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Abstract

A novel correlation is introduced for predicting impact sensitivity of a variety nitroheterocyclic molecular types, such as nitropyridines, nitroim-
idazoles, nitropyrazoles, nitrofurazanes, nitrotriazoles and nitropyrimidines. This approach is based on elemental composition and two structural
parameters of C,H,N.O, nitroheterocyclic energetic compounds. The results for mentioned compounds are compared with complex neural net-
works computations which use compositional and topological descriptors. Root mean square (rms) of deviation of different nitroheterocyclic
molecules including nitropyridines, nitroimidazoles, nitropyrazoles, nitrofurazanes, nitrotriazoles and nitropyrimidines are 58 and 71 cm for new

correlation and neural networks computations methods, respectively.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The heavy reliance on experimentation and measurement of
a variety of candidate energetic materials is lengthy and expen-
sive because the development, manufacture, testing and fielding
of a new energetic material is so costly in time and money.
Due to sensitivity and performance problems, it is important
to eliminate of any poor candidate before expending resources
in its synthesis. Detonation velocity and pressure, thermal prop-
erties and sensitivity are the most concern factors in searching
new explosives one. A new candidate explosive, after the initial
research is ultimately widely used, may well be determined by
other factors such as cost, toxicity, melting point, etc. Predic-
tive methods of energetic systems have provided a considerable
insight into the understanding of factors affecting the behavior
of explosives and propellants so that some new approaches have
been recently introduced for predicting detonation parameters
of different classes of explosives as well as performance of pro-
pellants [1-15].
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Energetic organic substances contain metastable capable of
undergoing very rapid and high exothermic reactions. Sensi-
tivity of an energetic compound is a complex matter and its
understanding is in large part of a chemical problem. Some prop-
erties contribute to the materials response to the stimulus in a
sensitivity test which is a consequence of the kinetics and ther-
modynamics of thermal decomposition of the explosive. They
include (i) the ease with which a detectable reaction of any kind
can be initiated in an explosive, (ii) establishment the tendency
of small reaction can grow to destructive properties and (iii) the
ease with a higher order detonation can also be established in an
explosive.

Impact and shock sensitivity are two of the most commonly
used measurements of many kinds of sensitivity which have been
identified in terms of stimuli causing detonation, e.g. heat, fric-
tion, impact, shock and electrostatic charges. The measurements
using shock sensitivity tests have been performed for some pure
explosives [16]. The drop weight impact test is convenient and
the most common method of assessing sensitivity for measuring
impact sensitivity. In this test a weight of 50% probability in
causing an explosion (%59) was measured when hit by a hammer
with a standard weight. Although the test is itself is extremely
easy to implement, obtaining reliable experimental results is
known to be relatively difficult. Due to difficulty associated
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with puzzles in initiation mechanism of explosion caused by
mechanical impacts, it is believed that hot spots in the mate-
rial contribute to initiation in the drop weight impact test. Since
factors in the impact experiment that might affect the formation
and growth of hot spots could strongly affect the measurements,
the results are often not reproducible. However, the results are
extremely sensitive to the conditions under which the tests are
performed. Despite large errors present in some of experimental
data, most studies have attempted to associate molecular proper-
ties with sensitivities rely on drop weight impact measurements
[12,16-53].

In spite of the fact that many methods for predicting impact
sensitivities have been developed, e.g. the oxygen balance of
the molecules [17,18], molecular electronegativities [26,27] and
quantum mechanical computation [53], a generalized simple
reliable method is still needed to explosive users in industry.
Since safe handling of novel energetic molecules is one of the
most important issues to chemist who concern synthesis of ener-
getic materials, development simple correlations is of significant
importance. Several correlations have been recently introduced
for selected class of explosives including polynitroaliphatics,
polynitroaromatics and nitamines [12]. The purpose of this work
is to complete our previous work [12] which presents at the
first time a novel correlation for predicting impact sensitiv-
ity of a variety of nitroheterocyclic molecular types containing
nitropyridines, nitroimidazoles, nitropyrazoles, nitrofurazanes,
nitrotriazoles and nitropyrimidines. The paper shows success in
finding a reasonable good correlation between impact sensitivity
and elemental composition as well as two structural parameters.
Since complex neural networks architecture with a wide range
of molecular descriptors have been recently used as a predictive
methodology for impact sensitivity to cover various types of
energetic molecules [54], the new correlation will be compared
with this method for mentioned nitroheterocyclic energetic com-
pounds.

