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Abstract The possibility of new high explosives based on nitrogen-rich tetrazole build-
ing blocks is discussed. The expected advantages include gaseous products, high heats of
formation, high propulsive/expolosive power, high specific impulse, and high flame tem-
peratures. In addition, these new explosives do not have the toxicity and environmental
activity of currently used organo-nitro explosives. The synthesis and characteristics of
a series of neutral tetrazole compounds are looked at as well as the neutral nitramine,
dinitrobiuret.
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Tetrazole

Abbreviations

BTNA  Bistrinitroethylamine
DAT 1,5-Diaminotetrazole
DNB Dinitrobiuret

EI energetic ingredient

NTNAP 1-Nitrotetrazolato-2-nitro-2-azapropane

TNE Trinitroethanol

MMTHT 1-Methyl-5-(1-methyl-2-(2,2,2-trinitroethyl)hydrazinyl)-1H-tetrazole
MTHTE 2-(5-(1-methyl-2-(2,2,2-trinitroethyl)hydrazinyl)-1H-tetrazol-1-yl)ethanol
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1
Introduction

Environmental contamination by nitro compounds is associated principally
with the explosives industry and military testing of explosives [1, 2]. The cur-
rent widely used nitro-explosives are TNT (trinitrotoluene), RDX (Royal de-
molition explosive), and HMX (high melting explosive). The nitro-explosives
per se as well as their environmental transformation products are toxic, with
symptoms of exposure that include methemoglobinemia, kidney trouble,
jaundice etc. For HMX, anaerobic or anoxic degradations have been described
in many studies [3]. Explosives released into the environment at production
and processing facilities, as well as through field use, may be toxic at relatively
low concentrations to a number of ecological receptors [4]. Toxicity stud-
ies on soil organisms using endpoints such as microbial processes (potential
nitrification activity, dehydrogenase activity, substrate-induced respiration,
basal respiration), plant and seedling growth (Lactuca sativa and Hordeum
vulgare), and earthworm (Eisenia andrei) growth and reproduction were car-
ried out at contaminated sites. Results showed that HMX was the principal
polynitro-organic contaminant measured in soils. Soils from the contami-
nated site showed decreased microbial processes and earthworm reproduc-
tion. However, plant growth was not significantly reduced [4]. Monocyclic
nitramine explosives such as RDX and HMX are toxic to a number of eco-
logical receptors, including earthworms [5-7]. The results of recent investi-
gations suggest that organisms exposed to explosives at contaminated sites
show hormetic growth enhancement at concentrations less than 25 mgkg™!
and at higher concentrations through increased mortality [8]. Factors effect-
ing leaching and transport, microbial degradation, phytotoxicity and plant
uptake, and toxicity to invertebrates and vertebrates will determine the ulti-
mate environmental fate and hazard potential [9]. It is clear that the release
of explosives into the environment at production and processing facilities, as
well as through field use, is a major point of concern.

Since the toxicity and environmental activity of organo-nitro explosives
(TNT, RDX, HMX, see Fig. 1) are usually related to the presence of organo-
nitro (C-NO;), organo-nitroso (C—-NO), or organo-nitrito (C—-ONO)
groups either in the explosive itself or its degradation products [10], the
development of novel energetic ingredients (EIs) that lack the environmen-
tal hazards of the organo-nitro explosives is of great interest. The presently
used EIs with the highest performance (RDX, HMX) as well as new, even
more powerful Els that are still under investigation (CL-20, hepta- and octa-
cubane, see Fig. 1) all belong to the class of typical organic ring and cage
molecules.

In this chapter we want to discuss the possibility of new high explosives
that are neutral compounds and are based on nitrogen-rich tetrazole building
blocks.
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Fig.1 Structures of TNT, RDX, HMX, CL-20, hepta-, and octa-cubane

The expected advantages of nitrogen-rich compounds include:

e Only gaseous products

e High heats of formation

e High propulsive/explosive power

e High specific impulse

e High flame temperatures
Also, recent modeling has shown that the presence of high concentrations of
nitrogen species in the combustion products of propellants can reduce gun
barrel erosion by promoting the formation of iron nitride rather than iron
carbide on the interior surface of the barrel [11].

2
Strategies

Modern high-energy-density materials (HEDM) derive most of their energy
from either:

1. Oxidation of the carbon backbone, as with traditional energetic materials
2. Ring or cage strain
3. Their very high positive heat of formation

Examples for the first class are traditional explosives such as TNT, RDX,
HMX, and the recently reported 1,4-diformyl-2,3,5,6-tetranitropiperazine
(Fig. 2). Modern nitro compounds such as CL-20 or the recently reported
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Fig.2 Examples for EM that (i) show oxidation of the carbon backbone (left) [12], (ii)
possess ring or cage strain (center) [13], or (iii) have very high positive heats of formation
(right) [14]

hepta- and octanitrocubanes possess very high densities and enhance the
energies utilizing substantial cage strain and therefore belong to the sec-
ond class of explosives. Members of the third class of compounds are
5,5'-azotetrazolate salts, which show the desired remarkable insensitivity to
electrostatic discharge, friction, and impact while having a very high (posi-
tive) heat of formation.

Nitrogen is unique amongst all other elements of the periodic table in
so far that the bond energy per two-electron bond increases from a sin-
gle over a double to a triple bond (Fig. 3). For carbon the situation is the
opposite and one might expect acetylene (H-C = C-H) to polymerize in
an exothermic reaction whereas N, (N = N) is more stable than any other
polynitrogen species [15-18]. One may ask what the difference between for-
mally sp-hybridized nitrogen in N, and sp-hybridized carbon in HCCH is.
Indeed the bond situation is very similar and only an NBO analysis can help
to explain the difference:

N=N (N —N) 64% s 36% p
o— LP(N) 34% s 66% p

H-C=C-H 5(C—-C) 49% s 51% p
o(C-H)C 45% s 55% p
H 100% s

Whereas in acetylene the C— C o bond is indeed essentially made up of sp-
hybrid orbitals, in N, the o bond orbitals have two-third s and only one-third
p character and form therefore a much stronger bond than the carbon atoms
do in HCCH.

With respect to all-nitrogen species (Ny), there are only a very few species
known that have been isolated and characterized (Table 1).

Quite recently, researchers from the Max Plank Institute for Chemistry
and the Geophysical Laboratory at the Carnegie Institution of Washington re-
ported the polymerization of nitrogen in sodium azide [16-18]. With increas-
ing pressure on sodium azide, the sample became completely opaque above
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Fig.3 Bond energies (in kcalmol™) for single, double and triple bonds (left) and per two-
electron bond (right) [15]

Table 1 Isolated all-nitrogen species

All-nitrogen Name Comment Refs.
species

Neutral compounds

N, Dinitrogen Thermodynamic stable form of nitrogen, [15]
not energetic

cg-Ny Cubic polynitrogen Prepared from N, in diamond anvil [16-18]
cell at 200 K and 110 GPa; metastable only
above 42 GPa

Ionic species

N3~ Azide anion Suitable energetic anion (or covalent azide [15]
group R-NNN)

Ns* Pentanitrogen cation Metastable salts only with large counter [19-21]
anions (SbyFq;™ etc.)

