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Electric spark energy, EES, for a 50% probability of initiation of the 14 nitramines was determined using a
measuring instrument in which the electrodes are in direct contact with the sample. Indirectly pro-
portional relationships were established between the logarithm of the EES values and the length of the
longest NeN bond in the nitramine molecule. This finding is compatible with the mechanism of the first
step in the electro-reduction of the nitramine grouping. Directly proportional relationships were found
to exist between the EES values and the crystal lattice free volumes, DV (i.e. an increase in the DV values
increases the nitramine's resistance to electric sparks) but there were several nitramines with the
opposite course of this relationship. Also a semilogarithic relationships between the EES values and a
ratio of intrinsic volumes of molecule, Vint, to the DV values were described as well as ambiguous linear
dependence between these energies and a sum of the positive and negative extremes of the molecular
surface electrostatic potentials, VS,S. Several nitramines studied (always the same ones) display roughly
the same distribution in the coordinate systems of relationships with lengths of the longest NeN bonds,
the Vint/DV ratio and the sum VS,S as the independent variables. It was found that, typically, such re-
lationships start from a single identical point, in effect a point corresponding to data for a structural unit
from which the studied nitramines can be hypothetically generated, and/or are converging on another
point, often the one corresponding to the data for HNIW. All the findings point to a fundamental in-
fluence of the intermolecular forces on reactivity of nitramines exposed to electric sparks.

© 2020 China Ordnance Society. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are several different approaches and types of apparatus
reported in the literature for measuring and solving electric spark
sensitivity, EES (see Ref. [1] and references therein). The EES values
corresponding to these various options are to be found in these
papers [2e5]. However, it seems that, in some European countries,
the Czech Defense Standard (a part of STANAG [6]) is gaining
ground [1]. This fact relates with the results of work undertaken at
the University of Pardubice in the years 1995e2003, and subse-
quently with the later activity carried out by OZM Research [7].

At the University, two kinds of instrument were built for
studying electric spark sensitivity [1e5]. They differed in their
electrode configuration and their circuit structure [3,4] but, more
importantly, in the construction of their spark gaps. In the first
an).
ce Society

n and hosting by Elsevier B.V. on be
c-nd/4.0/).
machine, the discharge from the spark traversed an air gap (model
RDAD [1,3,4]) while in the more recent model of the second in-
strument (ESZ KTTV [3] in its latest version, X Spark 10 [7]) the
electrode is in direct contact with the sample. In the first example
(i.e. in the former system, RDAD) there is a considerable electrical
energy loss in the air gap between the upper electrode and the
sample surface and a large part of the discharge is converted into
the thermal component expressed here [1,3,4]. However, the values
obtainedwith the RDAD instrument were comparablewith those of
the Los Alamos Natl. Lab. [8], and they also correlate relatively well
with the molecular structure of polynitro compounds [2e4,9,10].
However, these values are about an order of magnitude higher than
the results from ESZ, and thus they cannot be taken as values
representing a “pure”(real) electric spark sensitivity. It is therefore
inappropriate to use them for the quantum-chemical reasoning
concerning reactivity caused by the transfer of the electron into the
nitro groupings (for example see Refs. [9,10]). These relationships
and/or differences between the two types of instrument are well
documented in these papers [3e5].
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Thus, the outputs from the later instrument, i.e. ESZ KTTV
(currently known as X Spark 10) [1e5,7], become a focus of interest
from the point of viewof the electron entering the nitro grouping in
polynitro compounds. Their molecular-structural dependences
have been relatively widely described in papers [1e4] including the
problem of the hot spot formation during electric spark initiation
[11]. Since the publication of these facts, new knowledge has
emerged in the literature about the initiating reactivity of energetic
materials (EMs), which could usefully be incorporated into the
study of EM sensitivity to electric sparks. This concerns mainly the
relationship of the crystal lattice free volume (CLFV) of nitramines
and their initiation by impact [12], friction [13] and heat [14]. But it
also describes the use of the sum of the negative and positive ex-
tremes of molecular surface electrostatic potentials, VS,S, of these
nitro compounds in the study of their thermal decomposition [15]
and detonation [16]. In the current study, these characteristics have
been introduced into an analysis of the electric spark effect,
together with new information concerning electric spark initiation
of nitramines. The choice of the 14 nitramines for this purpose was
largely dictated by their molecular structures being relatively
simple and the mechanism of the primary homolysis of their
NeNO2 bonds being well understood [17e20].
2. Data sources

