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Abstract: In designing proposed new explosives, we seek a balance between high
detonation performance and low sensitivity. Accordingly we focus upon (1) planar
molecules, for better packing efficiency and reduced shear strain upon impact/
shock, (2) high nitrogen content, for greater density and enthalpy of formation,
(3) N—O linkages rather than NO, or ONO, groups as sources of oxygen, and (4)
presence of NH, groups, if possible, to increase density and diminish sensitivity.
Here we report the results of a computational assessment of three tricyclic polyazine
N-oxides that essentially satisfy these structural criteria. Their predicted crystal
densities range from 1.96 to 2.03 g/cm?®. The calculated solid phase enthalpies of
formation are between 135 and 314 kcal/mol. The computed detonation velocities
and detonation pressures are similar to HMX for two of the compounds and
significantly greater for the third, exceeding even CL-20. Impact sensitivities
were estimated on the basis of (1) the free space available in the respective crystal
lattices, and (2) the molecular surface electrostatic potentials. All three compounds
are expected to be less impact sensitive than both HMX and CL-20. One of the
three in particular is suggested to represent the best balance between detonation
performance and sensitivity.

Keywords: tricyclic polyazine N-oxides, detonation performance,
sensitivity, free space in crystal lattice, molecular electrostatic potentials

Design of New Explosive Compounds
Efforts to design new explosive compounds immediately encounter

the difficulty of trying to reconcile two seemingly contradictory objectives:
maximizing detonation performance but minimizing sensitivity (i.e. vulnerability
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to unintended detonation due to accidental stimuli, such as impact, shock, etc.).
Factors that promote one of these objectives often conflict with the other. The
goal is therefore an optimum balance.

Detonation performance

Some indications of what affects detonation performance are provided by
the empirical relationships, Egs. (1) and (2), developed by Kamlet and Jacobs
for estimating the detonation velocities D and the detonation pressures P of
C,H,N,O-containing explosives [1]. D and P are, respectively, the stable velocity
of the shock front that characterizes detonation and the stable pressure that is
developed behind the front [2-4].

D (km/s) = 1.01[N®5M,,.>25 Q"5 (1 + 1.30p)] (D)
P (kbar) = 15.58[NMa?3Q"5p?] 2)

In Egs. (1) and (2), N is the number of moles of gaseous detonation products
per gram of explosive and M,,. is their average molecular mass in g/mol. Q is
the heat release of the detonation reaction in calories per gram of explosive; it
equals the negative of the enthalpy change AH of the reaction. The quantity p is
the loading density of the explosive in g/cm?. In practice it is often less than the
pure crystal density [1, 4], but the latter is generally used in predicting D and P
for new compounds. The effectiveness of Egs. (1) and (2) has been demonstrated
on several occasions [1, 5, 6].

It is desirable that the detonation velocity and pressure be as high as is
compatible with a low level of sensitivity; accordingly, large values of N, M,ye,
Q and p are sought. However the issue of balance arises again, since N and
M, vary inversely.

N, M, and Q depend upon the composition of the detonation products.
While several schemes for predicting these have been proposed [ 7], comparisons
with both experimental and computer-generated data have shown [1, 5] that good
results are obtained by assuming that the products are N, (g), H,O (g), CO, (g)
and C(s), with oxygen being used to form H,O before CO,.

Since Q = -AH, it can be found from the difference in the enthalpies of
formation of the detonation products and the explosive compound. Q is therefore
larger as the enthalpy of formation of the compound is more positive. This is
one reason for the emphasis, in recent years, upon introducing nitrogens into
the molecular frameworks of energetic compounds [8-16], even to the extent of
linking several together (nitrogen catenation). The presence of nitrogens is known
to increase the enthalpy of formation [9, 12, 16], presumably because of the
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relative weakness of C-N and N-N bonds compared to the very strong one in N,.

Nitrogens also serve to increase the crystal density p, the fourth quantity
appearing in Egs. (1) and (2) [9, 12, 13,16-18]. This can be explained, at least
in part, in terms of the greater mass and smaller volume of a nitrogen atom
compared to C-H [17].

A drawback of nitrogen catenation is that it frequently has a destabilizing
effect [19, 20]. This may reflect such factors as repulsion between neighboring
nitrogen lone pairs [21, 22], the weakness of any N-N single bonds and the
possibility of decomposing through loss of the very stable N, [20]. It has been
shown, however, that this destabilization can be reduced by involving some of
the nitrogens in coordinate covalent N*—O~ bonds [11, 16, 21]. This can also
result in a higher density and heat of formation [10, 23].

From the standpoint of detonation performance, all of the carbon should
ideally be converted to CO, [5]. This avoids nonproductive solid carbon and
gives a product (CO,) with a relatively highly negative enthalpy of formation
[24], thereby increasing Q.

Sensitivity
As mentioned earlier, a second major consideration in designing new

explosive compounds — in addition to detonation performance — is achieving

alow level of sensitivity (vulnerability to accidental stimuli). This is complicated
by the number of factors that influence sensitivity: molecular, crystalline, the

physical state of the compound and environmental conditions, etc. [2, 3, 25-29].

Our present focus will be upon certain molecular and crystalline features that

have been related to sensitivity [29]:

(1) There is substantial evidence that sensitivity is directly linked to the
compressibility of the solid compound [3, 30-33] and thus to the free space
available in its crystal lattice [34, 35].