N5~ Pentanitrogen anion Only detected in the gas phase (mass [22,23]
spectrometry)

120 GPa, evidencing completion of the transformation to a non-molecular ni-
trogen state with amorphous-like structure that crystallized after laser heat-
ing to 3300 K. This change was interpreted in terms of a transformation of
azide ions to larger nitrogen clusters and subsequent formation of a polyni-
trogen network. The polymeric form was preserved on decompression in the
diamond anvil cell, but transformed back to the starting azide form under
ambient conditions.

In an another publication [17], Eremets et al. reported a single-bonded
cubic form of nitrogen. This material was synthesized directly from molecu-
lar nitrogen at temperatures above 2000 K and pressures above 110 GPa, again
in a laser-heated diamond-cell. From X-ray and Raman scattering the sub-
stance was identified as the long-sought-after polymeric nitrogen with the



90 T.M. Klapéotke

theoretically predicted cubic gauche structure (cg-N). In this compound, each
nitrogen atom is connected to three neighbors by three single covalent bonds
(Fig. 4). This is a new member of a class of single-bonded nitrogen materials
with unique properties such as an energy capacity more than five times that
of most powerful non-nuclear energetic materials.

Fig.4 cg-N structure. Each N atom is connected to three neighbors by three single co-
valent bonds. The primitive cell is shown on the left, and an extended structure of the
polymeric N is shown on the right

The authors confirmed calculations that predicted that the cg-structure is
the most energetically favorable. Their findings confirm the existence of a new
allotrope of nitrogen where atoms are connected with single covalent bonds
(cf. Fig. 4). The predicted wide band-gap of 8.1eV (or 3.75¢€V at 240 GPa)
correlates well with the observed colorless transparent phase. Although the-
ory also predicts that the cg-N could be metastable at atmospheric pressures,
Eremets et al. found that at room temperature cg-N is metastable at pressures
above 42 GPa. At this pressure, it transforms to a molecular phase under weak
laser illumination. If cg-N is not metastable at ambient pressure, the authors
hope it can be stabilized in compounds with other elements or by introducing
impurities.

Only further experiments can show whether this new form of polynitrogen
may ever be suitable for use as a high energy density material (HEDM), due
to (i) its very high expected specific impulse (for propulsion) or, less likely,
(ii) expected high explosive power (for use as a secondary explosive or high
explosive). Whether polynitrogen finds application or not, the authors ought
to be congratulated on their outstanding and break-through discovery.

In addition, there are numerous polynitrogen species that have been com-
puted in the gas phase (Fig. 5) [24-30], however, none of these compounds
has yet been prepared in the laboratory, not even on a milligram scale.
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Fig.5 Structure of N5~ and some computationally known (but not yet synthesized) neu-
tral polynitrogen species [24-30]

In the opinion of the author of this chapter high-nitrogen compounds
(in contrast to all-nitrogen compounds) clearly have great potential as new
energetic materials. Whereas high-nitrogen compounds without additional
oxidizing groups may be good candidates for use as propellant charges for
high explosives, the combination of high-nitrogen compounds with strongly
oxidizing nitro, nitrato, nitramino, or nitrimino groups should be advanta-
geous in delivering the explosive energy required (Fig. 6).

In order to stabilize nitrogen-rich molecules, 7w aromatic delocalization
may be used. In this context five-membered heterocycles with three N atoms
- triazoles —, four N atoms - tetrazoles —, and five N atoms - pentazoles - play
an important role (Fig. 7). While triazoles often do not possess enough intrin-
sic energy to be suitable candidates for high explosives, pentazole derivatives
are usually either far too sensitive and unstable for any application or need
to be kinetically stabilized by bulky groups, which reduce the nitrogen con-
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Fig.7 Neutral triazole, tetrazole, and pentazole

tent substantially. Therefore, tetrazole compounds seem to be a good choice
for combining high-nitrogen content with reasonable kinetic stability.

Energetic salts are important systems for the development of high energy
density materials since salts are intrinsically non-volatile, are typically ther-
mally stable under normal conditions, and are more dense [31, 32]. However,
due to the fact that salts tend to have undesirable octanol/water partition
coefficients and may therefore find their way into the groundwater, in this
review we therefore want to focus on neutral species.

3
Neutral Tetrazole Compounds

3.1
1,5-Diaminotetrazole (DAT)

Because of the difficult accessibility of 1,5-diaminotetrazole (DAT, Fig. 8), only
few synthetic methods for its preparation have been described in the lit-
erature. This compound, as all aminotetrazoles, has the highest content of
nitrogen among organic substances (about 84%) and due to the aromaticity,
it exhibits a relatively high thermal stability.

In addition, DAT presents a high energy of formation; for this reason it can
be used as a valuable intermediate in the preparation of high-energy-density
materials [33-35].
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A milestone in the synthesis of DAT was described by Raap [36] who
reacted the sodium salt of 5-aminotetrazole with hydroxylamine-O-sulfonic
acid and obtained a mixture of 1,5-diaminotetrazole (1,5-DAT) and 2,5-di-
aminotetrazole (2,5-DAT), where the first constitutes 8.5% of the reaction
yield (Fig. 9).

NH,

)\ NH, NH,

74 —H )\ )\

N\ N NaOH / HOSA N7 Sy N N\/ //N

N=N -Na,SO, \N=I\{ + N—N
H,N

5-AT 1,5-DAT (8,5%) 2,5-DAT

Fig.9 Synthesis of 1,5-DAT and 2,5-DAT according to Raap [36]

Before Raap, Gaponik et al. [37] improved the synthesis reported by Stolle
et al. [38]. By reacting thiosemicarbazide with lead oxide and sodium azide in
a CO, atmosphere, a carbodiimide intermediate is formed and reacts in situ
with HNj3 to lead to 1,5-DAT (Fig. 10). Unfortunately, this reaction leads to
large amounts of lead azide as the side-product, which makes this synthesis
problematic for an industrial scale.

NH,
S
PbO / A\ _NH,
NH 204 L gn=c=n N N\ /N
\ -POS/HO \ =
H,N NH, NH,

Fig. 10 Synthesis of 1,5-DAT using PbO [37, 38]

The most recent approach to the synthesis of DAT was made at LMU
Munich [39, 40] and eliminates the formation of highly explosive lead azide
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Fig. 11 Improved synthesis of 1,5-DAT without using PbO [39-41]

and produces a substantially greater yield. After diazotation of diaminoguan-
odinium chloride, the reaction mixture is brought to pH 8 to deproto-
nate the intermediate formed, which cyclizes yielding 1,5-DAT in 58% yield
(Fig. 11). Nevertheless, the synthesis conditions must be perfectly controlled
because the reaction of nitrous acid with aminoguanidinium is strongly
dependent on the pH value as well as on the amounts of reactants, oth-
erwise it might lead to the azide derivative, which is a very explosive by-
product [41].

