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Abstract Many advantages accrue from nitrogen-rich heterocyclic compounds compared
to traditional molecular energetic compounds. Utilization of heterocyclic nitrogen-
containing cations and anions in energetic salts gives rise to lower vapor pressures, higher
heats of formation and higher densities. Additionally, smaller amounts of hydrogen and
carbon contribute to a better oxygen balance than normally is found with their carbo-
cyclic analogues. Nitrogen-rich compounds are promising high energetic materials that
may be more acceptable than their alternatives for both industrial and military uses since
a higher percentage of their decomposition products will be dinitrogen.
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1
Introduction

Energetic materials store relatively large amounts of available energy that is
compact and readily deliverable. Explosives are employed when very rapid
rates of energy application and high pressures are essential, for example to
produce high intensity shock waves in air, water, rock, and water such as in
mining, road construction, and other civil engineering purposes; in shaped
charges and many specialty devices requiring high rates of energy trans-
mission; and for initiation of detonation phenomena. However, wherever
a readily controllable source of energy is required for periods of time rang-
ing from milliseconds in guns to seconds in rockets, propellants which evolve
gases are employed as a working fluid for propelling projectiles and rock-
ets, driving turbines, operating pumps, and starting engines. For industrial
purposes, more than 90% of the energetic compositions used are based on
ammonium nitrate [1, 2]. The single-component explosives most commonly
employed for military compositions are RDX, HMX, TNT, nitrocellulose, and
nitroglycerin [1–16].

Research programs worldwide endeavor to discover high-energy density
materials (HEDM) with high performance and/or enhanced insensitivity with
respect to thermal shock, friction, and electrostatic discharge. These modern
HEDMs derive most of their energy either from: (i) their very high positive
heats of formation; or (ii) oxidation of the carbon backbone, as with tra-
ditional energetic materials [17, 18]. The first group of energetic materials
is exemplified by modern nitro-compounds, such as: CL-20 (2,4,6,8,10,12-
(hexanitro-hexaaza) cyclododecane), TNAZ (1,3,3-trinitroazetidine), FOX-7
(1,1-diamino-2,2-dinitroethene), hepta- and octanitrocubanes (having high
densities and energies utilizing substantial cage strain), 3,3′-azobis (6-
amino-1,2,4,5-tetrazine), and tetrazole azide. TNT (trinitrotoluene), RDX
(1,3,5-trinitro-1,3,5-triazacyclohexane), and HMX (1,3,5,7-tetranitro-1,3,5,7
tetraazacyclooctane) are found in the second group [19–23].

High-nitrogen compounds form a unique class of energetic materials
whose energy is derived from their very high heats of formation directly
attributable to the large number of inherently energetic N – N and C – N
bonds rather than from the overall heats of combustion [24]. Heterocyclic-
based molecular compounds have most often been utilized in energetic roles
due to higher heats of formation, density, and oxygen balance than those of
their carbocyclic analogues. In the cases where heterocyclic rings (contain-
ing amino, nitro, or azide substituents) are paired with nitrate, perchlorate,
dinitramide, or picrate anions, highly energetic salts are formed. With the ex-
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ception of perchlorate, these salts are more environmentally acceptable since
a higher percentage of their decomposition products is dinitrogen. Another
area of expanding interest is based on high energy salts in which both the
cation and the anion are high-nitrogen species. All of these energetic salts
possess advantages over non-ionic molecules due to lower vapor pressures
and higher densities. While the use of high nitrogen compounds is likely to be
limited because of cost, the main advantages of such compounds would be for
low flame temperature (low gun barrel corrosion), tactical missiles, and low
signature among others.

Over the past several years a relatively large number of publications de-
scribing energetic nitrogen-rich salts have appeared. This review which cov-
ers this chemistry from January 1999 through late 2006 is timely and arises
because of our continuing involvement in this subject. By covering the current
advances in this rapidly growing field, the review should be of great interest to
the scientific community.

2
Triazolium-Based Heterocycles

Triazoles are five-membered aromatic heterocycles that contain three nitro-
gen atoms located at the 1,2,3 or 1,2,4 positions in the ring. A large number of
ionic compounds that contain a triazole derivative are described as energetic
materials.

2.1
1,2,3- and 1,2,4-Triazolium Heterocycles

1,2,3-triazole and 1,2,4-triazole have positive heats of formation of 272 kJ/mol
and 109 kJ/mol, respectively [25, 26]. The salts comprised of the protonated
heterocyclic cations paired with perchlorate, nitrate, or dinitramide anions
were initially synthesized [27–29]. Reactions of 1,2,4-triazole or its 1,2,3-
isomer with concentrated nitric, perchloric, or dinitramidic acid gave excel-
lent yields of 1,2,4- or 1,2,3-triazolium nitrate (1a) or (2a), perchlorate (1b) or
(2b), and dinitramide (1c) or (2c), respectively (Scheme 1). All the salts were
characterized by Raman, IR, and NMR spectroscopy, density determination,
elemental analysis, DSC (differential scanning calorimetry), TGA (thermo-
gravimetric analysis), and initial safety testing. The melting points of 1,2,3-
triazolium salts are lower than their 1,2,4-triazolium analogues (Table 1).
Some of these salts (1b–c, 2a–c) have melting points < 100 ◦C and thus fall
into the ionic liquid class.

These salts are energetic and are stable at moderate temperatures, with
the two perchlorate salts the most thermally stable, followed by the nitrates,
and the dinitramides the least. A single crystal X-ray diffraction study of 1b



38 R.P. Singh et al.

Scheme 1

Table 1 Yields, thermal characteristics, and densities of 1,2,4- and 1,2,3-triazolium salts

Compound Yield Anion Tm Td Density ∆H◦
f

(%) ◦C ◦C (calc.) kJ/mol
g/cm3

1a 99 NO3
– 137 182 1.64 (1.55) – 42.7

1b 93 ClO4
– 89 285 1.96 (1.75) – 1.3

1c 93 N(NO2)2
– 75 120 1.66 (1.64) 149.9

2a 99 NO3
– 68 125 1.57 (1.55) 42.9

2b 85 ClO4
– 73 200 1.79 (1.77) 90.4

2c 99 N(NO2)2
– 61 80 1.66 (1.64) 228.2

Tm, melting point, Td, thermal degradation temperature, ∆H◦
f standard heat of formation

(calculated by Gaussian 03)

showed that significant hydrogen bonding exists between the perchlorate an-
ion and the protonated 1,2,4-triazolium ring, which likely contributes to its
relatively high density. Interestingly, the 1,2,3-triazolium salts are in general
less dense, which suggests less efficient packing in the crystal.

2.2
Triazolium Heterocycles Containing Amino Substituents

Incorporation of amino groups into a heterocyclic triazole ring is one of
the simplest routes to enhance thermal stability [8]. The N-amino group
behaves as an electron-withdrawing group in these high-nitrogen heterocy-
cles that, when paired with perchlorate, nitrate, or dinitramide anions, form
energetic salts. 4-Amino-1,2,4-triazolium nitrate (3a), perchlorate (3b), and
dinitramide (3c) are formed by the reaction of 4-amino-1,2,4-triazole with the
concentrated acids, HNO3, HClO4, and HN(NO2)2, respectively, under reac-
tion conditions analogous to those utilized for (1a–c) and (2a–c) [27–29].
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1-Amino-1,2,4-triazole with concentrated HNO3 and HClO4 led to the
formation of the corresponding salts (4a) and (4b) in excellent yields
(Scheme 2) [30]. Iodomethane with 1-amino-1,2,4-triazole gave a quater-
nary salt (5) that underwent metathesis with AgNO3 and AgClO4 to give
high yields of the corresponding nitrate (6a) and perchlorate (6b) salts, re-
spectively. Similarly when 1-methyl-4-amino-1,2,4-triazolium iodide (7) was
metathesized with AgNO3 and AgClO4, the salts, 1-methyl-4-amino-1,2,4-
triazolium nitrate (8a) and 1-methyl-4-amino-1,2,4-triazolium perchlorate
(8b), were formed [31]. The syntheses of 1,5-diamino-1,2,4-triazolium nitrate
(9a) and 1,5-diamino-1,2,4-triazolium perchlorate (9b) were also reported
(Scheme 2) [30]. Characterization by elemental analysis, and vibrational,
multinuclear NMR, and mass spectra confirmed these structures. Single
crystal X-ray structural analysis of 1-methyl-4-amino-1,2,4-triazolium per-

Scheme 2
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chlorate (8b) showed the existence of significant hydrogen bonding between
the perchlorate anion and the amino group, and that methylation had in-
deed occurred at N-1. Physical and thermal characteristics of these salts are
tabulated in Table 2 [31].

