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A New View of Relationships of the N-N
Bond Dissociation Energies of Cyclic
Nitramines. Part II. Relationships with
Impact Sensitivity

TANER ATALAR,' MARCELA JUNGOVA 2
and SVATOPLUK ZEMAN?

"Department of Chemistry, Middle East Technical
University, Ankara, Republic of Turkey

Institute of Energetic Materials, Faculty of Chemical
Technology, University of Pardubice, Pardubice,
Czech Republic

The values of bond dissociation energies, BDE, of the
weakest N-N bonds and total energies, FEi,i,, of mole-
cules have been calculated for 14 cyclic nitramines by
means of the UB3LYP/6-31G* and UB3LYP/6-31+
G* // PM3 methods. The relationships found between
the BDE values and logarithms of impact sensitivity of
these nitramines, expressed as drop energy, Eg., are not
unambiguous. Replacement of these BDE values by the
BDE/E;,:a ratio has not resulted in any simplification
of the said relationships, but their quality improved, par-
ticularly with application of the UB3LYP/6-31+ G* //
PM3 (UHF) method. The reason of ambiguity of the rela-
tionships found mainly lies in real conformation of the
respective molecules and intermolecular force effects in
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real molecular crystals, which are included in neither of
the two calculation methods.

Keywords: bond dissociation energy, cyclic nitramines,
impact sensitivity

Introduction

Studies of the sensitivity of energetic materials are inseparably
connected with the understanding of the primary chemical
processes of their initiation. Over the last 10 years the study
of problems of this sensitivity (i.e., initiation reactivity) has
accelerated thanks to theoretical methods based on quantum
chemistry. Impact and shock sensitivities have been in the cen-
ter of interest [1]. The dissociation energy of the weakest bond
in the molecule of energetic material is thought to play an
important role in the initiation events. However, some authors
accept the idea that the correlation between bond strength and
impact sensitivity is not generally limited within certain classes
of molecules [2,3]. Fried et al. [3] state that the energy content
of the material must also play a role in determining the impact
sensitivity. Hence, for a characteristic of the impact sensitivity
(impact reactivity) the authors introduce the ratio of bond dis-
sociation energy (BDE) and energy content, E,, calculated by
means of CHEETAH [3]. The authors have presented an unam-
biguous semi-logarithmic relationship between this ratio
BDE/E,; and impact sensitivity, expressed as log hsgy, [3]
(hs0, stands for drop height), for 14 various polynitro com-
pounds containing C-NQO,, N-NO,, and O-NO, bonds in their
molecules; however, this published relationship lacks basic sta-
tistical characteristics. Song et al. [4] modified the previous
relationship replacing the E, values by the total energy of mole-
cule, E;yt. (calculated by means of B3LYP 6-31G*) and applied
it successfully to 5 derivatives of geminal polynitro paraffin
derivatives (i.e., to compounds of a single type having about
the same configurations of the reaction center of molecule).

In our experience, the problem is not as clear as it appears in
the above-given statements (e.g., Fried et al. [3] and Song
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et al. [4]). Therefore, our study is dedicated to the relationship
between impact sensitivity of 14 cyclic nitramines (i.e., com-
pounds seemingly of a single sort) and the BDE values of the
weakest bonds in their molecules and the values of their
BDE/E; 4. ratios.

Substances and Data

Table 1 presents a set of the cyclic nitramines and their impact
sensitivity data. Purity of the nitramines tested in this study was
checked by means of HPLC. For the sensitivity determination,
the standard impact tester with exchangeable anvil [5,6] was
adopted, the amount of tested substance being 40 mm?® [5], detec-
tion on the basis of sound (the Bruceton method [6,7,9]); 1- and
2-kg weight drop hammers were used [5,6]. Using the up-and-
down method, the obtained sensitivity was expressed as the drop
energy, Eg, [5,6]; a part of the E4, values was taken from the lit-
erature [7—12]. All the E,4, values are presented in Table 1. This
table also presents the heats of fusion, AH,,, ;,, taken from Atalar
and Zeman [13]; for a given substance these values represent a
sum of heats of all polymorphic transitions and the heat of melt-
ing [14]. Table 1 also presents nitramines tetrogen and decagon,
which have not been synthesized yet; their properties were pre-
dicted earlier (see Zeman and Krupka [7] and Zeman [15,16]
and references therein).

