
Earthline Journal of Chemical Sciences
E-ISSN: 2581-9003; CODEN: EJCSB4
Volume 12, Number 2, 2025, Pages 119-136
https://doi.org/10.34198/ejcs.12225.119136

Received: January 9, 2025; Accepted: February 4, 2025; Published: February 6, 2025

Keywords and phrases: nitroborazines, explosives, charged forms, density functional, spectra. 
*Corresponding author Copyright © 2025 the Author

Charged forms of some nitroborazines – A DFT treatment

Lemi Türker

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

Abstract

Spark sensitivity of explosives is an important subject. One of the causes of accidental explosion of explosives is 
due to static electricity. The present study deals with the development of static electric charge on nitroborazines 
resulting ionic charges eventually. In the present study, mono ionic forms of various nitroborazines are considered 
within the restrictions of unrestricted density functional theory at the level of UB3LYP/6-311++G(d,p) level. All 
the ionic systems of present interest are thermally favored and electronically stable at the standard states. Various 
structural and quantum chemical data have been collected and discussed, including UV-VIS spectra.

1. Introduction

Impressive recent advances in the synthesis of novel boron-containing molecules and the diverse materials 
derived there from, combined with a significantly improved understanding of the properties of these boron 
based molecules and materials, have been published [1]. Nitrogen enriched boron-based heterocyclic high 
energy density materials (HEDMs) have received a considerable interest because of their remarkable explosive 
properties [2,3]. In recent decades, various articles on boron compounds or borazine have piled up in the 
literature [4-12].

A spark is a discrete discharge that leaks through a gap between two conductors in the form of an ionization 
path in which the stored energy is transferred swiftly. The spark is triggered when the breakthrough field 
strength is reached at a certain point in the gap. Also, sufficiently high field strength is required in the whole 
space between the electrodes so that the discharge can travel through that space. A homogeneous electrical field 
between the electrodes is an important requirement [13].

A solid material in an electric field acts as a dielectric material and when the field strength is sufficient, 
electric and/or electro-thermal breakdown occurs. An electric breakdown develops as a result of interaction of 
free charged particles (electrons and/or ions) accelerated by an electric field with the particles of a dielectric, or 
as a result of inelastic displacement of bound charges in a dielectric under the action of an external electric field 
[14-16].

Whatever the discharge type is, organic molecules exposed to an electric field should be affected due to 
polarization depending on the field strength. It is known that the polarizability increases with the size of the 
atom and with the number of electrons it possesses [15-18]. Note that polarization effects eventually may lead 
to ionic charge development.

The spark sensitivity of various explosive molecules has been the subject of very many articles in the 
literature [19-28]. In the present study, mono ionic forms of nitroborazines have been subjected to density 
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functional (DFT) treatment. Up to the best knowledge of the author there is no work in the literature on the 
charged forms of borazine or nitroborazines.

2. Method of Calculation

In the present study, the initial structural optimizations of all the monoionic structures leading to energy 
minima have been achieved by using MM2 method followed by semi-empirical PM3 self-consistent fields 
molecular orbital (SCF MO) method [29,30] at the restricted level [31,32]. Subsequent optimizations were 
achieved at Hartree-Fock level using various basis sets. Then, the structural optimizations were managed within 
the framework of density functional theory (DFT) [33,34] at the (unrestricted, doublet state) level of 
UB3LYP/6-311++G(d,p) [35,36]. 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 [34,37]. The correlation 
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [38] and Lee, Yang, 
Parr (LYP) correlation correction functional [39]. Also, the vibrational analyses have been done and 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 [40].