In Table 2 certain interesting facts regarding thermal characteristics of
the compounds are shown. For example, the position of the methyl group
on the ring does not impact the melting points of 1-amino-4-methyl-1,2,4-
triazolium nitrate (6a) (Tg – 62 ◦C) and 1-methyl-4-amino-1,2,4-triazolium
nitrate (8a) (Tg – 60 ◦C). The analogous perchlorate salts (6b) and (8b) melt
at 91 ◦C and 86 ◦C, respectively. However, the nitrate salts, 1-amino-1,2,4-
triazolium nitrate (3a) (m.p. 69 ◦C) and 4-amino-1,2,4-triazolium nitrate (4a)
(m.p. 121 ◦C), are considerably higher melting than their methyl-substituted
analogs. Apparently the opportunity for hydrogen bonding, as well as modi-
fied packing effects and reduced lattice energies, is markedly reduced in the
methylated salts. Thermal degradation temperatures for both perchlorate and
nitrate salts are increased when a methyl group is present in the ring. Intro-
duction of a second amino functionality causes the melting point (4b vs. 9b)
to increase and the enthalpy of formation to become more positive, but ap-
pears to have essentially little impact on other properties. The standard molar
enthalpies of formation for perchlorate salts are invariably higher than those
of nitrates (Table 2).

The synthesis and characterization of a series of nitrate salts, 10a–d, based
on 1-alkyl-4-amino-1,2,4-triazolium cations (alkyl = methyldecyl, isopropyl,

Table 2 Density and thermal characteristics of amino-1,2,4-triazolium salts

Compound Anion Tm a Td a Density ∆H◦
f

c

◦C ◦C (calc.) kJ/mol
g/cm3

3a NO3
– 69 180 1.60 (1.58) 77.1

3b ClO4
– 84 210 1.81 (1.78) 117.2

3c N(NO2)2
– 20 146 – (1.66) 273.6

4a NO3
– 121 149 1.69 (1.75) 72.8

4b ClO4
– 91 235 1.80 (1.92) 126.6

6a NO3
– – 62 217 1.51 (1.60) 45.7

6b ClO4
– 91 235 1.66 (1.77) 91.3

8a NO3
– – 60 221 1.55 (1.60) 57.6

8b ClO4
– 86 259 1.80 (1.92) 106.9

9a NO3
– 159 149 1.65 (1.76) 196.2

9b ClO4
– 138 – 1.83 (1.93) 240.9

a melting point
b thermal degradation temperature
c standard heat of formation (calculated by Gaussian 03)
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Fig. 1 1-Alkyl-4-amino-1,2,4-triazolium nitrates

allyl, and methylcyclopropyl) have been reported (Fig. 1) [32–34]. Single
crystal X-ray diffraction studies of 1-isopropyl-4-amino-1,2,4-triazolium ni-
trate (10b) (triclinic, P-1 symmetry) and 1-methylcyclohexyl-4-amino-1,2,4-
triazolium nitrate (10d) (monoclinic, P21/n symmetry) indicated that in both
cations, the amino group is twisted and does not saddle the triazole ring
in a symmetric fashion. This most likely arises from the extensive hydro-
gen bonding within the crystal structure which, however, does not affect the
bond distances in the structures in a significant manner [32–34]. 1-Amino-3-
substituted-1,2,3-triazolium salts have been examined [34].

2.3
Triazolium Heterocycles Containing Azido Substituents

Substitution of the hydrogen atoms of azoles by various nitrogen-containing
energetic functional groups occurs in a straightforward manner. When en-
dothermic moieties, such as the azido group, are incorporated into azoles,
the heats of formation of the azoles are increased [31, 35, 36]. For ex-
ample, the standard enthalpy of formation for 3-azido-1,2,4-triazole (∆Hf =
+ 458 kJ/mol) is approximately four times larger than that of 1-H-1,2,4-
triazole [36]. These azido-substituted azoles, when paired with nitrate, per-
chlorate, or azolate, e.g., 4,5-dinitro-imidazolate or 5-nitrotetrazolate anions,
formed energetic salts [31, 37].

Quaternization of various nitrogen-containing energetic salts based on
azido-1,2,4-triazoles (Scheme 3) [31] occurred readily in good yields with
concentrated nitric or perchloric acid in methanol to give 3-azido-1,2,4-
triazolium nitrate (11a), 3-azido-1,2,4-triazolium perchlorate (11b), 5-methyl-
3-azido-1,2,4-triazolium nitrate (11c), and 3,5-diazido-1,2,4-triazolium ni-
trate (11d). Under similar reaction conditions, 1-methyl-3-azido-1,2,4-
triazole reacted with concentrated nitric and perchloric acids to give
1-methyl-3-azido-1,2,4-triazolium nitrate (12a), and 1-methyl-3-azido-1,2,4-
triazolium perchlorate (12b), respectively. A quaternary salt (13) formed
when iodomethane was reacted with 1-methyl-3-azido-1,2,4-triazole. Subse-
quent metathetical reactions with AgNO3 and AgClO4 led to 1,4-dimethyl-
3-azido-1,2,4-triazolium nitrate (14a) and 1,4-dimethyl-3-azido-1,2,4-triazol-
ium perchlorate (14b), respectively.
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Scheme 3

These azido triazolium salts were characterized by elemental analysis, IR,
1H and 13C NMR, and mass spectra, and DSC studies. Examination of the
crystal structures of 11a and 14a illustrated the influence of significant hydro-
gen bonding between the nitrate anion and the protonated 1,2,4-triazole ring
for 11a. This accounts for its higher density, 1.76 g/cm3 and m.p. 147 ◦C, com-
pared with that of 14a (d = 1.58 g/cm3, m.p. 98 ◦C), in which the presence of
the methyl group on the triazole ring reduced the opportunity for hydrogen
bonding (Table 3).

The chemistry of energetic salts and ionic liquids containing azidoethyl-
substituted triazolium rings was examined [37]. Reaction of 1-(2-azidoethyl)-
1,2,4-triazole with nitric acid, perchloric acid, 4,5-dinitroimidazole, and
5-nitrotetrazole gave 1-(2-azidoethyl)-1,2,4-triazolium nitrate (15a), 1-(2-
azidoethyl)-1,2,4-triazolium perchlorate (15b), 1-(2-azidoethyl)-1,2,4-triazol-
ium 4,5-dinitroimidazolate (15c), and 1-(2-azidoethyl)-1,2,4-triazolium 5-ni-
trotetrazolate (15d) salts in > 97% yield (Scheme 4). 1-(2-Azidoethyl)-1,2,4-
triazole was also reacted with iodomethane to form 1-(2-azidoethyl)-4-
methyl-1,2,4-triazolium iodide (16), which upon metathesis with the silver
salts of nitric and perchloric acids formed 1-(2-azidoethyl)-4-methyl-1,2-4-
triazolium nitrate (17a), and 1-(2-azidoethyl)-4-methyl-1,2-4-triazolium per-
chlorate (17b), respectively, in very good yields. The melting points of all
these salts were found to be lower than 100 ◦C, and most of them are liquids
at room temperature. The standard heats of formation for the perchlorate
salts are more positive than those of the nitrate analogues. Most of these salts
showed good thermal stability, moderate densities, and positive heats of for-
mation (Table 3).

Reactions of 1-(2-azidoethyl)-3-azido-1,2,4-triazole with concentrated ni-
tric acid and 5-nitrotetrazole gave 1-(2-azidoethyl)-3-azido-1,2,4-triazolium
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Table 3 Density and thermal data of azido and azidoethyl-1,2,4-triazolium salts

Com- Anion Tm a Td b Density ∆H◦
f

c

pound ◦C ◦C (calc.) kJ/mol
g/cm3

11a NO3
– 147 174 1.76 (1.80) 326.3

11b ClO4
– 123 154 – –

11c NO3
– 118 136 1.61 (1.68) 301.4

11d NO3
– 97 136 – 712.5

12a NO3
– 66 139 1.63 (1.66) 301.4

12b ClO4
– 55 187 1.66 (1.80) 353.2

14a NO3
– 98 129 – (1.58) 279.2

14b ClO4
– 68 147 –

15a NO3
– 99 170 1.60 (–) 287.5

15b ClO4
– – 56 150 1.61 (–) 338.7

15c 4,5-dinitro imidazolate 85 140 1.62 (–) 538.6
15d 5-nitro tetrazolate – 42 164 1.51 (–) 744.4
17a NO3

– – 57 119 1.49 (–) 274.4
17b ClO4

– – 52 192 1.60 (–) 315.5
18a NO3

– – 54 142 1.58 (–) 651.5
18b 5-nitro tetrazolate – 46 141 1.52 (–) 1098.9
19a NO3

– 70 153 1.57 (–) 405.2
19b ClO4

– – 46 218 1.63 (–) 450.6
20a NO3

– – 56 143 1.45 (–) 283.3
20b ClO4

– 63 152 1.59 (–) 321.8

a melting point
b thermal degradation temperature
c standard heat of formation (calculated by Gaussian 03)

Scheme 4
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nitrate (18a) and 1-(2-azidoethyl)-3-azido-1,2,4-triazolium 5-nitro tetrazolate
(18b). Metathesis of 1-(2-azidoethyl)-4-amino-1,2,4-triazolium bromide and
1-methyl-4-(2-azidoethyl)-1,2,4-triazolium bromide with AgNO3 and AgClO4
gave good yields of 1-(2-azidoethyl)-4-amino-1,2,4-triazolium nitrate (19a),
1-(2-azidoethyl)-4-amino-1,2,4-triazolium perchlorate (19b), 1-methyl-4-(2-
azidoethyl)-1,2,4-triazolium nitrate (20a), and 1-ethyl-(2-azidoethyl)-1,2,4-
triazolium perchlorate (20b) (Scheme 5) [37].

