05 -3046104.741
D -3045976.616 444.70 -3046109.205
E -3045977.167 444.76 -3046109.782

Table 4 shows the heat of formation values calculated based on two different
approaches. Of those, T1 method has been developed to closely reproduce heats of
formation calculated from G3(MP2). It replaces the large basis set MP2 calculation by a
dual basis set R1-MP2 calculation and replaces the QCISD(T) calculation and the

vibrational frequency calculation by an empirical correlation based on atom and bond
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counts [33]. As seen in the table, both method of calculations yield parallel sequence of
orders. Two extremes isomers, A and E (having base ring of alternating only nitrogen
and oxygen substituted, respectively) are the least and most exothermic structures,

respectively.

Table 4. H° (kJ/mol.) values of the structures considered.

Structure PM3//B3LYP/6- T1
311++G(d,p)
A -190.040 -170.67
B -196.963 -171.22
C -197.547 -171.21
D -202.217 -175.46
E -209.342 -178.16

Figure 5 displays some of the molecular orbital energy levels of the structures
considered. Structures A and D are conformers, therefore their molecular orbital energy
spectra are quite similar. Notice the LUMO and NEXTLUMO energy levels of them. On
the other hand, B and C are stereoisomers (diasteromers), so they exhibit the same
pattern.

Table 5 shows the HOMO, LUMO energies and the interfrontier molecular orbital
energy gap values (Ag) of the structures of present concern. Structures-A and E have the
smallest and the largest Ae value, respectively.

Table 5. The HOMO, LUMO energies and Ag values.

Structure HOMO LUMO Ag
A -908.17 -317.89 590.28
B -902.89 -302.16 600.73
C -902.70 -301.99 600.71
D -906.23 -308.16 598.07
E -907.19 -301.79 605.40

Energies in kJ/mol.
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Figure 5. Some molecular orbital energy levels of the isomers.

The time-dependent density functional UV-VIS spectra of the structures produced
almost the identical spectra. Figure 6 shows the spectrum of structure-A as a

representative one.
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™
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Figure 6. UV-VIS spectra of structure-A.
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Figure 7 shows the HOMO and LUMO patterns of the structures presently
considered.

HOMO LUMO

Figure 7. The HOMO and LUMO patterns of the isomers considered.
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Appearance of the electrostatic potential maps of the systems is shown in Figure 8
where red/reddish and blue/green regions stand for negative and positive potential fields,
respectively. In the figure, red/yellow regions turns into yellowish/green regions
progressively as the nitrogen atoms of structure-A undergo centric perturbations by the
oxygen replacement.

Figure 8. Electrostatic potential maps of the structures considered.

Figure 9 displays the local ionization maps of the structures considered. In the local
ionization potential map conventionally red regions 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, regions having blue color represent areas where
ionization is relatively difficult.

Figure 10 stands for the LUMO maps of the structures considered. A 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.
Hence, a nucleophile attacks on the atom having the blue/bluish color.
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Figure 10. LUMO maps of the structures considered.
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4. Conclusion

A novel tricyclic caged-nitramine structure has been designed which possesses an
embedded RDX structure and having much better oxygen balance value than RDX and
TEX. Various constitutional isomers from that structure have been investigated within
the restrictions of density functional theory at the applied level of calculations. They are
all exothermic structures and electronically stable ones having favorable free energy of
formation values. The cage structure of them suggests that they might have desirable
densities preferable for ballistic purposes.
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