3. Results and Discussion

In the present study, numbering of ring atoms of borazine is shown in Figure 1. Corresponding nitro 
derivatives are coded accordingly. The codes consisting of only odd numbers indicate that all the nitro groups 
are linked to nitrogen atoms of borazine skeleton yielding certain nitramines. A code having an odd number and 
an even number is a mixed type which contains both N-NO2 and B-NO2 groups. Whereas all the even numbered 
codes stand for the presence of B-NO2 groups. Thus, code 13 indicates a dinitro derivative which possesses the 
nitro groups on nitrogens 1 and 3, whereas code 24 stands for a dinitro structure having NO2 groups on boron 
atoms 2 and 4 (see Figure 2). On the other hand, structure having code 14 possesses nitro groups on nitrogen 
atom-1 and boron atom-4. The capital letters A or C after the code numbers indicates that the ion concerned is a 
mono valent anion or cation, respectively.
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Figure 1. Numbering of ring atoms of borazine.

Figure 2 shows the optimized structures and the direction of the dipole moment vectors of the mono ionic 
nitroborazines of present consideration. The starting and end points of the dipole moment vector in each case is 
structure dependent. There is no particular chose for boron or nitrogen atom. In that sense relative position(s) of 
the nitro groups should be more effective rather than they are on the nitrogen or boron atom.



Charged forms of some nitroborazines – A DFT treatment

Earthline J. Chem. Sci. Vol. 12 No. 2 (2025), 119-136

121

Figure 2. Optimized structures of the mono ions of nitroborazines presently considered.
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The figure reveals that the optimization is accompanied mostly by some small bond length changes except 
in 1A which contains highly elongated N-NO2 bond length/distance (possibly a bond rupture, see below text). 
Although in the anions the nitro group(s) is coplanar with the borazine ring, in the case of the cations some 
rotations about the N-NO2 or B-NO2 (1C, 2C, etc.) bonds happen. Also in some cations the ring bond angles 
deviate from the internal angles of a regular hexagon. 

Table 1 lists some of the standard thermo chemical formation data of the nitroborazines considered. The 
data reveal that the standard heat of formation (Hº) values of all of them is exothermic and they are favored 
according to their Gº values. The relevant entropy values are all positive. As seen in the table the cations 
possess less exothermic Hº values compared to the relevant isomeric anion forms. In the case of mixed type 
nitroborazines which contains the same number(s) of nitro groups (e.g., dinitro group 12,13 and 14, or trinitro 
group 135 and 246) nitro group on boron atom yields more exothermic Hº value, thus the algebraic order 
becomes 24<14<12<13 and 246<135. The same order holds for the Gº values. As for the cations, the orders of 
Hº and Gº values are the same, namely 2<1 (mono nitro isomers), 24<14<12<13 (dinitro isomers) and 246<135 
(trinitro isomers).

Table 1. Some thermo chemical properties of the nitroborazine ions considered.

Anionic form Cationic form

Hº Sº 
(J/molº)

Gº Ions Hº Sº 
(J/molº)

Gº

-1174166.18 369.99 -1174276.49 1 -1173090.36 361.25 -1173198.07

-1174361.05 354.13 -1174466.63 2 -1173260.66 359.67 -1173367.90

-1711355.04 394.86 -1711472.77 12 -1710185.28 403.78 -1710305.67

-1711170.91 400.70 -1711290.38 13 -1710021.80 400.10 -1710141.09

-1711405.01 395.01 -1711522.77 14 -1710202.09 401.10 -1710321.68

-1711580.00 397.61 -1711698.55 24 -1710380.51 401.96 -1710500.36

-2248183.08 441.42 -2248314.69 135 -2246942.64 444.16 -2247075.07

-2248763.96 442.28 -2248895.83 246 -2247489.23 443.40 -2247621.43

Energies in kJ/mol.

Table 2 shows some energies of the nitroborazines considered where E, ZPE and EC stand for the total 
electronic energy, zero point vibrational energy and the corrected total electronic energy, respectively. 
According to the table, the stability order of the anion forms of isomeric nitroborazine considered are 246>135, 
24>14>12>13, and 2>1. The same orders hold for the cation forms of the nitroborazines considered. Note that 
1A is less stable than its isomeric 2A, although in the previous structure (1A) N-NO2 bond rupture occurs 
(entropically more favored but still less favored by Gº value compared to 2A). Note that in the table EC for 1A 
stand for the decomposed system.
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Table 2. Some energies of the nitroborazine ions considered.

