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Abstract: This work introduces important properties of some new derivatives
of nitrotetrazolyl-imidazole as high nitrogen energetic compounds, which are
evaluated and discussed using some reliable models. The predicted properties
are also compared with 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX).
It is shown that some of these compounds can be seen as interesting organic
explosives with relatively high performance and low sensitivity, which could be
used for important industrial applications. Since some of the new compounds
have a relatively good oxygen balance, the calculated specific impulses confirm
that these compounds can be considered as suitable oxidizers in solid propellants.
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1 Introduction

The prediction of physicochemical properties of energetic materials is of great
importance prior to their actual synthesis. An ideal energetic material must
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have high performance and thermal stability but low sensitivity to external
stimuli. Detonation velocity, detonation pressure and heat of detonation are
three important parameters for the assessment of the performance of high
explosives. In addition the specific impulse can be used as an important factor
for determining the performance of propellants. In recent years, the synthesis
of nitrogen rich compounds has been of significance because these compounds
usually have a high heats of formation, density and oxygen balance. They are
also considered suitable ingredients in low smoke propellant charges [1-4]. It
has been shown that the existence of high levels of nitrogen compounds in the
combustion products can reduce gun barrel erosion, because of the formation
of iron nitride instead of iron carbide on the inner surface of the barrel [5, 6].
There are several reports concerning the development efforts in the synthesis of
new energetic compounds [7-12].

Polynitroimidazole derivatives are some of the most attractive high nitrogen
energetic materials. It is found that they are insensitive high performance
explosives. There are several studies describing investigations of the properties of
imidazole derivatives [13-25]. Among several derivatives, 2,4-dinitroimidazole
(DNIMD) is more interesting due to its insensitivity and relatively high
performance. Its impact sensitivity is greater than 100 cm, whilst its performance
is within about 0.8X that of 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX).
However, it has a higher performance than 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB) [19]. In contrast to DNIMD, 1,4-dinitroimidazole is thermodynamically
unstable, and can be easily converted to DNIMD by heating [20]. Jadhav et al.
synthesized several derivatives of 2,4,5-trinitroimidazole (TNIMD) [17]. They
also calculated the performances of these derivatives and compared them with
other insensitive explosives. Li ef al. calculated the detonation properties of
several imidazole derivatives through quantum mechanical methods [22]. Su
et al. studied some properties of nitroimidazole, polynitroimidazole and their
methyl derivatives [23]. They believed that 1-methyl-2,4,5-trinitroimidazole
is a good candidate for use as a melt castable explosive due to its low melting
point, i.e. 82 °C [23]. Hou et al. have also synthesized several N-substituted
derivatives of dinitroimidazole [24].

The purpose of the present work is to introduce some derivatives of imidazole
as high performance, high nitrogen energetic compounds. Figure 1 shows the
molecular structures, names and abbreviations of these new derivatives. Reliable
methods have been used to study various significant aspects of these compounds.
Crystal density, condensed phase heat of formation, detonation temperature,
impact sensitivity, electric spark sensitivity, deflagration temperature, power
and heat of detonation, as well as detonation pressure and velocity are important
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properties for explosive users, and will be investigated here. The predicted results
will be discussed and compared with those of HMX.
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Figure 1. Molecular structures of NIMD: 2-nitroimidazole; DNIMD:
2,4-dinitroimidazole; TNIMD: 2,4,5-trinitroimidazole; NTIMD:
4-(5-nitrotetrazolyl)-imidazole; NTNIMD: 4-(5-nitrotetrazolyl)-
2-nitroimidazole; NTDNIMD: 4-(5-nitrotetrazolyl)-
2,5-dinitroimidazole; BNTNIMD: 4,5-bis(5-nitrotetrazolyl)-2-
nitroimidazole; BNTIMD: 4,5-bis(5-nitrotetrazolyl)-imidazole;
TNTIMD: 2,4,5-tris(5-nitrotetrazolyl)-imidazole; HMX:
1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane.

2 Results and Discussion

2.1 Crystal density

Since detonation performance of energetic materials has a great dependence on
their crystal densities, the prediction of crystal density is of utmost importance
for chemists who synthesize energetic materials. To predict the densities of new
derivatives of imidazole, a suitable model for evaluating the crystal density of
nitroaromatic energetic compounds with the general formula C,H,N.Oq4 has been
used [26], and is given in Equation 1:
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£y = 10.57(L)+0.1266(Lj+30.38[Lj+35.18 i (1)
Mw Mw Mw Mw

where po is the core crystal density in g/cm?, which can be revised for the
presence of some functional groups or molecular fragments, and Mw is the
molecular weight of the energetic compound. The predicted results are given in
Table 1. As seen in Table 1, replacement of hydrogen atoms in NIMD by nitro
and nitrotetrazolyl groups can increase the density. Thus, the presence of these
molecular moieties may enhance molecular packing.