Table 2 presents calculated total energies, E;;.;, of the inves-
tigated nitramines and their fragments as a result of N-NO,
bond rupture and the value of the bond dissociation energies
(BDEs) of the weakest N-N bonds in the molecules of the
nitramines studied. The calculations of BDEs were performed
by means of the UB3LYP/6-31G* and UB3LYP/6-31+G* //
PM3 (UHF) methods [17,18]; the values obtained by these
two methods for isolated molecules are denoted by the codes
BDE?" and BDEP, respectively. All the calculations were per-
formed by using Spartan 06 package program. Table 2 also
includes the dimensionless ratios DBE/ E,,.;, denoted as Ratio.
As already stated, the application of the Ratio in this article
was taken from Song et al. [4].
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Results and Discussion

It is well known that intra- and intermolecular interactions in
crystals affect the conformation of molecules as compared with
the conformation of the same isolated molecules (conditions of
the BDEs calculation) or in solution or melt (some N-N bonds
in crystals of nitramines can be compressed [19]). In the case of
nitramino grouping acting as a carrier of orientation interaction
in nitramine crystals, one of the N-N bonds is usually the
longest one [19-21]. The influence of these intermolecular inter-
actions has been studied most reliably on the example of ther-
mal decomposition of polynitro compounds, where it is known
as a stabilizing effect of crystal lattice [22,23] or also as a retar-
dation effect of crystal lattice (REL) [24]; the said effect acts
against formation of the activated complex of the reaction
and, as it were, increases the strength of the weakest (the most
reactive) bond in the molecule. From the results of studies of
this type it follows that both the intensity of intermolecular
interactions [1,15,25] and dislocations [26] in the corresponding
crystal represent the factors influencing the transfer of initia-
tion energy into the reaction center of the molecule.

The said facts can represent one reason from among the main
reasons that lead to the complicated semi-logarithmic relation-
ship between the BDE values and impact sensitivity in Figs. 1
and 2. In these diagrams, the straight lines with positive slope
represent the expected logical relationship between BDE and
impact sensitivity. The mutual difference between the indivi-
dual solid lines in each diagram can be due to the differences
in intensity of intermolecular interactions in crystal, as consid-
ered on the basis of heats of fusion, AH,, ¢, (i.e., on the basis of
the work needed for formation of defects in crystal lattice). The
substances involved in straight lines A and E (except for tetro-
gen in Fig. 1) exhibit the AH,,,, values in the range of 36.1-
46.4kJmol™"; on the other hand, the AH,, . values for sub-
stances involved in straight lines B and F lie in the range of
27.7-33.8 kJ mol . This begs the question whether the data
of tetrogen in Fig. 1 belong only to straight line C (compare
with straight line G in Fig. 2). Straight lines C and G strictly
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Figure 1. Semi-logarithmic relationship between BDE?,
obtained by UB3LYP/6-31G* method, and impact sensitivity
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result from the presence of the piperazine skeleton in the mole-
cules of TNAD and HNIW; this skeleton can notionally be
derived by symmetrical introduction of two methylene groups
into the molecule of tetrogen; that is why the data of this nitra-
mine fulfill this correlation.

In the case of straight line D in Fig. 1, the AH,, values
increase in the order of CPX-tetrogen-HOMO [16]; this fact
could be connected with the increasing hardness of their crys-
tals in the mentioned sense. However, the hardness of these
three compounds is not known—visually, the CPX crystals
resemble a waxy (soft) substance. A part of data of straight line
H in Fig. 2 can be viewed as a dataset of building blocks of the
HNIW molecule (except for RDX, the skeletons of CPX and
HOMO are components of the globular skeleton of HNIW).
The structure of RDX can be obtained by notional introduction
of a nitramino group into the CPX molecule or by a removal of
methylene group from the HOMO molecule. Of course, it is
interesting to compare the sensitivity of substances involved
in the two straight lines with the lengths of the N-N bonds
that are first split in their molecules during initiation
(see Zeman and Jalovy [27] and references therein): these bond
lengths increase in the order of CPX (0.1346 nm)-tetrogen
(0.1355nm)-HOMO (0.1377nm in its position 1)-RDX
(0.1398 nm)—e-HNIW (0.1436 nm in its position 2). For the first
three members of this series, the bond lengths were calculated
(see Zeman and Jalovy [27] and references therein), and it
can be seen that their order agrees with the sensitivity order;
substances RDX and especially e-HNIW exhibit a distinct
stabilizing effect of crystal lattice (compare the AH,, , values
of all these nitramines); hence, the trend in N-N bond lengths
is not completely concordant here with the calculated BDE
values.