Anionic form Cationic form

E ZPE EC Ions E ZPE EC

-1174410.57 231.58 -1174178.99 1 -1173341.51 239.21 -1173102.30

-1174618.96 246.87 -1174372.09 2 -1173516.78 244.39 -1173272.39

-1711616.45 250.41 -1711366.04 12 -1710444.76 247.32 -1710197.44

-1711423.83 241.02 -1711182.81 13 -1710276.25 242.87 -1710033.38

-1711667.27 251.37 -1711415.9 14 -1710461.42 247.68 -1710213.74

-1711845.88 254.82 -1711591.06 24 -1710645.05 252.76 -1710392.29

-2248438.57 243.55 -2248195.02 135 -2247196.59 241.88 -2246954.71

-2249035.14 259.36 -2248775.78 246 -2247759.91 258.66 -2247501.25

Energies in kJ/mol.

Table 3 lists some properties of the nitroborazine ions considered. It is worth mentioning that the polar 
surface area (PSA) is defined as the amount of molecular surface area arising from polar atoms (N,O) together 
with their attached hydrogen atoms. Although some of these ions are isomeric, their PSA values differ from 
each other meaning that the same kind of atoms might be influenced by electronic factors differently at different 
positions.

Table 3. Some properties of the nitroborazine ions considered.

Anionic form Cationic form

Area (Å²) Volume 
(Å³)

PSA
(Å²)

Ovality Ions Area 
(Å²)

Volume 
(Å³)

PSA (Å²) Ovality

158.39 126.42 71.28 1.30 1 148.32 122.36 62.38 1.24

145.58 120.35 70.63 1.23 2 145.97 119.91 71.89 1.24

170.72 142.96 99.56 1.29 12 170.56 142.39 100.27 1.29

171.70 144.02 93.88 1.29 13 173.94 144.58 93.16 1.31

171.30 142.70 101.17 1.30 14 173.35 142.82 102.69 1.31

171.95 141.66 110.03 1.31 24 172.71 141.43 111.82 1.32

197.27 166.28 124.59 1.35 135 199.70 166.94 124.13 1.36

198.68 163.09 149.84 1.38 246 197.78 162.67 149.49 1.37

Table 4 lists dipole moment values of nitroborazine ions considered. As the data reveal, in general anions 
have much greater dipole moment values compared to the relevant cations. The dipole moment provides a 
measure of the extent to which charge distributed in a molecule and the resultant value is the vectorial sum of 
individual bond dipoles in a molecule. The magnitude of the dipole moment also depends on the extent to which 
charge is separated. All these factors dictate the magnitudes and the direction of the resultant dipole moments.
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Table 4. Dipole moment values of nitroborazine ions 
presently considered.

Anionic form Ions Cationic form

8.32 1 1.14

11.16 2 0.39

11.42 12 3.84

7.85 13 1.95

4.05 14 0.95

6.48 24 1.17

0.03 135 1.55

2.38 246 0.61

In debye units.

Typical electrostatic potential (ESP) maps of the anions and cations are depicted in Figure 3. Electrostatic 
potential map paints the value of electrostatic potential onto an electron density surface. The maps based on the 
ESP charges which are obtained by the program based on a numerical method that generates charges that 
reproduce the electrostatic potential field from the entire wavefunction [40]. In an electrostatic potential map 
colors towards red depict negative potential while colors towards blue depict positive potential and colors in 
between (orange, yellow, and green) depict intermediate values of the potential. As seen in the figure the anions 
and cations are characterized with all red and all blue painted maps, respectively. The net charge of the ions 
spread over the whole system except 12A and 13A in which some inhomogeneity is discernable in the map 
(yellowish region).
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Figure 3. ESP maps of the nitroborazine ions considered.

Figure 4 shows the bond densities of the nitroborazine ions of the present concern. The bond density 
contains fewer electrons in total and demarks atomic connectivity. Note that in 1A case no bond density present 
between the ring nitrogen atom and the nitro group. The distance between them is 2.276 Ả which indicates a 
bond rupture (see also Figure 2). On the other hand, in the cation (1C) the bond density seems to be very high 
and the ring has some bond elongations and contractions. The nitro group attracts π-electrons of the ring to the 
nitramine moiety. Such kind of electronic effects should be occurring in the other ions considered depending on 
the π-topology of the ions.
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Figure 4. Bond densities of the nitroborazine ions of the present concern.