Scheme 5

Density and thermal characteristics of azido- and azidoethyl-containing
triazolium derivatives are summarized in Table 3. The data show that the pos-
ition of a substituent group on the triazolium ring played an important role,
e.g., Tg (– 57 ◦C) for 1-(2-azidoethyl)-4-methyl-1,2,4-triazolium nitrate (17a)
and 1-methyl-4-(2-azidoethyl)-1,2,4-triazolium nitrate (20a) (Tg – 56 ◦C) are
essentially the same, but their decomposition temperatures (17a, Td, 119 ◦C;
20a, Td143 ◦C) differ markedly [37]. For the analogous perchlorate salts, the
melting points and thermal degradation temperatures are Tg, – 52 ◦C and Td
192 ◦C for 17b, and Tm, 63 ◦C and Td 152 ◦C for 20b, respectively.



Nitrogen-Rich Heterocycles 45

Density and enthalpy of formation are important characteristics of ener-
getic salts and are governed by their molecular structures. As is shown in
Table 3, in general, the densities for the salts having perchlorate as anions are
higher than those of the analogous nitrates. Comparing the standard molar
enthalpy (∆H ◦

f ) of the salts, when perchlorate is used as an anion, the pos-
itive heats of formation are higher than those of the corresponding nitrates.
Considering 15a to 15d, the impact of the anion on heat of formation of 1-(2-
azidoethyl) 1,2,4-triazolium salts decreases in the order 5-nitro-tetrazolate >
4,5-dinitro-imidazolate > perchlorate > nitrate.

2.4
Triazolium Heterocycles Containing Fluoroalkyl Substituents

Substituents at carbon atoms of 1,2,4-triazoles was efficiently achieved by de-
signing triazoles with the required substituents in place [38, 39]. Through
this process various fluoroalkyl-substituted 1,2,4-triazolium salts were ob-
tained [40], first via reaction of 1,3,5-substituted triazoles (21a–c) with
iodomethane to form quaternary salts (22a–c), which when metathesized
with various metal salts resulted in ionic liquids and energetic salts (23a–h)
(Scheme 6). The yields of products are usually excellent.

Scheme 6
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Characterization of these salts was achieved by elemental analyses, IR,
multinuclear NMR, and GC mass spectra. The bis(trifluoromethanesulfonyl)-
amide salts (23a,e,f) are insoluble in water, which helped in purification.
The solubilities of these salts in organic solvents increase with increasing di-
electric constant of the solvent. Their melting points decrease in the order
SO3CF3

– > BF4
– > ClO4

– > N(SO2CF3)2
– [40], which is attributable to the na-

ture of the diffuse charge on the latter anion. Salts with larger cations have
lower melting points due to less efficient packing in the solid phase.

Reactions of 1-alkyl-1,2,4-triazoles with polyfluoroalkyl halides resulted in
quaternization of the triazole ring at N-4 to yield 24a–n (Scheme 7). Metathe-

Scheme 7



Nitrogen-Rich Heterocycles 47

sis of 24a–n with various metal salts gave excellent yields of salts which
include the bis(trifluoromethanesulfonyl)amide salts of 1-methyl-4-(3,3,3-
trifluoropropyl)-1,2,4-triazolium (25a), 1-butyl-4-(3,3,3-trifluoropropyl)-1,2,
4-triazolium (25b), 1-heptyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium (25c),
1-decyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium (25d), 1-butyl-4-(1H,1H,2H,
2H-perfluorohexyl)-1,2,4-triazolium (25e), 1-heptyl-4-(1H,1H,2H,2H-perflu-
orohexyl)-1,2,4-triazolium (25f), 1-decyl-4-(1H,1H,2H,2H-perfluorohexyl)-1,
2,4-triazolium (25g), 1-methyl-4-(1H,1H,2H,2H-perfluorooctyl)-1,2,4-triazol-
ium (25h), 1-butyl-4-(1H,1H,2H,2H-perfluorooctyl)-1,2,4-triazolium (25i),
1-heptyl-4-(1H,1H,2H,2H-perfluorooctyl)-1,2,4-triazolium (25j); the hex-
afluorophosphate salts of 1-butyl-4-(1H,1H,2H,2H-perfluorohexyl)-1,2,4-
triazolium (25k), 1-heptyl-4-(1H,1H,2H,2H-perfluorohexyl)-1,2,4-triazolium
(25l), 1-butyl-4-(1H,1H,2H,2H- perfluorooctyl)-1,2,4-triazolium (25m); and
the trifluoromethane-sulfonate salt of 1-butyl-4-(1H,1H,2H,2H-perfluoro-
hexyl)-1,2,4-triazolium (25n) (Scheme 7) [41, 42]. Salts containing longer
alkyl and polyfluoroalkyl substituents have lower melting points because of
the less efficient packing in the solid. The densities were found to be higher
with elongation of the fluoroalkyl substituent and with higher fluorine con-
centration. Cations with bulkier alkyl groups resulted in salts of lower density.

A high-yield, efficient procedure to synthesize functionalized alkyl/fluoro-
alkyl-containing triazolium quaternary salts and triazolium ionic liquids led
to triazolium cations that contained covalently bound anionic sites, such as,
fluorocarboxy, sulfonate, fluorohomoallylic, and fluoroalkanol groups [43,
44]. These were converted by metathetical reactions with fluorine-containing
anions to low-melting salts (26a,b, 27, 28a,b, 29c,d, 30) (Scheme 8) [43]. These
functionalized triazolium salts exhibit many characteristics associated with
excellent ionic liquids with respect to stability in air and water, and when
heated. All are liquids at 25 ◦C.

A synthetic route to 1-alkyl-1,2,4-triazolium 4-nitroimides was developed
based on alkylation of the metal salts of 4-nitramino-1,2,4-triazole with
halo- and dihaloalkanes (Scheme 9) [44]. These salts are 1-methyl-1,2,4-
triazolum 4-nitroimide (31a), 1-ethyl-1,2,4-triazolum 4-nitroimide (31b),
1-(2-oxapropyl)-1,2,4-triazolium 4-nitroimide (32a), 1-ethoxycarbonylme-
thyl-1,2,4-triazolium 4-nitroimide (32b), 1-methoxymethyl-1,2,4-triazolium
4-nitroimide (33a), 1-(4-fluoro-4,4-dinitro-2-oxabutyl)-1,2,4-triazolium 4-ni-
troimide (33b), 1-(2,3-dihydroxypropyl)-1,2,4-triazolium 4-nitroimide (34),
bis(nitroimido-1,2,4-triazolium-1-yl)ethane (35), 1,3-bis(4-nitroimido-1,2,4-
triazolium-1-yl)-2-oxapropane (36), and 1,3-bis(4-nitroimido-1,2,4-triazol-
ium-1-yl)-3-oxapentane (37).

These salts are solid and were characterized by IR, NMR and elemen-
tal analysis. In the IR spectra the characteristic absorption bands due to
an N-nitroimido group bonded to a heterocycle are observed at 1280–1300
and 1390–1415 cm–1. The nitramino group that would have shown absorp-
tion bands at 1550–1620 cm–1 is absent. In the 1H NMR spectra, the signals
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Scheme 8

for the protons of the triazole ring are nonequivalent and are shifted down-
field relative to the signals for the protons in the starting material which
is evidence that supports the imide structure. This conclusion is supported
by the 13C NMR data. However, no thermal or physical properties were
reported.
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Scheme 9
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2.5
1,2,4-Triazoliun Azolate Heterocycles

Lithium dicyano-1,2,3-triazolate was reported as a useful electrolyte (38) [45].
1-Butyl-3-methylimidazolium 3,5-dinitro-1,2,4-triazolate (39) (Fig. 2) (m.p.
32 ◦C, Td239 ◦C) resulted from the metathesis of 1-butyl-3-methylimidazolium
halide with potassium 3,5-dinitro-1,2,4-triazolate [46–49]. However, no en-
ergetic characterization was carried out for this material. Some novel ionic
liquids made up of azolium cations and anions were also reported. These salts
are: 1-ethyl-3-methylimidazolium 1,2,4-triazolate (40) (Tg – 76 ◦C, Td207 ◦C,
η 60.2 cP at 25 ◦C) and tetrazolate (41) (Tg – 89 ◦C, η 42.5 cP at 25 ◦C)
(Fig. 2). Both 40 and 41 were prepared by the coupling reactions of 1-ethyl-3-
methylimidazolium hydroxide with triazole or tetrazole, respectively [50].

