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Abstract: The structural isomers of nitroborazines were optimized at M06-
2X/6-311++G** level of theory. The effects of the NO, group on the molecular
volume, molecular surface area, crystal density, positive, negative and total average
potentials, variances, average deviation and electrostatic balance parameter on the
molecular surface were considered. In addition, some important thermodynamic
properties of these compounds, such as gas phase and condensed phase enthalpies
of formation (AH’ (g) and AH’ (¢)), and the enthalpy of sublimation (AH g),
were calculated. It was found that the crystal densities (p) are in the range 1.447-
1.902 g/cm3. These values are slightly smaller than the corresponding values
of their carbon analogues (except for the mononitro compounds). Meanwhile,
the values of p for B-substituted, di- and trinitroborazines are larger than the
related N-substituted compounds. The calculated values of AHgy, are in the
range 20.1-30.4 kcal/mol. The calculated values of A" (g) and AH’ (c) for the
B-substituted nitroborazines are more negative than those for the N-substituted
ones. The stability sequence of the hydrogen bonded network structures of
nitroborazines in the condensed phase is: dinitroborazine > mononitroborazine >
trinitroborazine. The detonation pressure and velocity of these compounds were
also calculated. Nitroborazines can be introduced as energetic compounds with
high thermodynamic stability and relatively low detonation performance.

Keywords: electrostatic potential, enthalpy of sublimation, enthalpy of
formation, density

List of Symbols
AH" (g)  Enthalpy of formation in the gas phase
AH" (c)  Enthalpy of formation in the condensed phase



364 M. Zamani, M.H. Keshavarz

AHgy, Enthalpy of sublimation

P Crystal density

Vs Positive potential

Vs Negative potential

Vs Overall potential

Vs(1) Electrostatic potential on the surface

v Electrostatic balance parameter

c* Positive variance on the molecular surface
o2 Negative variance on the molecular surface
ol Total variance on the molecular surface
As Molecular surface area

M Molecular weight

Molecular volume
Average deviation of Vg(r)

= =

1 Introduction

Before synthesizing energetic materials, it is important to predict their
performance, sensitivity, and physical and thermodynamic properties. Moreover,
determining measured data of a new energetic compound is dangerous, expensive
and time consuming or sometimes even impossible. However, it is desirable
to improve the methods used for predicting the different properties of energetic
materials from a given molecular structure, so that energetic molecules of
interest can be recognized. Thus, the calculated properties can help us to decide
whether it is worthwhile to attempt a new and complex synthesis of novel
energetic materials.

It is well known that organic compounds containing nitro (NO,) substituents
have a high energy content and are useful as explosive materials. However
there is insufficient information about inorganic ones. The different properties
of borazine 1 in comparison to its organic analogue (benzene) have provided an
interesting chemical topic. It has been reported that borazine, with a gas phase
enthalpy of formation of -121.9 kcal/mol, is thermodynamically very stable [1].
The aromaticity of borazine has been a subject of great controversy. For example,
valence bond theory indicates that borazine has substantial aromatic character,
similar to benzene [2]. But, nucleus-independent chemical shifts (NICS) and
atom in molecule (AIM) studies predict rather poor aromatic character for this
compound [3].
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The structure, infrared spectra, gas phase enthalpy of formation and enthalpy
of combustion of some nitroborazines have been theoretically investigated
for the first time by Janning and Ball using the B3LYP/6-311+G** level of
theory [4]. The detonation velocities of some boron-based high explosives
have been calculated by using the calculated gas phase heat of formation at the
corresponding densities of the carbon analogues [5].

Since most of the dispersion uncorrected GGA and hybrid density functional
methods are unable to describe correlation effects and dispersion forces [6-9], it
is very important to calculate the thermochemical properties of these compounds
using the more accurate DFT methods. The M06-2X meta hybrid density
functional is one of the recommended DFT methods for applications involving
main-group thermochemistry [10], and has been used for the results described
in this article.