Figure 5 shows the spin density maps of the ions considered which indicate the distribution of the unpaired 
electron over the system. A spin density map is a graph that shows the value of the spin density on an electron 
density isosurface corresponding to a van der Waals surface. On the other hand, spin density is the difference in 
number of electrons of α and β spins at a point in space. It indicates the location of the unpaired electron in 
radical or unpaired electrons in triplet or higher multiplicity state in units of electrons/au3.
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Figure 5. The spin density maps of the nitroborazine ions considered.

Figure 6 shows the local ionization maps of the nitroborazine anions considered. In a 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.
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Figure 6. Local ionization maps of the nitroborazine anions considered.

Table 5 shows the HOMO, LUMO energies and the interfrontier molecular orbital energy gap (Δε) values, 
(Δε=εLUMO-εHOMO) values of the species considered.

Table 5. The HOMO, LUMO energies and Δε values of the nitroborazine ions considered.

Anionic form Cationic form

HOMO LUMO Δε Ions HOMO LUMO Δε

-127.62 241.47 369.09 1 -1356.27 -813.68 542.59

45.92 221.91 175.99 2 -1353.26 -798.97 554.29

-20.57 144.37 164.94 12 -1320.09 -841.92 478.17

22.02 100.39 78.37 13 -1370.66 -777.18 593.48

-42.89 86.92 129.81 14 -1339.58 -788.74 550.84

-41.13 48.08 89.21 24 -1338.59 -793.56 545.03

-42.22 30.95 73.17 135 -1343.51 -803.38 540.13

-94.01 -31.76 62.25 246 -1312.63 -804.93 507.70

Energies in kJ/mol.

Note that the algebraic HOMO energy order for mono nitro borazines is 1A<2A and remember that 1A has 
a broken N-NO2 bond. In the case of dinitro derivatives, in which one of the nitro group is on the boron atom, 
the algebraic order of the HOMO energies is 14A <24A <12A <13A, hence the order is dependent on the 
location of the NO2 group as well as π-topology of the system. In the trinitro case, the order happens as 246A 
<135A. Thus, the nitro groups on the boron atoms lower the HOMO energy level more effectively compared to 
the case of all on the nitrogens. The LUMO energy order for the anions is 246A<135 A <24A <14A <13A 
<12A <2A <1A. In isomeric structures the order can be grouped as 246A<135 A; 24A <14A <13A <12A and 
2A <1A, respectively for the tri, di and mono nitro anions. Thus, nitro groups all on the boron atoms lower the 
LUMO energy of the anions more effectively than all on the nitrogen atoms. In the case of dinitro borazine, 
24A, has much lower LUMO energy than all the mixed types (such as 14A, 13A, etc.).

As for the cations, the HOMO and LUMO energy orders are 3C<1C <2C <135C <14 C <24C <12C <246C 
and 12C <1C <246C <135C <2C <24C <14C <13C, respectively. The LUMO energy order for isomeric cations 
is, 246C <135C; 12C <24C <14C <13C and 1C <2C, respectively for the tri, di and mono nitro anions.
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The narrowest interfrontier molecular orbital gap values (Δε) for the anions follow the order of 
246A<135A<13A whereas for the cations it is 12C<246C etc.

Figure 7 shows the HOMO and LUMO patterns of nitroborazine anions considered. Because of the 
unrestricted treatment, the α and β orbitals arise for the ions of nitroborazines.
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Figure 7. The HOMO and LUMO patterns of nitroborazine anions considered.

Figure 8 displays the HOMO and LUMO patterns of nitroborazine cations considered.
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Figure 8. The HOMO and LUMO patterns of nitroborazine cations considered.