On the basis of the fact that both 4,5-dinitro-imidazole and 5-nitro-
tetrazole are strong NH acids (pKa = 0.8 for 5-nitro-tetrazole) [51], energetic
salts with various 1,2,4 triazolium derivatives as cations and 4,5-dinitro-
imidazolate and 5-nitrotetrazolate anions were obtained [52]. 4,5-Dinitro-
imidazole and 5-nitro-tetrazole were reacted with various N-4-substituted
derivatives of 1,2,4-triazoles to produce energetic ionic salts including:
1,2,4-triazolium 4,5-dinitro-imidazolate (42a), 1-methyl-1,2,4-triazolium 4,5-
dinitro-imidazolate (42b), 3-azido-1,2,4-triazolium 4,5-dinitro-imidazolate
(42c), 1-methyl-3-azido-1,2,4-triazolium 4,5-dinitro-imidazolate (42d), 1,2,4-
triazolium 5-nitro-tetrazolate (43a), 1-methyl-1,2,4-triazolium 5-nitrotetra-
zolate (43b), 3-azido-1,2,4-triazolium 5-nitro-tetrazolate (43c), and 1-methyl-
3-azido-1,2,4-triazolium 5-nitro-tetrazolate (43d) (Scheme 10), as well as
4-amino-1,2,4-triazolium 4,5-dinitro-imidazolate (42e) and 4-amino-1,2,4-
triazolium 5-nitro-tetrazolate (43e).

Densities and thermochemical characteristics of the azolium azolates are
given in Table 4. When 5-nitro-tetrazolate was used as the anion, the melt-
ing points of the compounds were lower than those of the corresponding

Fig. 2 Ionic salts containing azole ions
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Scheme 10

Table 4 Density and thermal characteristics of triazolium azolate salts

Com- Anion Tm a Td b α c Density ∆H◦
f

c

pound ◦C ◦C % (calc.) kJ/mol
g/cm3

42a 4,5-dinitroimidazolate 156 165 32 1.73 232.1
42b 4,5-dinitroimidazolate 102 150 25 1.66 200.6
42c 4,5-dinitroimidazolate 92 158 33 1.70 593.5
42d 4,5-dinitroimidazolate 80 145 26 1.60 560.5
42e 4,5-dinitroimidazolate 137 149 30 1.65 348.7
43a 5-nitrotetrazolate 137 183 25 1.53 436.2
43b 5-nitrotetrazolate 62 163 18 1.52 402.7
43c 5-nitrotetrazolate – 35 161 26 1.53 800.9
43d 5-nitrotetrazolate – 38 141 19 1.45 768.5
43e 5-nitrotetrazolate 102 190 23 1.58 545.2

a melting point
b thermal degradation temperature
c oxygen coefficient
d standard heat of formation (calculated by Gaussian 03)
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4,5-dinitro-imidazolates, while the thermal decomposition temperatures were
higher. The opportunity for hydrogen bonding, in addition to modified pack-
ing effects and reduced lattice energies, with the anion is reduced in methyl-
substituted compounds, resulting in lower melting points. The densities ex-
ceed 1.45 g/cm3 for all the compounds. Energetic salts that incorporate the
nitro group substantially improve the oxygen balance of the corresponding
compounds and eventually result in higher heats of combustion and detona-
tion processes. The oxygen coefficients (α) [53] for the new salts are between
0.18 and 0.33 (Table 4) and are within the range reported for known energetic
compounds [54].

3
Tetrazolium-Based Heterocycles

Tetrazoles are unsaturated five-membered heterocycles that contain four ni-
trogen atoms in the ring. The enthalpies of energetic chemical systems
are governed by their molecular structure. Moving from imidazole (∆Hf

◦,
+ 58.5 kJ/mol) to 1,2,4-triazole (∆Hf

◦, + 109.0 kJ/mol) to tetrazole (∆Hf
◦

+ 237.2 kJ/mol) [35], there is an increasing positive trend in heats of for-
mation. Since the generation of molecular nitrogen as an end-product of
propulsion or explosion is highly desired in order to avoid environmental
pollution and health risks, as well as to reduce detectible plume signatures,
compounds containing a backbone of directly linked nitrogen atoms (cate-
nated nitrogen) are of great interest.

3.1
Tetrazolium Heterocycles Containing Amino and Azido Substituents

Aminotetrazoles have a high nitrogen content and, despite their large posi-
tive enthalpies of formation [55], are thermally stable [56]. They are, there-
fore, prospective high energy materials. The synthesis of various tetrazolium
salts containing amino substituents on the ring via reactions of 1-amino-5-
methyl tetrazole, and 2-amino-5-methyl tetrazole with iodomethane resulted
in quaternary salts (44) and (46). Metathesis with AgNO3 or AgClO4 formed
1-amino-4,5-dimethyltetrazolium nitrate (45a) or perchlorate (45b), and 2-
amino-4,5-dimethyltetrazolium nitrate (47a) or perchlorate (47b) in high
yields (Scheme 11) [30, 31]. Elemental analyses, and IR, multinuclear NMR,
and mass spectral analyses support the syntheses (Table 5).

A high yield synthesis of 5-amino-tetrazolium nitrate (48) is obtained from
the reaction of 5-amino-tetrazole with nitric acid (Scheme 12) [57]. Its char-
acterization was accomplished through IR, Raman, and multinuclear (1H,
13C, 15N) NMR spectroscopy, and DSC. Bomb calorimetry, sensitivity meas-
urements, and ab initio calculations were also performed. From the combined
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Scheme 11

Table 5 Densities and thermal characteristics of substituted amino, aminomethyl, and
polymethyl tetrazolium salts

Com- Anion Tm a Td b Density ∆H◦
f

c

pound ◦C ◦C (calc.) kJ/mol
g/cm3

45a NO3
– – 59 170 1.50 (1.55) 141.1

45b ClO4
– 51 182 1.81 (1.78) 183.8

47a NO3
– 94 173 – (1.55) 132.0

47b ClO4
– 140 238 1.65 (1.71) 179.5

50a NO3
– 121 181 1.51 d 174.6 e

50b N(NO2)2
– 85 184 1.72 d 385.6 e

50c N3
– 135 137 1.42 d 676.6 e

a melting point
b thermal degradation temperature
c standard heat of formation (calculated by Gaussian 03)
d X-ray (calc)
e [59]

experimental and theoretical calculations, 48 is predicted to be a powerful
and promising explosive with a good oxygen balance and low sensitivity.

The syntheses of 1,5-diamino-4-methyltetrazolium salts via quaterniza-
tion, e.g., of 1,5-diamino-1H-tetrazole with iodomethane, gave 1,5-diamino-
4-methyl-tetrazolium iodide (49) in 86% yield [58–63]. Subsequent metathe-
sis of 49 with silver nitrate, silver dinitramide, or silver azide led to 1,5-
diamino-4-methyl-tetrazolium nitrate (50a), 1,5,-diamino-4-methyltetrazol-
ium dinitramide (50b), or 1,5-diamino-4-methyltetrazolium azide (50c) in
good yields. Most of these salts exhibited good thermal stability. Salt 50b as
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Scheme 12

well as 45a, 45b, and 47a melt at < 100 ◦C which qualifies them as energetic
ionic liquids.

These salts were characterized by IR, Raman and NMR spectroscopy, mass
spectrometry, elemental analysis, X-ray, and initial safety testing (impact and
friction sensitivity). Low impact sensitivities were demonstrated. Densities
and thermochemical characteristics of substituted amino, amino-methyl, and
polymethyl tetrazolium salts are summarized in Table 5. All of these new
salts exhibit thermal stabilities > 170 ◦C based on DSC/TGA studies (except
the azide). The densities of 1-amino-4,5-dimethyl tetrazolium perchlorate
(45b) and 1-methyl-4,5-diamino tetrazolium dinitramide (50b) are markedly
higher than the others.

Synthesis and characterization of 1-nitrotetrazolato-2-nitro-2-azapropane
(52) and 1,4-dimethyl-5-aminotetrazolium 5-nitrotetrazolate (53) are re-
ported in high yields (Scheme 13). Compounds 52 and 53 are white powders
and were characterized by single crystal X-ray analysis. Compound 52 ex-
plodes when thrown in a flame. Both 52 and 53 have low impact sensitiv-
ity [64, 65].

Nitrogen-rich energetic heterocycles, N-nitroso- (57a,c) and N-nitramino-
tetrazole (58a–c) were synthesized from the corresponding aminotetrazoles
(56a–c) by the direct nitration with acetic anhydride/HNO3 (Scheme 14).
The conversion of 57a,c with peroxytrifluoroacetic acid yielded the corres-
ponding nitraamines in high yields (58a: 82%, 58c: 80%). Compounds 56a,c,
57a,c, 58a–c were characterized by single crystal X-ray analysis. The calcu-
lated heats of formation for 58a and 58c were found to be positive (11.7
and 357.0 kJ mol–1, respectively) and the calculated detonation velocity of
5988 ms–1 (58a) is similar to the values of TNT and nitroglycerin [66].