For explosives, the accurate estimation of the condensed phase enthalpy
of formation is one of the key factors in the calculation of their performance.
It appears as the input in different computer codes, such as CHEETAH [11],
NASA-CEC-71 [12], EXPLOS [13] and ICT [14], in order to investigate the
detonation characteristics of explosives and to evaluate the performance of
propellants. In order to determine the solid phase heat of formation at 298.15 K,
using the predicted gas phase enthalpy of formation (AH" (g)) and enthalpy
of sublimation (AH',,), Hess’s law can be used. Various approaches, such as
group additivity, molecular mechanics, semi-empirical, empirical and quantum
chemical methods, have been developed to predict AH" (g) for some classes
of organic compounds [15-19]. In order to estimate AH'y, the electrostatic
potential method developed by Politzer et al. [20-24], can be used. In this method,
the AHy, of solid compounds can be estimated on the basis of the molecular
surface properties, including the molecular surface area, the total variance of
the electrostatic potential on the molecular surface and the electrostatic balance
parameter. This method was used by many research groups for calculating the
phase transformation properties of various energetic materials [25-32]. For some
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classes of energetic compounds, reliable correlations have also been developed to
predict the thermochemical and phase transformation properties, which include
AH' 4 [33-35], A’ (g) [36, 37], the condensed phase enthalpy of formation (A"
(c)) [38-41], the enthalpy of fusion [42-45] and the entropy of fusion [46, 47].

For chemists concerned with the synthesis of a new high explosive, the
prediction of the detonation performance without using experimental values
of AH" (¢) and the crystal density (p) is very important. For many years the
detonation pressure and velocity have been the two important detonation
parameters, and these can be used to show the performance of an energetic
material. If AdH’ (¢) and p of an energetic compound are measured or estimated,
the detonation pressure and velocity can be calculated using a suitable computer
code or empirical method [48-51]. The purpose of the present work is to
introduce NO,-substituted borazines 2-20 as new energetic compounds, having
high thermodynamic stability. Suitable pathways were selected to calculate
AHgy, and AH (g) for these compounds. The values of AdH’ (¢) and p have
also been calculated in order to estimate the detonation performance of various
nitroborazines by using an appropriate computer code.
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2 Computational details

All of the quantum chemical calculations in this work were done using the
Gaussian-09 software package [52]. Geometry optimization and frequency
calculations of compounds 1-20 were performed at M06-2X/6-311++G** level
of'theory. There are no imaginary frequencies for all of the optimized structures.
The electrostatic potential analysis (ESP) was done at the 0.001 e/Bohr? isosurface
of electron density and the ESP maps were plotted by M06-2X/6-311++G** and
B3LYP/6-311++G** methods. The positive, negative and overall potentials on
the surface (Vg, Vg and V) were defined by Equations (1)-(3), where Vi(r) is
an electrostatic potential on the surface:

Vs =%_ZH:V§(r) (1)
— la

Vs = E;VS (r) )
T L .

Vs —m[;% (r)+iZ:;VS (n)] 3)

The positive, negative and total variances on the molecular surface (o2,
o® and o2, ), which reveal the range and variability of Vg(r), were calculated by
Equation (4):

1 n . J— 1 m B N
G =0.+0" = ;Z[Vs (r)- VsF + ;Z[Vs (r)— VsT (4)
i=l i=l
The average deviation (IT) of Vs(r) and the electrostatic balance parameter
(v) were expressed by Equations (5) and (6):

1 m+n _
1= V. (r)-V
men | Vs (Vs 5)
0202
vV=—~—
(oL T ©)

These molecular surface properties, along with the molecular surface
area (A;), were used for estimating the AHg,, of NO,-substituted borazines via
Equation (7) [27]:

AHgp, = 0.000267(As)* + 1.650087(v 62 )™ + 2.966078 @)
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Equation (8) was used to calculate the crystal density (p) of compounds
2-20, where M and V,, are the molecular mass in g/molecule and the molecular
volume in cm?/molecule, respectively [53].

M
p=0.9183( )+ 0.0028(vo>, )+ 0.0443 ®)

tot
m

The following isodesmic reaction (Equation (9)) was used to calculate the
AH’ (g) of the nitroborazines. Two stages have been followed to determine
the values of AH" (g): (1) the standard enthalpy of reaction was calculated,
then (2) the calculated value, along with the benchmark AH" (g) of B;N;Hs
(-121.9 kcal/mol) and NO, (7.9 kcal/mol), were used for estimating AH" (g) of
these compounds. The experimental AH’ (g) of borazine and NO, were taken
from the National Institute of Standards and Technology (NIST) [54].