The calculated UV-VIS spectra (time dependent DFT, TDDFT) of the nitroborazine ions considered are 
shown in Figure 9. In the figure, the missing spectra of the nitroborazine cations; 24C, 135C and 246C do not 
have any appreciable absorption in the range. From the inspection of the spectra of the anions, one may get the 
impression of that as the nitro group(s) bind to boron atom(s) some sort of bathochromic effect [41,42] is 
observed, such as 2A,12A etc., but not always. However, the cations usually absorb at longer wavelengths 
compared to the corresponding anion forms. Note that the calculated spectra obtained from not only the 
HOMO-LUMO transition but some other transitions as well. Therefore, λmax values may not directly follow the 
order of Δε values in all the cases considered.
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Figure 9. The calculated UV-VIS spectra of the nitroborazine ions considered.

4. Conclusion

In the present computational study, some nitroborazine ions are considered within the restrictions of density 
functional theory and the applied basis set. In the vacuum conditions, all of the ionic systems are characterized 
with exothermic heat of formations and favorable Gibbs free energy of formation values and they are all 
electronically stable (except 1A). Depending on the position of the nitro group(s) and the extend of conjugation 
of them with the ring, the HOMO and LUMO energies vary. Consequently, the UV-VIS spectra show 
variations, even among the isomeric ions considered. The stability of these mono ions implies that the relevant 
parent systems should resist to static charging (no bond cleavage happens) unless during the process in which 
some other initiation reactions occur due to certain factors arising from individual identity of the structures.

References

[1] Huang, Z., Wang, S., Dewhurst, R. D., Ignat’ev, N. V., Finze, M., & Braunschweig, H. (2019). Boron: Its role in 
energy-related processes and applications. Angewandte Chemie International Edition, 59(23), 8800-8816. 
https://doi.org/10.1002/anie.201911108 

[2] Zlotin, S.G., Dalinger, I.L., Makhova, N.N., & Tartakovsky, V.A. (2020). Nitro compounds as the core structures 
of promising energetic materials and versatile reagents for organic synthesis. Russian Chemical Reviews, 89(1), 
1-54. https://doi.org/10.1070/RCR4908 

[3] Ina, L.M., & Ball, D.W. (2017). Density functional theory calculations on nitrated boroxines as possible high 
energy-density materials. Ohio Journal of Science, 117(2). https://doi.org/10.18061/ojs.v117i2.5298 

[4] Wang, G., Jing, S., Liu, G., & Gao, X. (2020). Review on the synthesis and properties of the energetic compound 
containing boron. Current Organic Chemistry, 24(10), 1097-1107. 
https://doi.org/10.2174/1385272824999200516180719 

[5] Zeng, X., Li, N., & Jiao, Q. (2018). Carbon-free energetic materials: Computational study on nitro-substituted 
BN-cage molecules with high heat of detonation and stability. RSC Advances, 8, 14654-14662. 
https://doi.org/10.1039/C7RA13476B 

[6] Li, Y., Hao, J., Liu, H., Lu, S., & Tse, J.S. (2015). High-energy density and superhard nitrogen-rich B-N 
compounds. Physical Review Letters, 115, 105502. https://doi.org/10.1103/PhysRevLett.115.105502 

[7] Bettinger, H.F., Kar, T., & Sánchez-García, E. (2009). Borazine and benzene homo- and heterodimers. The 
Journal of Physical Chemistry A, 113(14), 3353-3359. https://doi.org/10.1021/jp808173h 

[8] Zagorac, J., Fonovic, M., Djukic, M.B., Butulija, S., Prikhna, T., & Zagorac, D. (2024). Structural properties of 
full-scope AlN/BN compounds investigated using ab initio calculations. Procedia Structural Integrity, 54, 453-
459. https://doi.org/10.1016/j.prostr.2024.01.106 

[9] Verma, K., & Viswanathan, K.S. (2017). The borazine dimer: The case of a dihydrogen bond competing with a 
classical hydrogen bond. Physical Chemistry Chemical Physics, 19, 19067-19074. 
https://doi.org/10.1039/C7CP04056C 