2. Sensitivity of nitroheterocyclic energetic compounds

Explosives, propellants and pyrotechnics are used extensively
for both civilian and military applications. Heterocyclic com-
pounds have received a great amount of interest in recent years
because they generally have a higher heat of formation, density
and oxygen balance than their carbocyclic analogues. They can
provide new explosives and propellants with higher performance
or enhanced insensitivity to thermal or shock insults as well as
developing pyrotechnics with reduced smoke.

A variety of well-known nitroheterocyclic energetic com-
pounds containing nitropyridines, nitroimidazoles, nitropyra-
zoles, nitrofurazanes, nitrotriazoles and nitropyrimidines have
been developed and their impact sensitivities reported in lit-
erature [16]. There are no correlations reported for predicting
their impact sensitivities. Large differences of impact sensi-
tivities between some isomers of nitrohetrocycles, e.g. 1,2,3-
triazoles and 1,2,4-triazoles, are important problem in obtain-
ing desirable correlation. Large uncertainties associated with
some of experimental data also hamper for explosives sci-
entists to find good correlations between some of molecular

descriptors and impact sensitivity of nitroheterocycles. How-
ever, neural networks architectures have been recently used as
prediction methodology for impact sensitivity to cover vari-
ous types of energetic molecules including nitroheterocycles.
Cho et al. [54], for example, have used optimized neural net-
work architecture by utilizing 17 molecular descriptors which
were composed of compositional and topological descriptors
in an input layer, and 2 hidden neurons in a hidden layer.
They showed that subsets composed of compositional and topo-
logical descriptors provide better results than those composed
of electronic descriptors including Lowest unoccupied molec-
ular orbital from MOPAC (LUMO_MOPAC), Highest occu-
pied molecular orbital from MOPAC (HOMO_MOPAC), Dipole
moment from MOPAC (Dipole_ MOPAC) and Heat of formation
from MOPAC (HF_MOPAC).

It is important to understand better the relationship between
molecular structures of energetic compounds and their sensitivi-
ties to specific stimuli. Sensitivity of an energetic compound is a
complex matter and its understanding is large part of a chemical
problem.

It is proposed here that impact sensitivity of nitrohetro-
cycles can most appropriately be expressed as its elemental
composition and some structural parameters. The results indi-
cated that the following general equation is suitable for various
types of C,HyN.Oy nitroheterocycles including nitropyridines,
nitroimidazoles, nitropyrazoles, nitrofurazanes, nitrotriazoles
and nitropyrimidines:

b d ._<y;SP;
log hiso = yia+y2 +y361\J/Ivi4 + > i_5)iSP; 0

where y1, y2, y3, ¥4 and y; are adjustable parameters which are
obtained by the best fit to experimental impact sensitivities data
for different mentioned nitrohetrocyclic molecules, SP; the num-
ber of specific structural parameters and MW is the molecular
weight of the explosive. As seen, this correlation has structural
terms which can be useful for obtaining a generalized correla-
tion. Various structural parameters have been examined so that
can give reliable predictions as compared to neural network com-
putation of impact sensitivity. We have used a database archived
by Storm et al. [16], where the experimental values of impact
sensitivity for various nitroheterocyclic molecules have been
collected. The database of Storm et al. was not augmented by oth-
ers because experimental data of impact sensitivity varied widely
depending upon instrumental types, experimental conditions and
the others. To obtain adjustable parameters, we removed data of
insensitive molecules whose experimental values are given as
‘greater than 320 cm’. The results showed that the number of
—CNC- and -CNNC- moieties in aromatic ring are important
structural parameters for predicting impact sensitivity of nitro-
heterocycles.