2.1. Nitramines used in this study

The chemical names and code designations of the nitramines
studied, their electric spark sensitivity (energy of the electric spark,
EES, in mJ), the lengths of their longest NeN bonds and the sum of
the positive (VS,max) and negative (VS,min) extremes of themolecular
surface electrostatic potentials, VS,S, are summarized in Table 1. The
justification for the derivation of this VS,S, sum, including its values
for the nitramines under study, is presented in the studies [16,17].
For a clearer illustration, the structural formulae of the nitramines
used are presented in Scheme 1.
Table 1
Details of the nitramines studied showing their electric spark sensitivity (energy of the e
(VS,max) and negative (VS,min) extremes of the molecular surface electrostatic potentials,

Nitramines EE

No. Chemical name Code designation

1 2,5-Dinitro-2,5-diazahexane DMEDNA 39
2 2,4,6-Trinitro-2,4,6-triazaheptane ORDX 24
3 1,3-Dinitro-1,3-diazetidine TETROGEN 49
4 1,3,3-Trinitroazetidine TNAZ 78
5 1,3-Dinitroimidazolidine CPX 40
6 1,4-Dinitropiperazine DNDC 19
7 1,3,5-Trinitro-1,3,5-triazinane RDX 21
8 1,3,5-Trinitro-1,3,5-triazepane TTAZ 43
9 1,3,5,7-Tetranitro-1,3,5,7-tetrazocane b�HMX 23
10 cis-1,3,4,6-Tetranitrooctahydro-imidazo[4,5-d]-imidazole BCHMX 14

11 1,3,5,7,9-Pentanitro-1,3,5,7,9-pentazecane DECAGEN 27
12 trans-1,4,5,8-Tetranitrodecahydro-pyrazino[2,3-b]pyrazine TNAD 52
13 4,10-Dinitro-2,6,8,12-tetraoxa-4,10-diazaisowurtzitane TEX 28
14 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane ε�HNIW 46

Note.
a The EES values used are the results of instrument measurements where the electro

correspond to the 50% probability of explosion occuring.
b The shortest NeN bond in the BCHMX molecule.
c Extrapolated on the base of relationships between enthalpies of formation and the l
d Copies of information from the X-Ray measurements of CPX and TTAZ is possible to
2.2. Results of calculations for crystal lattice free volume of
nitramine explosives

All the compounds were optimized at computational level of
B3LYP/6-311 þ g(d,p) by using the Gaussian 09 software [31]. All
optimized structures were characterized as true local energy
minima on the potential energy surfaces without imaginary fre-
quencies. The crystal volume [V(0.003)] was calculated by using the
Multiwfn 3.3.9 software [32]. The effective volume per molecule
(Veff) was calculated as: Veff¼M/r, where M is molecular mass, r is
crystal density. The intrinsic gas phase molecular volume (Vint) was
calculated by the 0.003 au surface according to Ref. [33],
Vint¼ V(0.003). Therefore, the free space per molecule (DV) is given
by:

DV ¼ Veff � Vint ¼ Veff � Vð0:003Þ (1)

Results of these calculations are summarized in Table 2, which
also includes the minimum ionization potentials of several nitr-
amines, taken from paper [34].

The way of using of the DV values themselves is in this paper
principle essentially identical with the approach in work [33,39].

3. Results and discussion

As already mentioned earlier in this paper, measuring the
electric spark sensitivity gives very different results depending on
the instrument used e between the one where the discharge goes
through an air gap (model RDAD [1,3,4,8]), and the one where the
electrodes are in direct contact with the EM sample (model ESZ
KTTV [1,3e5]). The results differ by an order of magnitude and, in
addition, the correlations with the molecular structure of the EMs
measured are totally different (this is well described in papers
[3e5]). Taking into account the findings in paper [36] about the
influence of an external electric field on the potential trigger bond
in EM molecules, it can be stated that, during measurement with
the RDAD instrument, the NeN bonds in the nitramines concerned
are activated by such an electric field with their subsequent ther-
molysis by heat from the electric spark passing through air gap;
lectric spark, EES, in MJ), lengths of their longest NeN bonds and the sum of positive
VS,S, [16,17].

S [3] a from ESZ-KTTV/MJ Length of
the longest
NeN bond

Sum of potentials VS,S, [16,17]/(kJ$mol�1)

(pm) Ref.

2.0 134.0 [21] �12.98
3.3 5.19
4.0 141.2 c 70.53
.3 135.1 [23] 119.75
3.3 135.0 d 14.93
0.0 137.3 [25] �12.98
6.4 139.8 [26] 93.07
1.3 138.7 d 33.67
6.4 139.2 [26] 118.17
8.7 141.0 [27] 128.23

135.2b

6.5 87.97
0.0 141.7 [28] 67.52
5.5 141.4 [29] 38.89
2.0 143.6 [30] 161.39

de is in direct contact with the sample (originally marked as ESZ KTTV [3,4]) and

ongest NeN bonds of nitramines in study [24].
obtain [22].