(2) If the lattice is composed of parallel planar layers, they can more readily
slide past each other, thereby reducing the shear strain that results from
shock or impact. This strain can create local buildups of the energy
introduced by the shock or impact (‘hot spots’), and thus facilitate the
initiation of detonation [36, 37]. The likelihood of a layered crystal lattice
(and diminished sensitivity) is enhanced by the molecules being planar and
having the possibility of significant intermolecular attractive interactions
within the layers.

(3) The presence of NH, groups often lessens sensitivity [10, 38]. This is
probably due at least in part to hydrogen bonding, which (a) leads to closer
packing, thus reducing the free space and also increasing the density, (b)
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promotes a layered crystal lattice, and (c) may help to dissipate hot spot
energy [39]. (Of course the stabilization induced by hydrogen bonding often
comes at the price of a decrease in the enthalpy of formation.)

(4) Weak intramolecular bonds may make compounds more sensitive, since
their rupture may be a key step in initiating detonation (‘trigger linkages”)
[25-29].

Tricyclic Polyazines

Zheng et al. [40, 41] have drawn attention to tricyclic polyazines serving as
possible molecular frameworks for energetic compounds. We will focus upon
three such frameworks: Tri-s-triazine, 1, and its two analogues 2 and 3 that
correspond to replacing two or all three C-H units by nitrogen atoms.

Tri-s-triazine, 1, has been known and studied for some time. It belongs
to the polyazacycl[3.3.3]azine series, of which the first member is cycl[3.3.3]
azine, 4. While 4 is chemically quite reactive [42, 43], e.g. readily undergoing
oxidation or addition, 1 is in contrast remarkably unreactive (except for rapidly
decomposing in water) and appears to have very low basicity [44]. Only relatively
recently have derivatives of 1 been reported, among them the triamine 5, known
as ‘melem’ [45].
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The molecular structure of tri-s-triazine as three fused s-triazine rings was
correctly postulated by Pauling and Sturdivant [46]. It appears that Pauling
retained his interest in this system; the azidodihydroxy derivative 6 was found,
after his death in 1994, drawn on the chalkboard in his office [47]. There has been
some speculation as to the reasons for this, and 6 has sometimes been labeled
‘Pauling’s mystery molecule’. In areported interview in 1977, he suggested that
compounds related to 6 might show anti-cancer activity [48].

The crystal density of tri-s-triazine, 1, is quite high: 1.69 g/cm?® [49].
As pointed out some time ago [18], this puts it among the most dense C,N,H
compounds. The density of 1 exceeds those of all 20 C,N,H compounds in the
compilation of experimental high-nitrogen crystal densities by Rice et al. [50],
which average 1.51 g/cm®. The highest C,N,H density of which we are aware
is 1.78 g/cm?® for the azobis(aminotetrazine) 7 [12].

e
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Proposed Compounds

In accordance with the preceding discussion, we selected 1 — 3 to be the
molecular frameworks for our proposed energetic compounds. 1 is already
known to be planar and to have a high crystal density [18, 49]. 2 and 3 can also
be expected to be planar and to have even higher densities, since C-H units have
been replaced by nitrogen atoms. The large proportions of nitrogens in 1 — 3
should also result in quite positive enthalpies of formation.

To promote hydrogen bonding, we plan to replace the hydrogens in 1 and
2 by NH, groups. Note that the triamine 5 has already been synthesized and
characterized [45].
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As sources of oxygens, we suggest forming N-oxides at some or all of the
outer nitrogens. N-oxides of polyazines have aroused considerable interest as
energetic materials [8-16, 23, 51]; in addition to providing oxygens, N-oxidation
often increases the density and the enthalpy of formation [10, 12, 23, 51], and it
can have a stabilizing effect when it involves catenated nitrogens [11, 16, 21].

Accordingly we propose compounds 8 — 10 for consideration as new
explosives. We shall evaluate them from the standpoints of densities,
detonation properties and sensitivities. Note that they contain no NO,, ONO,
or Nj substituents.
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Densities

It has been demonstrated that the densities of C,H,N,O energetic molecular
solids can be predicted with reasonable accuracy by means of Eq. (3) [52]:

2

) M
density =a {WJ +B (Vcsmt ) +y (3)
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M is the molecular mass in g/molecule, V(0.001) is the volume in
cm?/molecule that is enclosed by the 0.001 au contour of the molecule’s
electronic density, and voz, is an ‘electrostatic interaction index’. This index is
defined in terms of the electrostatic potential Vg(r) that the nuclei and electrons
of the molecule create on the surface defined by the 0.001 au contour. o%; is
the sum of the positive and negative variances of Vs(r), 6% = 62 + ¢% and v is
a balance parameter:

n

O NAAGEAL 0 =3[V~ Vi ] )
(o)

In Eq. (4), the summations are over the m and » points at which Vs(r) is
respectively positive and negative, Vi(r;) and Vi(r;). V< and Vs are the positive
and negative averages.

The quantities 62 and o? reflect the strengths and the variabilities of the
positive and negative surface electrostatic potentials and v is a measure of the
degree of balance between them,; it attains a maximum of 0.25 when o2 = 6% The
product voi, has been found to be an excellent index of electrostatic interactive
tendencies, especially between molecules of the same kind [53]. A large value
of 0% and v near 0.25 indicates that both the positive and the negative surface
potentials are strong, maximizing the possibilities for attractive interactions.