246A

https://doi.org/10.1002/anie.201911108
https://doi.org/10.1070/RCR4908
https://doi.org/10.18061/ojs.v117i2.5298
https://doi.org/10.2174/1385272824999200516180719
https://doi.org/10.1039/C7RA13476B
https://doi.org/10.1103/PhysRevLett.115.105502
https://doi.org/10.1021/jp808173h
https://doi.org/10.1016/j.prostr.2024.01.106
https://doi.org/10.1039/C7CP04056C


Charged forms of some nitroborazines – A DFT treatment

Earthline J. Chem. Sci. Vol. 12 No. 2 (2025), 119-136

135

 [10] Verma, K., & Viswanathan, K.S. (2018). A tale of two structures: The stacks and Ts of borazine and benzene 
hetero and homo dimers. ChemistrySelect, 3(3), 864-873. https://doi.org/10.1002/slct.201703005 

[11] Kawahara, S., Tsuzuki, S., & Uchimaru, T. (2003). Ab initio calculation of interaction nature of borazine 
(B3N3H6) dimer. Journal of Chemical Physics, 119, 10081-10087. https://doi.org/10.1063/1.1616914 

[12] Türker, L. (2025). Some strong dimers of borazine – A DFT treatment. Earthline Journal of Chemical Sciences, 
12(1), 85-101. https://doi.org/10.34198/ejcs.12125.085101 

[13] Türker, L. (2009). Contemplation on spark sensitivity of certain nitramine type explosives. Journal of Hazardous 
Materials, 169(1-3), 454-459. https://doi.org/10.1016/j.jhazmat.2009.03.117 

[14] Tareev, B. (1975). Physics of dielectric materials. Moscow: Mir Pub. 

[15] Hinchliffe, A., & Munn, R.W. (1985). Molecular electromagnetism. NewYork: Wiley. 

[16] Zeman, S. (2003). A study of chemical micromechanism of the organic polynitro compounds initiation. In P. 
Politzer & J. Murray (Eds.), Energetic materials (Vol. 2, pp. 25-52). Elsevier.

[17] Atkins, P.W. (1974). Quanta, A handbook of concepts. Oxford: Clarendon Press.

 [18] Atkins, P.W., & De Paula, J. (2002). Atkin’s physical chemistry. Oxford: Oxford University Press.

[19] Hosoya, F., Shiino, K., & Itabashi, K. (1991). Electric spark sensitivity of heat resistant polynitro aromatic 
compounds. Propell. Explos. Pyrot., 16(3), 119-122. https://doi.org/10.1002/prep.19910160306 

[20] Skinner, D., Olso, D., & Block-Bolten, A. (1997). Electrostatic discharge ignition of energetic materials. Propell. 
Explos. Pyrot., 23(1), 34-42. 
https://doi.org/10.1002/(SICI)1521-4087(199802)23:1<34::AID-PREP34>3.0.CO;2-V 

[21] Koci, J., Zeman, V., & Zeman, S. (2001). Spark sensitivity of polynitro compounds. Part V. A relationship 
between electric spark and impact sensitivities of energetic materials. HanNeng CaiLiao., 9, 60-65.

[22] Zeman, V., Koci, J., & Zeman, S. (1999). V. Zeman, Spark sensitivity of polynitro compounds. Part II. A 
correlation with detonation velocities of some polynitro arenes. HanNeng CaiLiao., 7, 127-132.

[23] Zeman, V., Koci, J., & Zeman, S. (1999). Spark sensitivity of polynitro compounds. Part III. A correlation with 
detonation velocities of some nitramines. HanNeng CaiLiao., 7, 172-175.

[24] Zeman, S. (2006). New aspects of initiation reactivities of energetic materials demonstrated on nitramines. J. 
Hazard. Mater., 132, 155-164.

[25] Zeman, S., Pelikan, V., & Majzlik, J. (2006). Electric spark sensitivity of nitramines. Part I. Aspects of molecular 
structure. Cent. Eur. J. Energ. Mater., 3(3) 27-44.