B3N3H6 + XN02 ad B3N3I‘I6_X(NC)2)X + (X/Z)Hz (9)
Equation (10) was used to calculate the values of AdH’ (¢) for compounds 2-20.
AH’ (¢) = A’ (g) - AHqw (10)

The Becker-Kistiakowsky-Wilson equation of state (BKW-EOS) is a semi-
empirical equation of state, which is based upon a repulsive potential applied to
the virial equation of state. The BKW computer code uses BKW-EOS to compute
the Chapman-Jouguet (C-J) equilibrium detonation product composition, the C-J
pressure, detonation velocity, temperature, the single shock Hugoniot and the
isentrope. Ifthe elemental composition, p and AH" (c) of an energetic compound
are known, the BKW computer code can calculate its detonation performance
[48]. For the NO,-substituted borazines 2-20, the calculated detonation velocity
and pressure, on the basis of the cyclotrimethylene trinitramine (RDX) parameter
set, were also calculated.

3 Results and Discussion

For some of the most important compounds in the group of nitroborazines 1-20,
the calculated electrostatic potential maps using the M06-2X method are shown
in Figure 1. The light and dark positions indicate the most negative and the most
positive electrostatic potentials, respectively. Table 1 lists the effects of the NO,



Thermochemical and Performance Properties of NO,-Substituted Borazines... 369

groups on Vy,, A, p and I, as well as the values of Vg, Vg, VS, 0%, 0% 0; and v
on the molecular surface of compounds 1-20.

°309

15 E] 0

Figure 1. The calculated ESP maps at 0.001 e/Bohr? isosurface of electron
density for some NO,-substituted borazines via M06-2X/6-
311++G** level of theory. The legend for the range of the ESPs is
-0.05 (left) to +0.09 (right).

It was found for the mono-, di-, tri-, tetra-, penta- and hexanitroborazines, that
the value of A, is enhanced by increasing the number of NO, groups (Figure 2).
Of compounds 1-20, borazine 1 has the lowest value of A, (129.8 A?) on the
basis of the M06-2X calculations. The corresponding value predicted by B3LYP
is 130.4 A2 For the mono-, di-, tri-, tetra-, penta- and hexanitroborazines, the
values of A, are in the ranges 155.3-275.1 (M06-2X) and 156-276.2 A2 (B3LYP).
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A similar trend was found for the V,, data of these compounds (Table 1).
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Figure 2. Relationship between the M06-2X and B3LY P methods for predicting
the molecular surface properties (A and vo?,) and enthalpy of
sublimation (AH_ ) of compounds 1-20 using Equation 7.

The overall average values of V for the nitroborazines 2-20 are > in the
range 3-9 kcal/mol. The maximum difference between the values of Vg and
Vs was calculated for the trinitro compound 11, i.e. -14.4 to 26.5 kcal/mol,
respectively. The maximum value of I, which is a measure of local polarity or
internal charge separation, is also observed for this compound (20.7 kcal/mol).
According to the results of Table 1, the values of ¢? for compounds 9 and 11-
20 are 4-15 times larger than o2. Therefore, the value of v in these compounds
is quite small, in the range 0.057-0.161. The maximum possible value of v is
0.250, which is attained when o2 = 6. The closeness of v to 0.250 is related
to a greater tendency of the molecule for interaction to a similar extent through
both its positive and negative surface potentials. Of the nitroborazines 2-20, the
mononitro compounds 2 and 3 have the highest v values (0.249). These results
show that the degree of balance between the positive and negative regions is
reduced by increasing the number of NO, groups. It has been reported that o2

tot
is a measure of a molecule’s tendency for non-covalent interactions [20]. The



Thermochemical and Performance Properties of NO,-Substituted Borazines... 373

minimum and maximum values of 6. were calculated for compounds 7 and 18,
as 150.3 and 392.7 kcal*/mol?, respectively. The product vo?, is important for
describing properties that are related to the interactions of a molecule with others
of its own kind. This value is also important for the estimation of the crystal
density and enthalpy of sublimation using Equations (8) and (7), respectively.
The minimum and maximum values of vo;, were also calculated for compounds
9 and 3, as 18.6 and 43.4 kcal*’mol?, respectively.