Scheme 1. Structural formulae of the nitramines studied.

Table 2
Details, for each nitramine, of the molecular weight,M, effective volume, Veff, crystal volume, V(0.003), free space per molecule, DV, and minimum ionization potential (taken
from Ref. [34]).

Compound Molecular weight Density/(g$cm�3) Veff/Å3 V(0.003)/Å3 DV/Å3 Minimal ionization potential/(eV) [32]

No. Code designation

1 DMEDNA 178.1 1.450 204.03 153.19 50.8
2 ORDX 238.2 1.660 238.36 189.56 48.8
3 TETROGEN 148.1 1.810 135.92 110.67 25.2
4 TNAZ 192.1 1.840 171.56 139.26 32.3 (37) 10.550
5 CPX 162.1 1.650 163.19 126.03 37.2 10.177
6 DNDC 176.1 1.630 179.46 142.23 37.2
7 RDX 222.1 1.816 203.83 161.97 41.8 (46) 10.771
8 TTAZ 236.1 1.710 221.58 178.06 43.5
9 HMX 296.2 1.910 257.61 214.79 42.8 (49) 10.718
10 BCHMX 294.2 1.860 254.53 206.06 48.5
11 TNAD 322.2 1.840 290.88 237.96 52.9 10.436
12 DECAGEN 370.2 1.890 325.37 269.20 56.2
13 TEX 262.2 1.990 218.87 179.33 39.5 10.723
14 ε-HNIW 438.2 2.044 356.82 290.84 66.0 11.430

Note: The DV values listed in parentheses are taken from Ref. [31].
Minimum ionization potential from paper [34] calculated according to the method described in paper [35].
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that means that any transfer of electrons into nitramine groupings
cannot be under consideration here.
3.1. The electric spark initiation mechanism

It has been adequately shown that, in nitramine-containing
molecules, the nitramine grouping is a trigger for initiation by
electric sparks [3,36]. Cleavage of the s-bonds by electro-reduction
begins by electron transfer into the nitramine group [37,38], in
general forming an aza-radical and a nitrite anion. This transfer and
the subsequent fission may be formulated as in Scheme 2:

In the “normal” electro-reduction in an aprotic milieu an



Scheme 2. Electron attack on the nitramine grouping producing an aza-radical and a nitrite anion (the first step in the nitramine electro-reduction).
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additional electron is transferred, transforming the aza-radical into
an amine. Under the conditions of the electric spark sensitivity
testing (here using the ESZ KTTV model) the nitramine's primary
fission products should be a reason for further decomposition, or
even possibly sample explosion.
3.2. The role of the NeN bond lengths

It could be assumed that the length of the trigger bondwould be
proportional to the initiating reactivity of any given EM; for the
group of nitramines here it was demonstrated that this is not the
case [22]. Therefore, it is better to speak about a trigger or the
weakest bonds. Nevertheless, accepting this assumption and using
data from Table 1, the chart in Fig. 1 can be constructed.

With the exception of TTAZ, where the most reactive position is
position 1 while its longest NeN bond is in position 3 (this nitr-
amine is as if dimerized and so that stabilized in its molecular
crystal through mutual interaction nitramino groupings in position
3) [22], the positions of the longest NeN bonds in the nitramine
molecules featured in Fig. 1 correspond to the most reactive nitr-
amine groupings, as specified by means of the 15N NMR chemical
shifts [1,3] or DFT calculations [3]. Fig. 1 shows that resistivity of
nitramines to spark initiation increases with an increase in the
lengths of their longest NeN bonds. This fact corresponds to
Scheme 2, according to which deeper conjugation of the amine
electron pair with the nitro group should increase the affinity of the
nitro nitrogen atom to an electron and at the same time compress
the length of the corresponding NeN bond, which supports an
increase in this sensitivity. But problem is here in the case of
BCHMX in whose molecule a biggest difference exists between the
longest and shortest NeN bond among of all the studied nitramines
(see in Table 1and also [27]). After inserting data of its shortest bond
into coordinates of Fig.1 a point was obtained, which relatively well
Fig. 1. Semi-logarithmic relationship between electric spark sensitivity, expressed as spark e
for BCHMX also its shortest NeN bond is used.
correlates with straight line of “DNDC - b-HMXe ε-HNIW”; it might
be analogy of the TTAZ molecule what needs further investigation.
From what has been presented so far and also published in the
literature [1e5], it follows that the reaction centers in electric spark
initiation should be the same as in the case of initiation by me-
chanical and thermal stimuli [1e5], even if certain additional as-
pects might be in play, mainly in crowded molecules such as
BCHMX. It is, however, necessary to point out that, when using this
measurement method the resulting sensitivity to the electrical
spark is inversely proportional to the dissociation energies of the
respective NeN bonds [3], which is in agreement with the mech-
anism in Scheme 2. For results obtained by means of the RDAD
instrument, the situation is completely the reverse, confirming the
idea of thermal decomposition of the sample during
measurements.
3.3. The role of minimum ionization energy