[26] Keshavarz, M.H. (2008). Theoretical prediction of electric spark sensitivity of nitro aromatic compounds based on 
molecular structure. J. Hazard. Mater., 153, 201-206. https://doi.org/10.1016/j.jhazmat.2007.08.036 

[27] Talawar, M.B., Agrawal, A.P., Anniyapan, M., Wani, D.S., Bansode, M.K., & Gore, G.M. (2006). Primary 
explosives: electrostatic discharge initiation, additive effect and its relation to thermal and explosive 
characteristics. J. Hazard. Mater., 137 1074-1078. https://doi.org/10.1016/j.jhazmat.2006.03.043   

[28] Auzenau, M., & Roux, M. (1995). Electric spark and ESD sensitivity of reactive solids, Part II: energy transfer 
mechanism and comprehensive study on E50. Propell. Explos. Pyrot., 20, 96-101. 
https://doi.org/10.1002/prep.19950200211 

[29] Stewart, J.J.P. (1989). Optimization of parameters for semiempirical methods I. Method. Journal of 
Computational Chemistry, 10, 209-220. https://doi.org/10.1002/jcc.540100208 

[30] Stewart, J.J.P. (1989). Optimization of parameters for semi empirical methods II. Application. Journal of 
Computational Chemistry, 10, 221-264. https://doi.org/10.1002/jcc.540100209 

https://doi.org/10.1002/slct.201703005
https://doi.org/10.1063/1.1616914
https://doi.org/10.34198/ejcs.12125.085101
https://doi.org/10.1016/j.jhazmat.2009.03.117
https://doi.org/10.1002/prep.19910160306
https://doi.org/10.1002/(SICI)1521-4087(199802)23:1%3c34::AID-PREP34%3e3.0.CO;2-V
https://doi.org/10.1016/j.jhazmat.2007.08.036
https://doi.org/10.1016/j.jhazmat.2006.03.043
https://doi.org/10.1002/prep.19950200211
https://doi.org/10.1002/jcc.540100208
https://doi.org/10.1002/jcc.540100209


Lemi Türker

http://www.earthlinepublishers.com

136

[31] Leach, A.R. (1997). Molecular modeling (2nd ed.). Essex: Longman.

[32] Fletcher, P. (1990). Practical methods of optimization (1st ed.). New York: Wiley.

[33] Kohn, W., & Sham, L. (1965). Self-consistent equations including exchange and correlation effects. Physical 
Review, 140, A1133-A1138. https://doi.org/10.1103/PhysRev.140.A1133 

[34] Parr, R.G., & Yang, W. (1989). Density functional theory of atoms and molecules (1st ed.). London: Oxford 
University Press.

[35] Cramer, C.J. (2004). Essentials of computational chemistry (2nd ed.). Chichester, West Sussex: Wiley.

[36] Young, D.C. (2001). Computational chemistry. New York: Wiley.

[37] Becke, A.D. (1988). Density-functional exchange-energy approximation with correct asymptotic behavior. 
Physical Review A, 38, 3098-3100. https://doi.org/10.1103/PhysRevA.38.3098 

[38] Vosko, S.H., Wilk, L., & Nusair, M. (1980). Accurate spin-dependent electron liquid correlation energies for local 
spin density calculations: A critical analysis. Canadian Journal of Physics, 58, 1200-1211. 
https://doi.org/10.1139/p80-159 

[39] Lee, C., Yang, W., & Parr, R.G. (1988). Development of the Colle-Salvetti correlation energy formula into a 
functional of the electron density. Physical Review B, 37, 785-789. https://doi.org/10.1103/PhysRevB.37.785 

[40] Wavefunction Inc. (2006). SPARTAN 06. Irvine, CA, USA.

[41] Ferguson, L.N. (1969). The modern structural theory of organic chemistry, New Delhi: Prentice-Hall of India.

[42] Turro, N.J. (1991). Modern molecular photochemistry. Sausalito: University Science Books.

This is an open access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted, use, distribution and reproduction in any medium, or format 
for any purpose, even commercially provided the work is properly cited.

https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevB.37.785
http://creativecommons.org/licenses/by/4.0/