The values of A, and vo?, given in Table 1 were utilized for the estimation of
the enthalpy of sublimation using Equation (7). This equation is parameterized
for C, H, N, O compounds at the B3LYP level [27]. Here we used this equation
for B, H, N, O molecules, because experimental data for AHg,, of boron containing
compounds are not available. For the nitroborazines 2-20, the calculated values
of AH'yy, by the B3LYP method are in the range 19.9-30.3 kcal/mol. Of the
various nitroborazines, B-nitroborazine 2 and the hexanitro compound 20 have
the lowest and the highest values of AHg,, respectively. The M06-2X method
predicts similar values, i.e. 20.1-30.4 kcal/mol. Due to the very good agreement
of the data presented in Table 1 and Figure 2 for the molecular surface properties
calculated by the M06-2X and B3LYP methods, Equation (7) is also reliable for
the M06-2X level of theory.

Although the standard enthalpies of phase change are well estimated by
B3LYP [27], the rather poor performance of B3LYP, as well as the significant
improvements with M06-2X, have been reported for calculating the standard
enthalpies of formation [55]. The M06-2X method predicts values of -149.6,
-107.7,-173.7,-89.7, -194.3 and -68.4 kcal/mol for AdH’ (g) for the nitroborazines
2,3,5, 6,8 and 9, respectively. A comparison between these values and the
B3LYP data reported in Ref. [4] (-141.8, -100.0, -161.7, -78.0, -172.1 and
-46.7 kcal/mol, respectively) shows that M06-2X improves on the B3LYP
results, from -7.8 (for mononitroborazine) to -22.2 kcal/mol (for trinitroborazine)
(Table 1).

The calculated values of AHg,, and A’ (g) by the M06-2X method were used
for the estimation of A" (¢) via Equation (10) for compounds 1-20, and are given
in Table 1. The values of AH" (g) and A{H" (¢) for B-substituted nitroborazines
are more negative than the corresponding N-substituted ones. For example,
B-nitroborazine 2 is more stable than N-nitroborazine 3, by about 41.9 kcal/mol in
the gas phase. The energy differences between B- and N-substitution increase to
84.0 and 125.9 kcal/mol for di- and trinitroborazines, respectively. The stability
of these species dramatically decreases when the number of NO, groups is more
than three (Figure 3).
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Figure 3. Influence of the number of NO, groups on the AJH" (g) and A{H’ (c)
data for the more stable isomers of nitroborazines.

Equation 8, used to predict densities, was parameterized for B3PW91/6-
31G** level of theory [53]. According to the results in Table 1, the predicted
values of p by this method for mono-, di-, tri-, tetra-, penta- and hexanitroborazines
are in the range 1.499-1.967 g/cm?®. No improvement in densities over those
calculated by B3PW91 was obtained with B3LYP (1.432-1.889 g/cm?®) or
MO06-2X (1.447-1.902 g/cm?®) functionals (Figure 4). The crystal density of
nitroborazines is raised by increasing the number of NO, groups. Except for
the mononitro compounds 2 and 3, these values are slightly smaller than the
corresponding values of their carbon analogues. The measured and calculated
crystal densities of nitrobenzenes through B3LYP are in the ranges 1.34-2.01
and 1.39-1.93 g/cm?, respectively [56]. In contrast to the mononitroborazines,
the values of p for the B-substituted di- and trinitroborazines are larger than
their N-substituted isomers.