The chemistry of 5-azidotetrazole, 5-azido-1-phenyltetrazole, and tetra-
zolylpentazole has been reported. The 5-pentazolyl and 5-azido derivatives



Nitrogen-Rich Heterocycles 55

Scheme 13

Scheme 14

(60a,b) of tetrazole include large amounts of nitrogen at 90.6 and 88.3 weight
percent. While the pentazole compound decomposes at low temperature,
5-azido tetrazole is stable at room temperature but extremely sensitive (and
should be synthesized in only small amounts). 5-Azido-1-phenyl tetrazole
(60b) is found to be stable and characterized by single crystal X-ray analysis
(Scheme 15) [63, 67].

Scheme 15
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3.2
Tetrazolium Heterocycles Containing 5,5′-Azotetrazolate Anions

In the 1890s, Thiele first prepared sodium 5,5′-azotetrazolate (61) from oxi-
dation of 5-amino-tetrazole with potassium permanganate [68–71]. Reaction
of strontium and barium chlorides with an aqueous solution of 61 gave
strontium 5,5′-azotetrazolate (62a) and barium 5,5′-azotetrazolate (62b), re-
spectively [72]. Both salts were insoluble in water. Barium 5,5′-azotetrazolate
(62b), was used with various metal sulfates to produce the corresponding
5,5′-azotetrazolate salts (63a–d, 64a,b, and 65a–f), in water (Scheme 16).
These metal salts often contain water of crystallization, and loss of wa-
ter has been observed during storage. Upon loss of water, the sensitivity

Scheme 16
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of the compounds to shock and friction increased drastically. The salts
were characterized by IR, Raman, and NMR spectroscopy, and their ther-
mal properties were studied by DSC and TGA. X-ray crystal studies on
sodium 5,5′-azotetrazolate pentahydrate (61), barium 5,5′-azotetrazolate pen-
tahydrate (62b), lithium 5,5′-azotetrazolate hexahydrate (63a), rubidium 5,5′-
azotetrazolate dihydrate (63c), calcium 5,5′-azotetrazolate octahydrate (64b),
yttrium 5,5′-azotetrazolate docosahydrate (65b), and gadolinium 5,5′-azo-
tetrazolate hydrate (65f) show that the water molecules were either in the
coordination sphere of the cation or bound by hydrogen bonds. The azotetra-
zolate ion is not connected to the harder cations such as calcium or yttrium,
and the salt decomposed in water, due to its acidity, to form tetrazolhydrazine
with concomitant evolution of nitrogen. The free acid 5,5′-azotetrazolate, syn-
thesized from the sodium salt with HBF4, was decomposed within seconds at
room temperature but could be retained at – 30 ◦C.

Salts of 5,5′-azotetrazolate with protonated nitrogen bases (e.g., ammo-
nium guanidinium and triaminoguanidinium) are unique gas-generating
agents producing little smoke or residue, which may lead to a variety of
applications, including gas generators and explosives [73, 74]. Salts of the
5,5′-azotetrazolate dianion with various methylated ammonium (66a–e) and
hydrazinium (67a–d,f) cations were obtained from the reactions of bar-
ium 5,5-azotetrazolate (62b) with appropriate ammonium and hydrazinium
sulfates [73–78]. However, N,N,N-trimethylhydrazinium 5,5′-azotetrazolate,
[(CH3)3N-NH2]+

2 [N4C – N= N – CN4]2– (67e) was obtained by the metathe-
sis of trimethylhydrazinium iodide and silver 5,5-azotetrazolate (Scheme 17).

Other 5,5′azotetrazolates reported include salts that contain cations
such as: bis(hexahydropyridazinium) (67g), bis[N-amino-1-azonia-cyclohex-
ane] (67h), bis[ethylene-dihydrazinium (+1)] (67i), ethylenedihydrazinium
(+2) (67j), bis[N-amino-N′,N′-dimethyl-guanidinium] (67k), diguanidinium
(67l), bis(triaminoguanidinium) (67m), and bis(azidoformamidinium) (67n)
(Fig. 3) [76, 79]. These salts were characterized by IR, Raman, and NMR spec-
troscopy, and elemental analyses; X-ray crystal structures of 66a,c,e, 67a,e,j,
and 67l were determined.

The salts were insensitive to shock, friction, or electric discharge (∼ 20 kV).
Detonation was not observed in either the drop hammer test (5 kg, 50 cm)
or when the salts were ground forcefully in a mortar. None of these salts
melts, but rather decomposes at specific temperatures with rapid gas evolu-
tion. Above the decomposition point, explosion occurred upon rapid heating
to give nitrogen gas as the main product, especially if the compound was
compressed before heating. The decomposition temperature decreased for
salts with NH+ functions as the number of methyl groups increased. The hy-
drazine salts also produced large amounts of hydrogen, which decreased with
the increasing number of methyl groups. The ammonium compounds (66a–
c) produced only small amounts of hydrogen, whereas none was detected for
66d,e [76]. The formation of methane was observed for all salts.
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Scheme 17

Fig. 3 Salts of 5,5′-azotetrazolate dianions with hydrazinium derivative cations
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Heats of formation of hydrazinium [75], ammonium 5,5′-azotetrazola-
tes [79], and guanidinium [24, 80], were measured as ∆H◦

f = + 858, + 443,
and + 410 kJ mol–1, respectively. In order to compare these properties
with azotetrazolates that contain heterocyclic cations, imidazolium, tria-
zolium, and tetrazolium derivatives were synthesized and characterized
(Scheme 18) [81]. Surprisingly, while most azotetrazolates exhibit melting
points in excess of 160 ◦C, [bis(1-butyl-3-methyl-imidazolium)] 5,5′-azo-
tetrazolate (68a) was a liquid at 25 ◦C with a melting point of 3 ◦C, similar to
its 3,5-dinitrotetrazolate analog [46].

Scheme 18

Although the quaternized salts of 1,4 dimethyl-3-azido triazolium (68d),
bis(1,4-diamino-1,2,4-triazolium) (69b), and 1,4,5-trimethyl tetrazolium (70)
5,5′-azotetrazolate have lower nitrogen content than the bis(triaminoguanidi-
nium) derivative, their heats of formation are much higher at + 1852.4,
+ 1620.0, and + 1334.8 kJ/mol, respectively, with densities of ∼ 1.46–
1.59 g cm–3 (Table 6). The structure of 69a, determined by single crystal X-ray
analysis, shows that the unit cell was packed as a layered structure with hy-
drogen bonds and an interlayer distance of 3.04 Å [82–87]. In contrast to
the metal azotetrazolates [72], none of these salts (except 70) was solvated.
Compounds (68b–70) decomposed violently upon melting. Microwave of 69a
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Table 6 Densities and thermal characteristics of azotetrazolate derivatives

Compound Tm a Density ∆H◦
f

b

◦C (calc.) kJ/mol
g/cm3

67l 262 1.54 486.5
67m 209 c 1.60 1171.2
67n 142 c 1.62 –
68a 3 1.26 896.9
68b 145 1.54 1094.2
68c 182 1.42 1136.2
68d 155 1.55 1852.4
69a 180 1.57 1129.5
69b – 1.59 1620.0
70 189 1.46 1334.8

a melting point
b standard heat of formation (calculated by Gaussian 03)
c thermal decomposition temperature

at 200 ◦C caused a violent decomposition leading to the formation of a car-
bon black powder. With the exception of 69b, which spontaneously evolved
nitrogen gas, most of the salts were stable at room temperature for at least
two months.

3.3
Bistetrazolate Heterocycles

Although there are several reports of 5,5′-bistetrazolate [82–87] and imino-
bis(5-tetrazolate) [88–90] salts, most are described in the patent literature.
Some processes have been developed for preparing various 5,5′-tetrazolate
salts, which were very useful as slightly toxic and easy to handle gas-
generating agents for air bags and as high molecular weight foaming
agents. In methanol at reflux, bistriazole or iminobis(5-tetrazole) read-
ily quaternized 4-amino-1,2,4-triazole to prepare [bis(4-amino-triazolium)]
5,5′-bistetrazolate (71a) or [bis(4-amino-triazolium)] iminobis(5-tetrazolate)
(71b) (Scheme 19) [81].

Scheme 19
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Fig. 4 5,5′-bistetrazolate salts

Scheme 20



62 R.P. Singh et al.

The diammonium (72), disodium (73), disilver (74), and manganese(II)
(75) 5,5′ bistetrazolates are also known (Fig. 4) [82–87]. Chemistry of copper
complexes with bis(tetrazolyl)amine has been also studied and some of them
are of interest as additives in pyrotechnics and ammonium perchlorate-based
propellants [86].