Multiple linear regression method [55] was used to find
adjustable parameters. Since the equation set is overdetermined
[55], the left-division method for solving linear equations uses
the least squares method. Thus, optimized correlation has the
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Table 1
Comparison of the new correlation with the neural network [54] and experimental /59 values (cm) [16]
Compound Formula Number of  Number of &5 hso (neural  Dev hso (new Dev
—-CNC- —CNNC- (experimental)  network) correlation)
moiety moiety
2,4,6-Trinitropyridine-1-oxide CsHyN4O7 1 0 20 29 9 41 21
3,3',5,5'-Tetranitro-2,2"-azopyridine CyoH4NgOg 2 0 56 38 —18 82 26
2,6-Bis-(picrylazo)-3,5-dinitropyridine C17H5N 13016 1 0 33 12 —21 40 7
2,6-Bis-(picrylamino)-3,5-dinitropyridine Ci7H7N11016 1 0 63 79 16 64 1
3,5-Bis-(picrylamino)-2,6-dinitropyridine C17H7N11016 1 0 92 79 —13 64 —28
2,6-Bis-(picrylamino)-piridine C17H9NgO1» 1 0 192 169 —-23 165 —27
2,4,5-Trinitroimidazole C3HN;50¢ 2 0 68 18 —50 22 —46
2,4-Dinitroimidazole C3HyN4 Oy 2 0 105 46 -59 79 —26
Ammonium-2,4,5-trinitroimidazole C3H4NgOg 2 0 50 - - 49 —1
4.4’ 5,5 -Tetranitrobiimidazole CgHoNgOg 4 0 37 33 —4 48 11
Diammonium-4,4',5,5 -tetranitrobiimidazolate =~ CgHgN;(Og 4 0 105 - - 123 18
2,4-Dinitro-1-picrylimidazole CoH3N7049 2 0 46 44 -2 54 8
2-Nitro-1-picrylimidazole CoH4NgOg 2 0 312 92 —220 113 —199
4-Nitro-1-picrylimidazole CoHyNgOg 2 0 161 92 —69 113 —48
1-Picrylimidazole CoHsN50¢ 2 0 314 164 —150 304 —10
4-Nitro- 1-picrylaminopyrazole CoH4NgOg 0 1 112 92 -20 124 12
3,5-Dinitro-1-methyl-4-picrylpyrazole CioHsN7019 O 1 118 78 —40 102 —16
3,5-Dinitro-1-methyl-4-picrylaminopyrazole CioH¢NgO19p O 1 274 92 —182 100 —174
1,4-Dipicrylpyrazole CisHgNgO12 0 1 314 115 —199 135 —-179
4-Nitro- 1-picryl-3-picrylaminopyrazole CisH¢Nj9pO14 O 1 149 80 —69 79 —=70
3-Nitro-1,2,4-triazole-5-one CyHoN4O3 1 1 291 77 —214 216 —75
Ammonium-3,5-dinitro-1,2,4-triazolate C,H4NgOy 1 1 110 124 14 122 12
4-Methyl-3,5-dinitro-1,2,4-triazole C3H3N504 1 1 155 64 —-91 170 15
5,5’-Dinitro-3,3’-bi-1,2,4-triazole C4HyNgOy 2 2 153 73 -80 200 47
4-(2-Nitroethyl)-3,5-dinitro-1,2,4-triazole C4H4NgOg 1 1 35 48 13 112 77
3-Nitro-1-picryl-1,2,4-triazole CgH3N70g 1 1 68 63 -5 89 21
4-Picrylamino-1,2,4-triazole CgHsN70Og 1 1 314 144 - 216 —98
170
3-Amino-5-picrylamino-1,2,4-triazole CgHgNgOg 1 1 230 162 —68 205 —25
4-(2,4-Dinitrobenzyl)-3,5-dinitro-1,2,4-triazole ~ CyHsN7Og 1 1 96 107 11 164 68
3,5-Bispicrylamino-1,2,4-triazole Ci4H7N11O0pp 1 1 240 120 - 106 —134
120
N,N'-Dipicryl-5,5'-dinitro-3,3’-bi-1,2,4-triazole ~ C1cH4N14016 2 2 138 50 —88 70 —68
4-Nitro-1,2,3-triazole C,HoN4 O, 0 0 25 34 9 20 -5
Ammonium-4-nitro-1,2,3-triazole C,H5N50, 0 0 235 0 - 78 —157
235
4-Nitro-1-picryl-1,2,3-triazole CgH3N70g 0 0 9 23 14 31 22
1-(3',5'-Dinitrophenyl)-4-nitro-1,2,3-triazole CgH4NgOg 0 0 56 54 -2 69 13
1-(3' ,4'Dinitropheny)-4-nitro-1,2,3-triazole CgH4NgOg 0 0 51 54 3 69 18
1-Picryl-1,2,3-triazole CgH4NgOg 0 0 10 54 44 69 59
2-Picryl-1,2,3-triazole CgHyNgOg 0 0 200 130 -70 69 —131
1-(3’-Amino-2’,4’,6'-trinitrophenyl)-1,2,3- CgHs5N70O¢ 0 0 31 70 39 69 38
triazole
4-Picrylamino-1,2,3-triazole CgHsN70O¢ 0 0 103 65 —-38 69 —34
5,6-Dinitro-1-picrylbenzotriazole CipH4NgO1p O 0 35 34 —1 51 16
1-Picryl-4-picrylamino-1,2,3-triazole Ci14HgN19O12 0O 0 35 39 4 55 20
2,6-Dipicrylbenzo-[1,2-d:4,5-d']-bistriazole- CigH4sN;2014 0 0 95 162 67 42 —-53
4,8-dione
1,7-Dipicrylbenzo-[1,2-d:4,5-d']-bistriazole CigH4N;2012 0O 0 38 26 —12 64 26
1,5-Dipicrylbenzo-[1,2-d:4,5-d']-bistriazole CigH4N12012 0O 0 40 26 —14 64 24
2,4,6,2',2" 4" 6" -Heptanitro-4',6'-diaza-m- CigH5NgO14 0 0 58 76 18 83 25
terphenyl
2,4,64',2" 4" 6"-Heptanitro-2',6'-diaza-m- CigH5NgO14 0 0 58 76 18 83 25
terphenyl
1-Picryl-2-picrylamino-1,2-dihydropyrimidine ~ C;gH7N9O12 0 0 106 150 44 137 31
5-Nitro-2,4,6-tris-(picrylamino)-pyrimidine CyHgN 5020 O 0 201 92 —109 68 —133
3-Amino-4-nitrofurazan C,H,N4 O3 0 0 27 52 25 16 —11
4.4’ -Dinitro-3,3’-bifurazan C4NgOg 0 0 13 22 9 7 -6
3-Nitro-4-picrylaminofurazan CgH3N709 0 0 60 48 —12 28 —-32
3-Amino-4-picrylaminofurazan CgH5N707 0 0 120 119 —1 59 —61
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Table 1 (Continued )