The coefficients o, B and y were assigned by fitting Eq. (3) to the
experimentally-determined densities of 36 energetic C,H,N,O compounds
of different types [52]. The calculations of V(0.001) and Vs(r) were at the
B3PWO91/6-31G(d,p) level.

Eq. (3) is an extended and improved version of an earlier procedure which
approximated the density as simply M/V(0.001) [50, 54]. This was sometimes
quite effective, but since it reflects just a single isolated molecule and completely
neglects crystal factors, it could also produce sizable errors. In a group of 180
C,H,N,O energetic compounds, using just M/V(0.001) resulted in more than
10% having errors greater than 0.10 g/cm?® [50]; the average absolute deviation
from experiment was 0.047 g/cm?. In contrast, Eq. (3) gave an average absolute
deviation of 0.036 g/cm?® and for only one of the 36 compounds was the error
greater than 0.10 g/cm’.

A word of caution however: Eq. (3) was parametrized specifically for
C,H,N,O energetic compounds, which tend to have higher densities than
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organic molecular solids in general [55]. It should not be assumed that the same
parameters and the 0.001 au volume will necessarily be appropriate for the latter.
Using Eq. (3), the estimated densities of the three proposed compounds are:
8: 2.03 g/cm® 9: 1.96 g/cm’ 10: 1.99 g/cm?
These values are listed in Table 1.

Table 1.  Computed and experimental properties relevant to detonation
Property 8 9? 10? HMX | CL-20
Density, g/cm’ 2.03 1.96 1.99 1.90° 2.04¢
Enthalpies of formation
Gas phase, kcal/mol 171 236 337 -—- -—-
Solid phase, kcal/mol 135 209 314 24.5¢ 90.2¢
Detonation heat

release, Q, cal/g | 1430 | 1604 | 2192 | 1498 | 1567°
Detonation velocity, D, km/s

Experimental --- --- --- 9.1° 9.38¢

Calculated, Eq. (1) 9.0 9.1 10.3 9.2¢ 9.6°
Detonation pressure, P, kbar

Experimental --- --- --- 393° ---

Calculated, Eq. (2) 385 387 494 383¢ 441¢

“Present work. PRef. 56. “Ref. 60. Ref. 58. Ref. 5.

Enthalpies of Formation

The atom equivalent procedure [57, 58], Eq. (6), was utilized to find the gas
phase enthalpies of formation AHF(g) of 8 — 10:

AH?(g):E(g)_Znigi (6)

In Eq. (6), E(g) is the computed minimum molecular energy at 0 K, »; is
the number of atoms of element 7 in the molecule and ¢; is its atom equivalent

energy (to be determined).
Since it is actually the solid phase enthalpies of formation of 8 — 10 that

will be needed, it is necessary to convert each AH{(g) to AHF(s), via Eq. (7),

AHZ(s) = AHf(gas) — AHgyp (7)
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in which AHy,, is the enthalpy of sublimation. We have shown some time ago
that AHy,, can also be estimated from the electrostatic interaction index, in
conjunction with the area of the 0.001 au molecular surface [59]:

AHygy, = a(area)’ + b(vol)'? + ¢ (8)

The atom equivalents ¢; in Eq. (6) and the coefficients @, b and ¢ in Eq. (8)
were taken from Byrd and Rice [58], who obtained them by fitting Egs. (6)
and (8) to experimental AHF(g) and AHy,, for databases of C,H,N,O energetic
compounds. They computed the molecular energies £(g), the surface areas and
the electrostatic potentials with the B3LYP/6-311++G(2df,2p)//B3LYP/6-31G(d)
procedure.

We have used Egs. (6) — (8) to calculate AHF(g), AHy,, and AHF(s) for
compounds 8 — 10. The results are in Table 1.

Detonation Properties

In accordance with earlier analyses [1, 5], the detonation products of 8 — 10
will be taken to be N»(g), H,O(g), CO,(g) and solid carbon, with H,O forming
before CO,. The detonation reactions are therefore,

Compound 8: C¢HeN;Os (s) — 5 Na(g) + 3 HO(g) +3/2 COx(g) + 972 C(s) (9)
Compound 9: C4H,N404 (s) — 5 Na(g) + H,O(g) + 3/2 CO,(g) + 5/2 C(s) (10)
Compound 10: C3N;oO¢ (s) — 5 Na(g) + 3 COx(g) (11)

The enthalpies of detonation, AHge, can be determined from the experimental
enthalpies of formation of the products [24] and the solid state enthalpies of
formation of the compounds 8 — 10 (Table 1). The detonation heat release Q for
each compound is then Q = — AHge. Our predicted Q for 8 — 10 are in Table 1.

With Q and the density p now available for each of the proposed compounds,
the remaining quantities needed to estimate their detonation velocities and
pressures by means of Egs. (1) and (2) are the respective N (the number of
moles of gaseous detonation products per gram of explosive) and M. (their
average molecular mass). These can readily be evaluated from the reactions in
Egs. (9) - (11).

Our predicted detonation velocities D and detonation pressures P for
compounds 8 — 10, obtained with Egs. (1) and (2) and the values of p, N, M,y
and Q that were found in this work, are:



314 P. Politzer, P. Lane, J.S. Murray

Compound 8: D=9.0km/s P =385 kbar

Compound 9: D=9.1km/s P=387kbar

Compound 10: D=10.3 km/s P =494 kbar

All of our computed properties relevant to the detonation behavior of § — 10 are
presented in Table 1, where they are compared to those of HMX (1,3,5,7-tetranitro-
1,3,5,7-tetraazacyclooctane) and CL-20 (hexanitrohexaazaisowurtzitane), the
current standards for high detonation performance. For HMX and CL-20 are
given both the experimental D and P and also the D and P calculated for them
with Egs. (1) and (2), using their experimental Q and p. The two sets of D
and P are in quite good agreement for both HMX and CL-20, attesting to the
effectiveness of Egs. (1) and (2).