It was indicated that the densities of polynitro heteroarenes are somewhat
higher than the corresponding carbocyclic nitroaromatics [1]. The densities of all
of the compounds in Table 1 are ordered in the sequence TNIMD ~ NTDNIMD ~
BNTNIMD ~ TNTIMD > BNTIMD > HMX ~ NTNIMD ~ DNIMD > NTIMD
> NIMD. Replacement of hydrogen atoms by nitrotetrazolyl groups or nitro
groups does not seem to have a significant effect in increasing the density.

2.2 Condensed phase heat of formation

The estimation of the condensed phase heat of formation or enthalpy of formation
of a new energetic material, with a specified molecular structure, is important
because it is required for the evaluation of the detonation pressures and velocities
using various computer codes or empirical methods [27, 28]. A reliable model
[29] is used here for the evaluation of the condensed phase heat of formation of
energetic materials. This provides more reliable results compared to complex
quantum mechanical methods [30]. It can be expressed as:

A H(kcal mol™) =7.829a—8.117b +16.52c — 27.80d +29.82n,,
—15.56n,, ,, —22.38n,, —48.34n,,, +3.241(n,, —1)+29.02n_,_, ()
+ 53'34n0yclo N-O-N

The parameters in Equation (2) are related to the number of some specific
functional groups or molecular fragments in the molecule of the energetic material
[29]. Asseenin Table 1, the introduction of nitrotetrazolyl groups into imidazole
derivatives is more effective than nitro groups in increasing the calculated heat
of formation. The condensed phase heat of formation is raised by increasing the
number of nitrotetrazolyl substituents in the imidazole derivatives, i.e. TNTIMD
> BNTIMD > NTIMD.

2.3 Impact sensitivity
The reliable estimation of sensitivity parameters of energetic materials is of great
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importance in the synthesis and use of novel energetic molecules because safe
handling of these materials is of utmost importance. Some stimuli, such as impact,
friction, heat and electric spark, can cause detonation. It is believed that hot spots
in the energetic materials contribute to initiation by external stimuli. It was found
that the nanosizing of explosives leads to a reduction in their sensitivity to external
stimuli, because of the reduction in the formation of hot spots [31]. Impact stimuli
are closely related to many accidents which have occurred during the production,
handling and storage of energetic materials. Experimentally, impact sensitivity
is measured by subjecting a sample to the impact of a standard weight falling
from various heights and recording evidence of reaction or no reaction. Thus,
a height of 50% probably in causing an explosion (%so) is measured by impacting
the sample with a falling hammer, typically of 2.5 kg weight. For the prediction
of the impact sensitivities of imidazole derivatives, a suitable correlation has
been used, which was introduced to estimate the impact sensitivities of nitro-
heterocyclic aromatic compounds of general formula C,H,N.O4 [32] as:

46.29a +35.63b—7.701c + 7.942d + 44.42n_.._ +102.3n_,yc_
Mw

where log /s is the impact sensitivity in cm, and n_cyc-and n_cyyc-are the numbers
of -CNC- and -CNNC- moieties in the molecule. As can be seen in Table 1,
the calculated value of /s, for NIMD is higher than that for the other compounds.
However, the replacement of hydrogens by nitro groups or nitrotetrazolyl groups
has an appreciable effect in increasing the sensitivity and decreasing safety. The
values of /s, for imidazole derivatives are raised by increasing the number of
these substituents, i.e. NIMD > DNIMD > TNIMD and BNTIMD > TNTIMD.

log Ay, = 3)

2.4 Electric spark sensitivity

The electric spark or electrostatic sensitivity of an energetic compound can
be defined as the degree of sensitivity to electrostatic discharge, which can
be determined by subjecting the explosive to a high-voltage discharge from
a capacitor. In order to study the electrostatic sensitivity, a reliable correlation
has been used for predicting the electrostatic sensitivity of nitroaromatic energetic
compounds [33], which can be given as:

Ers(J) =4.60—0.733a + 0.724d + 9.1671 — 5.14Cr or “4)

where 7y, is the ratio of hydrogen to oxygen atoms and Cg or is the presence of
certain groups such as alkyl (R) or alkoxy (OR) groups attached to an aromatic
ring. As seen in Table 1, the electric spark sensitivity of HMX is greater than that
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of all the other compounds. It seems that the effect of introducing either nitro
or nitrotetrazolyl groups is similar in decreasing the electric spark sensitivity of
the imidazole derivatives, i.e. NIMD ~ NTIMD and BNTNIMD ~ TNTIMD.