Application of the approach described by Fried et al. [3] and
modified by Song et al. [4] to the study performed in this
present work has led to Figs. 3 and 4. No simplification was
achieved. The straight lines with positive slopes have a logical
course, which is usual in the case of the solid lines adopting the
BDE/E; . ratios; increasing energy content of the molecules
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of these nitramines involved in these straight lines corresponds
with increasing impact sensitivity. However, in our earlier
paper [28] we proved that a specific feature of several nitra-
mines is the decrease in their impact sensitivity connected with
increase in their performance in the order of RDX-HMX-
TNAZ—-o-HNIW—-e-HNIW. This fact is also partially seen in
Figs. 3 and 4, especially in straight lines M and T. This could
perhaps be connected with the consonant influence of the inten-
sity of intermolecular forces and that of the lengths of N-N
bonds that are first split in the respective crystals, in analogy
with the situation mentioned in the case of straight lines D
and H in Figs. 1 and 2. A similar consideration could also be
true of straight line S in Fig. 4 if we take into account the
distinct similarity of the molecular structures (relationships
between the imidazoline and piperazine skeletons); no analogy
of such dependence is present in Fig. 3. As for straight line L in
Fig. 3 and straight line R in Fig. 4, both of them correspond
to notional deriving of the o-HMX structure from the CPX
structure, and their courses are logical.

In contrast to Figs. 1 and 2, the application of BDE/E; .
has included all the experimental values of drop energies from
Table 1 in the correlations given in Figs. 3 and 4. In this case,
particularly the UB3LYP/6-31+G* // PM3 (UHF) method
provides relationships of better quality compared with the
application of the BDE values alone. It is mainly the conse-
quence of the interactions in the real molecular crystal (and
hence also real conformation of the molecule) that it is impos-
sible to achieve a simplified relationship between the impact
sensitivity and the BDE/E ., ratios—such a relationship as
that considered by Fried et al. [3] and Song et al. [4]. In
addition, Fried et al. [3] attempt to compare (in this way) sub-
stances characterized by various mechanisms of primary fission
within the initiation process.

One of the contemporary aims of research on energetic mate-
rials is focused on syntheses of the polycyclic nitramines
4,8,10,12-tetranitro-2,6-dioxa-4,8,10,12-tetraazaisowurtzitane
(Aurora-5 or TNIW-5) and 4,6,10,12-tetranitro-2,8-dioxa-~
4,6,10,12-tetraazaisowurtzitane (Aurora-6 or TNIW-6) [29]
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(for their structural formulas, see Table 3). If the relationships
found in Figs. 1-4 are applied to predicting the impact sensitiv-
ity of these intramines, then the results summarized in Table 3
are obtained. This survey documents a relatively large differ-
ence between the approaches in the sense of Figs. 1-2 and those
in the sense of Figs. 3—4. Hence, the resulting average values
are loaded with a larger error; nevertheless, they correspond
to the expectations.

Conclusions

The well-known semi-logarithmic relationship between the cal-
culated bond dissociation energies, BDEs, and the impact sensi-
tivity is not unambiguous, not even in the case of identical
mechanisms of primary fission within the initiation process (the
homolysis of N-N bond in this case). Its derivation can be specu-
lative to a certain extent. In contrast to the published data [3,4],
the replacement of the BDE values by their ratios to total energy,
Eiotal, of the molecule (i.e., by BDE/E;.1) does not lead to any
simplification of the said relationship. However, this operation
markedly increases the quality of the partial relationships found;
in this respect, the UB3LYP/6-31+G* // PM3 method gave
results of higher quality as compared with those obtained by
means of the UB3LYP/6-31G* approach. The ambiguity of the
relationships found is mainly due to the real conformation of
the molecules and the intermolecular force effects within the real
molecular crystals, which are involved in neither of the two calcu-
lation methods (their results concern isolated molecules), but
they play a very significant part in the real impact sensitivity
of energetic materials [1,7,15,16,23,26]. The more detailed analy-
sis of results obtained in our case from a larger set of polynitro
compounds of a single kind is the reason why our results differ
from those published earlier [3,4].
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