The chemistry of various nitrogen-rich energetic bicyclic azolium salts
has been described. The thermally stable bicyclic azolium salts (78a–d, 81a–
b, 84a–d, 85a,b, 86a,b) with densities ranging between 1.52–1.67 g/cm3,
were prepared by quaternization with nitric acid or perchloric acid or

Table 7 The structures and properties of bicyclic azolium salts

Compound Y No Tm a Td b d ∆fHm
c

◦C ◦C g/cm3 kJ/mol

NO3 78a 79 175 1.519(1.531) –
ClO4 78b 110 283 1.631(1.653) –

NO3 78c 151 151 1.515(1.574) 310.8
ClO4 78d 141 293 1.639(1.695) 357.7

ClO4 81a 159 295 1.648(1.653) –

ClO4 81b 152 240 1.645(1.695) 412.3

NO3 84a 125 190 1.581(1.574) –
ClO4 84b 169 289 1.641(1.678) –

NO3 84c – 145 1.566(1.612) –
ClO4 84d 227 282 1.652(1.716) –

NO3 85a 154 166 1.565(1.644) 341.8
ClO4 85b 128 229 1.648(1.773) 385.5

NO3 86a 153 165 1.617(1.676) 209.9
ClO4 86b – 175 1.674(1.784) 345.6

a melting point
b thermal decomposition temperature
c standard heat of formation (calculated by Gaussian 03)
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iodomethane followed by metathesis reactions with silver nitrate and silver
perchlorate (Scheme 20, Table 7). The structures of 81b and 86b were con-
firmed by single-crystal X-ray analysis [91].

4
Urotropinium-Based Heterocycles

The chemistry of high-energy density materials (HEDM) containing only
C, H, N, and O atoms is of great interest. Urotropine, a nitrogen-rich cage
molecule, when paired with energetic anions, formed energetic salts. The
initial preparation of urotropinium salts was carried out in the 1950s [92],
and subsequently the syntheses of a variety of them were reported [93].
Urotropinium nitrate (87) [colorless crystals, m.p. 157–161 ◦C (dec.), dens-
ity (from X-ray) 1.47 g/cm3] was prepared by the reaction of urotropine
with nitric acid. N-methylurotropinium azide (88a) [white solid, m.p.
165–170 ◦C (dec.), density 1.4 g/cm3], N-methylurotropinium dinitramide
(88b) [white solid, m.p. 121–124 ◦C (dec.), density 1.46 g/cm3], and N-me-
thylurotropinium azotetrazolate (88c) [yellow crystals, m.p. 181–184 ◦C
(dec.), density 1.46 g/cm3] were prepared from either the corresponding io-
dide or sulfate (Scheme 21). Because of the high sensitivity and explosive
nature of anhydrous silver azide, an alternative route for 88a using sodium
azide with N,N-dimethylurotropinium diiodide was utilized [94]. All the salts

Scheme 21
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were handled easily, were insensitive to air or light, and were soluble in po-
lar organic solvents. They were characterized by analytical and spectroscopic
(IR, Raman, 1H, 13C, 14N NMR) methods, and X-ray diffraction techniques.

The X-ray crystal structure of 87 (monoclinic, space group P21/C) con-
sisted of a urotropinium cation linked to a planar nitrate group via hydrogen
bridges. The structures of 88a–c showed separation of anions and cations
without contact. The azide ion in 88a (monoclinic, space group P21/m) is
linear; the dinitramide ion in 88b (monoclinic, space group P21) is asymmet-
ric; and the azotetrazolate anion in 88c (monoclinic, space group C2/m) is
planar [93].

The syntheses of urotropinium and N-methylurotropinium salts were ex-
tended to include several other energetic organic and inorganic anions, such
as 3,5-dinitro-pyrazolate, 4,5-dinitro-imidazolate, 3,5-dinitro-1,2,4-triazolate,
5-nitro-tetrazolate, perchlorate, nitrate, and azide [94]. In methanol solu-
tion, urotropine was found to react readily with 3,5-dinitro-pyrazole, 4,5-
dinitro-imidazole, 3,5-dinitro-1,2,4-triazole, and 5-nitro-tetrazole to form
urotropinium 3,5-dinitro-pyrazolate (89a), 4,5-dinitro-imidazolate (89b), 3,5-
dinitro-1,2,4-triazolate (89c), and 5-nitro-tetrazolate (89d). Reaction of sil-
ver salts of 3,5-dinitro-1,2,4-triazole, nitric, perchloric, and hydrofluoric acid
with N-methylurotropinium iodide led to N-methylurotropinium 3,5-dinitro-
1,2,-triazolate (90a), nitrate (90b), perchlorate (90c), and fluoride (90d)

Scheme 22
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Table 8 Phase transition, decomposition temperature, density, nitrogen content (N), oxy-
gen coefficient (α), and thermochemical results for urotropinium salts at 298.2 K

Compound Tm a Td b Density N c α ∆H◦
f

e

◦C ◦C (calc) % % kJ/mol
g/cm3

89a 180 184 1.56 37.6 16 299.0
89b 183 183 1.41 37.6 16 254.6
89c 177 182 1.72 42.1 18 268.7
89d 166 169 1.48 49.4 10 435.3
90a 170 202 1.45 40.2 16 250.7
90b 194 196 1.42 32.2 14 – 30.6
90c 200 205 1.47 22.0 – 14.5
91 165 176 1.35 49.7 0 468.8

a melting point;
b thermal decomposition temperature;
c nitrogen content;
d oxygen coefficient;
e standard heat of formation (calculated by Gaussian 03)

salts. N-methylurotropinium azide (91) is made by the reaction of 90d with
(CH3)3SiN3 (Scheme 22, Table 8) [94]. The structure of 90b was confirmed by
single crystal X-ray analysis.

5
Tetrazine-Based Heterocycles

There has been considerable interest in the study of the reactivity and prop-
erties of various tetrazine derivatives. The 1,2,4,5-tetrazine ring system is
electroactive and has a high electron affinity. Tetrazines possess high posi-
tive heats of formation and large crystal densities—properties important in
energetic materials applications. Additionally, they seem to be insensitive to
destructive stimuli such as friction, impact, and electrostatic discharge.

The synthesis and properties of various ionic 1,2,4,5-tetrazine explo-
sives and energetic materials including 3,6-diguanidino-1,2,4,5-tetrazine
diperchlorate (92a), 3,6-diguanidino-1,2,4,5-tetrazine dinitrate (92b), 3,6-di-
guanidino-1,2,4,5-tetrazine-1,4-di-N-oxide diperchlorate (93a), 3,6-diguanid-
ino-1,2,4,5-tetrazine-1,4-di-N-oxide dinitrate (93b), disilver 3,6-bis-nitrogua-
nyl tetrazine (94), bistriamino-guanidinium 3,6-bis-nitro-guanyl tetrazine
(95), 3,6-dihydrazino-1,2,4,5-tetrazine diperchlorate (96a), 3,6-dihydrazino-
1,2,4,5-tetrazine dinitrate (96b), 3,6-dihydrazino-1,2,4,5-tetrazine bis-(di-
nitramide) (96c), and 3,6-dihydrazino-1,2,4,5-tetrazine bis-dinitroimidazolate
(97) were reported (Fig. 5) [95–98].
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Fig. 5 Tetrazine-based energetic salts

Energetic salts 92a,b, 93a,b, and 96a,b were synthesized by the reaction of
nitric acid and perchloric acid with 3,6-diguanidino-1,2,4,5-tetrazine, 3,6-di-
guanidino-1,2,4,5-tetrazine-1,4-di-N-oxide, and 3,6-dihydrazino-1,2,4,5-te-
trazine, respectively, whereas 96c was made by the reaction of dinitramide
with 3,6-dihydrazino-1,2,4,5-tetrazine.

Synthesis of 94 and 95 involved the reaction of the disodium salt of 3,6-bis-
nitroguanyl tetrazine with AgNO3 and triaminoguanidinium hydrochloride,
respectively.

Poly-rho tests, which are single shot experiments to determine detona-
tion velocity as a function of density, were performed on 92a,b. When 92a
is formulated with 5 weight percent of Kel-F 800 binder, a maximum pellet
density of 1.79 g/cm3 was obtained. At this density, the detonation velocity
measured was 8.07 km/s. The dinitrate derivative (92b) was formulated with
3 weight percent Estane binder and 3 weight percent nitro-plasticizer. At
a maximum pellet density of 1.60 g/cm3, a detonation velocity of 7.31 km/s
was obtained. Salt 93b was found to be unstable based on DSC analysis,
whereas salt 93a showed improved thermal stability but less than 93a [95].
The crystal density of 95 was reported to be 1.61 g/cm3, and the heat of for-
mation was 300 ± 2 kcal/mol [97]. The densities of 96a–c, 97 are reported
to be in the range of 1.80 to 1.96 g/cm3 [96]. When these salts were heated
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over the temperature range 40–500 ◦C at a scan rate of 20 ◦C/min, 96a–c left
no residue, whereas 97 left an orange powder. In DSC studies, 96a, 96c ex-
hibited their major exotherm between 152 and 164 ◦C, respectively. Salt 96b
exhibited an exotherm at 190 ◦C, which is about 30 ◦C higher than 96a, 96c.
Salt 97 showed the highest exotherm at 220 ◦C [96]. All tetrazine-based salts
seem to have interesting explosive performance and extraordinary combus-
tion properties [95–98].