3.2
1-Nitrotetrazolato-2-nitro-2-azapropane (NTNAP)

The reaction of 1-chloro-2-nitro-2-azapropane with silver nitrotetrazolate
yielded 1-nitrotetrazolato-2-nitro-2-azapropane (NTNAP) as a white solid in
over 90% vyield (Fig. 12) [42].

NO, NO,
| a |
BN H,C PN
Ag* N N | I N NO,
W/ N A\ /
N—N HsC NO, N—N_ _N_

Fig.12 Synthesis of NTNAP

The molecular structures of NTNAP in the crystalline state was deter-
mined by low-temperature X-ray crystallography (Fig. 13). The aromatic
tetrazolium ring is, as expected, planar with the following torsion angles:
C1-N1-N2-N3 0.2(2)°, N2-N1-C1-N4 -0.4(2)°, N1 -N2-N3-N4
0.0(2)°. The crystalline density was determined to be 1.735 gcm™.

NTNAP was fully characterized by IR and Raman spectroscopy and mult-
inuclear NMR spectroscopy (*H, 1C, 4N). The nitrotetrazolium compound
shows a rather complex 14N NMR spectrum, however, the two nitro (- NO;)
resonances are well resolved at — 26.2 and - 28.7 ppm. In the '*C NMR spec-
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Fig. 13 Molecular structure of NTNAP in the crystalline state. Displacement ellipsoids are
shown at the 50% probability level

Heat Flow Endo Down (MW

50 100 150 200 250 300
Temperature (°C)

Fig.14 DSC plot of NTNAP, heating rate 2 °C min™*

trum the methyl (- CH3, 3.55 ppm) and methylene (- CH; —, 6.85 ppm) pro-
tons show singlet resonances clearly shifted, as expected, to low field.

The DSC plot of NTNAP was recorded with a heating rate of 2 °Cmin!
(Fig. 14). The covalent compound is thermally reasonably stable, melts with-
out decomposition at 100 °C, and shows decomposition with an onset of
about 180 °C. Therefore, the compound possesses properties that may make
it suitable for melt-casting processes.

The sensitivity and detonation parameters of NTNAP are summarized in
Table 2.
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Table2 Energetic properties of NTNAP

NTNAP
Appearance White powder
Stability Hydrolytically stable
Deflagration Explodes when thrown in a flame
Oxygen balance [%] -35.5
Impact sensitivity [J] [18, 19] 6
Friction sensitivity [N] 60

33
N-Trinitroethyl Derivatives of Nitrogen Containing Compounds

Although compounds carrying the N-trinitroethyl fragment have been re-
ported, relevant data were published mainly in the patent literature, often
without giving information about synthetic procedures or specifying the
physicochemical characteristics of the compounds obtained. In the course of
investigations into high energy density materials (HEDM) at LMU Munich,
we recently focused our attention on new derivatives of energetic materials
that combine both the advantages of the tetrazole, as well as the trinitroethyl,
moiety. The tetrazole unit with its high nitrogen content together with its
endothermic character is remarkably thermodynamically stable and the trini-
troethyl fragment contributes to a positive oxygen balance.

Trinitroethanol (TNE) and bistrinitroethylamine (BTNA) can easily be
synthesized according to the literature [43, 44]. The best synthetic approach
for the synthesis of 1-methyl-5-(1-methyl-2-(2,2,2-trinitroethyl)hydrazinyl)-
1H-tetrazole (MMTHT) and 2-(5-(1-methyl-2-(2,2,2-trinitroethyl)hydrazinyl)-
1H-tetrazol-1-yl)ethanol (MTHTE) utilizes a condensation of the starting
amino derivative with 2,2,2-trinitroethanole (Fig. 15) [45].

R R
/ /
n—N /CH3 n—N /CH3
I >N+ HORC—ONO), —= %N !
N—\ NH, N—y \H—CZ—C(N02)3

R = CH3, CH,CH,OH

Fig.15 Synthesis of MMTHT and MTHTE

All compounds were characterized using vibrational spectroscopy. In add-
ition, TNE, MMTHT, and MTHTE were characterized using 1y, 13C, and
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Table 3 Properties of MMTHT

Sum formula
Formula weight [gmol™]
TMD g cm™]

Tdecomposition, onset (DSC, 2 Kminil) [°C]

- AU [calg™!]

Impact sensitivity [J]
Friction sensitivity [N]
Oxygen balance [%]

- AU [k kg™]

Qv [kJkg™']

Tex [K]

P [kbar]

D [ms™]

Vo [Lkg™']

CsHgNgOg
291.21

1.63

82.5

2936

>30

108 (visible flame)
-46.7

+ 1889

- 6368
4404

277

8307

783

Table 4 Selected structural data of TNE, BTNA, MMTHT, and MTHTE

Compound

Formula

Formula weight [gmol™]
Temperature [K]
Crystal system
Space group

a[A]

b [A]

c[A]

a[]

B 1°]

v [°]

Volume [A3]

Z

Absorption
coefficient [mm™]
Density exptl. [gem™]
F(000)

26 [°]

Reflections collected
Reflections unique
Rint

Parameters

GOOF

Ri/WR;y [I >20(1)]
Ri/WR; (all data)

TNE

C,H3N307
181.07

200
Monoclinic
P2;/c (no. 14)
6.1218(4)
18.8120(12)
11.7391(8)
90
104.997(4)
90
1305.87(15)
8

0.191

1.842

736

51.0

12556

2424

0.0631

237

1.223
0.0651/0.1048
0.0825/0.1135

BTNA MMTHT
C4H5N701; CsHgoNyOg
343.12 291.21

200 100
Orthorhombic Triclinic

P bca (no. 61) P-1
12.8996(6) 7.2651(13)
11.7753(5) 7.5773(16)
16.1577(7) 11.695(7)
90 102.89(3)
90 103.82(3)
90 99.387(17)
2454.30(19)  593.3(4)

8 2

0.188 0.146
1.857 1.630

1392 300

51.5 52.0

22836 5227

2330 2308
0.0494 0.0225

228 217

1.294 0.979
0.0802/0.1766  0.0300/0.0730
0.0831/0.1787  0.0432/0.0772

97

MTHTE

CsH11N9O7
321.208

100
Monoclinic
P2;/n (no. 14)
13.0419(4)
7.3020(2)
14.8002(5)
90
112.118(4)
90
1305.73(7)
4

0.147

1.634

664

54.0

9034

2831

0.0237

243

1.061
0.0297/0.0740
0.0438/0.0806
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04