Table 1 shows again [5, 15] that density is not as dominant in determining
relative detonation properties as might be anticipated from Egs. (1) and (2),
in which it appears to higher powers than the other quantities. For example,
compounds 8 and 9 are both predicted to have higher densities than HMX,
especially 8, but quite similar D and P. The estimated density of 8 is nearly the
same as that of CL-20, but its D and P are significantly less. On the other hand,
10 has a lower density than CL-20, but considerably higher D and P.

All of this simply illustrates the fact that the detonation properties depend
upon N, M, and Q as well as p. Thus the product NM,,."? is 0.158 for 8, well
below the 0.176 for HMX; this counteracts the greater density of 8, and the D
and P of 8 and HMX differ very litte.

The high detonation velocity and detonation pressure predicted for 10,
superior to those of HMX and CL-20, can be attributed primarily to the heat
release Q of 10, which markedly exceeds any other in Table 1. This in turn
follows from its large enthalpy of formation plus the fact that all of the carbon
forms COx(g) (which has quite a negative enthalpy of formation [24]) rather than
solid carbon, which contributes nothing to Q.

It should be noted that the enthalpy of formation predicted for 10 would
not be the highest known for an energetic compound. Huynh et al. reported
experimental values of 519 and 419 kcal/mol for two compounds involving
hydrazo- and azo-linked tetraazido-s-triazines [61].

Sensitivity
We have designed the proposed compounds 8 — 10 to incorporate structural

features that have been associated with reduced sensitivity, as discussed earlier.
Thus the molecules are planar, and two of the three have NH, groups. We have
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avoided introducing bonds that tend to be weak, e.g. C-NO, O-NO, O-NO,,
N-NO, N-NO; and N-N, [62].

Any attempt to predict sensitivity should be made with extreme caution. As
already pointed out, sensitivity depends upon a number of factors [2, 3, 25-29]
and it is not clear which one(s) may be dominant in any particular case.

Sensitivity and free space in crystal lattice

There is evidence indicating that one of the factors related to sensitivity is the
compressibility of the solid compound [3, 30-33], and that sensitivity increases
with the amount of free space available in the crystal lattice [34, 35]. We have
suggested that this free space AV can be formulated as [34],

AV = Ve — V(0.003) (12)

In Eq. (12), Veris the effective volume of the molecule that would correspond
to 100% packing of the unit cell; it is given by,

Verr = M/density (13)

V(0.003) is the space encompassed by the 0.003 au contour of the molecule’s
electronic density; this is viewed as being the intrinsic volume of the molecule.
The 0.003 au contour was selected because we found that the ratio V(0.003)/ Ve
reproduces very well the actual packing coefficients of energetic compounds [55].

We have shown that there is a rough relationship between AV and the
experimental impact sensitivity [34]: the sensitivity tends to increase as AV,
the available free space in the lattice, becomes larger. We have applied this
relationship to estimating the impact sensitivities of 8 — 10. The V.r were
calculated using our predicted densities and Eq. (13); the respective V(0.003)
were computed with the B3PW91/6-31G(d,p) procedure. The results will be
given both as drop heights hso (2.5 kg drop mass) and as impact energies:

Compound 8: AV =42 A3 hso~115cm  impact energy ~ 28 J

Compound 9: AV =45 A3 hso~ 105 cm  impact energy ~ 26 J

Compound 10: AV =55 A3 hsp ~ 75 cm impact energy ~ 18 J

The larger are hsy and the impact energy, the lower is the impact sensitivity.
For comparison, experimental impact sensitivities of HMX are in the ranges
hso =26-32 cm, impact energy = 6-8 J [63], while for CL-20 they have variously
been reported as hsp = 12-21 cm, impact energy = 3-5 J [63] and as hsp=48-51 cm,
impact energy = 12 J [64, 65], for a 2.5 kg drop mass.

We want to stress again that our results are only rough estimates which are
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based upon a single factor, the available free space in the crystal lattice. This
does not necessarily play the dominant role in determining the impact sensitivities
of 8 — 10.

Sensitivity and the molecular electrostatic potential

We shall also address sensitivity from another standpoint: the electrostatic
potential Vs(r) on the molecule’s 0.001 au surface, which was mentioned
earlier. It should be noted that the electrostatic potential is a real physical
property, an observable, which is accessible experimentally [66, 67] as well as
computationally. It rigorously reflects the charge distribution in a molecule. (For
reviews of its fundamental significance and practical applications, see Politzer
and Murray [68, 69].)

For typical organic molecules, the regions of negative potential Vs(r) on
their surfaces — due primarily to lone pairs and « electrons — are usually stronger
than the positive [68-70], although the latter may cover larger areas. In energetic
molecules, the situation is quite different. They commonly have highly electron-
withdrawing components on their peripheries — NO, groups, aza nitrogens, etc.
These deplete the electronic densities in the central portions of the molecules,
leaving them strongly positive, with weaker negative regions on the outsides
near the lone pairs of the NO, oxygens, aza nitrogens, etc. Overall, the positive
potentials tend to be strongly dominant in energetic molecules, as has been
shown on numerous occasions [26, 28, 29, 63, 71]. This can be quantified by
comparing the positive and negative variances, 62 and o2 Eq. (4). For typical
organic molecules, 6> > o2 ; for typical energetic, 62 >> ¢*[70].