Schematic pictures of the intermolecular interactions for mono-, di- and
tri-nitro compounds 2, 5 and 8 are shown in Figure 5. The calculated basis set
superposition error (BSSE), corrected interaction energy (AE), between two
molecules of mononitroborazine 2 at M06-2X/6-311++G** level of theory is
-6.6 kcal/mol. Due to the repulsion between NO, groups, the corresponding value
for the trinitroborazine 8 dimer is less negative (-4.5 kcal/mol). The interaction
energy in the dinitroborazine 5 dimer is more negative, i.e. -7.4 kcal/mol,
representing a higher stability of the hydrogen bonded network structure of
compound 5 in the condensed phase.
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using Equation 8.
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Figure 5. Schematic pictures and ESP maps of the intermolecular interactions
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in the condensed phase.
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Since the detonation reactions of energetic materials are usually complicated
and violent, they have characteristics such as high reaction rates, high temperatures,
complex product compositions, and so on. It can be inferred that a high detonation
performance is promoted by the formation of light gaseous products and a high
positive heat of formation. The first factor produces a greater number of moles
of gaseous products per unit weight of explosives. The second factor leads to
a greater release of heat of detonation and a higher detonation temperature.
Moreover, experiments for determining the performance of explosives reveal that
the C-J pressure and detonation velocity are roughly proportional to the square
and linear functions of the loading density, respectively [48].

Koch and Klapotke have reported overestimated detonation velocity values
for trinitroborazines on the basis of the calculated gas phase heat of formation
at the corresponding densities of 1,3,5-trinitrobenzene [5]. For explosives
containing “exotic” elements such as boron, aluminum, or fluorine, the observed
C-J pressures and detonation velocities are not as high as those of the superior
C, H, N, O explosives at the same densities [48]. The heat of detonation may
be increased in nitroborazines, as compared to the corresponding isomers of
nitrobenzenes, because boron is an “exotic” element. For C, H, N, O explosives,
higher values of the detonation velocity and pressure can be expected for
explosives with greater densities as compared to B, H, N, O explosives. As an
example, HMX with density 1.9 g/cm?, has relatively large values of detonation
velocity and pressure, i.e. 9100 m/s and 393 kbar, respectively [48]. Whilst the
measured values of the detonation velocity and pressure for trinitrotoluene (TNT)
are 6950 m/s and 190 kbar, respectively, at p=1.64 g/cm? [48]. As indicated
in Table 1, the calculated detonation velocity and pressure are relatively low
for nitroborazines. Several factors can account for the low performance of
nitroborazines: (1) they have large negative values of AdH’ (¢), which may classify
them as thermodynamically very stable energetic compounds; (2) although
increasing the number of nitro groups can improve the density, the number of
moles of gaseous products will be diminished; and (3) it was confirmed that
the poor C-J performance of the boron explosives relative to the C, H, N, O
explosives, results from formation of complex detonation product molecules
such as B,0:s.

4 Conclusions

The effects of NO, groups on the molecular surface area, crystal density, the
positive, negative and total average potentials, variances, average deviation, the
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electrostatic balance parameter on the molecular surface, gas phase enthalpy of
formation, condensed phase enthalpy of formation, enthalpy of sublimation and
detonation properties of nitroborazines have been investigated theoretically.

The efficiency of new M06-2X meta hybrid density functional for predicting
the standard enthalpies of phase changes and crystal densities was considered.
MO06-2X performs comparably to B3LYP for predicting molecular surface
properties and enthalpies of sublimation. However this method significantly
improves the enthalpies of formation. No improvement in densities over those
calculated by B3PW91 was obtained with the B3LYP and M06-2X methods.

The crystal densities of nitroborazines are slightly smaller than those of
their corresponding carbon analogues, except for the mononitro compounds.
In contrast to the mononitro compounds, the crystal densities of B-substituted
di- and trinitroborazines are larger than the corresponding N-substituted
ones. The calculated values of AHg,, are in the range 20.1-30.4 kcal/mol. The
calculated values of AH" (g) and AH" (c¢) for the B-substituted nitroborazines
are more negative than those for the N-substituted compounds. The stability of
nitroborazines decreases dramatically when the number of NO, groups is greater
than three. The stability sequence of the hydrogen bonded network structures of
nitroborazines in the condensed phase is: dinitroborazine > mononitroborazine
> trinitroborazine.

Nitroborazines have higher thermodynamic stability and lower detonation
parameters compared to the corresponding nitrobenzenes. Presumably the
problem with regard to the detonation properties is that the oxygen atoms in
the molecules are used to form solid B,Os;. While these compounds have large
negative heats of formation, and thus release energy, the fact that B,O; is a solid
means that the number of moles of gaseous products is small. Since the number of
moles of gaseous products is a key factor in determining the detonation pressure
and velocity, the predicted values for these properties will be poor.
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