Fig. 16 ORTEP representation of the molecular structure of TNE in the crystalline state.
The thermal ellipsoids are shown at the 50% probability level

Fig.17 ORTEP representation of the molecular structure of BTNA in the crystalline state.
The thermal ellipsoids are shown at the 50% probability level

14/15N NMR spectroscopy, mass spectrometry, and elemental analysis. Their
impact, friction, and electrostatic sensitivity data were measured in order to
establish safe handling procedures for these compounds (Table 3). Further-
more, all compounds have been structurally fully characterized using single
crystal X-ray diffraction methods (Table 4, Figs. 16-19).
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Fig.18 ORTEP representation of the molecular structure of MMTHT in the crystalline
state. The thermal ellipsoids are shown at the 50% probability level

04

Fig.19 ORTEP representation of the molecular structure of MMTHT in the crystalline
state. The thermal ellipsoids are shown at the 50% probability level

34
Nitrated Aminotetrazoles

The combination of a tetrazole ring with energetic groups containing oxy-
gen such as nitro groups (R—NO;) [46], nitrate esters (R—0O —NO;) [47],
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or nitramines (R;N—NO,) [48] is of particular interest. Energetic mate-
rials based on tetrazoles show the desirable properties of high nitrogen
contents on the one hand, and astonishing kinetic and thermal stabilities
due to aromaticity on the other. Compounds with a high nitrogen contend
are potential candidates for replacing common secondary explosives like
RDX [49] (hexahydro-1,3,5-trinitro-S-triazine) and HMX [50] (octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazine), or in high-tech propellants when com-
bined with a suitable oxidizer [51]. Nitroaminotetrazoles are of special inter-
est because they combine both the oxidizer and the energetic nitrogen-rich
backbone in one molecule.

The nomenclature of nitroaminotetrazoles (also referred to as nitramino-
or nitriminotetrazoles) is usually inconsistent in literature [52] as a re-
sult of incomplete characterization of the previously reported compounds.
Therefore, a complete characterization of three well-known nitroaminote-
trazoles is given in this chapter (see also [53]). The crystal structures show
the first examples of neutral 5-aminotetrazoles that have been nitrated at
the primary NH; group. For 5-nitroaminotetrazole only the cell parameters
have been previously published [54], while several examples of 5-methyl-
nitraminotetrazoles have been structurally characterized and reported in the
literature [55]. On the basis of the crystal structures obtained, the nitration
product of 5-aminotetrazole (1) is now referred to as 5-nitriminotetrazole (2).

Nitriminotetrazoles and the corresponding metal nitramino-tetrazolates
salts [56-58] have been known for a long time since they are cheap and easy
to manufacture via various routes. However there are two main methods.
The first synthesis uses protonation of 5-aminotetrazole (1) [59] using warm
concentrated HNO3 to form 5-aminotetrazole nitrate, followed by dehydra-
tion with concentrated sulfuric acid [60,61] to form 2. Another synthetic
route is based on the cyclization of nitroguanylazide [62-64] (also known as
nitroazidoformamidine). A further method is the N-nitration of aminotetra-
zoles using tetranitromethane [65, 66].

The investigated compounds 2, 5, and 6 are prepared starting from the
corresponding 5-amino-1H-tetrazoles. 5-Aminotetrazole (1, 5-AT), first de-
scribed by Thiele in 1892 [67], can be easily alkylated forming the methyl
derivatives [68, 69]. The investigated and probably simplest way for preparing
5-nitriminotetrazole is the treatment of 5-aminotetrazole with fuming HNO;
(Fig. 20).

The single crystal X-ray diffraction data were collected using an Oxford
Xcalibur3 diffractometer with a Spellman generator (voltage 50 kV, current
40 mA) and a KappaCCD detector. The data collections were undertaken
using the CrysAlis CCD software [70] and the data reductions were per-
formed with the CrysAlis RED software [71]. The structures were solved with
SIR-92 [72] and refined with SHELXL-97 [73] and finally checked using PLA-
TON [74]. In all structures the hydrogen atoms were found and refined. The
absorptions of 5 and 6 were corrected using the SCALE3 ABSPACK multiscan
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Fig.20 The reaction of 5-aminotetrazole (1), 1-methyl-5-aminotetrazole (3), and 2-me-
thyl-5-aminotetrazole (4) with 100% HNO3

method [75]. In the chiral space group P2,2,2; the Friedel pairs were merged.
Selected data from the X-ray data collection and refinements are given in
Table 5. Further information regarding the crystal structure determinations
has been deposited with the Cambridge Crystallographic Data Centre [76] as
supplementary publication numbers 635164 (2), 635163 (5), and 635160 (6).

Compound 2 was characterized as a dibasic acid with pK; values of 2.5 and
6.1 [60]. Previously it was not possible to locate the hydrogen atoms and it was
assumed that the more acid hydrogen is located at the nitramino group [77].
However, using single crystal diffraction both hydrogen atoms were located
on the tetrazole ring at nitrogen atoms N1 and N4. The >N NMR spectra
shows only four signals, which suggests the same connectivity present in so-
lution. DFT calculations show that this isomer is the one calculated lowest in
energy even in the gas phase. The molecular unit can be seen in Fig. 21.

The geometry of the tetrazole ring in 2 can be compared with that of
5-aminotetrazole monohydrate (5-AT) [78]. The bond lengths in 2 are about
1.0 A shorter than in 5-AT, with the shortest distance in 2 between the
atoms N2 and N3 with 1.278(1)A and the longest between N1 and N2
with 1.358(1) A. The C1-N5 bond length is 1.341(1) A, which is closer to
a C =N double bond (1.28 A) than a C—N single bond (1.46 A), whereas
the nitramine bond N5 — N6 is considerably longer (1.363(1) A). The angles
in 2 differ from those in 5-AT. The N4-C1 —N1 angle in 2 (103.9(1)°) is
smaller than in 5-AT (107.9(1)°), which can be explained using the VSEPR
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Table5 Crystallographic data for compounds 2, 5, and 6

Formula
Form. weight [g mol™!]
Crystal system
Space Group
Color/habit
Size [mm)]

a [A]

b [A]

c [A]

o [°]

BI°]

y [°]

Vv [A3]

Z

Peale (g Cm_S]
p [mm™]
F(000)

AMoKa [A]

T [K]

0 min, max [°]
Dataset

Reflections collected
Independent reflections
Rint

Observed reflections
No. parameters

R; (obs)

WR; (all data)

GooF

Weighting scheme
Resd. Density [e/ A%]
Device type

Solution

Refinement
Absorption correction
CCDC

CH;,;N¢O,
130.09
Monoclinic
P2,/c (14)
Colorless cuboids
0.18 x 0.13 x 0.08
9.4010(3)
5.4918(1)
9.3150(3)

90.0

105.762(3)

90.0

462.84(2)