There is considerable empirical evidence that this anomalous potential
imbalance that characterizes many energetic molecules is linked, at least
symptomatically, to sensitivity [26, 28, 29, 63, 70-74]. This has been discussed
at length by Murray et al. [28, 29].

In Figure 1 are presented the electrostatic potentials on the 0.001 au surfaces of
8 —10, computed with the WFA-SAS code [75] at the B3PW91/6-31G(d,p) level.
For each molecule, the potential above the entire tricyclic polyazine framework
is positive, particularly in the central portion. Negative regions are only on the
peripheries of the molecules, associated with the oxygen and aza nitrogen lone
pairs. There are no negative regions reflecting « electrons of the rings.

In order to quantify the relative strengths of the positive and negative
potentials on the surfaces of 8 — 10, we give the positive and negative variances:

Molecule 8: o2 = 147 (kcal/mol)>  o?= 183 (kcal/mol)?

Molecule 9: o2 =264 (kcal/mol)>  o?= 65 (kcal/mol)?

Molecule 10: o2 =281 (kcal/mol)>  &?=20 (kcal/mol)?
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The positive potential is clearly increasingly dominant in going from 8 to
10, which suggests (but does not guarantee) that the sensitivities are likely to
increase in that order. This is in agreement with the predictions based upon the
available free space in the respective crystal lattices.

However the magnitudes of the variances reveal an interesting anomaly.
While o2 >> o2 for 9 and 10, as expected for energetic molecules, this is not the
case for 8; instead o2 > 6> This confirms what can be inferred from Figure 1,
that the positive potentials are not dominant in 8, as they are in 9 and 10. It is
unusual for an energetic molecule to have approximately similar 62 and o2 but
not unknown; it is often associated with lower sensitivity [63, 70].

(b)

(c)

Figure 1. Calculated electrostatic potentials on the 0.001 au molecular surfaces
of (a) molecule 8, (b) molecule 9 and (c) molecule 10. Color ranges,
in kcal/mol, are: red, greater than 40; yellow, between 20 and 40;
green, between 0 and 20; blue, less than 0 (negative). Positions of
atoms are shown as gray circles.



318 P. Politzer, P. Lane, J.S. Murray

Discussion and Summary

Our analyses predict 8 and 9 to be comparable to HMX in detonation
properties, and 10 to exceed HMX and even CL-20 (Table 1). Compounds 8
— 10 are also expected to be less impact sensitive than both HMX and CL-20,
especially 8 and 9.

The fact that 62> o2 for 8, which is atypical for an energetic molecule, can
be attributed to delocalization of electronic charge from the amino nitrogens
into the rings, 11. This somewhat diminishes analogous delocalization from
the oxygens, 12 [16].

O
/&\' _ jN\/\' jN\_
11 12

It follows that there should be increasing N-O double bond character in
going from 8 to 9 to 10, which is borne out by the respective computed N-O
distances: 1.29 A, 1.24 A and 1.23 A, with the B3PW91/6-31G(d,p) procedure.
For comparison, the experimental gas phase N-O bond length in pyridine N-oxide
is 1.278 A [76]; our computed value is 1.266 A [16].

Are the N-O bonds in 8 therefore relatively weak, so that they might serve
as trigger linkages facilitating the initiation of detonation, making 8 undesirably
sensitive? Reassurance on this point is provided by the compound LLM-105,
13, which has been prepared and characterized [10]. It has an NH, on both sides
of the N—O linkage, and our computed N-O distance in 13 is 1.29 A, just as
in 8. However the experimental impact sensitivity of 13 is a quite acceptable
hso =117 cm (29 J) [51], very similar to what we predict for 8 and 9 on the basis
ofthe available free space in the crystal lattices, 115 cm (28 J) and 105 cm (26 J),
respectively. Ifthe density of 13 is obtained by Eq. (3) and used to determine the
free volume in the lattice, the estimated impact sensitivity is hso =120 cm (29 J).

0
HZNIN\I NH,
ON N/ NO,

13
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While 8 — 10 should all be of interest as possible energetic compounds,
it appears that 8 may represent the best balance between high detonation
performance and low sensitivity. With respect to its synthesis, it is encouraging
that the triamine 5, a possible precursor, is known and characterized [45].

Acknowledgement

We greatly appreciate the support of this work by the Office of Naval
Research, contract number N00014-12-1-0535, Program Officer Dr. Clifford
D. Bedford.

References

[1] Kamlet M.J., Jacobs S.J., Chemistry of Detonation. I. A Simple Method for
Calculating Detonation Properties of C,H,N,O Explosives, J. Chem. Phys., 1968,
48, 23-35.

[2] Iyer S., Slagg N., Molecular Aspects in Energetic Materials, in: Structure and
Reactivity, (Liebman J.F., Greenberg A., Eds.), VCH Publishers, New York, 1988,
ch. 7.

[3] Dlott D.D., Fast Molecular Processes in Energetic Materials, in: Energetic
Materials. Part 2. Detonation, Combustion, (Politzer P., Murray J.S, Eds.), Elsevier,
Amsterdam, 2003, ch. 6, 125-191.