The synthesis and properties of several high-nitrogen materials with 3-
amino-6-nitroamino-tetrazine (ANAT) as the anion are reported (Scheme 23).
These salts (99, 100, 103a,b) provide a new and easy approach to highly en-
ergetic salts. All these salts are relatively dense (> 1.55 g/cm3) and exhibit
good thermal stability (Td > 148 ◦C). The calculated detonation velocities and
detonation pressures are comparable to those of explosives such as Tetryl,
PETN, TATB, and RDX. A combination of theoretical and empirical calcu-
lations shows that all these salts have high molar enthalpies of formation
(Table 9) [99].

Scheme 23

The synthesis of 3,3′-azobis(6-amino-1,2,4,5-tetrazine) (DAAT) (104) is re-
ported in a 20% yield after six reaction steps (Scheme 24). DAAT is a high
nitrogen energetic material with remarkable thermal stability and insen-
sitivity against friction and impact. DAAT decomposes at relatively high
temperatures (> 250 ◦C) releasing a very large amount of heat. A high
nitrogen content of 70% in combustion with a low oxygen balance of
– 72.67% and a high heat of formation of + 1035 kJ/mol measured by com-
bustion calorimetry are some of the promising properties of DAAT which
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Table 9 Structure and properties of energetic salts with ANAT anion

Compound Td a Density ∆Hm
◦ b

◦C g/cm3 kJ/mol

98 164.0 1.82 441.0 c

99 232.3 1.56 1088.8
100 248.1 1.62 340.7
101 205.4 1.71 443.2
102 174.0 1.63 370.0
103a 147.7 1.56 564.2
103b 163.5 1.59 671.5

a thermal degradation temperature
b standard heat of formation (calculated by Gaussian 03)
c calculated heat of formation in the gas phase

Scheme 24

make it interesting as a new energetic component. The density of DAAT is
1.76 g/cm3 [100, 101].

The synthesis, characterization, and energetic properties of various het-
erocycles containing azide groups are reported. Compound 105 is prepared
by the reaction of cyanuric chloride with sodium azide. The preparation
of 106 utilizes the conversion of a pyrazole derivative by reaction with
hydrazine to form the hydrazo intermediate which is subsequently re-
acted with NaNO2. 2,5,8-Trichloro-s-heptazine is converted quantitatively
into 2,5,8-triazido-s-heptazine (107) with trimethylsilyl azide. The nucleo-
philic reaction of hydrazine with 4,4′,6,6′-tetra(chloro)hydrazo-1,3,5-triazine
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gave 4,4′,6,6′-tetra(hydrazine)hydrazo-1,3,5-triazine which when diazotized
gave 108. Reaction of 108 with CHCl3/Cl2 in acetonitrile led to the forma-
tion of 109 (Scheme 25) [102–106]. The novel heterocyclic system with the
phenanthrene-type skeleton 111, in which the benzene ring is annulated with
1,2,3,4-tetrazene-1,3-di-N-oxide rings, is of considerable interest in the con-
text of the high-nitrogen system stability and from a heteroaromaticity stand
point. The step-by-step synthetic approach to this system involves treatment
of 110 with N2O5 resulting in the first 1,2,3,4-tetrazene 1,3-dioxane ring.
Subsequent repeated treatment with N2O5 led to the formation of the sec-
ond 1,2,3,4-tetrazene 1,3-dioxane ring (Scheme 26). The structure of 111 was
confirmed by 13C and 14NMR spectral studies. Compound 111 was also con-
verted to 112 by the reaction with methylamine. Compound 111 begins to
melt with decomposition at 140 ◦C, and above 210 ◦C; compound 112 begins
to decompose without melting [107].

Scheme 25
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Scheme 26

6
Azetidinium-Based Heterocycles

Azetidine-based explosives, such as 1, 3, 3-trinitroazetidine [108, 109] demon-
strate excellent performance partly because of the high strain associated with
the four-membered ring. The basicity (pKb = 6.5) of 3,3-dinitroazetidine [110]
allowed the preparation of a variety of solid energetic 3,3-dinitroazetidinium
salts with high oxygen-balance [107], including 3,3′-dinitro-azetidinium
nitrate (113a), 3,3′-dinitro-azetidinium 2,4-dinitroimidazolate (113b), 3,3′-
dinitroazetidinium dinitramide (113c), 3,3′-dinitro-azetidinium 5-nitro-
1,2,4-triazol-3-onate (113d), 3,3′-dinitro-azetidinium 3,5-dinitro-1,2,4-tri-
azolate (113e), and 3,3′-dinitro-1-isopropylazedinium dinitramide (114)
(Fig. 6). These salts were synthesized in 82–95% yields, either by mixing the
free base 3,3′-dinitroazetidine with the appropriate acid or by metathesis
of 3,3′-dinitroazetidinium trifluoromethanesulfonate [110] with ammonium
salts of the acid. They were characterized by elemental analyses, IR, and
13C NMR. Densities and thermal characteristics are tabulated in Table 10. All
the salts were subjected to small-scale thermal and sensitivity tests [111].

Fig. 6 Azetidinium-based energetic salts

The single crystal X-ray structures of 3,3′-dinitroazetidinium dinitramide
(113c) (orthorhombic, space group Cmc21) and 1-isopropyl-3,3-dinitro-
azetidinium dinitramide (114) (orthorhombic, space group Pbca) were also
reported [112]. The latter was formed when an attempt to crystallize 3,3-di-
nitroazetidinium nitrate from acetone was being made. X-ray structures
have confirmed that the conformation adopted by the dinitramide ions in
113c is quite different from the bend, twist, and torsion angles for the
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Table 10 Densities and thermochemical properties of azetidinium salts

Compound Density Tm a ∆H◦
f

b

g/cm3 ◦C kJ/mol

113a 1.76 142 – 260±8
113b 1.65 151 – 75±50
113c 1.79 139 – 34±16
113d 1.76 161 – 201±4
113e 1.70 148 + 84±8
114 1.78 154 + 21±63 c

a melting point
b [111] c [112]

dinitramide ion in 114. The possible reason for these dramatic differences
in the conformations observed for 113c and 114 is claimed to be due to the
different symmetries for this ion found in the two structures, as well as the
absence of hydrogen bonding interaction in 114 [112]. Dehydration of 3,3-di-
nitroazetidinium nitrate with acetic anhydride provided an alternate route
for the synthesis of 1,3,3-trinitroazetidine [111]. The synthesis and charac-
terization of 15N-labeled isomers of 3,3-dinitroazetidinium nitrate were also
reported [113].

7
Picrate-Based Heterocycles

While anhydrous picric acid is unstable, and its impact and friction sensi-
tivities are higher than those of trinitrotoluene, many organic and inorganic
picrates have been reported [9]. The picrate anion, when combined with high-
nitrogen azolium cations, formed energetic salts with rather high positive
heats of formation. By taking advantage of the acidic properties of picric
acid, energetic salts containing picrate and dipicrate anions have been pre-
pared [114]. Scheme 27 depicts synthetic routes to salts composed of azolium
cations with monopictrate as the anion, including the following picrate
salts: 1,2,4-triazolium (115a), 1-methyl-1,2,4-triazolium (115b), 4-amino-
1,2,4-triazolium (116a), and 5-amino-tetrazolium (116b); and 1,2,4-triazolyl-
3-ammonium (117), 1,4-dimethyl-1,2,4-triazolium (118a), and 1,4-dimethyl-
3-azido-1,2,4-triazolium (118b). In Scheme 28 are shown the synthetic routes
to the energetic bisazolium dipicrate salts. These dipicrate salts are 1,1′-
methylenebisimidazolium (119), 1,1′-methylene bis(3-methylimidazolium)
(120a), and 1,1′-methylene bis(4-methyltriazolium) (120b) [114].

Triazolium or substituted triazolium picrates were first prepared via direct
reaction of the triazole with picric acid in methanol or with silver picrate after
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Scheme 27

quaternization with methyl iodide (Scheme 27). Bridged bis(imidazolium) or
bis(tetrazolium)methane compounds were reacted with picric acid to form
dipicrates, or they were quaternized and then metathesized to yield the de-
sired salts. All of these salts were well-characterized, and X-ray crystal struc-
tures of 116a and 116b were also determined. Their physical characteristics
and thermal properties along with those of other energetic materials which
are included for comparison, are tabulated in Table 11.