The authors of paper [34] have made a detailed analysis of the
electric spark sensitivity of 12 nitramines, but using sensitivity data
corresponding to measurement using the RDAD instrument (i.e. to
thermal decomposition in an external electric field). They also used
the calculated minimum ionization energies which we have
inserted in Fig. 2 (the lower the ionization potential, the easier the
ionization [34]).

Fig. 2 shows a difference between nitramine molecules
depending on whether they are cyclic or globular, but with TEX
showing characteristics of both types, and DNCD tending to asso-
ciate with globular molecules (its molecular skeleton forms a part
of those in TEX and HNIW). This chart also shows that, for com-
pounds with globular molecules, a greater resistance to the elec-
tron detachment from the nitramine molecule (to the higher Imin
value) corresponds to a lesser sensitivity to electric spark, while for
nergy, EES, and lengths of the longest NeN bond in molecules of the nitramines studied;



Fig. 2. Approximate relationship of electric spark sensitivity, expressed as the energy of electric spark, and the minimum ionization energy of several of the nitramines studied.
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the cyclic nitramines (TNAD, TETROGEN, HMX and RDX) the reverse
is true.

3.4. Relationship with the crystal lattice free volume

Some authors have assumed that increasing the crystal lattice
free volume (CLFV) corresponds to an increase in impact sensitivity
[39]. We have found that this is not quite so clear [12], and in the
case of friction sensitivity it tends towards the reverse [13] and in
the sensitivity to heat it is completely the reverse [14]. Fig. 3 shows
how this relationship appears from the point of view of sensitivity
to electric spark (in the sense of the electron transfer into the
nitramine grouping).

Fig. 3 presents relatively tight structural-molecular relation-
ships, mostly showing increasing resistance to electric sparks with
an increase in the DV values. A group consisting of “TETROGEN e

TEX e RDX e (HMX) e BCHMX” shows the opposite trend. There is
an interesting comparison here with the relationship between the
activation energies of thermal decomposition and energies of
electric spark for the nitramines studied, which is mostly directly
proportional, with the exception of the group mentioned above, for
Fig. 3. Relationship between electric spark sensitivity, expressed as
which there is an opposite trend [40].
However, when the free volume is replaced by the ratio of the

intrinsic molecular volume, Vint, to the DV value, along with the
logarithm of the EES values, another view of the relationship in
Fig. 3 is created - shown in Fig. 4. When looking at dependency on
DV values, it is frequently the case that they start from a single
point, i. e. from a point corresponding to data for the structural unit
fromwhich the compound can be hypothetically generated, and/or
converge on another point, often the one corresponding to data for
HNIW [14,15] (see also Fig. 5). In contrast to similar dependencies
for thermal decomposition [14] and detonation [15], Fig. 3 shows
this starting point as a multiple one, which is represented by the
data for nitramines DMEDNA, CPX, DNDC and TTAZ. This
complexity may be related to the possible influence of an external
electric field on the trigger NeN bond, especially on its length and
electron density (see paper [36]); in this connection it instructive to
compare the positions of data for DMEDNA, CPX, TTAZ, HNIW,
TETROGEN and TNAD in Fig. 1 with those in Fig. 4, which would
seem to support this presumption.
energy of electric spark EES, and crystal lattice free volume, DV.



Fig. 4. Semi-logarithmic relationship between the electric spark sensitivity and the ratio of the intrinsic molecular volume, Vint, to the corresponding crystal lattice free volume, DV,
of the nitramines studied.

Fig. 5. Relationship between electric spark sensitivity, expressed as energy of electric spark EES, and the sum of the positive (VS,max) and negative (VS,min) extremes of the molecular
surface electrostatic potentials, VS,S,.
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3.5. Relationship with the sum of the surface electrostatic
potentials, VS,S

Papers [16,17] discuss thermal decomposition [16] and detona-
tion [15,17] of nitramines and provide the reasoning and calcula-
tions for the sum of the positive (VS,max) and negative (VS,min)
extremes of the molecular surface electrostatic potentials. Com-
parison of electric spark sensitivity with this sum for the nitramines
under study is presented in Fig. 5.