[4] Meyer R., Kohler J., Homburg A. Explosives, 6" ed., Wiley-VCH, Weinheim,
Germany, 2007.

[5] Politzer, P., Murray, J.S., Some Perspectives on Estimating Detonation Properties
of C,H,N,O Compounds, Cent. Eur. J. Energ. Mater., 2011, 8(3), 209-220.

[6] Shekhar, H., Studies on Empirical Approaches for Estimation of Detonation Velocity
of High Explosives, Cent. Eur. J. Energ. Mater., 2012, 9(1), 39-48.

[7]1 Akhavan J., The Chemistry of Explosives, 2" ed., Royal Society of Chemistry,
London, 2004.

[8] Licht H.-H., Ritter H., New Energetic Materials from Triazoles and Tetrazines,
J. Energ. Mater., 1994, 12, 223-235.

[9] Chavez D.E., Hiskey M.A., Gilardi R.D., 3,3’-Azobis(6-amino-1,2,4,5-tetrazine):
A Novel High-Nitrogen Energetic Material, Angew. Chem. Int. Ed., 2000, 39,
1791-1793.

[10] Pagoria P.F., Lee G.S., Mitchell A.R., Schmidt R.D., A Review of Energetic
Materials Synthesis, Thermochim. Acta, 2002, 384, 187-204.

[11] Churakov A.M., Tartakovsky V.A., Progress in 1,2,3,4-Tetrazine Chemistry, Chem.
Rev., 2004, 104,2601-2616.

[12] Chavez D.E., Hiskey M.A., Naud D.L., Tetrazine Explosives, Propellants Explos.
Pyrotech., 2004, 29, 209-215.

[13] WeiT., Zhu W., Zhang X., Li Y.-F., Xiao H., Molecular Design of 1,2,4,5-Tetrazine-



320

P. Politzer, P. Lane, J.S. Murray

(23]
[24]
[25]

[26]

Based High-Energy Density Materials, J. Phys. Chem. A, 2009, 113, 9404-9412.
Gokeinar E., Klapotke T.M., Bellamy A.J., Computational Study on 2,6-Diamino-
3,5-dinitropyrazine and its 1-Oxide and 1,4-Dioxide Derivatives, J. Mol. Structure
(Theochem), 2010, 953, 18-23.

Politzer P., Lane P., Murray J.S., Computational Characterization of Two Di-1,2,3 4-
tetrazine Tetraoxides, DTTO and iso-DTTO, as Potential Energetic Compounds,
Cent. Eur. J. Energ. Mater.,2013, 10(1), 37-52.

Politzer P., Lane P., Murray J.S., Computational Analysis of Relative Stabilities of
Polyazine N-Oxides, Struct. Chem., 2013, DOI: 10.1007/s11224-013-0277-2.
Stine J.R., Molecular Structure and Performance of High Explosives, in: Structure
and Properties of Energetic Materials, (Lieberberg D.H., Armstrong R.W., Gilman
J.J., Eds.), Materials Research Society, Pittsburgh, 1993, ch. 1.

Murray J.S., Gilardi R., Grice,M.E., Lane P., Politzer P., Structures and Molecular
Surface Electrostatic Potentials of High-Density C,N,H Systems, Struct. Chem.,
1996, 7, 273-280.

Benson F.R., The High Nitrogen Compounds, Wiley-Interscience, New York, 1984.
Fabian J., Lewars E., Azabenzenes (Azines) — The Nitrogen Derivatives of Benzene
with One to Six N Atoms: Stability, Homodesmotic Stabilization Energy, Electron
Distribution, and Magnetic Ring Current; A Computational Study, Can. J. Chem.,
2004, 82, 50-69.

Wilson K.J., Perera S.A., Bartlett R.J., Watts J.D., Stabilization of the Pseudo-
Benzene Ns Ring with Oxygen, J. Phys. Chem. 4, 2001, 105, 7693-7699.
Mandado M., Otero N., Mosquera R.A., Local Aromaticity Study of Heterocycles
Using n-Center Delocalization Indices: The Role of Aromaticity on the Relative
Stability of Position Isomers, Tetrahedron, 2006, 62, 12204-12210.

Li J., Huang Y., Dong H., A Theoretical Study of Polynitropyridines and Their
N-Oxides, J. Energ. Mater., 2005, 23, 133-149.

Lias S.G., Bartmess J.E., Liebman J.L., Levin R.D., Mallard W.G., Gas-Phase Ion
and Neutral Thermochemistry, J. Phys. Chem. Ref- Data, 1988, 17, Suppl. No. 1.
Brill T.B., James K., Kinetics and Mechanism of Thermal Decomposition of
Nitroaromatic Explosives, Chem. Rev., 1993, 93, 2667-2692.

Politzer P., Murray J.S., Sensitivity Correlations, in: Energetic Materials. Part 2.
Detonation, Combustion, (Politzer P., Murray J.S., Eds.), Elsevier, Amsterdam,
2003, ch. 1.

Zeman S., Sensitivities of High Energy Compounds, Struct. Bond., 2007, 125,
195-271.

Murray J.S., Concha M.C., Politzer P., Links Between Surface Electrostatic
Potentials of Energetic Molecules, Impact Sensitivities and C-NO,/N-NO, Bond
Dissociation Energies, Mol. Phys., 2009, 107, 89-97.