Compound Formula Number of  Number of  hsg hso (neural Dev hso (new Dev
—CNC- —CNNC- (experimental)  network) correlation)
moiety moiety
2,5-Dipicryl-1,3,4-oxadiazole C14H4NgOy3 0 1 20 64 44 79 59
3,4-Bis-(picrylamino)-furazan C14HgN 0013 0 0 71 89 18 50 —21
3,5-Bis-(picrylamino)-1,2,4-oxadiazole Ci14HgN0O13 0 0 95 89 —6 50 —45
Ammonium 5-nitrotetrazolate CH4NgO» 0 0 32 - - 16 —16
Ethylenediammonium di-5-nitrotetrazolate C4H 9N 204 0 0 42 - - 46 4
3,5-Dinitroisoxazole C3HN3O5 0 0 29 22 -7 16 —13
1,4-Dinitroglycoluril C4H4NgOg 0 0 100 51 —49 26 —74
1-Nitro-2,5-bis-(trinitromethyl)-pyrrolidine Ce¢HgNgO14 1 0 6 15 9 26 20
5-Picrylaminotetrazole C7H4NgOg 0 0 36 41 5 34 -2
3,3,9,9-Tetranitro-1,5,7,11-tetraoxaspiro-(5,5)- C7HgN4Oq» 0 0 66 39 —27 96 30
undecane
N-(2,2,2-Trinitroethyl)-3,3,5,5- C7HgNgOy4 1 0 18 16 -2 44 26
tetranitropiperidine
N-(Trinitropropyl)-3,3,5,5-tetranitropiperidine CgHoNgO4 1 0 29 23 —6 72 43
1,3,7,9-Tetranitrodibenzo-1,3a,4,6a- C12H4NgOg 0 0 85 38 —47 64 —21
tetraazapentalene
3,6-Bis-(picrylamino)-s-tetrazine Ci14HgN 2012 0 2 61 13 —48 101 40
1,3,5-Tris-(1-0x0-5,5,5-trinitro-3- CisHigNjgO7 0 0 13 77 64 40 27
nitrazapentyl)-s-triazacyclohexane
Tripicryl-s-triazine C»1HgN 12013 0 0 85 84 —1 83 -2
rms deviation (cm) 71 59