4

1.867

0.169

264

0.71073

100

4.3, 32.1
-13:13;-8:8;
-13:13

6375

1537

0.037

1050

90

0.0343

0.0960

1.00

0.05710

-0.23, 0.31
Oxford
Xcalibur3 CCD
SIR-92
SHELXL-97
None

635164

C,H4NgO,
144.11
Orthorhombic
P2,212; (19)
Colorless rods
0.19 x 0.16 x 0.08
6.6140(1)
8.5672(2)
19.2473(4)
90.0

90.0

90.0
1090.62(4)

8

1.755

0.153

592

0.71073

100

3.7, 32.1
-9:9;-12:12;
-28:27

15881

2104

0.034

1616

213

0.0297

0.0696

0.99

0.04220

-0.32, 0.21
Oxford
Xcalibur3 CCD
SIR-92
SHELXL-97
Multiscan
635163
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C,H4NgO,
144.11
Monoclinic
P2:/c (14)
Colorless blocks
0.24 x 0.18 x 0.15
9.5278(9)
7.7308(7)
8.4598(9)

90.0

112.875(9)

90.0

574.1(1)

4

1.667

0.145

296

0.71073

200

4.6, 26.0
-11:11;-9:9;
-10:10

5625

1128

0.034

1087

107

0.0440

0.0950

1.21

0.03930 0.16880
-0.22, 0.17
Oxford
Xcalibur3 CCD
SIR-92
SHELXL-97
Multiscan
635160

model [79] in which a double bond requires more space. A condition
of the 6r-Hiickel-aromaticity is a planar ring system, which can be seen
at the torsion angle between N1—N2—-N3—-N4 of 0.5(1)°. The nitramine
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Fig.21 Left: View of the molecular structure of 2 with thermal ellipsoid drawn at
the 50% probability level. Hydrogen atoms are shown as small spheres of arbitrary
radii. Right: H-bonding in 2 (N1-H1-N2: D—H 0.89(2) A, H-A 2.11(2) A, D-A
2.948(1) A, D—H - A 156(1)°; N4 — H4 —N5%: 0.98(2) A, 1.83(2) A, 2.850(2) A, 175(2)°;
N4 - H4 - 02%: 0.98(2) A, 2.48(2) A, 3.146(1) A, 125(1)°; N4—-H4-Ne6": 0.98(2) A,
2.58(2) A, 3.4748(14) A, 153 (1)°; ((i) 1 - x, 0.5+ y, 1.5 - z (ii) 2 - x, - 0.5 + y, 1.5 - z))

group also shows only slight derivations from the planarity (torsion angle
Cl1-N5-N5-01 1.8(1)°), and is stabilized via a intramolecular hydrogen
bond between N1—H1 - O1. Bond lengths for the non-hydrogen atoms in 2
are given in Table 6. Each 5-nitriminotetrazole molecule participates in two
strong intermolecular hydrogen bonds, as is illustrated in Fig. 21. The strong
hydrogen bonds appear to be the most important reason for the high density
of 1.867 gcm™.

Accordingly, the densities of 5 and 6 decrease because of the presence of
the methyl groups. The molecular unit of 5 (Fig. 22) shows a similar con-
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Table 6 Bond lengths of 2, 5, and 6

Atoms Bond length d(1-2) [A]
2 5 6

02-N6 1.234(1) 1.234(2) 1.224(2)
01-Né6 1.237(1) 1.266(2) 1.217(2)
NI-N2 1.358(1) 1.355(2) 1.327(2)
N1-C1 1.341(1) 1.345(2) 1.325(2)
N4-Cl1 1.336(1) 1.338(2) 1.339(2)
N4 -N3 1.352(1) 1.364(2) 1.321(2)
N2 - N3 1.278(1) 1.284(2) 1.318(2)
N5-N6 1.363(1) 1.338(2) 1.379(2)
N5-C1 1.341(1) 1.346(2) 1.397(2)
NI1(2)-C2 1.455(2) 1.459(2)

nectivity to that of 2, whereby the N1—H group in 2 has been substituted
by a methyl group at atom N1. Again, in 5 the nitro group is tilted sideways
where the hydrogen atom is located, forming an intramolecular hydrogen
bond. In 5, the nitrimine unit is also found to lie in the plane of the tetra-
zole ring (torsion angle O1 — N6 — N5 — C1 of 4.3(2)°), whereby the tetrazole
ring in 5 shows comparable bond lengths with those observed in 2. The most
significant difference is the nitramine bond between N5 and N6, which is
shorter in compound 5 (d (N5 — N6) = 1.338(2) A). Finally, there is no signifi-
cant differences for the angles observed in compounds 2 and 5. The structure
observed for 5 in the crystalline state is again influenced by several strong
intermolecular hydrogen bonds, which are illustrated in Fig. 22.

The structure of 6 is considerably different to the structures of 2 and 5
discussed previously. The methyl group at the nitrogen atom N2 directs the
remaining proton to the nitrogen atom N5, building a nitraminotetrazole
(Fig. 23). In 6, the C1 — N5 bond length is crucially longer with a distance of
1.397(2) A and the nitramine unit does not lie in the plane of the tetrazole
ring, as is clearly shown by the C1 — N5 — N6 — O1 torsion angle of - 19.2(2)°.
The N6 — N5 —C1 angle (117.9(1)°) is lalger than is observed in 2 and 5, and
the N5 — N6 nitramine bond of 1.379(2) A is the longest in this series of com-
pounds and can be seen as contributing to the low density of 1.667 gcm™,
which is the lowest among the three structures discussed in this work. Further
reasons for the lower observed density of 6 are the absence of strong in-
tramolecular hydrogen bonds and the presence of only two moderately strong
hydrogen bonds, as illustrated in Fig. 23. Relevant structural parameters are
listed in Tables 6 and 7.

Vibrational spectroscopy is a suitable method for identifying nitraminote-
trazoles. The IR and Raman (Fig. 24) spectra of compounds 2, 5, and 6 show
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Fig.22 Left: View of the molecular structure of 5, representing the half of the
asymmetric unit. Thermal ellipsoid are drawn at the 50% probability level and hy-
drogen atoms are shown as small spheres of arbitrary radii. Right: H-bonding in 5
(N4-H4-N11% D-H 0.93(2) A, H- A 1.96(2) A, D— A 2.848(2) A, D—H - A 158(2)°;
N4 — H4 - 04: 0.93(19) A, 2.59(2) A, 3.098(2) A, 115.3(15)°; N10-H10 - O1%: 0.80(2) A,
2.10(2) A, 2.874(2) A, 163 (2)°; ((i) - x, 0.5 + ¥, 0.5 - 2))

the vibrations expected from comparison with similar compounds in the lit-
erature [80, 81]. The N —NO; groups result in the strong absorptions in the
1280-1300 (vsym(NO2)) and 1560-1620 (Vasym(NO2)) cm™! regions as well as
to a weak band at 945-970 (v(N—N)) cm™! [82]. The IR and Raman spec-
tra of compounds 2, 5, and 6 show further characteristic absorption bands
in the regions listed below: 3250-3100 cm™! [v(N = H)], 3000-2850 [v(C — H)
5, 6], 1680-1550 [v(N —H)], 1550-1350 [v, tetrazole ring, v,s(CH3)], ~ 1380
[v(CH3)], 1350-700 [v(N1-C1—-N4), v(N—-N), v(N -H), v, tetrazole ring],
<700 [v3o0p(N —H)].
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Fig.23 Left: View of the molecular structure of 6. Thermal ellipsoid are drawn at the
50% probability level and hydrogen atoms are shown as small spheres of arbitrary radii.
Right: H-bonding in 6 (N5 - H1 -N4:D-H 0.86(2) A, H- A 2.13(2) A, D - A 2.965(2) &,
D-H-A 163(2)° N5-H1 - 01%: 0,86(2), 2.66(2), 3.070(2), 111.0(18) (() - x, -y, 2 - z;
(ii) x, 0.5 -y, 0.5 + 2))