Politzer P., Murray J.S., Some Perspectives on Sensitivity to Initiation of Detonation,
in: Green Energetic Materials, (Brinck, T., Ed.), Wiley, Chichester, UK, 2013.
Tsai D.H., Armstrong R.W., Defect-Enhanced Structural Relaxation Mechanism
for the Evolution of Hot Spots in Rapidly Compressed Crystals, J. Phys. Chem.,



Tricyclic Polyazine N-Oxides as Proposed Energetic Compounds 321

(31]
[32]
[33]

[34]

1994, 98, 10997-11000.

Kunz A.B., An Ab Initio Investigation of Crystalline PETN, Mater: Res. Soc. Symp.
Proc., 1996, 418, 287-292.

Rice B.M., Mattson W., Trevino S.F., Molecular-dynamics Investigation of the
Desensitization of Detonable Material, Phys. Rev. E, 1998, 57, 5106-5111.
Tarver C.M., Urtiew P.A., Tran T.D., Sensitivity of 2,6-Diamino-3,5-dinitropyrazine-
1-oxide, J. Energ. Mater., 2005, 23, 183-203.

Pospisil M., Vavra P., Concha M.C., Murray J.S., Politzer P., Sensitivity and the
Available Free Space per Molecule in the Unit Cell, J. Mol. Model., 2011, 17,
2569-2574.

Zhang C., Stress-Induced Activation of Decomposition of Organic Explosives:
A Simple Way to Understand, J. Mol. Model., 2013, 19, 477-483.

KukljaM.M., Rashkeev S.N., Shear-Strain-Induced Chemical Reactivity of Layered
Molecular Crystals, Appl. Phys. Lett., 2007, 90, 151913(1-3).

Veauthier J.M., Chavez D.E., Tappan B.C., Parrish D.A., Synthesis and
Characterization of Furazan Energetics ADAAF and DOATF, J. Energ. Mater.,
2010, 28, 229-249.

Agrawal J.P., Past, Present and Future of Thermally-Stable Explosives, Cent. Eur.
J. Energ. Mater., 2012, 9(3), 273-290.

Tarver C.M., Chidester S.K., Nichols III, A.L., Critical Conditions for Impact- and
Shock-Induced Hot Spots in Solid Explosives, J. Phys. Chem., 1996, 100, 5794-
5799.

Zheng W., Wong N.-B., Wang W., Zhou G., Tian A., Theoretical Study of
1,3,4,6,7,9,9b-Heptaazaphenalene and its Ten Derivatives, J. Phys. Chem. A, 2004,
108, 97-106.

Zheng W., Wong N.-B., Li W.-K., Tian A., Tri-s-triazine and Its Nitrogen
Isoelectronic Equivalents: An Ab Initio Study, J. Phys. Chem. A,2004, 108, 11721-
11727.

Farquhar D., Leaver D., Synthesis of Pyrido[2,1,6-de]quinolizine(cycl[3.3.3]azine),
Chem. Commun., 1969, 24-25.

Farquhar D., Gough T.T., Leaver D., Heterocyclic Compounds with Bridgehead
Nitrogen Atoms. Part V. Pyrido[2,1,6-de]quinolizines(cycl[3.3.3]azines), J. Chem.
Soc., Perkins Trans. 1,1976, 341-355.

Shahbaz M., Urano S., LeBreton P.R., Rossman M.A., Hosmane R.S., Leonard N.J.,
Tri-s-triazine: Synthesis, Chemical Behavior, and Spectroscopic and Theoretical
Probes of Valence Orbital Structure, J. Am. Chem. Soc. 1984, 106, 2805-2811.
Jirgens B., Irran E., Senker J.; Kroll P., Miiller H., Schnick W., Melem
(2,5,8-Triamino-tri-s-triazine), An Important Intermediate during Condensation of
Melamine Rings to Graphitic Carbon Nitride: Synthesis, Structure Determination
by X-Ray Powder Diffractometry, Solid-State NMR, and Theoretical Studies, J. Am.
Chem. Soc., 2003, 125, 10288-10300.

Pauling L., Sturdivant J.H., The Structure of Cyameluric Acid, Hydromelonic Acid,
and Related Substances, Proc. Natl. Acad. Sci. USA, 1937, 23, 615.



322

P. Politzer, P. Lane, J.S. Murray

[47]

[64]

Wilson E.K., A Prized Collection: Pauling Memorabilia, Chem. Eng. News, 2000,
78(32), 62-63.

paulingblog.wordpress.com

Hosmane R.S., Rossman M.A., Leonard N.J., Synthesis and Structure of Tri-s-
triazine, J. Am. Chem. Soc., 1982, 104, 5497-5499.

Rice B.M., Hare J.J., Byrd E.F.C., Accurate Predictions of Crystal Densities Using
Quantum Mechanical Molecular Volumes, J. Phys. Chem. A, 2007, 111, 10874-
10879.

Lai W.-P,, Lian P, Yu T., Chang H.-B., Xue Y.-Q., Design and Density Functional
Theoretical Study of Three Novel Pyrazine-Based High-Energy Density
Compounds, Comput. Theor. Chem., 2011, 963, 221-226.

Politzer P., Martinez J., Murray J.S., Concha M.C., Toro-Labbé A., An Electrostatic
Interaction Correction for Improved Crystal Density Predictions, Mol. Phys., 2009,
107,2095-2101.