2.5 Heat of detonation

The evaluation of the performance of an explosive depends on the amount of
energy which is released during detonation and the rate of its release. A new
approach has recently been introduced to estimate the heat of detonation of
aromatic energetic compounds [34], which is expressed as:

O(kJ/g) = 2.129 + 0.178¢ + 0.87474, + 0.16074 + 0.965Csrg (5)

where r,, and r,,, the ratios of oxygen to carbon and hydrogen to oxygen atoms,
respectively, and Csr¢ = —1 for aromatic energetic compounds that have some
specific functional groups [34]. The predicted results of the imidazole derivatives
are given in Table 1. As seen in Table 1, the heat of detonation of TNTIMD is
comparable to that of HMX. However, the substitution of a hydrogen atom by
anitrotetrazolyl group is more effective in increasing the heat of detonation than
a nitro group, i.e. BNTIMD > DNIMD and TNTIMD > TNIMD.

2.6 Detonation temperature

The detonation temperature is measured experimentally from the brightness of the
detonation front as it proceeds towards the detector. However, its measurement
is difficult. A reliable model has been recently introduced for predicting the
detonation temperature [35], which gives good predictions compared to one of
the best available equations of state, i.e. BKWC-EOS [36], as:

T(K) = 5136~ 190.1a - 56.4b + 115.9¢ + 148.4d - 466.0r40 - 100804
2829, ©)

where nyy, 1s the number of NH, and NH," groups in the energetic compound;
rawwand ryy are as defined above. The predicted detonation temperatures of the
new compounds are given in Table 1. As shown in Table 1, the detonation
temperature is raised by increasing the number of nitro or nitrotetrazolyl groups,
i.e. TNTIMD > BNTIMD > NTIMD and TNIMD > DNIMD > NIMD. Also
the introduction of nitrotetrazolyl groups to the imidazole derivatives is more
effective in increasing the calculated detonation temperature than nitro groups, i.e.
TNTIMD > TNIMD and BNTIMD > DNIMD. Among the energetic compounds
given in Table 1, TNTIMD has the highest detonation temperature.
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2.7 Detonation pressure and velocity

The performance of an explosive is mainly defined in terms of the velocity of
detonation and the detonation pressure. Of course, both the detonation pressure
and the velocity of detonation of an explosive are strong functions of its density.
Thus, these properties can be enhanced by increasing the value of the loading
density [37, 38]. Empirical methods, or computer codes with various equations
of state, can be used to predict the detonation pressure and velocity [27, 28]. Two
reliable methods were used to predict the detonation pressure and velocity of the
new proposed energetic compounds, the results of which are given in Table 1 [39,
40]. The model used to predict the detonation velocity is given by Equation (7):

D(km/s) =1.644 + 3.593p, — 0.132a — 0.0034b + 0.120¢ + 0.0442d %
— 0.276811NRR'

where nyge 1s the number of specific groups in the explosive, including NH,,
NH,"and [N)N groups. For the prediction of the detonation pressure, the following
N

correlation was used:

P(kbar) = 22.32 + 104.0p% — 10.98a — 1.997b + 5.562¢ + 5.539d ®)
— 23.68myy;, — 154.1n°

where 19 has the value of one for an energetic compound that satisfies the
condition d >3(a + b), and for other cases has a value of zero. Since the number
of moles of gaseous detonation products per unit weight of an energetic material
is an important factor in enhancing its detonation performance, the resulting
products, based on the Kistiakowsky-Wilson rules [41], are shown in Table 2.
Higher values of the crystal density in an explosive can also provide higher
values of the detonation velocity and pressure. As can be seen in Table 1, the
detonation performance of BNTNIMD has the highest values relative to the other
imidazole derivatives and HMX.
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Table 2.  Detonation products of the newly proposed imidazole derivatives
Energqtlc Molecular Detonation products
material formula

NIMD C;H;N;0, [2CO+C+15H, + 15N,

DNIMD CH;N, O, |[3CO+H,O+2N,

TNIMD C3;HN;O4 25C0O;+0.5CO+0.5H,0+2.5N;,

NTIMD CH;N,0, [2CO+2C 5 +1.5H,+3.5N,

NTNIMD C,HNgO, |4CO+H;+4N,

NTDNIMD C4HNyOq 1.5C0O,+2.5CO+0.5H,0+4.5N,

BNTNIMD CsHN;;306 0.5 CO,+4.5CO+ 0.5 H,O +6.5N,;