The 13C and N NMR chemical shifts and the !°N — 'H coupling constants
are presented in Table 8. For all compounds the proton coupled as well as the
proton decoupled >N NMR spectra (with full NOE) were recorded. The as-
signments are given based on the values of the >N — 'H coupling constants
and on comparison with the literature [55]. The chemical shifts are given with
respect to CH3NO; (!°N) and TMS (**C) as external standards. In the case of
15N NMR, negative shifts are upfield from CH3NO,. In all cases dg-DMSO was
used as the solvent.

DSC measurements to determine the decomposition temperatures of 2,
5, and 6 were performed in covered Al-containers with a nitrogen flow of
20 mL min~! on a PerkinElmer Pyris 6 DSC [83], calibrated by standard pure
indium and zinc at a heating rate of 5°Cmin~!. The DSC plots in Fig. 25
show the thermal behavior of 1.0 mg of 2, 5, and 6 in the 50-300 °C tem-
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Table 7 Bond angles of 2, 5, and 6

Atoms Bond angles (1-2-3) [°]
2 5 6

N2-NI1-C1 109.87(9) 110.4(1) 101.0(1)
Cl-N4-N3 110.5(1) 110.2(1) 105.8(1)
N1-N2-N3 107.97(9) 107.8(1) 114.1(1)
N6 - N5-Cl1 115.43(9) 115.7(1) 117.9(1)
N2 -N3-N4 107.73(9) 107.7(1) 106.0(1)
N1-N2-C2 122.0(1)

ClI-NI-C2 127.3(1)

N2-N3-C2 122.1(1)
NI-N2-C2 123.8(1)
01-N6-02 123.5(1) 121.6(1) 126.1(2)
01 - N6 - N5 122.07(9) 121.9(1) 118.2(1)
02 - N6 - N5 114.44(9) 116.5(1) 115.6(2)
N4 -Cl-N1 103.9(1) 103.9(1) 113.2(2)
N4-Cl1-N5 121.4(1) 136.9(1) 122.3(1)
N1-CI-N5 134.6(1) 119.2(1) 124.5(2)

6

s

2

T 1

4000 3000 2000 1500 1000 500 50

Raman Shift / cm"™

Fig.24 Solid state Raman spectra of compounds 2 (bottom), 5 (middle), and 6 (top)

perature range. Compound 2 shows the lowest decomposition point at 122 °C,
whereby compounds 5 and 6 decompose during melting at 125 °C and 123 °C,
as shown by the curve of Fig. 5.
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Table8 >N NMR and '*C NMR chemical shifts and >N-'H coupling constants

Compound NMR chemical shift [ppm]
8(N1) 8(N2) 8(N3) 8(N4) 5(N4) 8(N6) 3(C1)

2 -1446 -246  -246  -1446 -1749 -246 152.6
5 -177.4* -26.8> -298 -1592 -159.3 -188 150.3
6 -83.4>  -103.6° -0.3° -583  -2093 -35.0 157.6
alpin=2.1Hz
b 3]N—H =19Hz
¢ ZIN—H =2.2Hz
/ / /
o Lt 7 7
/ / N / // /
/ / / /

] / /J // / / / /

/
50 100 150 200 250 300
Temperature (°C)

Fig.25 DSC plot (endo up) of compounds 2, 5, and 6 (5°Cmin™'). Tonset: 2 122°GC;
5125°C; 6 123°C

To determine the heats of decomposition, a Linseis DSC PT10 [84] was
used. Three samples (ca. 1 mg) were heated with a heating rate of 2 °C min™!
and a fixed nitrogen flow of 5 Lh™! over the decomposition peaks. The surface
was integrated using the Linseis software and the average of three measure-
ments was calculated to yield heats of decomposition AgecHS, of 2638 g1
(2), 1685] g7t (5), and 2158 J ¢! (6).

For initial safety testing, the impact and friction sensitivities were tested
according to BAM methods [85, 86] with the “BAM Fallhammer” and “BAM
friction tester”. Compound 2 is very sensitive towards impact (< 1.5]) and
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friction (< 8 N) and since the value is comparable with lead azide, it should be
considered to be a primary explosive, and should therefore only be handled
with appropriate precautions. Compound 5 is moderately sensitive towards
impact (< 12.57) and friction (< 160 N). However, 6 shows increased sensitiv-
ities comparing to 5 (impact: < 3.0, friction: < 145 N). Accordingly, 5 and 6
fall into the group of compounds described as “sensitive”.

The heats of combustion for the compounds 2, 5, and 6 were determined
experimentally, using a Parr 1356 bomb calorimeter (static jacket) equipped
with a Parr 1108CL oxygen bomb [87]. To ensure better combustion, the
samples (ca. 200 mg) were pressed with a defined amount of benzoic acid
(ca. 800 mg) to form a tablet and a Parr 45C10 alloy fuse wire was used
for ignition. In all measurements, a correction of 2.3 calcm™' wire burned
has been applied, and the bomb was examined for evidence of noncom-
busted carbon after each run. A Parr 1755 printer was furnished with the
Parr 1356 calorimeter to produce a permanent record of all activities within
the calorimeter. The reported values are the average of three separate meas-
urements. The calorimeter was calibrated by combustion of certified benzoic
acid (SRM, 39i, NIST) in an oxygen atmosphere at a pressure of 3.05 MPa. The
experimental results of the constant volume combustion energy (A U) of the
salts are summarized in Table 9. The standard molar enthalpy of combustion
(AcH®) was derived from A.H° = AU + AnRT (An = Anj(products, g) -
Anj(reactants, g);An; is the total molar amount of gases in the products or re-
actants). The enthalpy of formation, A¢H®, for each of the salts was calculated
at 298.15 K using Hess’ law and the following combustion reactions:

: CH2N602 + 1/202 — COy + H,O + 3N, (1)
5,6: C,H4NgO; + 20, — 2C0O, + 2H,0 + 3N, . (2)

Table 9 shows that 2, 5, and 6 are strongly endothermic compounds (A¢H®
2: + 264k mol™!, 5: + 260 k] mol™!, 6: + 380 k] mol™!). The enthalpies of en-
ergetic materials are governed by the molecular structure of the compounds,
and therefore, heterocycles with a higher nitrogen content (e.g., imidazole
A¢HS. . = 14.0 kcal mol~! [88]; 1,2,4-triazole A{HS.. . = 26.1 kcal mol~!; tetra-

cryst cryst

zole AfHZ g = 56.7 keal mol! [89,90]) show higher heats of formation. From
the experimentally determined heats of formation and densities obtained
from single crystal structure X-ray diffraction, various thermochemical prop-
erties have been calculated using the EXPLO5 software and are summarized
in Table 9.