following form:

46.2923a + 35.6305b — 7.7005¢ + 7.9425d

+44.4167n—_cne— + 102.2749n_cnne—
log hso = MW )

As seen, Eq. (2) requires no prior knowledge of any measured,
estimated or calculated physical, chemical or thermochem-
ical properties of explosive. Calculated impact sensitivity
is presented in Table 1 and compared with corresponding
measured values and neural network architecture [53]. The
new correlation, which is based on elemental composition
and two structural parameters, show surprisingly very good
agreement with experimental values as compared to com-
plex neural network computation. This may be taken as
appropriate validation tests of the new method for various
nitroheterocycles including nitropyridines, nitroimidazoles,
nitropyrazoles, nitrofurazanes, nitrotriazoles and nitropyrimi-
dines.

Difference of predictions from experiments, e.g. Dev=
predicted — measured, for new method and neural network
architecture [54] are given in Table 1. The overall performance
of new procedure and neural network can be compared in terms
of root mean square (rms) of deviations according to the equation
below:

rms deviation =

3

where N represents the number of impact sensitivity measure-
ments. As shown in Table 1, the rms deviation of the new
correlation is 59 cm meanwhile the rms deviation of compli-
cated neural network computation is 71 cm. Thus, Eq. (2) gives

good results as compared to outputs from complex neural net-
work architecture.

3. Conclusions

There is growing interest in the application of different
theoretical methods in quantitative structure-property relation-
ships that quantify the structure and properties of molecules
and allow the prediction of properties from structural param-
eters. Since high percentage errors generally attributed to
reported experimental measurements from different sources,
the main intent in this work was to investigate the likelihood
of a generalized method to evaluate impact sensitivity of
various nitroheterocycles of practical importance including
nitropyridines, nitroimidazoles, nitropyrazoles, nitrofurazanes,
nitrotriazoles and nitropyrimidines. A new method for esti-
mating the impact sensitivities of nitroheterocycles have been
developed so that utilizing the current correlation can be used
for reliable estimation of new proposed explosive for which no
data exist. The new correlation and previous correlations [12]
introduce the simplest method for predicting impact sensitivity
of various energetic C,H,N. O, compounds over a wide range
of different molecular structures. Thus, the results indicated
that the accuracy of prediction is not necessarily enhanced by
greater complexity. Our proposed method is superior to the
other various procedures in terms of accuracy, generality and
simplicity as it requires only the molecular structure of the
explosive compound, which is always known.
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