BNTIMD CsHN;, 04 [4CO+05C s +05H, +6N,

TNTIMD C¢HN;Os [6 CO+0.5H,+8.5N,

HMX C;HgNgOg |4 CO+4 H,O0+4N;,

2.8 Deflagration temperature

The deflagration point is defined as the temperature at which a small sample
of the explosive, placed in a test tube and externally heated, bursts into flame,
decomposes rapidly or detonates violently [42]. It can be determined by heating
0.02 g of sample in a glass tube in a Wood’s metal bath at a heating rate of
5 °C min!. However a new method has been recently developed to predict the
deflagration temperature of new proposed energetic compounds [43], which is
shown as:

DT(K) = 476.6 + 13.08a — 6.21d + 103.7F honats — 103.7F non aua (9)

where the functions F o e and F oon aaa, sShow increasing and decreasing
contributions of non-additive structural parameters, respectively [43]. The
predicted deflagration temperatures of the new imidazole derivatives are also
given in Table 1. As shown in Table 1, the deflagration temperature of all of the
compounds in Table 1 are ordered in the sequence HMX > TNTIMD ~ BNTIMD
~ NTIMD > BNTNIMD ~ NTNIMD ~ NIMD > NTDNIMD ~ DNIMD >
TNIMD. The presence of a nitrotetrazolyl group has a greater effect in increasing
the deflagration temperature than a nitro group.

2.9 Power

The power or strength of an explosive is a measure of its ability to do useful
work. This is also termed the potential of an explosive and is the total quantity
of heat given off by an explosive at constant volume [37]. The strength of a high
explosive can be correlated with its detonation performance through the heat
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of detonation and volume of gaseous detonation products [44]. The ballistic
mortar provides a relative measure of the strength or power of an explosive,
usually by comparison with TNT as the standard explosive [42]. In the ballistic
mortar test, a heavy steel mortar is attached to a pendulum. About 10 g of the
explosive charge is initiated in the mortar cavity, which is enclosed by a steel
projectile. The mortar is swung from its initial position when the projectile is
ejected out of the mortar. The maximum swing of the mortar is recorded to
determine the power of the tested explosive. In order to evaluate the strength
of the new proposed imidazole derivatives, a reliable simple method was used
[45], which is given as:

EP(%TNT) = 113.0 — 5.16a + 2.786¢ +3.612d — 46.180CF (10)

where OCF is the correcting function [45].
The predicted results are given in Table 1. As seen, TNTIMD has the highest
strength amongst the energetic compounds which are introduced in Table 1.

2.10 Specific impulse of imidazole derivatives as monopropellants
The specific impulse is used to compare performances of rocket propellants [41].
It is defined as the thrust per unit weight flow rate of propellant. Its value is of
utmost significance for the determination of the propellant mass necessary to
meet the ballistic requirements [37]. It is also related to flame temperature, the
number of moles of gas produced per unit mass of propellant and the average
molecular mass of the gaseous products of combustion [37]. However, the
specific impulse of an energetic compound depends on its structural parameters.
In order to predict the specific impulse of the imidazole derivatives, a simple
method can be used that is based on the structural parameters [46]. This method
is expressed by Equation (11) [46]:

Isp =2.421 — 0.0740a — 0.0036b + 0.0237¢ + 0.400d — 0.1001 1y, v a1
+0.1466(n4 — 1)

where I, is the specific impulse in N-s- g™, 7yu, vu is the number of NH, and NH
groups, and n,, is the number of aromatic rings in aromatic explosives. The
calculated specific impulses of the proposed new imidazole derivatives are given
in Table 1, and are ordered in the sequence TNTIMD > BNTNIMD > BNTIMD
> NTDNIMD > HMX = NTNIMD > TNIMD > NTIMD > DNIMD > NIMD.
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3 Conclusions

The properties of several new nitrotetrazolyl-imidazole derivatives as high
nitrogen explosives were evaluated and compared with HMX. It was shown
that some of them have relatively high performance, low sensitivity and good
thermochemical properties. The results of this paper can be of help in designing
or developing ideal energetic compounds. Among the different derivatives,
TNIMD and NTDNIMD are suitable as oxidizers in solid propellants, because
they contain the excess oxygen necessary for converting some of the carbon
atoms to carbon dioxide. Three derivatives, NTDNIMD, BNTNIMD and
TNTIMD, have relatively high crystal densities, strength, detonation velocities
and pressure with respect to the other derivatives, so that these compounds are
good candidates as high performance explosives. Moreover, the sensitivities
of NIMD, DNIMD, NTIMD and NTNIMD are relatively low compared to the
other imidazole derivatives.
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