The detonation parameters were calculated using the program EXPLO5
V5.02 [91,92] and are summarized in Table 9. The program is based on the
steady-state model of equilibrium detonation and uses BKW E.O.S [93] for
gaseous detonation products and Cowan-Fickett E.O.S. for solid carbon. The
calculations were performed using the maximum densities according to the
crystal structures and the BKWN set of constants was used. 2 shows a very
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Table 9 Physico-chemical properties of 2, 5, and 6

Formula

Molecular mass
Impact sensitivity [J]?
Friction sensitivity [N
Electrical discharge

N [%]¢

2 [%]4
Combustion
Tgec [°CI°
Density [gcm™
- AU [calg']®

- AcH® [kJ mol™']"
A¢H2, [K] mol 1]t
AgecH, [J g_l])

- AgUG [Tg'1x

Tg [K]!

P [kbar]™

D [ms™]®

Gas volume [mL g‘1 1°

]f

a

CH;Ng0,
130.09

1.5

8

No reaction
64.61
-12.30
Yes

122

1.87

1750

944

264

2638

5326

4309

363

9173

404

very sensitive < 3] [85, 86];
b BAM methods, insensitive > 360 N, less sensitive = 360 N, sensitive < 360N to > 80N,
very sensitive < 80 N, extremely sensitive < 10 N [85, 86];

Nitrogen content;
Oxygen balance;

[ = - T S Y - VR o}

OBB'_‘W‘\‘"

CoHyNgO,
144.11

12.5

160

No reaction
58.32
-44.41

Yes

125

1.76

2700

1619

260

1685

5235

3824

295

8433

395

Decomposition temperature from DSC (8 =5 °C);
Estimated from X-ray diffraction;
Experimental (constant volume) combustion energy;
Experimental molar enthalpy of combustion;

Molar enthalpy of formation;
Experimental enthalpy of decomposition using DSC;
Energy of explosion, EXPLO5 V5.02;
Explosion temperature, EXPLO5 V5.02;
Detonation pressure, EXPLO5 V5.02;
Detonation velocity, EXPLO5 V5.02;
Assuming only gaseous products, EXPLO5 V5.02

T.M. Klapotke

CyH4N6O,
144.11

3.0

145

No reaction
58.32
-44.41

Yes

122

1.67

2902

1740

380

2158

5998

4283

289

8434

413

BAM methods, insensitive > 40 J, less sensitive > 35 J, sensitive > 4],

high calculated detonation pressure of 363 kbar and a detonation velocity of
9173 ms™! higher than TNT (P = 202 kbar, D = 7150 m s7') [91]. Even com-
pound 5 also shows promising values for the detonation pressures (295 kbar)
and explosion velocity (8433 ms™!). The influence of the density on the prop-
erties of energetic materials is clearly shown by 6, which shows the lowest
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detonation pressure of 289 kbar in spite of the highest positive heat of forma-
tion due to its low density.

In order to determine the thermal decomposition products, the com-
pounds were heated in a evacuated steel tube for ca. 30 s at a temperature
of 250 °C and the gaseous products were transferred into an evacuated gas
IR cell. Figure Fig. 26 shows the gas phase IR spectra of the decomposition
products of 2, 5, and 6.

The thermal decomposition of 2 results in the formation of only two main
products, which could be identified using IR spectroscopy, namely CO, [94]
and CO [95]. In addition trace amounts of HCN and CH4 were visible in
the gas-phase IR spectrum, however, no evidence for the formation of water
vapor was found. In the methylated compounds, many more decomposition
products were observed using gas-phase IR spectroscopy. Besides CO; and
CO, larger amounts of CHy4 [96] and HCN were found in the decomposition of
5 and 6, in comparison with 2. In contrast to 5, where bigger amounts of ex-
pected NH3 were detected, the thermal decomposition of 6 shows only traces
of NH3 but moderate amounts of N,O [97].

The electrostatic potentials were illustrated after computing a optimal
geometry at the B3LYP/6-31G* level of theory using the program package
HyperChem 7.52 [98]. Figure 27 shows the 0.001 electron bohr™ 3D isosur-
face of electron density for 2, 5, and 6. In these diagrams a Jorgensen-Salem

co, €Oz

CO4

T(%) NH3
HCN NH3
co CHy
HCN
6
N2O
CcoO N2O
HCN
HCN N,O
CHy CHy
Cozuj HCN
4000 3000 2000 1500 1000 500

cm'1

Fig.26 IR spectra showing the gas-phase decomposition products of 2 (top), 5 (middle),
and 6 (bottom)
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Fig.27 Calculated (B3LYP /6-31G*) electrostatic potential of 2 (left), 5 (middle), and
6 (right). The dark regions represent electron-rich regions, the light regions electron-
deficient regions

representation was chosen with an electrostatic potential contour value of
0.07 hartree. The dark regions represent extremely electron-rich regions (V(r)
< 0.07 hartree) and the light regions extremely electron-deficient regions
(V(r) > 0.071 hartree). In general, the patterns of the calculated electrostatic
potentials of the surface of molecules can be related to the impact sensi-
tivities [99-106]. In contrast to non-energetic organic molecules where the
positive potential is larger but weaker in strength, in nitro and azo compounds
usually more extensive regions with larger and stronger positive potentials are
observed, which can be related to the increased impact sensitivities.
Long-term stability tests were performed using a Systag FlexyTSC [107]
(thermal safety calorimetry) in combination with a RADEX V5 oven and the
SysGraph software. The tests were undertaken as long-term isoperibolic eval-
uations in glass test vessels at atmospheric pressure with ca. 200 mg of the
compounds. It was shown that tempering a substance for 48 h at 40 °C under
the decomposition point results in a storage period of 58 years at room tem-
perature. In our cases we chose a temperature of 80 °C and investigated the
possible occurrence of exo- or endothermic behavior over a period of 48 h
(Fig. 28). 2 and 5 were completely stable for 48 h, while 6 showed negligible
minimal exothermic steps in the first 6 h. It can therefore be reasoned, that all

70

Il

60 °

50 °

40

30°

20

6h 12h 18h 24h 30h 36h 42h 48 h
time

Fig.28 Long-term stability screen of 2, 5, and 6 using a FlexyTSC (80 °C, 48 h)
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three compounds show long-term stability, which is a basic requirement for
possible applications.