Politzer P., Murray J.S., Statistical Analysis of the Molecular Surface Electrostatic
Potential: An Approach to Describing Noncovalent Interactions in Condensed
Phases, J. Mol. Struct. (Theochem), 1998, 425, 107-114.

QiuL., Xiao H., Gong X., Ju X., Zhu W., Crystal Density Predictions for Nitramines
Based on Quantum Chemistry, J. Hazard. Mater., 2007, 141, 280-288.

Eckhardt C.J., Gavezzotti A., Computer Simulations and Analysis of Structural
and Energetic Features of Some Crystalline Energetic Materials, J. Phys. Chem.
B, 2007, 111, 3430-3437.

Mader C.L., Numerical Modeling of Explosives and Propellants, 2" ed., CRC
Press, Boca Raton, FL, 1998.

Habibollahzadeh D., Grice M.E., Concha M.C., Murray J.S., Politzer P., Nonlocal
Density Functional Calculation of Gas Phase Heats of Formation, J. Comput. Chem.,
1995, 16, 654-658.

Byrd E.F.C., Rice B.M., Improved Prediction of Heats of Formation of Energetic
Materials Using Quantum Chemical Calculations, J. Phys. Chem. A, 2006, 110,
1005-1013; erratum: 2009, /73, 5813.

Politzer P., Murray J.S., Grice M.E., DeSalvo M., Miller E., Calculation of Heats of
Sublimation and Solid Phase Heats of Formation, Mol. Phys., 1997, 91, 923-928.
Sikder A.K., Maddala G., Agrawal J.P., Singh H., Important Aspects of Behavior
of Organic Energetic Compounds: A Review, J. Hazard. Mater.,2001, A84, 1-26.
Huynh M.-H. V., Hiskey M.A., Hartline E.L., Montoya D.P., Gilardi R., Polyazide
High-Nitrogen Compounds: Hydrazo- and Azo-1,3,5-triazine, Angew. Chem. Int.
Ed., 2004, 43, 4924-4928.

Luo Y.-R., Comprehensive Handbook of Chemical Bond Energies, CRC Press,
Boca Raton, FL, 2007.

Rice B.M., Hare J.J., A Quantum Mechanical Investigation of the Relation Between
Impact Sensitivity and the Charge Distribution in Energetic Molecules, J. Phys.
Chem. A,2002, 106, 1770-1783.

Zeman S., Krupka M., New Aspects of Impact Reactivity of Polynitro Compounds,



Tricyclic Polyazine N-Oxides as Proposed Energetic Compounds 323

[72]

(73]

[75]

[76]

Part III. Impact Sensitivity as a Function of the Intermolecular Interactions,
Propellants Explos. Pyrotech., 2003, 28, 301-307.

Chen H., Li L., Jin S., Chen S., Jiao Q., Effects of Additives on e-HNIW Crystal
Morphology and Impact Sensitivity, Propellants Explos. Pyrotech., 2012, 37, 77-
82.

Stewart R.F., On the Mapping of Electrostatic Properties from Bragg Diffraction
Data, Chem. Phys. Lett., 1979, 65, 335-342.

Politzer P., Truhlar D.G., Eds., Chemical Applications of Atomic and Molecular
Electrostatic Potentials, Plenum Press: New York, 1981.

Politzer P., Murray J.S., The Fundamental Nature and Role of the Electrostatic
Potential in Atoms and Molecules, Theor. Chem. Acc., 2002, 108, 134-142.
Murray J.S., Politzer P., The Electrostatic Potential: an Overview, WIREs Comp.
Mol. Sci., 2011, 1, 153-163.

Murray J.S., Lane P., Politzer P., Effects of Strongly Electron-attracting Components
in Molecular Surface Electrostatic Potentials; Application to Predicting Impact
Sensitivities of Energetic Molecules, Mol. Phys., 1998, 93, 187-194.

Murray J.S., Lane P., Politzer P., Relationships between Impact Sensitivities and
Molecular Surface Electrostatic Potentials of Nitroaromatic and Nitroheterocyclic
Molecules, Mol. Phys., 1995, 85, 1-8.

Hammerl A., Klapotke T.M., Noth H., Warchhold M., Synthesis, Structure,
Molecular Orbital and Valence Bond Calculations for Tetrazole Azide, CHN>,
Propellants Explos. Pyrotech., 2003, 28, 165-173.

Hammerl A., Klapotke T.M., Mayer P., Weigand J.J., Synthesis, Structure, Molecular
Orbital Calculations and Decomposition Mechanism for Tetrazolylazide CHNj,
its Phenyl Derivative PhCN; and Tetrazolylpentazole CHNy, Propellants Explos.
Pyrotech., 2005, 30, 17-26.

Klapdtke T.M., Nordheiter A., Stierstorfer J., Synthesis and Reactivity of an
Unexpected Highly Sensitive 1-Carboxymethyl-3-diazonio-5-nitrimino-1,2,4-
triazole, New J. Chem., 2012, 36, 1463-1468.

Bulat F.A., Toro-Labbé A., Brinck T., Murray J.S., Politzer P., Quantitative Analysis
of Molecular Surfaces: Areas, Volumes, Electrostatic Potentials and Average Local
Ionization Energies, J. Mol. Model., 2010, 16, 1679-1691.

Snerling O., Nielsen C.J., Nygaard L., Pedersen E.J., Sorensen G.O., Microwave
Spectra of ['*C] and ['*N] Pyridine N-oxides and a Preliminary Ring Structure,
J. Mol. Struct., 1975, 27, 205-211.