Most of the picrates have good thermal stabilities and relatively high den-
sities and oxygen balance. The bridged azolium picrates are thermally more
stable than their monocationic picrate analogues. In general, the majority
of these picrates were found to be more stable thermally than their ni-
trate analogues and less than the perchlorates. 5-Aminotetrazolium picrate
(116b) was the densest of the picrate salts at 1.85 g/cm3 (calc. X-ray), which
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Scheme 28

Table 11 Physical characteristics and thermochemical data of picrate and dipicrate salts

Compound Tm a Td b Density c OB d ∆H◦
f

e

◦C ◦C g/cm3 % kJ/mol

115a 169 196 1.77 – 67 259.0
115b 91 185 1.72 – 79 222.3
116a 197 228 1.64 f – 66 375.0
116b 147 214 1.85 f – 53 400.6
117 235 244 1.60 – 66 275.2
118a 141 271 1.80 – 91 189.5
118b 106 176 1.48 – 78 557.1
119 215 283 1.52 – 36 237.1
120a 184 313 1.63 – 93 147.4
120b 216 242 1.67 – 81 357.1
TAG-AT g – – 1.60 – 73 1075
HMX – – 1.90 – 21 75
Picric acid – – 1.77 – 42 – 213.6
RDX – – – 22 83.8

a melting point;
b thermal decomposition temperature;
c gas pycnometer;
d oxygen balance = 1600 [(a+b/2-d)/FW for a compound with molecular formula CaHb-
NcOd];
e standard enthalpy of formation (calculated by Gaussian 03);
f X-ray (calc);
g triaminoguanidinium azotetrazolate
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places it between picric acid (1.77 cm/g3) and HMX (1.90 g/cm3). Unexpect-
edly protonation in 116a occurred at one of the ring-nitrogen atoms rather
than on the N-amino group. However, in contrast, in the reaction of picric
acid with the C-amino triazole, a high-melting ammonium salt (117) was
formed.

8
Imidazolium-Based Heterocycles

Nitro- and azido-substituted imidazoles, when paired with nitrate or per-
chlorates, form solid energetic salts in excellent yields [31]. These salts
are 1,3-dimethyl-5-nitroimidazolium perchlorate (121a), 1,3-dimethyl-5-
nitroimidazolium nitrate (121b), 1,2,3-trimethyl-5-nitroimidazolium per-
chlorate (121c), 1,2,3-trimethyl-5-nitro-imidazolium nitrate (121d), 1-ethyl-
2,3-dimethyl-5-nitro-imidazolium perchlorate (121e), 1-ethyl-2,3-dimethyl-
5-nitroimidazolium nitrate (121f), 2-azido-imidazolium perchlorate (121g),
and 2-azidoimidazolium nitrate (121h) (Fig. 7). Salts (121a–f) were made by
the metathesis of the corresponding iodide salt with AgClO4 and AgNO3,
whereas 121g–h are formed by the reactions of 2-azidoimidazole with HClO4
and HNO3, respectively.

Fig. 7 Imidazolium-based energetic ionic salts

All these compounds are well-characterized solids. In general, the nitrate
salts have lower melting points and thermal stabilities than the corresponding
perchlorates. Energetic salts containing imidazolium triazolate or tetrazolate,
and tetrazolium imidazolate are described in Sect. 2.5.
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9
Nitrocubane-Based Heterocycles

Highly nitrated cubanes were predicted to be shock-insensitive, very dense,
high-energy compounds with great potential as explosives and propellants.
Various nitrocubanes, such as penta, hexa, hepta, and octa are reported in
the literature. Applying Kamlett–Jacobs equations to octanitrocubane using
predicted values for density (1.9–2.2 g cm–3) and ∆Hf (81–144 Kcal mol–1)
led to calculated detonation velocities and pressures higher than that of

Scheme 29
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trinitrotoluene (TNT), 1,3,5,7-tetranitro-1,3,5,7 tetraazacyclooctane (HMX),
and 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (CL-20). The chemistry of
mono- to tetranitrocubanes had been reported earlier. Eaton et al. showed
that the reaction of tetranitrocubane under different reaction conditions pro-
duced penta (123), hexa (124), and hepta (125) nitrocubanes in variable yields
(Scheme 29). Alkali metal salts of 125 were prepared at low temperature in
dichloromethane by reacting with NaN(TMS)2. When reacted with power-
ful electrophiles such as methyl triflate and iodine, methylheptanitrocubane
(126) and iodoheptanitrocubane (127) were obtained in high yields. Octan-
itrocubane (128) is prepared by reacting 125 with LiN(TMS)2 and excess
nitrosyl chloride at – 78 ◦C followed by ozonation.

Heptanitrocubane (125) is easily soluble in polar solvents, such as acetone,
THF, and dichloromethane. Single crystal X-ray analysis of 125 has provided
an accurate density at 21 ◦C of 2.028 g cm–3 and showed many intermolecular
contacts around each molecule. A solution of 125 in methanol turned yel-
low which may be due to the anion. Octanitrocubane (128) is a stable, white
solid and somewhat soluble in hexane but readily soluble in polar organics.
Characterization of 128 was based on single crystal X-ray analysis [115].

10
Miscellaneous

When 2,2,6,6-tetramethylpiperidino-boron diazide was reacted with HN3,
the salt 2,2,6,6-tetramethylpiperidinium tetraazido-borate 129 resulted
(Scheme 30) [116–119].

Scheme 30

Recently, the synthesis of a highly energetic, oxygen-balanced tetrazolium
polynitratoaluminate (130) was reported (Fig. 8) [120]. The material is hy-
drolytically unstable. A microwave-assisted synthesis of an organic heterocy-
cle azide (131) was reported in 88% yield (Scheme 31) [121].

Increasing the number of nitrogen atoms in heterocycles results in consid-
erable gain in the standard enthalpy of formation in the resulting compounds.
On the basis of this idea the synthesis and properties of cyclophosphazenes-
containing azido and amino substituents on the phosphorus atoms were
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Fig. 8 Tetrazolium polynitratoaluminate (30)

Scheme 31

Scheme 32

studied. Reaction of 132a–c with sodium azide in acetonitrile led to the for-
mation of 133a–c in very good yields (Scheme 32) [122, 123].

Compounds 133a and 133b are liquids, while 133c is a solid at room
temperature. Each was characterized by NMR, HRMS and IR spectroscopy.
Compound 133a is highly friction sensitive and is known to detonate. How-
ever, 133b and 133c are substantially more stable. The densities of 133b and
133c are 1.67 and 1.79 g/cm3, respectively [122, 123]. Compound 133a has
been recently fully characterized and its single crystal X-ray structure deter-
mined [123].

Energetic heterocyclic salts containing SF5-propyl substituents on im-
idazole, 4-amino-1,2,4-triazole (134a–c, 135a–d) and pyridine (136) moi-
eties were synthesized (Scheme 33). These salts have moderate densities
(> 1.4 g/cm3). The calculated heats of formation for dinitramide-containing
salts are higher than perchlorate and nitrate salts (Table 12) [124].

Reduction of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(137) with stannous chloride dihydrate is reported to give a mixture of
isomeric 2,4,6,8,10- and 2,4,6,8,12-pentanitro-2,4,6,8,10,12-hexaazaisowurt-
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Scheme 33

Table 12 Structure and properties of SF5-containing salts

Cation Anion No Tm a Td b d d ∆fHm
◦ d

◦C ◦C g/cm3 kJ/mol

NO3 134a – 33.7 172.3 1.54 – 1030.9
ClO4 134b – 68.0 247.1 1.46 – 982.4
[N(NO2)2] 134c – 50.7 201.7 1.52 864.0

NO3 135a 58.6 145.8 1.43 – 883.7
ClO4 135b 50.7 242.7 1.41 – 840.1
[N(NO2)2] 135c 84.8 160.9 1.44 718.8
[SF5NNO2] 135d – 20.6 188.2 1.82 – 1755.2

[N(NO2)2] 136 11.0 182.3 1.47 – 865.3

a melting point
b thermal degradation temperature
c density, gas pycnometer
d standard heat of formation (calculated by Gaussian 03)

zitanes (138a,b). The ratio of products depends on the solvents used.
Treatment of 138a,b with NOBF4 gave isomeric pentanitroso-2,4,6,8,10,12-
hexaazaisowurtzitanes (139a,b) which can be converted into the starting
NH materials by treating with HCl (Scheme 34) [125]. Isomeric pentani-
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Scheme 34

trohexaazaisowurtzitanes (138a,b) are white powders which decompose at
temperatures above 150 ◦C without melting. The nitroso derivatives (139a,b)
are slightly yellowish powders, which decompose at temperatures below their
melting points. Compound 138b and 139b are characterized by IR, NMR, and
elemental analysis.

A nitroimidazole explosive molecule (141) has been synthesized by treat-
ing 2,2′-bi-1H-imidazole (140) with an excess of sodium nitrate (Scheme 35).
This compound may serve as an energetic filler for high explosive formula-
tions. The sensitivity results of 141 varied from “more sensitive than RDX” to
substantially “less sensitive than RDX” according to the purity and condition
of the test sample [126].

Scheme 35

11
Summary and Outlook

Many advantages accrue from nitrogen-rich heterocyclic compounds com-
pared to traditional molecular energetic compounds. Utilization of hetero-
cyclic nitrogen-containing cations and anions in energetic salts gives rise
to lower vapor pressures, higher heats of formation, and higher densities.
Additionally, smaller amounts of hydrogen and carbon contribute to a bet-
ter oxygen balance than normally is found with their carbocyclic analogues.
Nitrogen-rich compounds are promising high energetic materials that may
be more acceptable than their alternatives for both industrial and mili-
tary uses since a higher percentage of their decomposition products will be
dinitrogen.
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