From the combined experimental and computational study discussed in
this chapter the following conclusions can be drawn:

e 5-Nitriminotetrazole (2), 1-methyl-5-nitriminotetrazole (5), and 2-methyl-
5-nitraminotetrazole (6) can be synthesized in high yields and purity
from aminotetrazole and 1- and 2-methyl-5-aminotetrazole, respectively,
in simple one-step syntheses by reaction with fuming HNOs.

e The crystal structures of 2, 5, 6 were determined using low-temperature
single crystal X-ray diffraction. In the structure of 2 both hydrogen
atoms could be located at the tetrazole ring forming a nitriminotetra-
zole. A similar structure can be observed for 5, whereas 6 corresponds to
a nitraminotetrazole, where the hydrogen atom is located at the nitrogen
atom of the nitramine group. All of the compounds are stabilized in the
crystalline state because of the presence of strong hydrogen bonds.

e Thorough characterization of the chemical, thermochemical, and ener-
getic properties of 2, 5 and 6 is reported. All compounds presented are
energetic materials, showing increased sensitivities towards friction and
impact and have long-term stability at room temperature. In the case of 2,
increased precautions should be undertaken when the compound is pre-
pared on a larger scale.

35
1,6-Dimethyl-5-nitraminotetrazole

In an early publication [108] our research group inadvertently published
a wrong value for the heat of formation determined from bomb-calorimetric
measurements.

In the publication we described several nitroso- and nitraminotetra-
zoles, including 1,6-dimethyl-5-nitraminotetrazole (Fig. 29), as products of
the nitration of 1,6-dimethyl-5-aminotetrazole using a mixture of nitric acid
(100%) and trifluoroacetic anhydride (Fig. 30).

In the thermochemistry part of the earlier publication [108] a heat of
formation of + 2.8 kcal mol~! was reported. According to recent calculations
by Rice et al. (see chapter in this volume), however, the heat of forma-

Me
0,

/
N N
N / Mol. Wt.: 158,12
I N
N Vi \ C,22.79; H, 3.82;
N Me N, 5315 0, 20.24

Fig.29 1,6-Dimethyl-5-nitraminotetrazole
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Me Me
N/ N/ NO
Nl/ 100 % HNO, T|/ Vi
/>—NH —_— />7N
N\N \Me N\N \Me

Fig.30 Synthesis of 1,6-dimethyl-5-nitraminotetrazole

tion was expected to be 70 kcal mol™'. This prompted us to synthesize 1,6-
dimethyl-5-nitraminotetrazole again and to re-investigate the heat of com-
bustion (Table 10). From the re-determined experimental heat of combustion
of 564 kcal mol™}, a heat of formation of 75 kcal mol™! was then calculated,
which is in much better agreement with the predicted value of 70 kcal mol ™.

The calorimetric measurements were performed using a Parr 1356 bomb
calorimeter (static jacket) equipped with a Parr 1108CL oxygen bomb for
the combustion of highly energetic materials [87]. The samples (ca. 200 mg)
were pressed with a well-defined amount of benzoic acid (ca. 800 mg) form-
ing a tablet and a Parr 45C10 alloy fuse wire was used for ignition. In all
measurements a correction of 2.3 (IT) cal cm™! wire burned has been applied,
and the bomb was examined for evidence of noncombusted carbon after
each run. A Parr 1755 printer was furnished with the Parr 1356 calorime-
ter to produce a permanent record of all activities within the calorime-
ter. The reported values are the average of three single measurements. The
calorimeter was calibrated by combustion of certified benzoic acid (SRM, 39i,
NIST) in an oxygen atmosphere at a pressure of 3.05 MPa. The standard mo-
lar enthalpy of combustion (A H°) was derived from A.H® = A .U + AnRT
(An = Anj(products, g) - Anj(reactants, g); An; is the total molar amount of
gases in the products or reactants). The enthalpy of formation, A¢H®, for each
of the salts was calculated at 298.15 K using the Hess’ law and the following
combustion reaction:

C3HgNgO, + 3.50, — 3C02(g) + 3H,0(1) + 3N2(g) An=25.

The heats of formation of the combustion products were obtained from the
literature (NIST) [96].

Table 10 Thermodynamic values of 1,6-dimethyl-5-nitraminotetrazole

Correct values Wrong published values
AU [calg™!] 3565 3119
AU [kcalmol™] 564 490
A¢H° [kcal mol™] 75 2.8

Calculated A¢H® 70
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4
Neutral Nitramine Compounds

4.1
Dinitrobiuret (DNB)

The LMU Munich research group has also been looking at tetrazole-free
nitrogen-rich compounds that contain oxidizing groups such as nitramine
functionalities. In this context, the preparation and structural characteriza-
tion of dinitrobiuret (DNB) (Fig. 31) was carried out [109,110]. The high
chemical and thermal stability of DNB and the determined critical diameter
of 6 mm for DNB (Figs. 32, 33) in the Koenen test (steel shell test) is compa-
rable to the values reported for HMX (8 mm), RDX (8 mm), or PETN (6 mm)
and prompted us to obtain the thermodynamic data and detonation pressures
and velocities for DNB in a combined experimental and theoretical study.

Fig.31 Molecular structure of DNB in the crystalline state

The heat of combustion (A.H) of dinitrobiuret (DNB) was deter-
mined experimentally using oxygen bomb calorimetry: AcH(DNB) = 5195+
200 kJ kg‘l. The standard heat of formation (A¢H°) of DNB was obtained
on the basis of quantum chemical computations at the electron-correlated
ab initio MP2 (second order Megller-Plesset perturbation theory) level of
theory using a correlation consistent double-zeta basis set (cc-pV-DZ):
A¢H°(DNB) =- 353 k] mol™!, - 1829 kJ kg‘1 (Fig. 34). The detonation velocity
(D) and detonation pressure (P) of DNB was calculated using the empirical
equations by Kamlet and Jacobs: D(DNB) = 8.66 mm us~', P(DNB) = 33.9 GPa.

From this combined experimental and theoretical study the following con-
clusions could be drawn:

1. Dinitrobiuret (DNB) is a very powerful and promising new explosive
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t=35s

t=4.0s
Fig.32 Steel sleeve test of DNB (10 g, 6 mm)

2. DNB has an almost neutral, even slightly positive oxygen balance of
+4.1%

3. DNB shows a detonation velocity and detonation pressure similar to well-
established energetic materials such as PETN, RDX, or HMX
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Fig.33 Steel sleeve test of DNB (10 g, 6 mm) before (left) and after test (right)

Fig.34 Ab initio (MP2/cc-pVDZ) computed molecular structure of DNB
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