In terms of the positioning in the coordinate system of data for
DMEDNA, CPX, TTAZ, HNIW, TETROGEN and TNAD, this Figure is
similar to Fig. 4. In other words, it is also possible here to consider
the influence of the external electric field [36] on the electron
transfer into the nitramine grouping, as being a reason for the
complication in the particular molecular-structural relationships.
4. Comments

The relationships presented here are formed from a relatively
small amount of data. However, in the overwhelming majority of
cases, they form narrow molecular structural rows, having in
common a single structural characteristic or even a complete
structural unit. This is best seen in the CPX-TTAZ-HNIW series in
Fig. 3, in which the first two molecular skeletons enter the globular
skeleton of the latter. Here the change in conformation (intermo-
lecular interactions) of molecules and the lengths of the longest
bonds, which fundamentally affects their general reactivity, can be
clearly seen. In Figs. 1 and 4, this group of three nitramines is
extended by the addition of DMEDNA because its molecular skel-
eton is also a part of the molecular skeletons of the others. In this
way it is possible to analyse all the nitramine groups formed from
the same base.
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The straight lines with the positive slopes in Figs. 4 and 5 could
well correspond with the prevailing influence of intermolecular
forces in the crystal lattice on the electron transfer into the nitr-
amine grouping, while those with a negative slope would corre-
spondwith the prevailing influence of the close surroundings of the
reaction center (around the most reactive nitramine group in the
molecule, predominantly with a pyramidal configuration [41]). This
is probably what causes the differentiation of the nitramines in
Fig. 2 into two groups which is similar to the differentiation based
on the relationship of the EES values to the sum of surface elec-
trostatic potentials in Fig. 5.

In comparison with recent studies in the area of the relation-
ships discussed here [12e15], the analogous relationships in the
area of electric spark sensitivity seem to be somewhat more
complicated, with the exception of those presented in Fig. 1. As has
already been mentioned, this might be explained by the influence
of an external electric field on the nitramine grouping (see in
Ref. [34]). However, it is possible to see here an analogy with the
relationships with impact sensitivity, where limitations in the re-
lationships based on molecular structure similarity have been
found. This would imply a greater importance attributed to the
inter-molecular interactions in the crystal lattice in the initiation of
crystalline EMs e as also found when an electric spark is used.

Taking into account the findings in paper [34] about the influ-
ence of an external electric field on the potential trigger bond in the
EMs molecules, it can be stated that, during measurement with the
electrical discharge passing across the air gap over the nitramine
under study, the NeN bonds in the molecule concerned are acti-
vated by such an electric field with their subsequent thermolysis by
the heat of the discharge. This implies that any transfer of electrons
into nitramine groupings cannot be involved here.

5. Conclusion

As previously published results [3] show, the initiation of nitr-
amines by electron transfer into the nitramine grouping is char-
acterized by an indirectly proportional relationship between the
respective spark energy, EES, and the dissociation energy of the
NeN bond. This fundamental finding corresponds very well with
the indirectly proportional relationship between the logarithm of
the energy of the electric spark and the length of the longest NeN
bond in the nitraminemolecules. Both facts also agreewell with the
supposed mechanism of the first step in electro-reduction of the
nitramine grouping but only in the case, when the electrodes
during measurement are in a direct contact with the measured
sample.

As far as minimum ionization energy is concerned, it seems that
an increase in this energy leads to an increase in resistance against
electric spark for nitramines with globular molecules, whereas for
the cyclic ones it should be the reverse. Several partial directly
proportional relationships exist between the EES values and the
crystal lattice free volumes, DV (i.e. an increase in the DV values
causes an increased resistance of nitramines to an electric spark)
but there exist several nitramines in which the reverse of this
relationship is observed.

It is possible to explain this by the semi-logarithmic relationship
between the EES, values and the ratio of intrinsic volumes of mol-
ecules, Vint, to the DV values, and also by the linear relationship
between these EES values and the sum of the positive and negative
extremes of the molecular surface electrostatic potentials, VS,S. It is
often seen to be typical that these relationships start from a single
point, i.e. from data for a structural unit fromwhich the nitramines
studied can be hypothetically generated, and/or converge on
another point, often the one corresponding to the HNIW data.
Several always the same nitramines studied display roughly the
same distribution in the coordinate systems of relationships with
lengths of the longest NeN bonds, the Vint/DV ratio and the sum VS,S
as the independent variables. From the facts outlined in this paper,
it can be seen that beside the sensitivity to mechanical impulses
and heat, the intermolecular forces have a fundamental influence
also on the reactivity of nitramines, exposed to electric spark
initiation.
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